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FOREWORD

The use of tritium for research in physics, chemistry, biology and hydrology has
in recent years become increasingly important. It was for this reason that the first
international conference to discuss the progress of new developments was organized
by the IAEA in conjunction with the Joint Commission on Applied Radioactivity
and held from 3 —10 May 1961, in Vienna.

The first five sessions of the Symposium were devoted to the use of tritium in
hydrology, physics and chemistry. Special emphasis was laid on the role of tritium
as a tracer in hydrology, especially in the study of water movement. The establish-
ment and improvement of counting and detection techniques to facilitate the
application of tritium as a tracer was another aspect discussed in this part of the
proceedings. Papers were read on the preparation of tritiated compounds and it was
generally agreed that further clarification of the mechanism of various techniques,
and of the Wilzbach gas exposure technique in particular, would lead to further
developments in the synthesis of a number of tritium compounds important in
biology. Other papers were concerned with tritium applications to studies of the
mechanism of some chemical reactions together with the effects of tritium isotopes.

During the second part of the Symposium the biological applications of tritium
and tritiated compounds were discussed. These included general problems connected
with the biological uses of tritium and the radiation effects of tritium on living
organisms such as viruses, bacteria and cancer cells. The value of tritium in biological
studies became apparent because of the ease with which a large number of meta-
bolically active compounds such as hormones, vitamins and other important con-
stituents in the body can be labelled with tritium. Tritium is also a weak beta-emitter
and autoradiographies of tissues and single cells containing tritium-labelled com-
pounds allow an excellent localization of the tracer.

The Symposium was attended by some 290 scientists from 27 countries and five
international organizations who altogether contributed a total of 67 papers.

The Agency believes that the publications of the proceedings will not only provide
information for a wider public but will also help to stimulate further research in the
use of tritium.
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DISTRIBUTION OF TRITIUM IN NATURE,
METHODS OF ENRICHMENT AND
APPLICATIONS IN HYDROLOGY

(Session T)






INTRODUCTION

Prof. W.F. LiBBY (United States of America), Chairman of the inaugral session,
opened it with the following speech:

Tritium was first discovered in the Cavendish Laboratory by Lord Rutherford
and his co-workers, who found that the (d,d) reaction produced tritium. The (d,d)
reaction also produces helium-3. It was not known which of these two, helium-3
or tritium, was radioactive. Alvarez at Berkeley established that helium-3 occurred
in nature and was stable. He later proved that tritium was radioactive. Lord Ruther-
ford, in one of his last scientific researches, looked for tritium in natural water. He
used the method of enrichment which most of us now studying tritium geophysics
use, namely, electrolysis to produce heavy water. He then examined his enriched
sample for tritium. However, not knowing that tritium was radioactive, he locked
for natural tritium with a mass spectrometer and failed to find it. But such is the
course of scientific research that the first tritium to be discovered in natural water
was found some years later in Lord Rutherford’s sample, when a Geiger counter was
used instead of a mass spectrometer. Our research at the University of Chicago,
which was concerned with the occurrence of tritium in water in nature, began with
an examination of Lord Rutherford’s sample, and it was found to be intensely
radioactive with tritium. The occurrence of tritium in natural waters is now an old
story. We are concerned with two epochs: the pre-thermonuclear’ explosion epoch
and the post-thermonuclear explosion epoch or, described differently, the cosmic
ray tritium era and the synthetic tritium era. In samples taken before March 1954,
the tritium is very largely cosmic ray in origin. Samples taken after that the time
are, by and large, synthetic, i. e. man-made, in origin, although there is of course
some admixture, so that certain samples taken as early as in 1952 can show synthetic
tritium while other samples taken now, for example, from 20-year old wine, can
show only cosmic ray tritium.






" TRITIUM GEOPHYSICS: RECENT DATA
AND RESULTS*

W. F. Lisey
DEPARTMENT OF CHEMISTRY AND INSTITUTE OF GEOPHYSICS
UnNIvERSITY OF CALIFORNIA, LOs ANGELEs, CALIFORNIA
UNITED STATES OF AMERICA

Abstract — Résumé — AnHoranmma — Resumen

Tritium geophysics: recent data and results. Rain waters contain radioactive hydrogen (tritium)
because of the bombardment of the atmosphere by the cosmic rays and because of the synthetic
production in the atmosphere by thermonuclear explosions. Prior to 1952, the only source of rain
tritium was due to cosmic tays and eatly measurements established the level of the cosmic ray tritium
in terrestrial waters.

Since 1952, and particulatly since 1954 and up to 1959, the cosmic ray tritium in rain has been
overshadowed by synthetic tritium. For example, California rain now averages about 15 to 20
Tritiam Units (I.'T. U. is 1 T-atom per 1018 H-atoms) and the Mississippi River runs at over 100T.U.,
whereas it ran at 6 T.U. before. It is now possible to measure tritium more easily and the finer
details of many problems which were not resolved by the cosmic ray tritium can now be established.

The turnover time between the oceans and continental water can now be measured more accurately.
Comparisons can be made of the sutface waters of the oceans in the northern and southern hemi-
sphetes which provide the mixing rate between the two hemispheres. It has also been discovered
that tritiom remains in the stratosphere as long as non-volatile radioactivity such as strontium-90.
The measurement of surface ocean water has indicated that thete ate extensive areas of upwelling
off the coast of Southern California.

Emploi du tritium en géophysique: données et résultats obtenus récemment. Les eaux
de pluie contiennent de ’hydrogéne radioactif (tritium) dont une pattie provient du bombardement
de Patmosphere par les rayons cosmiques et Pautre s’est formée par synthése dans Patmosphére,
sous leffet des explosions thermonucléaires. Avant 1952, les eaux de pluie ne contenaient que du
tritium provenant des rayons cosmiques, et les premitres mesures qui ont été faites ont établi la
concentration de ce tritium dans les eaux terrestres.

Depuis 1952, et notamment entre 1954 et 1959, la quantité de tritium synthétique contenue
dans ’eau de pluie a considérablement augmenté par rapport 2 celle du tritium naturel. Ainsi, en
Califotnie, I’eau de pluie contient maintenant en moyenne de 15 4 20 unités de tritium (1 unité de
tritium = 1 atome de tritium pour 1018 atomes d’hydrogéne) et la teneur en tritium du Mississipi
atteint plus de 100 unités, contre 6 auparavant. Il est maintenant possible de mesurer plus facilement
la concentration du tritium et de préciser les détails de nombreux problémes que 'on n’avait pu
résoudte 4 Paide du tritium provenant des rayons cosmiques.

On peut maintenant mesurer exactement le cycle des échanges entre les eaux des océans et les
eaux continentales. En comparant les eaux de surface des océans de 'hémisphére nord et de Phémi-
sphére sud, il est possible de calculer le taux de mélange des eaux des deux hémisphéres. On a égale-
ment découvert que le tritium séjourne dans la stratosphére aussi longtemps que les cotps radioactifs
non volatils, comme le strontium-90. La mesure de la teneur en tritium des eaux de surface de
Pocéan a mis évidence existence de mouvements verticaux en de vastes zones au large de la cote
de la Californie méridionale. X

Teodpusnkra TPUTHA: HOCTeHNe JaHHKIe N Pe3YIALTATHL. [[0KNeBbIEe BOMBI COMEePHAT
PaJlMOAKTHMBHHIL BOJOPOJ, (TpHUTHIl) B pesyabTaTe 6oMOapIupOBKE aroMOB aToMcfeps
KOCMHYECKHMH JYyYaMH M B pe3yJbTaTe BEI3BAHHOTO TEPMOARXEPHHMU B3DPHIBAME

* Supported by the Water Resources Center of the University of California, the University of
California Research Committee and the United States Air Force through the Air Fotce Office of
Scientific Research of the Air Research and Development Command.
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nponecca cuHTeTMYecKol reHepanum B armochepe. o 1952 roma emTUHCTBEHHBIM
HCTOUHNKOM COJIep/Kallerocd B AO0MAEeBON BOJe TPUTHA ABIAIMCH KOCMHYECKHE JIY4H
M corjacHo Gojee PaNHNM u3MepenusAM OHJI YCTaHOBIIEH YPOBeHb IOABHUBLIEr0CH
TaKMM 00pa3oM TPUTHA B 3EMHHIX BOJAX.

C 1952 roma, m B ocolenmoct: ¢ 1954 ropma m BuXors Ao 1959 ropma, BHIagenue
Tmoxy4aolnerocss 0T GoMOapAMpOBKE arMocephl KOCMHYECKMMHU JYYaMH TPUTHA
6LII0 MAJ0 10 CPABHEHMIO C BHIYICEHUEM CHHTeTWYecKoro TpuTusa. Hanpumep,
B HacToslllee BpeMdA ‘Bo BpeMsa fAoxisa B Kanmndpopruu srnagaer B cpegsem or 15 mo 20
eJIHUI{ TPUTHA (1 eAMHUNA TPUTUH PABHAETCA 1 aTOM TPUTKA HA 1078 aTOMOB BOXOPOA),
u pera Muccuccunnm HeceT Beblmre 100 eIUHMI{ TPUTHA B TO BPEeMA KaK HpPEMHKIE B HEH
6nimo mo 6 egmHMI] TpuTHA. B HacTosuee BpeMs ABIAETCA BO3MOMHEM (ojee Jerxo
W3MEpPUTh Coflep:KaHMe TPUTMA W MOIYT OHTH yCTaHOBIEHH! (ojiee TOHKHME HETANN
MHOTHL, mpobjeM, KOTophle He OBLIM pemIeHBl ¢ MOMOINbI) TPUTHA, NOIYYAWIIETOCH
or GomGapaupoBKu atTMoceprl KOCMHYECKHMM JYyYaMH.

B HacTosAuiee BpeMA MOkeT GHITH TOUHO M3MEDEHO BpeMA 060pOTa MEKIy OKeaHaMu
¥ KOHTUHEHTANLHBIMH BOZaMM. MoryT 6nTh CielaHH CPaBHEHHA CTeleHN CMeLIeHUus
NMOBEPXHOCTHHX BOJl OKEAHOB B CEBEPHOM U I0KHOM MOJNymapnaX. BHIo TaK#e OTKpHI-
TO, YTO TPUTHIL OcTaeTcs B crparocepe TakKe HOAT0, KAK HeJeTyune PafMOaKTHBHBIE
BelecTBa MNoMoGHO CTpOHIUI-90. ll3MepeHNe, NpOU3BEAEHHOE B IIOBEPXHOCTHBEIX
CI0AX OKEAHCKUX BOJ[, ITOKA3AJI0, YTO MMEWTCA OOGIMpHBE PalioHH MOABbeMa YPOBHA
Boasl y nobepesba IOmuoit Hamndopprnu.

Empleo del tritio en geofisica: datos y resultados recientes. Bl agua de lluvia contiene
hidrégeno tradiactivo (ttitio) otriginado en el bombardeo de la atmésfera pot los tayos coésmicos
y .producido también sintéticamente como consecuencia de las explosiones termonucleares. Antes
del afio 1952, el tritio ptesente en el agua de lluvia tenia como origen exclusivo la mencionada
accién de los rayos csmicos y las pritmeras mediciones petmitieron determinar la cantidad de
tritio, producida, pot tales rayos, en las aguas del globo tetrestre.

A partir de 1952 y especialmente entre los afios 1954 y 1959, la propotcion de tritio sintético
en el agua de lluvia ha ido superando a la proporcién debida a los rayos cosmicos. Asi, por ejemplo,
el contenido de tritio en las aguas pluviales de California oscila, en la actualidad, entre 15y 20 unidades
de tritio (1 unidad de tritio cotresponde a 1 4tomo de tritio por 1018 4romos de hidrogeno) y asciende
a unas 100 unidades de tritio en las aguasdel rio Mississippi, en tanto que anteriormente contenia 6 de
esas unidades. Hoy en dia la determinacion cuantitativa del tritio ofrece menos dificultades, siendo
posible aclarar muchos aspectos de una serie de problemas que no era posible resolver partiendo
de los datos obtenidos con ayuda del tritio originado por los rayos césmicos.

Asi, se puede ahora medir con exactitud el tiempo de intercambio entre las aguas ocednicas y
las aguas continentales. También es posible comparar las aguas supetficiales de los océanos del
hemisferio Notte con las del hemisferio Sur y deducir la velocidad de mezcla entte las aguas de los
dos” hemisferios. Del mismo modo, se ha comprobado que el tritio permanece en la estratosfera
tanto tiempo como las sustancias radiactivas no voldtiles, tales como el estroncio-90. Por otra parte,
las mediciones en las aguas supetficiales del océano permitieron comprobar la existencia de vastas
zonas de cottientes ascendentes a la altura de la costa de la California meridional.

Introduction

The method of analysis for natural tritium in water described earlier by our group
(Grossg, A. V.; Jounston, W. H., WoLrcang, R. L. and Lissy, W. F.,, 1951;
Kaurmann, S. and Lissy, W. F., 1954; Vo~ BurTLAR, H. and Lissy, W. F., 1955;
BecemaNN, F. and Lissy, W. F., 1957) and by others (Brown, R. M. and GRuMMITT,
W. E., 1956; GurerTy, B. J., Bazaw, F. and Kurp, J. L., 1958; Susss, H. E., 1958;
Brown, R. M., 1960; CarisTon, W., THATCHER, L. and RHoDEHAMEL, E. C,, 1960)
has been used to measure a selection of recent rain and surface water and’ ground
water samples of geophysical interest — principally hydrological and oceanographic.
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The results are given in Table I, and certain salient features are presented in
Figs. 1-4.

Results

RELATIVE STRATOSPHERIC RESIDENCE TIMES FOR WATER VAPOUR AND SR™ PARTICLES
(SAMPLES FROM E. A. MARTELL) '

Fig. 1 shows for Bedford, Massachusetts, the variation in tritium content of the
rains throughout 1959 and the spring, summer, and early fall of 1960, together
with the average northern hemisphere fallout for Sr® during 1959 (LiBBY and
PaLMER, 1960, Fig. 1). It is immediately clear that during the spring and summer

M
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Fig. 1
Bedford tritium in rain vs. northern hemisphere average 30°—50° N Strontium 90 in rain.

of 1959 the peaks attained by the T (Tritium) and Sr® fallout rates were pro-
portional to one another with an average proportionality constant of about 130 T. U,
(1 Tritium Unit {T.U.] is 1 T-atom/10!® H-atoms) per mc of Sr?® per square mile
per inch of rain or 13 T atoms per Sr® atom. Considering that the fallout in the
spring and summer of 1959 in the northern hemisphere (LisBY, 1959; MARTELL, 1959;
Liesy and PaLmEer, 1960; MarTELL and Drevinsky, 1960; Lockuart, 1960) was
due largely to the Russian October 1958 test series, this parallelism of the T and Sr?
fallout strongly suggests that both the T and Sr% came from the same source — the
island of Novaya Zemla in October 1958 — and that the mechanism of removal
from the stratosphere into the troposphere was the same for both T and Sr%. Some
of the Bedford rains were measured for Sr*® as well as T, the results being given in
Table IT (the Sr® data were furnished by Dr. E. A. MarTELL and P. J. DREVINSKY
of the United States Air Force [Cambridge Research Laboratories]).
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_ TasLe II
T/Sr*> RATIO DURING SPRING 1959 PERIODS
Period of Collection Sr90 (me/mi?finch) ) T. U. ) T/St90 Atoms
Feb. 24 to Mar. 31 0.81 + .08 1504 4 | 19
Apr. 1to Apr. 3 0.83 + .08 292 & 15 33
May 25 to June 3 017 + .01 220+ 7 123
TJuly 7 to July 13 0.06 + .02 4+ 7 . 117
Average 73

The scatter is such that if the correlation shown in Fig. 1 were not so clear, it
would be difficult to justify the whole consideration of the T/Sr* atomic ratio on
the Bedford data alone. This probably is due to the tropospheric precipitation
mechanism being different for T and Sr%, i.e. water vapour and dust.

The mechanism for the downward mixing of stratospheric air thus must be such
as to treat water vapour carrying HTO (water in the stratosphere most probably
is mainly vapour), and the fine particulate matter carrying Sr®® in essentially the
same way. This result is not unexpected, and it appears that all present theories of
the fallout mechanism (Stewart, N. G., Osmunp, R. G. D., Crooks, R. N. and
FisHer, E. N., 1957; MacuTa, L., 1959; LiBsY and PALMER, 1960; FEeLY and SpaARr,
1961) have this feature implicitly contained. The physical basis is that no appreciable
settling of the fine particulates involved in stratospheric fallout occurs so that for all
intents and purposes they move with the air mass just as the true gases do. Thus, the
expectation would be that all radioactive porducts of nuclear explosions should show
the same fractional rate of downward transport from the stratosphere, and except
for the complication of re-entry into the stratosphere for the long-lived gaseous
products which have no appreciable surface hold-up, there would be essentially no
distinction between any of them, either.

GENERAL DEPENDENCE OF TRITIUM LEVELS ON TOTAL THERMONUCLEAR ENERGY RELEASE
LARGE SCALE UPWELLING ALONG THE CALIFORNIA COAST (Samples from K. O. Emery
and H. E. Suess)

The Pacific Ocean surface waters: -

Sample Date T.U.
Santa Monica Beach 9 Mar. 1960 14 + 23
Johnston Island 30 Apr. 1960 212
Samoa, Lago Lago 1 Feb. 1960 6+ 1

show that, in general, the surface waters are much more active than they were
before bomb testing started. (1 T.U. in 1952-53 and about 3 T. U. in late 1954 and
1955 after “Castle’s” early fallout; Begemann and Libby, 1957; Gilletti, Bazan and
Kulp, 1958.)

In fact, using the experience on the North American continent, where the diluting
effects of very low T concentration water is very much smaller than in the open
ocean, we can see in Fig. 2 that the rise in T content in post-early-fallout surface
waters or land rains (three to six months after the tests) is proportional roughly to
the estimated total number of megatons of ordinary explosive energy equivalent of
thermonuclear fusion energy released (Libby, 1959) despite the wide range of firing
conditions with consequent wide variations in local and quick fallout of tritium into
the ocean in the case of some of the tests in the Pacific. Therefore, we can expect
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that the surface waters of the oceans in general must rise in the manner indicated
in Fig. 2 and that the average for the northern oceans now should be about 8 T. U.
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Bomb Tritium Plot.
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Consequently, it is with extreme interest that we observe values of 2 T. U. or less
in surface ocean water.

TasLe III

PACIFIC (SOUTH OF SANTA CRUZ ISLAND OFF CALIFORNIA COAST) SAMPLES
FROM K. O. EMERY, U.S. C.

Lat. N.32°50.2" | Long. W.119°42.2 |

1.8
0.5
Lat. N. 31°52’ Long. W. 120°26 1.6
0.9

From these data it appears to be very probable that these two points over 75 miles
apart, about 100 miles off the lower California coast, are in a large upwelling area
such that the water is very largely from the depths with only a small component of
recent surface water. Further measurements must be undertaken to elucidate the
extent of this area. Professor Emery submitted these samples for the reason that he
expected the first to show upwelling. The second was collected as a control point,
but it, too, apparently lies within the area.
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‘CONTINENTAL WATER BALANCE AND TURNOVER TIME FOR CONTINENTAL GROUND WATER
(Samples from A. C. Wahl and A. F. Hakanson and unpublished Chicago rain data
of Begemann and of Barrett)

From Fig. 2 we see that the Mississippi and ground water in the Mississippi Valley
in the fall of 1959 after the tritium peak was over registered 119 T. U. as compared
to 68 in 1957, and Lake Michigan showed 28 T. U. on February 1, 1960, a rise from
about 12 T. U.

TasLe IV

MISSISSIPPI, LAKE MICHIGAN, AND CHICAGO RAIN LEVELS
Immediately after the fallout from thermonuclear tests (T.U.)

’ Mississippi Lake Michigan l Chicago Rain
Cosmic Ray
(? Mt from Ivy) 4 1.6 6

Post Castle

(30 Mt Total Fusion) 43 7 22
Post Redwing

(44 Mt Total Fusion) 68 12 33
Post Hardtack & .

Russian Oct.

(87 Mt Total Fusion) 119 28 67

The important question of the turnover time for the ground water in the Missis-
sippi Valley was investigated following the “Castle” T fallout (Von Buttlar and
Libby, 1955; Begemann and Libby, 1957). The Mississippt was measured at Rock
Island and the results in Table V cbtained.

TaBLE V
MISSISSIPPI RIVER AFTER ,,CASTLE»

Sample Date T.U.
Jan. 3, 1955 55+ 1
Feb. 3, 1955 44 + 2
Mar. 1, 1955 40 4 2
Apr. 1, 1955 4343
* May 4, 1955 44 41
June 2, 1955 42 4+ 1
Aug. 1, 1955 44 £ 5
Sept. 3, 1955 412

These data strongly indicate that the replacement time for Mississippi Valley
ground water is longer than a few months and it was concluded (Begemann and
Libby, 1957) that the mean lifetime was about ten years. Shortly after the last of
the measurements listed in Table V, further Russian nuclear tests occurred, followed
by the Pacific “Redwing” series in 1956 so the curve could not be followed further.
At the present time, over two. years having elapsed since the last substantial
atmospheric injections, the Mississippi is showing 119 T. U. — a value on the curve
(Fig. 2) for tritium concentration without turnover — again indicates 2 long time
for turnover. . § .

The hydrology of Lake Michigan 15 such (Kaufmann and Libby,.1954) (95 m depth
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plus a drainage area twice the lake area, with a 5096 run off figure) that the observed
. ) 95 102 .

increase from 12 to 28 T.U. corresponds to|16 x - X —9—) x |6 % 1028 x 1018 or
500 X 107 T atoms/cm?. This can be compared with the Bedford peak (Fig. 1) of
about 38107 T atoms/cm? (calculated assuming a mean annual rainfall of
0.77 m/yr. and a question is raised by this disparity.

It seems likely that the explanation is that a considerable part of the Bedford
rain was low activity Atlantic Ocean moisture, which diluted and reduced the
activity levels. However, the Lake Michigan figure ought to be reduced by a factor
of perhaps 2 to 3 for re-evaporation; i. e. the Lake Michigan value would be about
9 to 14 if it were not that about half of its tritium had been ‘rained out before and
re-evaporated before falling into the lake or onto its watershed. This plus the
diluting effect of Atlantic Ocean moisture can explain the apparent discrepancy.

This re-evaporation correction affects the earlier comparison (Begemann and
Libby, 1957) between the rise in the surface ocean level due to “Castle” and that
observed in Lake Michigan (2 T.U. vs 5.6 T.U.). Taking the Lake Michigan

hydrology with an average effective depth of -92—5 meters (reduced from 95 m due to

drainage from the watershed) and applying a factor of 2.5 for re-evaporation, we
estimate that the Lake Michigan increase of 28—1.6 T.U. due to bomb tests should
correspond to the observed rise of the average surface northern ocean concentration

of 8—0.5 T.U. if the ratio of the effective depth of Lake Michigan ?Zém to the

7.5 x 2.5
26.4
calculate that the average mean mixing depth of the northern ocean surface water is
68 m, a value close to the usually accepted (ReveLLE and Sugess, 1957; Craic, 1957)

mean depth of the thermocline of 75 m.

The new data do not seem to require any substantial change in the mean residence
time of ten years for Mississippi Valley ground water. It will be very interesting
and important to observe the turnover directly as the years pass.

mean mixing depth of the ocean surface water were to be . Thus, we

PAST, PRESENT, AND FUTURE RAIN AND OCEAN TRITIUM LEVELS; TOTAL DEPOSITION AND
STRATOSPHERIC RESERVOIR (Samples from ]. Byrne, Charles Green, John Harley,
M. R. Huberty, John C. Manning, E. A. Martel], Terrill L. Noffsinger, Bruce Taylor,
V. L. Van der Hoof)

For the rains of the 19591960 period all, of course, are post-thermonuclear and
reflect only the effects of stratospheric fallout and re-evaporation. Thus, during the
spring and early summer of 1959 the northern hemisphere showed the peaks due to
the rapid polar stratospheric fallout from the Russian October 1958 tests (Section
JT A and Fig. 1) plus the longer termed stratospheric fallout from the “Hardtack™ and
earlier Pacific tests which should presumably, on the basis of Sr® experience, be
reflected in the northern hemisphere by the rain tritium fallout before and after the
Russian October tests peak and in the southern hemisphere by the rain tritium fallout
throughout this period. The re-evaporation tritium must be taken from the level of
the surface waters of both ocean and land corrected for the lower tritium water
effective vapour pressure of about 0.95 of that for ordinary water (BoLin, 1958;
PRrICE, 1958; AvINUR and Nigr, 1960; SeraL and Mason, 1960; Borowirz, 1961).

Taking the southern hemisphere first, we note that the southern hemisphere rains,
shown in Fig. 3, seem to show an upward trend from about 5 T. U. at the beginning
of 1958 to perhaps 10 T. U. in the first quarter of 1960. There are large individual
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variations and the hemisphere-wide average (taken simply by using individual rain-
fall samples at one tenth of the weight used for monthly averages) exhibits something
like a peak in 1959 following the 1958 tests. This total rise of 5T.U. mlght be
expected on the basis of the Sr® parallelism to amount to an expected rise in the
Northern hemisphere over and above the Russian October tests fallout which did not
reach south of the equator By something between 5 and 10 T.U., so that taking the
early 1958 fallout in the northern hemisphere as a base, we add a calculated 3 T.U.
rise due to the effect of the Russian October tests fallout from the 1958 tests on the
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Fig. 3
Southern hemisphere rains.

average northern surface ocean tritium concentration and therefore on the rain. To
this must be added the 5 to 10 T.U. of long-term stratospheric drip from the Pacific
shots to get a total increase of 8 to 13 T.U. above the early 1958 level of about
8 T.U. for rain received directly from the oceans on the western coasts of California
and western Europe. The resultant expected total of 16 to 21 T.U. (Fig. 2) agrees
well with the observations in California and western Ireland (Vilentia Observatory)
as shown in Fig. 4. Thus, we expect that western coasts in the northern hemisphere
would have shown an average of about 20 T.U. in the rain during the first part of
1960 and that the southern hemisphere would have had rain tritium levels of about
half this or 8 to 10 T.U. in 1960, as was the case.

From these comparisons of the level of fresh ocean rains on the western coastlines
it would seem that an 8 T.U. average ocean surface level for the northern hemi-
sphere giving 16 to 21 T.U. for the California and Irish coast rain would corres-
pond to about 3.5 to 4 T.U. for the mean average ocean surface level in the southern
hemisphere corresponding to about 7 T.U. being added by stratospheric fallout of
presumably Pacific plus Johnston Island thermonuclear explosions with an average
stratospheric residence time of about five years (Libby, 1959; Libby and Palmer,
1960). At this rate of fallout for an average annual rainfall of 0.77 m, the amount
of T sull in the stratosphere is calculated to be

0.77 x 7 x 102
% 9

X 6 x 10% x 10-18
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or 18 X 107 T atoms/cm®. Similiarly, the total deposition to date (neglecting radio-
active decay and mixing of the surface ocean waters to the great depths) corres-
ponds to

R J— 2

35 1)2+(8 n 75>;10 6 3 10% 5 1019

or 238 X 107 T atoms/cm? or a total of 256 X 107 T atoms/cm?. This is equivalent
in fusion energy at the rate of 17.5 million eV (1.6 X 1078 ergs)/T to 9.3 Mt of
fusion. Considering the uncertainty in the fraction of tritium thrown out of a
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Fig. 4
Northern Ocean rains; California and Ireland.

thermonuclear explosion as compared to that burned and realizing that perhaps half
of the tritium generated falls out locally, we see that this figure is reasonable as
compared to the 87 Mt estimated total of fusion energy release.

OCEAN MIXING (Samples from K. O. Emery and Giuseppina Aliverti)

Three sets of vertical profile samples — one from the Dead Sea and the other
two from two places in the Mediterranean — were run. The one from the Dead Sea
seems to show very incomplete mixing below about 35 m, although the deepest
sample seems to show some. The two Mediterranean sets — one near Sicily and the
other in the Tyrrhenian Sea — both seem to show very definite stratification as
between the surface and 150 m. From the differences in concentration, it would
seem to follow that the surface waters have not mixed to 150 m in at least six years

HYDROLOGY (Samples from O. R. Angelillo, D. J. Finlayson, Charles Green, M. R.
Huberty, John C. Manning, Terrill Noffsinger, H. E. Pearson, A. L. Sonderegger,
Bruce Taylor, Robert Thomas, D. B. Willits)

Several hydrological problems in the Southern California area were attempted
to test the method.
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Sparkletts Wells

An area in Eagle Rock near the Southern California coast has artesian wells (the
water is sold for drinking purposes by the Sparkletts Company). The wells are
located either along a fault (Raymond Fault) or upstream in a gently sloping aquifer
which is exposed to the surface some two miles away. The depth of the aquifer at
the fault is about 100 ft, and the general thickness of the aquifer lying between its
enclosing clay layers is about 20 ft. The wells along the fault (3987 A, 3987 B, and
3987 F) are in a line 500 ft long and about 250 ft apart. The first two showed
“essentially no tritium (0£0.26, 0+ 1.5, —0.6 +0.6 for 3987 A, and —0.1740.5 for
3987 B), while the third in line showed some (4.7+0.5 and 3.5+0.6 for 3987 F).
One well 3000 ft up-slope in the aquifer (3986 B) showed tritium. Two conclusions
appear to be that all of this water is at least several years old or is a mixture of a
relatively small fraction of new rain with water old enough to be free of tritium
(50 years or so) and that some of the water along the fault and in the aquifer seems
to be different. The water from the .first two wells right on the fault (A and B)
appears to be older, or to have less recent rain mixed in it, while in the third well
(F) and in the aquifer look similar with a calculated mean age of only six years
or s0.

San Fernando City Well

In the City of San Fernando, California, since 1885, a well has been in inter-
mittent daily use. It is 12 in in diameter and 56 ft deep. The general location was in
use as a source of spring water for many years prior to 1885 by mission settlers
and Indians. Old records and maps show springs and artesian wells at the same
place. It is 1.5 miles east of the large San Fernando Reservoir which is filled with
Owens Valley rain (36 £ 5T.U.). This well water is essentially tritium-free
(—0.25 £ 0.3 T. U.). It thus appears that the well water is dissociated from the
surface water system and, in particular, that the reservoir water is not contributing
to the well water flow.

The mission well about halfway closer to the reservoir from the city well shows
a little rain (3.4 £ 0.5 T. U.) but is still not part of the reservoir water system.

Orange Country Recharge

The water table near the city of Santa Ana has been depleted by use over the
years so a recharge operation has been conducted with Colorado River water (esti-
mated 50 T. U.) and a study of the recharge area has shown a spot-wise distribution
of this recharge water. It seems as though the Colorado water goes into certain
depleted areas and compresses and raises the level of the old ground water still
left into others.

Catalina Island

The single sample analyzed came from one of the important wells (Riess at
Avalon) on Catalina Island and was taken with the well casing reaching to 421 ft
below sea level. The total depth of the well was 987 ft with a clear depth of 922 ft,
and the bottom of the casing was 856 ft below the surface. The result, 2.5 £ 0.8 T.U,,
shows that the water is old — at least of pre-bomb age — or is a dilute solution of
recent rain with tritium-free water from some old source.
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MONTEBELLO FOREBAY

The seven-year-old recharge operation with Colorado River water in the Monte-
bello Forebay of the central basin of the Los Angeles County Flood Control District
seems not to have reached the wells sampled to any appreciable extent and all three
aquifers, the one below the Silverado at Rio Hondor (sample 1600 Z), the upper
Silverado (sample 1599 D), and the Gaspur (sample 1519 T) consist of water ten
years old or older.

MOLOKAI DIKE COMPLEX

The vertically-stratified rocks in the old volcanic crater on the Island of Molokai,
Hawaii, are shown to have water of an age of several years stored in them. This
is of considerable importance to the Hawaii Water Authority in assuring a steady
supply on the downwind (lee) side of the island mountain_ by a tunnel cutting
through to a stream on the wet upwind (windward) side. The permeable compart-
ment banded by volcanic debris can be used for water storage.

Conclusions

The tritium water method seems to have promise of general geophysical use,
particularly in meteorology, oceanography, and hydrology. An urgent need for
making water collections for the checking of questions arising in the future exists
at the present. In particular, a carefully planned collection of continental rain,
river, and lake waters and a wide-scale sampling of surface ocean waters should be
made in order to follow the movements of the bomb tritium.
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APPENDIX
TRITIUM WATER LIST
INDEX
CALIFORNIA AND HAWAII
PART A: RAIN LEVELS
Los Angeles rain .. . e ¥
Canyon View Dnve Brentwood e
San Gabrieldam .. .. .. .. .. .. . .. .. L0 o0 L. L0 o 01T
SalmasRiver\xater P V'
Orange County fain .. .. .. .. .. .. .. .. ... .. .. .. .17
San. Dimas rain, snow, and hall O v
Montoe Canyon gauging station .. .. .. .. .. .. .. .. .. .. .. 18
Westwood Los Angeles water .. .. .. .. .. .. .. .. .. .. .. .. 18
Santa Barbata rain .. .. .. .. .. .. .. .. .. .. .. .. .. .. 18
Jolon rain .. . O ¢
Take Nacimiento water .. .. .. .. .. .. .. ... . . . 18

Hawaii Sutface water.. .. .. .. .. .. .. .. .. .. .. .. .. .. 18
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PART B: HYDROLOGICAIL APPLICATIONS

Catalina :

Catalina Island well .. .. .. .. .. .. .. ... .. .. .. .. .. .. 18
Sparkletts Wells

Sparkletts well .. O €
Eagle Rock area; Sparkletcs 1\40 3 e
Eagle Rock area; Sparkletts No. 2 .. .. .. .. .. .. .. .. .. .. .19
Eagle Rock area well No.3986B .. .. .. .. .. .. ... .19
San Fernando

San Fernando City well No. 1 .. .. .. .. .. .. .. .. .. .. .. .. 19
Lower City of San Fernando reservoir .. .. .. .. .. .. .. .. .. .. 20
Mission WellNo. 5 .. .. .. .. .. .. .. .. .. .. .. .. .. .02
Kern River

Kern River .. e e e e e s e 2D
StandardOllWe]l A ¢
Haddad Well e e e e e s e s iy s e 20
Amerada Well .. .. .. .. .. .. .. .. .. .. L. .. .. ..o..0020

Salinas Valley
Salinas Valley and assoctated wells .. .. .. .. .. .. .. .. .. .. .. 2

San Bernardino

San Bernardino County Well .. .. .. .. .. .. .. .. .. .. .. .. 21
Orange County recharge '

Orange County Wells O
River Trout Farm (74-185B) .. .. .. .. .. .. .. .. .. .. .. .. 21
Orange Co. Well No. 3 (91-37-11A) .. .. .. .. .. .. .. .. .. .. 2t
QOrange Co. Well (112-10-11 A) A
Orange Co. Well (77-13-16 A) .. .. .. .. .. . .. . . .. .. .02
Santa Maria Vallgy

Santa Matia Valley; Adam Well .. .. .. .. .. .. .. .. .. .. .. 21
Santa Maria Valley; Gilliland Well .. .. .. .. .. .. .. .. .. .. .. 22
Montebello Forebay .. .. .. . .. . .. e o oo e e 22
Molokai

Molokai Dike comples: .. .. .. .. .. .. .. .. .. . .. .. .. 22

RIVERS,LAXES AND RAINS FROM COLORADO,MICHIGAN AND MASSACHUSETTS

Colorado River water X
Mississippi River water .. .. .. .. .. .. .. .. .. .. .. .. .. 23
Lake Michigan water .. .. . )
Rains from Bedford, Massac‘nusctts & ]

WINE FROM WESTERN NEW YORK
Wine of 1960 vintage D2

FOREIGN RAINS

Regife, Brazilrain .. .. .. .. .. .. . ... .. .. .. .. .. .. .25
Porto Alegre, Brazil rain .. .. .. .. .. .. .. .. .. .. .. .. .. 25
Buenos Aires, Argentina rain .. .. .. .. .. . .. .. .. .. .. .. 25
Valentia, Ireland rain .. .. .. .. .. .. .. .. .. .. .. .. .. .. 25
New Zealand rain .. .. .. .. .. .. .. .. .. .. .. .. .. .. 26
Fiji Rain, Lanthala Bay .. .. e e 26
Lourengo Marques, Mozambique rain .. .. .. . .. .. .. .. .. .. 26

Dutban, South Africarain . .. .. .. .. .. .. .. .. .. .. .. .. 26
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SEA WATER
PART A: PRESENT SURFACE CONCENTRATIONS
Santa Monica, Pacific surface water ..
Atlantic surface water.
Johnston Island sutface sea water
Fiji surface sea water ..
Samoa sutface sea watet
Upwelling Pacific Ocean surface water

MIXING PROBLEMS

Dead Sea
Mediterranean Sea

PART B:

CALIFORNIA AND HAWAIL
PART A: RAIN LEVELS

Los Angeles rain

Individual rains collected by W.F. Libby at 1016 Chantilly
Road, Bel Air.

Comment: These valucs certainly agree with other U.S. west
coast rains for this period (cf. Adam Well, Santa Maria River
recharge stage of winter 1959—1960).

T.C.L.A. Campus

Canyon Viiew Drive, Brentwood
Collected by Annecliese Haber.

San Gabriel dam

Rainfall collected in the reservoir behind the dam from the
canyon watershed. Collected and submitted by the Los Angeles
County Flood Control District, Chatles Green of the Foundation
and Testing Division.

Comment: The rainfall level for the winter season of 1957 —1958
is reasonable considering the sizeable hydrogen bomb tests
conducted by the USSR in Aug., Sept., and Oct. of 1957 and
again in Feb. of 1958. The values for the winter of 1958—1959
are perhaps low compared to those observed in Bedford, Massachu-
. setts, and are more in line with those found in Valentia, Ireland,
also exposed to the open sea.

Salinas River water
Collected Nov. 29, 1959, and submitted by Bruce Taylor.
Comment: These values are lower than for pure rain as shown
in Lake Nacimiento (21) and Jolon Rain (27). Apparently some
old ground water is involved in the river flow.

Orange County rain

Rain collected in Orange County, at County Building on Dec.
24, 1959. Collected and submitted by M. R. Huberty, Water
Resources Center, U.C.L. A,

San Dimas rain, snow ond hail

Rain, snow, and hail collected by R. A. Merriam, San Dimas
Experimental Forest, in East Los Angeles. Submitted by M. R.
Huberty, Water Resoutrces Center, U.C.L. A.

2

Dec. 20, 1959

24 + 1.0 T.U.

Dec. 24, 1959

30 4+ 6T.U.
Jan. 9, 1960 -

41 4+ 5 T.U.
Apr. 27, 1960

16 + 1T.U.

Jan. 26—27, 1961

14 £ 0.7 T.U.

Jan. 26—27, 1961

19 + 1.6 T.U.

Mar. 15, 1961

16 + 0.6 T.U,

Mar. 1—May 1, 1958

48 4 22T.U.

Jan. 5—Apt. 26, 1959

16 + 13 T.U.

17

27
27
27
27
27
27

28
28

At King City, Nov. 29, 1959

834 0.5T.U.

At Bradley, Nov. 27, 1960

12+ 04T.U.

At mouth where salt was
1.8%, vs. 3.4%, for sea water

11+ 05T.U.

19 £ 2T.U.

Dec. 24, 1959
7.5 £ 0.6 T.U.
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Monrce Canyon ganging station
Rain collected and submitted by M. R. Huberty.

Westwood Los Angeles water

Samples taken from the tap on the University of Cahforma
at Los Angeles campus in Westwood.

Comment: This water is thought to be from the Owens Valley
reservoir as of about six months earlier accotding to Bill Ree of
the Los Angeles Department of Water and Power and Dt. Pearson
of the Metropolitan Water District of Southern California.
Santa Barbara rain

Collected at the Hope Ranch in Santa Batbara by Dr. V. L.
Van der Hoof and submitted by him.

Jolon rain

Rain collected five miles from Jolon, California, neighboutring
the Hunter Liggett Military Reservation on the road to King City.
Collected by W.F. leby

Comment: This is very low. It appeats as though this rain
must have been from an upwelling area in the ocean (cf. Section
on Sea Water), and have had little time aloft.

Lake Nacimiento water

This water was rain collected mainly duting the preceding
winter with perhaps some hold over from the rain of the preceding
year. Collected and submitted by Bruce Taylot.

Comment: The value appears to be a little lower than the
average for California rain for these periods. Pethaps some old
ground water is involved in the run-off.

Hawaii surface water

Sutface water from the Island of Molokai. Collected and
submitted by Terrell L. Noffsinger, of the Land Study Buteau,
University of Hawaii.

Comment: It appears that the stream sampled on Molokai is
low as compared to the general average for the Pacific, which
probably is ztound 10to 15 T.U., so it may contain some old
ground water or be due to upwelling in the Pacific Ocean upwind
as in the case of the Jolon rain.

PART B: HYDROLOGICAL APPLICATIONS

CATALINA

Catalina Island well: Water from Avalon Public Setvice Well
No. 1 (Riess) located at Avalon, Catalina Island, California.
Sutface elevation of top of well 435 ft above sea level. Depth
of well 987 ft. Clear depth of well 922 ft. Bottom of 83/ in casing,
856 ft depth or 421 ft below sea level. Sample taken on Mar. 30,
1960. Collected and sumbitted by O. R. Angelillo, Los Angeles,
and the Avalon Public Service Co., W. L. Scott, President.

Comment: This well water is old. Certainly older than 1954
when the first rise in tain tritium levels due to hydrogen bomb
testing ocurred.
SPARKLETIS WELLS

Sparkletts Well : Water from Well No. 1 (Los Angeles Water
District No. 3987 A) at the Sparkletts Drinking Water Corpora-
tion plant at 4500 Yotk Boulevard in Los Angeles. The well is
about 100 ft deep. The well is perforated all the way with a gravel

envelope. The water comes from a layer covered with a hard °

layet of blue-black clay. Sample taken Apr. 11, 1960. Submitted
by O.R. Angelillo, Los Angeles.

Dec. 3, 1959
91 4+ 17 T.U.
Jan. 10—Feb. 28, 1960
154 0.6 T.U.
Mar. 12, 1960
21 4:271.0.
Aug. 16, 1960
12 £ 0.8 T.U.
Jan. 9, 1960
14 + 0.7 T.U.
Feb. 1, 1960
. 35404T.U.
Dec. 2, 1960
694+ 15T.U.
Nov. 26, 1960
2.8 1 0.5 T.U.
Nov. 19, 1959
21 £ 1T.G.
Nov. 27, 1960
10 4- 0.5 T.U.
Aug. 2, 1960
314 1.6T.U.
254 08T.U.
- 04026 T.U.
04 1.5T.U.
034 10T.U.



Second sample collected under full artesian flow by D. J. Fin- -
layson, of the State Water Rights Board. Submitted by Mr, Fin- -

layson.

Comment: This water appeats to be at least 40 vears old
calculating from the cosmic ray ttitium level of 2.to 3 T. U. for
rain in California which applied prior to 1954 when hydrogen
bomb tritinm arrived first in appreciable quantities.

FEagle Rock area; Sparkletts No. 3 : Water collected on June 24,
1960, from Well No. 3 (Los Angeles Water District No. 3987 F)

at the Sparkletts Drinking Water Corporation, at 4500 York -

Boulevard in Los Angeles. This well is about 500 ft east of No. 1
(Sparkletts Well). It has a total depth of 278 ft and is petforated
from 124 to 129 ft, and again from 145 to 151 and from 216 to
266 ft. Tt lies just upstream from the Raymond Fault. This well
and the Spatkletts Well and Eagle Rock area Well No. 3986 B
all three lie in a simple artesian pressute area and forebay the
lower end of which is defined by the Raymond Fault. From the
fault upstream approximately 7500 ft to the north, the formation
consists of an aquifer overlain by a relatively impervious aquiclude
of sandy clavs. In the atea over 7500 ft northerly, the aquifer is
exposed to form a forebay atea. Collected by Brown and Gon-
zales and submitted by D. J.' Finlayson, of the State Water Rights
Board.

Second sample was taken under full artesian flow and submitted
by D. J. Finlayson, of the State Water Rights Board. .

Comment: This is old water but apparently not as old as that
from Sparkletts Well No. 1—500 ft to the west and also lying
on the fault. Since rain has been well above 4.7 T. U. in this area
since 1954, it appears to be about six years old, ot, of course,
have a small amount of recent rain in it.

Eagle Rock area; Sparkletts No.2: This well (Los Angeles
Water District No. 3987 B) is located between Sparkletts Well

No. 1 and No. 3 about equidistant. It is gravel packed from 70 ft

to 150 ft below ground level. Sampled on Oct. 9, 1960, while under
full artesian flow and submitted by D. J. Finlayson, of the State
Water Rights Board.

Comment: This water appears to b¢ at least 40 years old,
calculated from the cosmic ray tritium level of 2 to 3 T. U, in
California, which applied prior to 1954, when hydrogen bomb
tritium artived in appreciable quantities.

Eagle Rock area Well No, 3986 B : Water collected on June 24,
1960, from Well No. 3986B, on the Cauchon property at Rldgevmw
in Eagle Rock. This well was located 3000 ft northerly of the
Raymond Fault in the pressure area between the Fault and the
surfacing of the aquifer about 4500 ft further north. .

Comment: This also is old water although, again, apparently
not as old as the water from Sparkletts Well No. 1. It, too, like
Well No. 3, appears to be about six years old.

General Comment: All the water in the aquifer leading to the

Raymond Fault is several years old. Some is older as though"
different rates of recharge in different patts of the aquifer were "

involved.

SAN FERNANDO _
San Fernando City Well No. 1 : City Well No. 1 located at the

intersection of 4th Street and Hubbatrd Street in the city of San’

Fernando. This well is 12 in in diameter and 90 ft deep. It produces
900 gal (U. S.) of water per min and is pumped intermittently:
into the city resetvoir. It has been in use since about 1885.- The

general Jocation was used many years prior to that time by Mission . ;,

2%
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Oct. 10, 1960

— 0.61 + 0.6 T.U.

4.7 4 05T. 1.

" Oct. 9, 1960

354+ 0.67T.U.

Oct. 9, 1960
— 0.17 £°0. STU
1.0 4- 0.2 T.0.

211+ 07T.U.

— 025 4+ 03 T.U.



20 W. F. LIBBY

settlers and Indians. Old records and maps show springs and
artesian wells located at this same location. Tt is about 1.5 miles E
of the lower San Fernando Reservoir. Sample was taken on Sept.
30, 1960, by S. E. Bergman. Submitted by A. L. Sonderegger.

Comment: No tecent rain in this water — in particular, no
appreciable flow from the lower city of San Fernando Resetvoir
1.5 miles to the east. :

Lower city of San Fernando Reservoir : Collected by S. E. Bergman
Sept. 30, 1906. Submitted by A. L. Sonderegger.

Comment: This water is higher than recent rains and would
appear to be coming mainly from the Owens Valley through the
aqueduct.

Mission Well No. 5 : Located about halfway between the Re-
servoir and City Well No. 1.
Comment: This water is not reservoir water.

KERN RIVER

Kern River : Sampie taken from the Kern River near Bakers-
field, California, on the Rio Bravo Ranch about 3/ mile west
of junction of Cottonwood Creck with the river, on Apr. 6, 1960.
The Kern River is thought to be the ultimate source of most
of the ground water in the area sampled by the Standard Oil
Well, Amerada Well, and Haddad Well, although some water
no doubt flows in from Cottonwood Creek. Sample collected and
submitted by John C. Manning, Bakersfield..

Comment: This result indicates that the Kern River at this
point has some old water, since the expected value for new rain
or snow would exceed 20 T. U.

Standard Oil Well: Sampled Apr. 6, 1960, at point 2 miles
due south of sampling point of Ketrn River sample. The well is
thought to be producing from both the upper Kern River forma-
tion water sands and from the lower Santa Margarita water sands.
Some oil is present from oil streaks in the upper formation. There
is thought to be no recharge from surface rain. Sample collected
and submitted by John C. Manning, Bakersfield.

Comment: This result taken with the Kern River value of
16 + 0.6 T. U. is compatible with the proposed hydrological
flow pattern, assuming the water from the Santa Margarita sands
to be too old to contain tritium.

Haddad Well : Water collected on Apr. 8, 1960, from the Haddad
Brothers Well about five miles south of the Kern River and about
two miles southeast of the Standard Oil Well. Thought to be
downstream for underground flow from the Cottonwood Creek
about 2!/, miles northeast. Collected and submitted by John C.
Manning, Bakersfield.

Comment: This is young water and the well is subject to rapid
techarge with rain not over one of two years old.

Amerada Well : Water collected on Apt. 8, 1960, from Ametrada
Well about two miles from the Kern River on the Rio Bravo
Ranch. Thought to be downstream for ground water flow from
the Kern River. Collected and submitted by John C. Manning,
Bakersfield.

Comment: This well is subject to fast recharge. The water
is very young, perhaps six months ot one year old.

SALINAS VALLEY

Salinas Valley and associated wells : The King City Municipal
Well, Canal St. 2is near the Salinas River, into which the Naci-
miento Lake water is discharged. The Hickey well is about one

36 + 5T.U.

o

4+ 0.5T.U.

H-

16 4 0.6 T.U.

57 4+ 067T.U.

21 4-147T.U.

31 £ 5T.U.

King City Municipal Well on
Nov. 29, 1959
20+ 03T.U.
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mile from the Salinas’ Rivet and in Pine Canyon, which opens
onto the Salinas Valley. The Jolon Well is across the Jolon Grade
from the Salinas Valley. Samples collected by Bruce Taylor and
W.F. Libby.

Comment: All these wells scem to be old water, at least 6 years
old in King City, and possibly 40 years old in the Hickey Well
in Pine Canyon and the Jolon Well.

SAN BERNARDINO

San Bernardino County well: Well water from 829-ft well per-
forated in bottom 500 ft, located 3 miles east of Yucaipa in San
Bernatdino County (location Sec33EZ, T1SR1W, 1090 ft east
of west line of Section 33, and 1410 ft north of south line of
Section 33). Sample taken on Mar. 25, 1960, by Mr. Chandler
of the San Bernardino Municipal Water District. Submitted by
D.B. Willits and Robert Thomas of the Southern California
District of the State Department of Water Resources.

Comment: This water is not recent rain.

ORANGE COUNTY RECHARGE

Orange Comnty Wells : Otange County, in common with many
areas in Southern California, is experiencing an overdraft on its
ground water basins. To augment the natural recharge of the
Santa Ana basin water from the Metropolitan Water District
(Colorado River) is used for recharge. Four samples were collected
during Mar. 1960 from the Lower Santa Ana Basin to check
the recharge effect. Submitted by M. R. Huberty, Water Re-
sources Center, U. C. L. A.

River Trout Farm (74-18-5B): This is a surface water sample
from the upper part of the alluvial fan at SE1/, of SW?*/, of Sec 7
T4 SRIN.

Comment: This is not recent rain water.

Orange Co. Well No. 3 (91-37-11 A): Water collected from well
located on mid portion of the basin in SW?/, of the SW/, of
Sec 34 T48 SR10W. It is the Orange County District Well No. 3.

Comment: This water is younger than six years. The general
level of rain in this area prior to 1954 was about 2 T.U.

Orange Co. Well (112-10-11A): Water collected from the J. E.
Lecravian Irrigation well located about 2!/, miles from the coast
near the lower end of the basin in NE!/, of SE?/, of Sec 36
T5SR11W.

Comment: This is old water like the River Trout Farm surface
water.

Orange Co. Well (77-13-16 A): Water collected from the Yerba
Linda County Well located near the head of the alluvial fan about
one mile from the stream channel of the Santa Ana River.

Comment: This water is younger than six years.

General Comment: It appears that recharge is working and is
creating islands of new water in an old water table.

SANTA MARIA VALLEY

Santa Maria Valley, Adam Well: Water collected from well
(No. 10/33-21R1) on the L. H. Adam property on the flood plain
of the Santa Maria River. There was no sutrface flow at the time.
It receives recharge directly from infiltration of river flow during
each season of run-off. Collected and submitted by John C. Mann-
ing, Bakersfield.

Comment: Looks right for rain and river watet in this area.

J. C. Hickey Well, Pine
Canvon, on Nov. 29, 1959
0.6 + 0.3 T.U.

Jolon Well, on Feb. 21, 1960
03 4-1.87T.T.

74+2T.0.

Mar. 21, 1960
224+ 09T.U.

Mar. 21, 1960
94 297T.U.

Mar, 22, 1960
28+ 0.9T.U.

Mar. 22, 1960
844+ 1.17T.U.

Apt. 13, 1960
194 1.2 T.U.



22 W. F. LIBBY

Santa Maria Valley: Gilliland Well : Water collected from the
Gilliland well (Old Notsking Well No. 9/33-8 KL.) on Orcutt
upland about 5 miles south and upland from Santa Maria River
(TIN-R33W). Bradley Canyon lies between this well and the
river. It is thought to receive recharge only from surface infilt-
ration and small ground water flow. Collected and submitted by
John C. Manning, Bakersfield. Both this and Adam Well are
described thoroughly in USGS Water Supply Paper No. 1000.

Comment: This well is fed mainly by ground recharge of water
at least five or six yeatrs old on the average.

MONTEBELLO FOREBAY

Samples of ground water taken to provide data for the Monte-
bello Forebay of the central basin of the Los Angeles County
Flood Control District. Collected and submitted by Chatles
Green of the I.: A. Flood Control District.

Sample 16007 : Taken from well perforated between 525 and
535 ft in the lowermost aquifer of the Rio Hondo Spreading
Grounds. This aquifer is thought to be below the Silverado.
Water level in the well was 90.81 ft above sea level.

Sample 1599.D: Well near Rosecrans Boulevard and the San
Gabriel. River. perforated between 626 and 628 ft. Water level
was 94.9 ft above sea level. Near the top of the Silverado Aquifer.

Sample 1519]: Well near Rosectans and Atlantic Boulevatds
perforated between 105 and 127 ft in the Gaspur aquifer. Water
level 106.8 ft above sea level. The Gaspur Aquifer is above the
Silverado and just below. the Los Angeles Rivet.

Comment: The area from which the samples were taken was
recharged with Colorado River water in the late summer of each
yvear. beginning in 1954, The results show the water to be older
than a completely mixed recharge in all three cases and not to
contain Colorado water nor recent fain in any appreciable per-
centage.

MOLOKAI

Molokai Dike complex : In an attempt to establish approximate
length of time water has been stored in an old volcanic eruption
with vertical wall components called 2 dike complex, samples
of the dike watet in the case of a tunnel on the Island of Molokai
have been taken and studied. The five mile long tunnel extends

from the dry side of the island to the wet side and is now in the '

final stages of construction. It will intercept a stream of water
on the wet side of the island and ‘catry it through to the dry side
and thus furnlsh ample water durlng the winter months fot irri-
gation.

During the summer months the stream ﬂow is often inadequate,

and the terrain is so rugged that damming of the stream is not -
practical. However, it is expected that the geological rock forma- -
tion neat the stream will serve as'a reservoir; and, in fact, it was -

thought that once the dike complex was reached by the tunnel,
stoted water would be released. This proved to be the case. The
point of the tritium measurement is to show whether the water
from the dike complex is old water ot is recent rain which travel-
led by rapid petcolation through the soil. If the water proves
to be low in tritium, then the-area can be assumed to have
characteristics for holding water and can be used as a reservoir to
store water during winter for use during the dry summers. In
fact, if the dike complex does not hold watet for 2 period of several
months, then five or six pumps will have to be installed further
down the stream and run mote ot less continuously during the

Apr. 13, 1960

324+ 08T.U.

1.6 £ 0.7 T.U.
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summer to lift water approximately 1000 ft to be dischatged into’

the tunnel.

The first sample was taken on Jul. 17, 1960, from a hotizontal

hole core drilled 15 ft left of the tunnel centre line at Station
236 4+ 08 L. :

The second sample was taken Jul. 17, 1960, from springs issuing
at the tunnel spring line at Station 247 - SO L.

The third sample was taken Jun. 18, 1960, from Station 244 - 86.

The samples were collected by Robert T. Chuck of the State
of Hawaii Water Authority and submitted by Terrell L. Nof-
singer, of the Land Study Buteau, University of Hawaii.

Comment: It appears that the second sample at the tunnel
spring may have been five ot six years old. It is completely clear,
however, that both the first and third samples were older water,
much older than 6 years, in view of the bomb test tritium level
since 1954. The present Pacific surface water is 10 to 15T, U.

RIVERS, LAKES AND RAINS FROM COLORADO,
MICHIGAN AND MASSACHUSETTS

COLORADO RIVER WATER:

Collected February 1960 by Dr. H. E. Pearson of the Metropol-
itan Water District. :

MISSISSIPPI RIVER WATER

Collected Oct. 16, 1960, at St. Louis and submitted by Dr.
A. C. Wahl.

Comment: This value, though high, is not as high as expected.
Further measutements are indicated.

LLAKE MICHIGAN WATER

Lake Michigan water taken on Feb. 1, 1960, by A. F. Hakanson
of the Chemistry Depattment, Univetsity of Chicago.

Comment: This is to be compared with the pre-bomb cosmic
ray tritium level of 1.64 £ 0.04 (Kaufman and Libby) and the
post-“Castle” 7.5 T. U.

Taking the re-evaporation downwind effect, ‘which probably
amounts to about a factor of three as judged from the cosmic

5.6
tay data, the <Castle” ocean rise should have been—3—to about

3T.U. from 1, and the present northern ocean level should be
about 9 T. U., which appears to be an acceptable value.

RAINS FROM BEDFORD, MASSACHUSETTS

Rains collected at Bedford, Massachusetts, by E. A. Martell
of the United States Air Force Cambridge Research Center.
Submitted by E. A. Martell, -

Comment: The Bedford tritium fallout curve from the weapons
tests in 1958 closely follows that for St rising to a peak in April
and falling away to the world-wide rate by August or September.
The Sr®° rates (mc [squate mile] in of rain) for the 30°—50° N
band were as given below:

Jan. 1959 0.7
Feb. 1959 0.7
Mar. 1959 1.6
Apr. 1959 1.6
May 1959 1.5
June 1959 0.8
July 1959 0.4
Aug. 1959 0.2
Sept. 1959 0.1

Oct. 1959 0.1

021 + 0.3 T.U.

284047T.U.

038 + 03 T.U.

52 + 1.47T.U.

119 + 2T.U.

28 + 3 T.U.

23
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RAINS FROM BEDFORD, MASSACHUSETTS (cont.)

The proportionality constant was about ! mc/Sr*/mi/in =

=130 T.U.
Nov. 1958 Nov. 9—16, 1959

65 + 11 T.U. A 124+ 10 T.U.
Jan. 1959 Nov. 16—19, 1959

43 1+ 6.6 T.U. 55 4+ 1.4 T.U.
Feb. 1959 - Nov. 1925, 1959

116 + 3 T.U. 12 £ 1.2T.U.
Mar. 1959 Nov. 2530, 1959

150 4. 4°7.U. 31 4+ 32°T.U.
Apr. 1, 1959 Nov. 30—Dec. 7, 1959

292 + 15 T.U. 12 £ 1.27T.U.
Apr. 9—13, 1959 Dec. 21—28, 1959

72 + 1.6 T.U. 98 4- 0.7 T.U.
Apr. 13—20, 1959 Dec. 28—29, 1959

220 + 2.7 T.U. 23 17T.U.

May 25— June 3, 1959

Dec. 29, 1959— Jan. 4, 1960

220 4- 7 T.U. 16 +1.4T.U.
June 15— June 18, 1959 Feb. 4—8, 1960
174 + 2.3 T.U. 154-08T.U.
June 23—26, 1959 Feb. 8—12, 1960
89 4+ 1.3T.U. 106 -+ 2.8 T.U.
July 7— July 13, 1959 Feb. 1215, 1960
74 4+ 7 T.U. 21 + 0.8 T.U.
July 1415, 1959 Feb. 15--19, 1960
168 - 43 T.U. 14 4+ 09 T.0.
July 16—20, 1959 Feb. 2426, 1960
152 4+ 3.6 T.U. 13 +-18T.U.
Aug. 6—10, 1959 Mar. 7, 1950
21 +3T.U. 30 +077T.0.
Aug. 25—31, 1959 Mar. 18—31, 1960
41 4- 53 T.U. 21 +12T.0.
Sept. 29—0Oct. 2, 1959 Apr. 1—6, 1960
59 £ 1L.7T.U. 11 4+ 2.0T.U.
Oct. 2—8, 1959 Apr. 20—25, 1960
244-21T.0U. 23+ 1T.U.
Oct. 8—9, 1959 Apr. 28—May 2, 1960
204 1.2T.U. 85+ 55T.U.
Oct. 23—26, 1959 May 2—10, 1960
94+ 1.5T.U. 11 £13T.U.
Oct. 27—Nov. 2, 1959 May 10—16, 1960
42 4 4.2 T.U. 354 1T.0.
Nov. 59, 1959 - May 16—24, 1960
11+ 67T.U. 29 +10°T.U.
May 24— June 6, 1960
374+ 14T.0.
June 16, 1960
50 429 T.U.
June 26—28, 1960
24 + 3.6 T.U.
June 6—July 5, 1960
53 417 T.U.
WINE FROM WESTERN NEW YORK
Wine of 1960 vintage (Dry Niagara) from grapes grown at 904+ 2T.U.

Naples in westetn New York state by Widmer’s Wine Cellats,
Inc. Submitted by William Widmer. .

Comment: This looks about right for ground water at this
locality in the spring and summer of 1960.
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FOREIGN RAINS

RECIFE, BRAZIL RAIN

Individual rain sampled for Health and Safety Laboratory of
USAEC, John Hatley. Submitted by John Harley. )

Comment: This is in contrast with the higher values in Bed-
ford, Massachusetts, at the same time showing the Bedford tritium
fallout most probably was from the Russian October 1958 test
series, which, like the Sr9%0 did not reach the southetn hemi-
sphere.

PORTO ALEGRE, BRAZIL RAIN.

Samples of individual rains collected and combined into
monthly totals for the United States Air Force Cambridge Research
Center. Collected by Jose Luis Paranhos de Araujo, St., I. R. M.
Coussirat Araujo, Porto Alegre, Brazil. Submitted by E. A.
Martell of United States Air Force Cambridge Research Center,
Bedford, Massachusetts.

Comment: This rain may well have contained some eatly

_ (tropospheric) tritium fallout from the United States Hardtack
test series at Eniwetok and Bikini in the Central Pacific.

Jan. 1958 Dec. 1958

5.0 4 0.6 T.U. 8.5 +03T.U.
Feb. 1958 Jan. 1959

) 324 04T.U. 4.4 + 04 T.0.

Feb. 25—Mar. 27, 1958 ‘Feb. 25, 1959

404+ 03T.U. 13 L+ 0.7 T.U.
Mar. 29—~ Apr. 26, 1958 Feb. 26—Mar. 3, 1959

6.3 + 0.7 7T.U. 34 +18T.U.
June 1958 Mar. 1959

17 + 09 T.U. 35+ 02T.U.
Aug. 1—Sept. 5, 1958 Apr. 1959

7.6 +£ 0.7 T.U. 133 T.U.
Sept. 6—30, 1958 May 1959

69+ 05T.U. 15 + 1.7 T.U.
Oct. 25—Dec. 2, 1958 Aug. 1959

58 4+ 04 T.U. : 20 £ 04 T.U.
Nov. 1958 Feb. 1960

24 -+ 37T.U. 7.8 4: 0.9 T.U.

BUENOS AIRES, ARGENTINA RAIN.

Rain collected at Buenos Aires for the Health and Safety
Laboratory of the USAEC, New York City, John Harley. Sub-
mitted by John Harley, New York.

Comment: Considering that this site is on the eastern shore
and considerable re-evaporation may have been expetienced by
this rain, the value seems in line with the sea water level in the
southern oceans of less than 10 T.U. (Samoa Sea Water and
New Zealand, Ohakea and Lanthala Fiji Rain).

VALENTIA, IRELAND RAIN.

Rain water collected monthly at the Valentia Observatory,
Caherciveen, Ireland. Submitted by J. Byrne, Sectetary of the
National Committee for Geodesy and Geophysics, Dublin.

Comment: These levels look like Califotnia rains, although
somewhat lower, reflecting the lower tritium level of the Atlantic
as compared to the Pacific.

May 2, 1959 :

22 +17T.0U.
Apr. 1959

17 + 1.3 T.U.
Nov. 1959

22 £24T.U,

25
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Aug, 1957 Jan. 1960
14 + 09 T.U. 50+ 0.7T.U.
Jan. 1958 Feb. 1960
18 +3T.U. 15 4+ 10 T.U.
July 1958 Apr. 1960
53 + 1.5 T.U. 34 4+ 24°1T.0.
Nov. 1958 May 1960
24 + 08 °T.U. 23+ 12T.U.
Apt. 1959 June 1960
17 4-15T.U. 27 +£1.27T.U.
May 1959 Aug. 1960
80 4+ 20 T.U. 12 £ 0.7 T.TL
79 4+ 3T.U. Sept. 1960
June 1959 11 +08T.U.
61 +2T.U. Oct. 1960
Aug. 1959 55+ 04T.U.
19 4 14 T.U. Nov. 1960
Sept. 1959 : 424+ 12T.U.
14 + 37T1T.0. Dec. 1960
Nov. 1959 16 4- 1.3 T.U.
814+ 1.6T.U.
Dec. 1959
14 £ 1.3 T.U.

NEW ZEALAND RAIN

Rain collected at the Meteorological Obsetvatoty at Ohakea
by E. A. Monk, for the Health and Safety Laboratory, USAEC,
New Yotk, John Hatley. Submitted by John Hatley.

Comment: Seems to be low as compared to Fijion Jan. 1.1960at17

FIJI RAIN, LANTHALA BAY

Rain samples collected by the Meteorological Office at Lanthala
Bay. Submitted by John Hatley, Health and Safety Laboratory,
USAEC, New York City.

LOURENGO MARQUES, MOZAMBIQUE RAIN

Rain samples collected for the Health and Safety Labotatory
of the USAEC, John Hatley. Submitted by John Harley, New
York. :

Comment: This sample seems to show very little expect cosmic
tay tritium,

DURBAN, SOUTH AFRICA RAIN

Rain collected at Durban for the Health and Safety Labora-
tory of the USAEC, New York City, for John Hatley., Submitted
by John Hatley.

Jan. 28—Mat. 31, 1960
9.1 +10T.U.

Apt. 1—TJuly 1, 1960
484 04 T.U.

Aug. 6, 1959

1.5+ 0.47T.U.
Nov. 1959

27407 T.U,
Jan. 1, 1960

17 £ 19 T.U.
Apr. and May, 1960

7.9 + 0.74 T.U.
Aug. 11, 1960

1.1 - 0.6 T.U.

Sept. 14, 1959
1.5+ 0.6 T.U.

July 3—12, 1959
414+ 03T.U.
June 23—24, 1960
324 0.8T.U.



TRITIUM GEOPHYSICS: RECENT DATA AND RESULTS

SEA WATER
PART A: PRESENT SURFACE CONCENTRATIONS

Santa Monica Pacific surface water.

Beach water collected March 9, 1960, by Ge\try Matvray at

‘the beach in Santa Monica, California.

Comment: This is to be compared directly with the sample
collected at the same spot on Jun. 8, 1953, which gave 0.54 4- 0.02
T: U. [H. Vox BuTTLAR and W. F. L1BBY, J. Inorg. Nucl. Chem. 1
(1955) 75].

Atlantic surface water.

Water collected from the Atlantic City Pier at the end of April
'1960. The depth of water was 24 ft. Collected by Peter Simpriano.
‘Submitted by O. R. Angelillo.

Comment: This value may reflect the fact that rain from the
-eastern shore is patticulatly high in tritium.

Jobnston Island surface sea water.

Surface sea water collected at Johnston Island in the Central
Pacific on Feb. 4, 1960, 3 miles offshore where the water depth
‘was approxlmately 30 ft. Submitted by H. E. Suess, La Jolla.

Comment: This value is so high that it shows mcomplete
‘horizontal mixing in 2 mattet of two years — the time since the
last surface hydrogen bombs in the Pacific. These surface shots
produce surface water of -about 20000 T. U. over an area of
-perhaps 1000 squate miles (unpublished data of the author’s on
the Navajo test in 1958). Thus, this level could correspond to
-an area presently about 1 000 000 square miles, or a good fraction
of the Central Pacific. It would be of the greatest interest to trace
these tritium islands as they grow and to check the results with
the St? and Cs'¥’, which should be high also.

Fiji surface sea water.

Taken from the sutface of Lanthala Bay on Aug. 11, 1960,
by the New Zealand Meteorological service.

Comment: This is the highest value obtained so fat for southern
surface Pacific Ocean Water. It may reflect southward movement
of local tritium fallout from the bomb tests at Bikini or Eni-
wetok.

Samoa surface sea water.
Sutface sea water collected on Feb 1, 1960, at Lago Lago,
Amcncan Samoa, at approximately 17 miles south of Btreakers

Point 1—~ miles from shore. The water depth at this point was

300 to 400 ft. There was a light rain falling. Submitted by H. E
Suess, La Jolla.

Comment: The South Pacific watets (15° S) seem to be free
of the ditect fallout tritium from the surface hydrogen bomb
tests at Eniwetok and Bikini (11° N), .in contrast to the North
Pacific (¢f. Johnston Island surface water on February 4, 1960,
which had between 21 and 38 T. U.). This appeats to be reasonable
in terms of the sutface currents being generally toward the north-
‘west from the test area and the general system of clockwise cit-
culation in the northern oceans.

Upmwelling Pacific Ocean snrface water.

Surface water samples collected about Aug. 20, 1960, in the
area’s most intense upwelling just south of Santa Cruz Island
(7120) and from the open sea about 80 miles south (7122).
‘The positions were:

14 4- 23 T.U.

23 L 13T.U.

21 + 2 T.U.

86 4+ 1.7T.U.

o
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7120: Lat. 32°50.2" N. Long. 119°42.2" W.

7122: Lat. 31° 52" N. Long. 120° 26’ W.

Collected and submitted by K. O. Emery, of the Department
of Geology, University of Southern California.

Comment: It appears that extensive upwelling is occutring in
this atea because the tritium levels are far below othet sutface sea
waters in the Pacific (10—15T. U.) and elsewhere in the world
(5—10 T. U.). It also appears that even the sample fatthest south
is showing upwelling. Further testing is strongly indicated.

PART B: MIXING PROBLEMS
DEAD SEA.

Water from the surface and various depths of the Dead Sea.  Surface 8.5 + 0.3 T.U.
Collected about Feb. 1, 1960. Submitted by K. O. Emety, Geology 35m 564 08T.U.
Department, University of Southern California. 45m 034+ 04T.U.

Comment: It appears that mixing is retarded at 35 meters and  200m 1.8 + 0.3 T.U.
that the 45 m and 200 m waters probably are at least six years old,
since they show no artificial tritivm from the post-1954 tests. It
is odd that the 45 m water looks older than the 200 m water.

MEDITERRANEAN SEA
Surface and 150 m water.

Water collected from the Mediterranean Sea near Sicily and  South of Sardinia (39° 09’ N,
Sardinia on Oct. 19, 1959, by Prof. Guiseppina Aliverti, Gabinetto  9° 42’ E) Surface Water

di Meteorologia ¢ Oceanografia, Instituto Universitario Navale, 55+ 0.6 T.U.
Napoli. Submitted by Prof. Aliverti. 150 m depth at above site
Comment: The Meditertanean is not mixed at 150 m, at least 0.51 4- 0.2 T.U.

at these two localities. Judging from the tritium content of past Centre of Tyrrhenian Sea
r2in, the 150 m water is at least six years old and may be twenty  (39° 59’ N, 12° 36’ E)
or more. Surface Watert
10.6 + 1.8 T.U.
150 m depth at above site
0.45 -+ 045 T.U,
0.03 + 0.3 T.U.
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DISCUSSION 1

B. Grinberg (France): What techniques were used for measuring the tritium con-
centrations?

W. F. Libby: The technique consists in the enrichment by electrolysis of an
alkaline solution. The enrichment parallels that of the deuterium, in such a way
that the enrichment factor for tritium and for deuterium remain in a constant
ratio. This ratio is about 2:1; in other words, the tritium enrichment factor is
about twice the deuterium enrichment factor, relative to -protium. Details of one
particular technique are given in Prof. Ustlund’s paper in these proceedings. As
shown in another paper, that of Mr. Bainbridge, a solution is electrolyzed from,
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say, a volumé of one liter and is enriched in several steps until a final volume of
perhaps 0.5 cc is obtained. Then two measurements are made on this final con-
centrate. The deuterium and the tritium concentrations are determined. From the
observed  deuterium concentration one can calculate the deuterium enrichment.
Then, by means of the known ratio between the enrichment factors, the original
tritium concentration in the sample can be calculated from the final tritium
concentration. To put it differently, about one-half to two-thirds of all of the
tritium originally present in a typical case is still present in the final 0.5 cc. Thus,
by measuring the tritium concentration in the final concentrate and making
corrections for losses due to electrolysis, one can determine the original concen-
tration simply by using the volume ratio. Certain laboratories apply the tech-
nique because they have observed that the losses are very reproducible. Others do
not even measure the final deuterium concentration. I think it is probably wise
to measure it, but perhaps not in every sample. However, that is the general pro-
cedure. A single sample requires perhaps a week of work and, under the conditions
prevailing in the United States, would cost § 100—§ 200 per measurement.

J. G. Burr (United States of America): My question concerns the papers read
by Prof. Libby, Mr. Bainbridge and Dr. Gat. I did not note any results which
showed a zero tritium content for any sample, even though some of them were
taken from substances like old glacial ice, which must have been very ancient
indeed. Does the apparent tritium count therefore represent a background count
or an experimental error or something else?

W. F. Libby: We always have some experimental error, but in-my paper you will
find examples showing that we do obtain zero levels within the experimental error
of measurement. For instance, the samples having to do with the Los Angeles
hydrological problem include two such examples. It is remarkable how little diffi-
culty we have with contamination in working with such extremely small amounts
of radioactivity.

D. Sunko (Yugoslavia): I have two questions for Prof. Libby. First, what was the
average enrichment of the deuterium after electrolysis and before the final ana-
lysis of the tritium? Second, what was the particular reason for electrolyzing the
water samples in alkaline solution instead of, as normal, in acid solution?

W. FE. Libby: In reply to the first question, at our laboratory we normally
electrolyze to a level which enables us to use the falling-drop method in analyzing
the water for deuterium, which nreans to between 0.5% and 5%, or something
within "that general range. Other laboratories, which use different methods of
deuterium analysis such as mass spectrometry or infra-red absorption, can electro-
lyze to a lesser degree. Correspondingly, they would have to use larger samples
for the counting but this is quite feasible, as shown by other papers in this Sym-
posium.

F. Begemann (Federal Republic of Germany): As one of Prof. Libby’s co-workers,
1 should point out in connection with his explanation that at Chicago we some-
times used to enrich the samples to such a degree that the deuterium content was
actually as high as 90—959s, but then the deuterium was diluted to 3—59% so
that we could measure it by the falling-drop method. I mention this lest the
mistaken impression be given that the enrichment was always such as to- produce
final deuterium levels only of 3—59. As far as sea watet is concerned, we of course
had levels of up to 90—959/y deuterium. :

W. F. Libby: As to Dr. Sunko’s second question, there are two-reasons for using
an alkaline solution to separate the hydrogen isotopes: first, the electrode reactions
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to which it gives rise and, second, the desirability of achieving as large a separation
factor as possible. Most of the research on the electrolytic method of separating
the hydrogen isotopes was done by people other than those using them for tritium.
Few of us in the latter group have done much research on the method itself. The
paper we used in our first work with tritium was that of Brown and Daggett in
the Journal of Chemical Physics in 1934, This paper contains considerable back-
ground detail on the electrolytic process..

E. Eriksson (International Atomic Energy Agency): I have no question to ask
but would merely like to make a few general remarks, among other things; about
the interpretation of data. I think it is 2 matter of general experience in geophysics
and geochemistry that it is very difficult, on the basis of a single parameter, to
give a complete picture of what goes on in nature. It is necessary to have more
than one property, and in the case of tritium and the circulation of water in nature
there are certain other factors which can be determined as well and which would
certainly aid in the interpretation of the data. One such factor is the stable isotope
ratio. We know that it varies latitudinally and that it gives information on the
degree of condensation. Another factor is chloride, which is a very good indicator
of marine influences on the water, for instance. I believe that account should
always be taken of these two factors when precipitation is analyzed for tritium.

Another matter which should be mentioned is standardization of analysis. In
this connection, 1 believe that there is a need for internationally distributed stan-
dards. This is a question on which the Agency is at present working. I also believe
that everyone working with tritfum equipment should be wary of it. After all,
this is a rather new technique and it will certainly be improved in the future. One
should therefore always be on the watch for new methods and for improvements
calculated to eliminate possible errors.

As regards zero water, the Stockholm laboratory under Prof. Ustlund has actu-
ally found some in a set of some seven ground water samples from the Sabi valley
in Southern Rhodesia. The results are interesting: no tritium was found within the
experimental error.

One final remark concerns the sea water samples measured by Mr. Bainbridge.
In this case too it would be useful to know the temperature and salinity of the
samples. This would aid the interpretation and make it possible to decide whether
these rather high values for deep water should be expected or not. After all, this
latitude in question (41° South) is a rather critical region: considerable converging
of sea water and feeding of the intermediate waters occurs there, so that a large
amount of vertical mixing is possible. It is not at all representative of the sea
surface in general.

W. F. Libby: Mr. Eriksson’s remarks are most appropriate. It seems to me that,
with all new techniques, we must bear in mind the necessity of constantly stan-
dardizing and checking to see that the measurements are sound. I believe that from
the data being presented in these proceedings it will be possible to work out many
such checks, taking due account of any inherent disagreements between them.
However, the Agency could perform a very useful service by furnishing standards
for calibration. Among the most important of these is the zero water standard.
I therefore hope the Agency will carry forward the plans — which I understand
it is already working on — to furnish at least that standard. I would re-emphasize
the importance of collecting samples now, before it is too late, and urge that you
think about measurements that will possibly be wanted in the future, in the
realization that water, of all the common commodities of the earth, is the least
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treasured in terms of collection and storage. My experience has been that you are
never able to get a water sample unless you save it yourself.

B. Payne (International Atomic Energy Agency): In co-operation with the
World Meteorological Organization, we have already begun sampling from nearly
every corner of the globe. We started early in 1961, and samples are now arriving
at several laboratories which are co-operating in their measurement both for
trittum and for the oxygen-16 — oxygen-18 ratio.

As regards the standards which Prof. Libby mentioned, the principal delay lies
in the lack of zero T.U. water. We have been examining water from the geother-
mal springs in Lardarello, Italy, samples of which have been counted by the
Stockholm group. The results show this water to have a trititum concentration
greater than zero T.U. In view of this and also the fact that this water, which
contains a considerable amount of impurities, is not particularly satisfactory for
handling, we are considering the possibility that glacier ice might be more satis-
factory in addition to water from the Sabi valley mentioned by Mr. Eriksson.
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Abstract — Résumé — AHHOTanmua — Resumen

Levels of tritium in a variety of New Zealand waters and some tentative conclusions from
these results. A wide variety of natural waters was selected for study in the determination of tritium
abundance. Results of a series of measurements of tritium from the Akatarawa Stream, near Welling-
ton, from April 1956 to December 1960 are given to show any evidence of bomb tritium in the
rains falling on New Zealand. A comparison of these tritium levels with measurements made on
tap water at the Institute of Nuclear Sciences was used in an estimate of the storage time of the
Hutt Valley Artesian Resetvoit. A limited number of results of measurement of tritium in geothermal
bore waters, oceanic waters, Wellington rainwater and alpine snows are presented.

Concentration du tritium dans diverses eaux de Nouvelle-Zélande et conclusions provi-
soires tirées des résultats obtenus. Les auteurs ont choisi un grand nombre d’eaux naturelles
pour déterminer leur concentration en tritium. Le mémoire contient les résultats de mesures de la
teneur isotopique des eaux de I’Akatarawa (prés de Wellington), effectuées entre avril 1956 et décem-
bre 1960; ces résultats montrent si les pluies qui tombent sur la Nouvelle-Zélande contiennent du
tritium provenant des essais de bombes. Les auteurs les ont comparés aux résultats des mesures
faites sur ’eau de ville 4 'Institut des sciences nucléaires, pour évaluer le temps d’emmagasinage
de Peau dans le réservoir artésien de la Hutt Valley. Le mémoire contient aussi quelques résultats
de mesures de la teneur en tritium des eaux de forages géothermiques, d’eaux de mer, d’eaux de
pluie recueillies 2 Wellington, et de neiges de montagne.

YposEn TpHTHA B PasAMUHBIX BOJAX HOBOIl 3eXaHMH M IpeIBapHTENHHOE
3aKII0YeHHEe MO 3THM Ppe3yIsTATAM. Doubplloe KOAMYecTBO pPa3AMYHBIX 1pob IpH-
PORHHIX BON OBLIO OTOODAHO AJA M3YYeHMA C 11€JbI0 ONPEAENNTE MBOHTOK TPUTHA.
Cepus usMepeHHit TpUTHA B BOZaXx AwxarapaBsl 6iam3 BejnuerroHa ¢ anpens 1956
o fekabps 1960 roga morasaiu HaJWUHMe B MO0KAEBHIX BOJAX, Bemagatowux B- Hosoit
3eyaHAuK, TPUTHA, BOZHUKIIEr0 B Pe3yIbTATe MCHHITAHUA aTOMHBIX GomG. CpaBHeHue
9TOr0 YPOBHA CONEPHaHUA TPUTHA C U3MEPEHNAMMN, NPOU3BEREHHEIMY C BOIONPOBONHOM
Bofioft B MIHCTUTyTe ANEpPHBIX MCCIELOBAHMI, OHIIO HCIOIBIOBAHO NIA ONpPENENeHUs
BpEMeHU XPaHeHusd BOJKI B apresnaHckoM Gacceline Xyr-Baamneit. Byner npencrasueso
HEKOTOpPOe YHMCJIO pe3ynbTaTOB WM3MepeHMil TPMTHA B INOA3eMHHX BOJaX, B OKeaHe,
B MAOMAEGBHX BONaX BelnuHrToHA M B aJbIMIACKHX CHerax.

Concentraciones de tritio en diferentes aguas de Nueva Zelandia y conclusiones provisio-
nales basadas en los resultados obtenidos. A fin de determinar su contenido de tritio, se han
seleccionado para su estudio aguas naturales de muy diversa indole. Se indica una serie de mediciones
de tritio realizadas con muestras tomadas del rio Akatarawa, cerca de Wellington, entre abril de
1956 y diciembre de 1960, que demuestran la presencia, en las aguas de lluvia caidas sobre Nueva
Zelandia, de tritio procedente de explosiones nucleares. Se ha establecido una comparaciéon entre
estos niveles de tritio y las mediciones realizadas en aguas de grifo en el Instituto de Ciencias Nuclea-
res, a fin de calcular el tiempo de permanencia de las aguas en el depésito artesiano del Valle de Hutt.
Se expone un mimero limitado de resultados de las mediciones de tritio en nieves alpinas y en aguas
de pozo geotérmicas, aguas oceinicas y aguas de lluvia caidas sobte Wellington.
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1. Introduction

The tritium concentration results reported in this paper were collected over a
period from mid-1956 to the present time. Originally it was decided to collect water
samples from a wide variety of sources for the initial analyses. Samples from the
more interesting sources would then be analysed in more detail. This programme has
been carried out to a limited extent, but in some of the sampling series there are still
gaps because samples were not taken or were lost; and, in many cases, samples have
yet not been analysed.

2. Experimental

The water samples, having volumes of 3 or 151, were enriched by electrolysis.
Five electrolytic stages were used to reduce the volume to 0.5 ml. The tritium
enrichment is calculated from the formulae:

inz=%1nvy + (1_ g—)rlnN,

, B B
where Z is the tritium enrichment, ¥ the deuterium enrichment, N the total volume
reduction, and r the ratio of the volume of water electrolyzed to the total volume
of water lost from the cell. Factor r corrects for spray and vapour losses. The
deuterium measurements were made on our mass spectrometer.

The -enriched samples were converted to hydrogen over zinc at 400°C. The
hydrogen was then passed into the counters and mass spectrometer sample bottles.
The counting is described in these proceedings, pp. 343 —350.

‘3. Accuracy of results

All results are expressed in terms of tritium units (T.U.), one tritium unit being
defined as one part of tritium to 10® parts of hydrogen. By repetition of one
sample a number of times the overall accuracy has been estimated as + 189.
This error is largely caused by uncertainties in estimation of the spray and vapour
losses from the cells, in other words, uncertainties in the value of r. The errors
“introduced in conversion, deuterium analysis and counting amount to less than 5.
All results are expressed in relation to a tritium water sub-standard, supplied by
Tracer-Laboratories Inc., United States of America.

4, Results

Table T shows the tritium concentration of the Akatarawa Stream, about twenty
miles from Wellington. Monthly samples were collected from this stream from
mid-1956, but unfortunately no samples were collected between October 1958 and
April 1960. Since this stream flows fairly rapidly, it was felt that the tritium
content of its waters would show the overall monthly variations but would tend to
smooth out the values of individual rains. The results indicate that there has
been approximately a twofold increase in the tritium precipitation rate betwen
1956 and the present time. Since it has been shown by BrowN and GrumMmITT [1]
that the washout time for tritium in the troposphere s approx1mately 35d, it is
reasonable to assume that the increase in the tritium precipitation rate was caused
by the accumulation of stratospheric tritium in the southern hemisphere. This
accumulation was probably largely due to the testing of fusion weapon devices
during 1957—58.
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TaBLE I

TRITIUM CONCENTRATION OF AKATARAWA STREAM SAMPLES, 1956-- 1960,
IN TRITIUM UNITS

1956 ! 1957 1958 1959 1960
January 5.5 15.8
February 5.1 " 81-
March . - 6.9
April 42 5.9 ) 9.9
May 10.4 111
June 3.0 8.1 8.4
July 4.8 7.2 9.8
August 2.5 11.4
September 4.9 36 9.9 19.8
October 7.5 9.1 ’
November 5.3 11.7
December 4.5 11.0
Average ] 5.28 | 6.62 ’ 9.83 | | 10.3

The relatively large results for October 1956 and September 1960 may be due
to a sudden leak from the stratosphere during the spring, as there was for nuclear
fission product fallout in the northern hemisphere [2]. The monthly precipitation
of Sr? in Wellington [3] shows peaks for September 1960 and September-October
1959 that are roughly double the average monthly precipitation.

. TasLe II
UNDERGROUND WATERS
A. Hutt Valley Aquifer

Sample No. Date of Collection T.U.
TW 71 22.7.59 4.5
W 72 10. 9. 59 4.7
TW 73 9.10. 59 5.3
TW 74 9.11. 59 : 4.5
TW 85 21.3. 60 4.0
TW 87 22.4.60 i 5.7
TW 89 20.5.60 4.5
TW 90 20. 6. 60 6.2
TW 95 - 19.7.60 6.2
TW 101 20. 9. 60 6.0

B. Hawkes Bay Aquifer

TW 11 15. 3. 57 55 foot well at Fernhill 4.1
TW 12 15. 3. 57 72 foot well at Tyford 2.4
TW 13 15.3.57 128 foot well at Longlands 0.95
TW 15 15. 3. 57 130 foot well at Clive 1.3
TW 16 15.3. 57 250 foot well at Napier 0.79
TW 17 15. 3. 57 130 foot well at Mangateretere 11
TW 18 15. 3. 57 Well at Pakowai Rd. 1.5

Samples from the Hutt Valley Aquifer (Table II) have been collected since
June 1959. It is assumed that the supply to this aquifer has the same specific tritium

3%
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-activity-as-does- the -Akatarawa Stream. On this basis, the mean storage time for
this ‘aquifer was calculated to be five years, a figure that is. in agreement with
hydrological estimates.

The results shown in Table II (B), taken from the Hawkes Bay Aquifer, were all
collected from a number of wells on the same day. This artesian system is covered
with an impermeable layer, except for a small region of uncapped gravels near
Fernhill, which is assumed to be the area in which the water enters the system.
The well at Fernhill is quite close to this uncapped area, while the wells at Tyford,
Pakowai, Mangateretere and Clive lie roughly in a straight line. Napier and Clive
are quite close to the sea coast. It can be seen that the activities diminish as the
distance from the source area increases. The activities of 1 T.U. or less would seem
to indicate that some of the water is 20 or more years old.

The trittum concentration of Lake Taupo (Table III with the samples from

TasLE III
TRITIUM CONCENTRATIONS OF GEOTHERMAL WATERS

Sample No. Collection Date | Details T. U.
TT 16 3.12. 56 Lake Taupo 1.95
TT 20 15.1.57 . Lake Taupo 2.5
TT 30 21.2.57 Lake Taupo 2.7
TT35 20. 3. 57 Lake Taupo 33
TT 41 13. 4.57 Lake Taupo 2.3
TT 53 11.7.57 Lake Taupo 4.7
TT 59 4.10. 57 Lake Taupo 4.5
TT 80 23.7.59 Lake Taupo 1.81

BORES

TT 2 3.10. 56 Bore 26 3.6

TT 61 4.10. 57 Bore 26 2.18
TT 100 13. 3. 60 Bore 26 0.70
TT 34 20. 3. 57 Bore 13 3.20
TT 90 9. 6. 60 Bote 22 0.32
TT 91 9.6.60 Bore 39 0.60
TT 103 7.4.60 Bore 67 0.23

FUMEROLES

TT 22 29. 2. 56 Big Donald  (condensate) 0.67

“TT 24 29.2.56 Schuberts (condensate) 1.05
TT 25 18. 1. 56 Karapiti ‘(condensate) 0.86
T 101 18. 3. 60 Karapiti (condensate) 0.50
TT 102 18. 6. 60 Fumerole “K. B.” (condensate) 0.88

MISCELLANEOUS
TT 26 18. 1. 56 Champagne Pool : 1.0
TT 32 21.2.57 Lake Wairakei 3.5
TT 37 - 20.3.57 Lake Wairakei 2.5
TT 64 : 6. 12. 58 Anakeri Springs . 33
TT 65 8.12.58 Soda Springs 1.6
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geothermal areas) is somewhat lower than that of the Akatawara Stream. Since
Taupo is a lake of considerable size and depth, the lower values could be the
result of vertical mixing with old water. The fact that samples taken from nearby
Lake Wairakei (TT 32 and 37), a small lake, have tritium concentrations. of similar
order suggests that a lower tritium activity in the rains in this area is a more likely
explanation.

The bores quoted are 8-in steam bores drilled in the Wairakei area for the
production of electric power. The fumeroles “Big Donald” and “Schuberts” are on
White Island in the Bay of Plenty, while the fumeroles “Karapiti” and “K.B.”
are in the Wairakei area. The later measurements on bores show similar tritium
levels to those of the fumeroles. The earlier bore samples show much higher
activities. The bore system probably consisted of a much larger fraction of recent
ground water during the early stages, but now it seems to consist largely of old
ground water or possibly magmatic water. This conclusion is supported by the fact
that the ground water level has dropped considerably over the past five years. Since
the activities of the bore samples are not much lower than those of the Hawkes Bay
underground waters, underground water cannot be ruled out as a source of the
geothermal steam.

TasLe IV
TRITIUM CONCENTRATIONS OF SEA WATER

Sample No. Date of Collection Sample Details { T. U.
TW 21 2.4.57 Makara (near Wellington) .1.1
TW 31 10. 6. 57 Makara (near Wellington) 1.8
TW 62 30. 11. 58 Antarctic (100 m depth) 15
W 79 26.9.59 Lat. 41°5’S, Long. 178°0’E (sutface) 1.96
TW 81 26.9. 59 Lat. 41°5'S, Long. 178°0’E (100 m) 1.5
TW 75 26.9. 59 Lat. 41°5'S, Long. 178°0'E (200 m) 0.88
TW 82 26.9.59 Lat. 41°5’S, Long. 178°0'E (400 m) 0.80
TW 76 26.9.59 Lat. 41°5’S, Long. 178°0’E (760 m) 1.1
T 77 26.9.59 Lat. 41°5’S, Long. 178°0°E (1500 m) 0.63
TW 80 26.9.59 Lat. 41°5’S, Long. 178°0’E (2160 m) 1.5

The activities of some sea water samples (Table IV) show remarkable uniformity.
The variation of activity with depth would indicate a mixing time of about twelve
years.

A number of other water samples are shown in Table V.

TasLE V
TRITIUM CONCENTRATION OF MISCELLANEQOUS WATER SAMPLES

Sample No. Date of Collection Sample Details T.U.
TW6 | 19.6.59 Snow from Tasman Glacier 17.9
TW 69 23.6.59 Snow from Tasman Glacier 10.5
TW 70 26. 6. 59 Old Ice from Tasman Glacier 1.2
TC 1 4.7.57 Campbell Island Fresh Water 2.5
TC 5 4.11.57 Campbell Island Fresh Water i 5.6
TC 13 1.5.58 Campbell Island Fresh Water 12.2
TC 11 1.7.58 Campbell Island Fresh Water 15.8
TC 15 1. 11,58 Campbell Island Fresh Water 13.8
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5. Conclusion

The results in this paper were presented at the Symposium to make known the
approximate scale of effort we are putting into this project in New Zealand and the
type of information we can obtain of the technique of tritium enrichment and
measurement which can be satisfactorily developed. Qur preliminary results show:

(1) That an enrichment of tritium has taken place in the waters of the southern
hemisphere. Presumably tritium from H-bomb testing is reaching New Zealand
from the stratosphere.  *

(2) From results for the Akatarawa Stream, the Hutt Valley Aquifer and the
Hawkes Bay Aquifer, there is sufficient variation in tritium concentration
between the source of supply and the place of sampling for reasonable esti-
mates to be made of residence time for water in the reservoirs.

(3) Tritium detection in geothermal bore waters gives additional support to
existing physical and chemical evidence that geothermal steam may consist
of up to 809 of heated ground water.

(4) The significance of the detection of tritium in sea water at depth needs further
investigation, particularly as the detection of a zero sea water has not as yet
been obtained. ‘
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DISCUSSION 11

F. Begemann (Federal Republic of Germany): Could Mr. Bainbridge indicate
what is the lowest tritium level his group has observed in New Zealand?

A. E. Bainbridge (New Zealand): We have not found any samples of less than
0.2T.U. :

D. Lal (India): In connection with the 1959 measurements of tritium concentra-
tions in sea water reported by Mr. Bainbridge, there seems to be essentially no
change in the tritium concentration values with increasing depth. This is rather
surprising. I should therefore like to ask Mr. Bainbridge whether this could be due
to contamination and whether he thinks the results are significant?

A. E. Bainbridge: As I indicated in my paper, we are suspicious of these results
because the samples were not collected under ideal conditions and had been stored
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for some time. I must also point out that the water was collected at the particular
station on the request of the New Zealand Institution of Oceanography, which
suspected that some anomaly was present. I do not have the results of the work
because the sea water samples are still under study and must be correlated with
other data. New Zealand and the station in question are in an area of complex
and converging systems and it is therefore possible that the data are correct.
However, the contamination is certainly not so high. The water vapour level in
the southern hemisphere and in New Zealand is low and it is therefore difficule
to understand, in view of the large size (15 1) of the starting samples, how enough
water vapour could get into our apparatus to give the order of magnitude of
specific activity which we obtained. Thus, it is possible that there is some oceano-
graphic anomaly at this point. Our oceanographic ships do not have the time to
study the whole ocean. All they can deal with are the anomalies and what this
anomaly is will be known shortly.
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Abstract — Résumé — AHBOTARHA — Resumen

Tritium content of rainwater from the eastern Mediterranean area. About 50 samples of
rainwater collected during the years 1958 —1960 in Israel and neighbouring countries were assayed
for their tritium content by gas counting following electrolytic enrichment. The samples included
single showers collected at two stations in Israel and one in Cyprus, as well as composite samples
. accumulated during each rainy season at a number of sites in Israel, Cyprus, Tutkey and Greece.
In addition samples. of cistern water, representative of rain from the 1956/57 and 1957/58 rainy
seasons, were also analyzed.

From the air circulation pattern and the timing of thermonuclear tests relative to the local rainy
season it is inferred that little direct tropospheric transport of tritium from the test sites into thearea
occurs. The measured tritium levels hence ate due to tritium leakage from high altitudes into lower
air layers. Mean atmospheric residence times are estimated for stratosphetic tritium from different
sources. There is evidence that tritium is only slowly mixed throughout the stratosphere.

Systematic differences between the tritium levels at various sites are explained in terms of the
different rain producing situations. It is shown that the extent of mixing of maritime and continental
air masses are of paramount importance for the resulting tritium content of rain and that the dimen-
sions of the Mediterranean sea are small compared to the scale of meteorological phenomenainvolved.

Teneur en tritium des eaux de pluie dans la région de la Méditerranée orientale. La teneur
en tritium d’une cinquantaine d’échantillons d’eau de pluie prélevés au cours des années 1958 —60
en Israél et dans des pays voisins a été déterminée au moyen de compteurs a gaz, aprés enrichis-
sement électrolytique. L’analyse a porté sur des échantillons de diverses précipitations, provenant
de deux stations istaéliennes et d’une station cypriote, ainsi que sur des échantillons d’eaux accumulés
pendant chaque saison des pluies dans plusieurs régions d’Israél, de Chypre, de Turquie et de Gréce.
En outre, on a analysé des échantillons d’eaux de citetne accumulées pendant la saison des pluies
de 1956/57 et 1957/58.

Compte tenu de la date des essais thermonucléaires, des courants atmosphériques et de la saison
locale des pluies, on peut conclure qu’il n’y a aucun transport troposphérique direct de tritium
provenant de la zone des essais vers la région considérée. Les concentrations de tritium mesurées
sont dues au passage de tritium des hautes altitudes dans les couches atmosphériques inférieures.
On a évalué la durée moyenne du séjour dans ’atmosphére du tritium stratosphérique provenant
de diverses sources. Les constatations faites semblent prouver que le tritium ne se mélange que
lentement aux masses d’air de la stratosphére.

Les différences constantes entre les concentrations de tritium 4 divers endroits sont expliquées
en tenant compte des différentes situations qui sont a Iorigine des pluies. On montre que le mélange
des masses d’air maritimes et continentales a une influence primordiale sur la teneur en tritium des
eaux de pluie et que Pétendue de la mer Méditerranée est faible par rapport 2 Pampleur des phéno-
menes météorologiques en jeu.

Coiep:xangne TPUTHA B TOKAeBOIl BOfE, B3ATOM N3 BOCTOYHOTO paifoHa cPeAN3eMHOTO
Mopd. B reuenne 1958—1960 rr. okoxo 50 npo6 mosaesoi Boast 6uliio B3aTo B Napanie
M COCEIHHMX CTpaHaX M IOJABEPrHYTO KOJMYECTBEHHOMY AQHAJMSY HA COZEPaKHME
B HUX TPHTHA C MOMOILBI0 Ia30BOr0CUETYMKA IIOCIHE HIEKTPOIUTHIECKOr0 06oraueHns.
Crona Bxopgunu npo0H OTHENBHBIX JiBHeli, B3ATHE Ha ABYX craHumax B Mapanne

* Part of this work was supported by the Division of Biology and Medlcme, United States
Atomic Energy Commission, the rough contract AT (30-1)-2166.
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¥ oanoil crannuu Ha Hunpe, a Taxke mpoOm Bonsl, coOGpaHHbE B TEUEHHE KAMLOIO
cesoHa AOkaedl B page mecT B l3paume, na Hunpe, Typuun u I'pennu. Kpome toro,
OLIIy TaKAe TPOAHANM3APOBAHH NPoOLL BONLI, B3ATON U3 BOJOEMOB, KOTOPHE COOTBET-
CTBYIOT ce3oHam poxpmeit B 1956/57 m B 1957/58 rr. '

Ha ocHOBAaHMYT CXeMbl LMPKYASHUNM BOBEYXA M BPEMEHY IIPOBEIEHUA UCIHITATEIbHBIX
TEPMOAAEPHLIX B3PLIBOB B CBA3H C MECTHBHIM CE30HOM JIOMAell ycTaHOBJEHO, YTO He
NPOUCXOAUT TPAMOre TponocdepHoro IepeHoca TPUTHMA H3 palioHOB WNCHBITAHUH
B pRagHb paiioH. CnenoBaTeNbHO, M3MEPEHHEE YPOBHM TPUTHA BHSHIBAWTCA TPO-
HUKHOBEHHEM TPUTHA M3 OONBIIMX BHICOT B HU3KHUE CHOM Bo3xyxa. ONpPeneiseTcs .
cpefHee BpeMA mpeCHBAHHA B aTMocepe crpaTocepHOro TPHUTUA W3 DPaBAMYHBIX
HCTOYHUKOB., COBEPINEHHO OYEBMIHO, YTO TPUTUH AMIUB CIErKA CMEaH BO BCei CTparo-
cepe.

CHcTeMaTHYECKKME PA3INYMA B YPOBHAX TPUTHUA B PA3JIUUHBEIX MeCTaX 00BACHAWTCR
Pas3anyHOM cUTyauMeill, BE3bIBAaloNell BHNafenne nonaei. JokassBaeTcs, UTo CTeneHb
CMeIeHUA MOPCKMX M KOHTHHEHTAJNbHEIX MacC BO3IYyXa MMeeT IlepBOCTEIIEHHOE 3Ha-
YeHue AJA BHTEKAIOWero ua 9TOro CONepP KaHnud TPUATH B HOMIBON BOIe M YTO Pa3MepH
CpeanzeMHOro MOPA Madbl IO CPAaBHEHNI ¢ MAacmTafoM COOTBETCTBYIOUIMX METEOPO-
JOrMvYecKUX ABJIEHHI. ‘

Contenido del tritio en las aguas de lluvia de la zona del Mediterraneo oriental. Los autotes
analizaron unas 50 muestras de agua de lluvia tecogidas durante los afios 1958 a 1960 en Israel y
paises vecinos 2 fin de detetminar su contenido de tritio por recuento gaseoso precedido de un
entiquecimiento electrolitico. Entre las muestras figuraban algunas de precipitaciones aisladas,
recogidas en dos estaciones en Israel y una en Chipre, asf como agua acumulada durante cada tempo-
rada de lluvia en una serie de lugates en Israel, Chipre, Turquia y Grecia. Ademds se analizaron
muestras de aguas de cisterna representativas de las Huvias caidas durante las temporadas 1956—1957
y 1957—1958.

La configuracién de las corrientes atmosféricas y 1a relacion cronolédgica que existe entre los
ensayos de armas termonucleares y la temporada local de lluvias indican que no se produce ningun
transporte troposférico directo de tritio del lugar de la explosién a la zona estudiada. Por lo tanto,
la presencia de tritio en las capas infetiores de la atmésfera se debe a la difusién desde las capas
superiores. Los tiempos medios de permanencia atmosférica del tritio han sido calculados para
el tritio estratosférico procedente de distintas fuentes. Parece demostrado que el proceso de mezcla
del tritio en la estratosfera es lento.

Las diferencias entre las concentraciones de tritio que apatecen sistemdticamente en distintos
lugares se explican por las circunstancias variables que determinan la precipitacion pluvial. Se demues-
tra que el grado en que se mezclan las masas de aire maritimo y continental ejerce una influencia
decisiva sobre el contenido de tritio de las aguas pluviales, y que las dimensiones del Mar Mediterra-
neo son pequefias en compatacion con la escala en que suceden los fenémerios meteorologicos
que intervienen en dicho proceso.

Introduction

The usefulness of both cosmic ray and artificially produced tritium as a tracer
for the movement of water in nature has long been recognized and becomes ever
more apparent. Investigations on the tritium content of rainwater, which were per-
formed recently, have outlined some features of the circulation of tritium in the
atmosphere following its injection by thermonuclear explosions [1, 2, 3]. However
important details, such as the extent of exchange of atmospheric tritium with water
on land and ocean areas as well as the rate of descent into the troposphere of
tritiated water from a stratospheric reservoir [4], have remained controversial and
await additional measurements for their final solution. The present study, in which.
precipitation samples from Israel and other eastern Mediterranean countries have
been analyzed, may contribute somewhat towards this goal; the distinguishing
feature of the area being the presence of a fairly large landlocked sea which acts
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as a major water source for local rainfall and a regular seisonal precipitation pat-
tern., The results so far available point out some interesting trends; many more
observations are needed to confirm them and enable quantitative deductions to be
made. ‘

The rainy season in Israel, generally, lasts from September to May; December,
Januvary and February being the wettest months. The appearance of rain at that
time is then governed by the southward retreat of the subtropical high pressure
belt with the result that the Mediterranean sea becomes a favoured path for east-
ward moving Atlantic disturbances, accompanied by a large number of frontal
passages. Other lands of the eastern Mediterranean also have a predominance of
rain in winter.

Sampling methods

Composite rain samples, representing average values over extended periods, were
obtained in two ways:

{a) Rainwater accumulated during the rainy season in water catchments and cisterns
was sampled at the end of the rainy season;

(b) Daily rain samples, collected in standard rain gauges, were poured into plastic
bottles which were subsequently sealed hermetically.

Method (b) reliably produced a true average sample of the season’s rain. This
method was generally used in the programme. Daily samples from extended periods
of time were thus combined except during the 1960/61 season where composite
samples of every month were stored separately, Method (a) discriminated against
small rainfall amounts, which did not reach the reservoir and against the early
rainfall of every season. It was also troubled by possible isotope fractionation by
evaporation. Nevertheless samples collected according to this procedure were perhaps
more representative of the rainwater input into the water storage systems and hence
this method may be favoured where the motivation for the analysis is hydro-
logical research.

In addition to seasonal composite samples the water from single strong showers
was collected with the aid of large funnels (400 cm? in area) which drain into plastic
bottles. For this purpose a single shower was defined as all rain falling during a
. period of continuous or intermittent rain without breaks in the rainfall of more than

TasLe 1
ANALYSIS OF SAMPLING SITES

Distance Mean
Site Location Latitude |Longitude| Aliitude from Annual
seashotre | Rainfall
™) (E) () (km) (mm)
Rehovoth Central Israel 31°55 34°48’ 55 12 544
Lod Centtal Israel 31°59 34°547 40 16 496
Tirat-Yael Northern Israel 32°57 35°26’ 800 33 > 900
Beer-Sheva Negev, Istacl 31°15 34°48° 275 46 200
Nicosia Cyprus 35°10° 33°21” 165 17 390
Prodhromos Cyprus 34°577 32°50” 1380 40 965
Adana Southern Turkey 37°08/ 36°12/ 20 20 617
Antalya Southecn Turkey | 36°57 30041 43 0.3 1033
Matritsa Rhodos 36°22/ 28°07 34 4 700
Yraklion Crete 350207 25°11 47 1.5 510
Athens-Hellinikon| Greek Mainland 37°54" 23°44’ 7 0.25 390
Methoni Greece,
: Adriatic shote l 36°50 21°43’ 34 <1 | ~ 1000
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six hours duration. This definition seems appropriate in climates where rainfall is;
mainly due to frontal passages.
Details of the sampling sites are given in Table 1.

Experimental

About one litre of every rainwater sample was pre-enriched by electrolysis in two-
or three stages. A volume reduction of ten was achieved in each stage on iron and
nickel electrodes, using conventional techniques. The tritium in the final water sample-
(of about 1 ml) was, on the average, enriched 470 fold. The performance of the
enrichment process was always checked by mass-spectrometric determination of deu-
terium which was simultaneously enriched. Some of the water was decomposed on.
zinc in sealed ampoules at a temperature in excess of 450 °C; the resulting hydrogen
gas was then introduced into a 1.21 gas counter (RC1 type 10801) together with
toluene quencher.

The counter was operated in the Geiger region in anticoincidence with a ring of
cosmic ray counters. Counter sensitivity was found to be 0.94 X 104 cpm/cm Hy-
drogen X T.U. This corresponded in the system to a minimum measurable activity
of 1.1 T.U. (as defined by Hours and Kaurman [5] for a coefficient of variation
C, =.04/ng = 0.1, where g, was the standard deviation of the sample count rate ng),
with a 500 fold pre-enrichment, 30 cm hydrogen gas pressure in the counter and
overnight count. The long time stability of the counting system was excellent and
reproducibility well within the statistical counting error limit. The reproducibility

TasLE 11

A. COMPOSITE RAINWATER SAMFPLES FROM RAIN CISTERN, RUN-OFF CATCH-
MENTS AND RESERVOIRS

: Rainfall .
Sampling Site Collection Period Amounts Sample Description T. U.*
(mom)

1956(57 Season

Ejn Karem Dam | Nov. 1956— Apr. 1957 run-off water trapped

near Jerusalem | sampled 650 by open dam 50420
Apr. 14, 1957 :

Tel-Yeruham Nov. 1956— Apr. 1957 run-off water trapped

Northern Negev | sampled 175 in open reservoir 110430
Apr. 15, 1957

Beth-Netofa Oct. 1956— Apz. 1957

Notthern Israel | sampled 560 water catchment 804-10

, : Apr. 20, 1957

1957/58 Season

Kfar Yanuh Oct. 1957 —Apt. 1958

Northern Israel | sampled 798 cistern watet 70410
Aug. 14, 1958

Tarshiha Sept. 1957 —May 1958

Northern Israel | sampled 690 run-off water 65420
Aug. 1958

195859 Season )

Tarshiha Sept. 1958 —May 1959 2304-20
sampled 632 run-off water .
Sept. 21, 1959 |

* Errors quoted in section A ate the estimated overall errors (including non-statistical etrors) which ate large in this section.
These samples were processed before the laboratory achieved its final accuracy.
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TasLe 11 _
B. RAINWATER COLLECTION
: . 2% | . .
Sampling Site Collection Petiod “‘_& g T Sample Description T. U.-
S<E

| 1958/59 Season o
Tirat-Yael Oct. 16—17, 1958 24.5 | strong single shower 88+0.6.
Tirat-Yael Dec. 7—8, 1958 64 continuous showers 1254-1.2
Rehovoth Dec. 9, 1958 14 shower 12041
Rehovoth Jan, 7—8, 1959 45 | continuous showers 94410

| Tirat-Yael Jan. 18—20, 1959 1 cont. strong showers 26242

: i 256410
Rehovoth Jan. 19—20, 1959 70 | cont. strong showers 1634-3
Tirat-Yael Jan. 31—Feb. 2, 1959 75 | rain and hail 350*

! Rehovoth Feb. 1, 1959 13 medium showets 16541
Rehovoth Feb. 17—18, 1959 46 | intermittent showers 1434-1
Tirat-Yael Feb. 18, 1959 33.5 | cont. showets 20045
Rehovoth Feb. 19, 1959 13.5 | cont. showers 368410

421410

1 Titat-Yael Feb. 23—24, 1959 60 - | mixed snow and rain 2104-1
Rehovoth Apz. 4, 1959 5 | light shower 619420
Tirat-Yael May 17—18, 1959 15 | light shower 53745

| Tirat-Yael Sept. 1958— Jan. 30, 1959 410 | composite saraple 130*

1 Tod Oct. 1958 —Mayv 1959 419 | rainy season’s composite

. : sample 2084-5

1 Beer-Sheva Oct. 1958 —~May 1959 162 | rainy season’s composite .

sample 260%*
Tirat-Yael Feb. 1, 1959—end of season | 300 | composite sample 301410
1959/60 Season
Tirat-Yael Sept. 11—15, 1959 17 | continuous showers 64+4
Tirat-Yael Sept. 21, 1959 86 | thunderstorm 7214
Tirat-Yael Nov. 5—6, 1959 27 | shower 6341
Tirat-Yael Nov. 15, 1959 19 | thunderstorm 60+3

i Tirat-Yael Nov. 28—29, 1959 21 | snow and hail 6141
Prodhromos Dec. 30—31, 1959 43 | showers 484-2
Rehovoth Jan. 13, 1960 40 | strong showers 2543
Prodhromos Jan. 4—6, 1960 54 | cont. strong showers 31405
Rehovoth Jan. 610, 1960 34 | cont. showers 2045
Rehovoth Jan. 2124, 1960 65 | cont. showers (27k2

| Tirat-Yael Sept. 1959—Feb. 13, 1960 628 | season’s composite sample 374-0.5
Tirat-Yael Jan. 23—March 15, 1960 — | composite sample 4643

| Prodhromos Mar. 7, 1960 21 | shower 42+0.3
Tirat-Yael Mar. 10—11, 1960 255 intermittent showers 664-0.2

| Prodhromos Mar. 21—23, 1960 55 intermittent showers 68+0.6
Tirat-Yael Mar. 2123, 1960 130 | strong showers 46.£0.3
Rehovoth Sept. 1959— Apr. 1960 250 | season’s composite sample 334.0.6

‘ 3041

| Rehovoth Jan. 10—Mar. 13, 1960 81 | season’s composite sample 4440.5

:| Prodhromos Oct. 1, 1959—Jun. 14, 1960 | 681 | season’s composite sample 4541
Nicosia Sept. 19, 1959—May 1960 284 | season’s composite sample 6441

* Samples with experimental errors in excess of 209,.
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TasLe II
B. RAINWATER COLLECTION (cont.)
o . 35
Sampling Site Collection Period K g I Sample Desctiption T.U.
=<&
1959/60 Season
Rhodos Feb. 6—Apr. 4, 1960 284 | season’s composite sample 5542
Yraklion Feb. 4—~May 31, 1960 174 | season’s composite sample 9541
Methoni Feb. 7—May 31, 1960 170 | season’s composite sample 6441
Athens Feb. 1— Jul. 30, 1960 149 | season’s composite sample | 12241
Adana Mar. 16— July 31, 1959 161 | season’s composite sample 50+1.5
Antalya Mar. 20— July 7, 1959 130 | season’s composite sample | 10742
1960/61 Season |
Rehovoth Nov. 13, 1960 showers 2543
Tirat-Yacl Nov. 1—6, 1960 showers 29405
Rehovoth - Nov. 27-28, 1960 38 | showers 3141
Lod Nov. 1960 monthly composite sample 2441
Rehovoth Nov. 1960 monthly composite sample 194.0.5
Rehovoth " Jan. 9—11, 1961 75 | continuous showers 274-0.4
Lod Jan. 1961 monthly composite sample 2442
Tasre II
C. SURFACE MEDITERRANEAN SEA WATER
- i
N . 5 o
Sampling Site Collection Period T g’é‘ Sample Description T. U.
S<E
Near Cyprus Aug. 31, 1958 6.94-05.
Off Haifa Summer 1959 11441
Near Turkish
coast Sept. 1, 1958 10341

in the electrolytic enrichment step was generally better than 5%. A constant ratio
of tritium to deuterium enrichment factors was assumed. .

The system has. not been intercompared with other laboratories; however, stan-
dards were obtained by dilution of tritiated water whose specific activity was deter-
mined by gas counting in a counter of known efficiency.

Results

The results of the tritium analysis of rainwater samples are reported in Table 1I
in chronological sequence, together with pertinent meteorological information. For
comparison, results of some seawater analyses are also given. The numbers quoted
refer to the specific activity at the middle of the collection period. The error quoted
in the list, unless otherwise. stated, is the statistical counting error. This generally
is less than. the overall error of about 1096, which takes into account, as well,
possible contamination during processing, reproducibility of the enrichment factors

during electrolysis and other experimental errors. The results are also graphically
presented in Fig. 1.
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Fig. 1
Tritium analysis of rainwater samples in eastern Mediterranean area,
The tritium content of rain showers at Rehovoth, Titat Yael and Prodhromos and of composite
samples of rainwater from other collection stations duting 1958 —1961.

Solid horizontal lines represent results of composite samples at the specified stations. The duration
of the collection period is represented by the length of the line.

The following features were immediately apparent from the results:

(a) EFFECT OF RAINFALL AMOUNTS

No statistically valid correlation existed between the measured tritium content
of the showers and the rain intensity at Rehovoth or Tirat-Yael stations. However,
since all sampled showers were of more than 10 mm/day this conclusion may not
apply to smaller rainfall amounts. Three samples of hail and snow at Tirat-Yael
also did not give any discordant values. It appeared, however, as if showers from
stations with small mean annual rainfall amounts such as Beer-Sheva, Nicosia and .
Athens showed on the average a higher tritium content than neighbouring stations.
This effect will be discussed later.

(b) SEASONAL CHANGES

The highest average tritium concentration during the past five years was
encountered during the 1958/59 rainy season. Although individual results scattered,
a rise from less than 100 T.U. at the beginning of the season to peak values during
April and May of 1959 can be observed.

The tritium values of rain from the 1959/60 season were much lower. The mea-
sured values showed a minimum during January 1960 and they rose again in the
spring. The few samples from the 1960/61 season which have so far been analyzed
showed still lower tritium concentrations, although results were still much higher
than the natural cosmic ray levels. It is interesting to note that during the winter
of 1960 no change in the tritium levels was observed analogous to the one observed
between November 1959 and January 1960.

(c) INTER-STATION DIFFERENCES

The measured tritium content of composite samples from different stations scat-
tered widely. The following procedure was used in order to assess whether these
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differences were really due to (average) different activity levels of the rain at the
various collecting stations or whether they were merely the manifestation of the
different sampling periods and rain distribution. An average tritium activity level A;
was determined for each month from the experimental curve of the tritium content
of single showers for Rehovoth and Tirat-Yael (Fig. 1). The expected average activity

level A was then calculated for each composite sample from the known monthly
rainfall amounts R; at the site during the sampling period according to equation (1).

- 2 ARy
A = 1
calc TR ( )

These calculated average values, which were based on the assumption that the mean
trititum activity levels were the same at Rehovoth and at the other collecting sta-
tions, were then compared to the measured ones. The comparison can then be taken
as a test for the validity of this assumption.

TasLe 111
MEASUREMENT OF TRITIUM SAMPLES AT DIFFERENT STATIONS
Calculated Measured
Station Period weighted tritium
average content
T.U. T. U.
1958/59 Season
Lod Oct. 1958 —May 1959 .219 208
Tirat-Yael Sept. 1958 — Jan. 1959 128 130
Tirat-Yael Feb. 1959 tc end of
season 285 300
Beer-Sheva Oct. 1958 —May 1959 236 260
195960 Season
Rehovoth Sept. 1959— Apz. 1960 39 31
Tirat-Yael Sept. 1959 —Feb. 13, 1960 34 37
Prodhromos Qet. 1959 — June 1960 48 46
Nicosia Sept. 1959—May 1960 46 64
Methoni Feb.—May 1960 52 64
Yraklion Feb.—May 1960 58 95
Athens Feb.— July 1960 57 122

The close agreement between calculated and measured values during the 1958/59
season at the Israeli stations is remarkable. Possibly the rain at Beer-Sheva had, on
the average, a slightly higher tritium content than the rain from the northern part
of the country. The results from the season of 1959/60 showed larger variations;
cvidently the assumed average values were not as good a measure of the average
rainfall. However, the higher average tritium content of the rain from Greece,
especially of the Athens rain, was noticeable. The large discrepancy between the
two Cyprus stations was also noteworthy; the rain at Nicosia had a definitely
higher average tritium content than the rain .in North- Israel. At first sight it
appeared as though the tritium levels at the Cyprus mountain station of, Prodh-
romos conformed to those measured in Israel. However, in all cases where single
showers were measured simultaneously both at Prodhromos and Israel the tritium
content of the Cyprus rains were higher by 309/o — 100%s.
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Discussion
SOURCE OF THE DEPOSITED TRITIUM

Any attempt to explain the tritium levels in rainfall at various times and places
must take into account the atmospheric residence times and pathways of the tritium
injected into the atmosphere.

During the years covered by the present study (1956/61) the following thermo-
nuclear test series were announced:

The United States series “Redwing” and “Hardtack”, conducted in the summer
of 1956 and 1958 respectively in the Bikini area of the Pacific Ocean. The latter
series included two high altitude tests over Johnston Island.

The United Kingdom tests, conducted in May, June and November of 1957
as well as on April 28 and during August and September of 1958 in the Christmas
Island area (Pacific Ocean) near the Equator.

The Russian tests, reported to have taken place within the Arctic circle during
the autumn of 1957, and again in February-March and October of 1958.

Early results obtained by various authors [2, 6, 7] have indicated an atmospheric
residence half-life of a little over one month for most of the tritium injected by
thermonuclear explosions into the equatorial atmosphere. This result seems well
established. In contrast, the bulk of tritium from polar thermonuclear tests probably
remains in the polar stratosphere and will descend into lower air layers of the middle
latitudes after a delay of several months [8]. The stratospheric mean life has been
postulated by LBy [8] to be less than one year. Finally, any tritium which is
trapped in the equatorial stratosphere or injected into it by high altitude tests must
leak slowly into the troposphere, its stratospheric residence time supposedly being
several years. By that time it may be fairly uniformly distributed throughout the
lower stratosphere. In fact the higher natural tritium levels which were found in
rains following the equatorial tests long after the “decay” of the main pulse were
taken as proof of such a leaking stratospheric tritium reservoir [4].

On applying these ideas to the tests conducted during the period under investiga-
tion one finds that one cannot expect any direct contribution of tritium from thermo-
nuclear tests conducted during 1956 to the tritium content of rain from the 1956/57
rainy season. The high atmospheric tritium levels from the “Redwing” series were
expected in the late summer and since they did not coincide with the local rainy
period, they would not primarily influence the results. We may hence take the
measured tritium levels of the rainfall of 1956/57 as representing the equilibrium
level established here as a result of tritium influx from the statospheric reservoir
into the cloud bearing layers. The experimental value of 50 — 80 T.U. (disregarding
the value from the semi-arid station at Tel-Yeruham for reasons to be pointed out
later) is about what is found for rain of that period in Chicago [3] and respect-
ively lower and higher than values found in Ottawa [9] and Bern [3].

The measured average tritium values from the 1957/58 season were about the
same as during the previous period. Hence, they serve as evidence that no large
scale tropospheric transport of tritium into the eastern Mediterranean occurred either
from the United Kingdom test of November 1957 or the Russian fall series of the
same year. This result, therefore, corroborated Libby’s predictions that most of the
tritium from the Arctic test sites remained for some time in the stratosphere. The
absence of any fallout from the United Kingdom test also seemed reasonable, in
view of results of (fission product) fallout measurements in Israel [10, 11] which
showed that direct tropospheric transport of air into the Middle East was quite

4
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common from the Russian test sites and also occurred from the Bikini area, but was
never found from any of the United Kingdom equatorial tests. Since it so happened
that practically no rain fell in Israel after January 1958, nothing was learnt abous:
the tritium values in the spring of 1958 from the year’s average.

The detailed results from the 1958/59 season appeared to verify the atmospheric
transport models proposed above. The early rain of the season (80 T.U. in October
1958) contained little tritium from either the “Hardtack” test (which had “decayed”
by that time), the United Kingdom test of August-September, 1958 or the Russian
October series (for reasons previously explained). From February 1959 onwards the
tritium level began to rise markedly, in parallel with the increasing amounts of the
long-lived components of the fallout in rain at that time. This is shown in Table 1V,
from which the conclusion may be drawn that the tritium excess in rains during
the spring of 1959 resulted mainly from the Russian October series.

TasLE IV
SPECIFIC ACTIVITY OF FALLOUT COMPONENTS IN RAIN

Long lived fission products | Srf0%**

Date (ppcfl at age of 1 ye)* e/l T.U.
Oct. 15,1958 : 3.8 88
Dec. 8, 1958 125 5.0 130
Feb. 1959 260 28.0 225
Apr. 1959 900 - 600
Sept. 1959 195 - 70
Nov. 1959 50 - 60
Mat. 1960 - 4 55

* These values ate from rains of 5-25 mm/d [11]p. 121,
** Determined at the Health Physics Laboratory, 1stacl Atomic Enetgy Commission.

It was possible from the synoptic (meteorological) data gathered in the spring of
1959 to make the (tentative) interesting observation that the leakage of strato-
spheric air took place into middle latitudes and that the high spring tritium levels
did not depend on any tropospheric north-south transport. This was shown by the
‘air flow pattern during April and May which was such that rain was brought by
westerly air masses, whose north-south component of motion was confined to a
rather narrow latitude band. This was in contrast with the flow patterns during
February of that year, where much mixing of middle latitude and polar air masses
occurred over Europe without, however, causing any “peak™ tritium values at that
time. The main features of the tritium levels during the 1959/60 season were a
decline from values of 65 T.U. in the autumn to around 25 T.U. in midwinter,
with a subsequent spring peak. If we assume, for a moment, that the usual fallout
pattern due to a stratospheric influx results in a tritium destribution in rain similar
to the one observed during the 1960/61 season, i. e. a constant activity level during
fall and midwinter and a possible spring rise, we are left with an excess of about
40 T.U. in the fall of 1959. It so happens that if one calculates the residue in fall of
1959 due to the tropospheric “decay” of the 1959 spring peak, assuming a mean
half-life of 40 days, one finds exactly 40 T.U. in excellent agreement with the
results. A value of 25—30 T. U. was then taken to be the stratospheric component
of tritium fallout during the fall of 1959 and the excess of 40 T. U. as being due to
the tropospheric “decay” of the spring peak of the year before. As a point of interest,
the tritium values reported by Lissy [12]} from Ireland and Bedford (both stations
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having maritime properties) did not show higher tritium content of rain in the fall
compared to the midwinter of 1959. This discrepancy is what would be expected
if BoLIN’s interpretation is accepted that the 40 day decay time of a tropospheric
tritium pulse is due to re-evaporation of tritium water from land surfaces [4].

The 1959/60 results indicate the presence of a 1960 tritium spring peak. This
must be attributed to increased leakage of stratospheric air into the spring tropo-
sphere and, unlike the Sr% spring peak of that period, cannot be explained by
gravitational settling of fallout particles. Results from the spring of 1961 are
awaited with great interest in order to see whether this is indeed a recurring seasonal
meteorological phenomenon.

The following very approximate values for the average stratospheric contribution
to the tritium content of Middle Eastern rain may now be defined, taking into
account the fact that the tritium concentration of sea water rose from about 2.5 T. U.
in 1956 to somewhat less than 10 T. U. in 1960. A constant “cosmic ray” contri-
bution of 6—8 T. U. was subtracted: -

1956/57 season — 53 °T.U.

1957/58 season — 58 T.U. (almost no spring rains).

1958/59 season — 200 °T.U. (600 T. U. in spring).
1959/60 season — 18 T.U. (43 T. U. in spring).

1960/61 season — 13 T. U. (anticipating a small spring peak).

If we take these relative tritium fallout levels as representative of the world-wide
levels we can use them to estimate the stratospheric lifetime of tritium. It is immed-
iately evident that this is not constant during the period.

A very short mean stratospheric lifetime of some months was inferred for the
tritium from the 1958 October tests, and presumably for all Russian Arctic tests.
This conclusion was based on the large difference between the results from spring
peaks of 1959 and 1960 and on the large amounts of tritium carried down during
1959.

If we take a tritium level of 58 T. U. as the lower limit of the contribution of
equatorially-injected tritium to the stratospheric leakage rate during the 1958/59
season (actually even higher levels were expected due to the intensive testing pro-
gramme carricd out during 1958) one obtains, on comparing the value to the 1959/60
level, an apparent half-life of the order of one year for this material.

The stratospheric mean life, however, apparently increases as the tritium is more
cvenly distributed throughout the stratosphere,- as evidenced by the comparison
of the 1959/60 and 1960/61 fallout levels. A mean residence time of three years
was obtained for stratospheric- tritium during that period. Bomb-produced tritium
is expected therefore to come down slowly from the stratosphere for many more
years. )

These preliminary results indicate that it takes some time until the tritium is
equally distributed throughout the stratosphere. Since the descent into the tropo-
sphere and stratospheric mixing are competitive processes, one can obtain only lower
limits for the stratospheric lifetimes from comparison of the fallout rates at any

one place.

Meteorological implications of the tritium levels of rain in the eastern
Mediterranean Sea area

"It is well established that tritium levels increase in an air mass as it moves over
land areas, while over the sea dilution occurs by exchange with the sea. As a resule,

4%
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‘the tritium 1evels of rain near the coast are generally low, but they build up as a
function of the distance travelled overland.

The tritium levels reported here for rain from the eastern Mediterranean area are
characteristic of inland rain levels and are higher than values obtained near the
open sea [12]. This may not be so surprising considering the fact that the most
common storm track into this area is from the Atlantic Ocean over western Europe
into the central Mediterranean, and from there along the sea into the Levant. Thus
part of the trajectory of the air which brings rain into this area, lies over continental
areas. One could try to explain the lower average tritium content of rain in Israel,
compared to the tritium level of rain from Greece, by the exchange process which
occurs with sea water as the cloud moves across the castern Mediterranean Sea.
Actually the situation is more complex and the following example illustrates some
of the additional factors that come into play.

The synoptic analysis of events preceeding the rain which fell in Israel on
December 7—8, 1958 showed that at that time an extensive high pressure belt,
which extended across Europe, prevented any air movement from Europe into the
Mediterranean. The rain in this case resulted from a depression which had moved
slowly along the entire Mediterranean Sea. Here, it seemed, that ideal conditions
existed for obtaining rain from a true “maritime” air mass. The high tritium con-
tent of this rain (125 T. U.) was, however, at variance with this prediction. Evi-
dently the convergent low pressure system had drawn into its orbit large amounts
of air from the continental areas around the sea, which, though containing little
water vapour presumably carried a lot of activity with them. One must conclude
that the dimensions of the Mediterranean Sea are small compared to the scale of
the meteorological processes that determine the tritium content of the air masses
moving over it, although the sea modifies these levels to some extent.

Three explanations are possible for the higher tritium content of rain from Cyprus
or Greece compared with the levels in Israel.

(a) The precipitating air mass has different lengths of its trajectory over land and
sea surfaces;

(b) The precipitating air mass is mixed from different proportions of “maritime”
and “continental™ air;

(c) Local meteorological factors, such as average cloud height, vapour content of
air masses and temperature dependent isotope fractionation effects determine
the results.

Meteorological evidence now to be presented points to (b) as an important factor,
although local meteorological peculiarities probably modify the results to some
extent.

The typical rain producing pattern of the eastern Mediterranean is schematically
described in Fig. 2. One sees an almost stationary convergent system over Greece,
southern Turkey or Cyprus (the “Cyprus low”) with its associated cold fronts
extending into the Mediterranean sea. The rain in the area of convergence, typical
for the Cyprus rains, is in contact with larger proportions of continental air masses
than the rain which follows in the wake of the cold front (which is typical of the
Israeli rain). It is worthwhile emphasizing that a synoptic situation similar to the
one described occured in all cases where rains, simultaneously collected in Cyprus
and Israel, gave the higher tritium content for Cyprus rain.

Additional features of the results which one must explain are the relatively low
average tritium content of rain at the Cyprus mountain station compared to Nicosia.
Quite possibly the rain due to anticyclonic activity, which has been described above
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and which. has high tritium content, is diluted in the season’s composite sample by
orographic precipitation which occurs only in the mountains and which may have a
lower tritium content.

The somewhat higher tritium content found in rain from the semi- ar1d regions of
southern Israel compared to the one from the northern part of the country may be
due to a large proportion of “continental” desert air which is intermixed with the
clouds over this site, because of its geographic position.

MEDITERRANEAN - __ __ ___ __

Fig. 2
Typical “rain producmg synoptic situation in the eastern Mediterranean, showing a low pressure
region over Cyprus and a cold front extending southwards,
Areas of precipitation are indicated by shading. Solid' lines represent air flow from continental
areas. Broken lines represent air passing over the sea.
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DISCUSSION III

F. Begemann (Federal Republic of Germany): Dr. Gat cited a figure of 10 T.U.
for the surface water of the Mediterranean in 1960. Has this value been measured
or was it calculated from the average depth of the sea, on the assumption that
there is complete mixing?

J- R. Gat (Israel): The value is a measured one, based on three water samples
from the eastern Mediterranean basin. It is somewhat higher than the figures of
2.5 or 5.5 reported by Prof. Libby in his paper on the central Mediterranean
basin. We do not know the reason for the discrepancy between the two results.
It may be due to some local circulation pattern. Obviously, many more mea-
surements will have to be taken. However, the absolute values do not greatly affect
the picture which we have drawn on the basis of the rain levels, which are much
higher anyway.

W. F. leby (United States of. America): I am pleased to report that we are
remeasuring those surface values for the Mediterranean and that our newer values
are higher. Instead of 5 T.U., the new figure is about 7—8, which is much more in
line with that reported by Dr Gat.

B. Grinberg (France): Could Mr. Gat give some details on the procedures used
for decomposing the tritium and introducing it into the G—M counter?

J. R. Gat: The exact procedure was as follows: The zinc powder was introduced
into the glass ampoules and properly degassed on a2 vacuum line. The water was
then distilled (by vacuum distillation) into the same ampoules which were then
sealed-off and heated in a furnace at over 450 °C for several hours, thereby resulting
in the complete decomposition of the sample without any residual water. The
ampoules which were provided with break-seals, were then broken on a vacuum line
and the hydrogen extracted in the usual way with a Toepler pump and mixed with
the counting gas. The method is quite conventional, except that the use of the closed
ampoules instead of the open-line zinc furnace minimizes possible cross-con-
tamination of samples.
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Abstract — Résumé — AHHOTamusa — Resumen

The tritium content of atmosphetic methane. The presence of significant amounts of tritium
in atmospheric methane is reported. Methane extracted from air samples obtained from various
altitudes in the northern and southern hemispheres showed T/H ratios ranging from6.3 x 10?
to 3.4 x 101 T.U. (1 T.U. equals a T/H ratio of 10—1#) duting the period September 1957 to February
1959 and a continuous tise in the southern hemisphere from 9 x 102 T.U. in 1953 to 8 x 10° T.U.
in 1958. Considerable short-term fluctuations were observed at Wembley, England. The tritiated
methane distribution in 1958 was consistent with 2 tropospheric source (or sources) in the northern
hemisphere and the Dobson-Brewer model of global stratospheric circulation. The global integral
for tritium in the form of atmospheric methane was very roughly 2.3 X 105 ¢ in 1958, No satis-
factory explanation of the source of the tritiated methane has been found.

Teneur en tritium du méthane atmosphérique. Les auteurs signalent Ja présence de quantités
importantes de tritium dans le méthane de I'atmospheéte. L’analyse du méthane extrait d’échantillons
d’air recueillis 4 diverses altitudes dans les hémisphéres boréal et austral a révélé, pour la période
allant de septembre 1957 4 février 1959, des taux T/H compris entre 6,3-10% et 3,4-10¢ U.T.
(1 U.T. équivaut 3 un taux T/H de 10718) et, dans ’hémisphére austral, un accroissement continu
de 9-102 U. T. en 1953 3 8-10% U.T. on 1958. De fortes variations 4 court terme ont été observées
4 Wembley (Royaume-Uni). La répartition du méthane tritié relevée en 1958 était compatible avec
Pexistence d’une ou de plusieurs sources troposphériques dans I'hémisphére boréal, et avec le
modele de circulation stratosphérique globale de Dobson-Btewer. En 1958, la quantité totale de
tritium sous forme de méthane atmosphétique était tres proche de 2,3-105c. Les auteurs n’ont
pas pu expliquer de fagon satisfaisante la provenance du méthane tritié,

Copepxanue TpHTHA B aTmocepHOM MeTaHe. IIpucyTCTBHE 3HAYNTENLHOTO KOJM-
4ecTBA TPUTHA B aTMOCHEPHOM MeTaHe OIMCAHO BnepBHe. MeTaH, M3BIEYEHHHI u3
06pasioB BO3AYXa, B3ATHIX HA PA3INYHON BHICOTE B CEBEPHOM M I0HHOM NOIYIIapHH,
comeps:kal koadpdunuenr T/H, roneGuouuiicsa or 6,3 x 10° go 3,4 x 10* T.U. (1 T.U.
pasHsaerca T/H nomHoennomy Ha kosddmuuent 10-18), B nepuon ot centabpa 1957
no ¢eBpans 1959 roga M nNponoJLKAIOLIEECA YBeJUYeHHME €ro 3HAUYEHHA [0 IOMHHOTO
nonymwapusa or 9 X 102 T.U. B 1953 rony no 8 x 103 T.U. B 1958 rogy. 3HaunTeaH-
HBIE KPATKOCPOUYHBIE MaMeHeHHA OHIM oTMedeHH B Yom6au, Aurnna. Pacnpepenenue
TPUTHPOBAHHOIO MeTaHa B 1958 IOy COOTBETCTBOBAJIO TPOMOCHEPUIECKOMY MCTOUYHIKY
(MIM MCTOYHMKAM) B CEBEPHOM NOJylIapuu U Mofein J{oGcoH-Bpesepa o LUpKRyaALUN
B crparocdepe seman. Ofmee COfepKanNe TPUTHA B aTMOCPEPHOM METAHE COCTABIANO
B 1958 rogy mpubamsutensHo 2 X 10° kopu. He Ovl10 monyyeno HUKakuX yHOBIET--
BOPHUTEIBHHIX OOBLACHEHMII NMOABJEHUA TPUTHMPOBAHHOIO METAHA.

Contenido de tritio en el metano atmosférico. Se informa sobre la presencia de cantidades
significativas de tritio en el metano atmosférico. El metano extraido de muestras de aire tomadas
a diversas alturas en los hemisferios notte y sur presentaba razones T/H que oscilaban entte 6.3 - 10% y
34104 UT (1UT equivale 2 una razén T/H de 10728 durante el periodo comprendido entre
septiembre de 1957 y febrero de 1959, acusando un aumento continuo en el hemisferio sut, en el
que se pasé de 9 - 102 UT en 1953 a 8 - 102 UT en 1958. En Wembley (Inglaterra) se observaron
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. considerables fluctuaciones en plazos breves. La distribucién del metano tritiado obsetvada en
1958 es compatible con la existencia de una o varias fuentes troposféricas en el hemisferio norte
y con el modelo Dobson-Brewer de circulacién estratosférica global. La cantidad total de tritio
en el metano atmosférico fue del orden de 2.3 - 105 c en 1958. El origen del metano tritiado no
puede explicarse satisfactoriamente.

Introduction

Tritium has been shown to exist in the atmosphere in two forms. The presence
of natural tritium was first detected in atmospheric hydrogen by Fartincs and
HarTECK [1] and was later shown to be present in rainwater by Grosse et al. [2].

Since the beginning of thermonuclear weapon tests a large quantity of man-made
tritium has been injected into the atmosphere. This has caused a rise in the tritium
content of rainwater from a level of between 0.5 and 5 T. U. [2, 3] to peak values
as high as 500 T. U. [4]. (1 Tritium Unit (T.U.) equals a ratio of 1 tritium atom
to 1018 atoms of hydrogen). Tritium in water has proved to be a particularly valu-
able tracer substance in the study of water circulation patterns. Simultaneously with
the increase in the tritium content of rainwater there has been an increase in the
amount of tritium present in atmospheric hydrogen from a value of 3.8 X 103 T. U.
in 1948/49 [1] to 4.9 X 103 T. U. in 1959 [5] though the source of this tritium is
uncertain and it does not appear to be directly related to thermonuclear tests [6].

Air contains approximately 1.2 parts per million of methane [7]. Since tritium
had already been detected in atmospheric hydrogen and in rainwater, it appeared
of interest to determine whether atmospheric methane also contained a significant
quantity of tritium. Furthermore, a proposal had been made to release tritiated
methane as a tracer gas for atmospheric circulation studies during the International
Geophysical Year. Hence it was clearly of importance to establish the level and
distribution of any tritiated methane which might already exist in the atmosphere.

Experimental

ORIGIN OF SAMPLES
Atwmospheric methane was extracted from the following types of samples:

(2) Samples of air collected by aircraft flying at various altitudes over the United
Kingdom, Singapore, northern and southern Australia. Air was taken from the
compressor of the aircraft jet engine;

(b) Samples of ground level air collected at Singapore, in northern and southern
Australia, and in the south Atlantic Ocean;

(c) Samples of crude atmospheric oxygen extracted several years previously by
oxygen plants situated in Kenya and New Zealand;

(d) Samples of ground level oxygen which had been further enriched in methane
by distillation, supplied by British Oxygen Gases Ltd. from their plant at
Wembley, Middlesex;

(e) One sample of methane produced by the anaerobic decomposition of sewage,
obtained from the Mogden Purification Works, Isleworth, Middlesex.

EXTRACTION OF METHANE FROM SAMPLES
(a) Air samples

The samples were received in cylinders holding about 500 ft? of air. Air contains
about 1.2 ppm of methane by volume, hence each cylinder contained about 14 cc
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of methane. The methane extracted from a number of cylinders was combined to
provide a sample large enough for counting.

After extraction of carbon dioxide and water vapour by passing the air through
a cooling coil and filter, both immersed in liquid oxygen, a preliminary concen-
tration of the methane was achieved by passing the air at a flow-rate of about 300 ft3
through a column of activated charcoal, 11/ in diameter, and approximately 7 ft
long, immersed in liquid oxygen. After the air had passed through, the column was
allowed to warm up progressively from the inlet in sections and the impure methane,
together with other absorbed gases was swept forward by a stream of nitrogen into
the final section of the bed. Finally, this section was heated and the methane
together with about 6 1 of oxygen and nitrogen was driven into a smaller charcoal
chromatographic column /4 in diameter and 3 ft long, also cooled in liquid oxygen.
The temperature of this column was allowed to rise by natural convection, and the
absorbed gases were eluted from the column with a stream of hydrogen at
500 cc/min. Oxygen and nitrogen were driven off first, followed a short while later
by the methane, the emergence of the various gases being indicated by a thermal
conductivity detector.

The methane still contained a certain amount of impurity and final purification
was achieved by a further gas chromatographic separation using a column of “Linde”
Molecular Sieve 5A, !/2 in diameter and 6 ft long, immersed in an ice-bath. The
emergence of the methane was again indicated by a thermal conductivity detector
and the gas was finally trapped in a glass trap cooled in liquid nitrogen. The hydro-
gen was carefully pumped off the methane and the volume of methane measured.
Overall recovery was approximately 85%o and the methane contained less than
0.2%/o impurity by mass-spectrometric analysis.

(b) Oxygen samples

The crude oxygen samples from plants in Kenya and New Zealand were pro-
" cessed in a similar manner to the air samples, except that in order to prevent con-
densation of liquid oxygen in the charcoal column, the samples were diluted with
four times their own volume of high purity nitrogen.

The oxygen samples received from British Oxygen Gases Ltd., Wembley contained
sufficient methane to enable the preliminary enrichment to be dispensed with. The
gas was passed into the molecular sieve column immersed in liquid oxygen, after
which it was allowed to warm up, and the gases eluted with hydrogen, the methane
being collected as before.

(c) Sewage methane

The main impurities in the sewage methane were carbon dioxide and air. The
carbon dioxide was removed by passing the gas through a trap immersed in liquid
oxygen, and the air by repeated freezing in liquid nitrogen and pumping.

MEASUREMENT OF TRITIUM ACTIVITY

A propornonal counter filled with the methane was mounted in a low background
counting equipment comprising an 8 in steel shield, an anticoincidence array and
inside a further shield of 1in of redistilled mercury. The background of the 350 cc
volume counter used for most of the determinations was 2.9 + 0.2 cpm. Counting
rate for samples varied between 3 cpm and 20 cpm. Corrections for wall loss, end
loss and bias loss were made in determining the efficiency of the counter which was
about 80%,. Energy calibration was by means of a 6 keV manganese X-ray source
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covering a 0.02 in thick beryllium window in the counter wall. Observation of the
energy spectrum of the atmospheric methane activity showed an end point close to
18 keV, the maximum energy of tritium beta particles. In addition, to confirm that
tritium was the main source of the observed activity, and to estimate the contri-
bution due to C4, a measured sample of atmospheric methane was burned to carbon
dioxide which was subsequently counted for C!%. A combined sample of atmospheric
methane composed of samples covering a period of several months and which had
a specific activity of 0.203 dpm/cc gave an activity when burned to carbon
dioxide of 0.0068 dpm/cc. This last figure is equivalent to 12.7 dpm/g of carbon
which corresponds to a- C'4 age of less than 200 years in agreement with a measure-
ment of atmospheric methane by Lissy, reported by GLutckaur [7]. The measured
specific activities of all the methane samples were corrected by making allowance
for the presence of the C!* activity, and also by allowing for the decay of tritium
during the period between sampling and measurement.

ERRORS ‘

The errors quoted in the results include estimates of the error due to measurement
of gas volume counted, variation of counter background, uncertainty in counter
efficiency, and statistical counting errors. In addition, there are possible errors due
cither to dilution of the methane with extraneous methane of different tritium
content, or to isotopic exchange with hydrogen or water of different specific activity.

The C!¢ activity of the methane collected agreed with that of contemporary car-
bon within the experimental error. Hence significant contamination of the atmos-
pheric methane by methane derived from sources containing “dead” carbon did not
occur. This excludes methane from coal mines, from cracking of hydrocarbon fuels
or from cracking of the lubricating oils in the compressors used for collecting the
samples. As a further check on this last possibility, measurements were made of the
carbon dioxide abundance of the air after compression in cylinders, since any .
cracking of the lubricating oil would also have been accompanied by oxidation. The
abundance of carbon dioxide in the compressed air was the same, within the ex-
perimental error (1 ppm) as that of the atmosphere sampled at the time of collection.

Contamination from local biological sources such as the anaerobic decomposition
of organic matter cannot be excluded on the basis of the C* measurement. How-
ever the possibility of local biological sources affecting the air samples collected at
20 000 ft and above is .obviously remote. Moreover the measured abundance of
methane in the air samples, taking into account losses in the apparatus, ranged from
1.0 to 1.2 parts per million by volume, averaging somewhat less than the figure of
1.2 ppm given by GLUECKAUF [7]. Evidently gross contamination of the air samples
with biological methane did not occur.

The agreement between the tritium abundance in air samples collected at 25 000 ft
over the United Kingdom and the ground level oxygen samples collected at Wembley
during the same period (Fig. 2) shows that significant contamination of these oxygen
samples by biological methane also did not occur.

The possibility of extraneous methane arising from either the nitrogen or the
hydrogen used in the preparation of samples or from reaction between hydrogen and
the charcoal column was ruled out by blank experiments carried out with pure nitro-
gen and hydrogen only. The possibility of isotopic exchange during the processing
was investigated by passing methane samples of zero and of known tritium abund-
ance through the processing equipment from time to time. In no case was any
change of the tritium abundance detected.
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The measurements of tritium abundance in atmospheric methane are presented in
Table I, except for the oxygen samples collected at Wembley, the results of .which

are shown in Fig. 1.

Taere I
ABUNDANCE OF TRITIUM IN ATMOSPHERIC METHANE
. Altitude . . Mean Tritium
Sample Location Sampling Period . Abundance
(ft) Sampling Date (T. U. % 1000

South Atlantic Ocean 0 20/2/57—22/3/57 7/3/57 40 + 0.6
South Atlantic Ocean 0 17/11/57—22/4/58 9/3/58 63+ 1.0
New Zealand 0 29/7/53 29/7/53 0.87 4+ 0.15%
Southern Australia 0 16/9/57—11/7/58 6/2/58 77 +£1.0
Southern Australia 0 14/9/58—17/10/58 "1/10/58 87 4 1.0
Southern Australia 20 000 15/9/57—2(7/58 6/2/58 6.5 4- 1.0
Southern Australia 20 000 15/9/58—14/10/58 30/9/58 9.6 4+ 1.0
Southern Australia 40 000 16/9/57—10/7/58 6/2/58 63 +£10
Southern Australia 40 000 14/9/58—15/10/58 30/9/58 85110
Northern Australia 40 000 16/9/57—15/3/58 1/1/58 79 4 1.0
Kenya 0 4/7/55—15/7/55 10/7/55 2.6 + 0.4*
Singapote 0 25/6/58—10/7/58 3/7/58 13.6 4 2.0
Singapore 20 000 30/6/58—10/7/58 5/7/58 12.9 4 2.0
Singapore 40 000 1/7/58—9/7/58 5/7/58 11.4 + 2.0
United Kingdom 25 000 10/9/57—26/9/58 18/3/58 23.0 + 2.0
United Kingdom 25 000 30/12/57—3/4/58 16/2/58 19.5 4 2.0
United Kingdom 25 000 11/11/58—1/12/58 21/11/58 23.0 & 2.0
United Kingdom 47 000 9/9/57—26/9/58 18/3/58 7.6 4 1.0
United Kingdom 47000 2413/58—25/3/58 25/3/58 87 + 1.0
United Kingdom 47 000 3/11/58—5/12/58 19/11/58 8.8 4 1.0

* Oxygen Samples.
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Abundance of tritium in atmospheric methane sampled at Wembley, Middlesex.

Since the atmosphere is well mixed in the east-west direction due to the prevailing
circulation the concentrations throughout the globe may be shown on an altitude-
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latitude diagram as in Fig. 2, where the average values for the period September
1957 to February 1959 are plotted.

The abundance in the stratosphere in the middle northern latitudes was less than
40%p of that in the troposphere at the same latitude and was closer to the value
found near the equator at about the same height. The distribution of tritium activity
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Fig. 2
Average abundance of tritium (T. U. x 1000) in atmosphetic methane duting the period Sept. 1957
to Feb. 1959. The dotted lines represent the tropopause and arrows show ditection of atmospheric
circulation after DoBsoN and BrEwzr [9, 10].
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Fig. 3
Growth of tritium abundance in atmosphetic methane in the southern hemisphete.

in 1958 was consistent with a source of tritiated methane in the northern hemisphere
troposphere and also with the Dosson-Brewer [9, 10] model of global stratospheric
circulation, the main features of which are shown in Fig. 2. On this model upward
diffusion from the troposphere at temperate latitudes is prevented by the slow
sinking of air in the lower stratosphere. This air has risen through the tropopause
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near the equator and spread out northwards. Thus the tritium activity in the strato-
sphere at a latitude of 50 °N is expected to be similar to that at the equator.

In the southern hemisphere the tritiated methane present in equatorial air is fed
into both the troposphere and the stratosphere so that we should expect the abun-
dance to be approximately the same in each.

In Fig. 3 is plotted the abundance of tritium in atmospheric methane for the years
1953/58 for various places in the southern hemisphere. Since Fig. 2 shows that the
tritiated methane is fairly uniformly distributed in the southern hemisphere, we are
justified in regarding the measurements at different places in the southern hemisphere
as representative of the whole hemisphere at the time of sampling. The results from
Kenya have been included, even though Kenya lies to the north of the equator, since
at the time of sampling the station was in the southern meteorological hemisphere.
It may be seen that the tritium abundance in atmospheric methane has risen from
900 T. U. in 1953 to 8000 T. U. in 1958 and that over this period the growth may
be approximately represented as being exponential, the line drawn on the figure
having a doubling time of eighteen months.

MacHTa [12] has examined theoretically the global dispersion of fission products
released at an exponentially increasing rate from a number of sources situated in
the temperate latitudes of the northern hemisphere. He shows that for the case
where no deposition occurs, as applies to tritium in atmospheric methane, the con-
centration at any latitude of the globe also rises exponentially with the same doub-
ling time once the initial transient period equivalent to one or two doubling periods
has elapsed. We assume therefore that the tritium activity in methane has been
rising throughout the globe with an approximate doubling time of eighteen months
in the period 1953 to 1958.

BurToN and STEwarT [11] have shown from radon decay product measurements
that the time taken for stratospheric air to travel from the equator to a latitude of
50°N is about six months. The tritiated methane abundance of the lower strato-
spheric air over the United Kingdom should therefore correspond with that in equa-
torial air some six months previously. From Fig. 2, taking a value of 1.14 X 10¢T. U.
for the abundance in equatorial air, and a doubling time of 18 months we should
expect the abundance six months previously to have been 9.0 X 103 T. U. which
is in reasonable agreement with the value of 8.4 X 103 T.U. found for United
Kingdom stratospheric air, bearing in mind the averaging of samples over the
petiod.

The results for Wembley, presented in Fig. 1, show considerable short term varia-
tions in the tritium abundance, and this too is consistent with a tropospheric source
in the northern hemisphere. Back-tracking of the movement of surface air reaching
Wenbley on the date of the two highest abundances (31 October 1958 and
10 November 1958) suggested a source or reservoir in a-general north-westerly
direction, though such methods do not yield very precise information. Since only
two measurements were made at Wembley near the beginning of 1960 and owing
to the short term fluctuations, it is not possible to say whether the growth exhibited
in the southern hemisphere between 1953 and 1958 continued in the northern
hemisphere between 1958 and 1960.

A very approximate estimate of the total tritium present in methane throughout
the whole atmosphere has been made by assuming that the mean northern hemi-
sphere tropospheric abundance is equal to the average of the United Kingdom and
Singapore values and that the abundance is uniform throughout both the northern
hemisphere stratosphere and the whole of the southern hemisphere. The tritium
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TasLe II

ABUNDANCE OF TRITIUM IN THE NORTHERN HEMISPHERE TROPOSPHERE
AND ESTIMATED ATMOSPHERIC WORLD INTEGRAL OF TRITIUM IN VARIOUS
FORMS IN 1958

Abundance Atmospheric
Form (T.U) l Integral (c)
Atmospheric Hydrogen [5] 2.5 105 | 2x108
Atmospheric Methane 2.2x 10! | 2x 108
Rainwater [4] 60 with peaks to 500 l 2x 108

inventory thus calculated for 1958 was about 2.3 X 105¢. In Table II, the abund-
ance of tritium in atmospheric methane is compared with that in atmospheric
hydrogen, and in rainwater.for 1958. Also shown are estimates of the world integral
of tritium in each of these three forms present in the atmosphere. It is evident that
while the bulk of tritium is present in rainwater, the specific activities of both
methane and hydrogen are several powers of 10 higher.

Source of tritiated methane

We are unable to suggest any satisfactory explanation for the source of this
tritiated methane. We can obviously rule out natural sources for the tritium in
atmospheric methane both on account of the non-uniform distribution throughout the
globe and the continuous growth which has occurred in the past several years.

It also seems unlikely that any tritiated methane would be produced in a thermo-
nuclear weapon test, due to the high temperatures and oxidizing conditions
prevailing. Furthermore we should expect the concentration in the stratosphere to
be higher than that in the troposphere, the converse of that actually found. The
possibility of exchange of weapon-produced tritium found in rainwater with
atmospheric methane to produce tritiated methane is unlikely on account of the much
lower specific activity of the tritium in rainwater as shown in Table II.

Biological processes will convert some of the tritium found in rainwater into
tritiated methane. However, the sample of sewage methane measured by us had a
tritium abundance of less than 100 T. U. (the limit of detection) so that concentra-
tion of the tritium sufficient to give the values of 1000 T.U. and above observed
in atmospheric methane evidently does not occur by this mechanism.

Isotopic exchange between atmospheric hydrogen and methane is a mechanism
which could lead to methane of sufficiently high tritium abundance. However, it
has been shown [8] that deuterium (and hence presumably tritium also) exchanges
with methane at a measurable rate only above 450 °C.

It appears that the tritiated hydrogen also present in the atmosphere may be
derived from the same source, as BisHor and TayLor [5] have shown that in the
northern hemisphere, this too has been rising exponentially during the past decade.
with a doubling time of eighteen months, the same as that of methane.
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DXISCUSSION 1V

H. E Suess (United States of America): I should like to present some data on
atmospheric methane which will supplement the paper of Dr. Eggleton. About two
years ago, Prof. Libby and I considered whether it would be worth including the
measurement of tritium in atmospheric carbon-14 in our programmes. We did not™
know of the extensive work that was going on in the United Kingdom — other-
wise we would probably not have planned to do anything ourselves. So far we
have investigated only one sample, a very large one, which we obtained from the
Linde plant at Gary Indiana. We expected that methane samples obtained from
this highly-industrialized area would contain an appreciable fraction derived from
city gas, automobile exhausts and other artificial sources. Measurement of all the
isotopes of the methane might make it possible to correct for industrial methane,
but this is not yet feasible on the basis of the results obtained from the one sample.
We have measured the carbon-14 rather accurately at La Jolla and found it to be
about 74.6%/y of our standard wood sample (a 19th century wood corrected for
decay). Dr. Craig at La Jolla measured the carbon-13, which was 39.6 per mill
relative to the Chicago PDB standard. This means it was somewhat lighter, or in
the range of the lightest woods that occur in nature. The deuterium was-measured
by Irving Friedman at the United States Geological Survey and was found to be
49/y below that of Lake Michigan standard water. The tritium was measured just
recently by Mr. Bainbridge at La Jolla and independently by Dr. Begemann at
Mainz. The results of both laboratories were identical, i. e. 19 600 T. U. The tritium
result is in excellent agreement with the average obtained by the British labora-
tories. The carbon-14, however, is considerably below that of present-day carbon
dioxide in the atmosphere, which is not quite what one would expect if the
British samples had a carbon-14 content equal to that of present-day carbon-
dioxide. We would therefore have to conclude that our sample was diluted with
“dead” carbon containing methane, as we might have expected, considering that
the source came from an industrial area. In that event, our very close agreement
in the tritium value would be rather difficult to understand. Seeking an explan-
ation, we thought that we could learn something about the origin of the tritium
in the atmospheric hydrogen by looking at the methane. We still think that this
might be possible eventually. We had suspected that the tritium might get into the
stratospheric methane through photochemical processes, but this explanation
presents several difficulties, especially since the methane was found to contain less
tritium higher up than at sea level. There is certainly no question of the methane
representing a steady equilibrium at a high atmospheric level, because in that
case the carbon-14 content would have to be at least twice as high as that actually
found (the carbon-14 content of the stratosphere being about twice as high as in
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surface carbon dioxide). I-agree that at present we cannot point conclusively to a
source for the tritium in the methane, but if we had a few more samples measured
for carbon-13 and deuterium as well, we could then probably distinguish between -
several sources of methane that are possibly mixed together in the way we expected.
I very much hope that the work will be continued in Britain. We ourselves are
now planning to do a few more samples, although we have to depend on the
supply of tritium from liquid air plants and have not tried Dr. Eggleton’s tech-
nique. In that connection, I would like to ask him how he separated the tritium
or rather, the methane, from the atmospheric krypton, which has a fairly high
radioactivity. We found it necessary to burn the methane to COp and HsO and
then resynthesize the counting gas from it.

A. E. ]. Eggleton (United Kingdom): As regards the accuracy of our carbon-14
measurement, I should emphasize that we used a large sample (CO3z volume 740 cc)
obtained from a combination of a number of methane samples used in the tritium
measurement. I should also point out that we are not a carbon-14 dating labora-
tory, so that we do not have any standards or other measurement safeguards. We
estimate the error to be less than 109 OQur measurement is in agreement with an
earlier one of Prof. Libby on a sample of atmospheric methane obtained from the
United Kingdom and — I believe — from the same source of the samples referred
to in our paper. He is quoted by Grueckaur [7] as saying that the carbon-14 age
of this methane was something less than 200 years, a finding which is more in line
with our measurement than that cited by Prof. Suess. It may be that the sample
collected by Prof. Suess was somewhat contaminated by local sources of “dead”
methane. The date of his sample is December 1959. If his figure of 19 600 T. U. in
atmospheric methane is adjusted for such contamination, the revised figure of
26 100 T. U. falls close to the value of 28 500 T. U. which we measured at Wembley
at about the same time. Unfortunately we did not make it clear in our paper that the
C! measurement was done on samples of methane extracted from the gas supplied
by British Oxygen Gases Ltd. at Wembley, Middlesex. We were not able to collect
enough methane to enable us to make a C14 measurement on stratosphere methane
so that we have no evidence on the question of whether stratospheric methan is in
steady-state equilibrium with the carbon dioxyde, as was implied by Prof. Suess in
his remarks.

As to the second question, concerning the separation of atmospheric krypton
from the methane, it was done on- the Molecular Sieve 5 A column. We knew from
some French measurements that there was a certain amount of activity in the
krypton, so we were careful to avoid any contamination from this source.
Actually, the krypton peak was well separated from that of the methane and
therefore the degree of contamination was negligible, as shown by the mass spectro-
graphic analyses of the methane.

D. Lal (India): Has Dr. Eggleton considered the possibility of gerting tritiated
methane in the atmosphere from reactors — presumably by biological processes
(i.e. by biological conversion of the tritiated water to methane)?

A. E. J. Eggleton: We did consider this as a possible source, but it is extremely
difficult to make any reliable calculation because the relevant data for all the
world’s reactors are simply not available. We took a measurement on the BEPO
reactor at Harwell and found virtually no tritiated methane in the effluent from
it, but of course BEPO is not a particularly representative reactor so that one
should not place too much reliance on this measurement. To calculate the amount
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of tritiated methane from this source, we would need adequate information about
other types of reactors. You have suggested a biological process. Of course, this is
a possibility but rather high tritiated water levels would be required to give the
specific activities we have observed, and we know from other measurements that
the tritium in water is dispersed quite rapidly.

D. Lal: T should like to ask Prof. Suess whether it would be possible at present
to get pre-1950 atmospheric methane samples.

H. E. Suess: Unfortunately, I have no other sources available. I do not think it
would be possible to obtain any measuring samples other than those we have had
all along.

J. G. Burr (United States of America): I would like to comment on the origin
of the labelling in the methane. In view of the known fact that atoms are formed
in the upper atmosphere, hydrogen atoms so formed can exchange with methane
quite rapidly and they can also reduce carbon-dioxide to methane. From the
relative activities, it is apparent that the labelling in the methane comes from the
hydrogen, or vice versa, and not from the water. We also know that hydrogen
atoms formed in the dissociation of hydrogen gas cannot react easily with water
molecules. That reaction is very difficult. This would account for the fact that the
water is not labelled as highly. It is suggested that the mechanisms involved are
as follows:

hy °
P 2 3
M () 20—30 miles up H©
. hy . S

(the reaction HgO——’————> H + OH does not provide H atoms with
the high specific activity necessary).

H(t) + CHy ———————-> CHj (t) + CyHg (¢) etc.
This reaction proceeds readily [STEacIE, “Atom and Free Radical Reactions”, etc.].

H@) +CO ——2 L CH,(1)

This reaction proceeds readily in the presence of an electric discharge or alpha
* particle radiation [Linp, “Effect of alpha, beta and gamma particles on gases” (ACS
monograph)].

Conversely, the methane may be the origin of the labelling in the hydrogen:

cH, CH; + H
2H —+— — — Ho,.
The reaction
: H)+HO— S H+ H:0 (1)

is known to be very endothermic and thus very slow. This accounts in part for
the lack of high specific activity in water vapour from the hydrogen atom pro-
cesses.

Much of the work on the action of tritium recoil atoms (Rowland — Wolfgang)
1s pertinent.

A: E. ]. Eggleton: There is certainly a possibility that tritiation occurs from the
hydrogen. One point that I did not bring out in my presentation was the fact
that the level of tritium in atmospheric hydrogen has been rising with about the
same doubling time as methane and this certainly suggests that they are related in
some way. However, it seems to me that the mechanism suggested by Mr. Burr
suffers from the difficulty mentioned by Prof. Suess, namely, that the concen-
trations are the wrong way round: we get too little in the stratosphere and I would

5
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not think that such a mechanism had any chance of operating in the troposphere,
although I may be wrong.

J. G. Burr: If this labelling takes place, it does so at altitudes of perhaps 20—30
miles, whereas your measurements were, I believe, made at much lower altitudes.
Thus, the methane is formed very high up while your concentrations are from
very low down. The two need not necessarily be related.

J. Varshavsky (Union of Soviet Socialist Republics): Would Dr. Eggleton agree
with the suggestion that the presence of the tritium in the methane is due to an
isotopic exchange between the gaseous hydrogen of the atmosphere and the
methane, caused by the action of cosmic rays or simply of hard radiation in the
upper layers of the atmosphere? In such a case the exchange would not necessarily
have to be able to attain equilibrium, owing to which fact the ratio of the tritium
content in the hydrogen and in the methane does not have to be strictly constant.
The essential consideration here is that as the hydrogen and methane, moving
downward from the upper layers, enter the atmosphere, the exchange slows down
radically or comes to a complete halt, owing to the decrease in the intensity of
radiation. This type of isotopic exchange of hydrogen between gaseous deuterium
and saturated hydrocarbons in the presence of radiation (in particular gamma
radiation) actually does occur, as we have seen in one of the papers on the exchange
of deuterium. This suggestion may enable you to explain the presence of tritium in
methane which you observed. )

A. E. J. Eggleton: I think there is the same objection as there is to the suggestions
made by other speakers concerning a possible transfer of tritium from atmospheric
hydrogen and water to methane by mechanisms which can only operate in the
stratosphere (photo-dissociation of hydrogen, cosmic ray processes, etc.). should
point out that our measurements for the United Kingdom stratosphere upon which
we base our postulation of a tropospheric rather than a stratospheric source for
tritiated methane consist of three independent determinations (Table I of our
paper, United Kingdom, 47 000 ft), each of which was made on a combined sample
collected over a period. From measurements of the height of the tropopause, we
are satisfied that on each occasion the samples were actually collected in the
stratosphere. We consider therefore that we have established with reasonable
certainty that the source of the tritiated methane is in the troposphere (northern
hemisphere) and that we can rule out any stratospheric mechanism, at least as a
major contributor. In other words, any mechanism which is at work mainly in the
stratosphere apparently does not fit the facts of the experiment.

E. Roth (France): If it were possible to measure the isotopic composition of the
methane and hydrogen and to determine their deuterium content, there would be
a basis for confirming or disproving Dr. Varshavsky’s hypothesis that the tritium
in the methane is due to an exchange in the stratosphere. According to the figures
given by Dr. Eggleton the tritium activity of the methane could be satisfactorily
explained if the isotopic exchange between hydrogen and methane was within a
few per cent of the value at equilibrium, because if the figures are correct the
atmosphere and the stratophere should contain approximately the same number
of atoms in the form of hydrogen and of methane. The equilibrium constant would
be 2—4 (closer to 2 for deuterium, closer to 4 for tritium). Therefore the amount
of tritium found in the methane represents only a few per cent of the total
equilibrium value. But these few per cent would be the same for deuterium and
could probably be measured. Isotopic analysis for deuterium is sufficiently accurate
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to make it possible to detect a few per cent of exchange in a reaction in which a
factor of 2—3 may be expected at equilibrium.

A. E. ]. Eggleton: I am sorry to say that we did not make any measurements of
the deuterium concentration of our methane, so we are unable to give that in-
formation. Unfortunately, we no longer have any of the methane samples, as the
programme is not continuing. The only measurement of this is the one made by
Prof. Suess.

H. E. Suess: The figure for the deuterium we have is only slightly lower than
that for standard water and is comparable to that of water vapour or snow. It is
far from any exchange equilibrium. However, the same is true of the hydrogen in
the atmosphere where the deuterium is completely out of equilibrium and the
concentration is close to that of the water vapour.
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Abstract — Résumé — AHHOTAmMsA — Resumen

‘Tritium in meteorites and in recovered satellite material. Tritium was measured in separated
phases and in whole rock samples of the Bruderheim chondritic meteorite and in samples of lead
and iron matetial of recovered satellites. Radioactive isotopes of argon were also measured. The
tritium and atgon radioactivity in the Bruderheim meteotite can be reasonably well explained by
the interaction of cosmic ray patticles of some thousand million volts energy with the meteoritic
material. The tritium content of the recovered satellite material was more than a factor of a hundred
too large to be explained by the interactions of cosmic rays or by the interactions of solar flare
particles with the satellite. The high tritium content of the satellite material must result from a flux
of incident tritium patticles that stop in the satellite.

Tritium dans les météorites et dans les matidres provenant d’un satellite récupéré. On a
mesuté la teneur en tritium d’échantillons de diverses parties et de ensemble de la roche formant
la chondrite de Bruderheim, ainsi que celle d’échantillons de plomb et de fer prélevés sur des
satellites récupérés. On a également mesuré la teneur en radioargon dans la météotite de Bruder-
heim. La présence de tritium et de radioargon peut fort bien s’expliquer par I'interaction d’éléments
de la météorite et de rayons cosmiques corpusculaires ayant une énergie de Potdre du milliard de
volts. La teneur en tritium des satellites récupérés était plus de cent fois trop élevée pour pouvoir
étre expliquée par une interaction entre les rayons cosmiques ou les patticules provenant d’éruptions
solaites et le satellite étudié. La forte teneur en tritium des matiétes provenant des satellites est
certainement due 4 un flux incident de particules de tritium qui sont retenues dans le satellite,

Tpurnii B MeTeopnTax m B BO3BpameHHOM cnyrHuke. Colep:kaHue TpUTHA ObLIO
H3MEPEH® B OTHEIBHHIX YACTAX M LedbX o0pasnax KaMHA IPaHyJIMPOBAHHOIO MeTe-
oputa Bpynepxeiima, a raxke B o0pasIax CBUHIA K KeNe3d, B3ATHIX ¢ BO3BpPAILEH-
HBIX CIyTHHKOB. BHIIN TakKe W3MepeHsl PafMOaKTHBHEE H30TONH aprosa. Tpuruesas
M aproHHAas pPAAHOAKTHBHOCT, B Mereopure DBpynmepxefiMa MoskeT OHITH BIOJHE
onpeneneHno 00bACHeHA B3aNMOMEHCTBIEM ¢ METEOPUTHHIM BELIECTBOM YACTHUI] KOCMH-
YECKUX Jy4eil ¢ sHeprueil B HeCKOIBKO THICHY MUILIUOHOB BOJIbT. Comeprxanue TPUTUA
B MaTepHaie BO3BPAIEHHOI0 CHNYTHMKA OmI0 Ooxee ua Koadouumenr 100, uro
ABIAETCA CHUINKOM 6ONbinoii BEAWUYUHON, uTOOB 006 BLACHHTH 3TO B3AUMONEHCTBHEM
KOCMMYECKMX JydYell NJM B3aUMOJEHCTBMEM MCIYCKAEMHX COIHIEM pPAaCKAJIEHHBIX
4acTUIl CO CAYTHHKOM. BEHICOKOE COfep:HaHme TPUTHA B MATEpHaie CIOYTHHKA ABIA-
€TCH HEeUNOCPEICTBeHHHIM DPe3ydbTaTOM OOMOApAMPOBKHM MOTOKOM CAIY4aifHEIX TpPHU-
THEBHX YaCTHL, KOTOPHE O0CEeAAI0T B MATEpHANe CHYTHUKA.

Tritio en meteoritos y en el material de un satélite recuperado. Se midieron las concen-
traciones de tritio en fases separadas y en muestras enteras de toca del meteorito condritico
de Brudetheim, y en muestras de plomo y de hierro de satélites trecuperados. También se de-
terminaron las concentrationes de Jos isétopos radiactivos del argon. La radiactividad corres-
pondiente al tritio y al argén en el meteorito de Bruderheim se explica satisfactoriamente por
la interaccién de particulas de rayos cdsmicos de varios miles de milliones de electron-voltios
de energia con el matetial meteoritico. El contenido de tritio del material de los satélites re-
cuperados era mis de cien veces supetior al que se puede explicar por la interaccién con el
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satélite de rayos cosmicos o de particulas procedentes de erupciones solates. La elevada con-
centracién de tritio hallada en el material del satélite tiene que ser resultado de un flujo de
particulas incidentes de tritio que quedan detenidas en el satélite.

Tritium production by energetic protons

When protons with sufficient energy strike a material (usually called a target),
tritium and other isotopes are produced. A particular isotope is produced when the
combined mass of a target atom and a proton is heavier than the mass of the
isotope. The production rate or cross-section depends on the type of target
material and the energy of the incident proton. The cross-section [1] for the pro-
duction of tritium in iron is 7.2 mb for 160 MeV protons, 60 mb for 1000 MeV
protons, 90 mb for 3000 MeV protons, and 110 mb for 6200 MeV protons. The
cross-section for the production of argon-37 in iron is 0.19 mb for 160 MeV pro-
tons, 4.7 mb for 1000 MeV protons and 6.7 mb for 6200 MeV protons. The ratio
of the cross-sections for tritium to argon-37 is 40 for 160 MeV protons, 15 for
1000 MeV protons and 20 for 6200 MeV protons. In some iron targets the radio-
active isotope argon-39 was also measured [2]. The ratio of the argon-37 to
argon-39 cross-sections is 0.8 and is independent of the proton energy. There are
also measurements [3,4] of tritium production by energetic protons in other
target materials, such as aluminium, copper, and lead; however, the radioactive
isotope argon-37 was not measured in these targets.

Tritium in meteorites

Tritium was measured [5,6,7,8,9] in samples of about twenty different
meteorites; tritium and argon-39 were measured simultaneously in samples of ten
meteorites [10, 11]. In only two meteorites, Hamlet, a stony meteorite, and Aroos,
a metallic meteorite, was the isotope argon-37 measured [11] in addition to the
tritium and argon-39. In the Hamlet meteorite at the time of fall there were
1704 20 tritium decays kg-'min-t; 13.5+2 argon-37 decays kg'min-!; and 6.0+ 0.4
argon-39 decays kg'min-!. The ratio of the radioactivities H3/A3% was 29+6. In
the Aroos meteorite at the time of fall there were 36+ 7 tritium decays kg-'min-t;
22+ 6 argon-37 decays kg'min-'; and 16 £2 argon-39 decays kg-'min'. The ratio
of the radioactivities H3/A3% was 2.2+ 0.5.

This paper reports the first measurement [12] of tritium, argon-37 and argon-39
in the Bruderheim meteorite [13]* a stony meteorite of the bronzite-olivine
chondrite type. This meteorite contains a total of 23.99/y iron, nickel and

TasLE I

TRITIUM, ARGON-37 AND ARGON-39 IN THE BRUDERHEIM CHONDRITIC
METEORITE WHICH FELL ON 4 MARCH 1960

. Weight Decays kg™ min™* Ratios of tradioactivities
Material © - :
Tritium | Argon-37 Argon-39 H3/As® A7 A3

Bulk 50 — 2344 114+2 — 21404
Bulk 40 - 260 4 30 — 1041 26+ 5 -
Metallic

phase 7.5 90 -4 20 — 36 +6 25405 —
Stony

phase 39 290 + 30 484 06 60 4 10

* Prof. R. E. Folinsbee generously gave us a sample of Bruderheim.
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cobalt [14]. The metallic phase of the Bruderheim meteorite was separated from
the bulk material. The results for the bulk material and for the metallic phase are
given in Table I. In the bulk material there are 260£30 tritium decays kg-lmin;
2314 argon-37 decays kgl'min!-; and 10%1 argon-39 decays kg'min-l. In the
metallic phase of the Bruderheim meteorite there are 90 * 20 tritium decays kg-'min!;
and 36%6 argon-39 decays kg-'min-l. These values are approximately twice the
values obtained for the metallic meteorite Aroos; however, the ratio of tritium to
argon-39 is approximately the same in the two cases. Tritium is concentrated in the
stone phase of the meteorite, since this material contains 290 tritium decays kg-'min!
while the metallic phase contains only 90 tritium decays kg'min-!. The ratio of
tritium to argon-39 in the metallic phase is lower than that observed in iron targets,
indicating that some tritium diffuses out of the metallic phase, p0531ble because of its
high nickel content.

Tritium in recovered satellite material *

Tritium and argon-37 were measured [15] in iron and in lead from the
Discoverer XVII satellite and in iron from the Discoverer XVIII satellite.
Discoverer XVII was launched at 20:42 UT on 12 November 1960 and was in
orbit for 50 h. The apogee was 995 km, and the perigee was 185 km. A large solar
flare occurred on 12 November 1960. Discoverer XVIII was launched at 20:20 UT
on 7 December 1960 and was in orbit for 75 h. The apogee was 688 km, and the
perigee was 232 km. Both satellites were in polar orbits.

The satellite results are given in Table II. The material consisted of a 1/4-in
sheet of lead from Discoverer XVII, battery cases from the same location in both

TasLe IL

TRITIUM AND ARGON-37 IN MATERIAL FROM THE SATELLITES DISCOVERER
XVII (IN ORBIT FOR 50 h) AND DISCOVERER XVHI (IN ORBIT FOR 75 h)

. PR . Production rate
Satellite Material nght Decays kg™ min~** R? tio of atoms (atoms kg~! min~1)
Tritium | Argon-37 H3/A3%7 H? A3
XVII | Pb(sheet surface)] 172 | 163 4 2 - - 520000 —
XVII | Pb sheet 125 {24.0 £+ 0.5 - — 77 000 -
XVII | Pbsheet .1 560 | 75402} <0.05 > 20000 24 000 <12
XVII | Pb sheet 560 | 7.5 403 - — 24 000 —
XVII' | Fe battery case 167 56 4+3 126+ 03[ 2900+ 300 | 177 000 60 4 6
XVIII | Fe battery case 117 |} 7.0+ 05 - - 15 000 -
- Pb sheet 157 0.6 - - - -
- Fe battery case 153 0.6 - - - -

* Activity is corrected to the time of recovetry.

satellites. Lead and a battery case that had not been flown in the satellite served as
control samples. All the samples except the control samples contained measurable
amounts of tritium. The highest tritium activity, 163£2 decays kg'min-!, was
measured in material scraped from the surface of Discoverer XVII lead sheet. This
activity corresponds to a production rate of 520 000 T atoms per kg-'min-! averaged

* Dr, H. Yagoda generously gave us the material.



72 E. L. FIREMAN

over the 50 h. The tritium production rate in the metallic phase of the Bruderheim
meteorite was 90 T atoms kg-'min-! averaged over the time of several tritium half-
lives. The tritium content of an identical bettery case from Discoverer XVIII was
7.0+ 0.5 decays kg-'min"!, which corresponds to a production rate of 15 000 T atoms
kg-'min-l. Even though this production rate is lower by a factor of 12 than the
-production rate in the Discoverer XVII battery case, it is still higher by a factor of
twenty than the highest tritium activity measured in any meteorite. The tritium in
the lead samples of Discoverer XVII depended on the depth and position of the
sample in the shell reflecting different amounts of shielding. Although the tritium
contents of the satellite materials were unusually hlgh the argon-37 contents were
not hlgh The argon-37 could be measured eas11y only in the Discoverer XVII battery
case; in all other samples the argon-37 activity was either at the limit of detectability
or zero. The argon-37 activity in the Discoverer XVII battery case was 2.6 +0.3
decays kg'min?, which corresponds to a production rate of 60 argon-37 atoms
kg-Imin-1, The argon-37 production rate in the Aroos iron meteorite was 22 argon-37
atoms kg-'min-l. This amount of argon-37 can be explained by cosmic ray and solar
flare particle interactions in the satellite material.

Our interpretation of these results is that the solar flare contains tritium. Some
tritium is trapped in a region about the ®arth and remains in this region for several
weeks after the flare. This interpretation accounts for the excess tritium contents in
the satellite material without a corresponding excess for other radioactive isotopes.
Tritium measurements in additional satellites should determine the time that the
tritium remains trapped and the extent of the trapping region.
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DISCUSSION V

F. Begemann (Federal Republic of Germany): Why does Dr. Fireman consider
it necessary to assume the presence of tritons in the cosmic radiation coming from
the sun — in this case from the solar flare?

E. Fireman (United States of America): The amount of tritium is too large to be
explained on the basis of nuclear reactions. There are 10* particles/cm? from the
flare. Many more low-energy protons in the flare would be needed for the tritium
production in the lead. Therefore tritium is present in the flare.

There is another possibility, however, namely, that tritium is present in the Van
Allen belt, because the satellite went to an altitude of 1000.km. This second inter-
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pretation is supported by the fact that the Discoverer XVIII battery case contains
tritium, A blank, unflown battery case did not contain tritium. It does not appear
that the difference in tritium contents of the satellite can be explained without solar
flare tritium.

F. Begemann: In that case I have one further comment. If iron and other
elements, especially the heavy ones, are bombarded with alpha particles, a stripping
reaction takes place. The resulting picture is rather peculiar in that the alpha
particles do not appear to stop: a proton is removed but the remainder, which is
the triton, moves on. This phenomenon, which has been exhaustively measured at
California, might provide an explanation for the rather strong depth variation
which you found in the tritium. Moreover, I think it much more likely that there
is a good ratio of alpha particles to protons in the solar flares but that they do
not contain any tritons. Nothing is known about the presence or absence of tritium
in the sun and there is no way to test for it. On the other hand, an explanation of
the tritium in terms of this alpha particle process would certainly yield the right
magnitude of production and probably — although this is only a “guesstimate” —
the right depth dependence as well.

E. Fireman: We considered this possibility very carefully. Of all the processes
we investigated, alpha particle stripping came closest to explaining the effects, but
it was not large enough because an alpha particle stripping cross-section of greater
than half a2 barn would be required.

F. Begemann: Do you know the ratio of alpha partlcles to protons in this solar
flare? I suppose that at the altitude in question not much is known about it.

E. Fireman: I assume an impingement of 10 alpha particles or that the flare is
all alphas.

F. Begemann: What is your estimate of 10° alpha particles based on?

E. Fireman: They are based on Van Allen’s measurements, which were done with
Explorer VII.

F. Begemann: But not during this particular flare?

E. Fireman: Yes, they were. As luck would have it, a switch that Van Allen had
installed on Explorer No. VII to make his counters turn off after a certain period
failed to work. Explorer No. VII served as a continuous monitor of the flare. Van
Allen measured 1-2 X 109 particles from the flare and that is the value I used in these
calculations.

H. von Buttlar (Federal Republic of Germany): What were the results of the
bismuth-205 measurements you mentioned?

E. Fireman: The measurements at both Chicago and Brookhaven agreed well,
indicating the presence of 107 low-energy protons in the energy range where the
protons changed the lead to bismuth-205. The bismuth could be cited as a further
argument against the alpha stripping process, because in the stripping the lead goes
to bismuth-205 and the bismuth-205 ist too small compared to the tritium.

D. Lal (India): I have a comment on the interesting paper and observations
of Dr. Fireman. Mention has been made of the possibility that tritium is present in
the Van Allen belt. I would like to draw attention to the results obtained by Friden
and White who measured the energy spectrum and composition of particles in the
belt, including the abundance of tritium, i. e. the ratio of tritium to protons. As far
as I can see, these measurements cannot explain the tritium as due to incident tritons
stopping.

E. Fireman: I would say their energy range is different from ours. I think they
start from about 120-200 MeV tritons.
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_D. Lal: That is true. Their energy spectrum is very steep, having a differential
slope of 4.5. Approximately 100 MeV tritons are required for penetration. Assum-
ing that the tritium is there, the abundance is very small and it is simply impossible
to reach a point where high tritium levels can be measured.

The requirement of half a barn, as Dr. Fireman has pointed out, is very sub-
jective. As far as I know, no measurement of total proton flux was made in
the case of this particular solar flare, in which much more intense production of
protons from the sun would have been possible. I quite agree with Dr. Begemann
that a considerable amount of tritium could be produced from heavier elements
by a stripping reaction if they were accelerated during the flares. If, as I think, pro-
duction of the tritium is connected with the solar flares, the depth dependence
observed for the tritium concentration by Dr. Fireman can probably be satis-
factorily explained if it is assumed that most of the tritium found is produced by
low energy protons having a differential spectrum of the form E-4 or 5, a5 measured
tor solar flare protons. Offhand, 1 do not think there is going to be any serious
difficulty with this. However, I see no justification for assuming that a flux of tritons
from outer space impinged upon the battery, the more so since it is difficult to see
how such a large percentage (%——lO'E) of the fast (—100 MeV) tritons required in
such a case could be present in the flare-accelerated particles. Such an assumption is
“unjustified because most of the tritium which came from outside would, it seems
to me, have to be produced in low energy nuclear reactions near the regions of
occeleration and then the energy spectrum of tritons would be nearly terminated
at about 15-20 MeV. The flux of higher energy tritons particles would be very
small. 1 think the question is still open, but my personal opinion is that most of
the trittum observed by Dr. Fireman in Discoverers XVII and XVIII is due to
proton-induced reactions in flight.

E. Fireman: I would agree with you if the flux were one or two orders of magnitude
larger than that measured by Van Allen. You may not fully agree with Van Allen’s
findings, but the fact remains that my conclusions are based on his estimates of
the flux impinging on the satellite. If the figure is increased cross-section decreases
proportionately.

D. Lal: Does Van Allen indicate any error or does he consider it an order-of-
magnitude estimation?

E. Fireman: He gives a value of between 1-2X10? particles per cm? and he
prefers a figure of 1X10%. My conclusions are based on that.
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Abstract — Résumé — AnHOTanua — Resumen

Tritium studies in the United States Geological Survey. The Geological Survey is conduct-
ing a programe of research in laboratory analysis of tritium and in several field projects designed
to test the value of tritium in hydrologic reseatch.

Laboratory studies have been undertaken to imptove the gas-phase counting technique and
to develop a simple instrumentation adapted to programme requirements of long-range hydrologic
research. Investigation of various gas-counting mixtures indicates that hydrogen-ether and hydrogen-
ethylene mixtures are superior. )

Electrolytic enrichment has been investigated with the objective of improving reproductibility
and evaluating separation factors under sevetal conditions. A system that provides 75%, tritium
tecovery on a toutine basis has been developed.

The principal field projects consist in:

(1) A tritium study in the Coastal Plain of New Jersey indicating that layering of water of different
ages occurs beneath the water table;

(2) Studies in two different geologic terranes for determination of the fate of tritium fallout in
the 1958 thetrmonuclear bomb tests;

(3) Use of tritium to determine ground-water recharge to Tertiary sandstones undetlying the
semi-arid High Plains of New Mexico;

(4) A study of tritium content of the ground water of the Snake River Plain in Idaho to develop
‘information on the age of and rates and ditection of movement of watet; and

(5) Use of manufactuted tritium as a tracer for determination of the capacity of an underground
reservoir near Carlsbad, New Mexico.

Le tritium dans les études entreprises par le Service géologique des Etats-unis. Le Service
géologique poursuit un programme de recherches qui comprend Ianalyse du tritium au laboratoire
-et plusieurs projets exécutés sut le terrain et destinés 4 vérifier quelle est Putilité du tritium dans
la trecherche hydrologique. :

11 a entrepris des études de laboratoite pour améliorer la technique de comptage en phase gazeuse
-et mettte au point un appareillage simple, adapté aux besoins du programme en matiére de techer-
.ches hydrologiques 2 long terme. L’¢tude de divets mélanges de gaz pour le comptage indique la
supériorité des mélanges hydrogene-éther et hydrogéne-éthyléne.

Le Service a fait des recherches sur enrichissement électrolytique en vue d’améliorer la repro-
-ductibilité et d’évaluer les facteurs de séparation dans différentes conditions. 1 a mis au point
un systéme qui permet de récupérer régulierement 759%, de tritium.

Les principaux projets exécutés sur le tetrain sont:

1. Une étude au moyen du tritium faite dans la plaine cotiere du New Jesrsey, d’ou il ressort
-qu’il se produit sous le niveau de la nappe aquifére une supetposition par couches des eaux de
différents ages.

2. Des études sur deux différents massifs autochtones, dont I'objet est de déterminer le sort
-des retombées de tritium provenant des essais de bombes thermonucléaires effectués en 1958,

3. L’utilisation du tritium en vue d’étudier le réapprovisionnement en eau souterreine des grés
‘tertiaires qui constituent le soubassement des hauts plateaux semi-arides du Nouveau-Mexique.

4. Une étude sur la teneur en tritium des eaux soutetraines de la Snake River Plain dans I’'ldaho,
-dont I'objet est de tecueillir des renseignements sur I’age de ces eaux, ainsi que sur leur débit et la
-ditection de leur mouvement.

5. L’utilisation comme indicateur de tritium préparé, en vue de déterminer la capacité d’un
:réservoir souterrain prés de Catlsbad (Nouveau-Mexique).
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Uzyyenne TPUTHA B CBA3M ¢ TeoNOrHYeCKHM oGcilegoRaHMeM cma. YIpaBieHue
reoNoruyYeckoro oGCiIe0BAHUA IPOBOIUT MCCIEAOBATENHCKYI0 MPOrpaMMy Kak HO
JUHEN JAa60paTOPHOre aHANAM3A TPUTHA, TAK M B IeIOM PAJE HPOEKTOB Ha MecTax,
HANPaBIEHHHIX HA U3YUYeHUe BO3MOMHON $OIMM TPUTHA B T'MAPOIOrHYECKUX HMBHICKA-
HAAX. ’

JlaGoparopuble MccneRoBaHMA GHAN NMPENNPHHATH ¢ [ENbI0 YCOBEPIIEHCTBOBAHMSA
TEXHUKHM OTCYETOB UMIIYJNBCOB rasoBoil §asnl, a TaKike ¢ Nensio paspaGoTku NPOCTHIX
mpuGopoB, MPUCHOCOGIEHHBIX AIA BHIOIHEHNA NPOTPAMMEL LOATOCPOYHOT0 THAPOIO-
ruvYecKoro ofciepoBasus. MayveHue pasiMyHHX NPHUIORHHEIX [JIA CUETA Ia30BHIX
cMecell INOKa3pIBaeT HA Npe;mMyilecTBa cMmeceil' Bogopoma ¢ 3dupoM U BOJOPOnA
C STHIIEHOM.

Brino naydeno saexpoauTnueckoe o6oraiesne ¢ 1eablo yaydmeHns BOCIPOU3BOLH-
MOCTH M OLUEHKM Koep(QUUHMEHTOB OTHendeHHUs B pasHooOpasHHIX yCaoBuAX. Beuia
puipafoTana cucrema, ofecrneynBaoIad Ipu O0HUYHON pabore 75-MponeHTHOE BOC-
CTAHOBJIEHHE TPHUTHA.

I'mapHble OPOEKTH HA MECTAX IPENCTABIAITCA B CIEAYOUEM BUJE:

1) Mccuenopanne npu noMomu putisa npubpemxHon Tonuant Helo-Ikepcu NOKABH-
BaeT, UTO HUe IOPU30HTA I'DYHTOBHIX BOM NPOMCXONWUT PACCIOeHME BOAH B 33BHCH-
MOCTHM OT €e BO3pacTa.

2) B mBYX pasiMYHHX I'e0IOTMUYECKMX IPYHTAX OBIM NPOM3BELEHL MCCIeAOBAHHA
AJNA ONmpefieNeHUA CYAbOH PAJMOAKTHBHHX OCANKOB TPUTHA IOCTE HUCHHITAHNA Tep-
MosfepHoli GoM6H B 1958 roxgy.

3) Tpurnmifi mcHnoab3yeTCHA [JA OIpeReNeHUA BOCCTAHOBIEHMA BOJHLIX aNacos
B TPETHYHBIX IIECYAHMKAX MOAIOYBEHHHX IJIACTOB IOJYIMYCTHIHHBIX JIOCKOTOpMiE
Hosoit Mexcuxu.

4) IlpomsBomuTcA WHCCIENOBAHHE COMEPKAHMA TPUTHA ‘B IIOAIOYBEHHHIX BOHAX
nonvusl pexu Cueilk B AHFaxo [JdA NOJAyYeHUA CBelEHHI OTHOCHTENIHHO BO3DPACTA
3TOll BOMBI, CKOPOCTU €€ TeYeHUA M ero HAIPABIEHUA.

5) McKycCTBeHHBI TPUTUI MCIOIL3YETCA B BHAE HMHIMKATOPA AJA ONPERCIEHUS
EMKOCTH NOANOYBEHHOr0 BOAOHOCHOTO Dacceitna BOmu3u HapacGanga, B Hosoit Mexcuke.

El tritio en los estudios del Setvicio Geolégico de los Estados Unidos. El Servicio Geo-
légico de los Estados Unidos est4 llevando a la prictica un programa de investigaciones que abarca
andlisis de tritio en el laboratorio y varios estudios en el terreno, con el fin de probar la utilidad del
tritio en las investigaciones hidrolégicas.

Se han emprendido estudios de laboratorio tendientes 2 mejorar la técnica de recuento en fase
gaseosa y a perfeccionar un instrumental sencillo que satisfaga las exigencias de un programa de
investigaciones hidrolégicas a largo plazo. De los estudios efectuados con distintas mezclas gaseo-
sas de recuento, se deduce que la de hidrégeno-éter y la de hydrégeno-etileno son las més satis-
factotias.

Se ha estudiado el entiquecimiento electrolitico con el propésito de mejorat la reproductibilidad
del método y de evaluar los factores de separacién en diferentes condiciones experimentales. Se
ha encontrado un prodecimiento que permite recuperar regularmente el 75 por ciento del tritio.

Los principales trabajos efectuados en el terreno consisten en:

1. Un estudio realizado con ayuda de ttitio en la llanura costera de Nueva Jetsey, el cual indica
que debajo del nivel fredtico el agua aparece dispuesta en capas de diferentes edades.

2. Estudios en dos macizos autéctonos diferentes con el fin de detetminat el comportamiento
del tritio precipitado a raiz de los ensayos termonucleares realizados en 1958,

3. Utilizacién del tritio para detetminar la renovacién del agua subterrinea en las areniscas
terciarias subyacentes a los altiplanos semidridos de Nuevo México.

4. Un estudio del contenido de ttitio en las aguas subterrineas de la llanuta del Snake River-
en Idaho, que se lleva a cabo en procura de datos sobte la edad, los caudales y la direccion de cir,
culacién del agua.

5. La determinacion de la capacidad de un depédsito subterraneo proximo a Carlsbad, Nuevo
México, usando tritio ‘industrial como indicador.
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1. Tritium measurement research

At an early stage in the tritium hydrology studies of the United States Geologi-
cal Survey it became apparent that the tritium-measurement procedures then in
use were not ideal for hydrologic programmes involving several hundred samples a
year. Cost was excessive, and the analytical conditions were too critical for routine
use by technicians. Research in gas-phase counting of tritium and in a preparatory
enrichment was undertaken by the junior author and is reported in detail else-
where [1]. A generalized review of the results is presented here.

The gas-phase counting research involved mixtures of hydrogen with ammonia,
ethers, ethylene, propylene and several other hydrocarbons, the structures of which
indicated some ability to quench the Geiger discharge and prevent the formation
of multiple pulses. While several gases exhibited quenching effects, the best com-
bination of properties was obtained with hydrogen-ethylene and hydrogen-ether
mixtures. Both give satisfactory plateaux of 100 to 200 V (depending on hydrogen
pressure), and both have been used routinely at hydrogen pressures up to 50 cm.
With dimethy! ether successful tritium counting has been conducted at 2 atm of
hydrogen. Standard counting conditions in the Geological Survey laboratory are
40 to 50 cm of hydrogen with 6 cm of ethylene or 3 cm of ether. Pulses of several
tenths of a volt are obtained across a 10- to 20-MQ resistor. This permits the use
of the relatively simple Geiger counting electronics with the advantages of in-
sensitivity to small voltage fluctuation, favourable noise rejection, and reduced
sensitivity to trace impurities (vapour from plastic seals, for example) in the gas
mixture.

TaBLE I
THE EFFECT OF TEMPERATURE AND ELECTROLYSIS ON TRITIUM RECOVERY

Temperatute | Applied Voltage Averagl;g;lrrent Rec(:(c);:)ery
8° 2.6 1 83
25° 2.6 1 73
8° 31 3 58
250 31 4 18

(The electrolyses were made in 40 ml glass cells with cylindrical nickel-iron electrodes. Average
volume teduction from 10 ml to 0.6 ml.)

A relatively simple vacuum line for the conversion of the enriched sample to
gas was designed to take advantage of the simplification permitted by the gas
mixture. In this system the water vapour is drawn over hot zinc to produce
hydrogen, which is adsorbed in a charcoal trap at liquid air temperature to main-
tain vacuum. On completion of reduction, the counter tube is filled with the
required amount of quench gas, and the hydrogen is then released from the
charcoal (by warming) and is introduced into the counter tube through an
evacuated chamber. Because of the difference in molecular mobility, the quench
gas in the counter tube is not taken up by the charcoal during the short exposure
time involved.

Electrolysis research involved a study of parameters that affect the percentage
of tritium recovery and its reproducibility. In general, the rate of heat transfer
and the current density were the most significant factors. Adequate cooling of the
cells is essential, because a local rise of temperature seriously reduces the tritium
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recovery. In the Geological Survey laboratory the electrolyses are conducted in a
two-stage system, using 500-ml iron cells for the first stage and 40-ml glass cells -
for the second stage. Recovery averages 90% in the iron cells and 85%p in the
glass cells, giving an over-all recovery of approximately 75(% 5)%/o. The nickel-iron
electrode combination is used. Oxidation of the iron seems to affect recovery
adversely, and the cells are treated with acid between each run to remove any oxide
film that may be present. Details of cell construction are given elsewhere [1].
Table I reports some typical results, obtained in electrolysis research, which show
the effect of current density and temperature variation.

2. Tritium rainout study, 1958

Tritium produced by the 1958 thermonuclear-test series provided a useful label
for studying the movement of atmospheric moisture from the Pacific Ocean and
its distribution across the United States. The fate of this tritium cloud was
observéd by means of samples from a chain of collection stations operated by the
United States Weather Bureau. Precipitation samples were collected at 12 stations,
extending in a northwestern arc from San Juan, Puerto Rico, to Anchorage, Alaska.
The sampling period was from early April to late July at most sites, with in-
complete coverage at some. Generally, two-week integrated samples were collected,
and these were analyzed for their tritium activity in the Geological Survey
laboratory. Fission products were not measured. Only the major conclusions from
this study are presented here, because the detailed data are presented in a paper by
the junior.author [2]. '

The average tritium concentrations in rainfall for the three to four month period
at the 12 sampling stations are given in Table II. Contributions from individual

TasLe I

AVERAGE TRITIUM CONCENTRATIONS IN RAINFALL OVER THE UNITED
STATES, APRIL-JULY 1958

: Average Tritium Chloride
Location Corncentration Concentration
(T/10'*H) (mg/1)
San Juan, Puerto Rico~ 72
Key West, Florida 81 4
New Otleans, Louisiana 107 0.8
Memphis, Tennessee 260 0.4
Milwaukee, Wisconsin 588 0.2
North Omaha, Nebraska 443 0.1
Salt Lake City, Utah 255
Cheyenne, Wyoming 394 0.15
Medford, Oregon 283 0.3
Seattle, Washington 175 2
Juneau, Alaska 307
Anchorage, Alaska 607

(Junee and WERBY 1955—56: chloride data for the same sites, mterpolated between isochlots,
is shown for comparison.)

rains are weighted according to the amount of precipitation. Tritium concentra-
tions were notably high in the continental interior of the United States in com-
parison with the low values in the coastal and marine areas. A plateau of tritium
activity with an average of 475T.U. extended across the central United States
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from Cheyenne, Wyoming, to Milwaukee, Wisconsin. The average for the three
coastal sites of New Orléans, Key West and Seattle was 121 T.U.; and the value
for the single marine site (San Juan) was 72 T.U. The observed diluting effect
~of oceanic moisture on the coastal tritium rainout was the major observed geo-

graphical effect. No clear-cut latitudinal effect was found although, in general,
precipitation at northern sites showed a higher average tritium activity than did
precipitation at southern sites. However, the high value of 607 T.U. at Anchorage
does not seem to be representative, because most of this activity was contributed
during one period of two weeks, 16 to 29 July, when rainfall was dispropor-
tionately high. If the apparently abnormal period is disregarded, the average for
Anchorage is only 247 T.U., close to the Juneau average of 307.

Dilution of tritium in coastal and marine atmospheric moisture masses, which
was observed in this study, has a counterpart in the chloride-distribution data
obtained by JunGE et al. [3] in their study of salt rainout over the United States
from July 1955 to July 1956: They found chloride rainout in coastal areas ranging
from approximately 1 mg/l to 6 mg/l, which dropped off rapidly in the interior to
an average concentration of less than 0.2 mg/l. The tritium data and the chloride
data seem to show general agreement on the extent of marine air-mass influence.
Concentrations change rapidly — increasing for tritium and decreasing for chlo-
ride — in areas extending 300 to 500 miles inland, where a central plateau of more
uniform values than those in coastal areas prevails. Estimated chloride-concentration
values obtained from JUNGE et al. data are given for the tritium-sampling sites in
Table I1. It was necessary to interpolate between isochlors in some cases because the
two sampling sites did not coincide.

Although the tritium-sample collection programme did not extend long enough to
define the decay side of the 1958 rainout, the data seem to indicate a tritium-con-
centration peak in late May and June for the mid-latitude areas of the United States
and a July peak at the two Alaskan sampling sites.

3. The field tritium research programme

The field research programme of the Geological Survey was designed to test the
value of tritium as a hydrologic tool, principally in ground-water studies. Because
of its generally very slow movement, most ground water is older than the three
to four half-lives of tritium through which tritium is detectable by laboratory
analysis. For that reason the field research projects were limited to shallow water-
table environments and to aquifers with very high premeabilities and rapid rates of
ground-water movement. In such hydrologic environments the water is sufficiently
young to contain detectable amounts of tritium or even to contain bomb tritium
recharged since 1954. Three of the field research projects were specially designed
to take advantage of recharge-containing bomb tritium from the United States
and Soviet test series of 1958,

Two field projects were located in the Coastal Plain of New Jersey in areas under-
laid with highly permeable fine- to coarse-grained sand. One project in New Jersey
involved a study of the tritium content of ground water at varying depths down to
100 ft below the water table in an observation-well field adjacent to the Mullica
River. It was found that the ground water was layered in the order of age of
recharge, with ground water just below the water table containing 1958 bomb
tritium. Below the 1958 layer of recharge there was a progressive decrease in bomb
tritium to a depth of more than 15 m, where the base of the 1954 recharge was
found. Below 30 m the water contained no detectable tritium and was at least
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25 years old. By comparison of the tritium content of the ground water with that
of the Mullica River at several periods of base flow it was established that virtually
all the ground-water discharge into the stream entered laterally from its bank and
from just below the water table. This discovery supports the deduction that streams
which drain horizontally-bedded sediments receive most of their base-flow drainage
from those beds lying above the bottom of the stream. This is because permeability
parallel to bedding almost always is far greater than cross-bed permeability.

During the period March through July 1958 the response of hydrologic systems
to influx of new bomb tritium was studied at a second site in the New Jersey Coastal
Plain and at a site near Madison, Wisconsin. Bi-weekly samples of precipitation run-
off and ground water were analyzed for tritium content. Water and tritium budgets
for the two basins during the period of observation are being prepared. The studies
are leading to new information on how recharge moves through the vadose-water
zone, through the ground-water reservoir and into streams. Information on the

circulation of bomb tritium in the continental hydrologic cycle also is being ob-
tained.

At a field project in the High Plains of New Mexico tritium analyses of ground
waters for determination of their places of recharge have been made. The High
Plains are dotted with numerous depressions in which water from precipitation col-
lects and stands for varying periods of time. The depressions may not be the major
intakes of recharge which they commonly are considered to be because of silting
that takes place in the bottoms of the depressions. If the depressions are intakes of
recharge, the ground watef near them should generally be higher in tritium content
and younger than ground water in areas well removed from the depressions.

Tritium analyses of ground water in the Snake River Plain of Idaho are being
used in an attempt to determine the age, velocity and directions of flow of ground
water in the basalt. Here the ground water flows through basalt that is remarkably
permeable. The water travels through inter-bed zones at an average rate estimated
to be on the order of 20 ft per day.

During the spring of 1961 the Geological Survey will conduct a tracer study with
tritiated water as a label. The tracer-test site is at Lake McMillan, a shallow reservoir
on the Pecos River near Carlsbad, New Mexico. A large amount of water leaks
through the floor of the lake into an underground reservoir, which consists princip-

ally of gypsiferous limestone with solution channels developed in the limestone.
" Water from the underground reservoir discharges from springs in the Pecos River
channel about threc miles downstream from the lake.

The amount of tritiated water released to the reservoir will be adjusted to raise
the level of the water to about 2000 T.U. Movement of the tracer front through
the underground reservoir and out of the springs will be traced by sampling the
springs and observation wells between the springs and the lake. Movement of the
tracer through the hydrologic systems and other data will be used to estimate the
volume of water in the underground reservoir and the rate of movement of the
tracer through the system. This study is supported in part by the Office of Isotopes
Development, United States Atomic Energy Commission.

In addition, a number of small-scale studies have involved the use of tritium as
a hydrologic tool. For example, a field problem in the Arkansas and Red River
basins of Oklahoma involved the source of salt-water springs — whether the water
rose through fractures and faults from deep sources or was ground water that was
recharged locally and became salty by passing trough shallow halite-bearing rocks.
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Field hydrologic studies indicated that the second hypothesis was the correct one.
Tritium analyses showed that the water is young, confirming that, inasmuch as the
water was shown to be young, it is of recent recharge origin.
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DISCUSSION VI

H. von Buttlar (Federal Republic of Germany): With reference to Table I of
Mr. Thatcher’s paper and his measurement of the tritium recovery as a function
of the current density, I must say that my experience has been just the opposite,
i. e. the higher the current density, the higher the enrichment factor in electro-
lysis. I wonder whether these are his only measurements of this type or whether
be has checked in more detail.

L. Thatcher (United States of America): We have other measurements on the
recovery in electrolysis, but with our particular apparatus it does appear that the
increase in current density reduces the tritium recovery. I think that is a matter
of heat transfer, i. e. that we get local heating when we increase the current density.
It is actually the rise in temperature that reduces the tritium recovery. This study
is still in the empirical stage and the basic factors affecting the tritium recovery
have not yet been clearly analyzed. However, I believe that the conditions can
vary from apparatus to apparatus: i.e. it is quite possible to have improved re-
‘covery under high current density with one particular electrolysis unit and the
opposite with another.

E. Simpson (United States of America): Could Mr. Thatcher tell us whether, in
the New Jersey study, he has been able to compute 2 residence time for the various
levels of ground water.

L. Thatcher: That will be calculated in due course. The data for this particular
project is still being analyzed and the general hydrologic study will probably not
be completed for another six or eight months.

6
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Abstract — Résumé — Annporamua — Resumen

Application of tritium tracer to canal seepage measutements. The paper considers the
problem of seepage loss from water carrier and storage systems and the application of tritiated
water to the detection and measutement of such losses. A field study of seepage loss from an
800 ft reach of the Madera Canal, located in the San Joaquin Valley of California, was made. Tti-
tiated water was employed to measure the progress of underground seepage from the canal and the
loss of water from an isolated reach of the canal. Velocities of ground water flow were also deter-
mined by the point-dilution technique with both chloride and tritium tracers.

Laboratory studies of the point-dilution method wete conducted for determination of its theo-
retical validity under controlled conditions and for comparison of the relative efficacies of chloride
and tritium.

Emploi du tritium comme indicateur pour mesurer les infiltrations dans les canaux. Les
auteurs examinent le probléme des pertes par infiltration qui se produisent dans les réseaux de
distribution et les réservoirs d’eau, ainsi que 'emploi d’eau tritiée pour déceler et mesurer ces pertes.

"Ils ont procédé a une étude des pertes par infiltration qui se produisent dans un-trongon de 800
pieds du canal Madera, situé dans la vallée de San Joaquin en Californie. Ils ont utilisé¢ de I'eau
tritiée'pour -mesurer les progrés des infiltrations souterraines d’eau provenant du canal et déterminer
les pertes d’eau dans un trongon donné du canal. Ils ont eu recours a la méthode:dela dilution a
partir d’un point et ont utilisé 4 la fois le chlorure et le tritium comme indicateuts.

Cette méthode de dilution a fait 'objet d’études au laboratoire en vue de déterminer dans quelle
mesure elle est théoriquement valable dans des conditions déterminées et quelle est lefficacité
relative du chlorure et du tritium.

HpumeHenne TPHTHA B KadeCTBe MHAHKATODA JUIsi M3MEPEHHS YTeUKM B LKaHamxe.
B mormnapme paccmarpuBaercA npoGileMa yTedKH BOAH M3 BHYTPEHHUX BOJAHHX ILyTei,
U3 BOTOXPAHMIUL] U IPMMeHeHUA TPUTAPOBAHHOM BOAH AJA OCHADYHEHUA N M3MEPEHMNHA
taKolf yreuku. BHIIO HmpoBefeHO uCCIeROBaHME Ha MeCTe YTEYKH BOALL M3 KOJIEHA
xauHO¥ B 800 ¢pyToB Ha KaHale Mapgepa, pacrnoyoxeHHoM B foanHe pexu CaH-Xoakun
B Kanugopuun. TpurnpoBaHHasa Boja OblIa MCHOAB30BAHA HAJIA M3MEPEHUA XOAa
HOOIMOYBEHHON YTEYKM M3 KAHAJAA M YMEHbUIEHHA BOAH B M30JMPOBAHHOM KOJeHE
KaHala. BHUIM TakKe ONpefeNeHH CKOPOCTM IONITOYBEHHOT0 TEYEeHMA TOUEUHBIM
MeTOJIOM pacTBopeHus (point-dilution) ¢ MCHOIL30BAHMEM UHIMKATOPOB B BH/E XIOPHU/A,
M TPUTHA.

Brino mpomeneno maGopaTopHoe mcciiefoBaHUe STOF0 METOAa AJA OMpPEAeleHUs ero
TEOPEeTUYeTKON NMPABUILHOCTH B KOHTPOJIMPYEMBIX YCIOBUAX M [ANA CPABHEHNA OTHOCH-
TeabHON 5(PYEeKTHBHOCTH XJIOPMAA M PHUTHA.

Empleo del tritio como indicador para medir las infiltraciones en los canales. Los autores
examinaron el problema de las pérdidas por filtracion en los sistemas de conduccién y depésito
de agua y del empleo del agua tritiada para el estudio y medicién de tales pérdidas. Dan cuenta de
un estudio de las pérdidas realizado en un tramo recto de 800 pies de largo del Canal de Madera,
situado en el valle de San Joaquin, en Califotnia. Utilizaton agua tritiada para medir el progreso
de la filtracion subtetrinea desde el canal y las pétdidas de agua en un ‘tramo aisladd del mismo.
También determinaron las velocidades de la corriente subtetrinea aplicando el método de la dllucxon
a partir de un punto-con ayuda de cloruro y tritio como indicadores. :

6*
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Estudiaron en el laboratorio este método de dilucién a fin de determinar su validez tedtica en
condiciones controladas y de comparar la utilidad relativa del cloruro y del tritio.

Seepage from unlined water carrier and storage systems may result in serious
water losses and often creates undesirable ponding and saturating conditions on ad-
jacent lands. In devising economic remedial measures it is necessary to estimate the
origin, magnitude, and direction of the seepage, in order that impervious linings may
be applied only to the more permeable portions of the structure. Areas suspected to
be of high permeability can often be isolated through knowledge of soil conditions,
by measurement of ground water levels, and by the appearance of springs or other
hydrogeologic anomalies readily attributable to some nearby hydraulic structure.
However, there are numerous situations where the origin and magnitude of seepage
losses are not obvious and the necessity exists for more perceptive detection and
measurement methodologies. It was for this reason than an investigation of tritium
and other radioactive tracers was undertaken, with the expectation of developing
practical methods of measurement 1o be employed as adjuncts to the more conven-
tional approaches.

Seepage tracers can conceivably be employed in several ways. One approach is
the addition of a gamma emitter to the canal water in a chemical state such that
it will remain in solution or suspension, but will be filtered or sorbed by the soil
materials in the areas of maximum leakage.” A subsequent gamma survey of the
canal walls and bottom would theoretically reveal the relative surface infiltration
rates and thus the location of points of greatest seepage loss. A second technique is
the addition of a soluble tracer that is not sorbed by the earth, but rather remains
with the seepage water and may be detected by a suitable probe or sampling point
located at some distance from the canal. By delineating the tracer concentration-
arrival time function at the observation point, it becomes theoretically possible to
estimate the flow velocity through the earth and thus also to estimate the canal
seepage loss. ' '

A third approach involves the placing of a water tracer in one or more test wells
located near the canal and observing either the dilution of tracer from the test wells
or the arrival of tracer at observation wells located downstream and in the suspected
direction of ground water movement.

Although each of the above methods is theoretically workable and can provide
meaningful results under the proper circumstances, each has certain practical limi-
tations that restrict the range of practical application and may impair the accuracy
under many circumstances encountered in the field.

Tritium in the form of tritiated water most nearly meets the criteria for the ideal
ground water tracer in that it moves through all earth materials in a manner very
nearly identical to that of ordinary “light” water. Its greatest advantage over other
radioisotopes, and particularly those in the cationic form, is the absence of sorptive
loss to the clays and other natural ion exchangers. Tritium holds a similar advantage
over chemicals such as fluorescein and rhodamine-B, which are detectable in low
concentrations and may be suitable tracers for surface waters, but are of question-
able reliability in conducting ground water investigations.

The question of tritium adsorption is a matter of some interest, since tritiated

water may move more slowly through a natural soil medium than the chloride ion
and thus appear to be undergoing some form of adsorption. For example, in studies
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of the passage of chloride and tritium through laboratory columns of Yolo sandy
loam, chloride was observed to move at a velocity 1.22 times that of tritium [1].
In similar studies with a soil low in clay, the ‘chloride-tritium velocity ratio was
observed to be only 1.03 [1]. In these measurements it was believed that tritiated
water molecules not only passed through the free pore water, but also exchanged
with the water adsorbed on the clay minerals and the water of hydration of cations
associated with these minerals. Thus, tritiated water can be expected to displace very
nearly the entire water reservoir of a porous medium. Chloride, on the other hand,
passes through only that portion of the water reservoir available to such an ion.
A fair degree of correlation was observed to exist between the tritium-exchangeable
water and the clay content of the material. This characteristic of the labelled water
in no way impairs the utility of tritium, but rather represents one of its attributes.
Expect under the most unusual circumstances, tritium loss by hydrogen ion exchange
is negligible.

Point-dilution method of velocity measurement

If a suitable radioactive or chemical tracer is introduced into a well perforated
throughout its wetted depth, the natural motion of ground water will dilute the
tracer at a rate proportional to the average water velocity along the aquifer pro-
file intercepted by the well. If the aquifer is without vertical potential gradients and
may be assumed to have a permeability very much less than that of the well, it
can be shown that, theoretically, the well will intercept a portion of the ground
water stream having a width equal to twice the well diam. Thus,

8

de = —'tndd/, (D
and
8 ,
cfeg = ¢ md’ ) 2

where d is the test well diam. and v is the average macroscopic ground water
velocity along the well profile. The average interstitial, or microscopic, velocity may
be optained by dividing w.by the fractional porosity, p.

The validity of equation (2) is dependent on the completeness of mixing within
the test well relative to the rate of influx of dilution water, the relative mixing rate
assuming greatest significance in formations having large inhomogeneities. However,
the turbulence associated with mixing of the tracer should not cause excessive inter-
change between the water within the well casing and that in the adjacent formation.

The coefficient 8v/nd may be evaluated by a semilog plot of relative tracer con-
centrations and a determination of the slope of the line of best fit.

There are numerous sources of error in the point-dilution method, and it can be
expected to provide no more than an estimate of ground water velocities. For
example, if the test well penetrates several strata at different hydrostatic potentials,
the well serves as a low resistance channel, and vertical flow between the strata will
occur, with a resulting increased rate of dilution and an erroneously high value for
the ground water velocity. In driving the well casing into place an impermeable
annulus may develop between the casing and the formation, and the observed
velocity may be less than the true one. If the well is developed by surging to re-
move the compacted material, or if the hole is bored over-size, the effective well
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diameter will be greater than than d, and the observed velocity less than the true
velocity. Similarly, in mixing the well water and in removing samples there is a
tendency to cause the exchange of well water with formation water, with resulting
high values of the observed velocity.

Laboratory evaluation of the point-dilution technique

In order to test the validity of equation (2), an artifical gravity aquifer was pre-
pared in a box constructed of wood and designed to allow the uniform horizontal
flow of water. The flow length was 166.5 cm, with a width of 120.5cm and an
average wetted depth of 79.8 cm. The box was filled with sand to a depth of
100.0 cm, the sand having a 109/, size of 0.28 mm, and a permeability of 0.02 cm/sec
at unit gradient. A 10.0 cm diam. perforated pipe was located at the centre of the
box and served as the test well. Both the chloride ion and tritiated water were
introduced into the test well and their diminution with time measured under various
flow rates through the box. Flow rates ranged from 12.3 to 106 ml/min. and corres-
ponded to macroscopic velocities of 0.22 to 1.85 cm/h.

The relative tracer concentrations, ¢/cyg, were plotted against time on semilog

paper, and v was calculated from the slopes of the lines of best fit. These values
have been plotted against the actual velocities computed from the measured flow
rates and the known cross-sectional area of the artificial aquifer, and are shown

on Fig. 1. The standard deviations of v were estimated and are also shown. Agree-
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Fig.-1 .
Macroscopic velocity measurements by the point-dilution method.

ment with the theoretical relationship was quite satisfactory for the chloride tracer,
and acceptable for the tritiated water. The tendency to overestimate velocites at
low flow rates-and to underestimate them at high rates is an expected one. With
actual velocities approaching zero, diffusional mechanisms serve to transport tracer
from the test well and thus give the appearance of a significant point-dilution ve-
locity. At high velocities the test well has a greater likelihood of failing to meet the
‘infinite permeability criterion, and the point-dilution velocity may appear to be
less than the actual.

It is believed that Fig. 1 attests to the theoretical validity of equation (2), but also
suggests certain practical limitations of the single-well velocity measurement tech-
nique.
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Deep-well application of the point-dilution technique

The single-well, or point-dilution, technique was also employed to estimate
ground water velocities in a confined aquifer under investigation as part of waste
injection studies, and in an unconfined aquifer adjacent to the Madera Canal. The
latter study is described in a subsequent paragraph of-this paper. The permeability
of the confined aquifer ranged from 4.0 X 10~2 to 8.9 X 10~2 cm/sec, and was
penetrated by 15 cm diam. test wells having depths of about 30 m. The 120 cm
segment of casing penetrating the confined aquifer was isolated by a pair of rubber
gaskets, and labelled water was circulated between this segment and the ground
surface by a Sigma Motor pump (Fig. 2). This technique allowed the continuous,

Fig. 2
Point-dilution equipment used in deep pressure well studies.

but gentle, mixing of the tracer in the test well and permitted periodic sampling
at the surface. Uniformly consistent and reproducible results were obtained, with
measured velocities in several wells ranging from 0.53 to 22.0 cm/h. Although
accurate independent measurements of the actual ground water velocities were
not possible, it is believed that the point-dilution velocities were within 259/ of
the true values as estimated from previously measured permeabilities and current
pilezometric gradients.

Madera canal study .

The Madera Canal is located on the east side of the San Joaquin Valley, Cali-
fornia, in the foothills of the Sierra Nevada Mountains. It serves to transport
irrigation waters from Friant Dam to the irrigation districts of Madera County.
An 800 ft unlined section of the canal was selected for investigation and isolated
with two plastic-faced earth dams. A typical cross-section of the canal and the
topography in the expected direction of seepage loss are shown in Fig. 3. Test
wells were dug with a2 mobile power auger and cased with 10 cm diam. perforated
galvanized iron pipe. The location and designations of these wells are also shown
in Fig. 3. Water was introduced into the test section on October 15, 1959, and was
maintained at a nearly constant level until February 16, 1960.

The objectives of the Madera Canal field study were to examine two techniques
-of estimating canal seepage losses, the point-dilution method as previously de-
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t

scribed, and the observation of tritium tracer arrival at the test wells, the tritium
having been introduced into the canal impoundment. It was recognized that al-
though both of these methods are theoretlcally sound when dealing with homo-
geneous systems of granular material, in the natural setting they both have obvious
weakness that may well limit their practical utility. These limitations stem prim-
arily ‘from the inhomogeneities of ‘natural formations and the great difficulty, if
not the impossibility, of determining the location of such inhomogeneities and
measuring their contribution to average flow rates. Thus, if a major fraction of
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Seepage area, Madera Canal study.

the seepage loss occurs through stringers or lenticular regions of high permeability,
but of limited areal extent, it is likely that both measurement systems would under-
estimate the average rate of transmission. Moreover, the point-dilution technique
would tend to result in the lowest values, since 2 single 10 cm diam. well only
samples the flow regimen in a vertical column approximately 20 cm in diameter.

The area chosen for the field test was believed to be reasonably homogeneous
and one in which seepage losses were appreciable, as evidenced by ponding ad-
jacent to the canal. A major fraction of the seepage loss was believed to occur
through the west bank of the canal which was constructed of a light brown sandy
silt containing little or no clay. Samples were removed from the test wells along
the 1, 3, and 5 lines and classified as to texture on the basis of physical appearance.
Generally, a 15 cm layer of dark brown clay was encountered at the surface. At
progressively greater depths the profile materials ranged from sandy silt to silty
sand to decomposing granite, but with great variations in relatively small distances.
Fig. 4 illustrates the earth characteristics at the base of the west canal bank (“c”
wells) and also shows the water levels prevalent during the test period. The parent
material was obviously granite, the entire test area being underlaid at depths of
15 to.20 ft with a dense decomposing granite. It is probable that the zone of greatest:
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permeability was at the surface of the granite base, since gravelly sands and gravels
were encountered in this region in the. few test wells. over 15 ft deep.
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Soil profiles, seepage atea of the Madera Canal.

Seepage measurements with tritiated water

On November 3, 1959, ten one-curie sources of tritiated water were introduced
at equal intervals along the ponded canal at depths of about one meter. The tracer
was mixed by motor boat for 75 min, and 23 samples of water were taken and
analyzed for tritium. The average measured tritium concentration was 1.48 X
X 1073 pc/ml, with a coefficient of variation of 10%6. The concentration computed
from the estimated canal volume of 6710 m® was 1.49 X 1073 uc/ml. The water
level was maintained constant at Elev. 409.5 ft by the daily addition of water.
These additions also permitted the computation of the rate of loss of water seepage.
This rate decreased linearly from 9000 ft3/d on November 3 to 7000 ft3/d at 40 days.
Early in the test period a leak developed beneath the north dam that fortunately
remained quite constant at about 1900 ft3/d, leaving a net bank seepage loss ranging
from 7100 to 5100 ft3/d. Records were maintained of the water levels in selected
test wells, and these clearly indicated the major leakage loss to be through the west
bank, as would be anticipated from the topography. However, it is quite possible
that during the test period as much as 30%/ of the seepage loss occurred through
the east bank. v

Water samples were removed from the various test wells at sufficiently frequent
intervals to delineate the passage of the tritium wave. Prior to sampling, each well
was thoroughly mixed such that the tritium concentration was constant throughout
the full depth. Samples removed from the 4, b, and ¢ wells during the first 30 days
are the most meaningful for determining canal losses. However, a second interest
was to obtain data on dispersion phenomena, and, consequently, the sampling pro-
gram was continued for nearly 500 days and included observation points.at distances
of 350 ft from the canal. Fig. 5 shows the time progression of tritium concentrations
in the No. 5 line of wells and is illustrative of the results obtained.

Theoretically, the time of tracer travel should be calculated from the time displace-
ment of the centres of gravity of the concentration-time progressions for the canal
and the observation wells. However, under the circumstances of this study, partic-
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ularly considering the variable seepage rate and the dispersion of the tracer wave,
“the times of travel were estimated from peak tritium concentrations. From Fig. 5
it is readily evident that a low order of precision was inherent in these measurements
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Typical tritium-time progressions.

and in the velocities computed therefrom. A summary of the estimated average
interstitial velocities based on tritium data from the 2 and % wells is shown in
Table I. The macroscopic velocities may be obtained by multiplying the velocities
in Table I by the fractional porosity, estimated at 0.35.

TasLE I

INTERSTITIAL GROUND WATER VELOCITIES ESTIMATED FROM TRITIUM
MOVEMENT DATA

vip v/p v/p

well ie Well iR Well e
1a 0.70 3 0.85 5a 11
1b 0.60 3b 0.75 5b 27

During the 20-day period of observation leading to the velocity data shown in
Table I, the rate of seepage loss varied from 7100 to 6100 ft3/d. Assuming an average
value of 6600 ft3/d and estimating the depth of flow from the water level profiles
to be 10 ft at the 2 and & wells, the average macroscopic velocity was computed to
be 0.83 ft/d. The corresponding average interstitial velocity would be 2.4 ft/d, or
appreciably greater than the values reported in Table I. The average rate of seepage
loss calculated from tritium arrival data taken at the nearest observation wells
corresponded to 3000 ft3/d, whereas the actual loss rate was over twice this value,
or 6600 ft3/d. It'is evident that the observation wells, with perhaps the exception of
5 b, did not sample the seepage stream in a representative manner, and it is likely
that a major portion of the seepage was taking place through lenticular irregularities
of appreciably greater than average permeability. It is also quite possible that the
seepage flow passed below the “a” line of wells, since these were located at the edge
of the canal, 30 ft from the centreline, and only penetrated 4 to 6 ft below the canal
bottom.
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Ground water velocities by the point-dilution method

A series of point-dilution velocity determinations was carried out on 13 selected
wells over the period November 3—6, 1959. A second series of point-dilution
measurements was carried on from January 26 through February 2, 1960. In both
series of measurements a stock solution containing 1.12 meq/ml NaCl and 1.69 meq/
ml CaCly was added in sufficient volume to raise the chloride content of the well,
as defined by the casing, by 100 mg/l; and the rate of dilution was determined by
periodic mixing, sampling, and chloride analysis. During the first series all casings
were 10 cm in diameter, with four equally spaced 3 mm perforations at 10 cm inter-
vals along the axis. Since the limited perforations were thought responsible for the
low values of velocity determined in the first series of tests, the second series included
five plastic casings of the same diameter, but perforated with four 3 mm X 13 cm
slots at 15 cm intervals along the axis. Point-dilution measurements were also made
at various depths in wells 2 b3 and 3 d3 by introducing a series of gaskets, or packers,
that divided the wetted portion of the casing into five equal segments. Sigma Motor
pumps were used to introduce and circulate the chloride tracer between each seg-
ment and the surface, thus permitting the taking of samples without removing the
packers.

Point-dilution data, typical of the two series of tests, are shown in Fig. 6 for the

10 ——
09 3a,¥ = 0019/d
0.8 1
07 1 /1., 1 ¥ =0.018Y/¢1
05
o5 5a,¥20047)/4d
as 1
C=100mgfl CL" IN EXCESS OF NORMAL Ci”
03 4 —]
o 187 .
L 09 _ . -
> 084 /1b,«r- 0.021 74 ]
0.7
/sbﬁ:o.ma‘/d
06 1 4
-~ _ ()
as- ——3b,,7=0040/d
<20, , 7 =0.0717/d
a4 Sb, ,720055Y4 |
03 1 4
0.2
T T 1 T T T T T M T
0 20 40 60 8 100 120 10 160 180 200 220
t,h
Fig. 6

Typical point-dilution data, Madera Canal study.

a and b wells. The individual interstitial velocities, as computed from equatioh
(2) (p =0.35), are also shown. The data conform remarkably well to equation (2),
as evidenced by the small departures of the individual points from the straight lines.
However, conformity to the fact that the estimated average interstitial seepage
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velocity on February 1 was approximately 1.0 ft/d* is extremely poor. The point-
dilution velocities in wells 5 4 and 5 b were appreciably greater than those measured
inthe 1a, 15, 34, and 3 b wells, a fact that bears some correlation with the data
shown in Table I and with the soil profile data (Fig. 4). A comparison of the point-
dilution results of the three wells, 3 dy, 3 ds, and 3 ds, provides some indication of
the reliability of this method, as these wells were only 2 m apart. Well 3 d; was cased
with perforated metal pipe and gave a velocity of 0.10 ft/d. Well 3 ds was construc-
ted with slotted plastic pipe and gave a velocity of 0.20 ft/d. Well 3 ds was of plastic
and was divided into.five equal segments of about 60 cm each. The point-dilution
velocities in the lower four segments were 0.25, 0.14, 0.12, and 0.15 ft/d, averaging
0.17 ft/d. It is apparent that point velacities varied appreciably over short distances,
both vertically and horizontally. A comparison of the two types of casings at five
locations revealed no significant differences in performance, even though the ratio
of perforated areas was 34: 1.

In summary, the interstitial point-dilution velocities ranged -from 2 to 25% of
that expected from the measured rate of water loss from the ponded canal. How-
ever, as mentioned previously, a majority of the sources of error can be expected
to result in excessively great point-dilution velocities, rather than the underestimated
values recorded in this study. From the laboratory studies and from the rather good
correlation of the experimental data with equation (2), it must be concluded that the
point-dilution method does provide a reasonably close estimate of the ground water
velocity, but only in a relatively small region. In the case of seepage from the test
section of the Madera Canal it is believed that a major portion of the loss occured
through permeable irregularities not penetrated by a majority of the test wells. It is
also possible that the sandy gravelstratum located at depths greater than those
penetrated by the test wells may have carried a major fraction of the water and thus
contributed to the observed discrepancies.

Tritium as a ground water tracer

Tritiated water is believed to be the only entirely satisfactory water tracer for
problems involving flow through soils and earth materials. Thus, the failure to obtain
reliable measures of ground water velocities in the canal seepage study is not
attributable to the particular tracer, but rather to the inadequacy of the tracer
methodology under the particular circumstances surrounding the study. If the canal
were constructed in more homogeneous materials it is believed that more nearly
correct velocities would have been measured by both the tritium travel method and
by the point-dilution technique. The tracer could be introduced into the canal em-
bankments as a step-function by simply feeding tritiated water into the canal at the
head-works and maintaining a constant concentration of about 10~%pc/ml for
several hours. This procedure would allow for seepage measurement without inter-
rupting the normal canal function.

It is well-known that the permeability characteristic of natural porous media is
a highly variable quantity and is most practicably determined by test procedures
involving large samples of the formation of interest. It is thus not unexpected to find
groundwater velocities varying considerably from. point to point, since these derive
directly from local permeablities and gradients. This relationship was borne out in the
case of the point-dilution velocity -measurements, whereas velocities determined from
the passage of a tritium wave through 15 to 40 ft of formation were more consistent

* Based on measured gross scepage loss rate of 4700 cu ft/d, less the leak in the north dam
of 1900 cu ft/d.
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and nearer the true average -values. Additional experience with the techniques
described herein will be necessary to ascertain their limits of applicability and
the advantages to be derived from their employment as ddjuncts to more conven-
‘tional procedures.
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DISCUSSION VII

D. B. Smith (United Kingdom): Could Dr. Kaufmann say how long the tritium
was kept in the canal? Did the concentration in the canal vary with time during
the test? If it was steadily diluted by make-up water, what was the period required
for dilution of the tracer by a factor of 2?

W. J. Kaufman (United States of America): We maintained the canal at constant
level by the addition of water and consequently the tritium was diluted con-
tinuously throughout the study in an approximately exponential manner. This
introduced a somewhat complicating mathematical equation when we attempted
to determine the dispersion constants as the tracer passed through the adjacent
ground materials. However, we made periodic measurements of the tritium con-
centration in the canal and this gave us a fourth measurement of the rate of loss
from the canal which agreed quite well with the rate-of-loss measurement based
on later changes in the canal water levels.

W. F. Libby (United States of America): Have you corrected for evaporative loss,
or is that 2 minor matter?

W. J. Kaufman: No, we have not corrected for it, but we feel that, in the samples
taken adjacent to the canal, the evaporative loss from the surface of the canal is
relatively unimportant. We know that this was, at most, not more than about a
few inches per month during the early part of the test period. However, in the
samples taken further away, 1. e. at distances up to 350 ft away from the canal, I
feel that a good portion of the tritium was lost to the atmosphere by evaporation.
We would have liked to measure it but we did not.

H. G. Forsberg (Sweden): Could Mr. Kaufman comment on the relative value
of trittum and gamma-emitting nuclides as tracers for technical ground water
studies and on the methods he used for taking samples and measuring tritium
content in such work? It seems to me that, in suitable chemical form, gamma-
emitters might be a very attractive means for investigating not only the velocity
but also direction of escaping water where that was not known beforehand.

W. J. Kaufman: The problem in using gamma-emitters for ground water tracing
is that most of .the available ones — in fact all those that I know of — appear to
be relatively unreliable or have relatively short half-lives (e.g. I'3! and other
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halides). They are also expensive. Their unreliability is due to sorptive loss on the
soil clay. This applies particularly to the organic fraction of the material. In any
event, we used only tritium in our study.

As to the second question, we used 2 liquid scintillation counter for our measure-
ments, working with small, 20 ml vials and tritiated water samples of only 3.2 ml.
We did not use the more sensitive systems available because our particular method
was simpler and more economical.

R. Wolf (France): In normal operation, what are the velocities in the canal
studied and what is the leak rate for the defective section?

W. J. Kaufman: The velocity in the canal during the time of the test was zero.
The normal velocity in the canal is around 3—4 ft/sec. The ground water veloc-
ities that we measured were a few feet per day.
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Abstract — Résumé — AnHoTanmusg — Resumen

The electrolytic enrichment of tritium and deuterium for natural tritium measurements.
An electrolytic enrichment method is described, in which a 250 ml sample is electrolyzed in one
cell to a final volume of 2.5 ml, or even less, In order to keep the electrolyte concentration within
the tolerable limits, only a fraction of 50 ml of the sample takes part in the reaction, and by periodic
addition in portions, the total sample is gradually introduced into the reaction zone. This method
gives apparent enrichment factors for deuterium, a’, and for tritium, 8, which vary according to

the relationship
7" =log B’ /log a’.= 1.369 £ 0.006.

If this result is,applied to conventional batch electrolysis the result may be written

77 = log Bflog @ = 1.337 & 0.007.

The experimental results, when furthermore corrected for vapour loss, are in excellent agreement
with the prediction by Bigeleisen on theoretical grounds that log f,/log oy = 1.40 4 0.01.

L’enrichissement électrolytique du tritium et du deutérium en vue de la détermination
quantitative du tritium naturel. Les auteurs décrivent une méthode d’enrichissement électroly-
tique qui consiste 3 électrolyser dans une cellule unique un échantillon de 250 ml de maniére 2
obtenir un volume final égal ou méme inférieur 4 2.5 ml. Afin de maintenir la concentration de
I’électrolyte dans les limites admissibles, on n’introduit ’échantillon dans la zone de réaction que
pat fractions successives de 50 ml. Cette méthode permet d’obtenir les facteurs d’enrichissement
apparent ¢’ pour le deutérium et B’ pour le tritium, qui varient selon la relation:

1’ = log 8 /log @’ = 1,369 + 0,006.
Appliqué 2 DIélectrolyse intermittente classique, ce résultat peut s’exprimer comme suit:
n = log fjlog a = 1,337 & 0,007.

Une fois corrigées pour tenir compte des pertes de vapeut, les données expérimentales concor-
dent parfaitement avec les prévisions théotiques de Bigeleisen, selon lesquelles log f, flog a,= 1,40
+ 0.01.

JIEETPOANTHIECKOE O'HOTAIleHNe TPUTHA U Jelirepus Jaa usMepenuii npupogHoro
TpuTna. JlaeTcsa onucanue METORA SIEKTPOIMTUYECKOro 06OoralleHns, NMPH KOTOPOM
250 M1 o6pasma MOKBEPraOTCA 3JEKTPONM3Y B OJHOM 3JEKTpPOJM3epe N0 OKOHYATENb-
Horo o0bema B 2,5 Ml uau mamke Mesbuie. s Toro, 4To0H yAepKaTh KOHUEHTPAUUIO
3JEKTPOJNTA B JONYCTHMHX TIpeAesax, Oepercda aumb 50 Ml ofpasuma gias yyactus
B peaxyuu, a Bech o6pasel NOCTENEHHO BBOXUTCA B 30HY PEAKUMH IIYyTeM IEPUONM-
YecKOro A06aBleHNA HOPIUAMU. ITOT MeTON MAaeT UCTHHHbE Koeddunuente o6o-
raienRua AuA AeliTepusa-a U NS TPpUTHA-S, KOTOPHE H3MEHATCA COTJacHo gopMmymne:

7 = log B'flog «’= 1,369 + 0,006

Ecnu aTor pesyabTaT NpHMeHHTh K OOBIYHOMY IEPHOJAUYECKOMY 3JNEKTPOIM3Y, TO
UTOI MOMKHO BHPa3HTh CIeAYIOIHM 00pasom: '
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= log plloga = 1,337 4 0,007

JKCIEePUMEHTANbHEE DPE3yNbTAaTHl C INONPABKOW Ha MCHAPEHHE IIOJMHOCTBK COTJIA-
cylTCA ¢ yTBepKAeHueM Burenefizena, ocHoBaHHOM Ha Teope'rnqecxom NIPEATON0HKEHNH
0 ToM, yTO log ﬂo/log a, = 1,40 4 0,01.

Enriquecimiento electrolitico del tritio y del deuterio con miras a la determinaciéon cuan-
titativa del tritio natural. Los autores describen un método de enriquecimiento electrolitico con
arreglo al cual una muestra de 250 ml se somete a electtélisis en una celda hasta alcanzar un volumen
final de 2,5 ml, o menor. Para mantener la concentraciéon del electrolito dentro de los limites de
tolerancia, s6lo una fraccién de 50 ml de la muestra participa en la reaccién, en tanto que el resto
de la misma se va introduciendo gradualmente en la zona de reaccién por adicidén petiddica de
nuevas porcionies. Este método permite obtenet los factores de enriquecimiento aparente del deu-
terio, a’, y del tritio, 8', que varian segin la relacién:

= log f’flog ¢’ = 1,369 £ 0,006.

Si este resultado se aplica a la electrélisis intermitente cldsica, el resultado puede expresatse de
la manera siguiente:
n = log Bflog a = 1,337 & 0,007.

Una vez aplicada la correccién para.tener en cuenta la pérdida de vapor, los tesultados experi-
mentales concuerdan muy bien con el valor 1,40 4 0,01 que predijo Bigeleisen para el cociente
log f,/log a, basandose en consideraciones tedricas.

Introduction

The fact that there are very low specific tritium activities in water of all kinds
found in nature makes it necessary to enrich the trittum in most of the samples to
be measured. This can be achieved by electrolysis of the water until only a very
small fraction of the original volume, containing a large part of the initial tritium,
remains. The electrolysis is performed in an alkaline solution. Experience has shown
that the concentration of the hydroxide has to be between about 1 and 209/. High
degrees of enrichment, i.e. with volume reduction factors between 10-2 and 10-5,
have been obtained by electrolysis in subsequent stages {1], a volume reduction of
the order of 10~! being made in each of three to five stages. Between each stage
the sample has to be distilled for reduction of the concentration of hydroxide.

The improved characteristics of our counting system [2], however, have made
it possible to decrease the degree of enrichment necessary so that a volume reduction
factor of 102 is sufficient in nearly all cases, except for samples of sea water and
other “old” waters. In addition, the design of our electrolysis cell makes it possible
to reduce the initial sample volume of 250 ml to 2.5 ml in one cell, thus decreasing
the amount of manual work to be spent on each sample and improving the accuracy
by reducing the number of liquid transfers.

A knowledge of the relationship between the enrichment of deuterium and that
of tritium is of the greatest importance for tritium measurements in unknown samples.
KaurMan and Lissy [1] have made such an investigation. Because of the presumed
improvement in overall accuracy for our. entire apparatus and the slightly different
electrolyzing conditions, we decided to re-examine the enrichment problem, giving
special consideration to experimental details.
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Fundamental formulae

Suppose we have a water sample of V ml containing np moles of protium, np
moles of deuterium and np moles of tritium. During electrolysis these quantities can
be regarded as fitting the following formula:

dnp adnp  Pdny
e mp ey

6y

Integrating this equation from the initial np, »}, and 7% to the final condition,
tegr: ! P» D T

considering that np > np > np, assuming the molar volume of HeO and D:O to be
equal, and using ¢ and § as the average values of these factors during the electro-
lysis, we get
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By using X : s for the molar fractions of the isotopes in question, (2) can be trans-
formed to:
v Xy Ve Ja/b
= Xy . ‘IZ{[“XET/‘“ : 3)

Equation (3) shows which quantities have to be known for determination of an
unknown assay of tritium in sample of natural water. The reciprocal value of the
. exponent was determined by Kaurman and Lissy [1] to be f/a = 2.10 £ 0.10. Now,
because our experimental apparatus differs from theirs, it should be described before
further deductions are made.

" Experimental procedure

The design of the electrolysis cell (given in Fig. 1) shows some resemblance to that
of Brown and Grummitt [3]. To provide a large electrode surface area within a
small volume, the 34 em? electrodes are located in a flattened glass tube with a
volume of 25 ml when filled to the upper edge of the electrodes. The cross section C
shows “channels” which have been designed to avoid implosion by evacuation; these
channels also greatly aid convection of the liquid during electrolysis. The lowest,
narrow part of the cell has a capacity of about 3 ml. The total volume up to an
upper index mark is about 50 ml. As usual, iron and nickel are used respectively for
the cathode and the anode and are kept in position by suitable indentations in the
glass. The connecting leads support two “Teflon” baffle plates which trap droplets
during electrolysis and the final distillation. A 250 ml drop funnel is mounted on
the top of the cell.

Of a 250 ml sample, about 50 m! is <charged into the cell, and about 0.6 g of
sodium hydroxide is added. After immersion of the cell in a water bath up to shightly
below the ground joint, the remaining portion of the sample is charged into the drop
funnel. The water bath is kept at 10.5 + 0.3°C by a refrigeration unit, operated by
a contact thermometer. This reduces the evaporation loss, which would lower the
recovery yield of the heavy isotopes during the electrolysis. The electrolysis is made
at 3.0 A (ie, 0.09 Acm™2) supplied by 2 constant current battery charger. The
temperature of the liquid is never more than 0.5 ° higher than that of the cooling
water. In 24 hours the volume decreases to about 25 ml; and by turning the stop-
cock of the drop funnel a fresh portion of the samples 1s added up to the 50 ml
index, and the electrolysis is continued. After eight days the drop funnel is empty,
and after nine days the sample volume is 25 ml. When this volume remains, or at
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the latest when a residue of 15 ml remains, the current is lowered to about 0.4 A,
provided by another power supply. Within about six days the liquid level is down
to the beginning of the narrowest part of the cell, the remaining water quantity
being about 2.5 g; and the electrolysis is stopped.
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Fig. 1
Electrolysis cell for periodic addition.

To prevent large amounts of hydrogen from being bound in the NaOH, the
enriched sample is neutralized with carbon dioxide to NagCOjy before distillation.
This is arranged by removal of the head H (Fig. 1), introduction of a thin brass
tubing reaching to the bottom, and bubbling carbon dioxide through the liquid at a
fixed speed for a fixed time, determined by preliminary experiments. After neutral-
ization, the cell is connected to a distillation head D (Fig. 2), carrying a Pirani gauge
head P and a weighed receiving bottle B, kept at —80°C by dry ice trichloro-
ethylene. The system is cautiously evacuated while the water freezes out in the trap.
The lower half of the electrolysis cell is heated gradually with an electric pad to
about 150°C, and the distillation is performed at 2—5 mm Hg, taking about an
hour. The final water volume V is determined by weighing the bottle before and
after distillation. Careful checks have shown that this procedure yields 99 + 19/
of the total hydrogen in the concentrate.
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Determination of the enrichment factors

In order to determine the enrichment factors, 14 solutions prepared from ordinary
water, heavy water, and tritiated water were electrolyzed. Vy and V were obtained
by weighing, X, was calculated from the quantity of 99.99/o heavy water used in

CELL

Fig. 2
Set-up for distillation of the entiched sample.

preparing the solution. X5 (and two X% :s) was measured mass spectrometrically,
and X9, and Xt were measured in our hydrogen counting apparatus [2]. Since our
periodic addition procedure does not exactly fulfill the requirements given in the
deductions of (2) and (3), the following formulae are used instead:

Y _ [,,X_D_K]“' - [_X_TV_]ﬂ' (4)
Ve T |xoT X5 V5
log g'/loga’ =7n'". (5)
. BlIfGELEISEN’S [4] theoretical result makes (5) more attractive than the ratio g'/d’
1tselr.

By denoting the recoveries of protium (volume), deuterium and tritium by Ry,
Rp and Ry, (4) is transformed to:

szRDa’:: RTB'. (6)

In Table I are given the results obtained with synthetic solutions. Fig. 3 shows
strikingly the fact that 8/a’ is a function of a’. The axes of each ellipse corresponds
approximately to the rms errors of o and f'/a’ respectively.

It is convenient to evaluate a good empirical formula in terms of 87/a” as a linear
function of a’. BIGELEISEN’s [4] investigation, however, suggests a constant ratio
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TaeLe 1

DETERMINATION OF THE APPARENT FRACTIONATION FACTORS

Run v, v Xp Xp X5 Xop , , ., 7’
No. ml g wt %40 wt 9/40 counts/min | counts/min ¢ b Bla log f’flog o’
1 244.5 2.826 1.151 28.16 97.1 3913 3.53 5.84 1.65 1.399
2 244.5 2.596 1.165 37.45 102.2 4992 4.23 6.92 1.64 1.341
3 244.5 3.139 0.865 24.86 67.2 3012 4.37 7.88 1.80 1.400
4 244.5 4.272 0.839 18.29 74.9 2412 4.19 7.04 1.68 1.362
5 239.5 4177 1.166 22.63 102.2 3018 3.74 6.10 1.63 1.371
6 248.0 4,731 0.168 5.50 10.80 456 8.41 18.31 218 1.365
7 239.5 2.563 1.166 38.38 101.8 5168 4.35 7.44 1.71 1.365
8 239.5 1.477 1.125 56.22 47.0 3763 4,32 7.15 1.65 1.344
9 229.5 1.208 0.705 35.92 50.9 4233 3.98 6.35 1.59 1.338
10 175.0 4.130 1.165 23.26 98.2 2816 4.98 9.59 1.93 1.408
11 250.0 4,313 1.165 21.30 149.4 4044 3.52 5.58 1.59 1.366
12 250.0 3.028 1.700 80.20 103.6 6622 7.89 16.68 2.12 1.362
13 250.0 3.101 1.700 76.07 103.6 6327 7.61 16.04 211 1.367
14 246.0 4.357 0.167 5.48 10.79 472 7.43 15.80 2.13 1.376

FINYIAAN T ANV ANATLSO "D 'H

Average log f/log a” = 1.369 & 0.006

001
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of log f'/log . This ratio has been calculated and the result applied to our periodic
addition electrolysis. The function thus is best expressed by

3 = log f'/log o’ = 1.369 # 0.006. %)

3

_ Fig.3
Variation of /o’ with o’. The curve is drawn from log f‘/log o’ = 1.369.

Discussion
(a) INFLUENCE OF THE PERIODIC ADDITIONS

Table I shows values of %" determined from the equations (4)'and (5), using only
the initial and final conditions of the sample. It is rather obvious, however, that our
quantity %’ differs somewhat from the value of % which should be obtained by
electrolysis in the normal way, i. e. with the total sample taking part in the reaction
during the entire course of the enrichment. The difference between these two cases
can be calculated in the following manner.

Electrolysis is started with 0.2 n}, and 0.2 #}, in the reacting liquid, and « and 8
are presumed to be constant during the entire procedure. At the end of the first day
the remaining deuterium quantity is nj, .

nlb =02. n‘;) - A whete A = (1/,) Ve, (8)

25 ml, i. e. another 0.1 %, moles of deuterium are added and this new total quantity
of deuterium is reduced by a factor of A over night. At the end of the ninth day,
25 ml of the original 250 ml remains, and the recovery of deuterium is now

n? ®
D n

2= 02.40 4 0. E A, 9)
D

n=1

rp =

Electrolysis is now continued to the final volume of V ml, where the overall
recoveries Rp and Ry of deuterium and tritium are obtained. The relationships
between qa, o', and 8, f’ are given by

Rp=rmr (V/25)1/¢1 = (V/ZSO)IIO’I , (10)
R = rp (V/25)1U8 = (V/250)18" (11)
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Numerical values of ¢ and 8 are calculated, assuming V, to be 250 ml, for diffe-
rent values of o’ and 8 chosen to correspond to the range of our experimental values.
For each of these cases, the calculations are made for three different final volumes,
1.25, 2.50 and 5.00 ml.

The calculations show [5] that our electrolysis with periodic additions gives a
tritium recovery which is roughly 159 less than that in an equivalent conventional
batch electrolysis. The result to be used together with equations (1) to (3) is

n = log f/log a = 1.337 + 0.007. (12)

(b) INFLUENCE OF VAPOUR PRESSURE AND SPRAYING

During electrolysis the gases bubbling through the liquid and escaping from the
system carry away both water vapour and spray. The differential quantities in 2qua-
tion (1)-are thus each composed of three terms, created by the electrolytical disinte-
gration, by the vapour loss and by the spray loss. We denote the purely electrolytical
enrichment factors by ap and By, the vapour pressure of ordinary water by b atm,
the barometric pressure by & atm. The relative vapour pressures of HDO and of
HTO to that of water at the same temperature are fp and fr, respectively. Further-
more, we presume s moles of water being carried away as droplets per mole of
electrolytically disintegrated water. After some deductions and approximations [5]
equivalent to those incorporated in equation (2), we arrive at

14154+
T o, + 156 fp +5° (13)
14156 45
| P =g s (14
where ‘
b =bi(b—h). (15)

We have made some experiments in which the released gases were trapped in a
cotton-wool filled cold trap or in a drying agent and have determined the sum of
(1.5 b" +s5). The highest value of s obtained in our 3 A electrolysis was 0.003, but
in most cases we found s =0 within the limits of error. In the computations below
we thus neglect s.

TasLe II
CALCULATION OF THE TRUE ELECTROLYTICAIL. ENRICHMENT FACTORS

a, AND 8,

ll B ‘ L) Ba | log Bu/log a,

4.00 6.383 4.215 6.965 1.349

6.00 10.975 6.564 13.03 - 1.364

8.00 16.12 9.100 21.21 1.383

10.00 21.73 11.85 32.44 1.407

Table I gives calculated values of the different parameters at 10°C when «
varies within our experimental range and %= 1.337. For the vapour pressure of
water, b = 0.01252 atm is used; and fp = 0.920 and fr = C.846, the relative vapour
pressures of HDO and HTO, are taken from KirscHENBAUM [6].

It is seen that 5 is very close to 1.40 as predicted by BiceLEisEn [4] but that
low ag-values tend to decrease this value slightly.
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Conclusion

Our electrolytic enrichment procedure with periodic addition of the water gives
apparent enrichment factors for deuterium, ¢, and for tritium, §’, which vary in
such a way that the following relationship holds true:

7' = log B'/log o= 1.369 £ 0.006,

when used at 10°C if the sample is brought into the reaction vessel in nine portions.
If this result is applied to the conventional batch electrolysis, in which the entire
sample takes part in the reaction all the time, the result can be written

n = log p/log a = 1.337 £0.007.

Of especially great theoretical interest are the purely electrolytical enrichment
factors ag and By, i. e. the factors referring to the mere electrolytical disintegration
of the water molecules. If we correct our experimental results for vapour loss we get

1.35 << log Bo/log ag << 1.41
when

4 < qgp<<12.

This result is in excellent agreement with BiGELEISEN’s [4] predictions from theo-
retical considerations that log fo/log ag = 1.40 + 0.01.
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DISCUSSION VIII

B. Gonsior (Federal Republic of Germany): Did Prof. Ostlund run the apparatus
at constant current or at constant specific current per cm??

H. G. Ostlund (Sweden): For the enrichment of 250 mi down to about 25 ml,
the current density is virtually constant at 0.09 amp/cm? In some cases, this
depends on the time during which we allow the surface of the liquid to creep
down on the electrode, but that should be the order of less than 59/ of the total
electrvlyzing time and should be equivalent to a rise in current density from 0.09
10 0.14 a/cm?, or something in that range. Thus, it is virtually constant all the time.
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J. Bigeleisen (United States of America): I would like to make some remarks on
Prof. Ostlund’s very interesting experiments and they apply equally well to ex-
periments in which the tritium is concentrated to such an extent that the
deuterium content is brought up to over 90%/. The elementary separation factor is
independent of the concentration on an atomic basis, which is true to a very good
approximation. In experiments of very high precision, there will be slight deviation
because the elementary enrichment factors will depend on the concentration of
deuterium and tritium in the system. This will be a small effect, however, but
where very careful experiments are concerned one would either have to correct for
it or else restrict oneself to weaker enrichment concentrations less, say, than
10—209%/p deuterium.

.
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Abstract — Résumé — AHHOTAIHA — Resumen

The reconcentration of tritium by distillation. A method of tritium reconcentration by the
total reflux distillation of water under reduced pressure using random-packed columns was in-
vestigated. i

For the maximum removal of tritium from a one liter reservoir, operating periods of several
weeks were required. For this a fully automatic fractionating system incorporating an apparatus
for taking samples automatically under reduced pressure was developed to enable the distillation
to proceed with the minimum of manual adjustment. To reduce the possibility of flooding at the
base of the column due to gravity settling of the packing over long periods of time, a novel design
feature was incorporated at the junction of the column and the teflux meter.

The performance of several commercially available column packings was investigated in an
aqueous environment. Details of the packing pre-treatment to inhibit maldistribution in a liquid
of high surface tension are given and enrichment factors calculated.

A low H.E.T.P. (height equivalent to a theoretical plate) of about 0.8 in has been achieved with
pre-treated phosphor-bronze gauze rings in an aqueous environment. With a reservoir-to-boiler
volume ratio of the order of 7: 1, a maximum of 989, of the tritium in the reservoir was removed
in 28 d continuous distillation with a throughput of 100 ml/h. This indicated a tritium reconcen-
tration factor of 6.3. By increasing the throughput to 140 ml/h, 929 of the tritium was extracted
in 11d.

The reproducibility of the reconcentration factor with time was, however, shown to vary, and
the reasons for this are discussed in the paper.

La reconcentration du tritium par distillation. Les auteuts ont étudié une méthode de re-
concentration du tritium par distillation de I’eau sous reflux total et 4 pression réduite, avec utili-
sation de colonnes dont le garnissage était disposé au hasard.

Pour extraite un maximum de tritium dans un réservoir d’un litre, il a fallu opérer pendant
plusieurs semaines. A cet effet, les auteurs ont mis au point un appareil de fractionnement entiére-
ment automatique muni d’un dispositif automatique de prise d’échantillons a4 pression réduite,
afin que la distillation puisse se poursuivre avec un minimum d’ajustement manuel. Pour réduire
la possibilité d’obturation par le liquide 2 la base de la colonne par suite du tassement naturel du
remplissage au cours de périodes prolongées, on a introduit un dispositif de conception nouvelle
au point de jonction de la colonne et du compteur a reflux.

" Les auteurs ont étudi¢ en milieu aqueux Pefficacité relative dans les colonnes de plusieurs gat-
nissages que l'on trouve sur le marché. Ils donnent des détails du traitement préalable auquel on
soumet les garnissages pour empécher une distribution défavorable dans un liquide de forte tension
supetficielle, ainsi que les résultats du calcul des facteurs: d’enrichissetnent.

En utilisant en milieu aqueux des anneaux en toile de bronze phosphoteux ayant subi un traitement
préalable, ils ont pu obtenir une faible H.E.P.T. (hauteur équivalante 2 un plateau théorique)
d’environ 0,8 pouce. Le rappott entre le volume du téservoir et celui de la chaudiéte étant de 74 1,
ils ont extrait un maximum de 989, du tritium du réservoir par distillation continue pendant 28 jouts
avec un débit de 100 ml/h, ce qui correspond 4 un facteur de reconcentration du tritium de 6,3.
En portant le débit 2 140 ml/h, ils ont pu exttaite 929, du tritium en 11 jours.

Les auteurs ont cependant constaté qu’en opérant dans les mémes conditions d’expérimentation
il n’est pas toujours possible d’obtenir le méme facteur de reconcentration; ils examinent dans
le mémoire les causes de ce phénoméne.
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PeRoHIEHTpANA TPUTHA AUcTHIAANMe. Brin uccnenoBan MeTox peKOHIEHTPALMH
TpUTUA MyTeM olIueil opomaeMol AMCTHIIANMM BOJBI IOJ, NOHMMEHHBIM HABJIEHUEM
C NpMMEHEHHEM CIY4ailHO HACALOYHHBIX KOJOQHH.

Jdada MakCMMaNbLHOTO YHANEHUA TPUTHA M3 pe3epsyapa eMKOCTbI0 B 1 yuTp Obin
HeoOxonuM pabounii nepmoxm B HeCKOJbKO HeAeab. C 9roit pesabio 6bl1a paspaGorana
TIONHOCTBIO ABTOMaTHYEeCKasA (PAKIMOHHAs CHCTeMa, BKIuasmag B ceba npubop
IJA aBTOMaTHYeCKOTo B3ATHA 0GPas3HoB NMOJ NMOHUMKEHHBIM TABIEHMEM, ¢ TeM 9YTOOBI
TUCTHINALAA NMPOXONMIA IPH MUHUMYMe pYUYHOii paborsl. [JA coKpanieHNA BO3MOIMK-
HocTell 3aX7ne6LIBAHMA OCHOBH KOJOHHE, KOTOpO€ IIPOMCXOAUT BCJEACTBHE HAABIEHUH
0CafKa HACAIKM B TeYeHHE [JJINTEILHOr0 BpeMEHN B MECTe CONPMKOCHOBEHHMA KOMOHHHI
U opounarouieit BOAB, OBIO CHENAHO ellle OfHO HOBOE mpucHocobneHMe.

CBOICTBA HEKOTOPHIX MMEIOIMXCA B TPONaMe HACAAOK KOJOHH OBIIM MCCHEXOBaHMI
B BOPHBIX ycioBuAx. JaiorTcAa nopgpoGHocTH IpensapuTeiabHoil 06paboTEM HacamKy
a8 yCTPaBeHMA HapylleHWA paclpefielieHUA NMOTOKA B MUIKOCTH ¢ BHICOKHM IOBEpX-
HOCTHBIM HATHAKEHMEM M YYHUTHIBAOTCA ParToph 06OraileHHA.

Tlpu ucnoapsoBaHMu B BOJe INPeiBApPUTENbHO 06paGOTaHHHIX MeTAIINYECKUX
koaen u3 gochopa u 6POH3H HHBKAA BHICOTA KOJOHHBI, DKBHBANEGHTHAA OXHON TeopeTn-
JecKoll Tapeake, cocraBuiia okono 0,8 miofima. Ilpu coorTHOmeHUN MeAY pesepByapom
u GoftnmepoM nopanka 7:1 marcumym 989 TpuTHA, HaXORAUErocA B pesepByape,
YCTpaHAETCA IOCPEACTBOM HEIPEPHBHON AMCTULIALUM B TeueHue 28 nuell mpu mpo-
HMyCKHOM crtocobHocTH 100 MUNIMINTPOB B uac. 9TO omnpefeiser KodPPUUMEHT peKoH-
UEHTPAUMH TPUTHA, paBHb 6,3. Ilpn yBeauueHMHm NpoONycKHoll cmocobHoCcTH Ho
140 MMAJWINTPOB B 4ac Oniao ynaseHo 929, TpuTusa B TeuyeHue 11 pmeidl. Ommaxo
YKazBIBAETCH, YTO CO BpeMeHeM BOCIPOM3BOAMMOCTh KOapduuMeHTa pPEeKOHIEHTPAUUN
BapLUPYETCA, W T MOoKJAame OGCYHAAIOTCA MPUUMUHEL ITOFO.

Reconcentracién del tritio por destilacion. Los autores estudian un método de reconcentracidén
del tritio por-destilacién de agua a reflujo total y presién reducida, utilizando columnas de relleno
no ordenado.

Para extraer la méaxima cantidad de tritio de un depo6sito de un litro, fueron precisas varias semanas
de funcionamiento. Para ello se ha ideado un sistema de fraccionamiento totalmente automitico,
provisto de un dispositivo para tomar muestras a presion reducida, con objeto de poder efectuar
la destilacién con el minimo de ajustes manuales. A fin de evitar la posibilidad de obturacion por
el liquido en la base de la columna, debido al asentamiento del relleno por gravedad cuando éste
se utiliza durante mucho tiempo, se ha introducido un dispositivo de nuevo tipo en la unién de la
columna y del contador de reflujo.

Los autores estudian el rendimiento en medio acuoso de algunos productos de relleno, de venta
en cl comercio. Asimismo, describen detalladamente el tratamiento previo del relleno para evitar
la distribucién desfavorable en un liquido de tensién superficial clevada, y calculan los factores
de enriquecimiento.

Utilizando en un medio acuoso anillos de malla de bronce fosforado, previamente tratados,
se ha logrado reducir la altura equivalente a la de un plato teético, a unas 0,8 pulgadas. Con una
razén del orden de 7:1 entre el volumen del depésito y el volumen de la caldera se ha extraido,
como méaximo, un 98 por ciento del tritio contenido en el depésito, en 28 dias de destilacion continua,
trabajando con un caudal de 100 mi/h. Es decir, el factor de reconcentracién del tritio es de 6,3.
Aumentando el caudal a2 140 ml/h, se ha extraido el 92 por ciento del tritio en 11 dias.

Se 'ha comprobado que aun cuando las condiciones experimentales permanecen iguales, no
siempre es posible obtener el mismo factor de reconcentracién. En la memoria se examinan las
causas de esta variacion.

Introduction

The tritium concentration in surface water is of the order of one tritium atom
in 10 protium atoms (known as one Tritium Unit, 1 T.U.) which gives rise to
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7 disintegrations/min per 1 of water. For “age” determinations of water reservoirs
cut off from surface replenishment, the measurement of even lower specific activities
is required. It is not possible to measure such low activity directly so reconcentra-
tion of the tritium is necessary.

Of the four main methods of reconcentration, electrolysis, distillation, thermal
diffusion and gas chromatography, only the first two are considered here. Although
tritium is normally reconcentrated by electrolysis, a few quantitative investigations
of the value of the distillation method have been made [1,2, 3], but published
information on the techniques of distillation of aqueous systems on a laboratory
scale is somewhat limited.

The most important characteristic of a tritium reconcentration technique to be
used in the determination of the age of water is that of reproducibility. This 1s
limited in electrolysis by the reproducibility of electrode surfaces and their changes
during operation. In an investigation of the parameters of reproducibility and
tritium loss for the distillation technique a completely self-contained, fully auto-
matic distillation process for operation at.reduced pressures was developed. The
apparatus was developed with the intention of extracting the tritium from water
samples of up to 101 into a volume of about 100 m!. Further reduction into a volume
of about 1 ml, suitable for gas or scintillation counting, could be undertaken by
small scale distillation or electrolysis.

Theoretical considerations

If a mixture of ordinary water (H2O) and tritiated water (HTO) is boiled, the
ordinary water will vaporize preferentially because of its higher vapour pressure.
Isotopic separation is then possible by distillation through a fractionating column,
which combines the repeated processes of simple distillation in a single unit.

The column was filled with a packing to promote intimate vapour-liquid contact.
The vapour was condensed after being passed up the column, and the condensate
was allowed to displace its own volume of water from a reservoir. This displaced
water was returned to the column head and flowed down the column to provide
reflux for the ascending vapour. Efficient molecular and heat transfer can occur
between the liquid and vapour phases on the large surface area provided by the
packing in the column. As a result, the vapour became enriched with the more
volatile component from the down-flowing liquid, and the less volatile component
(in this case, the tritiated water) was concentrated towards the base of the column.
When the distillation had been taken to equilibrium, the water in the boiler was
enriched in tritium and the tritium-depleted water was in the reservoir.

To express column performance the term “theoretical plate” is used. This can be
defined by consideration of the vapour above a boiling liquid which consists of two
components of different vapour pressure. The enrichment of the more volatile
component in liquid formed by condensation of the vapour is equivalent to the
enrichment obtained by distillation through a columin of one theoretical plate. In
a random packed distillation column the length equivalent in fractionating effect
to a theoretical plate is termed the height equivalent of a theoretical plate
(H.E.T.P.) and is found by division of the height of the column by the number
of theoretical plates. '

For practical determination of the number of theoretical plates the enrichment
factor for a packing was first determined with tritium samples which could be
counted directly by a coincidence liquid scintillation technique (Cameron [4]).
The enrichment factor is defined as the ratio of the concentrations of the com-
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ponents at the column base divided by their ratio at its head when equilibrium
has been reached. For an ideal mixture under total reflux the followmg equation
may be applied at equilibrium:

HTO
- H;O

HTO ' ’
— h
o column head

column base

at+1 —

where ¢ is the ratio of the vapour pressures of the two components (the relative
volatility) and 7 is the number of theoretical plates. The relative volatility increases
as the temperature decreases, and the ease with which the two components can be
separated increases at reduced temperature (and pressure). Values of the relative
volatility measured by SeparL and Mason [5] (1.08 at 33°C) were used in the
calculation of the H.E.'T.P. for the different packings investigated.

Experimental investigation

The investigation fell broadly into two parts: the development of an automatic
technique for extended operation at reduced pressures and the treatment of commer-
cially available packings for use in an aqueous environment.

The apparatus

The apparatus consisted of five sections: the boiler, the column, the condenser, the
reservoir and the associated automatic pressure control and sampling systems.

THE BOILER

The boiler comprised a three-necked round-bottom 250 ml heat-resisting glass
flask, into the bottom of which was sealed a glass capillary tube of 1-mm bore for
sampling purposes. The boiler was lagged with glass wool to reduce heat losses so
that a constant boil-up rate could be maintained. A 200 W-lagged heating mantle
provided the principal heat supply to the flask. To inhibit superheating and con-
sequent irregular boiling at reduced pressures, a local hot spot in the form of a
platinum heating coil was used. The heat-input from this was controlled by a
variable transformer and for smooth ebullition was generally maintained at about
100 W. A further aid to controlled boiling at reduced pressures was obtained by
the use of a small piece of polytetrafluorethylene (“Teflon”) in the boiler [6].

The boil-up rate was measured by a lagged reflux meter between the boiler and
the base of the column. The design of this meter is shown in Fig. 1. By magnetic
location of a stainless steel ball in the ground glass seating, the water-flow to the
boiler was temporarily restricted and the volume of water appearing in the calibrated
chamber was measured. As the system was at total reflux, this is the boil-up rate.
The glass septum was incorporated in the meter to stop jets of liquid being ejected
into the base of the column in case sporadic superheating should occur during
extended operation. A mercury filled thermometer-pocket containing a thermometer
calibrated to 0.1 °C was used to measure the vapour temperature in the boiler.

An independent rough check on the boil-up rate was obtained from the heat
balance for the cooling water in the condenser, it being assumed that at equilibrium
the condensation rate in the condenser was equal to the evaporation rate in the
boiler. Agreement with the reflux meter was within 109/. Errors introduced by
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heat input to the column jacket and the vapour heater above the column were
estimated to be about 2%/,.

Other apparatus for producing stable ebullition at reduced pressures was of the
flash boiler type. One consisted of a platinum heating coil in a porous tube closed
at one end and fitted inside the boiler to restrict the volume of water available for

Fig. 1
Reflux meter.

vaporization at any time by the diffusion of water through the walls of the porous
tube. Immediate vaporization of the liquid occurred when it came into contact with
the hot coil. A further development which gave stable ebullition at reduced pressure
incorporated a side loop between the bottom and the top of the boiler. The vertical
section of the loop comprised a 1-cm bore silica tube overwound by an electrically
heated Nichrome coil which acted as a flash boiler (Fig. 2). The vapour from the
side loop was passed into the liquid in the heated boiler, producing efficient agitation
and steady ebullition. This method was used successfully for two distillations but was
temporarily discontinued so that a more suitable mechanical construction could be
made. It is intended that this technique be incorporated in a larger distillation unit
at present under construction.
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THE COLUMN

The column, which is shown diagrammatically in Fig. 3, comprised 5 ft of 1-in
bore heat-resisting glass tubing. The base of the column was designed to inhibit
flooding, which may occur at high through-put rates or when the packing compacts
during extended operation. The lower end of the column was sealed into a 1.5-in

VUV VUUVVUV

Fig. 2
Boiler for operation at teduced pressures.
S - Silica tube overwound with a2 Nichrome heating coil.

diameter glass tube 3.5-in in length. The part of the column projecting into the
larger tube had 12 1/16-in diameter holes equispaced around the circumference
to act as inlets for the ascending vapour phase (Fig. 3A). The descending liquid
flowed past these holes and emerged from the packing past the glass spiral which
supported it. The column was packed to a length of 5 ff with the different packings
to be tested. At the top of the column a Nichrome spiral spring was used to inhibit
movement of the packing at high vapour loading.

The column was enclosed in a glass jacket surrounded by an electrically-conducting,
heat-resisting glass tube, which served as a heating jacket. The heat input to the
tube was controlled by a variable transformer and adjusted to balance heat losses
from the column. To complete the insulation a resinated fibre glass jacket surrounded
the outer column jacket. The temperature in the annulus between the column and
the inner jacket was constant to within +0.9 °C during extended running, and the
heat-resisting glass tube heater was adjusted to maintain this annulus at 1 °C above
distillation temperature. The vapour temperature at the head of the column was
measured by a thermometer calibrated to 0.1 °C in a lagged mercury-filled thermo-
meter pocket.

The pressure drop between the base and head of the column was measured by a
mercury-filled U-tube manometer (Fig. 3).

"THE CONDENSER

An efficient 30 cm water-cooled condenser was used and was lagged with asbestos
so that a,heat balance could be made on the cooling water. The tube connecting the
column head to the condenser was heated by an electrical heating tape so that con-
densation of the vapour before it entered the condenser was inhibited. Thermometers
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calibrated to within 0.1°C were used to measure the temperature of the water
entering and leaving the condenser.

INSET DETAIL
AT

291154, ©

Fig. 3
Diagram of apparatus,
',C, Packed Column. R, Resetvoir, S, Sampling Ampoules. M, Reflux Meter.
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THE RESERVOIR

The reservoir was a copper cylinder of 2-in diameter and 1.2-1 capacity. The
output of the condenser flowed into an inlet tube at the top of the cylinder, which
was extended inside the cylinder so as to discharge the condensate near the base. The
incoming liquid displaced water from the top of ‘the reservoir over a weir to the
head of the column. The pressures between the inlet and outlet tubes of the reservoir
were equalized to inhibit siphoning and to produce a steady return flow of water to
the column.

Two inches from the base of the reservoir six copper capillary tubes of 1-mm
bore measuring 0.25 cm in length and diameter were sealed into the reservoir,
equispaced around its circumference. These were the sampling points for the auto-
matic sampling system.

A tube at the base of the reservoir allowed it to be filled with the water sample at

the start of an experiment. It also acted as a drain on completion of a period of
distillation.

THE AUTOMATIC PRESSURE CONTROL AND SAMPLING SYSTEM

The pressure in the apparatus was controlled automatically by a mercury-filled
U-tube twin-contact manostat operating an electro-magnetic valve via a relay. One
of the manostat contacts was an adjustable tungsten wire so that the pressure could
be set to a pre-determined value. So that distillation could proceed with the minimum
manual attention, a 10-1 brass vacuum reservoir was evacuated automatically at
pre-set intervals. Any rise in pressure in the apparatus caused the electromagnetic
valve to function, momentarily connecting the apparatus to the evacuated reservoir
via a 0.5-1 flask. This flask was used to reduce the rate at which the pressure was
returned to its pre-set value, as sudden pressure changes adversely affect the operation
of the column at reduced pressures.

Samples were extracted from the apparatus by the following technique suggested
by Eveieicn [7]: six glass ampoules containing wax seals were attached by short
lengths of pressure rubber tubing to copper sampling points to form close butt-joints.
Samples were taken by melting of the wax seal with a small Nichrome heating coil
actuated automatically at a pre-determined time by the circuit shown in Fig. 4. The
ampoules were constructed by sealing a 1-mm bore glass capillary tube 2 cm in
length onto an open-ended 0.5-cm internal diameter glass tube 9.5 cm in length
(Fig. 5). A small pellet of Edwards W wax (melting point 80 °C) was placed in the
composite tube and shaken so as to lie at the junction of the capillary and glass
tubes. The open end of the 0.5-cm tube was then sealed off. The sealed ampoule
was evacuated to a pressure of about 50 u and the wax pellet melted in sit# at the
neck of the ampoule by an external heating coil. On cooling, the wax made a
vacuum-tight seal at the neck of the ampoule (Fig. 5). After sampling had taken
place by automatic operation of heating coils around the necks of the ampoules, the
wax was cooled by the water on both sides and formed a seal between the sample
and the reservoir. This precluded any mutual diffusion between the sample and the
reservoir. The ampoules were removed from the rubber tubes by tightening a
spring clip in place at the junction of the glass and copper capillary tubing. The
ampoule was removed and replaced by a new one, the clip released and the ampoule
pushed up to make a butt-joint with the copper capillary tube. The entire operation
was performed without the ingress of air to the reservoir.

All joints in the apparatus were made vacuum-tight with Edwards W ‘wax or
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with standard vacuum couplings. The use of grease or low melting point waxes is
precluded by the risk of contamination of the packing and internal glass surfaces.

With these techniques it is possible to perform continuous distillation at reduced
pressures for periods of up to 50 d. ‘ '
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Circuit for the automatic sampling apparatus.
Packings and results

Three random packings were investigated: Fenske helices and Borad and Dixon
rings.

THE FENSKE PACKING

The Fenske helices used consisted of 0.018-in diameter glass rod in the form
of single coils 5/32-in in diameter. Before insertion into the column they were

- i
W | G

Fig. 5
Sampling Ampoule.
W, Wax Seal. G, Ground Glass Taper.

cleaned by refluxing in 4N nitric acid for several hours and then washed in distilled
water. After the column was loaded, the packing was refluxed in sity with acetone
and diethyl ether to remove any organic contamination and finally was air dried.

The packing flooded during operation at boil-up rates of 50 to 80 ml/h, and
maldistribution of the liquid phase was very marked during distillation with water.
For improvement of the wetting characteristics of the helices they were refluxed in
B
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a mixture consisting of 5% of hydrofluoric acid and 609 nitric acid and water to
etch the surfaces of the glass helices.

The efficiency of this packing was investigated with the apparatus operating at a
boil-up rate of 60 ml/h and a distillation pressure of 15 cm Hg. The volume of. the
reservoir was 800 ml and that of the boiler 250 ml. The packed column contained
about 40 m! of static hold-up.

At this time the reservoir was a round-bottom flask which allowed some con-
densate to flow back to the column head without displacement of the water from the
reservoir and hence was inefficient in operation. Manual sampling of the reservoir
and boiler liquids involved bringing the apparatus to atmospheric pressure, thereby
upsetting the condition of distillation.

Equilibrium was reached in 10 d and conditions remained constant for a further
22 d. An enrichment factor of two was obtained in the boiler, and about 209/ of
the tritium was removed from the reservoir. The column was operating with
12.7 theoretical plates and had an H.E.T.P. of 4.4 in.

THE BORAD RING PACKING

The Borad rings investigated comprise a double-wall cylinder of phosphor-
bronze square-wave gauze with a @ cross-section. The rings had a diameter and
length of 1/8 in and were fabricated from 0.006 in-diameter wire woven at
50 strands to the inch; they operated by retaining a liquid film in the mesh by
surface tension so that their performance was dependent on their wettability and
cleanliness.

Organic contamination was removed by refluxing with acetone and diethyl ether,
followed by air drying. The technique of pre-flooding the packings at the start of a
distillation to ensure thorough wetting of the packing and high efficiency was
attempted on several occasions. The procedure proved difficult to control over a
period of time sufficient to attain adequate wettlng of the packing and was
discontinued in favour of allowing the packing to “wet-up” during the course of
distillation.

With this system of water distilling, channelling and maldistribution of the liquid
phase was evident, but an improvement occurred after the surfaces of the rings had
been oxidized. Initially atmospheric oxidation at 150°C was tried but was later
superseded by a chemical method which gave better control. The rings were immersed
in a 10%o solution of potassium persulphate to which a few drops of silver nitrate
had been added to catalyze the oxidation. When the packing had been boiled in this
solution for 2 h, a matt grey-black oxide film developed on the surface. The packing
was then washed with distilled water to remove any excess oxide particles from the
mesh. After air drying, the column was packed with the treated rings by vibration
during loading. A 10%% improvement in compaction resulted. For completion of the
pre-treatment of the rings, they were refluxed in sitx with ethylene glycol monoethyl
ether, which was then removed by refluxing with water. A final air drying of the
packing completed the process.

The results of two distillations are shown in Table I. Run 1 was carried out to
equilibrium (Fig. 6), which was reached after about 40d. A large reservoir-to-
boiler volume ratio was used and an enrichment factor of 15 was obtained. After
equilibrium had been reached on the 47th day, 30 ml of water was extracted over
a period of 2h from the reservoir whilst the distillation was in progress, thereby
reducing the boiler volume from 90 ml. After 3 d the enrichment factor in the boiler
was 19. Run 2 was operated with a smaller reservoir and a higher through-put and
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showed rapid enrichment, but equilibrium was not reached because of mechanical
failure.

Packing of smaller size was expected to be more efficient than the !/s-in Borad
rings. Further work was carried out on the /16-in Dixon rings to test this expectation.

RECONCENTRATION FACTOR
°

10 20 30 40 50 0

TIME (d)

Fig. 6
Graph of the variation of reconcentration factor with time for Run 1.

THE DIXON RING PACKING

The Dixon rings consisted of single-wall cylinders of phosphor-bronze square-
weave gauze with a @ cross-section. The rings had a diameter and length of
1/16-in and were fabricated from 0.004 dn-diameter wire woven at 100 strands
to the inch. Like the Borad rings, they operated by retaining a liquid film in their
interstices under surface tension. The smaller rings packed more compactly than
did the larger Borad rings and resulted in less channelling and reduced maldistri-
bution of the liquid phase down the column wall [8]. The finer mesh and smaller
wire diameter also assist .the retention of a liquid film in the interstices of the
packing at low vapour velocities. The rings were used in the oxidized condition and
were packed into the column by a vibration technique, as before.

The results of three distillations are shown in Table II. The percentage removal
of tritium from the reservoir was generally greater than that attained with Borad
packing. The enrichment in the boiler was smaller, partly because of the larger
volume of liquid in the boiler and partly because of the increased hold-up of the
finer mesh of the packing. '

One run was operated to equilibrium. Automatic sampling ensured the minimum
of disturbance to the column operation at reduced pressure. In a run of 28 d, 97.5%
of the tritium was extracted from the reservoir. A second distillation with a higher
through-put rate was run almost to equilibrium and in 11d removed 92.5% of the
tritium from the reservoir. A comparison of data obtained in these two runs and
correction for the different rates of through-put showed the second run to have a
slightly higher extraction rate of tritium per unit through-put. If the distillation had
been taken to equilibrium, an extraction of more than 97.5%% of the triitum from the
reservoir would have resulted.

Discussion

In an idealized distillation of tritiated water in a column of zero liquid hold-up,
the specific activity of the liquid in the reservoir decreases as that in the boiler
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increases at a rate determined by the ratio of the volumes of liquid in the reservoir
and boiler. Although the total volume in the boiler and column is constant, the ratio
of the volumes is not necessarily constant during operation. In practice, therefore,
allowance must be made for the unknown specific activity of the water held up in
the packing. It follows that the specific activity of the liquid in the boiler is not
an accurate representation of the performance of the column. In order that virtually
all the tritium in the sample be reconcentrated into the final reduced volume, the
liquid draining from the column must be included with that in the boiler.

The most important parameter which must be reproducible is the ultimate per-
centage of tritium which can be extracted from the reservoir into the column and
boiler. ‘

Future improvements in the distillation technique for extraction of tritium from
water are aimed at extraction of at least 97.5% of the tritium from the reservoir
and establishment of reproducibility.

Better extraction at equilibrium might be obtained by an increase in the number
of theoretical plates in the column, but the increased height of the column would
increase the liquid hold-up, which might offset this advantage. Slightly improved
performance might result from the use of liquid redistribution sections placed at
intervals in the column. Thus, short sections of Multifil might be useful in correction
of the tendency of Dixon rings to distribute the liquid phase towards the walls of
the column, as this packing tends to have the reverse effect.

Higher extraction can be obtained by performance of the distillation at lower
temperatures, thereby increasing the relative volatility of the system. As the distilla-
tion pressure is lowered to obtain the lower boiling point, irregular ebullition occurs
and the velotity of the -vapour-phase in the column is increased. Because of-this, the
processes of mass and heat transfer in the column are impaired and the H.E.T.P.
is increased once a critical vapour velocity is exceeded. There is consequently a limit
to which the pressure can be lowered if effective distillation is to take place.

The time taken to attain equilibrium can be reduced by increase of the boil-up
provided that the critical vapour velocity of the vapour is not exceeded. It is prob-
able that a considerable reduction in the equilibrium time can be made by this
means in the present apparatus.

Further reconcentration and volume reduction will be required for counting of
the tritium sample. This may be carried out with electrolysis, which is more suitable
for small samples. When operating with a sample volume of about 100 ml, the elec-
trolysis cell can be run at a low rating, and the process can be made more repro-
ducible. This reproducibility will determine the extent to which the fractionation
technique will need to be developed so that it produces less error than the recon-
centration by electrolysis.

This is a preliminary paper outlining the techniques used in the fractional distilla-
tion of water and summarizing the results so far obtained. Should it prove difficult
to obtain effective reproducibility, then bubble-cap or sieve-plate columns suitably
modified for the distillation of aqueous components may be more suitable.

Conclusions

With the fractional distillation apparatus developed during the investigation,
1/16-in oxidized Dixon rings proved the most satisfactory of the three random
packings investigated for the extraction of tritium from water. With a one-inch
bore column 5 ft in length, up to 97.5% of the tritium content of the distillation
reservoir was extracted during a distillation to, equilibrium. Preliminary results -
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indicate that this extraction may be reproducible, but further investigation is neces-
sary to assess the limits of reproducibility.

With a distillation apparatus capable of reproducibly extracting almost all the
tritium from the reservoir, unknown samples of tritiated water can be enriched. The
enriched samples would consist of all the water in the boiler and the water held
up in the column. Since all this volume can be measured and the volume of the
reservoir is known, the enrichment factor for the sample can be calculated. For
extraction of 97.5% of the tritium from the reservoir, the enrichment factor E.F.
for the enriched liquid would then be redefined as -

0.975 (Reservoir volume) + (Boiler volume -+ column hold-up volume)
Boiler volume + column hold-up volume

EF =

If the extraction was such that 5% of the tritium remained in the reservoir
instead of 2.5% as in the above example (i. e. a factor of two), then the final error
in E.F.” would only be 2.5%,.
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DISCUSSION IX

" J. Varshavsky (Union of Soviet Socialist Republics): It is well known that the
separation factor is not dependent on vapour pressure alone. I should therefore
like to ask Mr. Rawson if he is certain that the separation factor ratio for HgO,
HDO and HTO really remains strictly constant during the process. What could
exert a disruptive effect on the relationship between these factors?

D. Rawson (United Kingdom): I think that a satisfactory answer to this question
can be obtained by reference to Mr. Bigeleisen’s paper on page 161 in which the
variation of the

InPy,0/PHTO
InPH,0/PHDO

is given with temperature.
J. Bigeleisen (United States of America): I would like to ask Mr. Rawson
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whether, in his experiment, he monitored the deuterium concentration during
distillation.

D. Rawson: We have not measured any deuterium concentrations during distilla-
tion, although T agree that this would be a very valuable additional calibration. I
should explain that the column was spiked, i. e. we started off with a known specific
activity in both the reservoir and the boiler, and this activity was such that we were
able to monitor the change in concentration directly as the distillation proceeded by
means of liquid scintillation counting. However, deuterium calibration is a step

that should be added in the future.

J. Bigeleisen: There are two reasons for monitoring deuterium. For one thing,
there is a relation between the elementary separation factor for the tritium and for
the deuterium and there are some experiments along this line in the work of Avi-
nur and Nir. Secondly, the theory of a column operating at total reflux has been
studied in great detail by Cohen and if the column is so operated, with a substance
having a small separation factor, it can be shown on the basis of Cohen’s theory
that the logarithm of the separation of one component to the separation of
another component is independent of many kinds of perturbations in the opera-
tion of the column, thanks to which one isotope becomes a very good monitor
for the other. In fact, a theoretical description of the relative separation is des-
cribed in a paper by Dr. Ribnikar and myself, which will appear shortly in the
Journal of Chemical Physics.

W. R. Biles (United States of America): I wonder whether Mr. Rawson knows
that the Chemical Engineering Department of Pennsylvania State University has,
for some twenty years, been studying the distillation of organic (hydrocarbon)
systems in packed columns and that they have a considerable amount of data on
packing performance. As I remember they were never successful in getting the
packings to work efficiently on aqueous systems. Mr. Rawson’s success in getting
water to wet Dixon rings, and the similarity of his results with their data, might
mean that many of their techniques would be useful in his work. In view of the
very long time it took for his columns to reach a steady state and the importance,
as shown by their- work on the equilibration time, of the ratio of through-put to
hold-up (not only in the column but above the column) I would suggest that he
might achieve the same separation much more quickly by conventional batch
distillation, starting up a total reflux and drawing off the material at a high reflux
ratio.

One thing I fail to understand is why we speak of enrichment factors. If we
know the relative volatility and the characteristics of the packing, we can calcu-
late the separation, either by the Fensky equation.or by some more complex
" equation when the operation is not at steady state. It is easier to remember just
one number than a dozen. We should therefore refer only to the relative volatility
of these systems.

D. Rawson: By running the column as Mr. Biles suggests, equilibrium for total
reflux will be established quickly and, providing that the extraction of a small
percentage of the reflux does not reduce the number of theoretical plates in the
column too seriously, batch operations might well result in more rapid extraction
of the tritium from a given volume.

E. Roth (France): I would like to ask Mr. Rawson whether he has any fear of
sample contamination in' the columns at the low level of tritium activity after
using a spike. Also, whether he has considered the preparation — by means of
distillation — of tritium-free water to serve as a zero standard.
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D. Rawson: In reply to the first question, cross-contamination could be a factor
in the distillation of samples of widely differing tritium content. In practice, de-
contamination would be carried out by repeated distillation of several samples of
the low-tritium-content water to be determined.

As regards the second question, with further development of the distillation
technique it might be possible to prepare water of very low tritium content, but
there appear to be more readily available natural sources.
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The separation of hydrogen, tritium and tritium hydride by gas chromatography. Now
that successful separation of hydrogen, deuterium and hydrogen deuteride has been achieved by
gas chromatography, similar studies are being made dealing with mixtures of hydrogen, tritium
and tritium hydride. Since tritium is used in tracer quantities the usual katharometer cannot be
employed for its detection. This difficulty has been overcome by providing immediately following
the katharometer a vibrating teed electrometer equipped with a high resistance leak which allows
continuous monitoting of the activity of any tritium or tritium hydride emerging from the column
by means of synchronized recorders.

Separation of such mixtures has been tested with columns packed with palladium on silica,
silica, alumina, and alumina coated with chromium oxide or fetric oxide. No effective separation
was obtained with the palladium on silica column. Good separation was achieved with the plain
silica column where hydrogen was employed as the carrier gas, but helium failed to elute the isotopes.
Satisfactory results were obtained with the coated, partially deactivated alumina packing when
helium or neon was the carrier gas, but the best separation was found with a column packing of
uncoated activated alumina.

Calibration with helium-tritium mixtures of known activity plus equilibrated hydrogen-tritium
mixtures also of known activity allows quantitative estimation of tritium and tritium hydride.

Séparation de I’hydrogéne, du tritium et de I’hydrure de tritium par chromatographie en
phase gazeuse. La sépatation de I’hydrogéne, du deutérium et du deutérure d’hydrogeéne par
chromatographie en phase gazeuse ayant été réalisée, on procéde maintenant 4 des études semblables
sur des mélanges d’hydrogéne de tritium et d’hydrure de tritium. Comme le tritium n’est présent
qu’en quantités infimes, on ne peut utiliser le catharometre ordinaire pour le détecter. On a surmonté
cette difficulté en faisant suivre le catharométre d’un électromeétre a lame vibrante, muni d’une
fuite haute résistance, qui permet de mesurer, 2 P'aide d’enregistreurs synchronisés, 'activité de
toute quantité de tritium ou d’hydrure de tritium sortant de la colonne.

On a essayé de séparer ces mélanges avec des colonnes garnies de palladium sur silice, de silice,
d’alumine et d’alumine recouverte d’oxyde de chrome ou d’oxyde ferrique. Aucune séparation
cffective n’a été réalisée 2 I’aide de la colonne de palladium sur silice. On a obtenu une bonne sépara-
tion avec la colonne de silice, ob Phydrogéne servait d’entrainenr; mais Phélium s’est tévélé inef-
ficace pour Pélution des isotopes. L’alumine partiellement désactivée et gainée a donné des résultats
satisfaisants lorsque I’entraineut était de Phélium ou du néon; mais la meilleure séparation était
assurée par une colonne d’alumine activée et non gainée.

L’étalonnage a P'aide de mélanges hélium-tritium d’activité connue, additionnés de mélanges
équilibrés hydrogeéne-tritium d’activité également connue, permet une évaluation quantitative du
tritium et de Phydrure de tritium.

Pasjienenue Bopopoas, TPHTHA ¥ THAPHAL TPATHA MOCPEACTBOM ra3oBoll XpoMaro-
rpafmu. B nacrosuee BpeMsa, KOTAA yie AOCTUIHYTH 3HAUMTENBHHIE YCHEXHM B pas-
HelieHUM BORXOPOTA, HeilTepia M BOTOPONHOro AeiiTepuaa NpH IOMOINH razoBol Xpoma-
Torpaduu, NPOBOMUTCH AHAJOrMYHOE N3YYeHUE CMEcH BONOPONA, TPHTHA M THAPHUAA
TpuTUA. [loCKOABKY TPUTHII NPUMEHAETCH B KayecTBe MHAMKATOPA B HMYTOHHO MAJHIX
KOJIUYECTBAX, MCIIOJIb30BaHNE OOBLIYHOIG KATATEPMOMETPA AJdA €ro OGHAPYHeHHA He
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NPeNCTABIACTCA BO3IMOMKHEIM. BHIXORN U3 3TOT0 3aTPy/AHeHUA ObLI HAWNEH TIpU TOMOIIH
TOr0, 4TO HEMOCPEACTBCHHO 33 HKATATepMOMETDPOM YCTAHABIMBAETCA BHOpAIMOHHEIIL
JJIEKTPOMETD, CHAOKEeHHHI OTBOLOM YTEUYKHM BHICOKOTO CONPOTHBISHNA, YTO NO3BOIAAET
HEIPEPLIBHO CIeJUTh TPH TOMOINM CHHXPOHMBOBAHHHX 3AMMCHBAIIINX MEXAHM3MOB
33 AKTUBHOCTLIO TPUTUA M THAPUAA TPUTHA IPU BHIXORE UX X3 KOJOHHHL

Pasnenenme Takmx cMeceil NpOBepANOCh HA KOJOHHAX, 3AUOJHEHHHIX NaJdagueM
Ha KpeMmHeseMe, KpeMHe3eMOM, TIIMHO3eMOM U TIMHO3eMOM, MOKPHTHM OKHCHI XPOMAa
UM OKMCBIO eje3a. Ha KoJoHHe, 3amONHEHHOH NaNnajgueM Ha KpeMHeseMe, He
6ru10 mocTUTHYTO sdderTuBHOTO pasnenenud. Xopouiee pasjieieHue G510 JOCTUTHYTO
Ha IIPOCTOif KpeMHe3eMHOif KOJIOHHE, KOrfa BOJOPOM MCIONB30BAICA B KayecTBe
raza-HOCHTEJ A, HO TeInii He CMOT 3JIIMPOBATh U30TONH. ¥ JOBIETBOPUTEILHEIE PE3yilh-
TaThl OBLIM NOTyYeHH HA KOJIOHHE, 3aT0JHEHHO IIOKPEITHIM M YACTHUYHO ME€3aKTHBUPO-
B3HHBIM TIIMHO3EMOM, KOTJla TeJuii MJN HEOH ABJAINCH Ta30M-HOCHTEJeM, HO camoe
nyyliee pasgenenne ObIIO LOCTHTHYTO HA KOJOHHE, 3aII0JIHEHHOIl HEMOKPHITHM AKTHBH-
POBAHHEIM T'JIMHO3EMOM.

Hanu6poBKa co cMechlo rejlus U TPUATUSA W3BECTHON AKTUBHOCTH TLIIOC C ypaBHOBe-
HIeHHBIMH CMECSIMH BOAOPOHA M TPUTHA TAKMKe W3BECTHON aKTUBHOCTH II03BOJHET
TPOBOINThL KOJKMYECTBEHHBII aHAJANB TPUTHA W TUXPURA TPUTHUA.

Separacion del hidrogeno, tritio e hidruro de tritio por cromatografia de gases. Ahora que,
gracias a la cromatografia en fase gaseosa, se ha logrado separar el hidrégeno, el deuterio y el deuteruro
de hidrégeno, se estdn realizando estudios andlogos con mezclas de hidrégeno, tritio e hidruro
de tritio. Puesto-que se utiliza el tritio en cantidades apropiadas para la marcacién, no es posible
emplear el catarémetro usual para su deteccién. Los autores ban salvado esta dificultad colocando,
inmediatamente después del catardmetro, un electrometro de lengiieta vibratoria, provisto de un
escape de alta resistencia que permite medir continuamente por medio de registradores sincronizados
la actividad del tritio y del hidruro de tritio que puedan salir de la columna.

Los autores han ensayado la separacién de estas mezclas mediante columnas rellenas con paladio
precipitado sobre silice, con silice, con 6xido de aluminio y con éxido de aluminio recubierto de
4xido de cromo o de 6xido férrico. Con el relleno de paladio precipitado sobre silice no se logré
obtener separacion neta. Al empleat hidrégeno como gas portador, la columna de silice permitié
obtener una separacién satisfactoria, pero no fue posible eluir los isétopos con ayuda de helio.
Las columnas de 6xido de aluminio tecubierto de 6xido de cromo o de 6xido férrico, parcialmente
desactivado, dieron buenos resultados cuando se empled helio o nedn como gas portador, pero
la mejor separacién se obtuvo mediante alimina activada sin recubrimiento.

Para determinat cuantitativamente el tritio y el hidruro de tritio, es preciso calibrar el dispositivo
con mezclas de helio y tritio de actividad conocida y, ademds, con mezclas de hidrégeno v tritio en
equilibrio, de actividad también conocida.

Introduction

In recent months work dealing with the separation of hydrogen isotopes and
nuclear spin isomers by gas chromatography has been pursued in several labo-
ratories. A number of articles describing various degrees of separation have appeared
[1—5]. The first complete separation of hydrogen (H1), deuterium (H32) and hydro-
gen deuteride (H! H2) by gas chromatography was accomplished by Smith and
Hunt [6,7] and by Moore and Warp [8]. FuruvaMa and Kwan [9] have now
reported further separatlon of the hydrogen (Hf) into ortho and para forms simul-
taneously with the separatlon of the hydrogen deuteride and deuterium.

A method for the separation of tritium (H}) and hydrogen by displacement
chromatography from palladium has been described by Cuapwick [10]; in addition,
a patent has been granted for the separation of hydrogen from tritium by contact
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of a gaseous mixture with finely divided palladium and collection of the evolved
fraction when the palladium is gradually heated [11]. GanT and Yanc [12] em-
ployed gas chromatography with a molecular sieve column and helium as a carrier
gas to separate hydrogen, tritium hydride (H*HS3) and tritium from mixtures of
these gases. The column was maintained at —160°C and the eluant gas oxidized
over copper oxide at 600 °C before detection in a katharometer in series with an
ionization chamber. The mixtures contained about one atom % of the H? isotope.

The present research involves the application to the study of hydrogen-tritium
mixtures of those chromatographic methods which have proved efficient for separa-
tion and analysis of hydrogen-deuterium mixtures. However, the mixtures were to
contain tritium in the low concentrations applicable to tracer work.

Experimental

The essential features of the chromatographic and detector systems employed in
this research were as follows: the carrier gas from a tank was passed through a
sampling system, thence through the chromatographic column followed immediately
by a katharometer [13] and a 50-ml Borkowski ionization chamber attached to a
Cary Model 31 vibrating reed electrometer, thence through a flowmeter followed
by an oxidizing unit to convert any hydrogen into water and finally through a trap
containing size 5 A Linde molecular sieves. The katharometer and electrometer were
connected to synchronized Brown recording potentiometers. A resistor of 1010 Q
was installed in the electrometer between the input terminal and the feedback line,
thus making possible the use of a flow system through the chamber. Five different
columns were employed in this research. They were packed with (a) 43 ft of palla-
dium on quartz [2]; (b) 25 ft of silica gel; (c) 8 ft of alumina coated with chromia
71 (d) 8 ft of alumina coated with ferric oxide [8]; and (e) 8 ft of uncoated alu-
mina. Each packing was contained in copper tubing of either 1/4 or 5/16-in
outside diameter, and the tubing was coiled in such a manner that it could be
immersed in a Dewar flask containing liquid nitrogen or in a constant temperature
furnace. Carrier gases employed were hydrogen, helium, neon and argon.

Twenty-five curies of tritium gas (10.7 standard cm3) of 99 + %, purity was
Obtained in a small metal tank from the Oak Ridge National Laboratory. This was
repackaged in 25 7.1 cm long ampoules of 6 mm heat resisting glass tubing, each
of which contained 0.89 cm?® of tritium ar 0.5 atm pressure.

For use in the chromatographic experiments a 1-c ampoule of tritium was added
to 4000 standard cm? of hydrogen and the mixture stored in a small metal tank at
an original pressure of 32.6 Ib/in2. This gave an initial tritium activity in the tank
-of 0.25 mc per standard cm3. Samples of this mixture were taken over a period of
nine months, and appropriate corrections were made for the decay of the tritium
activity. The original mole ratio of tritium to hydrogen in this gas was 1.38 X 1074,
However, the two slowly reacted to form tritium hydride so that this figure, when
corrected for radioactive decay, actually represented the ratio of tritium plus tritium
hydride to hydrogen. '

A similar dilution of tritium was made with helium gas.in place of hydrogen so
that no tritium hydride could be formed.

Samples from the tritium-hydrogen or tritium-helium reserve tanks were intro-
duced into the carrier gas by means of a by-pass cell of 4.43 cm® volume. This by-
pass cell could be evacuated and then filled to any desired pressure, after which
the carrier gas was diverted through it before reaching the ¢hromatographic column.
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Experimental results and conclusions

Palladium on flint-quartz column. It was found by THomas and SwmrtH [2]
that partial resolution of hydrogen-deuterium mixtures by gas-elution chromato-
graphy in a column containing palladium black supported on flint quartz could be
effected. An extension of this elution technique was made to hydrogen-tritium mix-
tures.

Samples of hydrogen-tritium mixtures up to a total pressure of 500 mm were
eluted through the column with argon as the carrier gas and column temperatures
of 150—175 C°.No apparent activity in the form of either tritium or tritium hydride
was eluted from the column at these temperatures. This was attributed to the strong
absorptive properties of the palladium metal for hydrogen, to the length of the
column employed and to the very small amounts of tritium and tritium hydride
present. When the column temperature was slowly raised to 300°C under carrier
flow, a small amount of activity was observed on the electrometer, but no apparent
separation of components was observed. The activity detected at these elevated
temperatures should be eluted from the column in the form of tritium, since the
palladium metal effectively catalyzes the hydrogen-tritium : tritium hydride conver-
sion. Results of this work indicate that tritium is more strongly absorbed by the
palladium metal than is hydrogen; hence, the method could be used to concentrate
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Fig. 1

Typical electrometer recorder trace for Hp-HT-T, sample (394.4 mm, 4.43 cc, 25°C) with hydrogen
carrier at a flow rate of 65 cc min through 25-ft silica gel (40—60 mesh) column at 77 °K.

tritium from hydrogen samples but would not be effective in the absolute resolution
of hydrogen-tritium : tritium hydride mixtures in accordance with the results
obtained by CHapwick [10]. _

Silica gel column. Silica gel has been found effective in the separation of hydro-
gen deuteride and deuterium at the temperature of liquid nitrogen with hydrogen
as the carrier gas. Partial resolution of hydrogen, hydrogen deuteride and deuterium
has also been observed at the temperature of boiling methane with helium as carrier
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17]. Experiments were performed with both of these carriers at 77 °K. Helium failed
to elute hydrogen, tritium hydride or tritium; but hydrogen gave excellent reso-
lution of the tritium hydride and tritium. The results are shown in Fig. 1. It should
be noted that, since a tritium hydride molecule has only one-half the activity of a
tritium molecule, the peak area of the former should be doubled for comparison of
quantities of the two gases.

Chromia on alumina column. Actlvated alumina coated with chromia (Cr +
Cry03) was found to be effective in the separation of hydrogen, tritium hydride
and tritium at 77 °K with both helium and neon as the carrier gas. The chromia-
alumina column was deactivated with distilled water and partially reactivated at
150°C under a low helium flow rate for a period of 12 h. The state of column
activation is quite critical in the production of effective resolution of hydrogen,
tritium and tritium hydride. At reactivation temperatures greater than 160°C the
isotope separation remains good, but the retention times for the components in the
equilibrium mixture become prolonged; and, as a result, the peaks observed from
ionization chamber response to tritium hydride and tritium activity become con-
siderably broadened. At reactivation temperatures less than 145 °C resolution of the
isotopic species becomes less pronounced even though the peaks observed are sharp
and essentially symmetrical. The optimum column reactivation temperature pro-
ducing effective component resolution, sharp and symmetrical elution peaks and
reasonable elution times has been found to be approximately 150°C. A typical
combined electrometer recorder and katharometer recorder trace, employing identical
recorder chart speeds so that the time axes are identical, for the elution of a sample
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Fig. 2
“Typical synchronized electrometer and katharometet recorder traces for Hy-HT-T, sample (371.8 mm,

4,43 cc, 25°C) with helium catrier at a flow rate of 65 cc/min through partially deactivated (water,
150 °C) chromia-alumina (40 —60 mesh) column at 77 °K.

mixture of hydrogen, tritium and tritium hydride at known pressure and volume
is shown in Fig. 2. An ionization chamber polarization potential of —225 V| a sen-
sitivity setting of 1V full scale on the electrometer and the 1010-Q leak resistor
were employed to obtain a series of curves essentially identical ‘with that given in
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Fig. 2. The katharometer employed thermistor detector elements and was set at
maximum sensitivity.

Examination of Fig. 2 indicates that column deactivation is apparently sufficient
to allow partial resolution of para- and orthohydrogen spin isomers while still it is
active enough to allow complete resolution of tritium and tritium hydride. Subse-
quent column poisoning followed by reactivation at 140°C yielded the typical
elution curves shown in Fig. 3. Resolution of tritium hydride and tritium became
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Typical synchronized electrometer and katharometer recorder traces for H,-HT-T, sample (332 mm,
4.43 cc, 25°C) with helium carrier at a flow rate of 80 cc/min through partially deactivated (water,
140°C) chromia-alumina (40—60 mesh) column at 77 °K.

less effective, while the orthohydrogen-parahydrogen resolution became slightly
better, as expected. It will be noticed that there is partial overlap of the orthohydro-
gen and tritium hydride peaks, indicating that the column in its deactivated state
does not effectively separate orthohydrogen and tritium hydride. It will also be
noted that there is a shoulder on the electrometer trace corresponding to the elution
of hydrogen. This is caused by a change in the leak rate in the electrometer as the
sample enters the chamber. The effect of increased flow rate of the carrier on peak
shapes, elution times and effective resolution of components is also shown in Fig. 3.
The orthohydrogen-parahydrogen elution order and ortho- to parahydrogen ratio
of approximately 2.8 to 1.2 in the samples employed indicate that the paramagneric
character of the chromia leading to orthohydrogen-parahydrogen conversion on the
column is considerably reduced by poisoning with distilled water followed by low
temperature reactivation. The results obtained with this partially poisoned column
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with regard to orthohydrogen-parahydrogen resolution are in good agreement with
the results obtained by Van Hook and EMMETT [4], who employed helium and neon
carriers over activated alumina at 77 °K. ) '

In an effort to enlarge the hydrogen peaks, which are relatively small when
helium is used as the carrier gas, neon was employed under conditions identical with
those given in Fig. 2. A series of samples was run, and typical simultaneous electro-
meter and katharometer traces are given in Fig. 4. Excellent resolution of tritium,
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Typical synchronized electrometer and katharometer recorder traces for H,-HT-T, sample (211 mm,
4.43 cc, 25°C) with neon cartier at a flow rate of 62 cc/min through partially deactivated (water,
150°C) chromia-alumina (40 —60 mesh) column at 77 °K.

tritium hydride and hydrogen was obtained with neon carrier in reasonably short
elution times. At higher column reactivation temperatures the orthohydrogen-para-
hydrogen conversion was slightly more pronounced. Absolute resolution of hydrogen
spin isomers has, as yet, not been achieved. These data are also in good agreement
with those of Van Hook and EmMmETT [4].

An analytical method for the accurate determination of tritium and tritium
hydride content (%o composition and activity in mc) in sample mixtures of hydro-
gen, tritium and tritium hydride at various total pressures, with the 8-ft chromia-
alumina column with helium carrier at 77 °K, was developed.

A glass ampoule of 0.89 cm® volume containing 1 ¢ of tritium at 475 mm pressure
was expanded into a 1550 cm® volume tank and diluted with helium to a total pre-
ssure of 32.8 lb/in2. The ratio of helium pressure to tritium pressure in the tank was
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therefore 7.094 X 108. Thus, in any given total pressure sample of helium and
tritium, the tritium pressure is calculable. A series of various pressure samples of
helium and tritium were run through the column, and a plot was made of tritium
peak area (peak height times the width at one-half peak height) versus the pressure
of tritium in the sample. From the linear relationship obtained the pressure of
tritium in a sample mixture of hydrogen, tritium and tritium hydride, prepared by
dilution of tritium (1 ¢, 0.89 cm3, 25 °C, 475 mm) with hydrogen to approximately
the same ratio as in the helium dilution, could be calculated.

The initial dilution ratio of hydrogen to tritium in the absence of equilibration
(Hp + T =2HT) in the hydrogen dilution tank was similarly calculated. This
ratio (Pg,/P1y) was 6.15 X 10% Essentially 1009/o conversion of tritium to tritium
hydride in various pressure samples from this tank was obtained by equilibration
of the mixture over a hot (1200°C) nichrome wire in a 100 cc volume exchange
cell. The ratio of hydrogen pressure to tritium hydride pressure in these samples was
therefore 3.073 X 103, A series of samples of this equilibrated mixture, at various
total pressures, was eluted through the column with helium carrier; and a linear
plot of tritium hydride peak area versus tritium hydride pressure in the sample was
constructed. From such a plot the pressure of tritium hydride in an unknown mix-
ture of hydrogen, tritium and tritium hydride can be obtained. The hydrogen pre-
ssure in a sample is obtained by the difference in the total sample pressire and the
total tritium hydride and tritium pressure. Sample volumes were constant; hence,
all sample pressures were converted to 25°C. The results obtained by this method,’
on the chromia-alumina column, for mixtures of hydrogen, tritium and tritium
hydride taken from the hydrogen dilution reservoir at a time interval between
samples of about 7 d, are given in Table I. The data given show the slow progress

TasLE [

ISOTOPIC COMPOSITION FOR MIXTURES OF HYDROGEN ISOTOPES
AT 25°C AS DETERMINED BY GAS CHROMATOGRAPHY

Partial Pressures Composition
P Sample (mm of Hg) )
{mm of Hg) P P, Pur H, T, HT
H (x 109 | (X109 o/ (%) %)
371.8 371.66 458 8.90 99,962 0.0123 0.024
385.2 385.07 3.88 9.25 99.966 0.0101 0.024
332.0 331.89 2.68 8.80 99.966 0.0080 0.0265
286.9 286.80 2.19 7.75 99.965 0.0076 0.0270

towards the establishment of equilibrium in the reservoir over a period of time.
The equilibrium constant for the isotopic reaction (Hg+ Ta+=2HT) at 25°C was
calculated from thermodynamic partition functions and found to be approximately
2.5. From the initial hydrogen and tritium pressure in the reservoir, the percentage
compositions of the isotopic species at equilibrium were calculated and found to be
Hy—99.967; Tg—3.4 X 1076; TH —0.0325. The data given in Table I agree quite
well with trends toward these equilibrium wvalues. Experimentally determined
pressures for the active components (tritium and tritium hydride) in a series of
samples were converted to the corresponding total reservoir volume pressures; and,
since the initial pressure of tritium in the reservoir was known to correspond to 1 ¢
activity (accounting for approximately 7.549/p Ty decay over the time interval since
initial dilution), the activities of the tritium hydride and tritium components in the
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isotopic mixture were calculated and found to range from 0—120pc (H3) per cc
of sample gas, depending on the sample pressure employed.

Ferric oxide on alumina column. Activated alumina (80—100 mesh) coated with
ferric oxide was also found to be effective in the separation of hydrogen, tritium
hydride and tritium at 77 °K with helium as the carrier gas. The ferric oxide on
alumina column was initially activated by heating at 200 °C under flowing nitrogen
for a period of 12th. It was deactivated in a manner analogous to that employed
with the chromia-alumina column. Optimum column reactivation temperatures,
leading to the most effective resolution of the three isotopic species, were found to
be in the range 130—140°C. This effective temperature range is slightly lower than
it is in the case of the chromia-alumina column. A typical electrometer recorder
and katharometer recorder trace for the elution of a mixture of hydrogen, tritium
and tritium hydride is shown in Fig. 5. It is interesting to note that in this case
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Typical synchronized electtometer and katharometer recorder traces for Hy-HT-T, sample (415.2 mm,
4.43 cc, 25°C) with helium carrier at a flow rate of 60 cc/min through partially deactivated (water,
140°C) ferric oxide on alumina (80—100 mesh) column at 77 °K.

the ortho- to parahydrogen conversion in the column, catalyzed by the paramagnetic
ferric oxide, retarded separation of these spin isomers. The leadmg parahydrogen was
partially converted to orthohydrogen, and the slower moving orthohydrogen was
partially converted to parahydrogen. This tends to sharpen the hydrogen peak. The
breadth of the hydrogen trace in Fig. 5 indicates that, although two peaks are not
evident, only partial equilibration between the spin isomers was obtained.

Alumina column. An 8-ft column of unactivated alumina (80—100 mesh) at 77 °K
gave no separation of tritium and tritium hydride with helium as a carrier. This
column was activated at 370 °C under flowing helium for a period of 8 h. After such
activation, the column proved to be exceedingly effective at 77 °K in the resolution
of hydrogen, tritium hydride and tritium when helium was employed as a carrier.
This result was somewhat unexpected, since such a column was found by SmrTH and
Hunt [6,7] to be relatively ineffective in the separation of hydrogen, hydrogen
deuteride and deuterium. The results are shown in Fig. 6. It is interesting to note
that the change in leak rate in the electrometer chamber caused by the presence of
hydrogen itself in the helium was sufficient to show the complete separation of
hydrogen from the other components of the sample. :

In conclusion, it was demonstrated that hydrogen, tritium hydrxde and tritium
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can be separated by gas chromatography even when the tritium is present in tracer
quantities only and that the method can be applied to the analysis of such a mixture
as well as to the concentration of the radioactive isotope.
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Fig. 6

Typical electrometer tecorder trace for H,-HT-T, sample (343 mm, 4.43 cc, 25 °C) with helium cattier
at a flow rate of 65cc/min through 8-ft activated alumina (80—100 mesh) column at 77°K.
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DISCUSSION X

J. G. Burr (United States of America): Using the following percentage com-
position figures from Table I in the paper: Hg — 99.96; Ty — 0.0123; HT — 0.0240,



SEPARATION OF HYDROGEN TRiTIUM AND. TRITIUM HYDRIDE 131

we find that (T) = 0.06 ml/100 ml-— 0.15 ¢/100 ml ThlS (T) corresponds to a
dose rate of 5 keV electrons of

0.15 X 4 X 5 X 1010d X 10%V 3 X 1019V

100 ml sec. ~ ml sec.

If for the exchange the G — 10 000
Hy + Ty =2 HT,

then 3 X 102 mol. are exchanging and the exchange should be nearly complete in

ml sec.
about 100d, i.e. the HT/T; peak ratio should increase at about 1—2%sd. Was
any such growth of HT observed?

H. A. Smith (United States of America): An examination of Table I shows that
the HT/Tg ratio changed from approximately 2.0 to 3.5 in about 21 d. The analytical
method has not been worked out in sufficient detail to give more exact answers.

J. G. Burr: I should also like to ask what caused the peak for hydrogen.

H. A. Smith: We believe — although this is only speculation — that it was
caused by a change in the leak rate through the gas in the chamber. As you know,
there is a normal leak rate due to the presence of cosmic rays which cause ion
pairs, and this depends upon the nature of the gas in the chamber.

E. Roth (France): We have been working for some time on the same analytical
problems as Prof. Smith. I might add that we have found that hydrogen itself is a
very satisfactory carrier for HT, HD and Dg and we even have a small peak of Hp
in hydrogen, due to the fact that there is a difference between the absorption of
ortho- and parahydrogen on the column itself. Similar work has been. reported
earlier by Russian authors who, I believe, also used hydrogen.

H. A. Smith: I would recall, in this connection, that in my first slide (Fig. 1)
I showed that we had used hydrogen as a carrier on silica and had obtained very
good separation of HT and Ta.

H. S. Isbel (United States of America): Did Prof. Smith check experimentally
whether hydrogen passed through his apparatus without any tritium could cause
the hypothetical increase in leak rate in the vibrating reed ascribed to hydrogen
and also whether the effect might be caused by a memory effect arising from the
high-activity tritium that had been passed through the ion chamber immediately
before the hydrogen?

H. A. Smith: The answer is: Yes. We prepared a brand new column which had
never been exposed to tritium (so that no memory effect could have been involved).
The resulting traces were obtained from a sample of pure hydrogen with helium
as a carrier at 77 °K. The thermal conductivity tracé (see below) indicates the
hydrogen clearly, with partial separation into two peaks. These are caused by the
presence of the nuclear spin asumers, parahydrogen and orthohydrogen. The
electrometer trace (see below), which is synchronized with the thermal conduc-
tivity trace, not only shows clearly the change of ion current with the passage of
the hydrogen sample, but also indicates the partial separation of the nuclear spin
isomers.

J. R. Gat (Israel): Could Prof. Smith comment on the applicability — for
purposes of measurement — of the gas chromatographic method for pre-enrichment
of tritium at a natural level of activity?

H. A. Smith: We have not attempted any pre-enrichment of tritium at a natural
level of activity; however, there may. well be an application of the chromato-

9x
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graphic method to the problem of tritium determination in natural waters. When
the natural water samples are concentrated by electrolysis, high percentages of
deuterium are obtained, and these can be evaluated quantitatively by gas chromato-
graphy. It may be possible to refine the detection system so that the deuterium and
tritium may be determined simultaneously on a very small sample of the residue
from electrolysis. : ‘

B. Gonsior (Federal Republic of Germany): I should like to comment upon the
use of a thermal diffusion column capable of continuous operation for con-
centrating tritium. The fundamental equation of thermodiffusion (1—5) applied
to a mixture of Hp + HT lead to the dimensions of the plant given in Table 1.

TasLE 1

DIMENSIONS AND NORMAL PERFORMANCE CONDITIONS
Radius of the wire 0.025 cm
Radius of the tube 1—-2cm
Temperatute of the wire 500°C
Temperatutre of the cold wall 20°C
Amount of gas-flow 0.5 cm® sec™t
Detichment 100
Length of derichment column 440 cm
Entichment 1000
Length of entichment column 360 cm

The experimental arrangement is shown in Fig. 1. The apparatus consists of four
stages which are convectively coupled. Two of these stages form the “derichment
column” while the other two stages comprise the “enrichment column”, the last
stage of which may be isolated by stopcocks so that the hydrogen may be with-
drawn. The mixture which it is required to enrich in tritium is introduced in the
apparatus between the derichment and enrichment columns. A pipe from the end
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of the “derichment column” leads into an organic oil to prevent air entering the
apparatus, During continuous operation the outgoing hydrogen from the “derich-
ment column” contains not more than 19/, of the incoming concentration. The
volume of the whole apparatus is 121 while that of the last enrichment stage
is 1.51

The performance of the apparatus was examined by introducing a known
quantity of tritium, running the apparatus for some hours, and then measuring
the percentage of tritium in the final enrichment stage. The apparatus was filled
with tritiated hydrogen at pressures varying between 25 and 75 cm of mercury
and at temperatures of 400 and 500 °C. The results are shown in Fig. 2, from which
it is seen that an efficiency of 1009/, was obtained after 15 h operation at 500 °C
and at a pressure of 70 cm mercury. Equilibrium of 100%, was obtained.

500°C

q00°C

%
$

T T ¥ T T T T T
100 200 300 400 500 600 700 800
mm

Fig. 2

Using this method it is possible to enrich samples having a low concentration
of tritium. It is not necessary to know the separation factor for tritium since the
apparatus may be so constructed that the tritium may be quantitatively extracted
and measured.
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Abstract — Résumé — AHBOTANMA — Resumen’

Isotope effects accompanying use of tritium and deuterium in the study of organic radiation
chemistry. The subject of the paper is the types of isotope effects which must be considered in
using tritium and deuterium to study the radiolysis of organic compounds. Overall isotope effects
are defined for several types of labelling such as the use of partially-labelled materials (where the
labelling is either random or specific) and mixtures of wholly-labelled with wholly-unlabelled sub-
strates. Contributions to the overal] isotope effect are analysed in terms of (1) isotope effects in
excitation processes; (2) isotope effects in the dissociation of excited molecules; and (3) isotope
effects in the secondary radical reactions. The quasiequilibtium theory of molecule-ion dissociation
is used to estimate quantitatively the isotope effects accompanying loss of hydrogen and deuterium
atoms from biphenyl molecule-ions; this application is discussed. It is shown how scavenger tech-
niques can' be used to estimate the isotope effect accompanying loss of hydrogen and deuterium
by non-radical processes in the radiolysis of deutetiated methanols. Existing literature about isotope
effects in the secondary radical reactions is summarized critically. The existence of pronounced
secondary isotope effects in the formation and teactions of deuterated aliphatic radicals is emphasized.

Effets isotopiques accompagnant I’emploi du tritium et du deutérium dans les recherches
en radiochimie organique. Le mémoire est consacré aux effets isotopiques dont il faut tenir compte
en utilisant le tritium et le deutérium dans I'étude de la radiolyse de composés organiques. L’auteur
définit les effets isotopiques globaux pour plusieuts procédés de marquage, tels que 'emploi de
matiéres partiellement marquées (marquage aléatoire ou spécifique) ou de mélanges de substrats
entierement marqués et non marqués. Les éléments de Ieffet isotopique global sont analysés en
tenant compte: (1) des effets isotopiques au couts des processus d’excitation; (2) des effets isotopiques
durant la dissociation des molécules excitées; (3) des effets isotopiquesvlors des réactions secondaires
entre. radicaux., On applique la théorie du quasi-équilibre de la dissociation molécules-ions pour
évaluer quantitativement les effets isotopiques qui accompagnent la perte d’atomes d’hydrogene
et de deutérium du biphényle en équilibre molécules-ions; ce procédé fait ’objet d’un examen
critique, L’auteur montre comment on peut utiliser les méthodes de balayage pour évaluer I'effet
isotopique qui accompagne la perte d’hydrogéne et de deutérium par suite de processus sans inter-
vention de radicaux qui s’opérent pendant la radiolyse des méthanols deutérés. Le mémoire contient
un bref exposé critique des travaux publiés sur les effets isotopiques dans les réactions secondaires
en présence de radicaux. Il met en lumiére la présence d’effets isotopigues secondaires marques
lors de la formation des radicaux aliphatiques deutérés et de leurs réactions.

Hzorommueckne 3¢d@erTr], cONPOBOKNAOINNE HCNOIL30BAHNC TPUTHA M -AeiiTepns
B paguMANMOHHOM XMMAN OPraENYeckHX Remiects. B palore faercs onucaHHe H30TONH-
4eCKNX 3QPEKTOB, KOTOPHIE CIENYET YUYHTHBATh PN MCIOIL3OBAHNY TPUTUA U AeliTepnsa
ANA N3yYeHNA PaKMOJIN3a OpraHHYECKHX coeRuHeHuil. OnpenenAnTca obmue u30Tonu-
yecKue 3HexTr ANA OTALIBHLX BUAOB MeUeHNMsA, TAKNX, KAK MCIIOIb30BaHMEe YACTHIHO
MeUeHEIX MaTepUaoB (Korga Medenue jubo Gecmopsagoyso, aubo cnenupuyHo) W
¢Mecell HOJHOCTBIO MeYeHHIX cyGCTPAaTOB ¢ MOJNHOCTBIO HAMEYEHHIMH CYGCTparamu.
O6wmit usoTonuyecKnit 9QQPerT aHAINBUPYETCA 1O er0 COCTABHEIM YACTAM, 4 MMEHHO:
1) uzorTonuyeckue agdexTH Npu npoueccax Bo3byxAeHuA; 2) usoronnyeckue aPHeKTH
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TpU AUCCONUAUUN BO3OYMAGHHBIX MOJeKYN; U 3) usoronnueckue d3PPerTs npu modoy-
HHIX pearuuax pagukainoB. Teopusa KBasMpaBHOBecHd RUCCONMALUM MOJEKYJIa-NOH
ACHOIL3YETCA IJIA KOJUUECTBEHHOTO Ofpefelienns maoronuyecknx addexTton, compo-
BOKNAIINX MOTEPI0 aTOMOB BOJOPOXA M fAelitepud y NUdeHUIOBHIX MONEKYJ-NOHOB;
obcymnaeTca npuMeHeHue aTol Teopuu. B pabore MOKABHIBAIOTCA, KAK METOAH aKIeN-
TOpAa PajgMKajoOB MOTYT MCHOJBL30BATHCH MJIS OIEHKM M30TomMYeckoro sddexra,
CONPOBOKAAIILEr0 IIOTEPI0 BOXOPORA M AgliTepUA UPM HEPATUKANBHHX Tpoleccax
B paiMoin3e HACHINEHHBIX [elirepneM MeTaHoJO0B. JlaeTcd KpUTUYECKAS OLEHKA
UMepLIelcA nuTepaType Ho u3orommyeckuM osddexTaM npu NOGOYHHIX PeaKIUAX
panuranoB. I[ToguepKuBaeTcsa CyLIeCTBOBAHUE PEBKO BRHIPAKEHHHIX NOOOYHHIX M30TOIM-
‘yeckuX 3@dexToB mpu 06pa30BaHHUN M PEAKUHAX HACHILIEHHEIX fefirepuem ammbaru-
YeCcKUX PajHUOKaIB. .

Efectos isotopicos que se producen al emplear tritio y deuterio en el estudio de la radidlisis
de sustancias orgdnicas. La memoria trata de los tipos de efectos isotdpicos que es preciso tener
en cuenta al estudiar con ayuda de tritio o de deuterio la radiélisis de compuestos orgénicos. Define
los efectos isotépicos globales cotrespondientes a marcaciones de varias indoles, como el empleo
de sustancias parcialmente marcadas (tanto aleatoria como especificamente) o de mezclas de sustancias
totalmente marcadas con sustratos enteramente no marcados. El efecto global se analiza segin lo
que a él contribuyen 1) los efectos isotdpicos en procesos de excitacitén, 2) los efectos isotdpicos
en la disociacién de moléculas excitadas y 3) los efectos isotépicos en las reacciones secundarias
de radicales. El autor examina la posibilidad de recurrir a la teoria del cuasiequilibrio de la diso-
ciacién de los iones moleculares para evaluar cuantitativamente los efectos isotépicos que acompafian
a la pérdida de 4tomos de hidrégeno y de deuterio por iones moleculares difenilo. También demuestra
de qué manera pueden servir las técnicas que emplean depuradores para calcular el efecto isotépico
que, en la radidlisis de metanoles deuterados, acompaia a la pérdida de hidrégeno y deuterio en
virtud de procesos en que no intervienen radicales. El autor analiza criticamente la bibliografia
existente sobre los efectos isotdpicos en reacciones secundarias de radicales. Destaca la intervencién
de efectos isotopicos secundarios muy pronunciados en la formacién y en las reacciones de radicales
alifaticos deuterados.

Introduction

The action of ionizing radiation on organic materials préduces hydrogen gas as
a major product. This product results naturally from unimolecular dissociation of
whatever carbon-hydrogen bonds are present in the molecule and from various
types of bimolecular processes, such as the interaction between a hydrogen atom
and the organic molecule. Hydrogen is also product formed by absorption in
organic substances of ultraviolet light in the short wave-length regions (xenon
resonance radiation, for example), or by mercury-photosensitized reactions in the
medium ultraviolet wave-length regions.

Knowledge of the reaction steps and rate processes concerned in the formation
of a major product such as hydrogen can be expected, generally, to provide a good
insight into the nature of the over-all decomposition of the molecule; thus, the
formation of radiolytic hydrogen from organic molecules has been the subject
of many investigations [2]. The most effective tool for these investigations has
been the use of isotopic hydrogen tracer techniques [3] and hydrogen atom
scavengers [4] or a combination of these two techniques. Since the isotopic
hydrogen tracers necessarily used for these investigations are hydrogen, deuterium
and tritium, where the difference in masses and the difference in zero-point
vibrational energy of bonds with these isotopes are large, the potential isotope
effect on rates, exchange reactions and equilibria are large; these isotope effects
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have greatly complicated the interpretation of the results of the experiments. The
complications are particularly severe because the isotope effects in the dissociation
of electronically excited molecules, and in many of the particular bimolecular
secondary reactions, have never been quantitatively considered or discussed, except
in the most cursory fashion. This lack of information is in decided contrast with
the relatively thorough understanding of most kinetic isotope effects [5] for
reactions involving only vibrationally excited molecules or the interactions of
species with only thermal kinetic energies.

Isotope effects in the dissociation reactions of electronically excited molecules
should occur not only in the dissociation of carbon-hydrogen bonds but also, as
will be emphasized below, in the dissociation of carbon-cirbon, and other bonds,
in molecules which contain a substantial fraction of carbon-tritium or carbon-
deuterium bonds. Surprisingly enough, this sort of secondary isotope effect has not
been considered in photochemical studies where dissociation. of deuterium-labelled
molecules, such as ketones, are 'very commonly involved although primary isotope
effects in radical abstraction reactions have proved a great source of information
on mechanisms [6]. Only for dissociations of the molecule-ions formed in the mass
spectrometer has consideration of both the primary and the secondary isotope
effects been explicitly considered [7].

It is 'the principal purpose of this paper to discuss the types of isotope effects
which must be considered in the use of tritium to study the formation of hydrogen
in the radiolysis of organic compounds, to report what few examples of information
on these effects exist in the literature and to present the theory which must be
applied in the case of isotope effects accompanying the dissociation of electronically-
labelled organic molecules containing tritium. Many of the examples discussed here
will necessarily be drawn from experiments where deuterium-labelled molecules
rather than tritium-labelled molecules were used. It will be a secondary purpose of
this paper to estimate the usefulness of this deuterium data for predictions of
magnitudes and direction of tritium isotope effects.

A. The, overall isotope effect

This, the most obviously measurable isotope effect, can be measured in several
different ways. For example, if one considers hydrogen and deuterium formed in
the radiolysis of a series of partially and selectively deuterated biphenyls [8], the
over-all isotope effect can be measured as the yield of hydrogen, G(Hp), from
biphenyl relative to the yield of deuterium, G(Ds), from biphenyl-djy. For the
series of partially deuterated biphenyls a different sort of isotope effect can be
calculated from the data: the specific yield of hydrogen (i.e. G(Hg) + 1/2G(HD)/
number of C-H bonds in a molecule) relative to the corresponding specific
deuterium yield  from the same substance. For biphenyl and the deuterated bi-
phenyls [8] the value of the first isotope effect, G(Hj3)/G(Dg) = 3.08, was found
to agree with the value of the second isotope effect, 2.97 £0.28. For organic mole-
cules with different types of C-H and O-H bonds, such as”ethanol [9] and acetic
acid [9], or methanol (Table I) where the hydrogen originates in a highly selective
manner from particular sets of hydrogen bonds, the whole concept of the overall
isotope effect is superseded by another and more important consideration — the use
of this tracer technique to indicate molecular specificity in the formation of
hydrogen [3].

The above discussion is concerned with an over-all internmolecular isotope effect —
i.e. the comparison of molecules in which all of a given type of hydrogen bond
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is either hydrogen or deuterium. For tritiated moleculés the corresponding situation
would be the compatison of molecules where all of a given type of bond would be
either hydrogen (or deuterium) or tritium. There are no examples of this in the

TasLE I
THE RADIOLYSIS OF DEUTERATED METHANOLS WITH COBALT-60 GAMMA
~ RAYS
G ' Total d
Substance (Hydro- | %H, |%HD | %D, | G(CH,) [G(CO)| Reference 1853 V".Se
gen)* evg
CH,OD 3.60+0.11| 40.0 | 60.0 | — | 0.62*** | — |Thispaper
CH,0D - 36.0 | 60.0 | 4 - - +1 -
CH,OD+4—5%,

D,O 4.2540.06| 324 | 650 | 25 | 0.34+* | 008 |Thispaper 3
CD,0H 350403 | 13.7 | 75.0 | 11.3 | 0.32t —  |Thispaper 3
CD,0D - 4.09+0.04| 00 | 3.7 ! 963 | 0.04 — | Thsipaper 3
CH,OH 53240.14| — - - - - - -

* By this, we mean G (H, + HD +4 D,).
** Composition undetermined.
**% CH, = 86%; CH,D = 149,; CH,/CH,D = 6.
+ CD,H/CD, = 0.46.
1t YIZUKA Y. OUCHI, Y., HIROTA, K. and KUSMOTO, G., Nippon Kagaku Zasshi (J. chem. Soc. Japan
(1957) 129; UCRL Translation 370).

literature of radiation chemistry, and there are not likely to be any since a_mole-
cule containing such a high fraction of tritium would be subject to-self-radiolysis
at a very high rate (wholly tritiated ethane at atmospheric pressure, for example,
would ‘contain about 100 ¢ of activity per 25 ml — with a half-thickness of only
a few mm). Wholly tritiated molecules have been used to obtain data on vibrational
structure and rotational structure of the molecules in question*, but the radiation
chemistry of such molecules has not been studied — except that STAATS, MORGAN and
GoOLDSTEIN report that their samples of TCN polymerized spontaneously in less than
12 h presumably because of self-radiolysis similar to that observed in compounds
containing carbon-14 [11]. The decomposition of compounds such as benzene,
toluene or ethane which contain an entire tritium atom, either randomly located
or specifically located® in a mass spectrometer (self-ionization) has been reported;
but, of course, the process of beta decay which makes the ionized species detectable
removes the tritium atoms and thus prevents observation of any isotope effect.
The few reported occasions on which a tritiated compound has been irradiated —
acetic acid [13], toluene [14], methane [15] — have all involved organic compounds
containing tracer amounts of tritium — i. e. only a small fraction of the hydrogen
of a particular bond type or position has been replaced by tritium. The overall
isotope effect which could be measured in this sort of experiment (although in the
examples given no isotope effect in the formation of hydrogen was reported) would
be an intramolecular isotope effect [16], shown as kj./kq, in equation (1) for a
hypothetical tritium-labelled propane, while the sort of isotope effect which has

* For example, CT, has been prépared for use in the study of infrated spectra of methane, TCN
and T,0; the various hydrogen species, H,, HD, D,, TH, TD and T, have been ptepared and
studied. [10] )

* WEXLER, ANDERSON and SINGE, for propane-t and the tritiated toluenes; WEXLER, for
cthane-t; and CARLSON for benzene [12].
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been reported for the deuteriumi compounds is- the intetiholecular isotope  effect,
ko/ks. Intermolecular and intramolecular isotope effects are

\ CHACHCH; + T
CDsCD5CD; 2 CDyCDCD; + D @)
CH;CH;CH; ks . CH,CHCH; + H " o)

different in magnitude (for a reaction where each can be measured, such as the for-
mation of carbon dioxide from C!3-labelled malonics acids) [17, 18]. Unfortunately,
in each of the examples reported above [13, 14, 15] the tritium label was used to
assist in measuring or identifying radiolysis products other than hydrogen-methane
from.acetic acid, methane and benzene from toluene, higher hydrocarbons from
methane — and the use of this label to assist in mechanism determination for
hydrogen formation or in measurement of overall tritium-hydrogen isotope effect
has not yet been reported. A comparison of the inter- and intramolecular isotope
effects would be very interesting.

The overall isotope effect for hydrogen formation in organic radiolysis is prob-
ably the result of isotope effects of varying magnitudes in each of the competitive
and consecutive primary and secondary reactions which are intermediate in the
formation of hydrogen. The nature and number of these intermediate processes is
not entirely settled. In fact, the principal rationale for using tracers is to obtain
more information about precisely this matter, and this is the principal information
which can be gained from consideration of these isotope effects.

For the purposes of this discussion, component isotope effects can be considered
~under the following categories:

(1) Isotope effects in the ionization or excitation of isotopically labelled mole-
cules. These appear to be absent or small*, and it is likely that they simply reflect
the small perturbation of the electronic transition probabilities by unsymmetrical
vibrational modes. They will not be further discussed in this report.

(2) Isotope effects in the relative probabilities of dissociation and relative rates
of dissociation of M-H, M-D and M-T bonds for electronically excited molecules
(where M is usually C, O or N). This subject will provide a principal toplc of this
discussion.

(3) Isotope effects in the bimolecular reactions of electronically excn:ed molecules
with each other or with ground electronic state molecules. Very little is known about
this matter, including the probability of such processes in liquid-state systems. It
will not be discussed further here, except in passing. »

(4) Isotope effects in the secondary reactions of H, D or T atoms. Existing knowl-
edge on this matter will be brieﬂy summarized; theoretical interpfetation of such
isotope effects is encompassed in well developed applications of existing reacuon-
rate theory {16, 17, 18] and will not be discussed here at length.

* KrAUSS and KROPF report AIP for CH, and CD, of0.18 ¢V, however andof 0.22eVin NH
and ND, [18]. .
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B. Isotope effects in the reactions of H, D and T atoms with organic substances
and in the reactions of organic radicals with Hy, Dy and Ts.

Pronounced isotope effects, both primary and secondary, do exist, and the data
on these are extremely scanty and difficult to use.

The existence of primary isotope effects is apparent in the observed and calculated
ratios of rate constants for the reactions of hydrogen and deuterium atoms with the
corresponding molecules [19]: (H + Hg)/(D + Dg) = 1.93; (H + Ha)/(D + Hp) =
1.12; (H+ Dg)/(D +Dg) =1.07; (H+ He=Hpg)/(H+ HD =Hjy) =2.98; (D+
+ Dg = D3)/(D + HD = Dy) = 1.42. A similar sort of primary isotope effect exists
for the reaction of methyl radicals (and presumably for other organic radicals) with
hydrogen and deuterium [20] since the ratios of rate constants for the following
such reactions are reported: (CHjs+ Hg)/(CHjs+ Dg) = 3.3. The existence of an
interesting secondary isotope effect is shown by the following ratio of rate constants:
(CHj + Hy)/(CD3 + Hp) = 0.71.

The corresponding isotope effect for the reactions of H and D atoms with organic
molecules appears to have been almost completely ignored in the abundant literature
reporting use of D atoms in the study of the reactions of “hydrogen” atoms with
.organic substances although it must certainly exist and be of measurable magnitude.
These experiments have usually been carried out with D atoms for identification of
a particular product of the reactions or as a study of the exchange reactions accom-
panying formation of the organi¢ radicals. Broad general observations of this type
are not invalidated or much altered by the existence of relatively small isotope
effect in the atom reactions: thus, these isotope effects have rarely been specifically
reported, and the measurements are not sufficiently accurate (since they are gene-
rally drawn from interpretation of data on free-radical reactions occurring in éx-
tremely complicated reaction schemes) to allow later estimate of the isotope effects.
In plain fact, the workers in this field have used hydrogen or deuterium atoms
almost at random and have discussed the results, the kinetics and the activation
energies of both hydrogen and deuterium atom reactions as if the differences were
insignificant. This situation arises in part because of the use of large amounts of
hydrogen or deuterium, rendering unfeasible or impractical the measurement of
isotope mixing in the hydrogen.

Information about the magnitude, and factors influencing the magnitude, of this
isotope effect in H and D atom abstraction is essential for the estimation of the
significance of the over-all isotope effect in radiolysis; the lack of this information
is a distinct gap in the chemical literature. The principal information now available
concerns the reactions of “hot” tritium atoms with Hp and Dy [21] and with
deuterated isopropyl benzoate [22]. The tritium atoms resulted from the He? (n, p.)
T reaction. When they were formed in the presence of mixtures of Hp and D, the
ratio HT/DT was found to be 1.55 + 0.06. The T atoms reacted with hydrogens.
in the methyl group of the ester 1.41 times more rapidly than they did with déu-
terium atoms in the same methyl group; the preference for reaction with aryl ring
hydrogen was 1.14 greater than it was for reaction with a ring deuterium. These
data represent the only experimental study of the T + Hgy+ Dy system. Since the
rate-constant ratio for (H + Ho)/(H + Ds) = 1.8, and (D + Hy)/(D + Do) =17
(all at 1000 °C), the corresponding value of the tritium atom rate ratio suggests that.
the reactions fesult from tritium atoms with kinetic energies equivalent to a tem-
perature of 1000 °C. The principal conclusion is that, considering over-all deuterium-
1sotope effects of 1.5—3.03, the isotope effects in these abstraction reactions are large
enough to be prominent contributors to the overall isotope effect. The data, how-
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ever, are so scanty that even a semi-quantitative estimation of this contribution, or
of the relative values of isotope effects in the several types of atom-molecule reac-
tions, is out of the question. The rates of a number of these abstraction reactions of
tritium atoms, particularly those with hydrogen and deuterium molecules, should be
amenable to the theoretical calculations outlined by G. Boarto et al. [19] and deri-
ved from the semi-empirical treatment of L. Farkas and E. WIGNER [23], particu-
larly since many of the relevant properties of the isotopic hydrogen molecules have
been tabulated [17,18]. Comparison of the rate ratio for (T + Hg)/(T + Dg) for
the mixture of species in thermodynamic equilibrium should prove a means for the
estimation of the actual effective temperature of the recoil tritium atoms in Row-
LAND’s experiments [21].

C. Hydrogen isotope effects in the dissociation of electronically excited molecules

Two types of dissociations will be discussed next: (1) dissociations which produce
hydrogen atoms (from molecule-ions in the mass spectrometer, for example) and (2)
dissociations which produce molecular hydrogen (and often another stable molecule,
such as ethylene from ethane) without the detectable intervention of hydrogen atoms
or other radicals. These sorts of process are variously called “molecular dissocia-
tions”, “réarrangements” or “disproportionations”™. »

Ordinary unimolecular reaction-rate theory [24] deals with molecules which
have been vibrationally excited at a particular temperature and collision frequency
by collision until the internal vibrational energy of a molecule exceeds some critical
value for a particular reaction coordinate [25], or until the fraction of molecules with
a total internal energy above a given threshold becomes large enough to produce a
measurable amount of dissociation, according to the expression

k= Y[%]n— " *

Even the calculations of Marcus [26] on the dissociation of excited methane mole-
cules produced by recombination of hydrogen atoms with methyl radicals are
probably concerned with molecules primarily vibrationally excited, since the energy
of recombination is only about 4.4 eV; and the lowest detectable electronically
excited state of methane is considerably higher than this.

Application of reaction-rate theory to electronically excited large molecules (such
as produce the primary processes in photochemistry) does not appear to have
been attempted, and dissociation of excited diatomic molecules has been evaluated
by application of the Franck-Condon principle to molecules in which the potential
energy sutfaces are fairly well known. Dissociation of ionized diatomic molecules
and a few three-atom molecules has also been discussed in a similar Franck-Condon
manner [7], but the only existing treatment for dissociation of large organic mole-
cule-ions is the quasi-equilibrium theory of mass spectra as exemplified in the origi-
nal papers [27] and in some of the numerous applications and examinations of this
theory [28—34].

The only direct experimental data for hydrogen isotope effects attending dissocia-
tion of electronically energized molecules are for dissociation of molecule-ions in the
mass spectrometer, and much of the work along this line has not been devoted to
the study of the isotope effects in these dissociations but simply to the use of deu-
terium labelling for identification of the ionic fragments which result from the
dissociations [31]. The only references to the use of the quasi-equilibrium theory
for estimation of the origin of these effects is in the original articles and in the study
of propane-ds mass spectra [28], and this latter study suffers from some misunder-
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standing of tracer applications. We would like to point out here that, in principle,
the quasi-equilibrium theory should be applicable to dissociation of molecules ex-
cited to dissociative or predissociative electronic states, such as are encountered in
photochemical studies. Since the understanding of singlet, triplet and pre-dissociative
electronic states is considerably better than the understanding of ionized states —
to the extent that quite precise knowledge of the excess internal energy in the ex-
cited molecules is possible — precise knowledge of some primary and secondary
isotope ‘effects in dissociation of these molecules could provide a better evaluation
of the theory than could mass spectral data.

Recent studies in these laboratories of the loss of H and D atoms from the mole-
cule-ions of biphenyl and deuterated biphenyls [32] have provided quite precise data
on the primary and secondary isotope effects in these dissociations under the mass
spectrometric conditions in that investigation. The data are briefly summarized in
Table II, which is reproduced from The Journal of Physical Chemistry. The I' fac-

TasLe II
SPECIFIC PROBABILITIES FOR HYDROGEN AND DEUTERIUM LOSS
Loss of Hor D Loss of 2H + HD 4 2D
Compound
r, | I, |IE=I’1/H1 r, I, [E=Iy/I,
Biphenvl (I) ’ 1.00 (0.47)* (2.12)* 1.00 - -
Biphenyl-d, (II) 1.10 .56 1.91 1.07 0.47 2.30
Biphenyl-d, (I1I) and (IV) 1.18 .66 1.80 1.09 .62 1.76
Biphenyl-dg (V) 1.29 .73 1.72 112 .67 1.68
Biphenyl-d; (VI) 1.51 79 1.91 1.42 .64 222
Biphenyl-d,, (1.48)* .93 (1.59)* (1.15)* 74 (1.56)*

* Values obtained by extrapolation.

tors shown in Table II are the specific losses of H, normalized to the same process
in biphenyl; and the  factors are the similarly normalized specific losses of deuterium
from those molecule-ions. It will be noted that the primary isotope effect is not
the probability of H loss from biphenyl molecule-ion relative to the probability
of D loss from biphenyl-djy molecule-ion; the relative probabilities of H and D loss
must be compared in the same molecule-ion since these probabilities are obviously
functions of the total hydrogen and deuterium contents of the molecule-ions.

The ratio of the I' factor to the m factor was defined as the primary isotope
effect, and the variation of both factors with the deuterium content of the molecule-
ions was defined as a secondary i isotope effect. The existence of both of these isotope
effects was qualitatively discussed in terms of the quasi-equilibrium theory.

Extension of this theory to account for the relative probability of dissociation of
aC-Tbond, however, requires some quantitative application of the theory in a form
in which parameters specific to C-H, C-D and C-T bonds appear. The following
sections will present such a quantitative application; we shall be able to evaluate the
factors which contribute to the primary and secondary isotope effects in dissocia-
tions of biphenyl molecule-ions and then estimate the prlmary isotope effect for the
dissociation of hypothetical C-T bonds in such molecule-ions:

A very simple form of the quasi- equlhbrlum equation for rate constants ‘will be
employed for the calculation: equation (5), very similar to (4).

Ee]3N-T '
k=ﬂ,,[...E_] )
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We shall evaluate some of the parameters for application of this equation to
biphenyl molecule-ions in the manner of W. A. Cuuexa [30].

The values of £ which will permit simultaneous observation of parent and frag-
ment ions fall within a very narrow range [30]. The fraction of parent ions in the
biphenyl mass patterns (at 70V, and 500°K) [32] is 0.48 (for biphenyl-djp the
value is 0.47). The geometry of mass spectrometers and the transit times of ions in
this geometry are such that & must be very close to 10%; we shall use 1.0 X 105
(interpolation on Chupka’s graph suggests 8.0 X 104 as a better value, but this will
vary from instrument to instrument). The values of the frequency factor, v, reflect
among other things the change in entropy of activation from one reaction to another.
D. P. StevensoN [33] has produced a strong argument that, for dissociation of
benzene molecule-ion according to (6), the value of yg must be about 1014; this is
higher than the value of 1012 used by L. FriepMan et al. [35] for similar dissociation
in some aliphatic alcohols.

In equation (5), E represents the average internal energy content of the dissociat-

ing biphenyl molecule-ion; we shall estimate this by the method of 'Stevenson,
equation (7):

CeHet = CgH;+ +H (6)
fo=E2E )

and shall use the difference between the appearance potentials for the processes,
Ce¢Hg = C¢Hgt, and CgHg = C¢Hs+ + H to approximate E” for the similar proc-
esses in biphenyl. We know the appearance potentials for biphenyl molecule-ion,
8.84 [34], but we do not know the appearance potential of C;sHgt. From these
values for biphenyl; f, + 0.48 and E’ = 5.16 (7), the value of E =5.53.

We shall now obtain the value of the threshold energy for the dissociation process,
eg, by using the above parameters and equation (5) to give (8):

1.0 X 10% = 10" [(5.53 — ey)/5.53]%® (8)

whence ey = 1.64.

The parameters by means of which we can now introduce consideration of the
differing effects of C-H, C-D and C-T bonds upori the value of the rate constant
will be the difference in zero point energies and the differences in non-fixed energies
[27,32], where these differences are computed by equations (9) and (10).

1
A== h(vex—rcm) )

_ b"’CH bch
5= exp (bveg/RT)—1  exp (bvgx/ET)—1 (10)

These parameters will be inserted into the rate equation according to (11):

k= VCX[%] (11)

‘A will be used in the equation only when wcy refers to dissociation of a C-X
bond (where X is D or T); B represents the change in nonfixed energy of the
molecule-ion when a C-H bond is replaced by a C-X bond and thus will enter the
equation with a coefficient, n, where 7 is the number of C-X bonds in the particular
biphenyl molecule-ion. The value of the frequency constant is so approximate that

10
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it is difficult to justify variation of this with the nature of the bond being ruptured;
but, according to A. Kropr et al. [28] it could be entered with a coefficient which
is 0.7 for C-D bond dissociation and 0.58 for C-T bond dissociation. The effect of
this variation will be illustrated below.

Values for the C-X stretching frequencies which become the translational mode
in the transitions state were taken from the known spectra of biphenyl and bi-
phenyl-djg [38], »com == 3060 cm—1! (9.18 X 1015 sec—1, 6.06 X 10—13 ergs), vop =
2280 cm—! (6.84 X 1013, 4.51 X 10—13 ergs); wor was taken as »gp (1/]/?) or
1920 cm~1 (5.71 X 108 sec—1, 3.78 X 10~ erg). With these values A then becomes
0.048 eV for rupture of a C-D bond, and 0.0712 eV for rupture of a C-T bond.
B has a numerical value of 0.00096 eV for each C-D bond in the biphenyl molecule
and of 0.0023 eV for each C-T bond.

Using these numerical values, we can now calculate the variation in k as a
function of the number of C-D or C-T bonds in the molecule, and for the pro-
bability of C-D bond rupture and C-T bond rupture relative to C-H bond rupture.
The calculations ‘will provide a measure of whether variation in the A factor is
sufficient to account satisfactorily for the primary isotope effect and whether
variation in the B factor can account satisfactorily for the secondary isotope effect;
they can also provide some insight into the nature of the process responsible for two
particle loss (1. e., 2H from CioHjg).

The ratio, kn/kp for rupture of C-H in CjsHjo* relative to rupture of C-D in
Ci2D1g7" thus calculated is

kul/kp = 1.77 yyu/vp, (12)
and for rupture of C-T bonds, the anticipated value is

ku/kr = 2.11 yy/vr, ' (13)

where vg, ¥p and vy are the frequency factors of the quasi-equilibrium theory. If
we allow these frequency factors to vary according to the reduced mass expression,
then ky/kp = 2.46 and the anticipated value of kgp/kr = 3.65.

The actual value of the primary isotope effect in biphenyl is 1.6—2.1 [32] with
an average value of 1.8. Primary isotope effects found for dissociation of other
deuterated molecule ions range from about 1.8—1.9 for dissociation of ionized
unsaturated compounds to about 2.5—3 for dissociation of ionized saturated hydro-
catbons. The data for sequences of partially deuterated compounds which are
necessary for proper evaluation of this isotope effect are quite scanty.

Several observations of a qualitative nature about this primary isotope effect
can be made immediately. It is apparent that the variables which are important

contributors to the magnitude of the calculated isotope effect are the values of E, ¢
and A; with the reasonable choices of these which have been made here, it is apparent
that the variation of the change in zero point energy (the A factor) can account
satisfactorily for the magnitude of the primary isotope effect and for the fact that
this effect is greater than the reduced mass factor. Because of the greater uncertainty
in this sort of calculation, to the choice of variables and to the neglect of specific
changes in the frequency factor between biphenyl and biphenyl-diy (or between
other sets of protonated and deuterated molecules), we hesitate to attach more than
empirical interest to the calculated ratio. However, we see no reason why predicted
magnitude of the tritium isotope effect should not be empirically close to the
probable value.

Similar calculations can be made for dissociation of a C-H bond in bipheny!



ISOTOPE EFFECTS IN USE OF TRITIUM AND DEUTERIUM 147

molecule ions containing various amounts of deuterium, by the use of equation (11)
with 4 = 0.

The values of kg/k"HD thus obtained range from 1.015 for biphenyl-ds to 1.062
for biphenyl-dg; these are much lower than the actual values recorded in Table II.
The values of 7B are too small by a factor of about 6 to account for the observed
secondary isotope effect, at least in the mathematical form employed here for the
study of this variable. We conclude that there must be a substantial change in the
frequency factor contributing to this secondary isotope effect. When the explicit
form of this frequency factor for biphenyl is examined (equation 14) [28]

*1/2
(N—%L) Ii v :
v = o(2m)* 1 T 1/2 g (14
N ——= 2 L*) nY,

where ¢ is a symmetry number, L= number of internal rotational degrees of freedom,
N = total number of internal degress of freedom and I = reduced moments of
inertia (the other symbols have the same meaning as the original reference [28]), it
is apparent that any variation in this factor for the several deuterated biphenyls
must come as an additional contribution (over and above the non-fixed energy
contribution) from the particular vibrational function because biphenyl does not
have a real rotational degree of freedom (the single apparent rotation — about the
bond between the two rings — 1is so constrained that it is actually a torsion [37].
If a similar rate expression (14) is written for thé simultaneous breaking of two
bonds (two-particle loss from biphenyl molecule-ions) [32] with a frequency factor
which must be about 1073 of that for single-bond breaking [35], an E’ = 9.5 and
a computed value of ey =2.0, then a rough value for kop/ksp is found to be as

in (15),
kon/ksp = 2.48 vgﬁ/v?,j) (15) -

and it is apparent that the energy term is about the same for double-particle
loss. It can be seen from Table II that the experimental 1sotope effect for double-
particle hydrogen and deuterium loss from biphenyl molecule-ions is about the same
as single-particle loss. We hesitate to draw any sweeping conclusions from this
approximation but feel that it indicates a worthwhile line of endeavour for future
investigation.

There are a few miscellaneous comments about the foregoing application of the
quasi-equilibrium theory. The recent very precise measurement of STEINER et al. [29]
using photoionization data for a great many of the lower alkanes has tended to
destroy much confidence in the quantitative application of the quasi-equilibrium
theory. It has also been observed that even the reasonably successful empirical
applications of the theory attain success only when the effective number of mole-
cular degrees of freedom are taken as some fraction [30] (ranging from 0 to 1.20
of the total number of degrees of freedom, with no apparent systematic variation
from molecule to molecule or from process to process within the same molecule [29]).
The calculations which we have made give ratios of reasonable orders of magnitude
only when nearly the full number of degress of freedom is used, and successful
calculation for the secondary isotope effect would require a large multiple of the
actual number of degress of freedom if this effect were to be attributed only to
change in the non-fixed energy.

The necessity for the employment of the full number of degress of freedom for

10*
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successful calculation of primary isotope effects is a further indication that a
substantial contribution to these isotope effects must be looked for in the effect of
deuterium substitution upon the frequency factor. We say this because the energy
levels in an aromatic molecule possess spacmg very far from the close spacing
which Rosenstock er al. take as a requisite for the necessary rapid equilibration
of energy in the quasi-equilibrium theory. The wide spacing of actual energy levels
hase been mentioned, for other molecules {29] but is particularly acute for aromatic
molecules because of the existence of a separate, low-energy band of widely spaced
energy levels for pi electrons (see Table III), together with the probability that the

TasLe III
ENERGY LEVELS, ELECTRON DENSITIES AND BOND ORDERS

Biphenyl, CysHy >‘< \

\\12 11

Energy levels: + 2.2784f8; -+ 1.89128; 4 1.3174 ﬂ 4 1.00008; + 0.7046 8. Calculated exci-
tation energy: 1.4092 8 . 2.39 = 3.37 €V. Calculated ionization potential: 0.7058 - 2.39 4 7.18 =
8.87.

Bond ] Atom l Ground state ' Excited state Ion
1-2, 1—6, 9-10, 10—11 - 0.6601 0.5485 0.6043
2—3, 5--6, 89, 11—-12 — 6766 7605 7186
3-4,4-5 78, 7-12 - .6188 .4087 .5137
47 — 3697 6161 4929
— 1, 10 1.0000 1.0000 8415
- 2, 6,9, 11 1.0000 1.0000 9803
- 3,5, 8, 12 1.0000 1.0000 9105
- 4,7 1.0000 1.0000 8768

electron removed in ionization of aromatic molecules is most probably one of these
isolated pi electrons. The rapid internal equilibration of energy is thus most difficult
for aromatic molecules, and we would expect that particularly in these cases the
effective number of degrees of freedom would be a small fraction of the actual
number.

D. Isotope effects in molecular dissociation process

Hydrogen formed in the radiolysis (or photolysis) of organic molecules must arise
from some combination of three processes: (1) formation and subsequent reaction
of hydrogen atoms; (2) formation of molecular hydrogen by unimolecular processes;
and (3) formation of hydrogen by bimolecular processes not involving hydrogen
atoms [38). We have just discussed briefly isotope effects in the first sort of process.
We would now like briefly to summarize some evidence for the magnitude of
deuterium and tritium isotope effects in the second sort of process.

The only process of this sort which has been studied with tritium is the radio-
lysis of acetic acids labelled with tritium in the methyl group [13]; the methane
formed (pos31ble by a molecular dissociation) had nearly the same specific activity:
as the acetic acid. This displays simply, and ‘not surprisingly, the absence of any
secondary isotope effect for elements of a reacting molecule tracer labelled with
tritium.
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There is evidence of two sorts for the magnitude of isotope effects in molecules
labelled with deuterium. The only example of the first sort has been accomplished in
this laboratory: the combination of scavenger technique with deuterium-labelling.
It has been shown [39] that the effect of dissolved aromatic hydrocarbons upon
the hydrogen yield from aliphatic carbinols can be explained quantitatively on the
basis of hydrogen-atom scavenging (equations 16—19)

Process

Rate
RH —~—7> R + H G(H) (16)
RH— ~—-R 4+ H, G,(H) (17)
H +RH=H, +R” k; (H) (RH) (18)
H.4 A= AH &y (H) (A4), (19)

where (17) is the sort of molecular process we are talking about and A is the
concentration of dissolved aromatic hydrocarbon. Data obtained in this way can
be fitted into a conventional quenching-type kinetic according to equation (20),

1 1 kRH ]

"GY(H,) —1/# [GHy)] | GH) [l -
This data can then be used in the calculation of the relative values of G,(Hs) and
G(H) for various saturated materials (see Tables IV and V which are reproduced

kA (20)

TasLE IV
MECHANISMS OF HYDROGEN FORMATION IN THE RADIOLYSIS OF SATURATED
SUBSTANCES
Substance Solutes used ‘ G° (H,) l G (H) Gm (H,)
Cyclohexane Benzene, biphenyl
benzophenone 5.17 4.10 1.07
Propanol-2 Biphenyl,
benzophenone 3.0 1.85 1.15
Methanol Benzene 5.32 4.20 1.12
TaBLE V
RELATIVE SCAVENGING EFFICIENCY OF SOLUTES
Relative Value of £
Solute Hydrogen atom kylk, Relative Scavenginé
donor Lo,
Efficiency
Benzene Methanol 72 1.0
cyclohexane 18
Biphenyl Propanol-2 87
cyclohexane 116 6.5
Benzophenone | Propanol-2 101 7.5

from reference [39]) and in the calculation of the scavenging efficiencies of various
aromatic hydrocarbons (Table V). The pertinent fact is that we can deduce from
this sort of treatment precisely how much of a scavenger must be used for scavenging
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TasLe VI
RADIOLYSIS OF CH,0H AND CH,0D SOLUTIONS OF BENZENE
Benzene conc. H HD D, |
Sub b : 2
ubstrte | PEEERE |TM G (oydeogen)] o | (o) | 9 1 G(CHY |6 @)
| |
CH,0H 0 5.32 100 | 037
4.80 2.00 100 0.169
10.0 159 100 0.145 | 4.20
CH,OD 0 3.60 400 600 | o | o062
10.58 152 460|500 | 3 | 027 |23

* Assuming that &,/k; = 72 for this solution as well as for solutions of benzene in methanol.

of a given fraction of the hydrogen atoms generated by the radiation absorption.
Thus, if we look at the relative hydrogen formation from CHzOD and CH;OH
and at the effect of 10 mole s dissolved benzene upon these yields, we can make
the following statements: (1) replacement of deuterium for hydrogen appears to
lower the hydrogen yield; (2) solute benzene also reduces the hydrogen yield, and
the yields of hydrogen from both CH3OD and CH3;OH containing 10 mole %o
benzene are the same; (3) 10 mole %o benzene is sufficient, from equation (20) and
Table V, to scavenge over 849/ of the hydrogen atoms; and, therefore, the yields of
hydrogen from the solutions of 10 mole %/ benzene in methanol represent the yield
of hydrogen from the molecular process under discussion. It is then apparent that
there is no isotope effect in the formation of this non-radical hydrogen, which from
the HD content, is probably formed via at least two processes which can be pre-
sented as (21) and (22) [40].

CH;OH * > CH;0 + Hs (21)
CH3OH* + CH3OH = Hj + (CH;OH),. (22)

Thus, there does not appear to be any isotope effect in those two types of processes
although it must be admitted that a similar study for CD3OD and CH3OH would
be more revealing and precise. )

Other studies have indicated that there is a small deuterium isotope effect in
such molecular processes. Vacuum ultraviolet photolysis of ethane produces hydrogen
[41] entirely by a molecufar detachment, since only Hg and Ds was produced from
a mixture of ethane and ethane-dg, and the ratio of Ho/Dy formation, in the run of
lowest per cent decomposition, was 1.5. A similar effect of the same magnitude has
been reported for the radiolysis of ethane and ethane-dg mixture [3] by Doreman
and SAUER [42]. OxaBe and McNEesBy [41] report a secondary isotope effect of
even greater magnitude, since the formation of methane from the ethane mixture
was also by an entirely molecular process and the ratio of CHy to CDy was about
0.2. This isotope effect is called a secondary isotope effect since the C-C and
{perhaps) C-H band are involved in the (possibily) four-centre transition state.

Finally, if the present interpretation of the mechanisms of hydrogen formation
from aromatic hydrocarbons are correct [32], then the isotope effect in this process
represents the isotope effect in a non-radical bimolecular processes, like (22), and are
thus substantial, amounting to kg/kp values which are close to 3.0 for both benzene
and biphenyl. They are thus about the largest of the several different types of
isotope effects which must be included in any consideration of the use of hydrogen
isotopes in radiation chemistry of organic materials.
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DISCUSSION X1

N. Getoff (Austria): Has Mr. Burr any experimental evidence about the exchange
between hydrogen, deuterium, and tritium in aqueous solutions of organic com-
pounds, e. g. for various periods of time after the completion of irradiation?

J. G. Burr (United States of America): Speaking in very general terms, molecular
Hp, HD, D, HT, Ts and DT do not exchange with themselves or with organic
molecules unless the molecular species (hydrogen or organic) can in some way be
efficiently converted to ions, radicals or atoms. Ordinarily there is no exchange
between the gaseous hydrogen formed and the liquid unless you use a large amount
of tritium and carry out Wilzbach labelling, and then the amount of exchange is
very small.
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Abstract — Résumé — ArHoTamuda — Resumen

Studies on the mechanism of the Cannizzaro reaction. An intensive investigation of the
mechanism of the Cannizzaro reaction was undertaken. An isotope dilution technique was employed
with p-t-C;H;CHO in 74%, methanol solution .at 100°C in order to determine the presence of a
reaction intermediate. The kinetics of the homogeneous benzaldehyde Cannizzaro reaction were
measured in 749, methanol at 100°C. The second-order rate constant for the hydrolysis of benzyl
benzoate in 74%, methanol at 100°C was determined. The kinetics of the hydrolysis of p-t-benzyl
benzoate-p-t were studied in 74%, methanol at 100°C. It was shown that an intermediate estet is not
present in the early stages of the Cannizzaro reaction. It was demonstrated that the hydrolysis of
benzyl benzoate under Cannizzaro conditions is very fast. Calculation of the concentrations of
ester which should be present in the Cannizzaro reaction showed that these quantities are well within
the range of detection of the sensitive radiotracer technique employed. It was concluded that the
mechanism of the Cannizzaro reaction involves an intermolecular hydride ion shift rather than an
intramolecular H: transfer. A deuterium isotope effect of 0.50 found for this reaction indicates
that the proton transfer takes place in a rapid subsequent step rather than simultaneously with
the hydride shift. .

Etude de mécanisme de la réaction de Cannizzaro. Les auteurs ont procédé i une étude
approfondie du mécanisme de la réaction de Cannizzaro. Toutes les expériences qu’ils décrivent
ont été réalisées dans une solution de méthanol 4 74%,, 4 100°C. Dans ces conditions, ils ont app-
liqué une technique de dilution isotopique au p-T-C;HZCHO afin de déceler la présence d’un pro-
duit de réaction intermédiaire, et ils ont mesuré la cinétique de la réaction homogeéne de Cannizzaro
avec le benzaldéhyde. Ils ont déterminé la constante de vitesse de réaction de deuxieme ordre pour
Ihydrolyse du benzoate de benzyle dans le méme milieu et étudié la cinétique de I’hydrolyse du
p-T-benzoate de benzyle-p-T. Ils ont montré qu’aucun ester intermédiaire n’apparait au cours des
étapes initiales de la réaction de Cannizzaro. Il a été prouvé que, dans les conditions habituelles
de cette réaction, ’hydrolyse du benzoate de benzyle est trés rapide. Le calcul des concentrations
d’ester qui devraient étre atteintes durant la réaction de Cannizzaro montre que ces concentrations
sont d’un ordre de grandeur qui permet de les détecter au moyen d’indicateurs radioactifs grice
a la sensibilité de la méthode employée. Les auteurs ont conclu que le mécanisme de la réaction
de Cannizzaro implique un déplacement intermoléculaire des ions hydrure plutét qu’un transfert
de H: intramoléculaire. La constatation d'un effet isotopique de 0,50 dit au deutérium au cours
de cette réaction indique que le transfert de proton a lieu dans une phase subséquente rapide et ne
coincide pas avec le déplacement de Iion hydrure.

Mccaenopanue mMexaHH3Ma peaknmuu Nammnnmapo. IIpeanpnHuManocs MHTeH-
CHBHOE MCCIE[0BaHME MeXaHu3ma peaknunn Hanumnuapo. [lad ompemeileHHMs HATMYMSA
NPOMEKYTOUHOM peaKuMH NPUMEHANCA MeToj HusoTomHoro pacreopa p-t-CeH,CHO
B 749-HOM MeTAaHOJIOBOM pacrBope npu Ttemmeparype 100°C. Kunermka romores-
HOro 0eH30MHOTO ANbAETrHAa Peaxunu KaHHUIIAPO MBMEPANach B 74 %-HoM MeTaHoNe
npu remneparype 100°C. Onpepensiach HOCTOAHHAA CKOPOCTH BTOPOro HOPARKA
AaA ruppoiamsa OeHsus Oensoara B 749-HOM MeraHode npu Temneparype 100°C.
HccnenoBanach KMHeTHMKA IHApoau3a p-t-Gensua Gensoar-p-t B 74 %-HOM MeTaHole
npu rtemneparype 100°C. Bruo noxasaHo, YTo Ha PaHHUX cTaAuAX peakuun Han-
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UHULAPO TPOMEHKYTOUHBIA CHOMKHLIA 5Pup OTCYTCTBYeT. BHIO HPOXEMOHCTPUPOBAHO,
uro ruApoan3 GeHsnua GeH30aTa B YCIAOBHAX pearuuu KaHHUUUAPO ABIAETCH OUYEHDL
OpICTPHIM. BHUHCIIEHME KOHIEHTPAUMH CIOKHOTO 2Pupa, KOTODPHiL HOMKEH Ipu-
CYCTTBOBATh B peaknuu HKauHMUUAPO, NOKA3AI0, YTO HTM HOIMYECTBA HAXONATCH
B AMANa30HE OMpENeNeHus MKCIOJAb3YEMOTO YYBCTBHTEJLHOTO METORA pPamUOHHIN-
ranuu. B pesynbrare Obllo maHO 3akdOUYeHHe, YTO MeXaHU3M peakuuu Hamaunumapo
BiredeT 3a coGoil B IEepPBYI0 Ouepelh MEKMOJEKYIAPHOE MMIPUAHOE CMENIeHue WOHOB,
a He BHYTpuMOJeKyiApHoe H mnepememenmne. OOHapy:keHHBIT [iA 9TOH pearkuuu
addexr naoTona neitrepus B 0,50 YKasHBAeT Ha TO, YTO CMeHIeHHe IIPOTOHA TIPOHC-
XomuT ¢ OBICTPOHl ITOCNEeN0BaTeIFHOCTLI0, & HE OJ(HOBPEMEHHO CO CMEIeHMEeM THIpUAA.

Estudio del mecanismo de la reaccién de Cannizzaro. Los autores han investigado a fondo
el mecanismo de la reaccién de Cannizzaro. Todos los experimentos descritos fueron trealizados
con una solucién metandlica al 74%, y a 100°C de temperatura. Por una técnica de dilucién isoté-
pica, estudiaron la posible formacion de un producto intermedio a parttr del p-T-C;H;CHO;
también midieron la cinética de la reacciéon de Cannizzaro homogénea para el benzaldehido. Deter-
minaron la constante de velocidad de segundo orden de la hidrélisis del benzoato de bencilo y estu-
diaron la cinética de la hidtdlisis del p-T-benzoato de p-T-bencilo. Demostraton que no se forma
ester intetmedio en las fases iniciales de la reaccién y que la hidrélisis del benzoato de bencilo tiene
lugar muy ripidamente en las condiciones en que se produce la reaccién de Cannizzaro. El cilculo
de la concentracién de ester que deberia alcanzarse en dicha reaccién demuestra que esa cantidad
tendria que poder detectarse con facilidad en razén de la alta sensibilidad de la técnica de radic-
trazadores empleada. Los autores llegan a la conclusién de que en la teaccién de Cannizzaro se
produce un desplazamiento intermolecular de ién hidturo y no una transferencia intramolecular
de hidrogeno. El efecto isotépico de 0.50 debido al deuterio que encontraron en esta reaccion indica
que la transferencia de protén tiene lugar en una etapa subsiguiente y ripida, y que no coincide
con el desplazamiento del i6n hidruro.

A. Introduction

The CannN1zzARO reaction [1—4] has been subjected to a variety of careful kinetic
and mechanistic investigations. It is characteristic of aldehydes which have no
hydrogen on the alpha carbon atom, such as formaldehyde, pivaldehyde, aromatic
aldehydes and a number of heterocyclic aldehydes. Kinetic analyses made by
numerous investigators have shown that the Cannizzaro reaction of aromatic
aldehydes in hydroxylic solvents, notably aqueous methanol, pure methanol and
aqueous dioxane, is first order in OH ™, second order in )CHO and third order
over-all [5—9].

A free radical mechanism for the Cannizzaro reaction was proposed by Weiss
[10]. His suggestion was based largely on observations by KnarascH and Foy [11]
and by UrusHiBARA and TakeeavasHr [12] that the heterogeneous Cannizzaro
reaction is catalyzed by peroxides. Subsequently Kuarascu and Snyper {13]
demonstrated that the heterogeneous reactions is polar but that the mechanism is
different in the two liquid phases. However, ALExanDeEr [8] and G [14] pro-
vided evidence that the Cannizzaro reaction is completely unaffected by the
presence of free radical initiators or inhibitors, indicating that the homogeneous
reaction proceeds by an ionic rather than a free radical mechanism.

FrREDENHAGEN and BonnOEFFER [15] demonstrated that hydrogen transfer from
one aldehyde group to another takes place directly without exchange with the
medium by showing that no carbon-bound deuterium appears in the products when
the reaction is carried out in heavy water.
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B. Mechanisms

Four mechanism are possible for the homogeneous Cannizzaro reaction:

{a) THE INTERMOLECULAR (HAMMETT) MECHANISM
(6] o—

I |
R—C—H 4+ OH- T—>R—-C—H
i

OH
oy o
| 1
R— CLR ——— RCOOH 4 RCH,0~
| |
OH H
o

|

R—C—H + RCOOH =——=> RCH,0H 4 RCOO™
|
H

(1

@

()

This mechanism [16] involves formation of an aldehydroxide jon by addition
of OH~ to aldehyde (1), an intermolecular hydride shift to give an acid and an

alkoxide ion (2) and a final rapid proton transfer (3)
(b) cYCLIC, CONCERTED INTERMOLECULAR MECHANISM
(o] o~
I |
R—C—H + OH— w2 R—C—H
|
OH
@\H '
Y |
R—C—O— ‘C—R ——> R—C—0— + RCH,OH

NS ]

O—H

(1)

@)

In this mechanism, the first step is also the formation of an aldehydroxide ion.
The second step involves a cyclic, concerted shift of a hydride and a proton from
the aldehydroxide ion to a neutral aledhyde in the slow step to form the products

directly.

(¢) INTRAMOLECULAR (GEISSMAN) MECHANISM
O (O

i I
R—C—H 4+ OH™ & R—C—H

on

o, OH O~ OH
I | ] A
R—C% —O0—C—R —> R—C—O—C—R
I | | ]
H H H H

6

)
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o/— O H
R_.(,:—o— —R ———> R—é—o-—c[:—x 3)
&k &
o H H
R—(HI—O—é-—R + OH~—— RCOOH + R—(IZ——O_ (4)
B I
H
R--c:—o— + RCOOH = RCH,0H -+ RCOO™ )
H

In this mechanism [2], steps 1 and 5 are the same as in (a) above. The second
step involves the attack of an aldehydroxide ion on a neutral aldehyde followed
by an intramolecular hydride shift (3) to produce an ester intermediate which is
rapidly saponified (4). Either step 2 or 3 could be rate controlling.

(d) MODIFIED INTRAMOLECULAR MECHANISM

o] o~
R—ICI—H +OH = R—IC-—H (1)
du
D G O
R—C% TO—C—~R—> R—C—O—C—R (2)
B b
Of OH o OH
N oV S + H & R 3)
b i

The first two steps of this mechanism are the same as in (c). In the third step,
there is a 1.3 hydride shift which breaks the ether linkage instead of expelling the
hydroxyl group. Either step 2 or step 3 could be rate-determining.

C. Results and Discussion

If the intramolecular (Geissman) mechanism is correct, it should be possible to
detect the presence of an intermediate ester. Since the steady state concentration of
benzyl benzoate, if it is formed in the benzaldehyde Cannizzaro reaction, will be
low (because of the high concentration of sodium hydroxide, 0.25 M, and the
high temperature, 100 °C), a sensitive radiochemical method will be needed for its
measurement. Accordingly, it was decided to synthesize benzaldehyde-p-t and to use
it in an investigation of the kinetics of the homogeneous Cannizzaro reaction
at 100°.

Benzaldehyde-p-t was prepared from toluene-p-t by side-chain photo-chlorination,
followed by alkaline hydrolysis, steam distillation, conversion of the aldehyde to
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the sodium bisulfite adduct and purification by distillation under reduced pressure
in an inert gas atmosphere [17]. The toluene-p-t had been previously made by a
Grignard reaction with p-bromotoluene in which tritium chloride, prepared from a
heated mixture of tritium and protium oxides and benzoyl chloride, was swept into
the reaction mixture by a stream of dry nitrogen [18].

The kinetics of the homogeneous benzaldehyde Cannizzaro reaction at 100°C
were studied by means of a modification of the method of MorT [5] and ALEXANDER
[8]. The values obtained -for the third-order rate constant are in good agreement
with the results of earlier investigations, as shown in Table I.

TasLE I
THIRD-ORDER RATE CONSTANTS FOR CANNIZZARO REACTION AT 100°
(2 C,H,CHO - NaOH > C,H,CH,O0H + C,H,COONa)

Third-order
Investigator Medium rate constant X 104
(12 mole~2 sec™1)

Molt 509, methanol 2.28 4 0.08
Molt 50%, methanol 2.38 + 0.10
Wiberg 67%, methanol 2.22 4- 0.10
This work (benzaldehyde) 74%, methanol 2.36 + 0.16*
This wotk (benzaldehyde-p-t) | 749, methanol 2.45 4 0.33*

* The values reported have not been corrected for the small reaction of base with glass discovered later.

The isotope dilution technique [19] was employed in determination of the
quantity of radioactive benzyl benzoate which might have been formed as a reaction
intermediate. Large, known amounts of unlabelled benzyl benzoate were added
to the samples from the kinetic measurements. Separation of the benzyl benzoate

TasLe 1I

DETERMINATION OF p-t-BENZYL BENZOATE-p-t IN THE
BENZALDEHYDE-p-t CANNIZZARO REACTION AT 100°

. M. P. of
Time No. of
o benzyl Counts/mm*
_ (sec) crystallizations benzoate
1796 1 | 155-160 | 90,500
1960 1 - 88,100
7320 1 — 252,000%*
14280 1 ' - 189,000
7320 2 - 162,000
1789 3 18.5—18.6 167%%*
1796 3 17.9—-18.7 154
4740 3 17.0-17.5 150
8700 3 18.4—18.9 145
15240 3 17.6—18.5 238
3840 4 18.5—19.4 173%

Specific activity of benzaldehyde-p-t = 157 uc/mM. Background, results of 3 separate measure-
ments = 110, 151, 186 cpm.

* Computed on basis of total amount of benzyl benzoate added in each case.
** Scavengers added: 0.2 ml @CHO, 0.1 ml @CH,OH, 0.1 g ®COOH.

*** Scavengers added: 0.5 ml @CHO, 0.5 ml @CH,OH, 0.5 g @COOH.

1 Scavengers added: 0.2 ml ®CHO, 0.1 ml @CH,OH, 0.1 g @COOH.
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was achieved by fractional crystallization from the reaction solutions cooled to
0°C in an ice-water bath, Liquid scintillation counting was utilized for measurement
of the activity of the benzyl benzoate recovered.

No benzyl benzoate was detected in any of the reaction mixtures from the
benzaldehyde-p-t Cannizzaro reaction at 100°C when care was taken to assure
that the recovered benzyl benzoate was pure as verified by melting-point determ-
inations. The results in Table II show that, of sufficient crystallizations were
performed, radioactive impurities were eliminated and scavengers were found not to
be necessary. .

These results indicate that either no intermediate is formed in the Cannizzaro
reaction or that the specific activity of the benzaldehyde-p-t employed was not
sufficiently high for detection of a very transitory species. To settle this question,
we measured the second-order rate constant for the hydrolysis of benzyl benzoate
under Cannizzaro conditions. The value of ks in 749/p methanol at 100° was found
to be 0.054 ] mole™! sec™! and was used in a steady-state approximation for cal-
culation of the concentration of ester which should accumulate in the Cannizzaro
reaction at any given time, assuming the intramolecular (Geissman) mechanism.
The concentration of intermediate [ at any given time after the start of the Canniz-
zaro reaction was computed as follows:

’

2 CgH;CHO H/?’> CeH;CH:00CCH; (1)
1
I
CGHQCHQOOCCGH{) + HO~- Z > CgH;CHO~ + CgH;COOH (2)
7 2
8L — ki (CsH;CHO)(HO™) — ks (1) (HO™). (3)
Assuming steady state conditions,

£, (C,H,CHO)?

)= _k(Lé__)_ . 4)

The calculated values for the concentration of the intermediate ester vary bet-
ween 1074 to 1073 M/l during the early stages of the Cannizzaro reaction, as can
be seen by examination of Table III. These concentrations are well within the range

TasLe III

BENZYL BENZOATE PRESENT IN CANNIZZARO REACTION
ASSUMING INTRAMOLECULAR (GEISSMAN) MECHANISM

Time a—Xx (a—x)? T
(sec) (molefl) (moleft) (mole/l X10%)
1789 0.2334 0.05448 9.89
1896 0.2320 0.05382 9.77
3840 0.2122 0.04503 8.18
4740 0.2054 0.04219 7.66
7320 0.1834 0.03364 611
8700 0.1762 0.03105 5.63
14280 0.1412 0.01994 3.62
15240 0.1363 0.01858 3.37

Initial concentration of benzaldehyde-p-t == 0.2546 mole/l )
(I) = concentration of benzyl benzoate as assumed reaction intermediate.
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of detectability of the tritium tracer technique employed, where it was found that
107 to 10~ M/l of p-t-benzyl benzoate-p-t could be easily measured. These results
indicate that the hydride transfer is intermolecular.

However, before a mechanism involving an intramolecular hydride shift could
be unequivocally ruled out, it was necessary to show that mechanism (d) is not
correct. A shift of the sort depicted in (d) might be expected in hemiacetal hydro-
lysis and, if it occurred in methanol solution where methoxide ion is a possible
attacking species, should result in the accumulation of a significant amount of
methyl benzyl ether at the end of the benzaldehyde Cannizzaro reaction.

o7 / OCH (0]

I )
@-@-ﬁc ®——> ®—C—0— 4+ ®CH,OCH,
| ;
H

To settle this point, we used gas chromatography to examine the reaction mixture
at the end of a Cannizzaro run. The products were analyzed with a chromatograph
equipped with a 6/2 ft 20 M Carbowax-chromosorb (80—100 mesh) column. He-
lium at an inlet pressure of 15.0 psi was the carrier gas. The results showed sharp
separation of methanol, benzaldehyde and benzyl alcohol, but methyl benzyl ether
was not found. In a separate run in which methyl benzyl ether was added at the
beginning of the reaction, it was shown that this ether is not destroyed under
Cannizzaro conditions.

Deuterium isotope effect ,measurements were employed to distinguish between
the intermolecular mechanism (a) and the cyclic, concerted intermolecular mecha-
nism (b). Since the cyclic mechanism involves a proton transfer in the slow step, a
large isotope effect (kg/kp) would be expected [20, 21]. The rate constants for the
Cannizzaro reaction at 100° of benzaldehyde with sodium deuteroxide in 749
methanol-d and with sodium hydroxide in 749/o methanol were determined. The
results are summarized in Table IV.

TasLe IV

SUMMARY OF THIRD-ORDER RATE CONSTANTS FOR THE BENZALDEHYDE
CANNIZZARO REACTION WITH SODIUM DEUTEROXIDE IN 74%, METHANOL-d
AND SODIUM HYDROXIDE IN 749, METHANOL AT 99.5°

A Initial Conc. | Initial Conc. k?
Run | Benzaldehyde Base (12 mole=% sec™)
o) ™)
1 0.5508 0.2754 OD~ | 3.62 x 10—* £ 0.12
2 0.5272 0.2636 OH~ | 1.79 x 10~ 4 0.10
3 0.5352 0.2676 OH~ | 1.86 x 10—* 4 0.11
4 0.5744 0.2872 0D~ | 3.33 x 10— 4 .13

Sodium deuteroxide in methanol-d was found to react about 909/o faster than
sodium hydroxide in methanol in the benzaldehyde Cannizzaro reaction (ku/kyp =
0.52). This result eliminates the cyclic, concerted intermolecular mechanism (b)
since the proton must be transferred after the rate-determining step*. The fact

* J. HINE and H. W. HAWORTH [ /. Awmer. chem. Soc. 80 (1958) 2274} found the rearrangemen
of benzyl tobe about 859, faster in D,O-dioxane than if was in H,0-dioxane and concluded that
the phenyl migration precedes the proton transfer in this reaction.



160 A.L. POWELL et al.

that-OD~ in methanol-d reacts faster than does OH~ in methanol is attributed to
the greater basicity and nucleophilicity of the deuteroxide ion [22].

D. Conclusion

It is concluded from the results of this investigation that the mechanism of the
homogeneous Cannizzaro reaction involves an intermolecular hydride transfer in
the rate-determining step followed by a rapid proton transfer.
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Abstract — Résumé — ApmoTamua — Resumen

Correlation of tritium and deuterium isotope effects. The theory .of relative tritium-protium
and deuterium-protium isotope effects is developed for both rate and equilibrium processes. It
is shown that the relative effects in equilibrium processes vary with the strength of the chemical
bonding and the temperature. A lower limit of 1.33 and an upper limit of 1.55 is established for
In ay_g/ln ap_p. Detailed calculations are given for a number of simple molecules.

It is shown that the temperature independent frequency factor in rate processes increases the
ratio In (ky/kp)/ln (ky/ky,) above the values found in equilibrium processes. Equations are given
trom which the increment can be calculated. It is shown that relative tritium-protium versus deu-
terium-protium isotope effects may be of diagnostic use in characterizing secondary isotope effects
and tunnelling in chemical reactions.

Detailed calculations are given for three types of processes involving water: (1) equilibration with
hydrogen, (2) distillation, and (3) electrolysis. In these three different processes ap_p varies from
5x10%to 10, yet in (ap_y)/In (ap_y) is calculated to be in the range 1.33—1.40 for all three pro-
cesses, in excellent agreement with experiment.

Corrélation entre les effets isotopiques du tritium et du deutérium. L’auteur développe
la théorie des effets isotopiques relatifs trittum-protium et deutérium-protium pour les réactions
d’équilibre et les processus cinétiques. Il montre que dans les réactions d’équilibre les effets relatifs
varient en fonction de la résistance des liaisons chimiques et de la température. Les limites infé-
rieure et supérieure sont respectivement 1,33 et 1,55 pour le rapport In ap_g/ln ap_y;. Des calculs
détaillés sont présentés pour un certain nombre de molécules simples.

L’auteur montre que, dans les processus cinétiques, le facteur de fréquence indépendant de la
température porte le rapport In (ky/ky)/In (ky/kp) au-dela des valeurs constatées pour les réactions
d’équilibre. Il donne des équations permettant de calculer ’augmentation. Il montre, d’autre patt,
que les effets isotopiques relatifs tritium-protium et deutérium-protium peuvent étre utilisés 2 des
fins d’analyse, pour caractériser les effets isotopiques secondaires dans les réactions chimiques.

L’auteur présente des calculs détaillés pour trois types de processus dans lesquels ’eau inter-
vient: 1° équilibrage avec ’hydrogéne, 2° distillation et 3° électrolyse. Dans ces trois processus,
ap.g varie de 5 - 10=% 2 10, mais le rapport In (ap_p)/in (ap_g) reste compris entre 1,33 et 1,40,
ce qui concorde parfaitement avec Iexpérience.

Roppenanua mazoromudeckux agdexrTor TpuTna u feiirepma. B mokumame maercs
Pa3BUTHE TEOPMH OTHOCHTENBHHX M30TONHYECKHX H(PPEeKTOB TPUTHA-IPOTHA M HEH-
Tepus-NpOTHA B TPUMEHEHUN KAaK K KHHETHYeCKOMY MpOIlecCy, TAK M K INPOLECCy
paBHoBecus. Ilowkasano, uTo oTHOCUTeabHHEe 3pdeKTH B npoileccax PpaBHOBECHA
BaphUPYIOTCA IO Mepe YBeJHYeHNA XMMHUYECKoil CBABM M TeMIepaTyphl. Y CTAHOBIEH
HU3LIKIL Tpefen B 1.33 ¥ BeICIIMIL penen B 1.55 aad In ap_u/lp an_g. Janoresa noapob-
HBIe Pacdyersl MJIA LeJO0ro PARXA MPOCTHX MOJEKYI. i

B nokname nmokasaHo, YTO HE3aBHCHMBEIH OT TeMIepAaTyphi KOaQPUIMEeHT 4acToThHl
B KIHETHMYECKUX Tnpoueccax ywenuuusaer coortHomenue In(kg/ky)/In{ka/ky) no
CPaBHEHUIO C BeJIMYMHAMH, HaOJofMaeMBIMH B NIpolieccax paBHOBecus. IlpuBojsres
YPaBHEHUA, 0 KOTOPHIM MOKHO BEIYMCIHTHL IpupocT. IloxasaHo, YTO OTHOCUTEIbHBIE
nsoTonuyeckue PQEerTH TPUTUA-IPOTHA M JeATepUA-IPOTUA MOryT OBITH UCIOJb-

* Research performed undet the auspices of the United States Atomic Energy Commission.
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30BAHBl B JMAaTHOCTHKE [JA XAPAKTEPUCTMKY BTOPMYHHX M30TONMYECKNX 3PdeKTon
H TYHHEJNLHHX 3Q(EeKTOB B XNMHYECKUX peaKIUAX.

B normame paHn monpofHBIe pacTedyH JiaA TPeX BUNOB IIPONECCOB, CBA3AHHBIX
¢ BOMOI: 1) ypaBHOBeLIMBaHKME C BOLOPOAOM, 2) AMCTHILINPOBAHUE M 3} HIEKTPONH3.
B 2THX TpeX pasimyHEX NPOUECcCaxX ar_m UBMEHAETCA B npegenax orT-5 X 1072 mo 10,
ofHaro muaA In(ar_m)/In{an_g) Bhumcmen mpemen 1.38—1.40 mas Bcex Tpex Ipo-
11eCCOB, YTO TOYHO COBMAJAET ¢ AAHHBIMA JKCIEpUMEHTa.

Correlacién entre los efectos isotopicos del tritio y del deutetio. La memoria expone la
teoria de los efectos isotopicos relativos tritio-protio y deuterio-protio en los procesos cinéticos
y en los procesos en equilibtio. Demuestra que los efectos telativos en los procesos en equilibrio
varian con la fuerza del enlace quimico y la temperatura. Establece un limite inferior de 1,33 y un
limite superior de 1,55 para el cociente In ap_gfln apy_py v efectiia los calculos detallados corres-
pondientes a vatias moléculas simples.

La memotia demuestra que en virtud del factor de frecuencia independiente de la temperatura
que corresponde a los procesos cinéticos, la razén . In (kp/kt)/ln (ky/ky) aumenta por encima
de los valores encontrados para los procesos en equilibtio, e indica ecuaciones que permiten cal-
cular el incremento. Demuestra asimismo que los cocientes de los efectos isotdpicos relativos del
tritio-protio y del deutetio-protio pueden servir para caracterizar los efectos isotopicos secunda-
rios y de tunel en las reacciones quimicas.

El autor efecttia cilculos detallados para tres tipos de procesos en los que interviene el agua:
1) puesta en equilibrio con hidrégeno, 2) destilacion y 3) electrélisis. En estos tres procesos, ay,_yy
varia entre 5 - 10~% y 10, pero se calcula que el valor de In (ap_g)/In (ap_g) oscila entre 1,33y 1,40
para los tres procesos, lo que concuerda satisfactoriamente con los resultados experimentales.

Introduction

Hydrogen isotope effects encompass the range from a few per cent to an order
of magnitude per hydrogen atom substituted in both rate and equilibrium processes
at room temperature. The small effects occur in systems where there is no signifi-
cant change in the chemical bonding of the labelled hydrogen atom in the net
reaction. Examples of such effects are liquid-vapour equilibria, solvent isotope
effects in the absence of acid-base equilibria, secondary isotope effects and isotopic
disproportionation equilibria, e.g. 2HDO = HO + DgO. It has been shown [1]
that the largest effects in isotopic disproportionation equilibria arise in the reaction

Hs + Ty = 2HT (1
K = (4) (0.64) at 298 °K [2].

Yet, even in this disproportionation, the fractionation factor is (0.64)"/2 or 0.80 per
tritium atom. In all of the processes mentioned, the chemical or valence bonding
of the labelled hydrogen remains essentially unaltered in the reaction. These small
isotope effects can be multiplied by multiple substitution, and the over-all rate
constant for the solvolysis of t-amyl chloride-dg is smaller than the unsubstituted
compound by a factor of 2.35 at 25°C [3]. Large kinetic and equilibrium isotope
effects arise when the labelled hydrogen undergoes a reaction where it is strongly
bonded in the reactant and loosely bound (free atom) in the product or transition
state [4,5]. A fractionation factor of 6.75 is obtained in the distribution of tritium
between water vapour and hydrogen gas [6] and 14 in the electrolysis of tritiated
water [7]. 2

The present investigation was undertaken to determine whether or not any
correlations can be made between tritium and’ deuterium isotope effects. Particular
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attention has been given to the fact that these isotope effects cover several orders
of magnitude. If a correlation is possible, then the large body of experimental data
and theoretical calculations on deuterium isotope effects would be useful in studies
with tritium. In many low-level experiments with tritium, the material is enriched
prior to low-level counting, and the measured deuterium enrichment is used in the
calibration of the tritium enrichment [8, 9]. The basis of this method is that ap.g/
ap _m, the relative tritium-to-deuterium fractionation factors relative to protium,
is a constant. This has been established by Kaurman et al. [8] for the electrolysis
of water but has been questioned recently by Scrumacuer [9]. If 4 correlation
can be found between tritium and deuterium isotope effects, based on’systems with-
out such quantum mechanical effects as tunnelling, then abnormal ratios of tritium
to deuterium isotope effects would provide evidence for such phenomena in reac-
tions involving hydrogen and its isotopes.

Theory of relative effects

A treatment of relative tritium to deuterium isotope effects with respect to
protium has been given by Swain et al. [10]. These authors considered only the
zero-point energy contribution and the effect of the Boltzmann. excitation. All
hydrogen vibrations were assumed to be lowered by (2)¥2 and (3)/2 by deuterium
and tritium substitution respectively. They found:In ap_g/ln ap_g = 1.44, ap_g=
Ku/Kr, ap-uw= Ku/Kp. The treatment neglects temperature-independent entropy
effects to In § and In @. Further, it is clear from the product rule [11] that not
all the hydrogen vibrations can be shifted by (2)2 or (3)V2 by deuterium and
tritium substitution respectlvely In particular, the change in the moments of inertia
of the molecule by isotopic substitution will reduce the 1sotope shifts in bending
vibrations. :

The equllibrium isotopic fractionation between two chemical species, each of
which has just one 1sotop,1cally replaceable atom, is Just the equilibrium constant
for the exchange reaction

HX +DY =DX+HY . @
HX + TY = TX +HY 3)
ap -1 = Kz = (DX/HX)/(DY/HY) 4)
ar_n = Kg = (TX/HX)/(TY/HY), . )

If there are two or more isotopically equivalent atoms in the molecule, the isotopic
fractionation factor is directly related to the reduced partmon function ratio [5],

s/s" f

HaX +Hy o TY = Hy TX + HyY | (6)
o = )~ ALY = P Ke e
where
BELX) = (X, x = 5 T (3)
BHLY) = (T, v = %@@%;Y) S %)

Equations 6—9 have been shown to be valid even when there is appreciable isotopic
fractionation between H,X and H,Y [12]. A singular exception is the molecular

11*
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species Hy at low temperature. The relative tritium and deuterium fractionation
factors in an equilibrium system are
Inapg lnss'ST—H (X)) —Ins/s’ fT—H (Y)

Inap.g  lIns/i JD—H (X) —Ins/7 JD—H (T)’ (10)

Since the logarithm of the vapour pressure ratio of isotopic molecules can be
expressed in terms of Ins/s" f (solid, liquid) — In s/s'f (gas) [13], equation 10 is
not restricted to gaseous reactions.

We consider first the high temperature approximation to ln s/s’ f [1]

o1 2 e (o e (2] <
=24 \#T) o 7(T,D)) ok ﬁ(;;g) <zl (1
where my, myp, my are the masses of protium, deuterium and tritium respectively,

and a;; is the Cartesian force constant for the displacement of this atom in the
molecule. From equations 10 and 11 we obtain

Inarg .
Tabm (12)
One can show that 4/3 is a lower limit to lnaD—H‘ since

1 1 1342 ¢ 1 \)2
mg ( ] Z?)

1 1 1Ty Tz’
N (E} - (?5]

We now consider low temperature systems, 1. e. systems for which the Boltzmann
excitation factors, (1—e™%), are small. For such systems the result of SwaiN et al.
(10] is an upper limit to Ins/s’ f T—H/In s/s’ f D—H. For all systems there will
always be a correction from the Boltzmann excitation in tritium compounds. The
term 33776 In uip/umy is always negative and lowers the zero point energy effect.
Finally, the operation of the product rule lowers the relative T to D zero-point
energy effects from 1.44. Further, the over-all relative T—D fractionation with

respect to protium is not determined by Ins/s’ f T—H (X)/Ins/s f D—H (X). In
Table T we give the values of Ins/s’ fr/ln s/s’ fp for a number of simple molecules.

(13)

TasLe I
RELATIVE TRITICM AND DEUTERIUM PARTITION FUNCTION RATIOS
‘ In s/s’ fp In s/’ fp(ln /s’ fry

Molecule | 298° K 298° K 600° K } 1000° K
H, 1.215 1.37 2] 1.36 [2] 1.36 [14]
HE 2.359 1.42[2,14] | 140[2,14] | 1.37{2,14]
HCl 1.669 1.41[2,14] | 1.39[2,14]
HBr 1.469 1.41[2,14] | 1.38[2,14]
HI 1.245 1.4005,14] | 1.37{514] | 1.34[5,14]
H.0 2,524 1.38 (2] 136 [2] ‘ 1.33

We note that they lie in the range 133—1.44. Although the range of Ins/s’ fr/
In s/s’ fp is small, a definite trend is obvious and to be expected from the theory.
The high values are associated with strong chemical bonds and the large mass of
the atom to which the hydrogen is bonded.
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The relative T—H/D—H fractionation factors can then be written
Inap_y alns/s fp(X) —blns/s' fp (i/')

napm /7 fp (X) —In /s fp (V) (14)
In s/¢’ fn ()
=t O S () —Tn i fp (D) (15)

The notation is such that In s/s’ f (¥) is smaller than In s/s’ f (X). The fractionation
favours D and T in the X compound. From Table I we note that Ins/s" fp (¥)/
In s/s’ f (X) — In s/s" f (¥) is of the order of unity unless Y is zero and the reactions
is an exchange with H atoms. In this case In s/s’ fp (Y)/[In s/s" fp (X) — In s/s’ fp (Y)]
may be as low as 0.4. Since a—b <11, we see from equation 15 that In ar_g/In ep _x
is always less than 1.55. Thus, we have established the range of In ar-u/ln ap_u to
be 1.33—1.55 for equilibrium systems.

We now wish to consider the relative T—H and D—H fractionation in rate
processes. Formally, we can write for the ratio of rate constants of 1sotop1c mole-
cules [15]

In (5p5 §; /SuS 3 ) (km/kp) = In (Sp/S®) /o —1In (S5 /S 5)/ 5 Gn—T)
+In@a/r ) + Tw, (16)
where T () is a correction for tunnelling and In» 3 /v5 represents the relative
frequencies of crossing of the barrier. If the tunnelling is small, then {15, 16]
—n(SH /ST Gr—T) + Tw) = —In (S5 /S5 /5 3 —6). 17)

The relative T—H/D—H fractionation factor for rate processes then becomes in
the small tunnelling approximation

+ +* ST S;: +
lnvg/vf +1In ——fr—In St (3n—6)
Su S* .
_ln ar_H - H (18)
lnap_g 5p SH
lnvf /o3 —|—ln—fD——ln oF fD (Bn —6)
H

The frequency rations »ii /vt and »i/» can be calculated from the formula
given by BiGeLEisEN and WoLrsBerG [17] for reactions of the type

A+HC—— — >AH+C (19)
vE o~ {az (#31,D,T + £0) + B (D, + #a) + 208 pu .1}, (20)

where u is the reciprocal mass and f/a determines the relative amount of bond
formation to bond rupture. For a large range of values of /o and ua and uc we
find In » /'u-if = (1.56—1.58) In s /v;‘. For reactions involving hydrogen molecules
the ratio is somewhat larger. Equation 18 then becomes ’

+
1.57ln(v§,vg)+aln%fp—‘bln /A
Inapn _ H (21
In ap_g S5 .
In(wi/ovh) +1n ——fD—ln i 5
H

It is apparent from equation 21 that the behaviour of In ay_u/ln ap_g for rate
processes 1s quite similar to the behaviour for equilibrium processes. Since 4 and &
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are in the range 1.33—1.44 the frequency factor term ln v /vS serves to raise
the limits of Inar_w/lnap_u of 1.33—1.55 found for equilibrium systems by a

small amount. The amount depends in detail on the relative contribution of Inwg/
+ # . * . .

»p and In f/f7 to In ap_p. At high temperatures In vH/vg is. the dominant

term, while at low temperatures In f/f* is the dominant one.

Applications of the theory
In the present paper we shall discuss several applications of the theory to frac-
tionation processes involving water. First, we consider the exchange reactions
HT + HyO = Hy + HTO
HD + HyO = Hy + HDO.
The experimental equilibrium constants for these reactions are each in quantitative

agreement with theoretical computations. The values of log Ky/log Kp are therefore
just those expected and are given in Table II.

TasLe 11
RELATIVE FRACTIONATION OF T AND D IN THE EXCHANGE OF H,-H,0
T°K log Kp/log Kp
298 1.39
400 1.38
- 500 1.36
600 1.36

We now wish to consider the vapour pressures of the isotopic water molecules.
Avinur and Nir [18] have recently determined the relative vapour pressures of
(H2O/HTO) and HeO/HDO. They find that at 70°C and 100°C

ay—1 10 Pgo/Puro

= = 1.37 £ 0.02.
ap—1  In Py 0/Papo

In the theory of quantum corrections to the law of corresponding states [19], the
vapour pressure has a quantum correction determined by the parameter A*2=
= h2/0?me, where ¢ is the range of the inter-molecular force, m is the molecular
weight, and ¢ is the depth of the intermolecular potential. This theory has been
successfully applied to the thermodynamic properties of the condensed rare gases.
It leads to

- 11
*2 2 —_——————
ap—1 _ Afo—Adro 18 D 190
o1 " Ao Afpo 1 _ 1
1819

which is in poor agreement with the experimental data. The A*2? correction to the
law of corresponding states has been shown recently [13] to be inadequate for a
variety of problems dealing with condensed phases of polyatomic molecules.

It has been shown that for vapour liquid equilibria [13] an equation similar to
equation 11 applies. One obtains directly, therefore, from the theory of quantum
effect in systems of polyatomic molecules (ar—1)/(ap—1) = 4/3 which is in ex-
cellent agreement with experiment. '



CORRELATION OF TRITIUM AND DEUTERIUM ISOTOPE EFFECTS 167

We turn to the fractiohation of D and T in the electrolysis of water. This process
is in current use in the determination of T in natural samples [8,9,20). The basic
difficulty with the method is the fact that the elementary enrichment factor.is not’
reproducible, even in a given electrolytic cell. Deuterium enrichment-is used as a
monitor, and one obtains from the theory of the Raleigh distillation

Xr _( Xp \a/p (ﬂ B—a)/B

X% ——( X% ) VJ > (22)
where X’s are mol fractions, V is the volume and § and o are the relative rates
of electrolysis of H;O/HTO and HoyO/HDO respectively. The data of Kaurman and
LiseY [8] support their hypothesis that ar_m/ap _g is a constant. The more recent
experiments of OsTLuND and WERNER [20] definitely show that this ratio is a
function of . We shall write equation 21 in the form

napy WSS — @ — Dl 0 v5) 2)
Inap_g + Inap.g ’ @
where
Ry St Ky S5
|Gl )]l () (sl} e
5% S5 ) '
We assume In o fi=yh = f5i. Then, from Table I, y is 1.38 for HpO at
H H

298 °K. The frequency ratios (v%/»%) and (v7/v%) are |3 and /2 respectively.
These lead to

In ar-n 06

o = 1384 (25)

The value of In ¢ is about 2. Low apparent values of a undoubtedly are a con-
sequence of partial or complete equilibration of the hydrogen with the water. From
equation 25 we obtain In ar_n/ap _g = 1.41, while the equilibrium value given in
Table 11 is 1.39. From these we conclude In ar_yw/ln ¢p_g = 1.40 = 0.01 in the
electrolysis of water. The data of KaurmMan and Lisey give 1.40 .09 'while those
of UsTLuND and WERNER cover the narrow range log ar _p/log ap 3 = (1.35—1.41).
In the latter experiments a varies from 4.2 to 11.9 and there is a systematic trend
in ar.g/ap @ from 1.6 to 2.7. The theoretical results are in excellent agreement with
experiment. It is clear that the enrichment of tritium should be calculated from the
equation
In ar_[

‘ln 4Dp_H
rather than from

AT-H
ap-n
Secondary isotope effects and tunnelling

Relative T—H vs. D—H isotope effects may be of some aid in the characterization
of secondary isotope effects and the role of tunnelling in chemical reactions. It has
been shown by WoLrrsBerG [21] that secondary isotope effects can be represented
in close approximation as pure temperature-dependent functions. Therefore, in the
low-temperature region, i. e. # > 2n, the Swain approximation is appropriate and
In (kr/kr)/In (km/kp) will be close to 1.44. At high temperatures the ratio will
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drop to 1.33, as given by equation 12. It is characteristic of secondary isotope

A .
effects that the temperature-independent frequency factor, (v /vD 1), is very

close to unity. On the other hand, rate processes with small over-all isotope effects

which arise primarily from the frequency factor will have values of In (ky/kr)/
In (kg/kp) close to 1.57.

Reactions which proceed in part by tunnelling through the barrier should show
an anomolously large rate for protium. Thus, the ratio In(kg/kr)/ In(kn/kp) will be
reduced from normal values if the tunnelling is larger than the #%/24 approximation.
This may be a further tool for diagnosis of tunnelling in chemical reactions.
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OBIMNE 3AKOHOMEPHOCTH, OIIPEJEJAIONINE
TEPMOOUHAMUYECKUE M30TOIIHBIE SOOEKTHLI ITPU
TPUTUEBO-IIPOTUEBOM OGEMEHE

. M. Bapmascrmit
Wuernryr papmannoHHoit M QUBMKO-XMMHYeCKONH GuONOTHH

AH CCCP
Abstract — Résumé — AmnHOTAMa — Resumen

General rutes governing thermodynamic isotope effects in tritium/protium exchange.
The marked difference between the mass of tritium and that of protium causes a significant difference
in the chemical characteristics of these two isotopes of hydrogen, and, in particulat, an extremely
itregular distribution of ttitium among hydrogenous substances duting tritium-protium exchange.

The coefficients () of tritium distribution in various systems of hydrogenous substances atre
calculated by a method based on statistical thermodynamics, giving a quantitative measure of the
thermodynamic isotope effect. It is shown that for some systems (containing hydrides of alkali
metals) the value of ¢ may attain 20,

Lois générales régissant les effets isotopiques thermodynamiques accompagnant les
échanges de tritium et de protium. Comme le tritium °H et le protium *H ont des masses trés
différentes, il en tésulte des différences sensibles dans leurs propriétés chimiques, notamment une
distribution trés inégale du tritium entre les substances hydrogénées qui se manifeste pendant les
échanges de ces deux isotopes de hydrogene.

Par la méthode de la thermodynamique statistique, ’auteur a calculé la valeur des coefficients
(e) telatifs 4 la répartition du tritium dans divers systémes de substances hydrogénées, ce qui permet
de mesurer quantitativement effet isotopique thetmodynamique. Il montre que pour certains de
ces systémes (sous linfluence d’hydrures de métaux alcalins) o peut atteindre la valeur 20.

O61mne 3a%X0HOMEPHOCTHM, ONpeeNAoNNe TepMOTNHAMUYecKUe N30TONHEIE 3dflerTrl
I[P TPUTHEBO-NPOTHeROM oGMeHe. CHABHOE pasnuyHe Macc TPHUTHA M NIPOTHA NPH-
BOJNUT K 3HAYMTENHHOMY PA3INYNI0 XMMIYECKHX CBONCTB BTUX [BYX M30TOIOB BOLOPOXA
M, B YACTHOCTH, K PE3KO HEPABHOMEDHOMY paCHpejesieHMI0 TPUTHA MLy BOLOPOJIO-
COHEep;HAINMMY BeIleCTBAMM IIPU TPUTHH-IPOTHEBOM OOMeHe.

MeToRoM CTATHCTHYECKON! TepMOTMHAMUKY BHUYMCIEHH 3HaueHus KoaddHuneHTOB
(a) pacnpemeleHnAa TPHTHA B PAa3IMYHHIX CHCTEMAX BOJOPONOCOMEPKAINMX BelllecTs,
ABIAIMIMXCA KOJMYECTBEHHOM Mepoif TepMOgMHAMHYECKOro M30TOHHOTO sdderTa.
TToxasano, YTo A HEKOTOPHIX CHCTEM (C YUACTMEM TMIPMAOR INENOUHBIX METAJIIIOB)
3HAYEHHE a MOKeT HOCTUraTh ABATUATH.

Leyes generales que rigen los efectos isotépicos termodinimicos en el intercambio tritio-
protio. Las masas del tritio y del protio son muy diferentes; por tanto las propiedades quimicas
de estos dos is6topos del hidrogeno difieren ampliamente, siendo, en particular, muy desigual la
distribucién del tritio en las sustancias hidrogenadas durante el intercambio tritio-protio.

Aplicando un método basado en los principios de la termodinimica estadistica, se calcularon
los valores de los coeficientes de distribucién (&) del tritio en distintos sistemas de sustancias hidro-
genadas; los datos asi obtenidos permiten evaluar cuantitativamente el efecto isotépico termodina-
mico. El autor demuestra que para algunos sistemas (que contienen hidruros de metales alcalinos)
el valor de g puede alcanzar a 20.

WHrepec & peaknuaM MBOTONHOTO o0MeHa BOROpPORA OOYCIOBIEH He
TOJILKO TeM, Y4TO OHHM JIesKAaT B OCHOBE XHMHYECKMX METONOB KOHI[EHTPUPO-
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BaHWA M3QTONOB BTOr0 3iemeHTa. O0MeH aroMa IIPOTUA HA aTOM TPUTHA
(nnu pefirepus) ABIAETCA IO CYMIECTBY NPOCTeHIell XNMIYeCKON pearIiueii
3aMeIleHuA BOJAOPOJA, B pesyJbTarTe KOTOPOl XMMMYeCKOe CTPOEHME MOJIe-
Kyasl (B oramdue OT OOBIYHHIX XNMHUYECKUX PeaKIUil) CYUIECTBEHHO He
menserca. [losTromy cropocTe Ilepexofa MeYeHOTO AaTOMA BOXOPORA B
ONIpeflelleHHBIX YCJIOBUAX MOKET CIYKHTh . KPUTEPHEM peaKkINOHHON
CIIOCOGHOCTH BOLOPOSOCOLEPFKAILETO BeIeCTBA.

Nceaenopanve pearnuil H30TOMHOTO 06MEHA BOXOPONA UMEeT TPH ACHEKTA.

1. TepmonnHamMuvyeckad (MB0TOIHO-PABHOBECHAA) XAPAKTEPUCTHKA BTUX
peaxnui;

2. OCoGeHHOCTH KWHETHYECKHX B3AKOHOB, OIPENETAIONNX IPOTEKAHHE
OOMEHHHEIX pearuuii, ¢ y4eToM H30TONHEIX 3(QeKTOB;

3. Ilpupoma u mexaHm3M 0OMeHHOH peakuuu.

Hacroammii mowsan HOCBAneH IEPBOMY M3 STHX ACIEKTOB. B ommume
OoT W30TOnOB 0o0Jjee TAMENHX BDJIEMEHTOB B CJIydde HBOTONOB BOHOPOMA
TOJKHEI IPOABJATHCA BHAUNTENbHEE W30TONHEE 3eKTH, 00yCcIoBIeHHbIE
CWJIBHBEIM OTHOCHTEJBHBIM pAas3JNy¥eM B MacCax © HYJeBHIX SHepTUAX
mpoTus, peiTepus u TpHTUA. lelicTBUTENBHO, KAK [IOKASEIBAET OIBIT, IPH
paBHOBECHHN NPOTHEBO-TPHUTHEBOTO o0MeHa dYacTo HAbIIOHAETCA MTOBOILHO
CHJIbHOE OTHJIOHEHHe paclpejesleHVA TPUTHAA OT paBHOBEPOSTHOCTHOTO.
ITO MPUBOAUT K HeOOXOAMMOCTH IIOCTPOEHUA TAKOH TEOPHHU TePMOLUHAMU-
9eCKUX MBOTONHEIX 3eKToB, KOTOpad BHABMAA OBl 0BI[yI0 3aKOHOMEp-
HOCTb, OHpPEfeNAUIYI0 NX BEAUYMHEL W II0BBONKJA 3apaHee IpPefBUEThH
YHUCJEeHHbEe BHAYEHUs KOBDPUIMEHTOB pAaCHpele/eHNA TPUTUA MEEREY
PA3INYHBIMA XUMUYECKUMY COefUHEeHUAMY.

[Ipn m3oronHOoM oGMeHe BOJOPONA MEKAY ABYMA BOJOPONOCONEPIRAIIMMHU
semecreamu AH, u BH,, (rne A u B uwacTu pearupyoumx MomeRyal Ges
aTOMOB BOJOpOAA) NMpOTEKaeT He OjHA, a nm OOMEHHHIX peakuuit, jobadA
73 KOTOPHIX MOKeT OBITh BLIpaskeHa oOIMMM ypaBHEHHEeM

AH, ;1 T 1+ BHm—vy'Tj?—AHn~—iTi + BHm——j+1 T;’—l ) (1)
rpue: 1=1,2,3...n; i=1,2,3...m

JnA KamKmoil M3 TaruX nm OOMEHHEIX pPeaKIit XapaKkTepHa CBOA HKOH-
CTaHTa PaBHOBECWHA, paBHAMA:

[AH,—,T,][(BH,, ;41 T, 1] (2)
[AH, ;1 T, ,][BH, _;T,]’

K=

rie BeJN4MHBI, CTOAIMUEe B CKOOKAaX NpPeRCTAaBIAT co00ii paBHOBECHEIE
KOHI[EHTPALNK COOTBETCTBYIOLINX M30TONHHX (OpPM pearmpyomux KOMIo-
HEHTOB.

BennyuHa KOHCTAHTH PABHOBECHsA 3aBUCUT, KAK U3BECTHO, He TOJBKO
0T pasamumit B CBOMCTBAX M30TOIOB BOXOPOAA, HO TAK#Ke OT COOTHOIIEHMSA
9KCcell CUMMETPUM MBOTONHHIX (OPM pearupyHOILHX BelecTB, M I03TOMY He
MOKeT CIY:KUTh Mepoil TepMOAMHAMHYECKOTO adderTa AJNA CUCTEMH B Ie-
jgom. B kadecrBe Tanoii MepH yHoOHO NONB30BaTHCA KoddduumenTom
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pacTipeenenusn () TPUTUA, KOTOPEA He 3aBHCUT OT CHMMETPHHM pearupyno-
mmx moierys. [lo onpenesnenuo, Kodp@uIMEHT pacnpefeeHus paBeH:

___(TY[H) AH, .
= (T)HE) BH,,
rae unpexcst AH, 1 BH,, osHavaoT KOMIOHEHTHI, AJsA KOTOPLIX GepyTesa
OTHOUIECHMA paBHOBeCHHX KOHIeuTpanuit Tpurud u uporus*. Ilpu pasuo-
BEPOATHOCTHOM pacupefesleHU U30TOIOB B PABHOBECHH, T. €. IPU OTCYT-
CTBUM TEPMOAMHAMUYECKOTO W30TONHOTO »sfierTa, BeJAMYMHA « pPaBHA
enuanie. Yem Gomblie TepMOAMHAMUYECKUI N30TOTHEIN adeKT, TeM CHIb-
Hee OTIMIAETCA o OT eTUHUIILIEL

Besmumust a u K,; ogHO3Ha4HO cBABaHEL APYT ¢ ApyroM. B paborax
[1—3] =a npumepe peiirepoofMeHa HaiifieHO COOTHOImIeHMe Mexpy a u K,
TI08BOJISI I0IEe JIETKO BHIYMCIATH BEJAWINHY o U3 KOHCTAHTH PABHOBECHUS
CYMMapHO# pearnuy M30TOMHOTO 0OMeHA

mAH,, - nBT=mAT, 4 nBH,,. 4)
‘COTJIacHO 3TOMY COOTHOLIEHUIO !
a = Klmn (5)

Tae a-xosbdUIueHT pacHpeneseHus Tpurus, a K—KoucTanta pasHoBecus
pearnunm (4).

CiexyeT OTMeTHTH, YTO J[JIA BHIYMCJEHNA o MO:KeT GHTb MCIOJIL30BAHA
B NpuHIMIE He TOIBKO CyMMapHad peakuus (4), Ho u mobas npyrad us
TIPOTEKAIINX B CHcTeMe OOMEHHBIX peakliti, ONKCHIBAGMHIX ypaBHEHUEM
{1). B caydae o0meHa MeMAYy KOMIIOHEHTAMY, COMEPHKAIUMU HECKOJLKO
aTOMOB BOJOPOJa, KOTHa B CHcTeMe IpOTexaeT Oojbiie OXHOM peaknuy,
IIOJTyJaoiimecs 3Ha4YeHNA a OYyAyT TOYHO pPAaBHLL JPYr APYTY TOJNBKO IIpH
YCIOBHE PaBHOBEPOATHOCTHOTO pachpefieleHMA TPUTUA MeKAY Pa3HEIMK
MBOTONHHIME (OpPMaMU OfHOI'0 ¥ TOr'0 jKe KOMIOHeHTa. {aKk morassiBaer
OIBIT, B CJydYae JeiiTepooOMeHa 2TO yCiaoBUe COOJIONAeTCsI ¢ JOBOJIBHO
XOpoIeil TOYHOCTBIO M BHAYEHHA ¢, IIOJIyYEHHBIE M3 KOHCTAHT PAaBHOBECUA
PAa3HEIX Pearuuii He pasimmdaoTcA cuabpHee yeMm Ha 5—69 (3). Ilpu npo-
BElGHUM pAacyeroB IPAKTHYECKM YHOOHee BCEro MOJB3OBATLCA, OHAKO,
CYMMapHOH peakIueif, T.K. HIpH 3TOM 0THAfaeT HeOOXOAMMOCTL HMETh
Jled0 ¢ JACTHYHO 3aMemieHHEMU u3oronnmMu gopmamu. B cimyuae obmena
MeKy KOMIOHEHTaMM ¢ ONHMM aTOMOM Bofopoja (m = n = 1) eguHCTBEH-
Haa oOMeHHAA pearuuA ABIAAeTcA cyMMapHoi. B atom cayuae rosddpuurent
pacnpepiesieHUA TPUTUA YUCAEHHO COBHAJAET ¢ KOHCTAHTOW paBHOBECHS.

Takum obpasom, ecim mapecTHa BejuumHa K fuA cyMmaproil peakumn
H30TONHOTO 00MeHa, TO NOJb3YACh ypaBHeHMeM (D), MOIKHO OIpeeauTh
3Hadenne a. B ro e Bpema Bemmuuny K MOEKHO BRIUMCHNTE M3 MAHHEX
10 KOJe6aTeNbHEIM CIIEKTPAM PEATHPYIOUIUX MOJEKYI ¢ UCHOJb30BAHUEM
MeTofia CTaTHCTUYecKOi Tepmopuuamukm. (CorsacHo [4—O6] Boipamenne
JJIl KOHCTAHTHEL paBHOBecMA I cymmapuOo# peakmun (4) momer OwiTh
3aliCcaHoO B BHOE:

* Benu4uHy a [JIA HEPABHOBECHHIX CHMCTEM CIEAYeT HA3EIBATL KodddunueHrom
‘PaspeNeHnA.
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: he m .
wAT, 1 —¢ ETw __fe _
n AH |, ¢ 2KTm2(wATn "’AHﬂ)
wAH, _ te
l—e BT wyr :
K= he n ? 6)
BT 1—e ET L ke
w m wBHm ——-2KT7LE(CDBT7"—-(DBH7”
oBH, he

1—¢ ETwpyp,

r7e OPOU3BeeHUsI U CYMMH 0epyTCA II0 BCeM OCHOBHBIM KOJeGaTeabHEIM
9acTOTaM @ CM ' COOTBETCTBYIOIIMX MOJIEKYJd (C IOIIpaBKaMm HA- aHrap-
MOHHYHOCTE Koaebammit). Mcmonssya coorHomenne (5) u Bmpaskenue (6),
uMeeM:

he 1/n N
wAT, 1—¢ ETw __te LZ —
I n _ AH o ZET n (“’ATﬂ "’AH,,)
wAH .
l—e ET W4T,
a= he T 7
— ¢ KT c
wBT, 1—¢ “BH,, e 2KT_m—2 (@BTy, ~“BH,,)

wBH _ fe
m™1—e KT wBT,

Jlerko BumeTs, YTO YMCIUTENb B BHpaKeHWH (7) BaBHCHT OT 4aCTOT KOJe-
Oanus TIOJHOCTBI0O TPUTHPOBAHHEIX (W47,) M HE COREPKAIUMX TPUTHA
(wA44,) MOJEKYN TONBKO OJHOTO KOMIIOHEHTA, & BHAMEHATEIb — OT COOTBET-
CTBYOIINX 3HAYEHWH wpr, U WBH, AIA APYroro KOMIIOHEHTA. 1aKuM
00pasoM BeIMYMHY @ MOMKHO INPENCTABUTD KAK OTHOMEHUE NBYX BEJIUYUH
By B Py, KQGKAYI0 U3 KOTOPHIX MOKHO BEIYHCJIHTH M3 OCHOBHBIX K0Je0aTeih-
HBEIX YaCTOT MOJIEKYJI IAHHOT'O BOJXOPOJ0COMIeP:KAaLeT0 BellecTBa, HEBABICHMO
OT TOTO, ¢ KAKUM BEIeCTBOM OHO BCTYIAET B PEAKIINI0 TPHUTHEeBOTO O0OMEHA.
Bemmunny f mer HassiBaeM f-darropom. Ousmyeckuii cmbica S-paxropa
COCTONT B TOM, 4TO OH CIYMKUT KOMUYECTBEHHON Mepoil CTemeHM HEPaBHO-
HeHHOCTH IPOTHA W TPWUTHA, NPOABISIONENHCH B NAHHOM BeHIECTBeE.

N3 dopmymst (7) nerxo sugers, 9To BeandnHa S-Pparropa aobore Bogopo-
Jocoflep:rallero BenjecTBa, monyerum AH,, pasHa:

he 1/n
— he 1
Q)AT,n 1 —e :TwATn e—“K—TTZ (0 4Tn — ® AHp) (8)
mAH _fe
1—e XT@AT,

p=|m

Vnnexe AT osmauaer, 9ro 4acrora kojeGaHUA OTHOCHTCH K COEIMHEHUIO,
B KOTOPOM BCe QTOMBI BOJIOpONA 3aMellleHH Ha TPUTHIl.

INoayyenne MONMHOCTHIO TPUTUPOBAHEIX COEAMHEHNI U SKCIIEPUMEHTAJIbHOe
usMepeHue UX KonebaTespHBIX CIEKTPOB ¢ IeJbl0 OIpejlelleHNs OCHOBHBIX
qacToT KoJe0aHusa, HeoOXomuMbx MiA pacdera f-QaKTOpOB, mpecTaBiger
BeChbMa CJAOMHYI0 3ajauy. B Hacroaujee BpeMA 9KCIepUMEHTAJbHO
oupefeNeHs OCHOBHEE KOJe0aTelbHHIE YacTOTH TOJNBKO JJf MOJIEKY.
T, [6] u T,0 [8]. Buiunciaenne 4acTor KosebaHNA MHOTOATOMHBEIX TPUTHPO-
BaHHHX MONEKYI (w47r,) NTyTeM NpPOCTOr0 MEJEeHUF COOTBETCTBYHOMINX
BHAYEHUH @ 4p, O 9THX Ke MOJIEKYJd Ha KOpPeHb U3 OTHOWEHNA NpU-
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BeJleHHBEIX Mace, He IIPHBOJUT K NOCTATOYHO TOYHEIM pe3yJbTaTaM u3-3a
B3anMoOJieiicTBIA KOJGeGaHWii B CJHOMHHIX Moserydax. Takum ofpasom,
OTCYTCTBHE SKCIIEPYMEHTAJIbHBIX JAHHBIX ¥ HEBOBMOMKHOCTh MX BHYUCJIEHUSA
B CIydYae MHOTOATOMHBIX MOJIEKYJ BOJOPOOCOMEPHALMX BeUIeCTB, He
MO3BOJAIT BHYKCIUTH f-PAKTOPH TAKUX BElECTB, Kak 3TO OBLIO CHeNIaHo
HaMM paHee ua Jeiitepocoeampennit (3] [losToMy MH npegmpuHAIN
pacuer 3Hadennii S-QaKTOPOB ABYXATOMHHIX MMAPUAOB KAK OJHOBAJIEHTHHIX,
TAK U NOJMBANEHTHEIX BJIEMEHTOB.

Yacrors KoeGaHNIA HONHOCTHIO TPUTHPOBAHHEIX ABYXaTOMHBIX TUAPUAOB*
BHIYUCIAIYM U3 SKCIEPUMEHTANLHEIX YacTOT KosebaHnA OOGBIYHBIX THUAPULOB
IPOCTHIM JieJIeHreM WX Ha KOPeHb M3 OTHOIIEHHA IPUBENEHHBIX MAace, 4To
BIIOJIHE ONPABAAHO B CIydYae KBYXATOMHBIX Moneﬂyn, HMEIINX BCETO
OAHY d9acTory KoJebanus.

Pacuer §-paxrtopor Benm 1o dopmyae (8) mma remmeparyps 20° C.
ITonyuennsie spaveHus f 20° mpusegenst B taba. I, B xoropoil yxasaHs
TAK/Ke HCIIOJNBL30BAHHBIE NPH pacdeTe sHAYEHUA 4aCTOT KojgebaHUA w 45, U
w1, Ha puec. 1 marasgao morasama sasmcumocthb f-daxTopa OT HOPAZ-

L LPYY

30

—/f3 20°¢

AHF (NH)(CHY)

25

20
OH

NH
HEL ((PH3) (H25)

10 o ! HBr
" on ] ﬂ HL
s Hole SSPLETCYA I n :
}gﬁ”" cangRp—iculi _agHY
LiH ‘::wkﬁ‘” M HZn: SzH CsH

0 10 20 30 40 50

——

Pnc. 1 3aBucumoctds f-Paxropa 0T MOPATKOBOLO HOMEPA BSJEMEHTA, CBA3AHHOIO
C BOTIOPOJOM.

KOBOTO HOMEpa »JIEMEHTa, CBABAHHOTO C BOJOPOIOM. Jlerko BumeTs, 4TO
3T 3aBUCHMOCTH HOCHT II€PUOAMYECKUIl Xapaxrep M HAallOMHHAET COOTBET-
CTBYIOLIYI0 3aBCHMOCTh [JIfl CHJOBHX KOHCTaHT. Bemwuuna f-parxrtopa
ABYXAaTOMHOTO TMpPHUAA pPE3KO BO3pacTaeT BHYTPU KasJIOr0 MEpPHOAA
rabnnier MenpmeseeRa [0 Mepe BO3PACTAHUA YHUCJIA BHEHMIHMX 3JEKTPOHOB
DIIEMEHTR, CBABAHHOTO ¢ BOAOpofoM. C Jpyroit CTODOHH, IpH LEpPexofe
OT JEerHUuX 9JIEMEHTOB K Goaee TAMEIBIM (HpI/I JaHHOM YHCJ€ BHCHIHUX
9JICKTPOHOB) BHYTpH MaHHOH rpynmsl Tabmuuet Menneseepa f-(axropst
COOTBETCTBYIOMINX THAPUAOB IOCTENIEHHO yMeHbmaioTCA. CKasaHHOE OTHO-

* B cayuae IBYXaTOMHEIX TMAPHMAOB NOJMBAJIEHTHWX adeMeHTOB (Hanpumep, CH,
NH, OH, SH u 1.1.) peus uger 0 CBOGOTHHIX PAfUKAIAX. .
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TABJINLA I

YACTOTA KOJEBAHMS NABYXATOMHLIX FHIAPHUIOB M TPUTUAOB W
3HAYEHHRA S-OPAKTOPOB (20° €)

ATOMHEL N Yacrora komeGaHmsa, cM! 8
‘HOMEp THApHAA TPUTHAA 200G
1 | H 4154,65 878,0 48
3 Li 1359,2 878,0 27 |
5 B 268 - 1417 50 |
6 C 2732 1694 18 . |
7 N 3300 2029 13,7 |
8 o 3571,6 2180 183 |
9 F 3958 4 2397 274 ‘
11 Na 11329 680,6 19 :
12 Mg 1432,9 859,6 2,5
13 Al T 1624,3 970,7 3,0
14 . Si _ 2080 _ 1242 46
15 P 2380 1417 6,3
17 a 28857 1711 105
19 K 964,5 5107 1,7
20 Ca 1260 745,0 2,1
25 Mn 1580 C 9287 2,9
27 Co 1890 1109 40
28 Ni 1926,6 1130,9 41
29 Cu 1866,0 1094,2 3,9
30 Za 1497,3 877,5 27
35 Br 2559,3 1495,9 7,9
37 Rb 908,5 5306 1,6
38 St 1172,2 684,4 2,0
47 Ag 1691,9 985,8 33
48 cd 1338,1 779,4 2,3
53 ] 2230,1 1297.6 5,1
55 Cs | 8755 509,3 ' 15 -




TABJIMOA 11
SHAYEHHUE KO9QOHUIMUEHTOB PACHPENEJEHUA TPUTUA (a 20° C)

Hoapumnuent pacnpepenaeHusa TpuTua a 20° C

BeiecTso B* 200C

H, r CH, { NH, | H,0 ‘ HF ( PH, [ H,$ ’ HCl {HBr2 HJ { ZiH ‘ NaH ] KH ‘ RbH [ CsH
H, 48 1 017 | 017 | 015 | 0,18 | 046 | 046 | 046 | 061 | 08¢ | 18 [25 | 28 | 30 | 32

cH, | @6 |57 |1 1 087 | 1,0 | 2,64 | 2,64 | 2.64 | 3,50 | 485 | 102 | 1,46 | 16,15 | 17,15 | 18,4
NH, @ |s7 |1 |1 0,87 | 1,0 | 2,64 | 2,64 | 2,64 | 3,50 | 485 | 102 | 1,46 | 16,15 | 17,15 | 18,4

H,O 31,6 66 | 1,14 | 114 | 1 12 |30 |30 |30 |40 |56 |18 |167 | 186 | 197 | 210

HE 27,4 57 |1 |1 087 | 1 26 | 26 | 26 | 346 | 48 102 |144 | 160 | 17,1 | 183
 eh, 05 |22 1038 | o3 |03 |03 |1 1 1 133 | 184 | 39 | 55 | 62 | 66 | 7.0 -
H,S 105 |22 | 038|038 | 033 | 039 | 1 1 1 1,33 | 1,84 | 39 | 55 | 62 | 66 | 7.0

HCL 10,5 22 | 038 | 038 | 033 | 039 | 1 1 1 133 | 184 | 39 | 55 | 62 | 66 | 70
HBr, 7.9 17 | 028 | 028 | 025 | 029 | 075 | 075 | 075 | 1 139 | 290 | 420| 470| 50 | 53

R 57 12 | 021 | 021 | 02 | 021 | 054 | 054 | 054 | 072 | 1 210 | 30 | 335| 356 | 38
LiH 2,7 06 | 010 [ 01009 |00 | 026 | 026|026 |034|048| 1 | 142] 160{ 1,70| 1,80

NaH 1,9 04 | 0,07 | 0,07 | 0,06 | 0,07 | 0,18 | 018 | 018 | 024 | 033 | 070 1 | 1,1 | 1.2 | 13

KH 17 036 | 0,06 | 0,06 | 0,06 | 0,05 | 015 | 015 | 015 | 022 | 030 | 063| 09| 1 | 11 | 11

RbH 16 033 | 0,06 | 0,06°| 0,06 | 0,05 | 015 | 015 | 045 | 021 | 028 | 060 | 085| 0,04 1 11

IRt 15 030 | 0,05 | 005 | 0,05 | 0,05 | 014 | 0,14 | 014 | 020 | 026 | 056 | 080| 088 | 0094 1

* B ckoGkax nawbl 3HaYenns f-GakTopa YCJOBHO NPHHATHC PaBHBIMH (-GaKTOPaM COOTBETCTBYIOWIHX FajJOMIOBOROPOMOB.

VHANYO OJOSIMLIOdI-OgININdL MMINAGP®E TMMOThMNVHUTTONIIL

gLl
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CUTCA K JBYXATOMHEIM TruapugaMm. Ecou penuunsa f-daxropa ruapupa
MeUCTBUTEJLHO ONHOBHAYHO ONPeAesAeTcA IPOJOIKEHNEM JIeMeHTa B epu-
onu4ecKoii Tabimie, a WMEHHO YHUCIOM BHEIIHHX BJIEKTPOHOB M YUCIOM
BHYTPEHHUX JJIEKTPOHHBIX 000J109eK, TO f-PaKTOpPH MHOTOATOMHEIX THApPHU-
MOB MOJMBAJEHTHHIX 9JeMEHTOB, OTHOCAINXCA K ORHOMY H TOMY »Ke IepuoLy
rabnunet MenpmemeeBa, He NOMMRHAB CUJIBHO OTJIMYATHCA APYT OT APYTra
ROMHEL OHTL OGMUSKM 1O YHCIEHHOMY 3HA4eHUIO K f-(aKTOpPy COOTBET-
CTBYIOIIEro TONOUAOBOZOPONa. JTO OOBACHAETCA TeM, 9T0 MOJEKYIApPHBIE
OCTaTKM, CBABAHHEIE TOJBKO ¢ OJAHMM aTOMOM BOJZOPOAA B TAKUX MHOTO-
aQTOMHHX THUAPUAAX M309JIEKTPOHHEL, & MACCH MOJEKYJAPHHIX OCTATKOB
OausKm Opyr K APYTy M K Macce aToma rojonja. llpumepom moryr caysuts
moaexyasl CH,, NH; H,O n HF, ocrarku koroprix (CH,; NH,, OH u F)
HMEIOT TI0 ¢eMb BHEINHUX DJEeKTPOHOB ¥ O00JMAfA0T OJMHAKOBHIM YHCIOM
BHYTPEHHUX 3JIEKTPOHOB.

JTI OCHOBHHE IOJOMEHUA 3AKOHOMEPHOCTH, ONpeeiAlomeli BeJNINHY
B-danropa Oninu AOKA3AHEL B ciAyYae jelirepoodMeHa Kak pacderamu [3],
TAK U YKCUepuMeHTANTbHO (cM. Hamp. 3, 7, 9, 10, 11]). Omu ke posukHEI
onpeneIATs XapaKTep paclpefeleHHs TPATHA TP M30TONHOM obMeHe
BomopoRa. llosTomy pamom ¢ ¢opmyaamu rorompgoBomOpoxoB Ha puc. 1,
B CKOOKAaX, yKa3aHH (OPMYJE MHOTOATOMHHIX THAPHAOB, XapaKTepH3YIO-
muxcA 3HadeHneM f-axTopa, npubiu3NTeEHO PABHBIM €T0 3HAUEHUIO [JK
3TOT0 TOJOUAOBOAOPoAa. B ciyzae BoAH 5TO NOATBep:KAAETCA SKCLEPHU-
MeHTaJdbHBMU faHubMu. Pacuer S-panropa T,0, nasa woropoii, Kak yrash-
BaJIOCDh BbHILIE, NBBECTHBL BCE ETHIPE YACTOTHL ¢ MIONPaBKAMU HA aHTAPMOHHY-
HocTh koxebammit [8], manm Bemuuuny [E:C 20° = 31,6, wroropas Oumska
K sHagenumio [P 20° = 274

B raba. IT npuBepeutr 3HadeHnsa koad@uiueHTos pacupedenenusa o 20°,
OTBEUALINEe PABHOBECUI0 HPOTHEBO-TPUTHEBOr0 OOMEHA MEKIY BCEeBOB-
MOHEIMI [IaPAMU BOZOPOAOCOAEPHRAIUX BeilleCTs. JTH BHAYEHWA @, HOJIY-
yegHBe KAH YacTHOe OT jeJIeHNs COOTBETCIBYHOIUMX [-akTopoB, Xapak-
TEPHUBYIOT MAKCMMAJBHO BOBMOKHEE B IIPHpOIe TEPMOAMHAMHUYECKNE
usoTomHue apdertHt (npu 20°).

BriBoan!

1. Bmrumcnensl sHayeHus S-ParTOpOB MIA ABYXATOMHEIX ¥ MHOTOATOMHBIX
TUIPHAOB M 3HAYeHMA KOdPPuureHTOR pacnpenenerns Tpurua a 20° Memxny
PasiMYHEIME I1APAMH BOJOPOROCOJEPHKAIMX BEIIECTR.

2. PesyaeTarsl pacueTa IOXTBEPHIAT 00IIyI0 3aKOHOMEDHOCTH DABHO-
BECHOTO pacnpefelieHUA TPUTUA IIpU MB0TOMHOM ofMeHe BONOPOHA, 108-
BONIAIINYI0 3apaHee NpegBUALTL BeJWYMHH o BAA J06HX nap Bonopono-
CONePIKALWKX BeIIeCTB.

3. Hlorasano, 94T0 MaKCUMAJbHO BO3MOKHBIA TepMONUHAMHYECKHN U30-
TonHbl sfderr, RomKeH HabMIOJATHCA IIpU NPOTHEBO-TPUTHEBOM oOMeHe
B CHCTEMAaX, BHJIOYAIOUINX, ¢ OLHOE CTOPOHB, TUAPHUA IO BO3MOMKHOCTH
HoJiee THHREIOro IMEJOYHOTO METAINA, a ¢ XPYToil CTOPOHH MMAPHI KAKOro-
HuOyAb HeMeTasa M3 IepBOTO ILEePHOJa CHUCTEMBI DJIeMEeHTOB, HAIpuMep
VILIEBOAOPO, aMMUAK, BOAY, (ropucreii BOROpoR (WU 3Ke BelleCTBO,
copepmamiee C-H, N-H unu OH-csasu). Pasnosecne npu ofmene mporus
M TPUTMHi B TAKWX CUCTeMaX JOKHO XapaKkTepU30BaTbCA BHAYCHUAMU
a 20°, OausKMMM K JBaIIaTH.
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Abstract — Résumé — AmHoTanus — Resumen

The determination of sub-mictogram quantities of amino acids with H?- and C14-labelled
1-fluoro-2.4 dinitrobenzene. A method of isotope detivation analysis is desctibed for the estimation
of amino acids at levels as low as 10~5uM in protein' hydrolysates.

1-fluoro-2.4-dinitrobenzene-H?® (G) was synthesized from bromobenzene-H3 (G), and 1-fluoro-
2.4-dinitrobenzene-C1¢ (G) was prepared from chlorobenzene-C'* (G).

The method of analysis involves the treatment of the mixture of amino acids with the tritiated
reagent (specific activity 12,8 jrc/u-equivalent) in alkaline solution followed by the addition of known
activities (6000 dpm) of C'4-labelled 2.4-dinitto pheényl derivatives. After solvent extraction the
reaction mixture is separated into its constituent dinitro phenyl derivatives by two-way paper
chromatography, and the H® and C** contents of each spot are determmed by combustion and gas
counting. The H? count gives a measure of the amourit of DNP derivative of amino acid isolated
from the original mixture, and the C1* count gives a measure of losses ihcufred during the analysis.

The results obtained from the analysis of pug of hydrolyzed insulin are in good agreement with
values obtained by derivative analysis with H? and C“—labelled acctlc anhydride and by ion exchangc
resin chromatography

Détermination d’acides aminés en quantités inférieures au microgramme a Paide de
1-fluoro-2,4-dinitrobenzéne marqué au *H et au 4C. Les auteuts décrivent une méthode d’ana-
lyse par dérivation isotopique permettant d’évaluer des quantités d’acides aminés aussi faibles que
10—° uM dans des hydrolysats de protéine.

Le 1-fluoro-2,4-dinitrobenzeéne-3H (G) a été préparé par synthese a partir du bromobenzene-*H (U),
et le 1-fluoro-2,4-dinitrobenzéne-1*C (G) a partir .du chlorobenzéne-14C (U).

Cette méthode d’analyse implique le traitement du mélange d’acides aminés par le réactif tritié
(activité spécifique: 12,8 pc par microéquivalent) en solution alcaline, suivi.de P'addition de dérivés
du dinitro-2,4-phényle marqué au 4C d’activité connue (6000 dpm). Aptes extraction par solvant,
les dérivés du dinitro-phényle contenus dans le mélange résultant de la réaction sont séparés par
chromatographie bidimensionnell€é sut papiet; la'tedeur en 3H et 14C de chaque tiche est.déterminée
combustion et comptage en phase gazeuse. Le comiptage de *H permet d’évaluer la quantité de
dérivés DNP (dinitro-phényle) de I’acide aminé qui a été isolée du melangc initial, et celui du 1“C
indique les pertes survenues durant I’analyse. :

Les résultats obtenus par Panalyse d’un microgramme d’insuline hydrolysée concordent avec
les valeurs que donne I’analyse par dérivation a I'aide d’anhydride acétique marqué au 3H et 1"C
et avec celles que fournit la chromatographlc par échange d’ions.

Hoxcuer cybMMEPOrPAMMHEBIX KONMICOTE AMIHOKHCAOT npn nomMomy 2 : 4 gEANTPO-
$rophensona, medennoro H? m €. OnuceBaeTcAa MeTO] M30TOMHOTO JEPMBALMOHHOrO
aHaJIM3a JIA ONpPEeNeNIeHHA AMHUHOKHCIOT NPH HU3KOM ypOBHe B 107> MUKpPO-MOJb
B I'UIPOIMBATAX IPOTEHHA.

2: 4 pmuaurpodropbensona-H? (G) 6ux anTeanpOBaH H3. 6p01\’166H30JIa H3(G) u
2: 4 punrnrpodropGensona-Ci4(G), KOTOpHIE OHI moOJydYeH U3 xnop6en30.na C1(G).

Merox ananusa BrioYaer o6pafoTKy cMecH ‘aMHHO-KUCIOT TPUTHPOBAHHBIM peax-
THBOM (yZHeIbHadg AaKTHBHOCTE 12.8 MHKPO KIOPH/MHKDPO SKBHBAJEHT) B LIEIOYHOM

12%
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PacTBOpe, . K KOTOPOMY NPHCOEAMHAETCA IPHUMECh C WBBECTHOM AaKTHMBHOCTELIO
(6000 pacnanoB B MUHYTY) MPOUBBORHHX 2 : 4 AuHWTPodenuna, medennoro C1, ITocte
PaCTBOPAIOIIEH 9KCTPAKIMM CMEINAHHAA PEAKIMs BHJIENAET M3 CBOEro CocraBa mpo-
M3BOJIHBIE NUHUTPOPUHUIIA ABYMA MyTAME Xpomarorpadum Ha Gymare u cojep:xaHue
H? m G kaympoit Kamim onpeNielseTcs CMUTAHHEM W Ta3oBHIM HojicueToM. llomcuer
H® paer woamuecrso, paBHoe npousBopHoit JIHK u3 aMUHOKMCIOTH, OTHEIeHHOX OT
OCHOBHOW cmecn, a cuer (C'* yxasHBaeT Ha BeJWYHHY IIOTEPh, MOIYYMBIIMXCA BO
BpEMA aHAIM3a.

Uroru, momyyennme B pesyibrare aHammsa 1 MMKPOrpaMMa THApPOJM30BAHHOTO
HHCYNNHA IOJHOCTBI0 COTJAACYOTCA C BeNMYHHAMH, IOJIYYEHHHIMH B Ppe3yibTaTe
ACPUBAUMOHHOTO aHAJW3a ¢ MCHOJL3OBANNMEM YKCYCHOTO AHTMAPHAA, MedeHHoro H?
u CM 1 ¢ noMompBI0 XpoMororpaduum MOHHOTO OGMEHA CMOIL

Determinacién de cantidades de aminoicidos inferiores al microgramo por medio de
1-fluoro-2,4-dinitrobenceno marcado con *H y 14C. La memoria describe un método de ani-
lisis por detivacion isotdpica que sitve para determinar cuantitativamente aminoacidos en canti-
dades del orden de 10-5 micromoles en hidrolizados de proteinas.

Los autores sintetizaron el 1-fluoto-2,4-dinitrobenceno-3H (G) a partir de bromobenceno-3H (G),
y €l 1-fluoro-2,4-dinitrobenceno-14C (G) a partir de clorobenceno-14C (G).

Segun este método de analisis, la mezcla de aminoacidos se trata con el reactivo tritiado (acti-
vidad especifica 12,8 yc/microequivalente) en solucién alcalina, afiadiendo seguidamente actividades
conocidas (6000 dpm) de derivados 2,4-dinitrofenilicos marcados con 1#C, Después de la extraccién con
disolventes, los derivados dinitrofenilicos presentes en la mezcla se separan por cromatografia
bidimensional sobre papel y los contenidos en 3H y en 1*C de cada mancha se determinan por com-
bustién y recuento con ayuda de un contador de gas. El recuento del *H indica la cantidad del
derivado dinitrofenilico del aminoécido aislado de la mezcla inicial, y el recuento del *C consti-
tuye una medida de las pérdidas que se producen durante el analisis.

Los resultados obtenidos al analizar 1pg de insulina hidrolizada concuerdan satisfactoriamente
con los valores que suministra el anilisis por derivacién empleando anhidrido acético marcado
con *H y con MC, y con los que se obtienen mediante cromatografia de intercambio i6nico.

Introduction

1-fluoro-2.4-dinitrobenzene (FDNB) was first used for the preparation of 2.4-
dinitrophenyl derivatives of amino acids (DNP amino acids) by Sancer [1] in his
investigation of the N-terminal groups of insulin. This reagent has now become
widely used not only for protein end-group analysis but also for the determination
of amino acids in protein hydrolysates. The techhiques employed depend on the
quantitative separation of the DNP derivatives, and their subsequent estimation.
Methods of preparation and chromatographic separation of DNP-amino acids have
recently been reviewed [2]; and procedures for their titrimetric [3], colorimetric [1]
and spectrophotometric [4] estimation have been described. The most sensitive of
the non-isotope methods is capable of measuring 0.1 yM of an amino acid.

In recent years this laboratory. has been concerned with the development of
analytical techniques for the estimation of sub-microgram quantities of amino acids
for the study of the protein composition and free amino acid content of small
groups of cells undergoing carcinogenesis. A method of isotope derivative analysis
employing H3- and Ct4-labelled acetic anhydrides as reagents for the dssay of
amino acids has been described by WarteHeap. [5]. This technique permits
measurement of 1075 uM of an amino acid, but the use of N-acetyl derivatives has
a number of disadvantages which will be discussed later. The purpose of this paper
is to describe the development of the same basic technique to produce a more
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advarntageous method by the use of 1-fluoro-2.4-dinitrobenzene-H3-(G) (H3FDNB)
and 1-fluoro-2.4-dinitrobenzene-C14-(G) (C4-FDNB) as the labelled reagents.

Experimental

PREPARATION OF INERT DNP-AMINO ACIDS

Unlabelled derivatives that were required in the early stages of the work were
prepared by the methods reviewed by BiserTE et al. [2].

PREPARATION OF LABELLED COMPOUNDS

The preparation of labelled compounds was carried out in a highly efficient
draught cupboard with all the usual precautions for handling radioactive materials.
The apparatus used was of the standard type for small-scale organic synthetic
operations with interchangeable glass joints; and, when necessary, a high vacuum
manifold of conventional design was employed. All apparatus was decontaminated
after use by immersion in acetone, washing with water, immersion in potassium
dichromate-sulphuric acid cleaning mixture and, finally, continued washing with
water.

1-chloro-2.4-dinitrobenzene-C14-(G)

Chlorobenzene-C1#4(G) (0.15 mM, 0.15 mc) was diluted to 5.0 mM (0.56 g) with
inactive chlorobénzene and nitrated in a 10ml flask with 2.0 ml concentrated
sulphuric acid and 2.0ml of fuming nitric acid. The reaction mixture was then
heated under reflux on a boiling-water bath for 1h, cooled and poured onto
crushed ice. The crude product was melted three times under water, allowed to
solidify and fiitered on a water pump, to be finally recrystallized from aqueous
alcohol. The yield was 0.94 g (949 theory).

1-fluoro-2.4-dinitrobenzene-C14-(G)

The 1-chloro--2.4-dinitrobenzene-C'4-(G) prepared above was converted to the
analogous 1-fluoro compound by the method described by Saunpers et al. [6] for
the preparation of the inert reagent.

The labelled 1-chloro compound was dissolved in 0.98 g nitrobenzene, and 0.55 g
potassium fluoride was added. The reaction mixture was heated at 205--210°C on
an oil bath for 5 h, cooled, filtered and the residue washed with 3X!/z ml portions
of ether. The filtrate and washings were evaporated on a high vacuum manifold
to give a solution of the required C*-FDNB in nitrobenzene. The yield of solution
was 1.60 g, which, after subtraction of the nitrobenzene added, is equivalent to
0.70 g (819/s theory) of the required compound. '

The 1-fluoro-2.4-dinitrobenzene-C14-(G) could be separated from the nitrobenzene
by means of a silica gel column eluted with a 1:1 ether: petroleum ether mixture.
However, since the presence of nitrobenzene had no adverse effect on the sub-
sequent preparation of C!4-labelled DNP derivatives, separation was considered to
be unnecessary.

1-bromo-2.4-dinitrobenzene-H3-(G)

Bromobenzene-H3(G) (1.0 mM, 100 mc) was diluted to 5.0mM (0.78g) with
inactive bromobenzene and nitrated with 2.0 ml concentrated sulphuric acid and
2.0 m] fuming nitric acid on a boiling water bath for 1h. The reaction mixture
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was processed as described above for the labelled 1-chloro compound to give 1 i1g
(910 theory) of 1-bromo-2.4-dinitrobenzene-H3(G).

1-fluoro-2.4-dinitrobenzene-H3*-(G)

The 1-bromo compound prepared above was converted into the required H3-
FDNB by exactly the same procedure as given for C14-FDNB, except that a tem-
perature of 190—195 °C was used. The yield of H3-FDNB in nitrobenzene solution
was 1.77 g equivalent to 0.79 g (9490 theory) of labelled reagent.

The 1-fluoro-2.4-dinitrobenzene-H3-(G) could be separated from the nitrobenzene
and unchanged 1-bromo compound with a column as in the purification of Cl-
FDNB. The presence of nitrobenzene has no effect on the preparation of H3-DNP
derivatives; and, since traces of unchanged 1-bromo-2.4-dinitrobenzene-H3-(G)
having the same equivalent specific activity as the H3-FDNB could only react to
give DNP derivatives of .the same equivalent specific activity, purification was
again considered to be unnecessary.

C14-labelled dinitrophenyl amino acids

The method used by Levy et al. [7] for preparing inert compounds was adapted
to produce most of the labelled derivatives on the milligram scale.

The amino acid (5.0 mg) was placed in a 5.0ml flat-bottomed B10 stoppered
tube; and 1.0 ml of water was added, followed by 10 mg of sodium carbonate and
20 pl of C14-FDNB in nitrobenzene solution. The reaction mixture was stirred at
40°C by means of a.micromagnetic stirrer for 1h. It was then extracted with
2X 1ml of ether in the reaction tube by micro-pipetting, and the extracts were
discarded. The remaining aqueous solution was acidified with dilute hydrochloric
acid and extracted with 2 X 1 ml of ether by the same technique. The ether extract
was evaporated to dryness, and the residue was taken up in 5.0 ml 50%/o aqueous
acetone or N/20 sodium bicarbonate solution, depending on the solubility of the
labelled derivative.

The purity of the labelled compound was checked by chromatography, and any
active dinitrophenol contaminant was removed by acidifying the solution if
necessary, evaporation of it to dryness in vacuo and heating the residue at 70°C
on a high vacuum manifold. However, this treatment was rarely required.

Cl-labelled di-DNP-tyrosine, di-DNP-lysine, di-DNP-histidine and DNP-
arginine were best prepared by adaption of the method of Rao er al. [8] in a
manner similar to that described above.

In this procedure the reaction was carried out in 5090 aqueous ethanol solution,
and sodium bicarbonate was used instead of carbonate. It was necessary to evaporate
off the ethanol in vacuo before extraction of the reaction mixture with ether. The
histidine and arginine derivatives were extracted from the acidified aqueous solution
with n-butanol.

STANDARDIZATION OF '1-FLUORO-2.4-DINITROBENZENE-H3-(G)

A standardized solution of leucine (0.54 pg/ml) was obtained and 0.1 ml was
measured into a 5.0 ml reaction tube. Sodium carbonate solution (1.0 ml, 0.1%%0)
was added followed by 5 ul of H3-FDNB solution; and the mixture was stirred on
a micromagnetic stirrer at 40 °C for 1h. To the reaction mixture was then added
a known activity (approximately 6000 dpm, 10 ug) of C4-DNP-leucine, and the
mixture was thoroughly shaken and extracted with 3 X 1 ml of ether by micro-
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pipetting in the reaction tube. The aqueous phase was then acidified with dilute
hydrochloric acid and extracted with 2 X 1 ml ether, and the ether extract was
evaporated to dryness in vacuo.

The residue was taken up in acetone (2 X 0.5ml) and chromatogramed on
Whatman No. 2 paper by ascending technique in toluene; pridine: 2-chlorethanol:
0.8N adequous ammonia (30:9:18:18) [4]. The yellow chromatogram spot was
excised and assayed for H? and C!4 by combustion and gas counting technique, as
described by WurTeneap [5].

Confirmatory determinations were carried out with standardized solutions of
valine, alanine and glycine.

ESTIMATION OF AMINO ACIDS IN A SYNTHETIC MIXTURE

A solution containing known amounts of leucine, valine, alanine and glycine was
prepared, and 0.1 ml (approximately 0.2 ug of total amino acid) was reacted with
0.1 ml sodium carbonate solution (19) and 5 ul of H3-FDNB solution at 40°C
for 1h with a micromagnetic stirrer after the addition of C!4-DNP-leucine, C¢-
DNP-valine, C14-DNP-alanine and -C*-DNP-glycine (6000 dpm, 10 ug for each
derivative); the same extraction procedure was followed as in the standardization.
The dry residue from the final ether extract was taken up in acetone (2 < 0.5 ml)
and applied to Whatman No. 2 paper. A two-dimensional chromatogram was then
run with the “toluene” system followed by a “phosphate” system (NaHoPOj:
NagHPOy, 2:1, 1.5 M, pH 6.0) used in descent. The yellow chromatogram spots
were excised and assayed for H3 and C!4 content by gas counting.

A similar estimation was performed with a solution of proline, serine, tyrosine
and phenylalanine, except that the reaction was carried out in 509 aqueous
ethanal solution for 2h and sodium bicarbonate replaced the sodium carbonate.
After addition of known activities of C!4-DNP derivatives of the amino acids
under investigation, it was necessary to remove the alcohol in wvacuo before
proceeding with the extraction.

ESTIMATION OF AMINO ACIDS IN A PROTEIN HYDROLYSATE

Insulin was hydrolyzed as described by WHITEHEAD [5]. Ethanol (1.0 ml) was
added to 1.0 ml of the hydrolysate (equiv. 0.90 ug insulin), and this was reacted
with 1.0 mg sodium bicarbonate and 5 ul of H3-FDNB solution at 40°C for 2h.
Known activities of C4-DNP derivatives of the amino acids being estimated
were added, and after thorough shaking the ethanol was removed in vacuo. The
remaining aqueous reaction mixture was extracted, chromatogrammed and assayed,
as for the synthetlc mixture.

The estimation of histidine and arginine required an additional extraction of the
acidified aqueous phase with 2 X 1 ml n-butanol. This extract was evaporated in
vacuo and chromatogrammed separately in one dimension with the “phosphate”
system.

THE DETERMINATION OF N-TERMINAL GROUPS

The method of SanGer [1] was adapted to the microgram level. Ethanol (1.0 ml)
was added to 1.0 ml of an aqueous solution of insulin (1.80 ug/ml) and this was
reacted with 1 mg sodium bicarbonate and 5 ul of H3-FDNB solution under the
usual conditions. Known activities of C!-DNP-phenyl alanine and C#-DNP-
glycine were added and the mixture thoroughly shaken. The ethanol was removed
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in vacuo, and the remaining aqueous reaction mixture was extracted with 3 X 1 ml
ether. Concentrated hydrochloric acid (1.0 ml) was then added to the aqueous phase,
and the solution was refluxed for 8 h.

The resulting hydrolysate was extracted with 2 X 1ml ether, the extract
evaporated to dryness'in vacuo and the residue chromatogrammed with the “toluene”
and “phosphate” systems. The yellow chromatogram spots were excised and assayed
for H3 and C content by combustion and gas counting.

Results

Table I shows the values obtained for the specific activity of the 1-fluoro-2.4-

TaBLE I
STANDARDIZATION OF 1-FLUORO-2: 4—~DINITRO BENZENE-H*-(G)

Weight Activity Activity Activity Specific activity
Ami taken CH-DNP - | C¥-DNP- H3-DNP- of reagent
mino Molecular dexiv deti deri
acid used weight eriv. etiv. eriv.
added recovered. recovered
(ug) (dpm) %) (ue - 1075 1. (uc/uM)
Leucine 0.054 131 6474 . 45.2 2.319 12.45
Valine 0.025 117 5957 40.7 1.131 13.00
Alanine 0.061 89 5032 45.4 4,033 12.96
Glycine 0.025 75 4565 48.1 2.063 12.87
mean
12.82 +- 19, S.D.

dinitrobenzene-H3-(G). It will be seen that the standard deviation from the mean
is only 1. '

The results of the determination of amino acids in synthetic mixtures are given in
Table II. These results show the validity of the technique to within % 5% in
nearly all cases.

TasLE II
ESTIMATION OF AMINO ACIDS IN SYNTHETIC MIXTURES
. Amount taken | Amount observed Etror Recovery of C14
Amino acid activity added

(ug) ) i (%) (%)
Leucine 0.054 0.055 4+ 1.8 20
Valine 0.050 0.050 0.0 25
Alanine 0.061 0.063 + 3.3 27
Glycine 0.050 0.048 — 4.0 52
Proline 0.033 0.032 - 3.0 28
Serine - 0.075 0.078 + 4.0 36
Phenylalanine 0.027 0.025 — 7.5 31
Tyrosine 0.068 0.070 —29 15

Table III gives the figures obtained for the composition of insulin. All the values
lie within 49/o of those expected from the structure of insulin given by RYLE et al.
[9]), and the accuracy appears to be more consistent than that obtained in the acetyl



TasLe I1I
*
DETERMINATION OF AMINO ACIDS IN HYDROLYSATE FROM BOVINE INSULIN

Method

Isotopic DNP method

Isotopic acetyl method

Spectrophotometric DNP

Ton exchange resin method

’

method
Amount of
insulin used (1ug) 2 pg) (1 mg) (2 mg)
' Amount ' Difference Amount Difference Amount Difference Amount Difference | Calc. amount
found | from calc. found from calc. found from calc. found from calc. ptesent
(10g/100 ug | amount (1g/100 ug | . amount (ug/100ug amount (1eg100 g amount (1g/100 ug
of ptotein) present of protein) present of protein present of protein) present protein)
o/ 0/ 0 o
4 % Yo (%) (%)

Leucines 16.5 : + 3.1 16.1 4+ 0.6 16.3 + 1.9 14.9 — 6.9 16.0
Valine 10.4 ; 4+ 2.0 12.0 +17.6 9.4 — 78 9.6 — 59 10.2
Alanine 4.6 — 2.1 4.9 4 4.2 4.7 0.0 4.7 0.0 4.7
Glycine 5.1 . - 1.9 5.3 + 1.5 5.5 + 5.8 52 0.0 5.2
Setine 5.7 i -+ 3.6 5.7 + 3.6 4.2 —23.6 4.8 —12.7 5.5
Threonine 2.0 ' — 48 2.1 0.0 21 0.0 1.9 - 10.0 2.1
Phenylalanine 9.1 4 4.7 9.0 4+ 4.0 8.7 0.0 8.7 0.0 8.7
Tytosine 12.6 ; 0.0 133 + 55 12.0 — 5.0 12.6 0.0 12.6
Proline 2.0 ‘ 0.0 2.3 +10.0 21 0.0 23 +410.0 2.1
Lysine 2.6 | 0.0 2.7 + 358 2.6 0.0 2.6 0.0 2.6
Glutamic acid 10.1 — 1.0 10.6 4 29 10.3 0.0 10.3 0.0 10.3
Atrginine 3.5 +29 — — 3.4 0.0 3.4 0.0 3.4
Histidine 5.6 4-3.7 — — 5.1 — 5.0 5.4 - 0.0 5.4

SAIDV ONIWY JO SHLLLLNVAD WVIDOWDINW-9NS 40 NOILVNIWYIALIA IHL

€81
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derivative technique of WrrTeneap [5]. The results as a whole are in good
agreement with those reported by HarrenisT [10] using ion-exchange resin
chromatography on the hydrolysate from 2 mg of insulin. The values also agree with
the ones given by Levy [4]), who used spectrophotometric measurements on the
DNP derivatives of the hydrolysate from 1.0 mg of protein.

The values for the end group analysis are shown in Table IV, and again there
is good agreement with those expected from theory.

TasLe IV
DETERMINATION OF N-TERMINAL GROUPS OF INSULIN
Amount of
Amino acid iiﬁ?ﬁg@i N-terminal amino Number of Number of
(ug) acid found residues found | residues present**
’ (ug)
Glycine 1.80 0.024 1.02 ’ 1
Phenylalanine 1.80 0.038 1.34 1

Determination of N-Terminal Group of Ribonuclease

Amount of tibo- Amount of
. . N-terminal Number of Number of
Amino acid nuclease taken . 1 e : ;
amino acid found | residues found | residues present*
(ug)
(ug)
Lysine 1.96 \ 0.025 118 1

* Number of residues calculated from formula of RYLE et al. [9}.
** Number or residues calculated from formula of REDFIELD and ANFISEN.

Discussion

The use of H3- and C!é-labelled 1-fluoro-2.4-dinitrobenzene provides a method
for estimation of amino acids and N-terminal groups in 1ug of protein with an
accuracy at least as good as that obtained by the established non-isotopic methods,
which require as much as 1.0 mg protein.

The sensitivity of isotopic derivation analysis is dependent on the specific
activity of the reagent used. Tritium is an ideal isotope for this work because it is
readily available at very high activity, it has a relatively long half-life, and
labelled reagents are easily synthesized.

An advantage of the isotope method is the independence of results on losses in
procedures following the addition of the labelled derivative, provided enough
derivative remains for the final counting. For a reagent of given activity the
accuracy of the method is raised by high recoveries. Dinitrophenyl derivative
analysis has greater accuracy than does acetyl derivative analysis; because, with
the use of reagents of similar equivalent activity, higher recoveries are obtained
in the former method.

Dinitrophenyl derivative analysis has several other advantages over the acetyl
method. End-group analysis as well as amino-acid analysis can be achieved.
Chromatographic resolution is better and more reproducible. Chromatogram spots
are self-indicating, while in the case of acetyl derivatives visualization is extremely
difficult. Dxmtrophenylatxon and subsquent manipulation of labelled derivatives is
much simpler and less time-consuming. The labelled reagents and derivatives used
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in the dinitrophenyl method when excluded from light -are far more stable than
those used in the acetyl method and therefore require much less restandardization.

ADDENDUM

Since the submission of this paper the method of N-Terminal group analyses has
been applied to Ribonuclease. The results obtained are now included in Table IV.

A method of C-Terminal group analysis has also been developed by modifying
the macro technique of N1u and FraEnNkeL-ConrRAT [12] to the microgram scale.

3—4 ug protein and 5 ul hydrazine (989, distilled from BaO) were heated in
an evacuated sealed tube at 100 °C for 4 hr. The tube was opened, excess hydrazine
removed in vacwo, and the residue taken up in 0.5 ml water. The solution was
shaken with 0.1 ml benzaldehyde and the aqueous layer removed by micro-pipetting.
The benzaldehyde layer was washed in 3 X 0.1 ml water and the amino acid com-
position of the combined aqueous layer and washings was determined using DNP
derivative analysis.

The results obtained for the C-Terminal groups of insulin and rlbonuclease are
shown in Table V.

TaBLE V
DETERMINATION OF THE C-TERMINAL GROUPS OF INSULIN
’ Amount of
Amino acid iiﬁ?;?:koi C-terminal Numbet of Number of
e € amino acid found | residues found | residues present*
(kg)
Alanine 3.6 0.042 0.76 1
Asparic acid** 3.6 0.039 0.47 0
Determination of the C-Terminal Group of Ribonuclease
. Amount of :
Amino acid Anmgl‘:;:eof ]]:(lbx? ) C-terminal Number of Nru n:szz: f
no u ake amino-acid found | residues found €8 .k
(u8) (ug) present
Valine | 3.92 0.031 .0.92 1

* Number of residues ealculatcd from formulac. RYLE ¢t al. {9].

** Aspartic acid was present due to hydrolysis of C-Terminal asparagine.

*¥¥ Number of residues calculated from formulae. REDFIELD and ANFINSEN ([11].
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DISCUSSION XII

R. Glascock (United Kingdom): I would like to congratulate the authors om
their very accurate method of analysis but also to ask whether an error of not
more than 29%/p — the error claimed is 1.99/ — reflects the overall accuracy of
their method. I have always found that, in determinations of radioactivity, a repro-
ducibility of + 1.5%, is quite satisfactory. Since the authors are claiming a total
error of not ‘more than 2%, I should like to ask what is the reproducibility of
their radioassay method.

D. Beale (United Kingdom): I should mention at the outset that this paper
was not intended as a detailed report on our counting techniques and on tests of
the efficiency and reproducibility of our counting. We used exactly the same counting
set-up and techniques that Dr. Whitehead described in his original papers, with.
which T believe Dr. Glascock is quite familiar. The question as to our error
apparently refers to Table 3, on the hydrolysis of insulin. I have added up the
error values and the result is a mean difference of 1.99/s which, as Dr. Glascock.
implies, is quite surprising. Of course, this is really not a rigorous system for
dealing with the results but just an approximate means of comparing the two
methods: the DNP isotopic method and the acetyl isotopic method. I think one
should pay more attention to the actual errors obtained in the case of each particular
amino acid, which, as you can see from Table III, include such values as + 3.1, + 2,
—4.8, +4.7%0. It is true that there are three values of 0% and a value of —1, but
of course this is purely an interrelationship of errors. In the case of the 0 value,
of course this is purely an interrelationship of errors. In the case of the 09/ value,
for example, our counting error for H3 could have been — 29/ down and the error
in out recovery measurement for Ci4 4 29/y up and this would have given us an
overall value of 0%o. I think that this is the sort of thinking that happens. Examina-
tion of the actual individual error for cach particular case shows, generally speaking,
that the values obtained with DNP method are more consistent than those with the
acetyl method.

J. K. Whitehead (United ngdom) As co-author of this paper, I might add
to what Mr. Beale has said. In reply to Dr. Glascock’s question, we always had
a total count of at least 10 000 by our technique. This gave us a statistical accuracy,
in that particular count, of 19/s. Where possible, particularly in the case of car-
bon-14, we count to a total greater than 10 000. Thus the overall accuracy of 2%
is attainable.

R. Glascock: I admire Dr. Whitehead’s faith in statistics, but I would like to
ask him whether he actually finds that the replicate counts of 10000 agree within
the statistical limit predicted.

J. K. Whitehead: The answer is yes.

N. H. Christensen (Denmark): I might call Mr. Beale’s attention to the fact
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that Dr. Keston’s original pipsyl method for the analysis of steriod hormones has
been further developed by Dr. Bojesen, one of his pupils, so that at Copenhagen we
are now able to determine, for example, andosterone in quantities down to 10-%
umole, which is the same sensitivity as that of Mr. Beale’s method on amino acids.
I think, that several of his objections to the pipsyl methods are no longer valid..
However, I would like to ask him whether anything in his experience would point
to the possibility of making labelled dinitro derivates of steroid hormones with
reproducible yields. If that were possible, the way would be open for applying the
DNP method also for analyses of steroid hormones.

D. Beale: I am grateful for the information about Dr. Keston’s work. This value
of 1075 micromoles which he quotes is comparable with our own sensitivity value,
‘which of course it should be in this type of derivative analysis. As I said before,
it depends purely on the specific activity of the labelled reagent employed. As
regards the use of the dinitrophenyl method for steroid hormones, this type of
derivative analysis is of course applicable to the estimation of mixtures of any
<compound forming suitable derivatives which can be separated efficiently by paper
chromatography. 1 should mention, however, that Dr. Tait and Mr. Ayres, collea-
gues of mine working at the Middlesex Hospital, have used the acetyl method
with considerable success. They have not used the dinitrophenyl method because
it has been developed only recently and the work we want to use it for has not
even been started.

B. Gordon (United States of America): I would like to ask Mr. Beale whether,
in his preparation of these labelled dinitrophenyl compounds, he made any kind
of analytical test or established their radiochemical purity, as distinguished from
their ordinary chemical purity? I do not believe that simple recrystallisation is
enough to purify a compound radiochemically. I think that this would be a fairly
important matter — considering that he is using a carbon-14 compound to monitor
the loss of his tritium-labelled compound — because unless the same impurities
and the same amount of impurities were present in both, his loss corrections using
carbon-14 might possibly be in error when applied to the tritium derivative.

D. Beale: I agree that it is essential, in the separation of the labelled derivatives,
to ensure that the compound isolated on the paper chromatogram is radiochemically
pure, i. e. that no label contaminants should be present. As regards the preparation
of the compounds — for instance, the tritiated fluorodinitrobenzene —could have
been, and probably was, contaminated with the bromodinitrobenzene, but if it
reacted with our amino acids, it would of course have the same specific activity as
the fluorodinitrobenzene and therefore yield a labeiled dinitrophenyl derivative of
the amino acid having the same specific activity. The C14-DNP-amino acids were
checked by chromatography in two different systems. I therefore think that
Mr. Gordon’s point has been covered in our paper and that comparison of our results
with those obtained by other methods (non-isotopic, derivative analysis, chromato-
graphic) shows that the analytical side of our method is fairly sound.

P. Springell (Australia): Mr. Beale’s recovery of DNP carbon-14 amino acids
is very low. How does he account for this and does he consider this extensive
destruction of DNP amino acids to be normal. *

D. Beale: I am glad this question has been raised, because the recovery values
are misleading. In the case of the estimation of the amino acids, they are not
destruction values but values for losses occurring in manipulation procedures after
reaction with the tritiating reagent. These losses depend on the chromatographic
system and the system we employed originally, although their resolution was
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reasonably good; tended to cause spreading of the spots. We are limited in the size
of spot we can take by the nature of our apparatus which can hold a limited
volume of carbon dioxide and water vapour. Thus, our recoveries are not break—
down factors but purely manipulation loss.

E. A. Evans (United ngdom) What change in specific activity was observed
in going from bromobenzene-tritium to the reagent 1-fluoro-2.4-dinitrobenzene T.

D. Beale: The actual yields in material that we obtained are shown in the paper.
As regards the activity, two-fifths of our specific activity was lost due to the
replacement of tritium by nitro groups. This is of course reflected in the value we
obtained. However, I think that if a calculation were made by multiplying our
specific activity of the reagent by our dilution factor and again by the inevitable
loss of tritium through nitration, it would be found that our values for specific
activities are very reasonable.
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Abstract — Résumé — AHHOTAUNA — Resumen

-Measuring the spectra of tritons in nuclear reactors. A proposéd method of measuring the
energy and angulat distributions of tritium nuclei formed in nuclear reactors is described. Around
the target being bombarded by a beam of charged particles are arranged piles of foil, in which the
escaping’ ttitons are caught, After irradiation the tritium is separated from the foil and its activity
measuted by a Geiger counter. Characteristic features of the method are the complete absence of
background from other chatged patticles and the possibility of simultancously measuring the spectra
at broad energy and angular intervals. '

Mesure des spectres des tritons durant les réactions nucléaires. Les auteurs ont mis au
point une méthode permettant de mesurer la distribution énergétique et angulaire des noyaux de
tritium qui se forment durant les réactions nucléaires. Autour des cibles bombardées par un faiscean
de particules chargées, on dispose des piles de feuilles destinées 4 capturer les tritons libérés, L'irra-
diation tetminée, le tritium est séparé des feuilles et son activité est mesurée 4 I'aide d'un compteur
Geiger. La méthode présente ’avantage de supprimer totalement le bruit de fond da aux autres
particules retenues et de rendre possible la mesure simultanée des spectres dans un grand intervalle
énetgétique et angulaire. '

HN3mepenue cNeKTPOB TPHTOHOB R AfepHBIX peakimax. Ilpexnosken um paspaborar
METOJ[ M3MEepeHHA DHEePreTHYeCKNX ¥ YIJIOBHX paclpeleleHNit Axep TPUTUA, 06pasyio-
mMUXCA B ANEPHHX peaKklNuAXx. Bokpyr mmmenn, GomGapaupyemoii IYyYKOM 3apHA-
AMEHHBX YacTul, pacnojaraiTcAd CTonku (oiabr, B KOTOPHX YJABJINBAIOTCH BhLIIE-
Tarouue TpuroHsl. Ilocne oGayuenusa Tpuruil Bmimesigercsa M3 (oJBr, M €ro AKTHUB-
HOCTh M3MepAeTCA TeirepOBCKUM CYeTYMHKOM. MeTox XapaKTepusyercd IOJHHIM
orcyrcTBueM (oHA APYrux 3apAMEHHBIX UYaCTHL M BO3MOKHOCTh OJXHOBPEMEHHOTO
N3MEePEHUA CIEeKTPOB B INMPOKHX JHEPreTHYECKOM M YIJIOBOM HHTEPBATaX.

Medicién de los espectros de los tritones en las reacciones nucleares. Los autores presentan
un método para medir las distribuciones energéticas y angulares de los nicleos de tritio que se
forman en las reacciones nucleares. Alrededor del blanco bombardeado con un haz de particulas
cargadas se coloca una pila de ldminas metalicas que capturan los tritones emitidos. Después de la
irradiacién, el tritio se separa de las laminas y su actividad se mide con un contador Geiger. El
método se caracteriza por la total ausencia de actividad de fondo atribuible a otras particulas car-
gadas y por la posibilidad de medir simultineamente los espectros en amplios intervalos energéticos
y angulares.

1. Beegennce

OKCIepUMeHTANBHOE N3yYeHe peaknuit ¢ ofpasoBanneM ¢1ab0o CBA3AHHEIX
YACTUI — AEHTOHOB, TpuToHOB 1 Afep He® — upencraBaaer ussecTHLE TPYHA-
HOCTH, CBA3AaHHBIE C TeM, UTO M3-3a MAJIOil DHEPTMH CBASH 00DPAsYOIINXCA
YACTHI[ BTH PeaKIun OKa3bIBAIOTCA, KAK NPABUIO, CHIBHO JHIOTEPMU-
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veckumu. {losTomy mpu menonb3oBaHUN OOBIYHEIX LETEKTOPOB (PaBIMYHEIX
CYETYMKOB, (OTOIIACTHHOK) 00pAa3ylommecs CpPABHUTENLHO MeJIeHHEIe
neiirponst, TpuToHs M AApa He® mpuxomgurca unabmomars Ha done Gonee
SHEPTHUYHHIX YaCTHI], KOTOPHI OOBIMHO BHAYMTEJLHO IpeBHINAeT 3PQeKT.
Paznuunbie cmoco0H JUCKPUMUHALMKM YaCcTHI[ [0 MAacce NPARTHIECKH
T03BOJIAIOT MCCAENOBATh JNIIb KECTKYIO YaCTh CIEKTPA, COOTBETCTBYIONTYIO
HeboJbIIYM SHepTUaAM BO3OYIRIEHUA OCTATOIHHIX ANEP.

Cym,ec'rByeT ONHAKO0, BOBMOKHOCTb MCCIEf0BaTh OfMH W3 BU/OB yxa:-}an-
HBIX peaKnuif, a UMEHHO pearnum ¢ 00pasoBaHUeM TPUTOHOB, B YCJIOBUAX,
cOBepIIeHHO CBOOOMHEIX OT foHA APyTrIX yacTuiy. [lpu aTOM mIMpuHa uccienye-
MOT0O HUHTepBajla 9Hepruil BO30YKMIEHHUA OCTATOYHHIX fANEp OIpe/eIsaeTcA
JIMIIL BHEPTHei IaTarouuX YacTHIl. JTa BOSMOKHOCTH, CBABaHHAA C Pajuo-
AKTMBHOCTBIO TPUTHA, OBIA KCIOJB30BAHA B ONMCAHHOM HIDKE MeTofe
NCCIENOBAHNA AJEPHHIX pPeaxnuWili Iopx HAelicTBHEM 3apfAMeHHBIX YaCTUI,
YCKODEHHBIX HA IUKJOTPoHe WHcruryra atomuoi sueprum [I].

CymHocTs MeToma COCTOMUT B ciepylomiem. I1ycTh Iy4OK TPHUTOHOB pas-
JIN9HOIl DHEPTHHU TafaeT HOPMAJbHO Ha CTOIKY (OJbr, TOMIINHA KOTOPOI
TpeBsIIaeT HOpofer TPUTOHOB MaKCHMAaNbHOM odHepruu. B pesymbrare
HMOHU3AIUOHHLIX IOTEPh TPUTOHHL TOPMO3ATCA, X KA/ TPATOH OCTaHABJIN-
BaeTcA B Toil mim uHON (oibre, B 3aBUCHMOCTH OT CBOell IepBOHAYAJIBHOM
sHeprru. VsMepas aRTUBHOCTh TPUTHA, HAKOIJIEHHOTO B RAMKAON OTRENBbHOM
0JIbTe, MOJKHO HOJYYWUTH PaclpejeseHne TPUTOHOB 10 IIpoferaM o, CIeRo-
BaTeJBLHO, 110 dHepruu. Ecau rpuronsl o6pasynTca B HEKOTOPOH MUINEHH
B pesyibTare AfepHO# peaxHuu, TO YCTAHOBUB CTOIKHU (OJLT IIOf pasimy-
HBIMHU YIJIaMM K IIYYKY MaJaollnX YacTHIl, MORHO IIOJYUNTE paclpefesesne
TPUTOHOB 110 yIJIaM U IO 9HEPTHUH.

OueBUAHO, 9TO [AHHBIHI METOJ ABIAETCA COBepLIeHHO 0ecOHOBBIM, TaK
KaK Bce ApyTHUe 3apAKeHHbIe YACTUIH, 00pasyoimuecs B AfepHHX PeaKIuAX
(mporonsi, meiiTons, sigpa He® m He?), craGunpub. Yro xacaerca 6osee
TAMEIBIX PAaAN0aKTUBHEIX Afep OTAaun, TO ux Npoder BO MHOTO pas MeHbIe
npofera TPUTOHOB M OHM TIPAKTHIECKHM HECYNIeCTBEHHHL.

2. ¥Yerpoiterso Auas cbopa TpuTHA

Jaa usMepeHMA CIEKTPOB M YIVIOBHX paclpefeleHuit TPUTOHOB IIpH-
MeHAJAcCL BaKyyMHas xamepa (puc. I), B menTpe KoTopoil IoMemagach
MullleHb, & BOKPYT Hee — (oubru aja yaapauBaHHA TpuToHOB. [lyuox
Tafaomux YacTHIl, MOCIe TIPOXOMAEHUA IPAMOYToJbHOE Amadparmel
(o0pryHO pasmepom 10 X 12 MM) momagaa Ha MUIIEHb W 3aTeM B IMIUH/AP
dapapes, coefluHeHHBI ¢ WHTETPATOPOM TOKA. Bce Heranym Kamepsl, Ha
KOTOpBIe MOT MONajaTh Hy4oK (AuadparMsl, CTeHKHM U 3ariylika HUAMHAPA
(apapesi, CreHKH TPaKTa IyYKa) OB WM3TOTOBJIEHB W3 rpaqm'ra 4T00H!
nocime o0ayYeHMs He BOBHHMKAJO NOJIIOKMUBYIHUX AKTHBHOCTel. MurieHs,
npeacrapiasmaa ceboil smbo onbry, nubo TOHKMI CJI0H OKUCIA MY
COJM, HAHECeHHBIH HA NOAJOMKY NIyTeM HaNBICHUA MJIN OCRHKITEHNA,
3aKpeIIANAach B pPaMOYyKe, KOTOpas MOIJa YCTAHABJIMBATLCA TO OTHO-
DIEHMI0 K IIYYKY TIOf yrioM, KpaTHeiM 22,5°. [l paboTH ¢ MMOIEHAMH,
OKUCIAKIINIMICA Ha BOBAYXe (HAIpUMep, U3 METAJIMYECKOT0 JINTHA)
OBLIM MBTOTOBNEHHI CIIENMAJbHBIE KAMEPH ¢, BAKYYMHOH 3aCIOHKOM, 1o3-

e
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BOJABLUIHe 0e3 HapylIeHHA BAaKYyMa IPHTOTOBJIATL MillUeHb 1IVTeM HaHbl-
JIeHHdA, IepeHOCHTb ee H VCTAaHaBJIMBAaTb B YCTPOICTBO [IIA 00JIVYEHHA.

A yaaBaIHMBaHHA TPUTOHOB IPHMEHATHCh  aTIOMHHHEBbIE  (OILTIL
AmoMuHi BecbMa y100eH B KauyecTBe MarepHaJa 1A coOHpauinx ¢oJsr,
TAK KaK [poder TPHTOHOB B HeM ;lOCTATOYHO BeIINK If MOKHO IOJIYYHTH

Puc. 1
BakyymHast wkamepa s oOaydewnii u cGopa TpUTHA: 1 -~ MHIIEHL, £ - BXOJHOMN
KoJuuMarop; 3 — KacceTol ¢ coOupawomumit  goabrami; 4 — nuanuip (bapajes:

O — MarHur, l'lpel'lﬂTCTllleluHﬁ BbIJIETY BTOPHYHBIX DJAEKTPOHOB; 6 — Kamepa JJH
MUllIeHel, OKMCIAIILNXCH Ha BO3,1y Xe.

Xopouiee paspelleHHe 110 3HEePTII, MHCIOJb3YA CpPaBHHTEJIbBHO TOJCTLIE
$0IbTH, BblIIYCKaeMble 1IPOMBILIIEHHOCTbI0. OObLIYHO HPHMEHAIHCh GHOJabIH
rosnuoii 2,15 Mriem? (8 p). Mosabru yKIAILIBAMNCL B BHe CTOIOK JIEHT
B KacceTbl, KOTOpble 110MeNAIICh 10 KPYry Ha paccTtoanHun 150 MM nan
100 MM ot nenTpa muuedi. TpHTOHDI, BblIeTawlle 13 MHLIEHH, 1101114
Ha $oJILTH Yyepes UIIIPOKOe OKHO B KAacceTax, HMeBUIee BLICOTY 4() My 11 pas-
JlejleHHoe st UKCHPOBAHNA VIVIA BblIeTa TPUTOHOB llepeMbIYKaMH LIHpPH-
Hoit 3 mM. llepemblukn pacuosaranncs yepes 4° na pajmyce 150 My 11 8° Ha
pajuiyce 100 MM, VrioBoit HHTepBal MeK1y llepeMbIMKaMH COCTaBJIAJ
2,8° 1 6,4° cooreTcTBenHo. MHUHUMAJALHLI VIO pericTpariiil TPHTOHOB
oot 6°, makcnmacsHbiil —150°. [locae obayueHuss kacceTol BLIHHMAIHCH
H3 kamepwol, 1t (oLl paspesadich B MecTaX. 3aKPLITBIX BO BpeMf 00.1y-
YeHHA liepeMblYKaMIL.

3. Buieacuue TpuT

Tax krak f-uacTiuibl, obpasyoliliiecs 1Ipi pacnaje TPHTHHA, OYeHb MATKIHe
(rpannna  f-cuektpa |8 K9B, UYTO COOTBETCTBYET NPOGEry DIIEKTPOHOB
~ 0,5 Mr/eM?), TO A H3MepeHHA AKTHBHOCTH TPHTHA ero HeohHXOoMHMO
BbLJIEJIMTL M3 (GOJLIH M 3aTeM BBECTH BHYTPbL CYeTUYHKA.

Boigesenne TpuTHA MomkeT ObITh OCYLLECTBJEHO JHOO HarpeBaHHem
doabri, aido ee pactsopenieM. Handooree yvaodubiM criocodom, 1103Bo.IA10-
1M ObLICTPO BBAEIATH TPUTHIE 113 0O0JbLIOTO yiicia 00paslioB, ABJIAETCHA

13
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HarpesaHme. [Ipw BroM coemHeHMA TPHUTHA ¢ aroMamu (ousru, obpazo-
BaBLINeECH II0CJe OCTAHOBKU TPUTOHOB, Pa3jlaraloTCA, I TPUTUIN BHIIENSETCA
B pesyabprare Mudysuu, CKOPOCTb KOTOPON BSKCIOHEHIHMAIBHO PAacTeT
¢ remmeparypoil. JIn66m m gp. oTvewanm [2], 4TO NpaKTHIECKU IOJHOE
BEITleJieHHe TPUTHA 13 OePUIIVA U ATIOMUHAA IPOUCXOAUT IIPU TeMIIepaType
900° C.

Hamu ©pim npoBefileHB! ONBITHL II0 BBITEJEHUI0 TPHUTHUS HATPEBAHHEM
ng pagauuanx Meramnos (Al, Mg, Cu, Zn, Sn, Bi). Ha nnacruuaku us sTux
MeTaJIoB OB HamblaeH TOHKUI cuaoit Lill. IljacTmakM 0gHOBpEMEHHO
00JTy4aimch MOTOKOM TEIUIOBHIX HeATPOHOB, u o0pasyiouecs B pesyilb-
tate peaxnum Li® (n, t) He! tpurons H&K&HJII/IB&JII/IG]) B CJIO€ MeTaJLIa.
Uz Bcex ofmyuennnx o6pasnoB NpW NPOTPEBAHHME MX [PH TEMIIEPAaType
900° B reyenne 10—15 MUH. BHIIEIAINCH OfMHAKOBbIe KOJIMYECTBA TPUTHS, '
COBIAMABIINE C PACUETHHIMU. :

Boienesne Tpurtna u3 co6mpa10umx ATIOMUHIEBHIX (bOJIbr POUBBO-
amnock caenyromum obpasom. Haskpas ¢oabra momemalnach B KBapLeBYIO
ammysry amamerpoM 6—10 mm m Bercoroit 100—120 MM, IMeBIIY0 CTEKJIAH-
HE KPaH, IPUCOeJINHEHHbIA K aMiy e npu nomoiny manda. Bmecre ¢ gon-
TOil B aMITyJly MOMEIAJICA IPeIBAPUTETLHO XOPOolio 00e3TareHHbII KyCouer
rpaura, Coy:KuBLIIMiI TUrIeM. AMIyJa- HAOJHANACH A0 AaBieHna 80 Mm
Hg mopoponoM, BHNOAHABIINM POJb HocuTess. Ilocie aToro oHa ycrama-
BIUBANACh B UH[YKTOPe BHICOKOYACTOTHOM Ileud (MOLIHOCTL Iedn 2 KHJIO-
BaTTa, YACTOTA TeHepaTopa 8 MTL) M IIOOrpeBaJach HpH TeMmepaType
1200° B Tevenne 6 muu. [locme ocTHIBAHUA aMmIlysia COEMHANACH CO CYeT-
YMKOM PEeSUHOBHIM IIJAHTOM HNimHONM okomo 10 cM, a awTHBUpOBaHHBLIA
TPUTHEM BOROPOR HANYCKAICA B cueTyuk. JnA yckopeHMA paboTsr Iipo-
UBBOAMICH HATPEB OJHOBpeMeHHO BochMu ammyn. ( 9Tof medpo OBl
W3TOTORJEH CHCHUANBHHN WHAYKTOP U3 BOCHMU KaTymex.

[TopropHOE BHIeJNeHHE TPUTHA AaBajio He CBbie 1—29%, mepBoHAYANb-
HOH aRTHBHOCTH ¥ TOITOMY, KaK IIpaBUJIO, He IpomsBofumock. llorepm
TPUTUA B KPAHOBON 3aMasKe, HA CTeHKAX aMIyJ W B IpadUTOBHIX TUTJIAX
OBLIM BeChbMa MAJIBL

HAuodysun tpurna us 06JIyquHL1x $oapr WpM MX XpaHeHHMHW He OHLIO
o0HapY:HeHO.

4. V3mepenne aKTHBHOCTH TPUTHI

Jas usMepeHMs AKTHBHOCTH TPUTHA HCHOJNb30BAJICA TeiirepoBCKUil
cuerynr: [2—4]. CUeTYMK HATIONHAJCHA CMeChb MeTHJadA ¢ aproHoOM
(15—209/, merumana npu nomsoMm nasiaenmm 80—100 mm Hg). JlaBnenue
BOJOPOZia B cueTdnke 6bla0 He cBbime 3—b5 MM Hg 3a cuer roro, 4to o6bem
AMIYJIH W COSAMHMTENLHOTO miIanra Obn mpumepno B 30 pas menplue
obbema cuerumka. [lmaro cyerynka npu AaBjeHmu Bojopoma mo 15 mm Hg
nmesno gomey cebime 150 B u HakiaoH MeHee 59,

VeraHoBKa cofiepskana BOCeMb OHMHAKOBHIX cuerdumkoB. OOmumii Bup
yeTaHOBKU IpuBefeH HA puc. 2. OTkadka cYeTYMKa M BCEH CHCTEMH Ha-
HOJIHEHAA TPOBOAUIach (POPBAKYYMHEIM HAcOCOM. AKTHBUPOBAHHHIA Tpu-
THEM BOMOPOJ HANYCKAJICA M3 aMIyJa B OTKadadpble cuerumxu. Ilocse
3TOTO B CYETYMKYU Hamyckajgach pafodas cMech, IpudeM JABJICHUE CMECH
B cHCTeMe HANOJHEHWs BCE BpeMA INPeBHINAJo ee JaBleHne B CYeTYHKE.
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Cuerdnkll GLII UBTOTOBIEHB! N3 MeJHOH TPYOKI BHYTPEUHIM JIIAMEeTPpOM
25 mum. sLauma unTi everyukoB cocranasia 268 mm. duanna vesdpertiBroro
Y4aCTKA HITH, BHIBBAHLIOTO KOHLEeBLIMI ddiperTamil, Oblra n3mepena B OHbLI-
TAX ¢ TPEMA CYETYHKAMI pasJuyuoil JJIMHB I oKazaiach pantoil 14 mu.

Pue. 2.
O0Owuil Rl H3MepuTeaLnoll YCTauoBKI: 1 — CUETUHKH JUTA U3Mepelus aRTHBUOCTH
TPUTHA; 2 — CUCTUHKM aurticosnajennii; 3 — CBUINOBAA 3amuTa; 4 - @Kedesran

JaluTa g 5 — cucreMa naroJtens.

llonpaska Ha kpaesoii sdekT I S-yacTiiy TPUTHH HPEHEHPERIIMO
mada [b]. OrHoiuenne HfPeKTHBHOTO oObemMa CUETUHRA K 1OJHOMY 00DheMY
CUETUYHKA, COeJITHUTEILHOrO Ijalra 1 aMIIy b OLIJIO pasHo 0,60).

Jus ymenbinenna QoHa cyeTUMKH ObLIH  3alyuielibl JIOAMH  Hieje3a
(BuyTpennmii cjofi) 1 cBUHIA TOIMHOI no 5 e¢m. Kpome Ttoro, c¢sepxy
1 cuudy pabodux CYeTUIKOB HAXOJIJIICL KOBpPL M3 TeillepoBCKIX c4Yer-
YHKOB, BRJIIOYEIHbIX ¢ Rasm;ILIM 13 ])860‘{11){ CYETYHKOB Ha dHTHCOBIIA/IEHITSE.
Ipu aTom o HLL Bee ke JOBOJILHO Bek {30 M Mii), 410 0ObACHsETCA,
1O-BHAUMOMY, OOJBILUMII  PAJIHOAKTHBHBIMI  BArPA3ICHIAMI  KOHCTPYK-
IIOHHLIX MaTepHaJjos.

Ipi usmepenn akTHBHOCTEIL JI0 HECKOJILKIX THICAY HMIIVILCOB B MHHYTY
CcYeTHHE He o0HApyMRUBAA KAKOro-aHndo ocTaToduoro (oua ioce oTKauvku
B Teyelllle HECKOJLKHX MIIYT 1 HECKOJbKHX HAHYCKOB Bozjyxa. Oreyr-
CTBHE @IAMATH» ObLJIO YCTAHOBJIEHO He TOJbLKO JIJIft UCIIOJL3YEMOro ¢4yer-
YlIKa € TUI&IKIM MeIHbLIM KaTojloM, HO 11 ;LIA H3TOTOBJIAEMbIX IIPOMbIILIIEH-
HOCTBIO (YETYHKOB € KATOJOM 13 [IOPOILKO0GPa3LOil Me) I I JUIH CYeTYHKOB
¢ KAaTojoM 13 nep:KaBenleil crasm.

Rosehanna 9yBCTBUTEILHOCTH CYETYHKOB 1IPH IlePeHalloIienisgx Hpo-
BEpAJICEL ¢ KOGAJbTOBBIM HCTOYHHKOM 1 He IIpesblinajdu 2—39%.

5. PesyanTarnl

Pacnpejeneniie TpuTOHOB 110 1Iponeram IlepeculTLBal0Ch B paciipele-
Jelite 1O JUEpPrHIl HPH HOMOIY KPHBOI 1pober-oueprusa JUisi TPUTOHOB
B Al, nosyuenuoit n3 wpusoit npoder-aneprag Cmura [6] mias 1poToHos.
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Jasa mamocTpanuyy BOBMOMKHOCTEH MeETOAd HA PHC. 3—4 NpUBENeHH
CIIEKTPHL TPUTOHOB, MBMEDPEHHBIE B PEAKIHAX

Li? (d, t) Li® [7], Li? (a, t) Be® [8].

B cryuae peaknnu (d, t) cnextp ofHapysuBaer TpM OCTPHIX IMKA, COOTBET-
CTBYIOIMX NepBHIM TpeM cocToAHMAM saAfapa LiS. Illupusa MaxcuMyMos

N

25+

218

5

Ul

0 5 0 /5 20 £ M8

Pnc. 3.
Cnextp TpuroHoB B peaxnuu Li? (d, t) Li® mox yraom 7% Jueprus geiitoHop — 20 Mas.

a0
w0 L, 8)Be
7
800
500
400
300,
200
o
o 5 o I3 20 £ 30 S £, (#30)

Puc. 4.
Coerxrp TpuTOHOB B peaxnuu Li’ {a, t) Be® mox yriaom 7°. Dueprus a — dactun — 40 MsB.
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AIBJIACTCA AannaparypHoli (rommmea mumenu 3 mr/cm?). CoexTp, mOIy-
9eHHHIH B peaknuu Li7 (a, t) Be®, neMoHCTpupyer BO3MOKHOCTH M3MepeHMit
B BECHMA INMUPOKOM [HATIA30HE SHEPIUil.

Paspemaromas crnoco0HOCT, [0 9HEPTHE OIpEfleNdeTcs CJIeyIOIHuMU
darrTopamu: .

1. 'Crenenb MOHOXPOMATHYHOCTH MYYKA TEPBMYHEIX 9YACTHIL.
2. Toamuna MummeHun.
3. Toamuua cobupamomux (oaby.

4. Illupunra yraoBoro MHTepBAaJa, 3axBarsiBaeMoro cobuparomumu $oJb-
TaMH.

5. CrpersuHr TpuTOHOB B cobuparmux (oJbrax.
9t (PaKTOPH II0 DABHOMY BaBMCAT OT 9HEPTMM TPHTOHOB. OHEPIeTH-
4ecKaA TOJNIMHA MuleHun u cobmpawomux ¢oasr yboiBaer ¢ dHeprueit

rpuroHoB (kar dE/dx), B To BpeMa kar aGcomoTHas BeaMUYMHA CTPSIJIMHTA
pacrer. CymMMapHas anmuapaTypHas HIMPHHA, KaK BUAHO M3 puc. b, BHaYaje

sEwab)

800,

sio],
400 ]

Yy
0
: 3
0]
«
2
”w
o 0 2 o 20 %0 EMab.

Puc. 5.

3aBUCUMOCTh AUNAPATYPHOII INMPMHEL OT BHEPIMM TPHUTOHOB: 1 — CTPIrJIMHT;

2 — pasbpoc B MuimeHn u Qousre obmel TommuHol 3,6 Mr/cm?; 3 — anmaparypHas

WYPUHA NPy Todmuue 3,6 Mr/cm?*; 4 — To e npu 5 Mr/cm? Pas6poc anepruil B mydke
M B YIJIOBOM WHTePBAJE NPUHAT DPABHLIM HYJIIO.

yOuiBaeT ¢ sHeprueit TPUTOHOB, & 3aTeM HAYMHAET MeJJleHHO pactu. Iloso-
}MEHIEe MMHHMYMAa 3aBHCHT OT TOJNIIMHB MHUINEHH ¥ coOupaomux (oasr.

OnucriBaeMblif MeTO[ IO SHEPTETHYECKON paspelialmelr cmocobHOoCTH
He yceTymaeT APYTHM MeTONaM CHEKTPOMETPHM 3apsMKeHHHIX dacTHl], 3a
MCHJIIOYeHNeM MAarHUTHOTO aHaJnsa.

VYrioBoe paspelieHue, IOJyYaeMoe B JAHHOM METOjle, He MMEET KaKHUX-
mn6o coenuduuecKnX 0COOGEHHOCTEH [0 CPABHEHHIO ¢ APYTHMHU METONaMU
perucrpanuu uactun. IlpaxkTuueckn omo orpaHmunBaercs TpeboBaHmeM
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cobpars B (OIBrax TPUTHA B KOJUYECTBE, HEOGXONMMOM A HaNeKHOTO
ero M3MepeHus. ' '

OCHOBHHEIM HEJIOCTATKOM METOAA ABIIAETCH eT0 HUBKAA YyBCTBUTEIHHOCTD,
CBABAHHAA C TEM, 4YTO IEpPHOJ IOJIypacnaja TpuTus BechMma Besur (1], =
= 12,26 roga [9], 4 = 1,075 . 10-7 mun). Y1068 CKOpPOCTH CYETA B CUET-
qure cocraBnana 10 mmn/mua., Heobxommmo cobpare B (oabre ~ 108
atromos tputus. IlosToMy usMépeHme CrEKTPOB TPUTOHOB TPM XOpOIIeM
BHEPTETHYECKOM W YIJIOBOM paspelieHHd BO3MOYKHO JIMIUb AJA peaKiumii,
cedeHns KoTopweix Oonbiie 0,1—0,2 m6/crep. (npif o06ryaenuy ~ 100 mk. gac).
ITOT Tpegea MoskeT OBITh BHAYMTEILHO IIOHIKEH IPH M3MEPEHUM CIEKTPOB
B HIMPOKKX YIJIOBEIX MHTEPBAJAX, 9TO BOBMOIKHO, €CIHM SHEPTUS BHLIETAIO-
IUX TPUTOHOB MAJO 34BHCUT OT YTJA.

Omunbra OTHOCHTENBHEIX MBMEpPEHMIT CIIEKTPOB TPUTOHOB CKJIIAJIBIBAETCS
ns pasbpoca cpeguux Tommus Qoaer (4 19, maa ucmonbsyeMmsix (OJLT),
HEIIOJHOr0 BHHeJdeHNA u morepb rpurud (+ 1,59,), namenenusa sdderTus-
HOCTH CYerdMKa npu IepeHamonHenusax (4 1,59%) u crarucrunueckoit
ouinGru. Ilpu onpepenenun abcosoTHON BeJuYMHHL cedeHud HobamasiorTcH
emie omubkra B abcomoTHoM KanubpoBre cueryuxa (4 59,), a Tansxe obuine
IiA BCeX METONOB WM3YYeHMS SJEPHEX peaKknuil omMubxM B u3MepeHun
MOTOKA MAFAMIMX YACTUI[, TOJNUHE MUIIEHN 1 TEJEeCHOr0 YIia.

6. UsmMepenue HOIHBIX cedeHHii

OnucaHHbIM MeTOROM MOMKHO M3MEPATH TAKKE IOJHBE cedeHUs obpaso-
BaHUA TPUTHsA. BhijlelleHue TPUTHA U W3MepeHue €r0 aKTUBHOCTH INPOU3-
BOJUTCH B 9TOM CIIy4de TaK iKe, KAK ¥ PN UBMEpeHHN CIeKTpoB. Pasnmune
COCTOMT JMIUb B crocobax cbopa Tpurus.

Wsmepenue akTUBHOCTH TPUTHA NPUMEHAJNOCH paHee AJA HU3MepPeHU:A
Kpussix BosOymenus peaxuuii Be® (d, t) {2, 10], Li® (d, t) m Li7 (d, t) [11].
Hamu sror Meroj G511 MCIOAB30BAH AJIS M3MePEeHUA KPUBOM BO30yKAeHUA
peaxumu Li? (p, t) [12].

st c6opa TpuTHs NPUMEHAIOCH YCTPOMCTBO, M306pamkenHoe Ha puc. 6.
MuLeHAME CIYMUIU Com GropucToro auTusa rommuuoi 10—15 mMr/em?,
HaHECEeHHEIE HA ANMOMUHUEBble MOMIOKKN. ToIuHa TOJJI0MeK IpeBHINaIa
npofer TPUTOHOB MAaKCHMAAbHOM bdHeprmyM. JliIA yMeHbIIEHMA DSHEPIME
MaJaloluX IPOTOHOB Mepei MULIEHAMY [TOMELIaIKCh CTONKA AJIOMITHMEBEIX
Ponbr. Kamgan MulieHs oMeIllanach Ha JHO CTaxaHa, Ha OOKOBOH IOBEPX-
HOCTH KOTOPOTO mMeJach CBEPHYTasd B NUANHAP OJOBAHHAA Porsra. Tpm-
TOHHI, JIETAIIME B IEePEeJHION TNojdycdepy, OCTAHABIMBAIICE B NONJNOMKE,
a JeTsmme B 331010 nonycdepy — B cronke TopMo3Amux Goysr u B 60K0-
Boit omwre. TemecHbl#l yros OTBepcTHA B cTaKaHe, ueped KOTOPHI Ipo-
XOAMJI Iy4OK IePBUYHEIX YACTHMI[, COCTABJIAJ HemHormm Oomee 19, or
nomHoro. CTaxkadsl Kpenuauch Ha obieil Hecyledl MIACTHHE, H30IUPOBAH-
HOI oT mmadparmMbr ¥ COeUHEHHOW ¢ WHTETPaToOpoM Toka. Bcero mmemoch
15 crakaHOB, KamIBII U2 KOTOPHIX MOT MOOYEPefHO YCTAHABIUBATLCH TIOJ,
IyY4KOM. YIPaBjeHUE JiepeMellleHueM CTAaKaHOB OCYUIeCTBJANOCH AMCTAaH-
muonHo. [locae o6aydeHnsT TPMTHI BHENAICH ONHOBDEMEHHO 13 MUIIEHH
¢ TIO[JIOMKOM TOPMO3AmMUX (OIBT U COOTBETCTBYIOIEH GOKOBOM (GOIBTH.

Tlpu memomp30BaHUK 9TOTO METONA A W3MePeHMs KPUBBIX BO30ymAeHU
HeoOX0JUMO WUCIMOJBL30BATL IIOUJIOIKKH M3 Bel[eCTB, y KOTOPHIX CeYeHUe:
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06pa3oBaHUA TPUTHA MAJO0 TG CPABHEHUI0 C MCCIELYEMBIM HJIeMEHTOM.
Kpome,T0r0 Hago mMeTh B BHAY, 9TO B HEKOTOPHX CIydYaAx B 00Iy4eHHOM
BENIECTBe HAPAAY C TPUTHEM MOTYT 00pa30BEIBATLCA APYTHe PAANOAKTHBHEIE

Puc. 6.

YCTpONCTBO IUIIA MBMEPEHNA MOJNHBIX CEYeHMit: 1 — MUILeHb; 2 — QOIbru AJIA yMeHb-
IUEHNUsT BHEPIUHM MafalomuX 4actul; 3 — 60okoBad GoaAsra; 4 — TpyOKU OXITAKNEHHUA;

-

5 — MArHuT, OPeNsATCTBYIIIMA BHUIIETY BTOPHYHEIX BIEKTPOHOB.

rasel. [losToMy Heo6xomaMMo OTHENATH TPUTHIA OT HOCTOPOHHMX PaFHO-
AKTWBHEIX Ta30B, HAIPUMEpP, UCIONL3YA majiagueBuil duistp [13]

7. 3akiIoueHme

OnucanHelf MeTOR OKas3ajcsd BechbMa IIOJIESHHM [JIA UCCIeT0BAHUSA
pearumit ¢ obpasopanuem TpuroHoB. ( ero HOMOINBK OBLIO MPOBETEHO
JerallbHOe NMccaefopaHme peaxnmit (d,t) ma mmormx sampax [7, 14—18],
a rare pearmuii (a, t) [8] u (p, t) [12]. Boinu nosryyenHsl BeCbMAa WHTEPECHHIE
NaHHEIE KaK 00 0COOEHHOCTAX 9TUX PEaKIUil, TAK U O CBOMCTBAX UCCHE[OBAH-
HEIX AAfiEP, KOTOPHIe TPYAHO IOJIYIUTH PN MCIOJML30BAHUN IPYIUX METOROB..

Ms rayboro 6maromapust H. A. BJJACOBY, C.II. KAJIUHUHY sa
ITOMOIIE ¥ IOCTOAHHEIT uTepec K padore m A. I'. OBPA3ILOBY 3a yuacrue
B W3MEpeHMAX.
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DISCUSSION XIII

W.F. Libby (United States of America): My compliments to the speaker on
the beautiful research. Could he describe the method by which the tritium is
extracted from the aluminium catcher foils? Were the foils melted or were they
dissolved in alkaline solution?

A. Ogloblin (Union of Soviet Socialist Republics): The foils were melted at
about 1200°C.
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"LIQUID SCINTILLATION DETECTION OF
TRITIUM AND OTHER RADIOISOTOPES IN.
INSOLUBLE -OR QUENCHING ORGANIC
SAMPLES

J. F. EastAM, H. L. WEsTBROOK AND D. GONZALES
UNIVERSITY OF TENNESSEE, KNOXVILLE, TENNESSEE
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Abstract — Résumé — AHHOTamusg — Resumen

.

Liquid scintillation detection of tritium and other radioisotopes in insoluble or quenching
otganic samples. To facilitate a study of the H!/H? isotope effect in the reduction of organic com-
pounds, it has been necessary to develop procedures to overcome the two majot limitations of ‘the
most convenient general method of radioassaying organic material, liquid scintillation counting.
These limitations, which are scintillation-quenching ' by’ many otganic samples and limited solu-
bility of others, are particularly common with material of biological significance. The procedures
developed involve combustion of the sample wrapped in filter paper in an oxygen-filled flask,
formation of a solution of the combustion products in a suitable solvent added to the flask before
combustion, and scintillation-counting of the solution. Advantages of the developed procedures,
in addition to overcoming the indicated limitations, include efficacy with samples with a great
range of activity (some as low as 1 uc/mole), good precision (as great as any other general method
of radio-assaying H?), and applicability to other soft beta emitters (C'* and $%). With a scintillation
spectrometer and the techniques developed, samples triply labelled with H?, C'4 and S% can be
differentially radio assayed.

 Details of the solvent systems and techniques developed are reported. Analytical -results are

reported for such quenching matetial as 2.4-dinitrophenyl-hydrazones dyes and for such insoluble
materials as proteins and catbohydrates. Application of the- techniques to evaluation of H}/H?
isotope effects in certain reduction reactions are discussed. ‘

Détection par compteur 2 scintillations 2 liquides du tritium et des autres radioéléments
contenus dans des échantillons organiques insolubles ou coupeurs. Pour faciliter I’étude
de Ieffet isotopique H/2H dans la réduction des composés organiques, il a fallu mettre au point
des procédés permettant d’élargir le champ. d’application de la méthode générale-la plus pratique
de radioanalyse des matitres organiques, savoir l'analyse au moyen d’un compteur 2 scintillations
a hquldcs En effet, ce champ d’application_ est limité pour deux raisons: beaucoup d’échantillons
organiques provoquent le coupage; d’autres échantillons sont peu solubles. Ces limitations sort
partlcuherement fréquentes dans le cas des substances importantes du point de vue biologique.
Le procedc mis au pomt par les auteurs comporte la combustion de I’échantillon enveloppé de
papier filtre, dans un ballon rempli d’oxygéne; la dissolution des produits de combustion dans un
solvant approprié a]outc au ballon avant la combustion; enfin, le comptage de la solution. Parmi les
avantages de ce procédé, on relévera — outre le fait qu’il permet d’élargir le champ d’application de la
méthode en supprimant les limitations mentionnées plus haut — son efficacité pour des échantillons
ayant des activités extrémement diverses (dans certains cas, elles ne dépassent pas 1 pc par mole),
son excellente précision (aussi grande que celle de toute autre méthode générale de radioanalyse
du tritium) et la possibilité de I’appliquer & d’autres émetteurs béta mous (14C et 35S). Avec un spectro-
métre a scintillations et le procédé mis au point pat les auteurs, des échantillons marqués pat trois
indicateurs (tritium, carbone-14 et soufre-35) peuvent faire ’objet d’une tadioanalyse diffétentielle.

Les auteurs donnent des détails sur les solvants utilisés et les techniques mises au point, et indi-
quent les résultats de I’analyse pour des matieres provoquant le coupage telles que les dinitro-2,4,
phénylhydrazones et les colorants au thiazole, ainsi que pour des matiéres insolubles telles que
les protéines et les hydrates de carbone. Iis rendent compte de I'application du procédé a Pévaluation
des effets isotopiques *H/*H dans certaines réactions de réduction. .
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ObHapyseHue TPATHA METOAOM JKMAKOCTHOH CHUHTHIIANNM B HepPACTBOpPHMBIX
MM CIIOCOBHBIX TACHTE W3IYUeHHe OPraHMYecKHX obpazmax. Yrobm obmerunts
u3y4yeHue BauAHMA u3oroma H!/H3 Ha BoccranoBienue OprasMYeCcKuX CoeNuHeHuIt
HeoOxopumo OwINO pazpaloTars NPONERAYPH s NPEOAOJEHHA JBYX OCHOBHBIX
orpannvyenuit B HambGomee ynmoOHoM olmeM MeToJe H3MEPEHHA PATMUOAKTHBHOCTH
OPTaHMYECKUX BEINECTB IOCPEACTBOM HUIKOCTHOTO CHMHTHIIIATOPA. OTH OrpaHU-
4YEeHUA, KOTOPHIMHA ABIAWTCA CUMHTHINISUMOHHOE TALIEHNEe MHOTHMMIM OPTraHMYeCKUMM
ofpa3naMM ¥ OrpaHWYeHHad pPaCTBOPUMOCTh APYTrUX, NPUCYIIA TAKMKE GHONOTU-
4YeCcKMM BemiecTBaM. PaspaGorannsie nmpouenypsl BKI0OYAT B cefa oxuciaeHne obep-
HyTOro B QUIBTpOBANbHYyH OyMary o6pasma B kolfe, HANONHEHHOH KHCIOPOMOM,
ob6pasoBaHne PACTBOPA OKHUCIEHHHX INPONYKTOB B COOTBETCTBYIOLIEM PACTBOPHTEIE,
moGapienHoM B KoJOy mepel OKUCJEHWEM, W CHOMHTMIIANVOHHBINL CYeT pAacrBopa.
IlpeumymiecTBa paspaboTaHHEIX MNpONENYp MJS NPEORONeHMA YKABAHHEIX OrDAHMU-
YeHuil BKIOYAIOT: KA4eCcTBO Orepanuu ¢ o6pasyaMu GONBILIOro AMAMa30HA aKTHBHOCTU
(HeKOTOpHIE ¢ TaKOlf HHBKON AKTHBHOCTBIO KaK 1 pc/Mole), GOMBIIYIO TOUHOCTH (TAKYIO
e Kak npm gio06oM apyrom ofiieM MeTofe wu3MepeHMA paguoaxtupHocrm H3), u
MPUMEHNUMOCTE K ApYyruM MArKuM Oeta-msayuarensam {C4 n k*%). C moMombo CUMHTHII-
JAUAOHHOTO CHEKTpOMeTPa M pa3paboTaHHEIX INPONEAYP MOMeT OHTH pPas3genbHO
W3MepeHa DPajgMOaKTHBHOCTL 00pasLoB MedyeHHHX Tprsxael H3, C1 n k33,

Jeranu, KacamwIIMecA CHCTEM pAacTBOpUTeNs U paspaloTaHHBIX MeTONOB, GyayT
H37O0EHH B JIOKJIAZe, KpoMe TOTo B HeM Oyder AaHa paGoyas XapaKrepHCTHKA
HOBOT'O, OTHOCHTEILHO HENOPOroro ORHOKAHAJIBHOTO CIMHTHILISAIMOHHOTO CIEKTPO-
mMerpa. Byayr usnoskeHH aHAaIMTHYECKMe Pe3ybTATH, KACAIMECs TAKOTO racaIlero
H3TyyeHHEe MaTepualna, Kak 2,4-TMHUTPO-GeHHMIrMAPO30HH M THA30JUAB, a TaKH€e
TAKUX HEPACTBOPUMHIX MATepHajoB, KaK NMPOTEeNMHH M yrolespas. Bynmer obcy:xpmeno
NPUMEHeHNe METONOB K OlleHKe maoromnoro addexra H1/H® B ompeneseHHBIX peak-
L¥AX BOCCTAHOBIEHUA.

Deteccién del tritio y otros radioisétopos por centelleo liquido en muestras orginicas
insolubles 0 que provocan extincién. Para facilitar el estudio del efecto isotépico *H/*H en la
reduccién de compuestos orginicos, ha sido preciso idear procedimientos a fin de vencer los dos
inconvenientes principales que presenta el método de radioanilisis general mis apropiado para
las sustancias organicas, a saber, ¢l recuento por centellens de liquidos. Estos inconvenientes, que
son la extincion del centelleo producida por muchas muestras orginicas y la escasa solubilidad
de otras, son particularmente frecuentes en las sustancias de importancia biolégica. El procedi-
miento ideado por los autotes consiste en lo siguiente: combustién de la muestra, envuelta en papel
de filtro, en un matraz lleno de oxigeno; disolucién de los productos de combustién en un disol~
vente adecuado que se introduce en el matraz antes de la combustién, y recuento por centelleo de
la actividad de la solucién. Ademis de superar los inconvenientes mencionados, este procedimiento
posee otras ventajas: eficacia con muestras de actividades muy diversas (algunas, tan baja como
1 puc/M), precisién (tan elevada como la de cualquier otro método general de radioanalisis del 2H)
y posibilidad de aplicatlo a otros emisotes beta blandos (14C y 23S). Con un especttémetro de cen-
telleo y merced al procedimiento ideado, es posible efectuar un radioanélisis diferencial de muestras.
marcadas con tres indicadores (®H, 1C y 38),

Los autores describen con detalle las técnicas y los sistemas de disolventes utilizados. Asimismo,
exponen los tesultados obtenidos en el anslisis de sustancias que provocan extincién, como 2,4-
dinitrofenilhidrazonas y colorantes de tiazol, y de sustancias insolubles, como proteinas ¢ hidratos
de carbono. Estudian la aplicacién de estas técnicas al andlisis de los efectos isotépicos TH/?H en.
ciertas reacciones de reduccioén.

Introduction

Although direct liquid scintillation counting of radioactive organic compounds
has proved to be the most convenient general method for their radioassay, limited
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solubility of much organic material and scintillation-quenching by other organic
compounds constitute two important limitations of this method. The techniques
previously reported for overcoming limitations, such as combustion of the samples
before assay and/or counting of two-phase system [1], so decrease the convenience
or efficiency of scintillation-counting that other counting methods, usually ion-
current methods [2], are preferable for analysis of insoluble or strongly-quenching
organic material. These limitations frequently are particularly severe with samples
of biological significance. Reported here is the technique which we have begun to
use to overcome these limitations and which we have found to be a convenient
and efficient scintillation-counting technique for each of the three g-emitters most
commonly found in organic material, tritium, carbon-14 and sulphur-35. The
technique involves combustion of the sample wrapped in filter paper and in an
oxygen-filled flask, formation of a solution of the combustion products in a solvent
added to the flask before combustion and scintillation-counting of an aliquot of the
solution.

Experimental

There follow two procedures used for preparing samples for assay by scintillation
counting. The detector portion of the liquid scintillation counter used, the Baird
Atomic Model 745, was kept in a freezer chest at —18°. The “toluene counting
solution” was prepared by dissolution of 4 g of 2,5-diphenyloxazole, “PPO”, and
0.05 g of 2,2-p-phenylene-bis-(5-phenyloxazole), “POPOP”, in one liter of toluene.
The “methanol counting solution” was prepared by mixing of 350 ml of toluene
counting solution with 150ml of methanol. The “dimethylformamide counting
solution” was prepared by dissolution of 1.5 g of PPO and 0.08 g of POPOP in a
mixture of 100 ml of dimethylformamide and 200 ml of anisole. Procedure One was
used for the assay of samples whose activities were in the range of millicuries per
mole. Procedure Two was used for samples with a lower molar radioactivity. In
both procedures, after the final solution was prepared for counting in a Wheaton
glass vial, the vial was allowed to stand in the detector in the freezer chest for
30min or until it showed an essentially constant counting rate before it was
counted. Each observed counting rate was corrected for background and was con-
verted to radioactivity units by comparison with the counting rate of 0.1 ml of an
approprlate internal standard added to the vial. The internal standard used for
tritium was toluene-4-¢ in toluene. For carbon-14 and sulphur-35 a solution of
benzoic acid-7-C!* in anisole was employed.

The general technique of combustion of organic samples in a flask of oxygen has
been previously described in detail [3].

PROCEDURE ONE

The sample, 2—15 mg, is prepared by being wrapped in a piece of filter paper
(Whatman No. 42), 50—100 mg, so that a small paper tab extends from the packet.
The packet is clamped in a coil of platinium wire sealed in a glass rod attached to
the stopper of a 500-ml, heavy-wall Erlenmeyer flask. The flask is flushed with
oxygen, and into it is pipetted 10 ml of either water (for tritium assays), 0.5%s
aqueous hydrogen peroxide (for sulphur assays) or 10%/p aqueous tetramethyl-
ammonium hydroxide (for carbon-14 assays). The extended tab of the packet is
ignited and the stopper to which it is attached is fitted in the flask. After combust-
ion is complete, the flask is rotated so as to rinse thoroughly all interior surfaces.
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The aqueous solution is allowed to drain to one side of the flask bottom and an
0.1 or 0.2 ml aliquot of the aqueous solution. is pipetted into either 15ml of a
‘methanol counting solution (for tritium assays), 15 ml of a dimethylformamide
counting solution (for sulphur-35 assays) or 1ml of methanol plus.15ml of a
dimethylformamide counting solution (for carbon-14 assays).

‘PROCEDURE- TWO

The sample is prepared as described above, but it is inserted into a combustion
flask which has a 15 ml test tube side arm. sealed at a right angle to the flask just
below, its neck. The flask is clamped in a horizontal position with the side arm
extending down into a Dewar flask of crushed dry ice. Five milliliters of a
methanolic absotbing medium are pipetted into the cooled side arm of the flask,
which is clamped behind a protective shield and flushed with oxygen just before
the ignition packet is inserted into it. Absolute methanol is used for tritium analyses,
three to four drops each of concentrated sulphuric acid and 309/ aqueous hydrogen
peroxide are added to the methanol for sulphur-35 analyses, and 109y benzyl-
trimethylammonium hydroxide in methanol is used for carbon-14 analyses. After
combustion is complete, the flask is unclamped and inverted so that the methanol
is poured out-of the side arm over the interior surfaces. A 1 to 3 ml aliquot of the
methanol solution is added 'to 15 ml of either toluene or methanol counting solution
(for tritium or sulphur-35 assays) or dimethylformamide countmg solution (for
carbon-14 assays).

After either procedure, in calculating the fraction of the samples act1v1ty taken
in any aliquot, the volume of the absorbent originally added to.the combustion
flask should be increased by 0.05 ml to correct for water produced in the combustion.

Considerable modifications of the details of- the above procedures have been
successfully made in assays of tritium or carbon-14-labelled benzoic acid. For
example, diethylamine (absolute or in methanol or in water) makes an inexpensive
satisfactory absorbent of the combustion products. Further, the quantity of absorbent
added to the combustion flask and the size of aliquot finally taken can be con-
siderably wvaried, if necessary, so that at least 909/ of the sample’s activity can be
taken in the aliquot.

Resuits and Discussion

Reproduc1b1hty and precision of the above techniques. were determined by
repeated analyses of radioactive benzoic acid. Ten analyses of tritium-labelled
benzoic acid of an activity of 57.0 mc/mole showed an average value found of
57.1 me/mole with a standard deviation of 0.4 mc/mole. Carbon-14-labelled acid
of 11.07 mc/mole showed an average found value of 11.01 mc/mole with a standard
deviation of 0.03 mc/mole. Analytical data for a number of additional compounds
are shown in Table 1. As an example of a compound which quenches too strongly
to be counted directly, the 2,4-dinitrophenylhydrazone of tritium-labelled benzal-
dehyde, 27.3 mc/mole, was assayed and found to have 26.9 1 0.3 mc/mole. As samples
of compounds insoluble in conventional liquid scintillation solvents, tritium-labelled
Jeucine and glucose and sulphur-35-labelled cystine assays are shown in Table I.

In addition to overcoming the noted solubility and quenching limitations of liquid
scintillation countmg, the technique reported here has certain other adventages. For
samples containing only carbon, hydrogen and oxygen, assaying can be carried out
without recourse to an internal standard to give results of moderate accuracy, to
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within about 59/0. This is possible because the make-up of the final liquid scintillation
solution is the same for each sample, regardless of the chemical structure of -the
original sample. Further, it is possible to assay sulphur-35 in the presence of carbon-
14 by boiling of the solution in the flask after combustion of a sulphur compound.
The sulphur, present after combustion as sulphuric acid, is retained long after the
carbon dioxide 1s expelled.

TasLE I

RESULTS FROM RADIOASSAY OF LABELLED ORGANIC SAMPLES COMBUSTED
AND THEN COUNTED BY SCINTILLATION TECHNIQUE

c 4 d I ‘¢ label Millicuries per Mole
ompound assaye sotopic labe Present * Found ** _

Glucose 1-H3 43.3 43.3 + 0.1
Glucose 6-H® - ' 46.1 461 £ 0.2
Leucine 2-H3 . 0.0702 0.0697 4 0.0009
Benzaldehyde 2,4-dinitro-

phenylhydrazone 7-H 28.1 285 4+02
Thiophene-2-carboxylic acid 5-H3 0.0059 0.0059 4 0.0001
Benzoic Acid 4-H2 57.0 : 571 404
Benzoic Acid 4-H3 0.578 058 0.2
Benzoic Acid 7-C4 11.07 11.01 & 0.03
Polystyrene Cu 0.720 0.720 - 0.0002
1,2-Diphenylethyleneglycol 1-cn 2.35 237 + 0.02
Ethyl Triphenylacetate 1-Cu 7.62 7.67 40.04
Thiourea S8 5.36 5.35 .
Cystine ’ S35 . 2.43 245 £+ 0.05
Cystine : Ses i 0.143 I 0147 40002
Cystine*** | S35 ‘ 0.234 02.42 -+ 0.006

* The activities present as H® and C!* were determined by appropriate ion chamber counting techniques andfor direct scintilla-
tion counting. The activitics present as S*% were redetermined periodically and extrapolated fo give the values present at the time
the reported analyses were made.

** The found values reported are averaged from duplicate or triplicate runs in most cascs.
*** Some samples of cystine were combusted in the presence of excess C'4-benzoic acid.

Table I shows some values determined for sulphur-35-labelled cystine (about
0.2 mc/mole) determined by combustion along with an equal weight of carbon-14-
labelled benzoic acid (about 60 mc/mole). Despite the original presence of the large
excess of activity due to carbon-14, the correct value for-sulphur-35 was found.
Since a scintillation spectrometer will differentially count either carbon-14 or
sulphur-35 in the presence of tritium, the techniques reported here now allow one
to radioassay each of the isotopes in samples triply labelled with tritium, carbon-14
and sulphur-35.

The chief limitation on the techniques reported here will probably be that of
limited sample size suitable for burning in an flask of oxygen. Samples as large as
100 mg have been reported to have been burned in a 500 ml flask. With samples
this large no difficulty is anticipated for analysis of tritium or sulphur-35. However,
the quantity of carbonates produced with samples this large would present some
solubility difficulties for the analysis of carbon-14.
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DISCUSSION XIV

J. Varshavsky (Union of Soviet Socialist Republics): The methods of preparing
samples for analysis, as described in the paper of Prof. Eastham, involve pro-
cedures which are well known and widely used in laboratories. These methods
are based on common organic analytical procedures which have been in use for
many years. What new principle is he introducing?

J. Eastham (United States of America): I did not know that there are established
procedures in which ammonia is used to exchange hydrogen for tritium and then
counted in an ion chamber or in which samples simultaneously labelled with
tritium, carbon-14 and sulphur-35 can be assayed for each isotope.

F. Kalberer (Switzerland): I can report that we have development a very similar
combustion technique at the Sandoz Laboratory in Basel and will publish our
results in an early issue of Helvetica Chimica Acta.

J. Eastham: The comment of Mr. Kalberer shows that I am not alone in my
ignorance of the procedures mentioned by Dr. Varshavsky. It was at the Sandoz
Laboratory that Schoniger developed the combustion in a flask.

N. L. Berlin (United States of America): I should like to ask Prof. Eastham how
much material he can combust in the Schoniger combustion flask.

J. Eastham: This question touches on one of the main limitations of the tech-
nique. It is a matter to which I have referred in the paper. We have combusted
samples of up to 20—25mg and have satisfactorily analysed organic material
containing as little as 1 or 2 pc/mole by this technique (I have read that up to
500 mg can be combusted in a flask, but I think that a shield would be required
in this case).

E. A. Evans (United Kingdom): I should like to ask Prof. Eastham what he does
about combusting volatile material in 2 Schéniger flask, and what method he uses
to pack the samples.

J. Eastham: I have not actually counted any volatile compounds. Non-volatile
liquids can be adsorbed directly on the paper combusted. I am informed that,
for ordinary Schoniger combustion, volatile liquids can be weighed into gelatin
capsules or into open-ended capillary tubes, which are then wrapped in the paper
and combusted.

P. Springell (Australia): I would like to ask Prof. Eastham how many samples
a day a fairly competent technician could do, because I think the time factor is
fairly important. _

J. Eastham: Yes it is, and it is this factor which provides one of the advantages
of the simple combustion technique. An experienced person can prepare the sample
(including the weighing, the wrapping and the burning) in 20 min at the most. The
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time required for counting the solution will vary and depend on its activity, but
then this counting is done automatically in many laboratories. One of the chief
difficulties of the Wilzbach technique is that it takes a long time (not in the sense
that an operator has to be working continuously but that pyrolysis in the sealed
tube with the zinc for a few hours is necessary).

K. Wilzbach (United States of America): I can inform Prof. Eastham that we have
recently reduced the pyrolysis time to half-an-hour, which helps considerably; an
experienced technician at our laboratories can perform analyses by this pyrolysis
method in about 20 min working time.

J. Eastham: That is quite useful to know. It should perhaps be pointed out that
the Wilzbach technique or Schéniger combustion can both be conveniently used
for strips cut from paper chromatograms. For very weak activity, the scintillating
solvent can actually be placed directly in the side arm of the Schoniger flask, in
accordance with our modification. '

14
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COUNTING

J. SuarrE anp V. A. STANLEY
E. M. 1. ELecTtrONICS LTD., HAYES
Unrrep KingpoMm

Abstract — Résumé — Ammoramusa — Resumen

Photomultipliers for tritium counting. The use of liquid scintillators in which a tritium-
labelled compound is dispersed requires a photomultipliet tube which will give primary signals
of amplitude as great as possible. Since the average energy per disintegration is about 5keV, a
large proportion of events will give only one or two photoelectrons from the tube cathode; and
these must be distinguished from the thetmionic electrons of the tube background.

The paper discusses the development of tubes giving a high ratio of photosensitivity to dark
counts and shows that improvements obtained by a combination of processing and geometry
changes give satisfactory performance at room temperature with a single tube attangement. Effi-
ciencies around 15%, in toluene solution with a tube background of between 30 and 180 cpm are
readily obtainable.

The advantages of cooling and the problem of obtaining the best petformance from a coinci-
dence arrangement, with particular reference to the phenomen of “talk back”, are discussed.

The fundamental aspects of dark emission in photomultiplier tubes are consideted in the light
of the discussion, and predictions tegarding ultimate performance are hazarded.

Photomultiplicateurs pour le comptage du tritium. L’emploi de scintillateurs liquides dans
lesquels est dispersé un composé marqué au tritium exige un tube photomultiplicateur qui donne
des signaux primaires d’une amplitude aussi grande que possible. L’énergie moyenne par désinté-
gration étant de 5 keV environ, il y aura une forte proportion d’événements pour lesquels la cathode
du tube n’émettra qu'un ou deux photoélectrons, qu’il faut distinguer des électrons thermoioni-
ques du mouvement propre du tube.

Les auteurs examinent la mise au point de tubes caractérisés par un rapport élevé photosensi-
bilité/courants d’obscurité et montrent que les petfectionnements obtenus en modifiant 2 la fois
le mode opératoire et la géometrie donnent des résultats satisfaisants a4 la température ambiante,
avec un dispositif 4 un seul tube. Dans des solutions de toluéne, on obtient facilement des rende-
ments voisins de 15%,, avec un mouvement propre compris entre 30 et 180 cpm.

Les auteurs examinent les avantages du refroidissement et la maniére d’obtenir le rendement
optimum d’un montage en coincidence, compte tenu notamment du phénomeéne de réalimentation.

Enfin, 2 la lumiére des considérations ci-dessus, les autcurs étudient les aspects fondamentaux
des courants d’obscurité dans les tubes photomultiplicateurs, et ils formulent des prévisions au
sujet du rendement global que ’on peut atteindre.

®OTOYMHOKUTEIN UL CYeTa TPUTHA. JIJIA NPUMEHEHWA IKUNKOCTHHIX CIMHTHI-
JIATOPOB, B KOTOPHIX DPAacCHEIIICHO COefUHEHMe MeueHOro TpHuTHA, Tpefyerca TpyOka
(OTOYMHOMUTENA, KOTOPAA JacT TepBOHAYANbHEE CHTHAJE KaK MOMHO Ooibuiei
amMmIuTyAs. IloCKOoNbKY cpeAHAA 3sHepIHA PAacmaja COCTABIAET OKOJO 5 KeV, 3Ha-
YHTeNbHAA [O0JA AJEPHHX MpeBpalleHMii ZACT TONBKO ONKH MaM ABa (OTOIIEKTPOHA
13 KaTOZHON TPyOKU, M OHYU MOJKHBEI OTIMYATHCSA OT TEPMOAIEK TPOHOBHOHA TPYOKHM.

B noraane o6ey:xmaerca npobuema paspaborku TpyGoK, nanomux 60ab110i IPOLEeHT
$OTOIYBCTBUTENILHOCTH 110 OTHOINEHMI0 K (OHY, M YKABHBAETCS, YTO NOCTHIKEHUA,
NONIyJYeHHEIe B pPE3yIbTaTe COYeTAHMA OOPaGOTKH M TEOMETPMYECKMX HM3MEeHeHMii,
AAI0T YROBIETBOPUTENbHBIE TIOKa3aTean paboTHl MPUKOMH aTHOM TeMIe paType ¢ pas-
MelleHueM OfHOoM Tpy6ru. dddexTusnocTs oroxo 15% B pacTBOope Todyosda ¢ Horom
TpyOkn or 30 mo 180 cpM (OTCYETOB B MHMHYTY) JIErKO JOCTHIAETCA.

14% .
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OO0cymaens IpenMyLIeCTBA OXJAEHNMA M NpolaeMa NOJTyd4eHMA HAMBHICUIMX
[0Ka3aTeleit paboTH HOPH COBIARAIIEM PasMeIeHMH ¢ 0cofoll CCHUIKOH HA fABIEHUe
“talk Gack”.

OcHOBHBIE ACHEKTH TeMHOBOH sMUCCHM B TpPyOKax (oTOyMHOMMUTENXEH paccMa TpH-
BAIOTCA B CBere BHIIEM3NO:KEHHON JHCKyCcCHM, M KOHeUHBE IOKasaresH paborTst
TPEeXyCMOTPETh PYRHO.

Fotomultiplicadores para recuento del tritio. El empleo de centelleadores liquidos en los
que se dispersa un compuesto marcado con tritio exige un tubo fotomultiplicador que emita sefiales
primarias de la maxima amplitud posible. Como en el tritio la energia media por desintegracion
es de unos 5keV, habrd una gran proporcién de sucesos en que el citodo del tubo sélo emitira
uno o dos fotoelectrones, que deben distinguirse de los electrones termoiénicos de fondo.

Los autores estudian la construccion de tubos que se caracteticen por una elevada proporcién
fotosensibilidad/impulsos oscuros, e indican que las mejoras obtenidas gtracias a modificaciones
combinadas de los procedimientos operatotios y de la geometria permiten obtener un rendimiento
satisfactorio a la temperatura ambiente con un dispositivo de un solo tubo. En solucién de tolueno

pueden obtenerse ficilmente rendimientos del orden de 15%, con una actividad de fondo en el

tubo comptendida entre 30 y 180 impulsos/min.

Los autores examinan las ventajas de la refrigeracion y el problema de obtener el mejor rendi-
miento de un dispositivo de coincidencias, con particular atencién al fenémeno de la tealimenta-
cién.

Estudian los aspectos fundamentales de la emisién oscura en los tubos fotomultiplicadores,
teniendo en cuenta las anteriores consideraciones, y formulan predicciones acerca del rendimiento
global que puede alcanzatse.

The efficiency of a counting assembly for the scintillation assay of compounds
tagged with a low energy beta emitter such as C4 or H3, which can be dissolved
(or suspended) in a liquid phosphor, is very greatly dependent on the quality of
the Photomultiplier tube used. This is illustrated by the bias curves of Fig. 1, which
shows the curve given by 10 uc of H? in a standard phosphor* (d), the thermionic
electron curve from' a tube with a standard S-11 cathode (a) and the much more
useful performance of tube made specially for H3 counting (b) and (c).

It is the purpose of this paper to consider the steps by which acceptable per:
formance has been achieved, to report on results obtained in various designs of
counting head and to outline those areas in which improvement may still be
obtained.

In a standard* liquid phosphor, the average energy from a tritium disintegration
to give a photoelectron from a semi-transparent Cs Sb cathode with a phosphor
vial designed to give effective light coupling to the cathode, is ca. 2500 eV, so a
large proportion of the disintegrations will give only a single photoelectron and
an appreaable proportion (which turns out to be between 30 and 50%), will
fail to give a detectable signal. The rate of emission of thermionic electrons
from a 2in diameter photomultiplier tube with a typical S-11 cathode of photo-
sensitivity 70 wA/lm, which has a peak quantum efficiency of ca. 159, at 4200 A
and a red threshold around 6800 A is about 30 000 electrons/s at 20 °C and about
one tenth of this at —20°C.

If a tube of this type is to be used for tritium counting in a single tube assembly,
(with which we are at the moment solely concerned) it is obvious that a bias
point corresponding to a signal amplitude much greater than one electron must be

* Toluene 4 5 gfl p-terphenyl and 16 mg/l POPOP.
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chosen and the counting efficiency will be relatively low. In fact, for a tube
background of 1 cpm at 20 °C an efficiency of 0.7%o is obtained for a 10 ml sample.

The first step, then, in making a photomultiplier tube more suitable for tritium
counting is to modify the cathode processing to reduce the thermionic emission
as much as possible without unduly depressing the quantum efficiency of the
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Fig. 1

Tlustration of scintillation assay of compounds tagged with C* and H3,

cathode in the spectral region of interest, which for most phosphors containing
POPOP is between 3500 and 4500 A. Since the high value of thermionic emission
from a standard S-11 cathode is associated with an appreciable sensitivity in the
red region of the spectrum, our initial criterion for improvement was a decrease
in the .ratio of red to blue sensitivity and work along these lines was reported
at the 1958 Scintillation Counter Conference [1]. It was soon found essential,
however, to introduce an operational tritium counting test, since neither the red-
blue ratio, nor the tube dark current gave an adequate guide to a tube’s per-
formance. This test is carried out in a counting head at room temperature with a
sealed 10 ml hemispherical vial containing tritiated toluene phosphor mounted over
the tube face, with an interposed shutter assembly (the optical coupling is relatively
poor). After an adequate period in the dark (between 1 and 4 h usually), the tube



214 J. SHARPE AND V. A. STANLEY

is adjusted t6 a standard overall sensitivity and the bias is adjusted until the count
rate with the shutter open is an arbitrary figure of 90 counts/sec. The shutter is
closed and the tube background raté is measured. The tube performance is then
expressed as 2 ratio, e. g. 90/7 and the smaller the background the better the tube.
The correlation between the performance rating and the tube dark current is
shown in Fig. 2 and at the present time more than half of the “S” tubes made are
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Fig. 2
Cottelation between dark cusrent and thermionic background for specified count rate from H3-scin-

tillation source in standard test jig. :

rated 90/10 or better, of which 15 to 20%/, are rated 90/5 or better. These latter
tubes give efficiencies of 15 to 179, for a tube background of 180 cpm with a
10 ml toluene phosphor sample at 20°C.

In order to put the results summarized above into proper perspective in the
field of photomultiplier tubes, it is desirable to consider the characteristics of
various dynode structures and their influence on tube background. Three types
of dynode structure are in common use; the linear focussed design (used in the
R.C.A. 6810 A and E.M.I. 9593 B), the box and grid structure, (used in the Du Mont
6292 and EM.I. 9524B) and the venetian blind dynode (used in the E.M.I. 9536,
9514 and 6097). Two types of secondary emitting surface are in general use;
Cs Sb, (mainly used in E.M.I. tubes) and Ag-MgO-Cs.

The variation of gain with voltage for representative tubes is shown in Fig. 3
and the increase in gain with a larger number of stages will be noted. This is
important, since, in order to reduce the complexity of apparatus used to procéss
the signal after the anode of ‘the photomultiplier tube, it is desirable to operate
with as high tube gain as possible, provided this does not in turn produce feedback
effects which increase the background signal.

A measure of the feedback stability of a given structure is provided by a plot
of anode dark current divided by tube gain, which may be expressed in terms of
cathode dark current, or in terms of the input light level to give an anode current
equal to the dark current. However expressed, this parameter is found to be
roughly independent of tube gain up to some critical value, as shown in Fig. 4.
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While the limiting value of gain varies from tube to tube, as does also the cathode
dark current, nevertheless typical values may be given to particular tube designs
and it is found that the box and grid type of structure has a relatively low limiting
gain, around 5 X 107, independent of the number of dynodes (above 10), while the
venetian blind structure has a limiting gain which increases with the number of
dynodes, values of 10° with 13 stages being readily obtained. The focussed
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OVERALL VOLTAGE. UNIFORM DYNODE CHAIN.
Fig. 3 '
Gain vs Voltage. Various dynode systems and secondary emitting surfaces.

structure appears to lie midway between the other two designs in its behaviour.
(The above comparisons refer to tubes with S-11 cathodes.)

Recently, a statistical study of the variation of dark current among tubes of a
given type, has shown that there appears to be a median value characteristic of a
given dynode structure, for tubes made with S-11 cathodes of very similar para-
meters. This is illustrated by the distribution curves of Fig. 5, from which it will
be seen that the venetian blind structure gives the lowest value of dark ‘current,
while -the linear focussed structure is worse by a factor of 20. The fact: that the
curves appear to be Gaussian when plotted against the log of the datk current
suggests that the variation is due to a statistical spread in the work function of
the cathode, but there is no obvious explanation for the difference in the median
values, since the S-11 cathodes were all very similar. The results are not due in
any obvious' way to feedback processes, since the tubes were all operating well
below the limiting value of gain and it may be that the phenomenon is associated
with particular processing techniques which are individual t6 a2 dynode design,
but the fortunate fact remains that the venetian blind structure, with which EM.L
has most experience, appears to be very suitable for low dark current tubes.

When tubes are made with “S” cathodes, the dark current is rediiced by a factor

of 10 or more and it is found that the ’1%in diameter 9524 S box dnd grid tube
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(with Cs Sb dynodes) becomes very competitive with the 9514 S, only partly due
to its smaller cathode area. This reinforces the suggestion that the difference shown
in Fig. 5 may in part be due to processing.
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Dark current at 23°C vs gain.
(Cathode size and type; dynode type and number, as indicated)
l S. 11 60— 70 A/Im,
‘Typical sensitivities are: ] g 1 . 15— gg 52;{2:
t S.20 120—140pA/lm.

A further observation relating to dark current is illustrated in Fig. 6 [2]. A tube
was fitted with a fine grid parallel and close to the cathode so that a small negative
potential difference sufficed to bias off electrons from the end window deposit.
Under these conditions it was found that whilst 92/y of the anode current produced
by illumination of the cathode was cut off, only 149/ of the dark current was
affected, showing that the major part of the tube background was generated by
regions of the cathode-D1 space which were of little utility for the production of
photoelectrons. This result was not entirely unexpected, since the production of a
uniform deposit of antimony on the window requires that the source of this material
be situated in a position ideally suited for coating the walls of the cathode screen
with antimony, which will absorb caesium-to become an efficient generator of
thermionic electrons. ‘

Various artifices have been considered for the reduction or elimination of this
undesirable wall coating -and in recent months an ingenious arrangement has
been developed by V. A. Stanley, at Ruislip. This consists of lining the cylindrical
wall with a fine mesh, of small shadow area, spaced away by a millimetre or so.
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A small amount of Sb is deposited on the inner facing of this mesh but the greater
part passes through onto the wall of the tube. After sensitization, the small area
of Cs Sb on the mesh can emit electrons into the C-D1 space for collection into

t
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Distribution curves of dark cutrent for various tube types

the first dynode, but the electrons from the wall coating are biased back by the
contact potential between the suntably chosen mesh material and the cylinder of
the cathode screen.
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Fig. 6
Characteristics of 6097 with grid control of cathode emission.

The electrons bias curves of tubes of this type have an unexpected shape. In
place of the nearly linear relationship between amplitude and log-count-rate,
exemplified by curve (b) of Fig. 1, which is found with a conventional “S” cathode
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tube, a pronounced fall-off in the number of counts at low amplitude is observed,
(cutve (c), Fig. 1), although at higher amplitudes the two curves are similar: This
suggests that the majority of the thermionic electrons from the tube wall are
incident on D1 in a position which gives a lower value of stage gain than those
coming from the cathode, while a proportion may skip D1 and produce still smaller
pulses from D2, so that the. linear curve (b) is, in fact, made up of superposed
distributions similar to curve (c), but having a much wider statistical variation
due to the inclusion of many signals of amplitude down to a fraction of one
secondary electron, in place of the median value of 5 given by electrons from the
cathode. In fact, analysis of the two curves shows that the average D1 gain for
curve (b) is only half of that for curve (c).

We are now in a position to consider measurements on various photomultiplier
tubes, both in special test gear and in various tritium counting assemblies.

1000

counts/s

BIAS VOLTAGE
Fig. 7
Tube background at 0°C and 20°C 9524 S No. 9676, 9819, 9820.

Fig. 7 shows bias curves of the tube background for three 28 mm diam. tubes
type 9524 S. It will be seén that cooling from 20 °C to 0°C reduces the thermionic
emission, that is to say the count rate at zero bias, by a factor of about 5. An
- interesting point will be seen from the curves at larger values of bias, namely that
there is a “tail” which is hardly affected by cooling. Fig. 8 shows bias curves at

TasLE 1
POTASSIUM CONTENTS OF VARIOUS WINDOWS

Material - % Potassium*
Quartz ' 0.003%,
Standard Pyrex 0.008%,
Standard Lime Soda - 0.0149;,
Jena Glass 6.4%,

* Flame spectrophotomcter measurements
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room temperature taken on two 50 mm diam. tubes type. 6097 S in which one tube
has a normal lime soda glass containing ca. 0.014%s KO, while a tube, No. 15133,
made with a Jena glass containing 6.2%, potassium -(Table I) is found to have
a very high level of counting rate in this large amplitude “tail”. The difference in
potassium content berween the two windows would give a beta particle disinte-
gration rate of about 15/s and this would correspond fairly closely with the
difference in level between the two large amplitude “tails”, assuming that 509 of
the disintegrations gave a detectable pulse. The presumption is that the large
amplitude “tails” are due to Cerenkov or fluorescent pulses in the glass, due to either.
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Bias curves of 6097 S. tubes at 20°C showing effect of K,O in glass

beta particles from potassium and the radium which is a contamination in most
glasses or to electrons from scattered gamma rays, while a small proportion, which
may be of the order of a few counts per minute, will be due to Cerenkov pulses
from cosmic radiation passing through the window. This hypothesis is confirmed
by the measurements shown in Fig. 8 on two tubes with lime soda windows of .

half the normal thickness (Table IT).

. TasLe 11
ACTIVITY FROM CERENKOV PULSES DUE TO COSMIC RADIATION
: Counts/s at
Window ‘ 40V bias. 0°C
Lime Soda 2.5 mm 0.45 £+ 0.04 -
Lime Soda 1.25 mm 0.29 4. 0.03

Tubes notmalized to same counting
efficiency for H® at 20V bias

Turning now to the low amplitude pulses which ‘are almost certainly due to
thermionic electrons, it will be seen that the zero bias count rate in “S” cathode
tubes may lie between 300/s and 70/s over the majority of tubes, while just
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occasionally a tube is found to have a count rate as low as 36 cps after a long
period of storage in the dark. This phenomenon of improvement by dark storage
can be most important in tubes of this type and some quite marked effects may

E.H.T. VOLTAGE
400V 1500V 1600V 1700V

100

VOLTAGE PLATEAU 1d00C

counts/s

BIAS CURVE - 0°C

011 o .
0 20 20 40
BIAS VOLTAGE
Fig. 9

Quartz window 13 stage tube. 6255 S 5635 tested at 0°C.

often occur. Fig. 9 shows a bias curve at 0°C for a quartz window tube type 6255$
and also shows two E.H.T. plateaux taken over an interval of 3 d. The fact that
a plateau of count rate versus voltage is obtained shows that the number of electron

counts/s

0'1 T L T L
1400 1500 1600 1700 1800 1900

Fig. 10
E. H. T. plateau (Panax) 6097 S 13054; tube background.

pulses of very low amplitude is very nearly zero. A plateau of this kind is not
obtained in every tube and is usually not obtained at room temperature. Fig. 10
shows two plateaux taken on a 6097 S which are, perhaps, an exception to this
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rule and which represent the tube having the lowest electron count rate of any
which we have observed in our series of measurement. At 0°C the electron count
rate was down to 7 c¢ps in a counting head operated by Panax Ltd.

The results described above have been repeated on the 50 mm diam. tubes over
a range of cathode to D1 voltages from 50 to 150 V and also over a range of E.H.T.
voltage from 1250V to 1750 V (with corresponding variation of amplifier gain),
without significant variation in the shape of the bias curves. This latter test is
a very sensitive check that no appreciable feedback effects are occurring with the
tubes.

When these tubes are operated in a single tube arrangement for tritium counting,
the following results are obtained.

In Fig. 11, bias curves taken on a 6097S with a sealed toluene source show the
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Effect of source reflector and optical contact 6097 S.

effect on counting efficiency of the quality of the reflector surrounding the
hemispherical upper surface of the vial and also of the desirability of making
good optical contact between the window of the vial containing the phosphor and
the window of the photomultiplier tube.

Fig. 12 shows a plot of tritium counting versus tube background at 20°C ob-
tained at the Thornton Research Centre of the Shell Petroleum Company. Using
a standard -6097 S (rating 90/7), a limiting efficiency of about 489/ is obtained
with a tube background of 200 counts/sec and 14%/o for 3 counts/sec. Using a modi-
fied tube with 2 mesh mounted around the cathode screen as described above, the
background rate for efficiencies below 259 is about the same as for a standard
6097 S, but above this level the effect of reduction in the small pulse background
becomes very noticeable and a limiting value of 529/¢ for 70 counts/sec is obtained.
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. Fig. 13 shows the results obtained by Ekco Nucleonics, using a 9514 S in an
arrangement similar to that of the Shell counting head but cooled to —20°C and
having better optical coupling. The limiting efficiency, using a tritiated toluene
sample, has now increased to 649/ for a tube background of 10 cps, while at 3 cps
the efficiency is ca. 509.

Fig. 14 shows similar curves obtained by Nuclear Enterprises of Edinburgh, using

a 9524 tube of 28 mm diam. Fig. 15 shows a bias curve of this arrangement which
differs from those mentioned previously, in having a cylindrical vial of height
rather greater than its diameter and uses a newly developed phosphor type N.E. 213.
The limiting efficiency is 64%o at about 1¢ps and is 209/p at 0.15 cps from the
tube. The tube of Fig. 10 gave a plateau at an efficiency of 48% in the Panax
head, with a background of 7 cps at 0°C.
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Fig. 12

Shell counting head.
H?* counting efficiency vs tube background.
20°C 10 ml scintillator hemisphetical vial.
Amersham hexadecane—1: 2T in toluene + 5 gfl p-terphenyl 4+ 16 mg/l POPOP.

From the above it will be seen that for a single tube assembly, operating with
an efficient phosphor and vial assembly, the limiting efficiency for H?® counting
lies between 48 and 649%,. In all of the above measurements great care was taken
to ensure that measurements were not falsified by phosphorescence of vial or phos-
phor. This was done by handling in light shields or dark rooms and by the use
_of identically handled blanks.

The disturbing effects of phosphorescence may be sufficient to demand the use
of a coincidence arrangement for their elimination, particularly with some types
of sample. From the data given above, we can see that a vial tightly coupled to
two photomultiplier tubes, so that the light from a scintillator is shared equally
between the two cathodes, will give a maximum efficiency for H3 in toluene of
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between 25 and 400 (single tube efficiency squared). Any reduction in the optical
coupling will markedly reduce this efficiency.

The fact that two tubes are “looking” at each other now immediately brings in
the complication of tube interaction and this is considered in an accompanying
paper by CameroN and Bovce [3]. The general conclusions which would seem to
be in accord with the observations reported above and with those of Kaurman et al
[4], is that a very large part of the coincidence interaction is due to light pulses
originating in the window of the photomultiplier tube, of Cerenkov or fluorescent
origin. Lowest interaction rates are found with quartz window tubes.
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Ekco tritium counter,
H? efficiency vs background; 9514 S photomultiplier tube; 10 ml scintillator; hemispherical vial,
. 50 mm diam; photomultiplier tube; E.H.T. 1500 V x 1000 gain amplifier.
At optimum working point (max Ré /Ry)
Background total
photomultiplier tube

Tritiated toluene 369, 5 counts/s 1.5 counts/s
THO 389% 12.6 counts/s 4.5 counts/s

One other aspect of tubes which must be examined in connection with coincidence
arrangements is a possible advantage of tubes with tri-alkali cathodes (S$-20) such
as E.M.I. 9558 B. These have high photosensitivities with up to 209/, quantum
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Nuclear Enterprises tritium counter.
vs tube background; N.E. 5503 and 9524 A.; 15 ml scintillator cylindrical
vial; 28 mm diam. photomultiplier tube.
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Bias curves — N.E. 5503 and 9524 A.

Soutce 10 pc H? in 15 ml; N.E. 213 scintillator vials-silica; N.E. 5503 shielded head operating
temperature —10°C; N.E. 5202 amplifier gain 5000; 9524 A No. 7141 E. H.T. 750 V; bias cutves

taken with 20 V gate.
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efficiency in the blue and lower thermionic emission than an S- 11 cathode but
higher than an “S” cathode.

Tested in our single tube head, such tubes have been mostly rated at 90/25, whmh
compares unfavourably with the modern specially made “S” cathode tubes, but
a tube selected for low red sensitivity gave the bias curves of Fig. 16 and a good
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Tube background and counting efficiency; trialkali cathode 9558/5476.

rating of 90/4. This suggests that the thermionic emission rate of the tri-alkali
cathode can be much lower than has previously been reported. The extended
spectral response particularly on a tube with a quartz window should recommend
these tubes for work on new phosphors.

Conclusion

At the present moment, photomultiplier tubes are available capable of giving
counting efficiencies for 10 ml samples of tritiated toluene phosphors of between
10 and 159 with a tube background of 3 counts/s at 20°C and of 50 .to 609/
for this background at —10 to —20°C. At this reduced temperature, 10% is
obtainable with tube backgrounds of only a few counts per minute.

Some work remains to be done to improve the performance of tubes in coincid-
“ence arrangements but significant improvements are obtained by the use of tubes
with quartz windows. »
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DISCUSSION XV

B. Gordon (Umted States of Amerlca) 1 would like to comphment EM.I on
its careful work. I might point out that in our laboratory we have been using an
RCA polyalkali tube which also seems to have a plateau in the noise region but
is not as flat over the extended region as the one described in this paper. I wonder
whether Mr. Sharpe has any opinion as to what would happen to the shape of the
bias curves if he subsmtuted a polyalkali cathode for .the cesium antimony one
now in use.

J. Sharpe (United ngdom) We have done some work on multialkali cathode
tubes. We haven’t taken any HT plateau on the bias curves and wouldn’t expect
a very good one. But the bias curves do, in fact, reproduce all the characteristics
of the cesium antimony photocathode and, oddly enough, the efficiency obtained
is very much the same. Of course, this is probably because we selected a tube
having rather poor characteristics from the multialkali point of view — in other
words, one with a rather low red sensitivity and a reasonable blue sensitivity. In
general, however, we find that the tubes with multialkali cathodes do not behave
as well as those with the modified cesium antimony. cathodes. .

P. Holton (Umted Kingdom): For the past year I have been gradmg tubes by
tritium counting and I would agree with Mr. Sharpe that such tubes can only be
graded by applying a tritium counting test. However, in the interests of all users,
I think some effort should be made to standardize the figure of merit. Assuming
for the moment that the bias curves are straight lines on the ‘log paper, one can
construct from them noise-count versus counting-efficiency curves for different
tubes, as the speaker has done. I have found that if, on a graph of this sort,
one plots a line of constant noise counts per fractional counting efficiency (e.g.
5 cps/10%/ counting efficiency), each line corresponding to a photomultiplier will
cross this line at a constant ratio. If one then quotes the counting efficiency at
which the line ‘is crossed, the photomultipliers are arranged in order of merit.
Assuming for the moment that various photomultiplier devices for the counting
of tritium can be standardized, say, at the place of manufacture, a line such as
I have described could be used for purposes of correspondence and the efficiency
described by citing an agreed line. Would Mr. Sharpe be willing to consider a
system of this sort for attaching .merits to tritium counting tubes?

J. Sharpe: I think [ would need further information on the rather complicated
procedure which Mr. Holton has suggested. At present, we believe that information
on the following parameters is required: the value — at a given temperature —
of the dark count. at zero bias, i. e. the total number of electrons arriving at D1;
the effective quantum efficiency of the photocathode; and lastly, the magnitude
of the dark count at zero bias, i.e. the total number of electrons arriving at D1;
using photomultiplier tubes in tritium counting, each requiring rather different
optimization of the two parameters. I do agree, however, that some uniform
method of presentation would be extremely useful so far as tube users are con-
cerned, although at the moment I do not quite know how this could be achieved.

P. Ayres (United Kingdom): Mr. Sharpe has quoted values for counting
efficiency and background for certain photomultipliers in single tube systems. Since
the backgrounds given are rather high, the efficiency value becomes more critical
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when comparison of counting methods for tritium ‘is involved. The relatively
recent acceptance of tritium as a tracer is due mainly to the difficulties initially
encountered in measurement. It would therefore be very desirable to have an
indication of how the efficiencies given are determmed and also of the reliability
of the standards. used.

J. Sharpe: The figures we have used are based on Amersham hexadecane, in stan-
dards prepared by the Shell laboratory at Thornton in Chesire, and sub-standards
produced by Ekco and by Panax in the United Kingdom. As far as I can tell from
discussions with other people, the limiting efficiency, for which I cited a figure at
about 609/, appears to be reasonably well botne out for 10 ml of tritiated toluene
phosphors in something like hemispherical vials although — depending on the
experimental details — there will of course bé some sig"n_ificant variation.

A.'Nir (Israel): I have a few questions for Mr. Sharpe. First, as regards the real
51gn1ﬁcance of the differences in the dark current for photomultiplier grid struc-
tures: Is this a real difference or just a difference in manufacture? Did you, for
example try to mount the 6810 grid on your Photo -cathode? Second, in a com-
parison of tritium bias curves with noise bias curves, should not the tritium
counting efficiency be specified so that the multielectron component in its spectrum
can be estimated? The bias curve has no absolute significance: it depends on the
efficiency and the multielectron component. Thlrd have you any ideas about the
mechanism and origin of the multielectron, or hlgher energy component of. the
noise spectrum when the K% is subtracted?

J. Sharpe: On the first point, I think I mentioned our view that the varlanons
in structure must be due to some processing difference ‘in the manufacture -of-the
tubes. I therefore agree that these differences are not likely to be really funda-
mental, providing that the dark counts are measured on the flat portion of the
dark count characteristic. The methods used for obtaining the correct proportioning
between photosensitivity and gain will vary from one maanacturer to another
and from one tube type to another. On the second point, I agree absolutely that
bias curves without tritium efficiencies can be very misleading. However, a good
deal of information on the subject — which I could riot present for reasons of
time — is contained in the paper. A tube having very low thermionic emission
but zero quantitative efﬁcxcncy is quite useless. We have made some tubes of this
kind. They are very interesting but of no value. As to the third point, we believe
that this component must, to a large extent, Be due to activity within the glass,
or to fluorescent or Cerenkov pulses produced by activity outside the glass. I believe
that the paper of Boyce and Cameron in these proceedmgs includes some relevant
figures. We see no evidence of any feedback origin for this, because when we
measure tubes at different voltages, the bias curves, when normalized, lie very
closely on top one another. Of course, I am referring only to the tubes that we
have measured. I believe that others have found differences in thlS respect but these,
again, are almost certamly a function of the processes. I suppose the short answer
to Dr. Nir’s question is that we still do not know the whole story.

R. Hours (France): Could Mr. Sharpe provide some more details about the
stability of the background pulses? Do they follow the normal laws of statistical
distribution? Are there sometimes parasite pulses of various. origin which could
impair background stability, especially in the measurement of tritiated water in
which light pulses are very small and lead to the emission of 1—2 photoelectrons?
This is of fundamental importance in estimating the merits of various 1-phototube
or 2-phototube coincidence systems having a figure of merit of the form:

15*
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Efficiency X Sample Volume

}/ Background

J- Sharpe: Provided that we operate the tubes well away from the knee of the
dark current curve and with the envelope at the same potential as the cathodes,
we find that extremely good reproducibility of the noise pulses is obtained, as is
evident by the plateau which we measured. But if operations are carried out close to
the dark current knee, a burst of pulses can occur perhaps every few minutes and
these will certainly upset the system.

B. Gordon: Could any reduction in Cerenkov effects be expected if the en-
velopes of the tubes were made either of dark glass (in order to absorb any photons
produced by the potassium-40 or from cosmic sources) or possibly of plastic or
some low activity metal? It seems to me that if that were possible you might be
able to avoid what is probably one of the major components of noise and what
appears to be a major problem in the construction of such tubes.

J. Sharpe: This question has been considered in other connections, notably in
the manufacture of photomultiplier tubes for low background gamma-ray counting,
where the possibility of using copper envelopes has been raised. However, it has
been our experience that photomultiplier tubes are very sensitive to changes of this
kind, and that the achievement of stability is critically dependent on the correct
potential distribution on the inside wall. Our experiments with unipotential con-
ducting coatings on the inside wall of photomultiplier tubes have been extremely dis-
appointing. Of course, there must always be a window of the correct transmission
and, generally speaking, the problem in that case is not what kind of glass one would
like to use but the kind of glass that will be compatible with the manufacturing
techniques (such as metal to glass sealing, etc.). The new Corning low activity glass is
extremely interesting to us in this respect and we are hoping to get some for a trial
envelope. The important consideration will be the absence of radium. If it is absent,
those tubes should then be at least as good as the quartz window tubes and probably
even better, because the entire envelope can be made from the low activity material,
eliminating the need for graded seals down to normal glasses, as in the case of the
quartz tube.

C. Brooke (Belgium): Has the speaker any explanation for the rather wide
discrepancy between dark current and dark count in the tubes (cf. Fig. 2)?

J. Sharpe: I think that one reason for it is the fact that the counting efficiency
for tritium is a function of the photosensitivity of the cathode and it is possible
to have a tube with a very high photosensitivity and a rather higher value of dark
current. This gives a better result than a tube with a low value for both dark current
and photosensitivity. We do not think that this is the whole answer and the matter
is still being investigated.

R. Lioyd (United Kingdom): Cameron and Boyce have shown in their paper
{p-231] that a major part of the photomultiplier background in coincidence arrange-
ments is due to the radioactive content of the window, and that the window is
itself also a scintillator. This agrees with Mr. Sharpe’s findings that the tail on the
noise/bias curve is due to radioactive contamination of the window. We have shown
that Chance OX7 glass is non-photophorescent, even less so than quartz. If this
glass is also nonfluorescent, as it might well be, then it should be possible to construct
a photomultiplier window which has greatly reduced light emission, despite the fact
that it is slightly active. Moreoever, if the reason for the lack of luminescence in
OX7 could be found, it might be possible to construct a clear window with these
properties, either by adding a quencher or by omitting the luminescence centre,
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R. Hours: In Mr. Sharpe’s pre-print, the potassium content of the phototube
quartz windows is shown as being higher than that of standard “Pyrex” glass. This is
rather surprising.

J. Sharpe: The correct figures are as follows: for the quartz: 0.008 and for the
standard “Pyrex”: 0.05. We assume that the potassium in the quartz was due to some
contamination of the water during the geothermal formation of the quartz. The
measurements were done with a flame photospectrometer and we have fair con-
fidence in them.

F. Begemann (Federal Republic of Germany): You are probably aware that
synthetic quartz is now available. I would assume that its content of all types of
contamination is rather low.

J. Sharpe: Yes, this is 2 material which we are going to use instead of the
fused quartz in future tubes.
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A low-background liquid-scintillation counter for the assay of low-specific activity-tritiated
water. In liquid-scintillation counting of tritiated water single photomultiplier counters and coincidence
systems offer comparable sensitivities. To investigate low level counting a .coincidence system
was selected to avoid uncertainties in the background due to- smgle photon events ansmg from
phosphorescence and chemiluminescence in the solution. v

With this system the.background was found to be due latgely to llght ongmatmg in the photo-
multiplier- photocathode. Using two' photomultipliers with' “Pyrex photocathodes-in contact in
an 8 in thick iron shield experiments were conducted to determine the relative importance of the
following -possiblé courses of background: : : oy

(a) Tonization-and. excitation of residual gas and of the serm-conductor dynodc surfaces patti-
culatly in regions where the current density is greatest.

(b) Sparking, -electroluminescence and field emission.

(c) Positive ion feedback to the: photocathode causing secondary electron emission.

(d) Operation of the photocathode window itself as a phosphor for cosmic radiation, K40 beta
particles ot :radiation from- uranium daughter products.

In: patticular. it was found that conttibution (c) was significantly lower than was prevlously
supposed. Methods of minimizing these effects, including the use of quartz photocathodes, and
special photomultipliers wete investigated.

In the finished design of counter the minimum detectable specific activity with a counting time
of 30 min. is 6X 10?7 pc/ml :

Compteur 3 scintillations a liquides, 4 faible mouvement propre, pour le dosage d’eau
tritiée en faible activité spécifique. Dans le dosage de 'eau tritiée an moyén d’un compteur i
scintillations a liquides, les compteurs 4 photomultiplicateur unique et les ensembles a coincidences
présentent une sensibilité du méme ordre. Pour faire des rechetches sur la mesure des faibles ac-
tivités, les auteurs ont choisi un dispositif monté en coincidence, afin d’éviter les incertitudes dans
le mouvément propre causées par I’apparation de photons isolés, dus a la phosphotescence et 2
la chimioluminescence de la solution.

Dans ce dispositif, on a constaté que le mouvement propre provient surtout de la lumiére qui
émane de la photocathode du photomultiplicateur. En utilisant deux photomultiplicateurs 4 photo-
cathode en pyrex, en contact dans une protection en’fer de 20 cm, on a procédé a des expériences
pour déterminer 'importance relative des phénomeénes ci-aptés pouvant constituer le mouvement
propre:

a) Ionisation et excitation des gaz tésiduels et des surfaces des dynodes a semi-conducteurs,
notamment aux endroits ot la densité du courant est la plus élevée;

b) Production d’étincelles, électroluminescence et émission du champ;

¢) Rétroaction positive des ions vefs la photocathode, provoquant une émission d’électrons
secondaite;

d) Fenétre de la photocathode jouant elle-méme le rdle de scintillateur pour les rayons cosmiques,
les patticules béta du 40K et les rayonnements émis par les produits de filiation de P'uranium.

Les auteurs ont notamment établi que le facteur ¢) avait sensiblement moins d’importance quon
ne Pavait supposé précédemment. Ils ont fait des recherches sur les méthodes permettant de réduire
ces effets au minimum, notamment en utilisant des photocathodes en quartz et des photomulti-
plicateurs spéciaux.
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Avec l'ensemble de comptage congu par les auteurs, P'activité spécifique minimum décelable
est de 6 * 10~7pc/ml, le temps de comptage étant de 30 minutes.

JRMAKOCTHEI CHMHTHIIAUMOHHBIH CUETIME ¢ HU3KMM (OHOM [Id AHAIM3A HACH-
meHHoli TPHTHEM BOALI ¢ HU3KOIi ymeiabHoli akTHBHOCTBLIO. IIpu cuere KUIKOCTHHIX
COUHTHINALUN HACHINEHHOMH TPHUTHEM BOAB CUETYMKU C ONHUM (OTOYMHOKHTEIEM
M CHCTEMHBl COBIAfeHUHl JAIOT MOKA3aHMA CPABHHUTENBHON YyBCTBUTEIBHOCTH. s
HCCIIEOBAHNUsA CUYET3 MBIYYEHMA MAj0fl WHTEHCHBHOCTH OBlJIa NpHUMEHEHA CHCTeMa
coBnafieHuil 1aA Toro, 4To6m u36GekaTh HeonpenedeHHOCTH B (oHe, BHBHIBAEMOM
usMeHeHHeMn ofHOro ¢goroHa B peaynpTaTe ocopecUeHINH U XMMHYECKOI JIOMH-
HeCIleHIMH B pacTBOpe.

Bruto o6Hapy:eHo, 4TO BOBHUKHOBeHHe (OHA B 3TOil cHCTeMe O0BLACHAETCHA Iia-
BHEIM 00pa3soM fnelicTBHeM cBera, ucXopAmero n3 (oTokarofa (OTOYMHOKUTEA.
Bunu HpOBENGHH KCTIEPUMEHTH ¢ MPUMEHeHMeM ABYX QoToyMmHOmwmTene#l ¢ doro-
karogamn JImpexkc B KOHTAKTe € ’KEJIEBHBIM JKPAHOM TOJUMHON B 8 HIONMOB JIB
onpefieieHuA OTHOCHTEILHOK BAKHOCTH CIEAYOIIUX BOSMOKHHX (axropoB ¢ona:

a) Mouwsanus ¥ BO3OY;KIEHHWE OCTATOYHOTO r'a3a M MOBEPXHOCTEH NOJYNPOBOA-
HUKOBOr0 [MHORA, 0COGEHHO B TeX 30HAX, TJle MMeeTcA caMmas O0Jbllas IJIOTHOCTH
noTOKa,

b} MckpooGpasoBaHue, 3JEKTPONIOMMHECHEHUMA W ABTO3JEKTPOHHAA DMUCCHA,

c) ObparHast CBSA3b NOJOKUTENBHEIX MOHOB C OTOKATONOM, YTO BHIBHIBAET BTOPH-
HYI0 BIIEKTPOHHYIO EMUCCHUIO, ]

d) CamocrosarensHoe feiicTBue $OTOKATORHOTO OKHA TONO6HO MOMHHOGOPY KOCMH-
ueckoil pajpmanuu, Gera-wacTumam H¢' maum pagmanuu AOYEepHHX NPORYKTOB ypaHa.

B uacraocru, Onmo ob6HapyeHO BHAUNTENbHO MeHbIIee BO3JeilicTBMe (aKTOpa,
yeM paHee NpEANMOJNaraloch. DHIAM HMCCIeOBaHBI METONBl YMEHBIIEHNAA 3TMX BO3Jeii-
CTBUIl, BKIIOYAA HMCIOJL30BAHHE KBApIEBHX (OTOKATOAOB M cHenualbHHX ¢oTo-
YMHOKUTENEH. '

B okonuarennHON KOHCTPYKIUYM cYETYMKA MHUHHUMAJbHASAOGHADYKHM afd yHedbHas
AKTHBHOCTEL CO BpeMeHeM cyera B 30 MHHYT cocTaBsjisgeT 6 X 10-7 MUKPOKIOPM Ha
MUITMILIATD. :

Contador de centelleador liquido de teducida actividad de fondo pata el anslisis de agua
pritiada de baja actividad especifica. Cuando se trata de efectuar el recuento de agua tritiada
dor centelleo de liquidos, los contadotes de fotomultiplicador unico y los dispositivos de coinci-
dencias presentan sensibilidades comparables. Con el fin de efectuat estudios sobre la mediciéon
fe bajas actividades, los autores eligieron un sistema de coincidencias pata evitar la incertidumbre
en lo que respecta a la actividad de fondo debida a fotones aislados emitidos en virtud de la fos-
torescencia y quimioluminiscencia de la solucién.

Los autores comptobaron que, en este sistema, la actividad de fondo proviene principalmente
de la luz que emana del fotocitodo del fotomultiplicador. Utilizando dos fotomultiplicadores con.
fotocitodos de pyrex en contacto, encerrados en un blindaje de hierro de 20 cm de espesor, hicieron
experimentos para determinar la importancia relativa de las siguientes posibles causas de la actividad.
de fondo:

a) Ionizacién y excitacion del gas residual y de las supetficies del dinodo semiconductor,
especialmente en las regiones en que la densidad de cortiente es mdxima;

b) Formacién de chispas, electroluminiscencia y emision de campo;

c) Realimentacién de iones positivos al fotocitodo, que provoca una emisién de electrones.
secundarios;

d) Funcionamiento de la propia ventana fotocatddica en caricter de “fésforo® pata la radiacién
cosmica, las particulas f§ del 49K o las radiaciones de los productos de filiacién del uranio.

Los autores comprobaron que, en patticular, el factor ¢) interviene en una proporcién mucho
menor que lo que se habia supuesto. Estudiaron métodos para reducir a un minimo estos efectos,.
incluyendo el uso de fotocitodos de cuarzo y fotomultiplicadores especiales.
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Con el dispositivo disefiado ‘por los autotes, la minima actividad especifica detectable, con un
tiempo de recuento de 30 min, asciende a 6 X 10~7wcuries/ml.

1. Introduction

For the measurement of tritium in water, both single photomultiplier and. coin-
cidence 11qu1d scintillation counting systems are used. Although comparable
sensitivities can be obtained from these systems, the coincidence system was selected
for a low background counter as it has the advantages of insensitivity to phos-
phorescence and chemiluminescence which severely restrict the accuracy of the
single photomultiplier system, and it can be operated at room temperature [1, 2].

In the measurement of a low activity sample giving a count rate near to that

of background, the fractional error is inversely proportional to the figure of merit
M defined as

=EVB-'l (1)

where E is the overall percentages efficiency, V the volume of sample and B the
background count rate [3]. The larger the value of M, the smaller is the minimum
specific activity which can be detected to a glven degree of certainty.

The volume of sample normally available is dependent on the apphcanon In
medicine and biology, V is likely to be small. In geological water tracing, for which
this particular work is relevant, volumes available are likely to be unlimited and
under such circumstances it has been shown that, using photomultipliers with 5 cm
diam. photocathodes, the maximum figuré of merit is obtained with samples of
about 30 ml in 140 ml of phosphor [4,5]. Although this figure could probably be
improved by using photomultipliers of larger cathode area and larger volumes of
phosphor, the cost of phosphor then becomes important and it is felt that the 5 cm
diam. cathodes are a satisfactory compromise.

To achieve a high value of M, the phosphor should dissolve a large volume of
water and be of high purity to give maximum fluorescence efficiency. The phosphor
container should be of optimum shape, have high reflectivity and be optically
coupled to the photomultiplier windows. Photomultipliers should have high photo-
‘cathode sensitivity.

Methods of reducing the background are known and involve using anti-coincidence
counters, massive lead or iron shields and materials selected for low natural radio-
active content. .

This paper presents the results of investigations into the most important factors
which determine M and describes a counting system which detects less than
10-% uc/ml of tritium in a 16 ml sample of water in a counting time of 30 min.

2. Apparatus
2.1. LIQUID PHOSPHORS

For the measurement of water samples, a phosphor containing alcohol or dioxane
is required. The highest reported efficiency for the measurement of tritium in water
has been obtained with a mixture of toluene, alcohol, dioxane, PPO, POPOP and
naphthalene [6]. However, in water tracing the important criterion is the product
of efficiency and volume of water dissolved, and this is. maximum using dioxane
only as the solvent [4]. Other constituents of the dioxane phosphor, to which can
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be added 259/y water, are 6 g/l PPO and 100 g/l naphthaléne. POPOP is normally
added to phosphors as a wavelength shifter but 10 ml samples of the above phosphor
with and without 0.3 g/l POPOP gave no significant difference in coincidence count
rates measured with a standard deviation of 39%. It was therefore omitted in
further measurements.

In this work the dioxane was purlﬁed by refluxing over sodium for 1h ﬁltered
and fractionally distilled. ‘

Table 1 summarizes the effects of different stages in dioxane purification on the
efficiency of a coincidence system for a 10 ml-sample.

) TasLE I
EFFICIENCY OF DIOXANE PHOSPHOR AT DIFFERENT STAGES OF PURIFICATION
Method of Purification Efficiency (%)

(a) “Purified” (as commercially available) 5.0 4 0.1 :
(b) Reflux over sodium for 1 h and filter Tutned yellow after a few hours
(c) Reflux over sodium for 4 h and filter Turned yellow after a few hours

(d) Distillation of (a) 534 0.1
. (e) Distillation of (b) 6.2 4 0.1
(f) - Distillation of (c) 63 401

It was found that the addition of water to phosphors made from (a) and (d) gave.
intense chemiluminescence which rose to a maximum (producing approximately
108 cpm in each photomultiplier) in 10—15 min and then decayed slowly with an
initial half value period of about 15h. This chemiluminescence may be due to
formaldehyde which is removed on further purification. : :

The liquid phosphor having the greatest efficiency is toluene containing

PHOTOMULTIPLIER

Fig. 1
Phosphor containets.

3—5g/l PPO. Although water cannot be introduced directly, it is a simple and
stable system and with an.absolutely measured activity (59/) of tritiated toluene
added, was chosen as a standard in this work.
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2.2. PHOSPHOR CONTAINERS

The containers used in experiments to analyse the background and that used .in
the final low background system are shown in Fig. 1.

C_ontamer (a) which is made of “Pyrex”, is 5 cm in diameter, flat-bottomed and
externally silvered. It was used to hold 10 ml of the ‘standard’ solution. Container
(b) has a volume of 110 ml and is one of a series of duraluminium cylinders of
varying lengths having ends closed by the photomultlpher windows and sealed with
synthetic silicone rubber “0”-rings. The cylindrical “Pyrex” container (c) has a
volume of 50 ml. Containers (d) and (e) are of quartz and the volumes are 220 and
80 ml respectively.

2.3. ELECTRONICS

Manufacturers specifications on tubes used in this work are given in Table II.

Tasre 1I
PHOTOMULTIPLIER DATA
Photomultiplier * Photocathode | Dark current Photocathode
Number sensitivity | at 2000 A/lm
Type Serial No. (wA/lm (nA) Glass diam
1 9514 S 5460 32 0.008 “Pyrex” 44 mm
2 9514 S 5475 42 0.14 “Pyrex” 44 mm
3 9514 S 6748 58 0.02 Lime-Soda | 44 mm
4 9514 S 6750 65 0.006 Lime-Soda 44 mm
5 9514 S 6902 80 0.006 Lime-Soda 44 mm
6 9514 S 7078 " 83 0.016 Lime-Soda 44 mm
7 9514 S 6641 45 0.006 Lime-Soda 44 mm
8 9514 S 6703 56 0.012 Lime-Soda 44 mm
9 6255 S 5574 40 0.016 Quartz 44 mm
10 6255 S 5577 38 i 0.009 Quartz 44 mm
11 6255 S 5625 60 0.014 Quartz 44 mm
12 6255 S 5626 55 0.012 Quattz 44 mm
13 62558 5608 58 | 0.003 Quattz 44 mm
14 6255 S 5629 42 0.015 Quartz 44 mm
15 6260 B*+ 2462 i - - “Kodial” 44 mm
16 6260 B** 2752 - - “Kodial” 44 mm
17 09524 S 6589 45. 0.001 Lime-Soda 23 mm
18 9524 S — - — Lime-Soda 23 mm

* E. M. L. Electronics Ltd.
** Obsolete

Tubes 7, 8, 13 and 14 are experimental types fitted with a wire mesh, to reduce
thermionic emission from the cathode screen, and a shutter betrween cathode and
first dynode, to block light travelling from the dynodes to the photocathode.

A schematic diagram of the coincidence system is shown in Fig. 2. Pulses from
each photomultiplier, after amplification, are fed to high and low level dis-
criminators. The low discriminators bias (2-V) is set to reject amplifier noise (about
1V). To reduce background from higher energy radiations all coincidences
correspondmg to large pulses which pass the upper discriminators are deleted by
the anti-coincidence unit.

Maximum coincidence count rate was obtained with a resolving time of 0.2 psec
but 0.3 psec was used in practice to avoid any loss in efficiency. The resolving time
of the anti-coincidence unit was set at 4 psec.
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In the experiments to be described, coincidence count rates are specified according
to the amplitude range of the pulses to which are due. The following definitions
are used: '

. ‘total coincidence’: all coincidence pulses passing the lower discriminators;

‘limited coincidence’: all coincidence pulses with amplitudes between the upper

and lower discriminators;

‘total anti-coincidence’: ‘total coincidences’ minus those coincidences also associated

with an external anti-coincidence ring; '

‘limited anti-coincidence’: ‘limited coincidence’ minus those coincidences also

assoctated with an external anti-coincidence shield.

LIQUID PHOSPHOR =] PHOTOMULTIPLIER
2
/
- HoR 7]
VOLTAGE .
AMP SUPPLY AMP

SCALER

Fig. 2
Schematic diagram of coincidence system.

The cell, phosphor and shielding are specified in each case. Similarly, efficiency
is specified as ‘limited coincidence efficiency’ if it is calculated from the measured
‘limited coincidence count rate’ and so on.

When using upper and lower discriminators it is possible to select the gain of
each channel to give a so-called ‘balance point operation’ [7] when the efficiency
is independent of small variations in gain. For convenience, amplifier gains are fixed
and photomultiplier voltages are selected with a cell containing tritium in position,
by setting one tube at an arbitrary voltage and plotting the limited coincidence
counting rate against the voltage on the second tube, the potential at which the
maximum in the curve occurs being chosen as the optimum. The procedure is then
repeated for the first tube with the second tube set at its optimum voltage. Under
these conditions a change of * 20 V in 1000 V does not affect the limited coincidence
efficiency.

The bias of the upper discriminator was set at several levels up to the maximum
limit of 50 V, and photomultiplier potentials adjusted as above using container (b).
The resulting figures of merit are plotted in Fig. 3 as a function of top discriminator
bias voltage. The curve is near its maximum when the top discriminators are at
50 V, which is near the limit of linear amplifier output and the maximum setting of
the discriminators used.

Although the random coincidence count rate from the photomultipliers is negli-
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gible, that from the phosphor has to be measured and, if necessary, subtracted from
the sample counting rate. The random rate is conveniently determined by delaying
the pulses from one photomultiplier by at least three times the resolving time of
the first coincidence mixer (0.3 usec) and a 1 psec delay was used.
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Fig. 3
Variation of fig. of merit with top discriminator voltage.
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Vatiation of single tube total efficiency and noise with tube voltage.
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Fig. 4 shows the variation with photomultiplier potential of tube noise and
efficiency for the standard source, for some typical photomultipliers. The voltage
for balance point operation was found to be about 100 V below the “knee” in the
efficiency curve.

3. Causes of background counts in a coincidence system

In a coincidence system, background counts may arise either from chance coin-
cidences due to the finite resolving time of the coincidence unit or from genuine
coincidences such as occur from light emitted in the photomultipliers and visible
to both tubes. s o

If the resolving time of the coincidence system is 7, and the count rates from the
separate photomultipliers due to random thermionic electron emission are 7y and #s,
the chance coincidence count rate is 2 ny ng 7. For selected photomultipliers, n;y and 7o
are each normally less than 12 000/min at room temperature and as 7 is 0.3 usec,
the random coincidence background count rate is less than one cpm and negligible.

TasLe III

BACKGROUND COUNT RATE OF A COINCIDENCE SYSTEM
USING CONTAINER (b) AND TUBES 1 AND 2

Conditions of Measurement Background count rate
o . {cpm)
Coincidence Anti-coincidence
Limited -+ Total Limited Total
With phosphor
Unshielded 678 3670 — -
In 10cm Pb shield 98 L2 403 4- 4 96 4 2 350 4 4
In 10cm Pb and PTFE liner on cell 102 42 405 4- 5 - -
In 10cm Pb and 2.5cm Hg shields 75 + 3 345 + 5 —_ -
1 ps delay on pulses from one
amplifier 541 - - -
With alcohol
10 cm Pb shield 71 42 122 - 2 66 + 2 86 L 2
Empty Container
10 c¢m Pb shield 38 L2 61 4+ 2 34+ 2 47 4- 2
10 cm Pb shield and black paper
disc between windows 2404 0.3-03 — —

To estimate the relative importance of the causes of genuine background coin-
cidence counts, the measurements summarized in Table III were made with container
(b). A 1mm thick PTFE liner was used to investigate the importance of surface con-
tamination. This material contains no radioactive contaminants and absorbs alpha
particles emitted from the container walls. It was found to increase the efficiency
from 6.8 to 7.6% for the dioxane phosphor containing 2596 water.

It is apparent that chance coincidences (see 1 usec delay) and surface contami-
nation of the container walls (see effect of PTFE liner) do not contribute signifi-
cantly to the background count rate. A large proportion (66/96) of the background
in the screened system is attributable to light generated in the photomultipliers. This

has therefore been investigated as it offers the possibility of reduction in background.
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3.1:'BACKGROUND COUNTS ARISING FROM THE PHOTOMULTIPLIER

Light emission producing background count rate in the photomultlpher may
be due to:

‘(a) Tonization and excitation of residual gas and of the semi-conductor dynode
surfaces, particularly in regions where the current density is greatest, v

" (b) Sparking, electroluminescence and field emission, ’ Co

(c) Positive ion feedback to the photocathode causing secondary electron
emission,

(d) Operation of the photocathode window itself as a phosphor for cosmic
radiation, external gamma radiation, K beta particles or radiation from uranium
daughter products. '

Of these, the only effect which is independent of photomultiplier voltage-is (d).
To find the relative importance of these possible causes of background counts, the
followmg experxments were conducted. ~ -

SINGLE TUBE * NOISE “ COUNT RATE

TUBE NUMBER
C SEE TABLE ID

COUNT RATE (cpm)
=
w
]

TOTAL COINCIDENCE BACKGROUND COUNT RATE

15.16
R B 12

2 3 .
10° 4 f__—.x____“______4____———r-”___‘__|n——

10 . i . . . .
25 20 15 10 5 0 -5
TEMPERATURE (°C)
Fig. 5

Vatiation with temperature of single photomultiplier noise and coincidence count rates.

3.1.1. COINCIDENCE COUNT RATES FROM DIFFERENT TUBES AND AT DIFFERENT
TEMPERATURES

The effect of temperature on the coincidence count rate and the variation of total
coincidence background count rate from one pair of tubes to another were first
investigated.

Pairs of photomultipliers were assembled unshielded, with- photocathode windows
adjoining and optically coupled with silicone oil. Applied potentials were adjusted
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to give an efficiency of 509 for each channel using the standard source. The effect
of temperature on the coincidence count rates and on the single tube count rates is
shown in Fig. 5.

The coincidence count rate is evidently unaffected by large differences in current
density (single photomultiplier noise). It is therefore unlikely to be due either to
electrons escaping from the dynode structure and striking the glass envelope, or to
positive ion feedback.to the photocathode. It is also roughly proportional to photo-
cathode area and does not vary much from tube to tube.

3.1.2. BACKGROUND COUNTS CAUSED BY OPERATION OF PHOTOMULTIPLIERS

It is known that with large anode currents, light emission may occur near the
anode [8, 9], and this pessibility was examined by subjecting the photocathode of
a 9514 S tube to a thin pencil light beam which did not reach the final dynodes.
By gradually increasing the voltage it was seen that light visible to the dark-adapted,
naked eye was predominantly in the vicinity of the anode and last dynode. On
increasing the voltage the light spread to preceding dynodes. If a cause of coinci-
dences is light emission at the anode, the most likely path is along the outside of the
dynode assembly, as the dynode structure itself is relatively opaque [9]. It has been
reported that in 6255 S tubes a large proportion of the light causing background
coincidence counts travels along the annular ring outside the photocathode screen
[10], but this has not been found on other tubes [4,11] nor in the experiments
described below.

Using a series of black paper discs of differing areas sandwiched symmetrically
between two photomultipliers, it was shown that the background coincidence count
rate in a 10 cm Pb shield decreased linearly with thc masked area, as illustrated in

w
= 100~ .,
3
§ 80
o |
w
2
g 60
S
‘ g & (CATHODE Diam,)*
40+ 7&174\. Mg 2
9 Nhco (OVERALL TUBE Diam)
Coy
g Ao .
201 x\\
g , s .
Q # PR . S,
3 RS
0 T ¥ T T T = — 1
S .10 15 20 25 30
DIAMETER OF PAPER DISK © «m”
Fig. 6
Variation . of background coincidence count rate with masked area of photocathode (tubes
1 and 2).

Fig. 6. As no significant increase was obtained from the outermost area of the
window, it was concluded that the light was not all due to operation of the photo-
multipliers. This conclusion is supported by the curves of Fig. 5 which includes
results ffom photomultipliers 15 and 16 having a black painted neck near the

'
.
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cathode acting as a light block, and also by the fact that black tape wrapped
around the photomultipliers made no difference, although it partially absorbed light
internally reflected along the glass.

As an additional verification, tubes 1 and 2 were optically coupled and cooled to
—5°C at which temperature the count rate (c 1000/min) of tube 1 varies little
with temperature. The court rate of tube 1 was measured with tube 2 operating for
periods up to several hours. On switching off tube 2, the count rate of tube 1 fell
by only about 18 cpm and there was no evidence of a surge in count rate on
switching on or off. However, even this difference is suspect since after continuous
operation for 30 h there was no decrease in count rate of tube 1 on switching off
tube 2. Because of this discrepancy, a special cell of triangular cross-section was
constructed into which projected the photocathodes of tubes 1, 11 and 12, and
which was filled with silicone fluid. The total coincidence count rate between
tubes 11 and 12 was 115+ 0.5 cpm with the normal voltage applied to tube 1 and
116 £ 0.3 cpm with this voltage switched off. Similarly the total coincidence count
rate between tubes 1 and 11 was 114 = 1 cpm and there was no increase when the
voltage was applied to tube 12, showing that there was no detectable light generated
in the photomultiplier under normal operation.

3.1.3. BACKGROUND COUNTS DUE TO CONTAMINATION OF
PHOTOCATHODE WINDOWS

Tonizing radiation emitted by radioactive contaminants in the photocathode
windows may give rise to light visible to both tubes. Beta particles, for example,
will produce Cerenkov radiation and fluorescence in the glass. The most likely
contaminants are uranium impurities and K4 which is present in the KO con-
stituent of some glasses. Photocathode windows may be of quartz, “Pyrex”, lime
soda or “Kodial” glass and KeO is present in all, except quartz, in proportions
usually below 1% by weight. The natural abundance of K4 is 0.0129/p and it
decays by emitting beta particles of maximum energy 1.33 MeV in 87.7% of its
disintegrations. This activity results in the emission of 1740 beta particles/min/g of
natural potassium. An average photocathode weighs about 10 g and, if it contains
19/o by weight of KO, will therefore emit 146 beta particles/min.

Uranium is a possible contaminant in quartz, but as the windows are produced
from large single crystals, théy are unlikely to contain appreciable amounts of this
element.

Window contamination has been shown to contribute about 10 cpm to the back-
ground of a single photomultiplier low background counter [12—14]. To estimate
the contribution to the coincidence background from window contamination,
windows of quartz, “Pyrex”, lime soda and “Kodial” were sandwiched and opti-
cally coupled, in turn, between the photocathodes of tubes 1 and 2. Voltages were
set to those which gave balance point operation. The additional count rate due to
these discs in a 10 cm lead shield is given in Table IV. It is seen that quartz gives
very little, if any, additional count rate and that “Pyrex”, lime soda and “Kodial”
give additional count rates which are not proportional to their potassium contents.

The spectrum of gamma radiation from 5 “Kodial” discs stacked on top of a
7.5 cm diam., 7.5 cm thick Nal(T1) crystal in a low background counter showed
only a 1.46 MeV photopeak attributable to K40. The photopeak count rate from
the discs (total weight 56 g) was compared with that of an equivalent volume of
K250y weighing 46.6 g and the KoO content calculated to be 4.1%/s, which is in
good agreement with the value quoted in Table IV.

16
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As a check on the efficiency with which beta particles of maximum energy near
that of K% are detected, a source of P32 was deposited on nylon foil and sand-
wiched between the photocathodes and found to give an efficiency of approxi-
mately 309/, There is a larger proportion of high energy pulses from P32 beta

TasLe IV
COINCIDENCE BACKGROUND FROM PHOTOCATHODE WINDOWS
i Additional count rate ,
Photocathode (cpm) (3;1 r?tt ::t ][Sir"sc]) Calculated
window Limited | Total (% by wt) Bfmin
Quartz (E. M. 1) 042 02 0 0
Lime-Soda (E. M. 1) . 3042 3442 0.7 102
Lime-Soda (E. M. L) 3542 40 4- 2 0.7 102
Lime-Soda (E. M. L) 2942 3442 0.7 102
Lime-Soda (E. M. 1) 26 + 2 3042 0.7 102
“Pyrex” (E. M. 1) 35 4-2 3743 -0.32 47
“Pyrex” (20th Cent) 2942 - 30 4-3 0.32 47
“Kodial” (E. M. 1) 68 + 2 7143 4.2 615
“Kodial” (BE. M. 1) 70 + 2 74 + 2 4.2 615
“Kodial” (E. M. 1.) 66 + 2 7143 4.2 615
“Kodial” (E. M. 1.) 68 4- 2 68 4-2 42 615
2 “Pyrex” discs together 60+ 3 6143 - —

particles than from the radiation causing light in the window and this is probabl)
due to the difference in mean beta energy.

It therefore appears likely that light from “Kodial” windows is Iargely attribut-
able to K% beta particles but that the contamination of “Pyrex and lime soda
windows 1is not all K40, '

3.1.4. PHOTOMULTIPLIER BACKGROUND DUE TO EXTERNAL GAMMA
AND COSMIC RADIATION ‘ C

The proportion of the coincidence background attributable to external gamma
and cosmic radiation was investigated using tubes 1 and 2 and shields of 10 cm Pb
and a ring of Geiger Miiller anti-coincidence counters®. The photomultipliers were
optically coupled and voltages were adjusted to give balance point operation. The
results are summarized in Table V.

About 20 £ 2 cpm are subtracted from the total counting rate by the ant-
coincidence counters and if these are assumed to be near 1009/o efficient for the
meson component, this is in approximate agreement with the known cosmic ray
flux [16,17].

The limited counting rate is only reduced by 7 (102-95) cpm when the anti-
coincidence ring is used in addition to 10 cm Pb and the top discriminator, as
13 (143-123-7) cpm are due to pulses of amplitude greater than 50V and are
therefore already deleted by the top discriminators.

External radiation produces a much higher proportion of pulses over 50V in
amplitude than does any of the radioactivity in the photocathode windows..

The coincidence count rates with opaque materials between the photocathode
windows and inside a 10 cm Pb shield are given in Table VI.

* Type G 53 20th Century Electronics Ltd.
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TABLE V

PHOTOMULTIPLIER-COINCIDENCE BACKGROUND FROM EXTERNAL GAMMA
AND COSMIC RADIATION

Coincidence count rate Anti-coincidence count rate
(cpm) (cpm)
’ Limited Total Limited Total
Unshielded 130 + 1 185 4- 2 —_ —
Inside 10 cm Pb 102 + 0.5 143 + 0.5 95 + 04 123 41

With the paper in position approximately seven (10-3) cpm are attributable to
cosmic radiation. About 2 cpm are due to beta particles which penetrate the paper
to give simultaneous light pulses in both photocathodes but these are stopped in
the thick aluminium disc.

TasLe VI

COINCIDENCE BACKGROUND WITH OPAQUE MATERIALS BETWEEN
PHOTOCATHODE WINDOWS

Coincidence count rate Anti-coincidence count rate
(cpm) (cpm)
, Limited Total Limited Total
Inside 10 cm Pb
Black paper . 20+ 0.1 10.0 & 0.1 1.7+ 0.1 © 30408
0.02 mm Al 1.8 4+ 0.2 10.4 - 0.2 154+ 0.2 31402
2.6 mm Al 0.5+ 02 6.2 4+02 0.2 +0.2 07 +-02

3.1.5. SUMMARY OF ORIGINS OF PHOTOMULTIPLIER BACKGROUND

The contributions to background count rate from optically-coupled photomultip-
liers (1, 2) and (11, 12) are summarized in Table VII.

TasLE VII
SUMMARY OF ORIGINS OF PHOTOMULTIPLIER BACKGROUND

Contribution to limited background

Cause count rate
(cpm)
Tubes 1,2 Tubes 11,12

Soft tadiation from laboratory contamination and cosmic

radiation (absorbed in 10 cm Pb shield) : 28 + 2 22 42
Radiation from contamination of lead shield (absorbed

in 2.5 cm Hg shield) 0+2 042
Cosmic radiation not subtracted by top disctiminator

(deleted by anti-coincidence ring) 741 6+2
Window contamination 70 4+ 4 02

Contamination of counter materials, remaining external
radiation and possibly tube operation 2545 2413

16*
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4. Choice of photomultiplier

It is desirable from the point of view of simplicity and ease of operation, to
have a counting system which will .operate at room temperature. With recent
developments in construction and processing, thermionic background in the so-
called S-tubes has been so reduced that the random coincidence count rate at room
temperature is negligible, while a high photocathode sensitivity has been main-
tained [18, 19].

Photocathode sensitivities of tubes suitable for tritium counting are generally in
the range 30—60 pA/lm but occasional tubes are produced with sensitivities ap-
proaching 80 wA/lm. To check the importance of photocathode sensitivity on
tritium counting efficiency, measurements were taken with the standard source for
a number of photomultipliers of differing photocathode sensifivities and the results
are shown in Table VIIL It is seen that the single channel efficiency does increase

TasLe VIII

RELATIONSHIP BETWEEN PHOTOCATHODE SENSITIVITY AND MAXIMUM
SINGLE CHANNEL EFFICIENCY

( I i
Tube No. slwo] o) 2] 7] 8]13] 3] 4l 5] 6
Photocathode sensitivity (A/Im) 32138140 14214556 5858658083
Max. single channel efficiency (%) 55 |58 | 60 | 57 164 |64 |64 |64 1646665

with increasing photocathode sensitiviry but not linearly, The reason for the lack
of correlation is probably that the number of single photon pulses is relatively small.

Backgrounds and efficiencies measured using the dioxane phosphor in container (b)
and a number of photomultipliers are summarized in Table IX. It is apparent that,

TaeLe IX

COINCIDENCE EFFICIENCES AND BACKGROUND COUNT RATES FOR
VARIOUS PHOTOMULTIPLIERS IN CONTAINER (b) (110 ml)

: Limited Limited background in 10 cm Pb j Figure of
} Tubes efficiency {epm) ’ Merit
(%) Phospheor Alcohol Empty ’ . (EVB-3)
9514 8
1,2 (“Pyrex”) 6.8 08 4 2 2 3842 15.1
3,4 (Soda) 9.5 16243 151 & 2 78 %2 16.5
5, 6 (Soda) 9.7 104 43 7242 3942 20.9
7, 8 (Soda) 7.5 153+ 3 145 + 2 64 4 2 13.3
6255 8§ .
9, 10 (Quattz) 6.3 4142 1842 11 4.2 21.6
11, 12 (Quartz) 9.4 5412 341 2611 28.1
13, 14 (Quat) 5.3 56 1 2 1942 1312 15.6 -

as expected, the coincidence efficiency increases with increasing photocathode sen-
sitivity, and photomultipliers with quartz windows give the lowest background.
The abnormally high background count rate of tubes 3,4 and 7,8 has been shown
10 be due to inadvertant use of windows having abnormally high potassium content
in tubes 4 and 7.
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The best tubes are, therefore, those with quartz windows and high sensitivity
photocathodes.

Since both coincidence background and efﬁc1ency of a single photomultlpher
system increase to a saturation value with increasing voltage, variation of the
figure of merit with single tube efficiency was examined. The coincidence back-
ground count rate was measured as a function of single channel efficiency for tubes
with optically-coupled windows, and applied voltages set to give the same single
channel efficiency. The results plotted in Fig. 7 show that the relation between
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Fig. 7
Total background coincidence count rate ». single tube efficiency.

light interaction coincidence background and single channel efficiency is not linear.
However, the coincidence efficiency is approximately equal to the square of the
single channel efficiencies and, if the ratio of this to the square root of the back-
ground is taken, it can be seen that the figure of merit increases with increasing
single channel efficiency, up to maximum single channel efficiency.

5. Design of phosphor container

The phosphor container was designed so that the photomultipliers were co-axial,
as this arrangement is easy to operate within anti-coincidence counters and lead
shields. Although it might be expected that the arrangement would be worse for
light interaction background than one having the photomultiplier axes at right
angles or parallel, the difference between the two systems would be small with
a good reflector for maximum counting efficiency.

Suitable container materials are quartz (with a reflecting covering), PTFE, nylon,
polished aluminium or stainless steel, or brass, plated with polished silver or nickel.
The container may be sealed with quartz discs or the photomultiplier windows.

A comparison of container (b) and containers (d) and (e) with aluminium foil
reflectors is made in Table X, and it is apparent that their performances are
similar. Container (e) was selected for the final low background system to avoid:
possible contamination of the photocathode windows.
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6. Design and performance of low background counter

In the final low background system, photomulnphers 11 and 12 were optically
coupled to the 78 ml quartz container () with high viscosity silicone oil and the
whole assembly was surrounded with 10 cm of lead. Filling, emptying and flushing
were accomplished by gravity displacement from a brass header tank through 3 mm
bore copper tubing. Circular coils in the brass tubing acted as complete light blocks.

TasLe X

COINCIDENCE EFFICIENCIES AND BACKGROUND COUNT RATES FOR
TUBES 11 AND 12 ON CONTAINERS (b), (d) AND (e)

Container Limited Limited background in 10 cm Pb Figure of
Vol. efficiency (cpm) . merit,
” — L
Type (ml) (s Phospho Alcohol Empty (EVB~=
(b) 110 94 54 4 2 31+1 26+ 1 28.1
(b) 250 41 76 + 2 3242 164+ 2 235
(d) 215 7.1 113 43 68 + 2 3842 28.7
(e 78 13.9 61 2 4 +2 36 +1 27.8

One flushing with dioxane removed all but 0.1%/ of the previous solution and after
a further flushing there was no detectable contamination.

This system gave a limited coincidence efficiency of 13.9% for 16 ml of water
in 62ml of dioxane containing 6 g/l of PPO and 100 g/l of naphthalene, with
a limited coincidence background of 61 cpm.

If the minimum detectable specific activity (M.D.A.) is defined as that which
gives, in a time ¢ min, a count having a relative standard deviation of 0.5 [4],
then it can be shown that

MDA X0 >< 10— ]/‘ we/ml : ()

for a system counting V ml. of sample with an efficlency of E?%, and having a
constant known background, B cpm.

With the above system, the minimum detectable specific activity W1th a counting
time of 30 min is 6 X 10—7 pe/ml.

Some improvement in this figure will be obtained when photomultipliers with
quartz windows become available with photocathode sensitivities higher than those
used. Improvement may also result from further selection in shielding materials.
The container volume was based on previous work [4] and the optimum will be
found by measurements on containers of different volumes, but this is not expected
to improve the sensitivity significantly.
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Abstract — Résumé — AHmgoTanmus — Resumen

Recent advances in low-level scintillation counting of tritium. Studies have been made .
of the liquid scintillation counting system with the objective of optimizing detection sensitivity
as exptessed by a function of sample volume, efficiency and background. The investigation included
a review of scintillator composition. A dioxane-naphthalene-water system having a water content
of 18.6%, was selected as the most satisfactory composition. Further studies of counting cell geometry
and scintillator volume have led to the use of a cylindrical container of “Teflon” with high gain
quartz face photomultipliers in direct contact with the solution. This system gave a tritium detection
sensitivity corresponding to a concentration of 0.55 X 10~12 ¢/ml at an efficiency of 6.9%, and a
background of 52 cpm. A water sample volume of 31.6 ml was used with total scintillator volume
of 170 ml,

An internal Co® soutce was found to be a suitable monitor of tritium-counting efficiency in
the range 2 to 7%, with a standard deviation of 0.19%,. It has the advantage over previous methods
in that it provided a rapid efficiency determination without modification of the sample.
~ Studies of background reduction were made to evaluate the contribution of luminous interaction
and cosmic radiation. A plastic envelope anticoincidence shield was used in the study. Long term
effects on stability of the system caused by sample deterioration and counting equipment drifts
were evaluated.

Progrés técents dans le comptage a scintillations de faibles teneurs en tritium. Les auteurs
ont étudié un dispositif de comptage 2 scintillateur liquide, en vue de rendre optimum Iz sensibilité
de la détection, définie en fonction du volume de Péchantillon, du rendement de comptage et du
bruit de fond. Les recherches ont porté notamment sur la composition du scintillateur. On a choisi
un mélange dioxane-naphthaléne-eau, dans lequel cette  derniére entrait pour 18,69, parce que
sa composition s’est révélée la plus satisfaisante. D’autres études, qui portaient sur la géométrie
de la cellule de comptage et le volume du scintillateur, ont amené les auteuts a utiliser un récipient
cylindrique en «Teflon» et des photomultiplicateurs 4 fenétre en quartz 4 gain élevé, en contact
direct avec la solution. Ce dispositif permet d’obtenir une sensiblité de détection correspondant
4 une concentration en tritium de 0,55 - 1012 ¢/ml, avec un rendement de 6,99, et un bruit de fond
de 52 cpm. Les auteurs ont utilisé un échantillon d’eau de 31,6 mi, le volume total du scintillateur
étant de 170 ml.

Les auteurs ont constaté qu’une source interne de cobalt-57 permettait de controler efficacement
le rendement du comptage du tritium, dans Ia gamme allant de 2 a 79, avec un écart type de 0,1%.
Par rapport aux méthodes plus anciennes, ce procédé offre 'avantage de permettre une détermination
rapide du rendement sans modifier ’échantillon.

Les auteurs ont étudié la réduction du btuit de fond, pour évaluet Ia part de l’mtetactlon lumineuse
et celle des rayons cosmiques; ils ont utilisé a cette fin une protection d’anticoincidence, 4 enveloppe
en matiére plastique. Ils ont évalué dans quelle mesure la dététioration des échantillons et les dérives
du matériel de comptage tendent a réduire, 2 longue échéance, la stabilité du dispositif.

Mocnepnne AOoCTH:keHHUS B OJbACTH CIMHTHIIAIMOHHOTO CYeTA TPHTHA HUIKOTO
ypoBHA, BHUIIO IPOBENEHO MCCIENOBAHUE MHUAKOCTHON CUMHTHIUIANMOHHON CYETHOMH
CHCTEMH € IENbI0 ONTHMU3NPOBATH YYBCTBHTEIBHOCTL PErHCTPAlMM, BHPasKaeMYIo
$ynrnueit BenmiMHH oOpasua, adpexTnBHOCTM M (oHa. Mccmenosamme BHITOYAIO
ImepecMoTp cocTaBa ceHTHIIATopa. HamGojee ymoBleTBOpUTeNbHBIM ObII HalifeH
COCTaB B CHCTeMe JUOKCaHa-HapTaIMHABOMLI C COfep:kaHmeM BOAH B 18,6 9,. aas-
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Heillllee M3yuyeHMe TeOMETPHM CUETHOT'O cOCyHAa M o0beMa CIMHTHIUIATOPA NPHUBEJIO
K MCIONB30BAHUI0 LUUIMHAPUUECKOro KoHTelfiHepa u3 tedsona ¢ POTOYMHOMUTEIAMU
¢ BHCOKOYCHTEHHO KBAapleBoil NOBEDXHOCTHI0 B HENMOCPENCTBEHHOM KOHTAKTe
C pacTBOpPOM. 9Ta CHCTEMA IOKa3alla YyBCTBUTEILHOCTE PETUCTPALNY TPUTHASA, COOTBRT-
CcTBY®IY® KoHNeHTpauuy 0,55 X 10~'* KOpU/MHANHIATD TpH SPPEeKTHBHOCTH
B 6,9% u dode B 52 oTcueTa B MUHYTY. Brlad ucnomab3oBan obpasen ¢ 06-eMOM BOMIBI
B 31,6 MuaauanTpa npyn odmem oO6kheMe CUMHTHAAATOPA B 170 MHIIHAMTPOB.

Bouto oGHapy:;KeHo, YTO BHYTPEHHuN MCTOUHMK K06anbTa-57 JOCTATOYHO XOPOLIO
KOHTpPOANpYyer 3PHeKTUBHOCTL CyeTa TPUTHA B Npefenax or 2 70 79, €O CTAHTAPTHHIM
orkaonenueM B 0,19%. Ilo cpaBHEHHMIO ¢ TpEeARAYIHMMHM MeTOAAMH BTOT CHOCO0 MMeeT
TO NPEUMYLIECTRO, YTO MO3BOIALT OHLICTPO OnpenennTb dPderTuBHOCT: Ge3 M3MEHeHUA
obpasua. '

Inda oueHKM 3HAUEHUA JTIOMUHUCLEHTHOPO B3AaWMOJECTBMA M KOCMMYECKOU pagua-
yuu GbIo ncclienoBano yMeHnbmenne doHa. [Ipn aroM 6511 nCHMOAL30BaH € MIACTHKOBOK
060J0UKO}l SKPAH AHTUCOBNAJEHUA. DBEIIO TAKKe U3YUEHO NROIroCcpPOuHOe BIMAHNME
usnoca ofpasua m fApeiida cuerHOro o6opymoBaHUA HA CTAOMIBHOCTb CHCTEMHL.

Progresos recientes en el recuento por centelleo de bajas concentraciones de tritio. Se han
Hlevado a cabo estudios sobre el sistema de recuento por centelleo de liquidos con objeto de establecer
las condiciones 6ptimas de sensibilidad para la deteccién, expresadas en funcién del volumen de
{a muestra, del rendimiento de recuento y de la actividad de fondo. Estas investigaciones compren-
dieron un estudio de la composicion del centelleador. Se ha elegido como composiciéon mis satis-
factotia una mezcla de dioxano-naftaleno-agua, csta ultima en la proporcién de 18,6%,. Los nuevos
estudios realizados acetca de la geometria de la celda de recuento y el volumen del centelleador
han conducido al empleo de un recipiente cilindrico de “Teflon” con fotomultiplicadores de elevada
ganancia, dotados de una ventana de cuatzo, en contacto directo con la solucién. Con este sistema
se ha logrado una sensibilidad de deteccién correspondiente a una concentracion de tritio de 0,55 x
X 1012 ¢/ml con un rendimiento de 6,9%, y un fondo de 52 imp/min. Se utilizé una muestra de
agua de 31,6 ml y un centelleador de 170 ml de volumen total.

Se ha podido comprobat que una fuente interna de 37Co constituye un medio adecuado para
controlar el rendimiento de recuento del ttitio en el intervalo comprendido entte 2 y 7%, con una
desviacién standard de 0,1%,. Respecto de los métodos anteriores, posee la ventaja de que permite
una ripida valoracién del rendimiento sin necesidad de modificar la muestra.

Se efectuaron estudios sobre la reduccion del fondo con mitas a evaluar la influencia de la inter-
accién luminosa y de las radiaciones césmicas. En el estudio se empled un blindaje de anticoincidencia
con una envoltura de material plastico. Se determinaron los efectos a largo plazo ejercidos sobre
la estabilidad del sistema pot la deteriotacion de las muestras y las desviaciones en el equipo de
recuento.

Introduction

In tracer applications it is often important to reduce the amount of a radioisotope
to a minimum commensurate with the accuracy required to meet a research objective,
but with due regard for hazard and economy. These considerations have arisen
repeatedly in the employment of tritiated water in large-scale hydrologic studies.

In the comparison of various measurement systems, it is desirable to employ a
sensitivity criterion that includes the major determining parameters and gives a
statistically meaningful measure of individual merit. Several indices of merit have
been used, the most common being the square of instrument efficiency divided by
background. A more explicit merit is the concentration sensitivity [1] or minimum
detectable concentration of radioactivity [2]. The statistical confidence limits
selected to delineate “detectability” are quite arbitrary, but the use of a 95% limit
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is becoming widely accepted- and was used to compute concentration limits of
detectability throughout this investigation. By setting the net sample counting rate
equal to two standard deviations of the Poisson distribution describing the theoretical
detection error, an expression may be developed for the minimum detectable activity
concentration [2]: '

minimum detectable activity concentration (uo/ml)

9.0 x 1075 1/,
- V?’ M

in which E is the efficiency, in per cent; v, the sample volume, in ml; 7y, the back-
ground, in counts/min; and ¢, the counting time, in min. The reciprocal of equation
(1), with a counting time of 30 min, has been designated “detection sensitivity” and
is given by equation (2): '

Ey
Vi

The detection sensitivity corresponds to the reciprocal of the concentration of a
radioisotope which, if a sample of volume v were counted for 30 min, would have
a probability of 0.975 of providing a counting rate greater than background. It
should be kept in mind that the coefficient of variation of a measurement made at
the minimum detectable activity concentration is 50%, a rather appreciable error
for many applications. Furthermore, equation (2) defines a theoretical sensitivity
that is only achieved in practice by very stable instrument operation.

The general objective of this investigation was to maximize the detection sen-
sitivity of the liquid scintillation spectrometer. The investigation was largely
limited to tritiated water measurements. By optimizing the scintillator composition
and by increasing the volume of scintillator placed between the photomultiplier
tubes, it was possible to increase greatly the volume of sample counted with only
a relatively small reduction in efficiency, but with a great increase in the Ev pro-
duct. Such an approach is, of course, only permissible in instances where sample
volumes are not limited to a few ml.

The study employed two Packard Tri-Carb liquid scintillation counters, one
equipped with DuMont 6292 photomultipliers, the other with EM.I. 6255 A quartz-
faced photomultipliers. Both instruments were modified to receive counting cells
of various shapes and sizes. In order to accommodate the E.M.1. tubes to the stan-
dard Packard counter, it was necessary to modify the photomultiplier sockets and
to introduce an’ external attenuator between the analyser preamplifier and its
amplifier. Except as otherwise noted, each scintillator and cell geometry were
examined at photomultiplier high voltages, amplifier gains, and discriminator settings
providing a maximum ratio of signal to the square root of background, these con-
ditions comprising balance-point operation as suggested by Arnorp [3]. In most
instances measurements were made in the 10—90 V channel.

2

detection sensitivity (l/uc) = 61

Optimization of scintillator composition

Studies of scintillator composition were carried out with the DuMont photo-
multiplier-equipped spectrometer and 20 ml commercial counting vials. Preliminary
comparisons of several scintillators clearly demonstrated the merit of 1—4 dioxanc
as the solvent, since it is miscible with water in all proportions and thus permitted
wide variations in water content. By using a commercial dioxane containing 4.0 g/l
PPO (2.5-diphenyloxazole) and 0.1g/l ¢-NPO (2-[1-naphthyl]-5-phenyloxazole),
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to which were added various amounts of water and naphthalene, it was possible to
determine the composition providing a maximum value of eV and thus a2 maximum
sensitivity. A typical series of such measurements is shown in Fig. 1 for a naphtha-
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Fig. 1
Influence of scintillator composition on detection sensitivity and efficiency.

lene concentration of 100 g/l of dioxane. Higher concentrations of naphthalene
brought about only minor improvements in efficiency, and consequently 100 g/
was employed in all subsequent measurements. Fig. 1 clearly demonstrates that
maximum sensitivity does not necessarily result from a scintillator composition
providing the highest level of efficiency. ‘

A further investigation of the dioxane-naphthalene-water system led to the
selection of PPO and POPOP (1,4-di[2-(5-phenyloxazolyl)]benzene) at 6.0 and
0.3 g/l of dioxane, respectively, as providing the greatest sensitivity. The scintillator
solutions prepared for counting were composed of water (18.6%9 by volume) and
the dioxane solution of naphthalene and the two phosphors (81.49/o). The function
of POPOP, often termed a secondary phosphor, was to shift the light emission
spectrum of the scintillator into the visible range and more nearly to match the
spectral range of maximum response of the DuMont photomultipliers. The EM.I.
tubes, having an S13 type photocathode sensitive in the ultraviolet region, were
found to perform equally well with a scintillator containing little or no POPOP.

In comparing two lots of commercial dioxane, the presence of impurities was
observed to result in an 18.49/ difference in counting efficiencies as determined with
20 ml vials. A second comparison of scintillator solutions prepared with the two
lots of dioxane is shown in Fig. 2. In this instance, employing a polished aluminium
counting cell, performance of the second lot of dioxane proved superior to that of
the first lot by a factor of two. Distillation of both lots of dioxane with iron, and
in a nitrogen atmosphere for the removal of peroxides, resulted in only a small
improvement in counting efficiency.

It was evident from this study that improvements in sensitivity brought about
by variations in scintillator composition were in no sense absolute, but were
dependent on the geometric relation of scintillator to photomultiplier. Unless other-
wise noted, all data reported herein were obtained with the more satisfactory
dioxane.
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Relation of counting cell geometry to sensitivity

A comparison was made of the detection sensitivity obtainable "with various
counting cells employing the dioxane-naphthalene-water scintillator previously
described. The cells included the commercial 20ml and 60 ml Crystal Lite vials
and specially-constructed 60 ml quartz and 140 ml “Pyrex” vials. These four vials
were cylindrical in shape with their axes normal to that of the photomultipliers.
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Effect of photomultiplier separation and dioxane on detection sensitivity and efficiency.

Three cylindrical vials were also used mounted coaxially with the photomultipliers
and having end plates parallel to the photomultiplier face plates. The latter three
cells were examined with and without a silicone optical couple. The results of
efficiency and background measurements on the seven cells are shown in Table I,
together with the calculated detection sensitivities. The advantage achieved by using
large optically -coupled co-axial cylindrical cells is evident. The major disadvantage
of such cells is their greater cost and the inconvenience of work W1th a cell wetted
by the coupling fluid.

The attributes of the cylindrical geometry were investigated further with the
DuMont photomultipliers connected with a polished aluminium sleeve, allowing
separation distance ranging from 20 to 100 mm and permitting the scintillation to
be in direct contact with the photomultiplier face plates. Detection sensitivity and
efficiency for scintillators prepared with the two lots of dioxane have been plotted
against photomultiplier separation in Fig. 2. Background decreased from about
125 counts/min at 25 mm separation to 105 counts/min at 90 to 100 mm separation.
As observed earlier, maximum sensitivities were recorded at appreciably less than
‘maximum efficiencies. However, it was evident that as the volume of scintillator was
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increased, the detection sensitivity must pass through a maximum and then decrease.
With the two-photomultiplier coincidence system a sufficient number of photons
must reach the photocathodes to produce at least one photoelectron at each. Since
only 30 to 40 photons are produced by a tritium beta of average energy, and the
conversion efficiency at each photocathode is perhaps only 109/, it is evident that

TasLe I
CHARACTERISTICS AND PERFORMANCE OF VARIOUS COUNTING CELLS

Background Efficiency Detection sensitivity
Cell b E 61evi) np
(countsfmin) | - (%) )
20 ml, Crystal Lite 49 5.01 160
60 ml, Crystal Lite 49 217 210
60 ml, quartz 49 2.61 260
140 ml, “Pyrex” 112 2.00 300
180 ml, “Vycor”
(aluminium foil covered)* 291 343 410
(348) (7.61) (840)
180 ml, “Pyrex” )
(silvered)* 168 3.16 500
(242 (1.95) (1020)
87 ml, quartz* 60 4.10 . 530
(103) (7.04) (680)

* Cylindrical cell mounted co-axially with respect to photomultipliers, Values in patentheses were determined with an optical
coupling, Water content of scintillator was 18.6%, of the nominal cell volume {5].

changes in cell geometry, or reductions in reflectivity of the cell surfaces and
transmissibility of the scintillator, may seriously impair counting efficiency. In a long
cylindrical cell, a release of photons near one photomultiplier might well be un-
detected by the more distant photomultiplier. From these studies it became apparent
that with present photomulipliers little could be achieved by enlarging counting
cells beyond photomultiplier separations of 100 mm. In a majority of the subsequent
measurements, separations of 70 to 80 mm were employed as practical upper limits.

In order to utilize the instrument for low-level measurements and less sensitive,
but more convenient, measurements with 20 ml vials, an insert cell was constructed
of silvered brass. The cell, which could be readily introduced into the cavity between
the photomultipliers, had a volume of 170 ml and was bounded at the ends by
the photomultiplier face plates. This arrangement gave an efficiency of 6.34%, a
background of 100 counts/min, and a detection sensitivity of 1220 l/pc. Sixteen
background measurements over a four-day period gave a variance as expected from
the Poisson distribution. The operating temperature was 3 °C. Experience has shown
that care should be exercised in selecting the materials of the insert cell to avoid
internal contamination. A second silvered insert cell gave a background 109%,
greater than the first. : : ‘

Comparison’ of Dumont 6292 and EJM.L 6255 A photomultiplier tubes

There are several potential advantages of the E.M.I. 6255 A photomultipliers for
low-level tritium counting. The quartz face-plate allows the shorter wave lengths
(<4000 A) of the PPO emission spectrum to reach the photocathode, potentially
removing the desirability of employing secondary phosphors such as ¢-NPO or
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POPOP. Undoubtedly, some loss occurs in the additional energy transfer ‘from
primary to secondary phosphor. Another advantage of the quartz face-plate is the
elimination of K40 present in most glasses and believed to be a significant contributor
to background under the circumstances of tritium measurements.

A comparison of the two photomultipliers was carried out with the silvered insert
cell and the dioxane-naphthalene-water scintillator containing both PPO and
POPOP. The E.M.1.-equipped instrument gave an efficiency of 6.90%, a background
of only 57 counts/min, and a detection sensitivity of 1680 l/uc, a significant im-
provement over the 1220 value determined for the DuMont photomultipliers. The
lesser background of the E.M.I. tubes is of particular interest. In addition, the
higher gain of these tubes provided better descrimination against external noise.

Additional studies of the EMM.I. photomultipliers were carried out to determine
the merit of employing POPOP and the relative reflectivities of polished silver,
representing a specular reflector, and “Teflon”, a diffuse reflector. POPOP concen-
trations of 0.0, 0.1, and 0.2 g/l exhibited no significant influence on counting
efficiency. However, “Teflon” was clearly a more effective reflector than silver,
giving an efficiency of 7.15% with a'background of 57 counts/min, and a detection
sensitivity of 18601/uc. Under similar circumstances the. silver cell presented an
efficiency of 5.28%0, a background of 51 counts/min, and a detection sensitivity of
1420 l/uc. “Teflon” was particularly sensitive to photoexcitation by fluorescent lights
and daylight, with subsequent phosphorescent emissions persisting, even in coincident
operation, for extended periods. By minimizing exposure of the “Teflon” cell to light
while changing samples, the contribution to background was reduced to less than
1 count/min. :

Cobalt-57 as an internal standard

One of the factors limiting the true tritium detection sensitivity is variation in
counting efficiency caused by small concentrations of quenching impurities carried
into the scintillator by the' sample. The most common technique for ascertaining
quenching effects and measuring counting efficiencies is to introduce a small amount
of a standard tritium solution into the scintillator and to make a second measurement
of the counting rate. This so-called “internal standard” method has the disadvantage
of modifying and contaminating the scintillator. _

In search for a suitable efficiency monitor that would be free from these dis-
advantages, the use of Co®7 as an internal solid source was investigated. Co%? decays
by electron-capture with a 270 d half-life and with two predominant gamma pho-
tons in cascade: y; = 14 keV and yp = 122 keV with y; undergoing a high degree
of internal conversion (e/y = 15) [4]. It was anticipated that with the two channel
scintillation counter, the internally converted y;, would be counted predominantly
in the lower channel, while yo would register mainly in the upper channel, the exact
channel count ratio depending on efficiency. This ratio could be an effective
monitor of tritium counting efficiency, provided a definite correlation between the
two variables could be shown that would be reproducible and independent of the
cause of efficiency change.

Several measurements were made to test the validity of these assumptions. The
Co57 source was deposited at the tip of a two inch long platinum wire. The active
area was then covered with 20 pg/ecm? gold in order to prevent contamination. of
the solution which occurred in the preliminary experiments [5]. The experiment
consisted of measurement of the high-to-low channel count ratio due to Co%7 with
the platinum wire in the centre of the scintillator volume, for different scintillators,
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f

photomultipliers and quenching conditions. Three typical curves are shown in Fig. 3.
Long-term operation indicates that tritium counting efficiency can be determined
within 0.1%, [5], which is satisfactory for most applications.
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Relation of Co®? channel ratio to tritium counting efficiency.

Origin and composition of background

Although background influences detection sensitivity only as its square root, it
remains an important consideration in a low-level tritium counting system and merits
more detailed investigation. The knowledge of the origin of the various components
of background and their quantitative estimate are prerequisites to a rational
approach to background reduction. Several authors including Swank, ArNoLD and
Aupric [6] have examined the nature of background in scintillation counting, but
the particular origin of the major contributors remained uncertain.

The following sources of background were considered as potential contributors
to the actually measured background and their contributions were analysed or
estimated.

1. EXTERNAL GAMMA RADIATION

It originates with the natural radioactive emitters in the air and the surrounding
structures, fission products in the environment and various radioisotopes in neigh-
bouring laboratories.

2. COSMIC RADIATION

Charged particles and neutrons should be considered.

3. INTERNAL RADIOACTIVE CONTAMINATION

Alpha, beta and gamma emitters incorporated in the shield, insert cell, photo-
multipliers and possibly scintillator.

4. RANDOM COINCIDENCES AND LIGHT INTERACTION

And other, mainly count rate, dependent contributions.
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Amplifier noise, electromagnetic disturbances and other sources of background of
non-statistical nature were virtually eliminated and were not considered here.

In order to separate better the contributions of the various components of back-
ground a special lead and stainless steel shield was constructed, that had a semi-
annular cavity. A properly-shaped plastic scintillator sheet, 5/8in thick and
8in X 12in in size was inserted into this cavity and a photomultiplier with a light
guide was attached to it. The output of the photomultiplier was fed into an anti-
coincidence circuit. The pulses appearing in the low channel (10—90V) or the
high channel (>>90 V) could be placed alternately in anti-coincidence with the pulses
of the plastic scintillator shield. In this manner pulses resulting from interaction of
cosmic radiation with the scintillator and with the photomultiplier glass could be
accounted for.

Background measurements were made using the normal scintillator solution at
different photomultiplier separations, in order to indicate the volume dependence
of the background. Similar measurements were performed with ethanol and air
instead of the scintillator solution. Ethanol, being a poor scintillator [7], should not
show the volume effects but would ensure optical coupling conditions for pulses
originating in the glass of the photomultipliers. The results of these measurements
are given in Table I and served as a basis for the following estimate of the various
components of background.

TasLe 11
BACKGROUND ANALYSIS AND REDUCTION WITH ANTI-COINCIDENCE SHIELD
| 73 mm 31 mm 15 mm
Photomultiplier
Separation Coin* | AN | Coin. | Anticoin. | Coin. | Anticoin.
10-90 V
Air 16.4 12.0 21.2 18.0 23.3 18.5
Ethanol 21.6 18.2 26.1 23.0 299 26.0
Scintillator 55.6 48.0 42.5 38.1 42.0 37.2
90-00 vV
Air 50.8 19.4 46.8 18.8 40.8 174
Ethanol 82.5 41.9 65.6 35.3 58.6 28.8
Scintillator 342 286 290 204 177 137

* Tri-Carb., coincidence operation
** Tranco, anticoincidence operation
Theoretical standard deviation of all measurements in 10-90 channel less than 1 counts/min

External gamma radiation

An estimate of the gamma contribution to background was made by observing
the influence of an external gamma source on the two channels of the liquid
scintillation counter and on an independent Nal detector. From this experiment, the
gamma radiation appearing in the 10—90 channel was estimated to be no greater
than 4 counts/min. The corresponding external gamma background of the 90—co
channel was approximately 20 counts/min.

Cosmic radiation

The contribution of the charged particle component of cosmic radiation was
expected to appear in coincidence with the plastic shield and therefore could be

17
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readily accounted for. At a photomultiplier separation of 73 mm the difference
between the scintillator data in coincidence and in anti-coincidence was 7.6 counts/
min. It is probable that some small portion of this value may be attributed to
external gamma radiation undergoing Compton scatter with the liquid scintillator
with a subsequent interaction with the plastic scintillator. It may therefore be
stated that 7.6 counts/min represents the maximum cosmic radiation contribution.
The neutron component was estimated from the known flux and scintillation cross-
sections to range between 0.05 and 0. 20 counts/min, i.e. appreciably less than one
count/min.

Internal radioactive contamination

The main contribution from this source was K4 in the photomultiplier face plates
as previously shown by the introduction of the quartz-faced photomultipliers. The
reduction in background was from 100 to about 57 counts/min. However, not all
sources. of internal contamination were removed and those believed to remain are
listed below.

(_1) The remammg K% in the envelope of the EM.I. photomultipliers may contri-
bute about 1.6 beta/min and 0.18 gamma/min g of glass [8].

(2) Quartz may contribute up to 15cpm alpha in the photomultiplier face-
plates [9].

(3) Aluminium contains 0.3 puc Ra/g contributing 4.6 gamma/min g [8].

(4) The stainless stee] and lead were of recent origin and undoubtedly contained
considerable activity.

A comparison of the ethanol and scintillator data in Table II indicates that the
volume dependent background was greater than 30 counts/min in the low channel
and about 250 counts/min in the high channel. The special shield was apparently
constructed of contaminated materials which contributed about half of these values.
The ethanol residual of 18 counts/min in the low channel included some contribution
from<the remaining K4 causing Cerenkov radiation in the face plates and glass
envelope.

Random coincidence and light interaction

The random coincidence rate can be accounted for if the resolving time is known.
It is given by the expression 2 7n 47y, where 7 is the coincidence resolving time and
n4 and ny are the analyser and monitor photomultiplier counting rates, respectively.
However, several investigators have suggested that light interaction between photo-
multipliers, often termed the “light-dark current”, is responsible for a large part of
the coincidence background. If we assume this to be caused by light or ion feedback
to the photocathode, the effect would be dependent on the individual photomultiplier
counting rates. The total background, 7;, would then have two single photomultiplier
counting rate dependent components and could be described by the expression

ny, =n; + k (g + ny) + 271 (ng X ny), 3)

where n; is the rate independent component and k is the interaction coefficient,
assumed equal for both photomultipliers in order to simplify the analysis.

This expression was tested experimentally by changing the temperature of the
photomultipliers and consequently changing the rate of thermionic emission with the
results-shown ‘in ‘Fig. 4. The tests were performed at two different voltage and bias
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settings and the resulting lines of best fit corresponded to a coincidence resolving
time of about 0.30 ps and an interaction coefficient estimated by a regression analysis
to be less than 1075, The linearity of the lines shown on Fig. 4 infer that the term
2 gn4ny fully accounts for the increase in background with increasing photomulti-
plier temperature. Under these circumstances, and with n4 = rny = 10000 counts/
min, light interaction would contribute less than 0.2 counts/min.
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Fig. 4 )
Background dependence on single photomultiplier counting rates.

Objections can be raised to the above procedure on the grounds that only
thermionic emission was varied and that other components of dark current appear
to predominate at low temperatures [10]. If the light interaction originates with
such reactions as electrical discharge or electroluminescence, it would not be expected
to be single counting rate dependent and would appear as some part of n;. A
different approach to this investigation is described by Boyce and Cameron [11].

Summary of background analysis

Based on the above results and analyses, the 56 coynts/min background may be
apportioned among its various contributors approximately as follows.

External gamma radiation 4 counts/min
Cosmic radiation 7 counts/min
Internal gamma contamination 30 counts/min
Random coincidences 1 counts/min

Cerenkov radiation and non-
rate dependent light inter-
actions (if existent) 14 counts/min

Total 56 counts/min

In the normally employed shield the background was only 43 cousrts/min, the
difference of 16 counts/min being due to the lower internal contamination..

17*
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Summary and Conclusion

The foregoing investigations of the optimization of low-level tritium measurement
has made possible 2 maximum detection sensitivity of 1860 l/uc or, expressed as a
minimum detectable tritium concentration, 0.54 uuc/ml. The optimization of
scintillator composition and counting geometry, including a direct optical couple of
scintillator to photomultiplier, are in large part responsible for the improved
sensitivity. The use of high gain and high efficiency quartz-faced photomultipliers
also improved the sample to background ratio, mainly through background reduc-
tion. The use of a Co*"-efficiency monitor increased the accuracy of the measurements
by ‘accounting for efficiency variations.

Recent developments in related fields indicate, however, that significant advances
are still possible. New isotope exchange techniques allow the use of larger effective
sample volumes and better scintillator composition [12]. The foregoing background
analysis indicates that the use of carefully-selected cell and shield materials should
result in a major reduction in background. Larger-diameter, radioactivity-free photo-
multipliers are being produced [13] and these will allow the use of larger sample
volumes, without a corresponding increase in background. These considerations
indicate that detection sensitivities of over 20 000 [/uc may be expected, making the
liquid scintillation method at least equivalent to all other known techniques of low-
level tritium measurement.
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DISCUSSION XVI

W. E. Libby (United States of America): Could Mr. Nir indicate lowest tritium
concentration in tritium units.

A. Nir (Israel): I must apologize for not presenting the results in tritium units
at this meeting. In the present case, the figure is about 100 T.U. The predicted
figure is about 10, but we believe it will be better than that. These estimates are,
of course, based on an assumed counting time of 30 min.

F. Begemann (Federal Republic of Germany): Incidentally, this agrees exactly
with the figures in the paper by Boyce and Cameron (p. 231). I have just made a
calculation on the basis of their experimental set-up and the result is 100 T.U.

B. Gordon (United States of America): I am puzzled as to the reasons for using
a cobalt-57 instead of a liquid internal standard. While the use of the cobalt needle
is a rather elegant technique, it involves additional work owing to the need to
recover the water sample, which is not the case with a high-boiling internal
standard.

In a laboratory where there were many samples to count, a large number of
needles would have to be prepared for use in an automatic sample changer and
this would be a disadvantage. I therefore feel that the cobalt needle is an inter-
esting but not an essential modification.

A. Nir: I admit that the cobalt needle method is probably not adapted to an
automatic counting procedure. I do not yet know whether it can be so adapted.
As far as the non-automatic procedure is concerned, an efficiency estimate with
the cobalt needle takes about 2 min. This is the counting time required for obtain-
ing the statistics which form the basis of the results we have obtained.

K. H. Kimbel (Federal Republic of Germany): It may perhaps be of interest to
point out that the use of polyethylene instead of glass containers for single photo-
tube liquid scintillation counting of sulphur-35, carbon-14 and tritium may reduce
the background count by about 509/ and increase counting efficiency to a con-
siderable extent. I think that the reduction may be due to the low potassium
content, the low fluorescence and the reflector action of this semi-transparent plastic
material. A further advantage is that the containers are inexpensive and can be
discarded after use.
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Abstract — Résumé — Ammporamua — Resumen

Phosphorescence in liquid scintillation counting. Phosphorescence is a phenomenon which
is undesirable in liquid scintillation counting, especially at low levels and with single channel appara-
tus. The phosphotescence has been studied of materials which are likely to be incorporated in a
scintillation counting system. The effect of time of excitation and the variation with overall detection
efficiency has been investigated. Some selected liquids of very high purity have also been included.
An analysis of the decay cutrves has been made, and the results evaluated in terms of a practical
counting svstem.

La phosphorescence dans le comptage A scintillations des liquides. La phosphorescence
est un phénomene a éviter dans le comptage a scintillations des liquides, notamment pour la détection
des faibles activités et pout les appareils 4 un seul canal. Les auteurs ont étudié la phosphorescence
de certains matériaux qui peuvent étre incorporés dans les dispositifs de comptage a scintillations.
L’effet du temps d’excitation et les variations en fonction du rendement global de détection ont
fait 'objet de recherches. Les auteurs étudient aussi certains liquides choisis, de trés grande pureté.
Ils ont analysé les coutbes de désintégration et évalué les résultats sous Paspect de la mise au pomt
d’un dispositif de comptage pratique.

DocdopecneHua B KAFKOCTHRIX COMHTHWINIANHOHHEIX cdeTunkaX. Docopecuen-
IHA ABIAETCA HEKEJATeJIbHHM SBIEHNEM B KUAKOCTHHX CHWHTHILIANMOHHEX CYETYH-
Kax, 0CO0EHHO NpM HUBKHX YPOBHAX PAajiiOAKTHBHOCTH M C IPHMEHEHUEM ONHOKA-
HabHHEIX npubopoB. Brina maydema ¢ocopecueHIMsa MATEPHANOB, KOTOPHE MOT'YT
OLITh BKIIIOYEHH B CHCTEMY CUeTa CUMHTHIIAUMA. Bbinu uccnenosann sddent BpeMenu
BO30yAEHHA U KoaeGanusa B obielt s3¢dexTuBHOCTH O0OHADYHEHUA. BHIM BRIIOYEHB!
HEKOTOPHIE OTHEJbHHE JKUAKOCTH O4YeHb BHICOKOW YMCTOTH. DEUI IpoBeleH aHAIu3
KpHUBO# pacmaja, ¥ pesydbTATH MOACYMUTAHEL B eTUHMIAX npamnqecxoﬁ CYeTHOI
CHCTEMBI.

La fosforescencia en el recuento mediante centelleadores liquidos. La fosforescencia consti-
tuye un fenémeno que conviene evitar en el recuento mediante centelleadores liquidos, especialmente:
si las actividades son bajas y si se trabaja con apatatos de canal unico. Los autores han estudiado
la fosforescencia de algunos materiales susceptibles de incorpotarse a los sistemas de recuento. por
centelleo. Investigaron el efecto del tiempo de excitacién y las variaciones'en funcién del rendimiento
global de“deteccién. El estudio comprendi6 también algunos liquidos escogidos de puteza muy
elevada. Los autores efectuaron asimismo un andlisis de las curvas de desintegracion y evaluaron

“los resultados obtenidos con referencia a un sistema de recuento prictico.

Introduction

Some substances when exposed to light are able to absorb energy and store
this for a time before releasing it again as radiation. The process is covered by
the general term luminescence and most frequently observed as fluorescence, in
which the lifetime of the excited state is short, usually less than 1 usec; the term
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phosphorescence is used when the mean lifetime is appreciably greater than this
although no definition on the basis of lifetime or mechanism of the process would
be universally acceptable.

Phosphorescence in the solid state is well known and has been the subject of
considerable research, general theories having been set out by Garrick [1]. Reports
of phosphorescence from substances in the liquid state at room temperature were
rare before high-sensitivity photon counting equipment was developed for liquid
scintillation counting. Complex organic molecules have been the subject of con-
siderable investigation by workers interested in luminescence although for ob-
servation of phosphorescence by the techniques usually employed it has been necess-
ary to reduce radiationless deactivation of the excited states by working in solutions
cooled to about 90°K or in solid glassy media such as boric acid. The mean life-
times observed are rarely greater than a few seconds. The schools of Lewis in the
United States and Terenin in the Soviet Union have made notable contributions
in this field, which has been reviewed by Kasua [2]. For organic molecules in
solution the metastable state is identified as the triplet in which the forbidden
nature of the transition involving a change in multiplicity results in lifetimes
much longer than those observed in fluorescence. The decay is found to follow an
exponential law with respect to time and to be independent of temperature.
Phosphorescence from solid crystalline phosphors does not always decay according
to an exponential law and is temperature-dependent. The theories proposed to
account for it seem at the present stage of development to be distinct from those
favoured for organic molecules in*solution.

There have been several reports in the literature of interference from phos-
phorescence with the liquid scintillation counting of tritium [3, 4] although there
does not appear to have been any systematic survey or analysis of this phenomenon.
This phosphorescence arises from excitation of both the liquid scintillator sample
and its container by light irradiation during preparation prior to insertion in the
counting equipment. It can produce a significant increase in background, which
decays too slowly to be conveniently avoided by waiting but sufficiently rapidly
to make correction a nuisance. Under some circumstances the increase in back-
ground may be so great that the system is no longer usable [3]. The problem is
of greatest significance in single-channel counting systems since phosphorescence
is a single photon emission and would not be expected to give rise to coincident
pulses in a two-channel apparatus; see, however, HERBERG [3]. Measures which
have been taken to minimize the effects of phosphorescence are the use of quartz
sample containers and operation at considerably reduced temperatures.

The objectives of the work described in this paper are to establish the relative
magnitudes of phosphorescent emission from systems likely to be encountered in
tritium assay and to see what steps can be taken to overcome the undesirable
effects which may result.

Experimental methods

The basic experimental procedure consisted of excitation of a sample under
standard conditions of illumination, followed by examination of the phosphor-
escence with a single-channel counter. The counting apparatus used for most of this
work was the Ekco N 664 liquid scintillation counter in which the sample bottle
rests directly on the photomultiplier face and optical coupling is made with a thin
layer of silicone oil. The counter was modified so that the 2 in diameter photo-
multiplier (E.M.1: type 9514 S) could be temperature-stabilized by a flow of mains
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water directly around the tube envelope. No difficulty was experienced from the
slight phosphorescence of the mains water or from electrical leakage through the
envelope. A diagram of this arrangement is shown in Fig. 1.
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Fig. 1
Photomultiplier and counting bottle assembly.
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The pulses from the photomultiplier were fed via a cathode follower with a 5 psec
differentiating time constant to an amplifier (United Kingdom Atomic Energy
Research Establishment, Harwell type (1430 A)) with a gain of X 1000. The shaped
and amplified pulses were fed to an automatic scaler (Isotope Developments Ltd.
type 1700). The output of the divide-by-ten dekatrons of this scaler were used to
drive a two-decade logarithmic ratemeter, which finally fed a potentiometric strip-
chart recorder. The system therefore allowed determination of the count rate by
the scaler and also continuous plotting of the count rate on a logarithmic scale,
which accurate switching of ratemeter ranges. The logarithmic display was found
particularly suitable under circumstances in which a considerable change in count
rate occurred in a short time coupled with a need to determine the approach to,
ot small changes of, background level.

The basic photon detection efficiency is most easily expressed empirically 1in
terms of tritium counting efficiency; this of course varies. with type of sample
container and scintillator. A value of 529 efficiency with a background of
39 counts/s was obtained with the following conditions: clear heat-resisting glass
bottle (“Pyrex”, as supplied by the manufacturers with N 664) containing 4 ml
of a 3 g/l solution of p-terphenyl in toluene, spiked with tritiated hexadecane.
Comparison of efficiencies under other sample-container and scintillator conditions
is given in Table I and will be referred to in detail later. The conditions of ex-
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TasLE I
RELATIVE TRITIUM DETECTION EFFICIENCIES
Dissolved Type of Detec-
Scintillator Scintillator solvent gases counting Type of filter tlf%n
present bottle err %
_ ciency
p-terphenyl Purified A.R. toluene Air Clear “Pyrex” - 100
p-terphenyl Purified A.R. toluene Air Clear “Pyrex” | «Pyrex” disc 85
p-terphenyl Purified A.R. toluene Air Clear “Pyrex” Chance

OX 7 disc 87

p-terpheayl -+ POPOP | Pusified A R. toluene Air Clear “Pyrex” - 98
p-tetphenyl -+ POPOP | Purified A.R. toluene Ait Clear “Pyrex” | “Pyrex” disc 94

p-terphenyl 4- POPOP | Purified A.R. toluene Air Clear““‘Pyrex” Chance

OX 7 disc 7

p-terphenyl - POPOP | Putified A.R. toluene Air Coated - 95

“Pyrex”
p-terphenyl 4 POPOP | Purified A.R. toluene | Nitrogen Coated — 133
“Pyrex”
p-terphenyl Scintillator grade Air Clear “Pyrex” | «Pyrex disc” 61
‘Kinard’ mixture
p-terphenyl Purified Nitrogen |Clear “Pyrex” | “Pyrex disc” 73
‘Kinard’ mixture

* Relative to the figure for p-terphenyl (3 gf1) in purificd A. R. toluene.

citation were chosen to simulate strong noonday sunlight, this being the most
severe condition that would be encountered in practice. This was conveniently
reproduced in the laboratory by a Philips 300 W home sun lamp (type 57265/28),

GAS IN

1

Fig. 2
Irradiation vessel.

IRRADIATION

the radiation being filtered through 1 cm of 5% aqueous copper-sulphate solution
for adjustment of the spectral composition and the heating effect. Solids were
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placed about 15 cm from the face of the lamp, but in view of their varying shapes
the irradiation was only approximately constant. For liquids an irradiation con-
tainer of heat-resisting (“Pyrex”) glass, as illustrated in Fig. 2, was used. Arrange-
ments were made for the accurate repositioning of this in the light beam. The
container had facilities for the bubbling of gas through the liquid and allowed
convenient transfer, via the side arm, of the irradiated liquid into a dark-adapted
counting bottle. No absolute measurements of total dose rate or intensity versus
wavelength relationships for the lamp were undertaken; however, empirical checks
on constancy of performance were made with a uranyl oxalate actinometer [5].
With 4 ml of uranyl oxalate in the standard irradiation container the following
rates of decomposition of oxalate were found: Philips lamp, 5.5 mg/min; sunlight
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Fig. 3
Recorder trace of phosphorescence versus time. Analytical reagent grade toluene, saturated with
nitrogen.

at Wantage, 4.35 mg/min; fluorescent laboratory lighting, nil. For examination of
the phosphorescence of liquids it was necessary to irradiate them and then transfer
them in the dark, immediately after excitation, to a dark-adapted counting bottle.
Four ml of the liquid to be examined was bubbled either with oxygen or oxygen-free
nitrogen in the vessel shown in Fig.2 and then given a timed irradiation under
the lamp. Solids were treated according to their physical shape and hence did not
always receive identical treatment. Solids other than counting bottles were ir-
radiated in a beaker and then transferred to a wide-mouth counting bottle for
counting.
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Results
PHOSPHORESCENCE IN LIQUIDS — AVOIDANCE BY OPTICAL FILTRATION

Initial investigations suggested that phosphorescence intensity reached saturation
level in 2 min irradiation. Although subsequent work on a number of compounds
has shown this is not always so, the results refer to an irradiation time of 2 min.
The apparatus recorded directly a plot of the logarithm of the count rate versus
time, which would yield a straight line in the case of exponential decay of phos-
phorescence. In no case was this observed. Fig.3 is a typical trace, obtained with
analytical reagent-grade toluene. In many cases it has been found that a plot of
the count rate against time is hyperbolic. This is illustrated by the top curve of
Fig. 5 which represents the data from Fig.3 replotted on an inverse time (I/r)
scale. Most of the data is therefore presented in this form.

The phosphorescence decay curves for a number of solvents and a hquld
scintillator are given in Fig. 4. The materials used in these determinations were
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Phosphotescence versus reciprocal of time for a number of liquid scintillator components, all nitrogen-
saturated liquids.

bubbled with oxygen-free nitrogen and kept under an atmosphere of the latter.
Subsequent results show that the behaviour of most of these substances is critically
dependent on their purity. The compounds however were all either “scintillation
grade” chemicals or analytical reagents, i.e. of a purity standard generally used
for liquid scintillation counting. The effect of purlﬁcatlon of ‘toluene is illustrated
in Fig. 6 for measurements made in the presence of nitrogen. The top curve is for
“Analar”-grade material and the second for this same material dried over sodium
and redistilled before use. The third sample was a high-purity National Chemical
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Laboratory standard in which no significant phosphorescence could be observed.
Fig. 6 shows that, as a result of saturation of toluene with oxygen, the phos-
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Fig. 5
The effect of solvent purification. Phosphorescence versus reciprocal of time for toluene, nitrogen-
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Fig. 6
The effect of oxygen on phosphorescence. Phosphorescence versus reciprocal of time for
toluene.

% Original experiment in presence of nitrogen.
~+ Expefiment on sample which had been pteviously irradiated in presence of oxygen.
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phorescence is increased. Irradiation in the presence of oxygen does not appear
to produce a permanent change since the same sample subsequently re-irradiated in
the presence of nitrogen shows a phosphorescence decay curve not significantly
different from the original values obtained in the absence of oxygen.
Alternative methods to rigorous purification for removal or reduction of phos-
phorescence were sought. The existing work on very short-lived phosphorescence
of the type studied by Kasua [2] has shown that the minimum wavelength of
phosphorescence is always greater than the fluorescent wavelength. Experiments
were made with spectral filters. The requirement was that a filter should be opaque
to the phosphorescent wavelengths but should transmit as efficiently as possible
the fluorescent wavelengths on which the counting of the tritium beta particles
depends. A glass filter transmitting in the 2500—4000 A range, Chance 0 X 7, has
been found to be extremely well suited to this purpose. It was inserted in the
present apparatus as a 2 mm-thick sheet between the cell and the photomultiplier.
Its effectiveness in absorption of phosphorescent radiation is demonstrated in Figs. 7
and 8 for a “Kinard”-type solvent (toluene; dioxan; ethyl alcohol; :5:5:3). P-

2000
1500
»
A
7/
/s THROUGH
/ PYREX
N /
< , FILTER
£ 1000 —
2 Joj J
/T pLus 5%
/ WATER O
7/ ’,
/ s
g .~
7/ ”
s e
s
y
500 ‘ 7;
2 o
p// o
'g',D'.’ PLUS 5% T"“og‘;c"
157 WATER /FILTER

20

Fig. 7
The effect of spectral filtration on observed phosphorescence. (Chance 0X7 filter). “Kinard™ solution
prepared from scintillation grade materials saturated with air.

terphenyl was added as the scintillator solute. Two levels of purity were investiga-
ted, normal “scintillation grade” or reagent grade and, secondly, solvents which
had been freshly purified before use, e.g. with dioxan distilled from sodium,.two
or three times. Furthermore, since the solvents-in the first category were saturated
with air while those in the second were nitrogen-bubbled, the two series could be
considered to represent reasonably normal limits in care of sample preparation.
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The presence of up to 5% water was also investigated. From a brief summary
of the data given in these figures it can be seen that in all cases there is a great
reduction in the count rate due to phosphorescence when the 0 X 7 filter is in
position. The scintillator solution in the higher state of purity shows much less
phosphorescence than does the normal grade although the presence of water reduced
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The effect of spectral filtration on observed phosphorescence (Chance 0Q7 filter). “Kinard” solution
. - preapared from freshly purified reagents saturated with nitrogen.

the effect in both cases. The usefulness of such a filter as a practical measure in
counting is determined by the amount of fluorescent radiation absorbed and hence
the reduction in counting efficiency imposed. This factor is controlled by the scin-
tillator used, which should clearly have an emission spectrum within the transmission
limits of the filter. Published data [6] suggest that p-terphenyl should satisfy this
condition, ‘and this has beeén confirmed by efficiency measurements as follows.

EFFICIENCY MEASUREMENTS

The tritium-counting efficiency was determined under various conditions, both
with and without the 0 X7 filter. The interposition of the 0X 7 filter alters the
efficiency in two ways: geometrically it raises the counting bottle from the photo-
cathode face, and optically it filters the fluorescent radiation coming from the
bottle. For a fair comparison the geometry effect ought to be taken into account,
and this was done by comparison of the 0 X 7 filter value with that obtained with'a
heat-resisting glass (“Pyrex”) plate of exactly similar dimensions (referred to as
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“Pyrex” filter). The tritium activity was standard hexadecane, supplied by the
Radiochemical Centre, Amersham, and dissolved in 4 ml of scintillator, this being
the same volume as that used for the phosphorescence measurements. The results
are shown in Table I and are expressed relative to p-terphenyl in toluene without
any filter. The absolute efficiency under these conditions was 5299 with a back-
ground of 39 counts/s, the photomultiplier noise contribution being 31 counts/s.
The addition of phenyloxazolephenyloxazolephenyl to move the fluorescent emis-
sion to longer wavelengths has generally been regarded as desirable for achievement
of matching to the photomultiplier cathode and hence maximum efficiency. (Measure-
ments with this system were therefore included.) As can be seen from the results,
no gain in efficiency was found with our apparatus. This result was further investi-
gated by determination of the spectral sensitivity of the actual photomultiplier used.
These results, together with curves for the emission spectra of the two scintillators,
are given in Fig. 9. No difference in efficiency between the two systems could be

(D) PHOTOMULTIPLIER TYPE 9514 S SERIAL No.6105 .

(2 CHANCE OX 7 GLASS. .

(3)P-TERPHENYL IN TOLUENE (C.F.RAVILIOUS. REV.SC). INST. 23,760, 1952)
(4) P-TERPHENYL IN TOLUENE+ POPOP (0.G.OTT.PROC.OF CONFERENCE ON
LIQUID SCINTILLATION COUNTING PERGAMON PRESS 1958)
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Spectral response for photomultiplier, relative transmission of Chance filter and fluotescent emission
of sciatillators.

expected on the basis of spectral matching. It should, however, be borne in mind
that comparison of efficiency figures is likely to be specific to an apparatus because
of such factors as spectral response of reflectors and self-absorption of fluorescence
[7]. When the 0 X7 filter is inserted in the apparatus, a big difference in efficiency
is found between these two scintillator systems, the p-terphenyl showing much
smaller absorption loss; this would be expected from the spectral curves shown in
Fig. 9. It can therefore be concluded that phosphorescence from toluene-dioxan
systems can be greatly reduced without significant loss in counting efficiency by the
use of the combination of 0 X 7 filter and p-terphenyl as scintillator.

THE PHOSPHORESCENCE BIAS CURVE

It is known that the count-rate from phosphorescence can be reduced in the same
way as that of the photomultiplier noise count, that is, by an increase of the dis-
criminator bias. The increase in bias reduces the counting efficiency, so it is desirable
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to know the relationship involved. Measurements were made on' a “Pyrex” glass
counting bottle which was irradiated for a known time. First the decay curve was
measured; and then, after another irradiation for the same time, the bias curve
was measured. The bias curve was then corrected for the observed decay, the result
thus being the true phosphorescence bias curve. This was compared with the photo-
multiplier noise bias curve, as shown in Fig. 10, by multiplication of the noise counts
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Phosphotescence versus discriminator bias. Values determined for “Pytex” (heat-resisting) glass.

by 20"and by plotting on the same ‘scale. It can be seen that there is a close simila-
rity between the shape of the curves, as would be expected if phosphorescence were
a process mvolvmg single photon emlsswn, as evidenced from measurements with
counters using photomultiplier tubes in coincidence. The smgle photons glve rise
to single photoelectrons from the cathode, as is also the case in thermionic emission.

It might, therefore, be expected that the energy distributions would be similar.
This does seem to be the case although it is known that photomultiplier, noise is
not entirely due to thermionic. emission from the photocathode [8]. Similar.con-
siderations lead to the conclusion that the phosphorescence bias curve does not
appreciably change as the phosphorescence decays although the phosphorescence
spectrum may well change as the decay proceeds. Therefore, although the phos-
phorescent count can be biassed off in the same way as can be the noise count, the
efficiency will be affected in a similar manner; and for a particular scintillation
counter, the noise/efficiency characteristics can be used for estimation of the sensi-
tivity to phosphorescence.

PHOSPHORESCENCE IN SOLIDS — A NON-PHOSPHORESCENT SAMPLE BOTTLE

One of the main sources of phosphorescence in the counting assembly is the
counting bottle itself. Ordinary glass is known to be highly phosphorescent and

18
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is sometimes substituted by quartz [9]. A number of solids which could be used
to manufacture counting bottles were examined. Difficulty was experienced in
irradiation and counting under standard conditions because of the variable shapes
of the test samples. The results shown for glass refer to two -different types of
counting bottles, designated “Pyrex™ bottle (1) and “Pyrex” bottle (2), and the
results can only be compared quantitatively for each individual type of bottle.

1000
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Fig. 11

Phosphorescence of “Pyrex” (heat-resisting) glass. Log count rate versus log teciprocal time.

Fig. 11 shows a typical result from “Pyrex” bottle (1). A straight line is obtained
when log counts/s is plotted against log (I/7) indicating an equation of the form I =

=(%)a, where I is the phosphorescent intensity. This is a decay law for a photo-

conducting phosphor [1]. The 0X 7 filter reduces the phosphorescence, and the
curve then becomes complex. Fig. 12 shows the results from “Pyrex” bottle (2). The
curve for the clear bottle with the “Pyrex” filter is approximately linear, the lin-
carity. increasing with time. Unfortunately the measurements could not be extended
to ovetlap the time scale for bottle (1) because of the low count rate, but it may be
that the straight line for bottle (1) is the tail-end of a more complex curve. Again,
the 0 X 7 filter with bottle (2) reduces the phosphorescence and increases the com-
plexity of the curve. There is a suggestion, however, that, even with the 0 X7
filter, the tails of the curves are linear.

The effect of coating the bottle with a non-transparent reflecting coating is also
shown in Fig.12. As to be expected, by shielding of the glass from exciting light
one coat (white) reduces phosphorescence considerably and two coats (undercoat
white and top coat black) reduce it even further. It is not essential that the coats
themselves be non-phosphorescent provided they are completely opaque. A-suitable.
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coating both reduces bottle phosphorescence and intreases counting efficiency. We
have found “Rampart” glass writing ink to be a suitable coat*.

Various other materials have been examined, data on one of which, quartz, are
shown in Fig. 12. The quartz, in the form of a disc, was irradiated for 1 min and
placed in optical contact with the photomultiplier face. There was a little phos-
phorescence from this material, and the graph is linear. The counting efficiency
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Fig. 12

Phosphorescence of “Pyrex” (heat-resisting) glass and quartz, the effect of spectral filtration (0X7
filter) and coating to reduce absorption of exciting radiation. Log count rate versus log reciprocal
time.

in this position is comparable with that of the bottle window. Various transparent
plastics exhibited phosphorescence, including methyl methacrylate polymer (“Per-
spex”), which, although slightly soluble in toluene, would still be suitable as a short-
term counting bottle because “Perspex” does not quench the scintillation process.

It was somewhat surprising that, of all the solid materials examined, the only
one which was non-phosphorescent was Chance 0X 7 glass. The use of such a
material for a counting bottle would combine the advantages of optical filtration
and non-phosphorescence.

CHEMILUMINESENT REACTIONS

It is possible that the luminescence arises from the decay of an electronically-
excited species formed as a product of a chemical reaction. Such a process could be
dependent on an initial irradiation to produce a reactive species, for example, a

* Available from A. Gallenkamp and Co. Ltd., London.
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radical of long life. Chemiluminescent oxidations of organic compounds have been
reported [10]; and, in fact, their kinetics have been followed with a photon counter
{11]. Some preliminary expenments to see to what extent such reactions resemble
the phosphorestence observed in our experiments have been made. About 0.1 ml
of 100 volume hydrogen peroxide was added to 4 ml of dark-adapted dioxan and
the light output followed in the standard way. Fig. 13 shows the results. The inten-
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Fig. 13
A chemiluminescent reaction, 4 ml dioxan, 0.1 ml 100 volume hydrogen peroxide, showing the effect
of spectral filtration. .

sity and decay observed are similar to those for the light-excited phosphorescence
of dioxan. Hydrogen peroxide decomposing catalytically on platinum does not
give any detectable luminescence therefore, dioxan or one of its derivatives must
be the luminescent material. -

The simplest theory is perhaps that hydrogen peroxide is decomposed with the
formation of atomic oxygen and that the energy liberated on the formation of
molecular oxygen excites- the dioxan molecules. This can be compared with the
case in which the presence of oxygen in pure solvents gives rise to phosphorescence.
It can be argued that the atomic oxygen is formed by irradiation with ultraviolet
light and subsequently recombines to give its energy to the solvent. Such a process
would lead to the liberation of 59 kcal/mole corresponding to a wavelength which
cannot be shorter than 4800 A. A more extensive study of luminescence spectra of
such systems would seem to be warranted.

Discussion

The phosphorescence arising in solid materials such as the counting bottle is
typical of solid-state luminescence which has been extensively studied [1]. The
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electron-trap theory can provide an ex’planation for ‘the shape of the decay curve.
The reason- why the Chance 0 X7 glass is non- phosphorescent even less so than
quartz, is not clear; but it could be that either the radiant energy is not absorbed,
or not stored, or it is quenched by some internal mechanism so that the stored energy
is dissipated by non-radiative. transitions.

-The results obtained with liquids- are more drfﬁcult to interpret in the hght of
existing theories. The long duration of the phosphorescence of the order of hours,
does not fit in with existing theories on triplet-state excitation [2], where lifetimes
ranging from milliseconds to seconds have been observed. In addition, the triplet
state decay is exponential, while this phosphorescence is better fitted by a hyperbolic
decay. It may be that tritium counters are so sensitive that the tail end of a triplet
excitation process is being observed and that the hyperbolic decay is arising from
some multiple deactivation process such as that suggested by Jackson et al [12].
However, for very pure solvents, Iong -term phosphorescence is ‘not observed, nor
is the existence of the triplet state in this type of compound observed by electron-

" spin resonance [13].

The long-term decay could possibly be explained on the basis of. a chemr-
luminescent reaction, such as that occuring during the oxrdatron of an organic
compound by hydrogen peroxide [10, 11]. Such a process could explain the non-
phosphorescence of pure solvents and. their phosphorescence in. the presence of
oxygen. However, so many chemical reactions could be postulated. that it does
not seem possible to assign one partrcular mechanism at the moment merely on, the
basis of measured kinetics.

A further possrbrhty which has been considered is that the phosphorescence is due
to electronic excitation followed by storage of the energy in electron traps, as in
the theory of the solid state. It is difficult to see how such a trap may survive, even
if it ‘were admitted that a dégree of crystalline structure is present over limited
regions in the liquid state and that essentially solid-state conditions exist [14].
However, some of the experlmental facts can be adequately ficted by the solid-state
theory.

Phosphorescence in quurds may be due to more ‘than one of the foregorng pro-
cesses; depending on the system studied; and further work remains to be done before
definitive conclusions can be drawn. : :
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DISCUSSION XVII

D. Sunko (Yugoslavia): I would like to ask the speaker for a more precise defin-
ition of the term “very pure solvent”. Was it checked by gas chromatography or
any other methods? '

S. Ellis (United Kingdom): Yes, it was. Obviously, the term “purity” can only
be used with respect to some circumstance, some purpose or some specific impurity,
but in the case, for instance, of the toluene which we used, the material was of
high purity and had been checked by gas chromatography and mass spectrometer.
The definition of purity in these cases is that — on analysis — there should be
a very high percentage of the compound stated. It is probable that some impurities
are present and it is probably fortunate in the case which we chose that these
impurities were not phosphorescent. I am quite sure that one could take another
compound prepared for a similar purpose and find that, even though it was 99.99%/,
pure; the impurity that it did contain happened to be one which showed phos-
phorescence or produced a chemiluminescent reaction.

L. H. Gevantman (United States of America): In connection with the oxygen
effect which he observed, could the speaker tell us whether the same result could
occur if the solution were sparged with inert gases?

S. Ellis: All T can say is that we have certainly sparged the solutions with nitrogen
and have shown (Fig. 6) that the elimination of oxygen reduces phosphorescence.
So far as we know, the nitrogen gas in this system is chemically inert, but we have
not tried the “inert gases” as such. I can see no reason, however, to expect the
results to be substantially different.

F. Begemann (Federal Republic of Germany): I wonder whether the hyperbolic
decay of your phosphorescence light curve might be caused by the superposition
of the decay of many excited levels with various half-lives. Under certain con-
ditions for the population of the various levels at time ¢t =0, a hyperbolic decay
curve will result rather than an exponential one, as when only one half-life is
involved.

S. Ellis: I think that this could certainly be so. The view that we are not really
concerned with the decay of a triplet state is based on the absence of exponential
decay found in other work where the triplet state has been observed, and also on
the fact that the period over which we can observe this phosphorescence is very
long. But I agree that it could possibly result from the summation of a series of
excited states and I would not like to rule this explanation out entirely.

A. Bainbridge (New Zealand): We have observed a similar hyperbolic decay of
background after subjecting our detector (a gas-phase counter) to some “brutal”
treatment under the following conditions in metal-walled containers:
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(1) Raising the temperature above 200 °C;

(2) Subjecting the wall to “Tesla” coil high voltage treatment;

(3) Friction of inner wall of counter.

In each case the filling was 10 em argon + 1 cm alcohol.

S. Ellis: These are all processes which are likely to cause electron-emission from

surfaces. The hyperbolic decay is interesting. It could be the result of a bi-mole-
cular reaction which is started off by the “brutal” treatment of the cathode

surface.
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Abstract — Résumé — AnpHOTAnMsI — Resumen

Radio column chromatographic assay of H3.1abelled substances.-Combined radio-chromato-
graphic investigations of H?-labelled substances are an integral part of the majotity of biochemical
experiments with H3-labelled compounds. H3-radio papetr chromatogtaphy yields, in .a scanner
with a windowless flow counter, a counting efficiency of 0,5—1,5%,, depending largely on:the
thickness of the paper and the self-absorption of the labelled- compound.-

The radio ‘gas chromatography of tritiated compounds presents no major problem. Successful
use is being made of a combination of a gas chromatograph with a flow ionization chamber and
vibrating teed electrometet, a system originated by K. E. Wilzbach and P. Riessz, and improved
by H..Dutton, L. Mason and L. Blait. Through the use of “Teflon” and silicone-rubber for the
insulating parts of the flow ion chamber, it can be operated at close to 300°C.

Radio column chromatography with tritium holds little promise, when. the column efﬂuent
is spread out as a shallow layer and slowly passes undet a windowless flow counter or a scintillation
counter, as was successfully tried with C4. Liquid scintillation spectrometry is likely.to be the
chosen method. Essentially, there ate two different approaches feasible. These have been compared:

1. The column effluent is passed through a coil of -plastic scintillator tubing, which is wound
around a “Plexiglas” cylinder and placed in a bath-of silicone oil in a light pipe with TiO,-reflector.

Similarly, the H3-containing effluent can be directed through a test vial, filled — very much
as in Steinberg’s method.— with plastic scintillator beads. These two .approaches, that operate
highly satisfactorily in the case of C%, offer low counting efficiencies of less than 1%, for H3 due
tothe unfavourable sutface to volume ratio.

2. The coluinn effluent is combined 1:30 ‘with a2 mixture of 3:2 toluene/ethanol by the action
of a magnet-vibrator before being assayed while passing’through a K*°-freé glass — coiled between
the analyser- and- monitor-phototubes. In order to ensure a laminar flow and constantly mixed
volume ratio, dosé-pumps ate used for the supply of buffer on the column and of the 30-fold volume
of ‘toluenefethanol. The cobunting efficiency for Hf‘ avcrages 2.5— 4% for*coils spreadmg over
the whole diameter of the phototubes.

3, The aqeous column effluent is led through an anthracene-filled glass tube and the H? countcd
with close to 10/ efficiency.

Analyse; par radiochromatographie en colonne, de substances marquées par. le tritium,
Dans la majorité des cas, les recherches radiochtromatographiques combinées portant sur des-sub-
stances matquées par 3H font partie intégrante des expériences biochimiques utilisant des composés
tritiés. Avec un ensemble comprenant un compteur 2 balayage continu sans fenétte, Je comptage du
tritium par radjiochromatographie sut papier est d’un rendement de 0,5 4 1,5%,, qui dépend dans
une large mesure de 1’épaisseur du papier et de 'autoabsorption dans le composé ‘marqué.

La radiochromatographie en phase gazeuse des composés tritiés ne présente pas davantage de
difficultés sérieuses. On utilise avec succeés un ensemble de chromatographie en phase gazeuse
comporttant une chambre d’ionisation 4 courant et un électrométre a lame vibrante. — congu par
K. E. Wilzbach et P. Riesz et perfectionné par H. Dutton, L. Mason et L. Blair. Grice - Pemploi
de «Teflon» et de caoutchouc de silicones pour les éléments isolants de la chambre d’ionisation,
cet ensemble peut fonctionner 4 des températures voisines de 300°C.

Avec le tritium, la radiochromatogtaphie en colonne donne des résultats médioctes, si le llqulde
sortant de la colonne se répand en une couche mince et passe lentement sous un compteur a balayage
continu sans fenétre ou un compteur 4 scintillations, alors que le méme procédé a donné d’excellente
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résultats avec le carbone-14. Aussi est-il probable que I'on adoptera la spectrométsie 4 scintillations en
phase liquide. Elle comporte essentiellement deux procédés différents, que les auteurs ont comparés:

1. Le liquide sortant de la colonne passe 4 travers un tube scintillateur en matiére plastique,
enroulé en spirale autour d’un cylindre en «Plexiglas» et placé dans un bain d’huile de silicone,
dans un guide de lumiére avec réflecteurs en TiO,.

Ou encore, le liquide tritié sortant de 1a colonne passe par un flacon rempli d’un scintillateur
en matiére plastique sous forme de petles, comme dans la méthode de Steinberg. Ces deux variantes,
qui donnent des résultats trés satisfaisants pour le carbone-14, ont un rendement de comptage
inférieur 2 19, pour le tritium, par suite du rapport défavorable entre la surface et le volume.

2. Avant d’étre analysé, le liquide sortant de la colonne est mélangé, dans la proportion de 1 4 30,
avec du toluéne/éthanol 3:2 au moyen d’un agitateur magnétique ; ensuite, on fait passer ce mélange
dans un serpentin en verre exempt de potassium-40, entre le phototube d’analyse et celui dc contrdle.
Afin d’assuter un écoulement laminaire et un rappott constant de volume entre les substances
mélangées, des pompes de dosage sont utilisées pour ajouter une substance-tampon a la colonne
et pour maintenir le rapport 1:30 du mélange en volume. Le rendement de comptage de H est
de 2,5 2 4%, en moyenne, lorsque la spirale couvre tout le diamétre du phototube.

3. Le liquide aqueux sortant de la colonne passe par un tube en verre rempli d’anthracéne, et
le tritium est compté a 19, prés. '

PaguoxpomaTorpaduieckoe HMCHLITAHME MEYEHHBIX TPHTHEM BEIIECTB HA KOIOHKC.
HomOnunpoBaHube PpPagunoxpoMaTorpa@Mueckne WCCNEJOBAHMA MEUEHHHX TPHUTHEM
BeIleCTB ABIAIOTCA HEOTHEMJEMOH 4acThbio GONBUIMHCTBA OGMOXMMHYECKUX IKCIEpH-
MEeHNTOB, NPOBONMMBIX € MEUeHHBIMH TPUTMEM coeguHenusAMu. Brixon H3-pammoxpo-
MaTorpaMMel Ha OyMmare B DPa3sBepTHIBAIOIEM YCTPOHCTBE ¢ IOTOYHBIM CYETUHKOM
Ge3 okowkKa ¢ 9QPeKTUBHOCTLIO oTcyeTa B 0,5—1,5 % B 3HAUNTENBHOIl CTEMEeHU 3aBICUT
OT TONUIMHBL (GyMaru ¥ CaMONOINIOUIEHUA MEUYEHOI'0 COeNHHeHUS.

He npexncraBuser Taioke 6olbumx npobaem ragosas pagnoxpomarorpadus. Yenemno
TNPUMEHAETCA KOMOMHALUA Tra30Bo¥ XpOMATOrpaMMbl C TOTOYHOH MOHMBAUMOHHOI
KaMepoil U DIAEKTpOMETPpOM ¢ BuGpUpYIOUIMM A3BlYKOMCHCTeMA, paspaboranHasa H. .
BUJIBIIBAXOM u I1. PUCC u ycosepuiecrsopandas I'. TATTOHOM, JI. MACOHOM
u JI. BJIEOPM,koropas npu ncnonbsosasun tedaona (Teflon) u xkpemunncroit pes-
HHBL [Nl WHCOJNANMOHHHEIX (insolating) dacTeil mOTOYHOM MOHHON KaMepsl MOKeT
PyuxumoHupoBaTh NpHu Temmeparype Gmmskoit k 300 °C.

PagnoxpoMarorpadua Ha KOIOHKE C TPUTHEM ABIAeTCA Majoofemiawmeif, Korga
5MI0eHT KONOHKN Pa3dpackBaeTCA METKUM ClOeM M MeJIeHHO IPOXOAUT N0 IOTOY-
HBIM CUETYMKOM (63 OKOIIKA MM MOJ CUMHTHIIIALMOHEBIM CIETYNKOM, KAK 9T0 YCIEIHO
651510 ipoBeneHo ¢ G4 CeKTpOMeTPUA HMUAKOCTHOMN CUMHTHIIALNE ABNACTCH yAAYHHIM
MeromoM ANA Bebopa.

Ilo cymecTBy wMeeTcA ABa PasIM4YHBIX NOAXOMA, CPABHEHME KOTOPBIX NPUBOTUTCH
HIKeE :

1. DPAOEHT KOJNOHKM TPOXOAUT Ueped oOMOTKY TPyGonpoBOAa NJIACTHKOBOIO
cuneTHiaATopa. TpyGonpoBod HAMATHBAETCA HA HUIMHAP M3 IJIEKCHTIACA M- yCTa-
HABJIMBAETCA B BAHHOYKY ¢ KPEMHHWMCTHIM MacioM B CBeTOBOI Tpybe ¢ pedaextopom
TiO,. _

TlomoGuriM oGpasom aduioeHT ¢ copmepmanmeM H3 Mo)kHO HampaBuUTh uyepes HcciC-
AyeMyio aMIyJy, HAIOIHEHHYH — IOJ06HO TOMY KaK 3T0 HelaeTcd 00 MeTOLy
MWTENHBEPTA, — NIacTUKOBHMM LIAPHKAMEH CUMHTUIIATOPA. OTH JBa IOLXOAA,
OKasaBIUKECA BIOAHE YHAOBICTBOPUTEILHHMHU B caydae ¢ G4, nMeoT HUBKYI0 3QPeKTUD-
HOCTb ‘CYeTa JUIS TPUTHHA, T.e. MeHee 1 %, 113-33 HeOIArONPHATHOIN! MOBEPXHOCTU B OTHO-
uleHun 0GHEeMHOTO COOTHOIIEHHA.

2. D0EAT KOMOHKHU 00beAMHACTCA DPU COOTHOWEHNH 1:30 cO CMechIo TOmY0J/aTa-
HOJL B COOTHOIGHMM 3:2 IIpM JIOMOILE MAarHMTHOrO BMOparopa eme A0 HCNBITaHNA,
T.e. BO BPEMA TIPOXOMAEHUsT Uepes CTOKIAHHEI{L cocyx us K40 mexpy dororpyGramu
aHammsaropa ¥ MoHuTopa. HuA obecleyeHUs NAMHUHAPHOIO INOTOKA M IIOCTOAHHO
CMEIIaHHOTO : 06LeMHOT'0 COOTHOIIEHNA LPHUMEHAKTCA [03MPOBOYHBIE HACCOM 110
COBIAaHMI0 HA KoJoHKe aMoprusaropa u 30-fold ofrema Toayosa/eTamosa. SPPerTHR-
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HOCTL cueTa TPUTHA KoJebieTcs B cpefHeM oT 2,5 70 4 % AMA KaTyulex, pacnpoCTpaHs-
I0MUXCA M0 BCEMY AUaMeTpy (PoToTpyOoK. :

3. SdumoenT BORAHON KOJNOHXW HNPONYCXACTCA YePe3 HANOAHEHHH AHTPAUEHOM
CTexJAAHHHHN cocyX, u mopcuer H3 mpouwsBopuTcB ¢ TOYHOCTHO, Gamcxoil 1%.

Anilisis por radiocromatografia en columna de sustancias marcadas con *H. En la mayoria
de los casos, las determinaciones radiocromatogrificas combinadas de compuestos tritiados forman
patte integrante de los experimentos bioquimicos con compuestos marcados con *H. Al emplear
aparatos de exploracion con contadores de flujo sin ventana, la radioctomatografia sobre papel
de los compuestos tritiados da rendimientos de recuento del 0,5 al 1,5%,, segiin el espesor del papel
v la autoabsorcién en el compuesto matcado. La radiocromatografia en fase gaseosa de dichos
compuestos tampoco presenta problemas serios. Se emplea con éxito la cromatografia en fase gaseosa,
combinada con la aplicacién de una cidmara de ionizacién de flujo y un clecttémetro de lengiieta
vibratoria. Se trata de un sistema ideado por K. E. Wilzbach y P. Riessz, y mejorado por H. Dutton,
L. Mason y L. Blair, que puede utilizarse a temperaturas hasta de 300°C si se emplcan “Teflon”
vy siliconas para las partes aislantes de la cimara de ionizacién.

La radiocromatografia en columna de los compuestos tritiados no ofrece perspectivas favorables
si se emplea el método, tan eficaz en el caso del MC, que consiste en extender el efluente en una
capa de poco espesor que se hace pasar lentamente por debajo de un contador de flujo sin ventana
o de un contador de centelleo. Probablemente se terminarad por adoptar como método de trabajo
la espectrometria de centelleo del liquido. Fundamentalmente existen dos manetas de operar, que
el autor ha comparado:

1. El efluente de la columna se hace circular por un tubo de material plastico centelleador arrollado
<n espiral alrededor de un cilindrto de “Plexiglas” que se coloca en un bafio de aceite dc silicona
contenido en una guia Optica con reflector de TiO,.

También se puede hacer pasar el efluente contemendo tritio por un frasco relleno con cuentas
de un centelleador de material plastico, como en el método de Steinberg. Las dos variantes dan
excelentes resultados en el caso del 14C, pero en el del *H el rendimiento de recuento es mfenor
al 19, debido a que la razén supetficie/volumen es desfavorable.

2. Por medio de un agitador magnético se mezcla el efluente de la columna en la proporcion 1:30
con toluenofetanol 3:2; seguidamente se analiza esta mezcla haciéndola circular por un serpetin
de vidrio, exento de 0K, situada entte el fototubo analizadot y el de control. La solucién tampén
se afiade por medio de bombas dosificadoras, igual que el volumen necesario de la mezcla tolueno/
etanol, y con ello se aseguran un flujo laminar y una proporcién constante en la mezcla final. El
rendimiento de recuento del ®H cuando el serpentin abarca todo el didmetfo de los fototubos oscila
en general entre 2,5 y 49%,.

3. El efluente acuoso de la columna se hace pasar por un tubo de vidrio relleno de antraceno y
el tecuento del 3H se efectia con un rendimiento del orden del 1 por ciento.

Introduction

Combined radio-chromatographic methods have become of great importance
in the various branches of tracer work. Despite initial difficulties with weak beta-
emitters, such as C!* and HB3, satisfactory assay techniques for radio paper chromato-
graphic and radio gas chromatographic testing of C%- and H3-labelled compounds,
which make use of the whole spectrum of suitable radiation detectors have been
developed (see Table I).

For many experimental purposes also, the combination of column chromatographic
separation and activity assay of the obtained fractions holds special promise. This
applies particularly to the vast field of pathway studies as well as to the exploration
of metabolic interactions and of reaction chains. It also commands a certain atten-
tion in the field of hot atomic chemistry, such as for the isolation of radiation-
labelled compounds.

Used in connection with penetrating radlauon combined radio column chromato-
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TasLe I

FOR COMPOUNDS LABELLED WITH SOFT BETA-EMITTERS.

Radio paper chromatographic devices for
- - nuclides with soft beta-radiation

Radio gas chromatographic devices for
nuclides with soft beta-radiation-

Geiget-Mi}ller counter:
Furrer (1]
Proportional flow counter:
Benson and CALVIN [2]
WINTERINGHAM [3]
RoBERTS and CARLETON [4Y
Scintillation counter:
STEENBERG and BENSON 53
Liquid scintillation counter:
WiLsoN [6]
SCHARPENSEEL and MENKE 7

Propottional flow counter:
WorLrcaNG and ROWLAND [12]
Flow ionization chamber:
WiLzBACH and Riesz [13]
MasoN, DuTron and BLAIR [14]
NysTrOM [15]
Gant [16]
- SCHARPENSEEL [17]
Liquid. scintillation counter:
Pacxarp [18]
SCHARPENSEEL and MENKE [7]

Two- dimensional counting devices:
*GILBERT and KEENE [8]
"~ ARONOFF [9]
WINTERINGHAM [10] -
-Pacrkarp [11]

graphy does not result in any special complications. Dosss [19] describes a simple
way of monitoring the activity of column effluents by means of a Geiger-Miiller
counter. MENKE [20] separated the various vitamin B-12 analogues of animal
tissues and excretions' on Dowex 50X 4 resin columns and assayed their Co®-
activity by passing the column effluent through a coil of plastic tube superimposed
on the head of a NaJ-scintillation counter. Scuram and LomBairT [21] used a
scintillation counter for the activity measurement of Ct- and S$%-column effluents
which were evenly spread in a thin layer over the top of a plastic scintillator; for
the sake of background suppression this scintillator was arranged in coincidence
and. yielded a counting rate comparabe to that of a. GM end-window counter
without self-absorption losses.

After thorough consideration of all pertinent radiation detection devices, -the
authors -consider the liquid scintillation spectrometer unchallengeable for combined
column chromatographic and radiation assay of compounds labelled with soft beta-
emitters.

The independence of self-absorption losses (homogenous counting) and flexibilivy
with regard to shape and size of the sample opens several intriguing approaches
towards direct combination of column chromatography and activity test.

Thus, the authors were running radio column chromatograms of the S¥-methionin
metabolite in chicken [22]-and of acid hydrolysis “— as well as alkali digestion-
products of humic acid and- precursors, labelled with C!* and H3 [23]. Column
effluents with C!4- or S3_labelled fractions can be satisfactorily monitored, with
6—129/, counting yield, when passing through a plastic scintillator coil or a bent
glass tube with plastic scintillator beads (e. g. Nuclear Enterprises, Ltd., Edinburgh,
Scotland:: NE 102 plastic scintillator tube of 0.7 mm inner diameter or plastic
scintillator beads of 0.5 mm diameter) (Figs. 1a and c). However, short-range H3-
labelled: fractions yield net count rates of less than 0.19% overall counting efficiency
(Table.I1). The surface/volume ratio of the plastic scintillator tube (0.7 mm inner
d1ameter) and beads (0.5 mm dlameter) is too Iow in the case of the extremely weak
tritium betas. :
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TasLE 1II

COUNTING EFFICIENCY OF H? IN RADIO COLUMN CHROMATOGRAPHY
UNDER DIFFERENT EXPERIMENTAL APPROACHES

HTOjia Plastic

Scintillator HTO4Toluene+ HTO -}»Tol‘:lene +

beads | tube | +Ethanol (1:9:6)+ | -+Ethanol (1:9:6)4 | FLTO in a bent glass

0,5mm| 0.7 mm| -+ PPO+POPOP +PPP+POPOP .| tu}ifhozfxgt?rlazgzr:e
"dia- | inner | in 2 bent glass tube | in-a glass coil of w +POPOP (9:1)
metet | dia- of 4 ml volume 10 ml volume :

meter | I

Channel V 10_75|1o—751 10—175 y 10— | 10—75 | 10—c0 | 10 —75 | 10 — oo

Tpt'V ' : : % countlng cfficiency) "
5 980 ‘ 0.025 0.029. 0 081 | G.081 0.086 0.10
6| 1060 0.19 0.21 0.362 0.39 0.23 0.25
7 | 1140 ’ 0.94 0.96 0.957 1.00 0.44 0.47
8 | 1220 | 0.036 | 0.029 | - 3.70 3.74 1.47 1.56 055 - 0.63
9 | 1300 - . 441 . 5.63 1.82 1.86 0.65 079
10 | 1380 : 4.43 5.25 1.61 1.92 0.59 . 0.87
11 218 0.52 1.00

1460 3.70 5.68 | 148

Methods for the assaymg of tritium-labelled substances

For activity-assaying of tritium-labelled column effluents two experlmental ap-
proaches appear most feasible:

HT0 + TOL+ETOH+PPO+POPOP
PLASTIC SCINTILL. BEADS
ANTHRACENE+POPOP (8:1)

GROUND

GLASS G2 e QUARTZ WOOL

£MP PMP

THE DIFFERENT COUNTING SYSTEMS: a= PLASTIC SCINTILLATOR COIL IN LIGHT GUIDE
b= GLASS COILL (JENA GERATEGLAS 20)
= BENT GLASS TUBE WITH GROUND GLASS FRIT IN LIGHT GUIOE

Fig. 1
The different approaches for radio column chromatography of H?-labelled compounds.

1. The aqueous H3-effluent passing through a bent glass tube, whose two branches
are both facing the two photomultipliers and are filled with a combination of
finely ground, water-insoluble primary and secondary organic scintillators. Anthra-
cene + POPOP (9:1) proved to be a useful mixture. Since a certain pressure is
required for transportation of the aqueous cffluent through the narrow pore space
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of the finely ground scintillator powder (<Z 0.1 mm diameter), one end of the bent
glass tube should be terminated by a G 2 ground glass frit (Fig. 1c). The bent glass
tube is accommodated in a cylindrical light guide, which is cut in two halves and
coated with a reflector outside as well as in the middle plane and with only the
cross section of the centre bore hole left free. This bore hole around the bent glass
tube is filled with silicone oil. Thus, this type of light guide assures continuous
optical contact with the two photomultiplier windows and increases the counting
efficiency of tritium by about 309/ (Horrocks and STUDIER {24, 25], SCHARPENSEEL
[26]).

2. The H3 effluent (aqueous or organic) passing through a bent glass tube or a
glass coil (Figs. 1b and c) is previously mixed with a solution of 609 toluene +
PPO + POPOP and 4099 methanol. Before it reaches the glass tube or coil
between the two photomultipliers, the ternary system is thoroughly mixed by thin
steel wires on top of a magnet vibrator. While measuring the activity of the aqueous
effluent directly, as, for example, in the anthracene tube, facilitates subsequent peak
identification in the effluent fractions stored in a ‘fraction collector, it is difficult
to perform further identification work when the aqueous effluent has been mixed
with toluene -+ organic scintillators 4 ethanol before the activity test.

Fig. 1 shows a plastic scintillator coil, a bent glass tube for Anthracene + POPOP
or plastic scintillater beads, and a glass coil from K-free heat resisting glass (Jena
Geriteglas 20) which can be used to accommodate the H3-labelled column effluent
directly or after the effluent has previously been combined with toluene + ethanol -+
organic scintillators when passing between the two photomultipliers.

Overall counting yield

In Table II the counting efficiencies of these different methods are compared over
the scale of different voltage taps and within discriminator channels of 10—75V
and 10—oo V. While plastic scintillator beads and a coil of plastic scintillator
tubing are both unfeasible with counting efficiencies of less than 0.19, use of the
bent glass tube with finely ground Anthracene + POPOP results in an integral
counting efficiency of 19%/o, whereas the use of the glass coil and of the bent glass
tube with aqueous effluent + toluene + ethanol + PPO -+ POPOP (1:18:12) pro-
vides maximum counting efficiencies of 29/ and 59 respectively.

Instruments

The basic principle of the whole experimental set-up is pictured in Fig. 2. The

column effluent moves through a narrow plastic tube of 1.5 mm diam. towards a
bent tube with Anthracene + POPOP crystals immersed in the silicone oil of the
light guide between the two phototubes of a Tri Carb liquid scintillation spectro-
meter. It is then channelled into-a fraction collector in order to keep the active
fractions for further identification work.
" In the case of previous mixing of the aqueous column effluent with toluene +
ethanol, e.g. in proportions of 1:30, the buffer or other eluting agent is pumped
in the column by a constant flow-rate dosis pump (Dosis pumps, E. Haage, Miil-
heim/Ruhr, West Germany). The buffer is stored in a cylindrical vessel with a tight-
fitting piston that is floating on the solvents surface for protection against aeration
of buffer and column [27].

In fixed proportions (e. g. 30: 1) toluene + ethanol are combined with the effluent
underneath “the column by another dosis pump. The resulting ternary system is
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completely homogenized when passing a U-shaped knee of glass tubing over the
head plate of a magnet stirrer, where thin steel wires vibrate rapidly. In this way
an enrichment of the solvent with O; during the mixing procedure is avoided. The
solvent mixture then flows through black lacquer-coated glass or metal tubes of
3 mm inner diameter to the optical chamber and from here to a fraction collector
or a container to be discarded. '

Since the Tri Carb liquid scintillation spectrometer does not have a ratemeter

RECORDER
W O

et ——————————
DOSIS PUMP (BUFFERY

Sy &

DOSIS PUMP (TOLUENE+
ETOH+PPO+POPOP)

[, MAGNET-
STIRRER

Mo

a5

asm
FRACTION COLLECTOR
DETAILED BLOCK DIAGRAM

05= OPTICAL CHAMBER GATE= GATE TO COUNTING CHANNEL
PMP = PHOTOMULTIPLIER ot COINC = CONCIDENCE
PRE AMP = PRE -AMPLFIER 50 C = 50 CYCLE CHECK
HV = HIGH VOLTAGE RED SC.=RED SCALER
AMP = AMPLIFIER GR SC = GREEN SCALER
DISC (A-D) = DISCRIMINATOR PG = PULSE GENERATOR
RM=RATEMETER
Fig. 2
Principal layout of the instrumental arrangement for column scparatlon and subsequent test of
-radiation.

and recorder connection, a conventional equipment for radiation detection (FH 49
Frieske and Hopfner, Erlangen-Bruck, Germany) was hooked onto the spectrometer,
transfering its activity signals via a ratemeter to a compensograph recorder. (Tran-
sistor 2 N 427 red, TP 22, of the last red scaler decade of the spectrometer was
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connected to the FH 49 via a condensor, Tuchel-joint and shielded cable. It was
synchronized with the latter’s scaler by means of a pulse trafo, preamplifier and
ratemeter.)

Fig.3 shows the assembled instruments for combined column chromatographic
separation and radiation detection. On the left side is the deep freezer with the
optical chamber; extending beyond is the column with two dosis pumps, which
transport the buffer from the higher cylindrical storage vessel to the column. and

Fig. 3
Assembled cquipment for radio column chromatographic assay of H3-labelled compounds.
the toluene + ethanol + scintillator solution from the lower brown glass bortle
(brown, to preclude disturbances by chemoluminescence) to the junction with the
column effluent for subsequent mixing by the magnet vibrator. On the right side
are the Tri Carb liquid scintillation counter, standing under the interconnected
counting set with ratemeter (FH 49), and the recorder with zero- and full-scale
adapter. In between, on the bottom level, stands the fraction collector with con-

tinuously adjustable siphon size.

A top view of the glass coil, embedded in an aluminium reflector between the two
phototubes and preamplifiers, is pictured in Fig. 4. The glass coil is interconnected
with the adjacent glass tubes by “Teflon” transitions. The mixing of the aqueous
column effluent with toluene + ethanol + organic scintillator was formerly done
by discharge of the column effluent through very fine holes in a plastic tube directly
on top of a steel wire 15 mm in length, sticking into the open end of the plastic
tube. This steel wire vibrated in front of a magnet stirrer and distributed the aqueous
droplets evenly in the toluene-ethanol mixture.
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Fig. 4
Top view of the glass coil for low measurement of the ternary effluent toluene-cthanol-system,
embedded in an aluminium reflector between the two photomultipliers.

Fig. 5
Mixing of toluene, cthanol and aqueous column effluent in a glass tube by steel rods vibrating on
top of a magnet stirrer.
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Later it was found that passing of the column effluent + toluene + ethanol
through 4 U-shaped glass tube containing five to six thin steel wires 4 cm in length,
with the glass tube standing directly on a magnet stirrer (Fig. 5), gives more perfect
homogenization.

Factors influencing the counting efficiency

The effect of good mixing by a magnet vibrator is confirmed by Fig. 6. After
1nJect10n of identical amounts of HTO the mixing mechanism was once put in
operation, once switched out. The graph shows clearly that the activity peak is
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Fig. 6

Effect of mixing the aqueous column effluent and toluene/ethanol-solvent with a magnet vibrator.

smaller and almost twice as high when aqueous effluent and toluene + ethanol +
organic scintillators have been mixed by the steel rods over the magnet vibrator.
Thus, the mixing step improves the shape of the radio-chromatographic curve as well
as the detection sensitivity for small peaks.

In a demonstration of the range of the two different methods and the minimum
fraction activities that still produce a sufficient peak size, decreasing amounts of
activity were injected into the flow of liquid.

Fig. 7 shows near-proportionality between peak height and fraction activity when
the aqueous column effluent passes through a bent tube with anthracene + POPOP
(9:1), as referred to in Fig. 1 and Table II. Even a fraction activity of 4.5 X 1073 pc
(approximately 10000 dpm) produces a prominent peak. Considering. that the
curves have been recorded on a 3 X 10%2-scale with attenuation factor of two,
fraction activities of about 5000 dpm, even Wlthout attenuation, still yield definite
peak areas. -
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When the column effluent is tested for its activity after previous homogenization
with toluene + ethanol, the overall efficiency is somewhat higher (Table II). If the
column effluent is an organic solvent with only slight quenching properties, the
counting yield is the highest obtainable. In Fig. 8 increasing amounts of toluene-H?
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Fig. 7
Flow diagram of counting sensitivity for HTO passing through a bent glass tube with anthracene +
+ POPOP (90: 10) — crystals (full distance of paper = 600 counts/min.

were in‘jected into the solvent flow. The relative increase in peak height per in-
jected activity unit shows a slightly regressive trend with increasing amounts of
administered toluene-H3. The lowest activity still producing a representative peak
is 8.6:X 10—* pc (approximately 2 000 dpm). In a recorder scale of 3 X 102 without
an attenuation factor of two, 1000 dpm would suffice to produce a definite peak
area.

In the case of aqueous column effluents, the quenchmg effect of the 3.39/s H:O
in’ the ternary system (HgzO : toluene : ethanol = 1:18 :12) reduces the counting

19*
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efficiency. Fig. 9 shows that the smallest activity rate still yielding a well-defined
peak is about 2.5 X 103 uc H3 (about 6 000 dpm; in a 3 X 10% counts/min scale
without an attenuation factor of two, about 3 000 dpm). This applies to one part of
aqueous column effluent in 30 parts toluene + ethanol (3 :2).

Q 3 [ I
Tl g oy e
o
= % 2 =Y
© © x % o
» S “ <
w wn ~ ~ o~
" [0 " o !
- f - @ W e
T T T ~ x
 H . ' T @
w H w w | w
Z | Zz z w o ©
w w w 2 " Y
S > =1 ] - o
-4 H i} ) > T )
o H o o o Y o
= H ~H ~H Il -
3] 3f | 3f = 2 3
(=] = jre [
3 2 a £ S &
] N n 3 a it
H H u o - Q
| 3 — = Ll
K s » ' v
H i g ES b
- H H 2 z
- H - { [ty *
H & = 3 ©
- -
] [ 3
1l « ~
= s H H 2 T T o £
- = - N n o [ o ES a
1 - - N 1 S lé’ % = °
= H H H H & me ol 8~
- - - H H x -
H Hl H H ¢ R A R
— - — ] a et o he! ol o
— — (] - T e A
= - - 3 v W x|
] -l oW o QI
= = = H STTETEOS[
] ] — - = ' uwl X
— - — H 3 Y e
H H — - e |6 T|°
—] - ] - S 2wl
[—] - —] - 3 =z
— = — i 2lx
[ Ld =10
—3 - b W
— 3 Df =2
w '—g
L5
o~ &_1
AR
-
1 3
k -
.ﬂ/w L—— [ _—LW v Al
| )

Fig. 8
Sensitivity for toluene — H3 + toluene + PPO +- POPOP (glass coil) (peak height in flow dia-
~ gram, full distance of paper = 600 counts/min).

If increasing amounts of HeO are injected with the same HTO-activity in the
flow. of solvent, only a slight decrease in counting efficiency is noticeable due
to the marked diffusion and dilution of the water in larger volumes of solvent
(Fig. 10). When, however, the bent: glass- tube is filled with HTO-toluene-ethanol
mixtures with different proportions of water in the presence of the same amount
of H3-activity, the conditions illustrated in Fig. 11 are observed. From 0.5—2.5%
HyO-content the counting efficiency decreases only slightly, from 1.21%6 to 1.00%
(tap 8, 10—75 V window). Then:from 2.5 to 7.5% H:O a sharp decrease in the
counting rate parallels the increasing water content. At 7.5% HpO content -the
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solution is already turbid, indicating uneven distribution of the water inthe
toluene-ethanol solution. In excess of 10%/o HsO content the water remains partially
in the form of droplets. Over-saturation with water and appearance of immiscible
water droplets results in a further dramatic decrease of counting efficiency. It is
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Sensitivity for HTO in toluene + ethanol (3:2) + PPO + POPOP (glass coil) (peak height in flow
diagtam, full dlstance of paper = 600 counts/min).

thus futile to admit more than 5—6%, HyO in toluene -+ ethanol since the ex-
cessive water droplets coalesce. Their activity evades counting, and the pro-
portionality between true activity and peak area (stable flow speed presumed) is
destroyed.

Examples of radio column chromatographic fractionation

An account is now given of radio column chromatographic fractionation of
H*-humic acid hydrolysate as well as of the hydrolysis products of randomly
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H3-labelled plant material, which was produced by means of biosynthesis of plant
seedlings in HTO-containing nutrient solution.
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Fig. 10
Direct injection before the mixing vibrator of constant rates of HTO under increasing attenuation
with H,O (peak height of single injections in flow diagram, full distance of paper = 600 counts/min).

A. RADIO COLUMN CHROMATOGRAPHIC AssAY OF. A 5 N HCI| nyDROLYSATE oF H3-
LABELLED HUMIC ACID BY DIRECT FLOW OF THE AQUEOUS HB3-EFFLUENT THROUGH A
BENT GLASS TUBE WITH ANTHRACENE + POPOP

The fractionation was performed with a 150 cm Amberlite CG 120 column, with
particle diameter of 56 * 9y, using Moore and STEIN's [28] citrate buffers of
pH 3.25 and pH 4.25 as well as 0.02 N NaOH. The column was heated to 40°C
during the first 300 ml and to 50°C for the rest of 400 ml effluent.

Fig. 12 shows the flow diagram of the recorded fraction peaks. The major part
of the hydrolyzed fractions appears at the beginning as strongly acidic components
(higher organic acids, acidic phenolic compounds) and at the end as stronger basic



RADIO-CHROMATOGRAPHIC ASSAY OF H3-LABELLED SUBSTANCES 295

components (lysin as well as histidin, tryptophan, arginin, other unidentified indole
and stronger basic compounds).

In between are various acidic and neutral amino acid fractions separated and
identified in the effluent portions of the fraction collector.

e
AN H A
e\°—°\.—n—
| T -
~§f "
" _3_3_
3 & 4
o *
Wl +/
~
+
(=]
= W M
X
wn
" H 3
[
8 H J- 4
I
+
Q
= H
Q,
r w-
BN o H
o-L
TR 0y Wy O .
- 2
Q—E—-
T~ 4
e + H HH HH H-H
_q‘__m_am
i o W Rl gl
L2 IE
" 4+
[ | U B
~ & IR gy NUEpyiEATing
L+ I‘
Ty
IR/0.21§ 040j042°062F 1.00F 1.9t [ 1,21

Fig, 11

Counting efficiencies of 4.3 x 10-2pc H® in a toluene-ethanol (3:2) system under addition of
increasing percentage amounts of H,O (in a Jena-glass coil of 10 ml volume, full distance of papet =
i 600 counts/min). '

B. RADIO-COLUMN CHROMATOGRAPHIC ASSAY OF A 5 N HC| HyDproOLYSATE orF H3-
LABELLED HUMIC ACID BY MIXING THE EFFLUENT 1:30 WITH TOLUENE -+ ORGANIC
SCINTILLATOR + ETHANOL AND PASSING IT THROUGH A GLASS COIL BETWEEN THE
PHOTOTUBES

Fig. 13 shows the flow diagram with peak identification as under a.
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In Fig. 14 the curves of A and B are plotted together and compared with an
activity curve obtained by individual methane proportional counting of the effluent
samples. in -the fraction collector, Furthermore, the individual fractions are sub-
jected to. quantltatlve Ninhydrin tests for their amino acid content, following the
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spot method by Menke [29]. Thus, this latter curve of Ninhydrin colour intensity
shows the peaks of the different amino acids corresponding with those of the flow
diagrams. (Experiments A and B.) Some further identification was done on paper
with FeCls, ammoniumvanadate and Ehrlich-reagent.
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C. ANOTHER FLOW DIAGRAM OBTAINED FROM 5 N HC] HYDROLYSATE OF H3-LABELLED
PLANT MATERIAL IN THE ANTHRACENE/POPOP TusE (FiG. 15)

Since this material contains a fair amount of amino acids, a more distinct flow
diagram is obtained. Fig. 16 also combines the flow diagram with a curve of in-
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Fig. 14
Flow diagram of H?3-labelled grass, hydrolysed in 5 N HCI. Activity test during passage of aqueous
column effluent through a bent glass tube with anthracene 4 POPOP (9:1).
Radio column chromatography of H3-labelled humic acid hydrolysate.

A Amino acids in pg Leucin equivalents/ml. B Radioactivity measured by windowless pro-

portional flow counting of the individual fractions evaporated in planchets. C Flow counting

diagram of column effluent in the liquid scintillation spectrometer (bent glass tube filled with

anthracene and POPOP, 9: 1). D Flow counting diagtam of column effluent in the liquid scintil-

lation spectrometer (glass coil after previous mixing of column effluent 1:30 with toluene +-
+ ethanol ++- DPO + POPOP).

dividual fraction counts under the CHyflow counter and the Ninhydrin-colour
curve. Again representative fractions of the peaks were further elaborated on the

paper.
Discussion

With aqueous H3-labelled samples, direct recording of the activity, while the
column effluent passes through a tube with anthracene + POPOP scintillator,
appears preferable to previous mixing of the aqueous effluent with toluene +
ethanol + organic scintillators. This becomes evident despite potentially higher
yields from toluene 4+ ethanol, for simple economic reasons. Besides, if the aqueous
column effluent contains dissolved salts, these often crystallize out in the ternary
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toluene-ethanol-water system. When the column separation is a more lengthy pro-~
cedure, the crystals accumulate and block the solvent flow, thus disturbing the per-
formance. On the other hand, the toluene-ethanol-water system stands freezing
temperatures and gives a more favourable background characteristic with practically

Fig. 15
H Flow diagram of hydrolysed H3-plant material
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no memory effect. In case of organic column effluents which would dissolve the
anthracene + POPOP scintillator, the mixing procedure with a subsequent activity
test in a glass coil remains the method choice and is economically more realistic,
because the mixing ratio can be much narrower.

The anthracene + POPOP-filled bent glass tube, on the other hand, can be cooled
down to approximately -3°C when a dosis pump transports the aqueous buffer
by soft strokes, thus counteracting the freezing of the water, and when the column
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has -been thermostatically heated up. Also in the anthracene/POPOP tube the
memory effect turned out to be unexpectedly low; the addition of some detergent

(e.g. 1 ml/100 ml buffer of Brij 35 = Polyethylenglycolether solution) mlght have
favoured this.

3000 4
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Fig. 16

Flow diagram of hydrolysed H3-plant substance compared with activity curve of individual fraction
‘ counts (CH,-flow counter) and Ninhydtin-amino acid-curve.

Radio column chromatography of H?-labelled plant hydrolysate.

A Amino acids in ug Leucin equivalents/ml. B Radioactjvity measured by windowless propot-

tional flow counting of the individual fractions evaporated in planchets. C Flow counting dia-

gram of column effluent in the liquid scintillation spectrometer (bent glass tube filled with anthra-
cene + POPOP, 9:1).
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DISCUSSION XVIII

P. Springell (Australia): It seems to me that dilution of the effluent with a
liquid scintillator before collection on the turntable may result in excessive
dilution for chemical estimation or subsequent recovery of the eluate. Would it
not be better to channel part of the effluent directly to the fraction collector?
I would also like to know what effect the scintillator has on the Ninhydrin
reaction.

H. W. Scharpenseel (Federal Republic of Germany): One of the procedures we
also considered was this possibility of splitting the column effluent in two parts,
chanelling one part into the fraction collector and the other, after mixing with
toluene and ethanol; into the optical chamber of the Tri Carb equipment.
However, we did not use it. As regards the effect of the scintillator on the Nin-
hydrin procedure, this reaction was carried out with the aqueous column effluent
which we obtained after passage through the bent glass tube with POPOP and
anthracene. We did not apply thé Ninhydrin reaction directly to the ternary
system of column effluents plus toluene plus ethanol. However, it is very difficult
to get the scintillator out by column chromatography This great difﬁculty in
gettmg the column effluent cleaned up again is a further argument against the
previous mixing system.

K. H. Menke (Federal Republic of Germany): I am the co-author of the above
paper. In connection with Mr. Springell’s question, I might add that the solid
scintillator is totally insoluble in water, so that we did not find any effect on the
colour yield in the Ninhydrin procedure. We did the amino-acid estimation by means
of spot tests, for which only 19/o of the 1.8 ml fraction of effluent is required. This is
put on paper and evaluated at two different wavelengths. (The remaining 9990
is available for radioactivity measurements.) By this method, we can have three
curves from one run with one sample.

K. H. Kimbel (Federal Republic of Germany): I would like to ask Dr." Schar-
penseel whether the calculation of the counting efficiency was based on equal
volumes of effluent. The plastic scintillator tube technique, which was first pro-
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posed by Willenbrink and myself three years ago, has been improved in that
. a tube with an inner diameter of 0.3 mm is now available; flat helices can now
be wound from this material and be imbedded in a plastic material, so that the
surface/volume ratio of the solution to be counted can be improved considerably.

H. W. Scharpenseel: We knew that various brands of scintillator tube having
diameters of less than 0.7 mm are now on the market. However, the company
from which we ordered such tubes went into 11qu1dat10n, so that we unfortunately
had no pratical experience on the subject.

E. Schram (Belgium): As Dr. Scharpenseel has just said, the addition of a liquid
scintillator to aqueous chromatographic effluents containing salts has a number
of drawbacks (immiscibility, high cost, impossibility of subsequent chemical
analysis). It was for these reasons that we developed an anthracene powder cell
which can be used in conjunction with an automatic amino-acid counter. An
initial communication on this subject appeared last year (E. ScaraM and R. Lom-
BAERT, Arch. int, pbysiol. et biochim. 68 (1960) 845. The yield for this cell is 29/¢
in the case of tritium having a background of 60 counts/min at room temperature
(E. ScuHraM and R. LoMBAERT, Anal. Biochem., in press). With a cell volume of 1 ml,
absolute number of counts seems to us to be at least equal to that which can be
obtained by means of liquid scintillators, by the method described by Dr. Schar-
penseel. I am perhaps a bit more optimistic than Dr. Scharpenseel as regards the
superiority of anthracene crystals over liquid scintillators. I should like to ask
Dr. Scharpenseel what background he obtained in his recordings and also whether
quenching can be regarded as constant during this recording.

H. W. Scharpenseel: The background amounts to approximately 80 to 90 counts/
min; in the case of the direct counting of the aqueous column effluent, it is 150
or even a little higher. As far as the quenching is concerned, it is unfortunately
. necessary, in quantitative evaluations, to purify each of the various individual
fractions very carefully and to determine the specific quenching characteristics
" by internal standard methods.

J. Sharpe: In Metrology of Radionuclides, IAEA, Vienna, 1960, Dr. Forte of
Ispera described a method for the tritium counting of aqueous solutions based on
the use of a zinc sulphide phosphor as a scintillator. He used the time correlation of
the decay from the zinc sulphide to obtain a low background. I wonder whether
Dr. Scharpenseel has considered this possibility in his column work.

H. W. Scharpenseel: 1 have not, but I am very grateful for the suggestion.
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A new method for measuring low-level trittum using a benzene liquid scintillator. The
tritium activity of rain and free hydrogen may be determined by converting the samples to benzene
and counting in a liquid scintillation counter equipped with coincidence and cooling. The water
to be measured (the hydrogen samples can be easily and quantitatively converted to water) is added
to commercial calcium catbide and acetylene collected. This gas is led into a glass citcuit containing
a quartz tube heated to 600°C, two traps cooled to dry-ice temperatures, and an all-glass circulating
pump. The acetylene polymetizes to a vatiety of products which ate removed continuously by
the traps. After virtually all of the acetylene has reacted, the benzene in the traps is separated by
distillation. The benzene is then putrified by extractions.

Naphthalene is added to the benzene to reduce the freezing point. The present arfangement,
which utilizes a counting container of 20 ml, permits 1.2 g of hydrogen to be counted with a back-
ground of 25 cpm. The detection efficiency is 359/, Due to the large quantity of hydrogen exposed
to the counter, it is possible to measure atmospheric samples without the necessity of isotopic enrich-
ment.

Nouvelle méthode pour la mesure de faibles teneuts en tritium a 'aide d’un scintillateur
liquide au benzéne. Les trés faibles teneurs en tritium telles que celles des eaux de pluie et de
I’hydrogéne libte de atmosphéte peuvent étre déterminées en effectuant la synthése du benzéne
4 partir de ’hydrogéne de I’échantillon.

Le benzéne obtenu est utilisé comme solvant dans un scintillateur liquide. La mesure est effectuée
4 Paide de deux pholomultiplicateurs en coincidence et reftoidis. :

L’eau 4 doser est ajoutée 2 du carbure de calcium commercial; 'acétyléne dégagé est entrainé
a ’aide d’une pompe 2 circulation 4 travers un circuit comprenant un tube de quartz chauffé 2 600°C
et deux piéges maintenus 2 —80°C environ. Les produits de polymérisation obtenus sont retenus
dans ces piéges. Lotrsque tout I'acétyléne est transformé, le benzéne recueilli dans les piéges est
séparé par distillation; il est alors purifié par extraction.

On ajoute du naphtaléne au benzéne pour abaisser son point de congélation. Le dispositif présent,
qui utilise un scintillateur de 20 cm?, permet d’introduire 1,2 g d’hydrogéne provenant de Péchantil-
lon, avec un bruit de fond de 25 cpm. Le rendement de détection est 35%,.

Ces petformances rendent possible la mesure d’échantillons d’eau atmosphérique actuelle, sans
enrichissement préalable.

Hopwpiii MeTOR H3MepeHHS He3HAUNTEILHOTO COJNEDPKAHNMA TPHTUA ¢ NOMOHILIO
KHIKOTO GeH30THFHOT0 CIMHTINIIATOPA. HesnauuresbHOe cofiepikanye TPHTHA B JOMIE-
Bolt BOTe U B CBOGONHOM BOTOPOJiEe aTMOCHePhl MOeT GHITh ONMpefelleHo NMPU MOMOIIH
cuHTesa (eH30JMa HA OCHOBAHUH NPOoGHOTO BORODPOAA.

Ilonyuennmit 6eH30 HCIONB3YETCA B KAUECTBE PACTBOPA B KUAKOM CIMHTUIIIATODE.
MamepeHune BeeTCA C IIOMOWIBIO ABYX OXIMKAEMHX (OTOYMHO:KMTeNell COBIANEHNIt.

Bopa go6aBaserca k npoMeInIeHHOMY RapOMAYy KaJdbIHA; 0CBOOOMKIAEHHEIN aleTHIeH
¢ MOMOIIBI0 IUPKYIAIMOHHOTO HAHOCA NIPOIYCKAETCH Yepes Hellb ¢ KBapToBoil TpyOkoit
Harperoit mo 600 °C, u uyepes HBe JOBYIIKH ¢ TeMumeparypoil oxkomo — 80 °C. Iloay-.
YEHHHE TIPOYKTHL HOJMMEPHMSALNN 3aAePUBANTCA B aTHX NoBymrkax. Horma sech
anerni€én TpanchopmMuposan, Gemsod, co6paﬂmzm B noaymuax omenﬂe'rca ny'reM
AMCHMINBANUY ; 3aTEM OH eKCMpaKkyne. »
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M nonuskeHuaA TOUKM samep3anua k Gemsonmy npmbasasercs napramma. Hacros-
wuit npuop, UCHOAB3YIOWMUN CUNHTHILIATOP B 20 ¢M? H03BOJsAeT BBecTH 1,2 rp BOAO-
pona, B3ATOro m3 npobs ¢ foHOM B 25 oTcyeToB B MUHYTY. DPdexTuBHOCTL 06HAPY-
’Kenua pasna 359.

OTH Pe3yibTATHL [ENAI0T BO3MOKHBIM M3MepeHne npol arMmocepHoii Bonw Ges
TpeBapUTeALHOr0 oforameHns ee.

Nuevo método para medir bajas concentraciones de tritio utilizando benceno como solvente
del centelleador. La actividad del tritio contenido en el agua de lluvia y en el hidrégeno atmos-
féricolibre puede determinarse convirtiendo las muestras en benceno y efectuando el recuento con un
contador de centelleador liquido, provisto de un dispositivo de coincidencias y de refrigeracion. Elagua
cuya actividad se desea medir (las muestras de hidrégeno pueden transformarse ficil y cuantitativa-
mente- en agua) se hace reaccionat con catburo célcico cometcial, con lo que se obtiene acetileno.
Este gas se hace pasar por un circuito de vidrio que comprende un tubo de cuarzo calentado a 600°C,
dos trampas refrigeradas mediante hielo seco y una bomba de circulacion, totalmente de vidrio.
Pot polimerizacion, el acetileno forma diversos productos que son separados continuamente por
medio de las trampas colectoras. Cuando la totalidad del acetileno ha reaccionado, el benceno acumu-
lado en las trampas se separa por destilacién, para purificarse seguidamente por extraccién.

Al benceno se afiade naftaleno para teducit su punto de congelacion. Con el sistema actual,
provisto de un depésito de 20 ml, se puede efectuar el tecuento de 1,2 g de hidrégeno con una
actividad de fondo de 25 impulsos por minuto. El rendimiento de deteccion aleanza a un 35%,
Debido a la gran cantidad de hidrégeno que queda expuesta al contador, es posible medir muestras
tomadas de la atmésfera sin necesidad de procedet 2 un entiquecimiento isotdpico previo.

Introduction

Tritium occurs on the earth in relatively large quantities because of the com-
paratively high cross section for its production by nuclear interactions of cosmic
rays on atmospheric oxygen and nitrogen and, more recently, as a result of the
nuclear fusion bombs that have been tested in various locations throughout the
world. However, the rapid mixing of this isotope with the extensive amounts
of water and hydrogen gas existing in the atmosphere leads to samples of quite
low specific activity. This fact, coupled with that of the very low-energy beta
disintegration of tritium, particularly disadvantageous for efficient detection, renders
percise measurements of naturally-occurring tritium fairly difficult. Nevertheless,
the problem has been effectively solved by the use of a preliminary isotopic enrich-
ment step, which, concentrating the heavy isotope into samples of higher specific
activity, permits activity determinations by the standard methods. of low-level
counting. '

The rapid increase of tritium in the atmosphere over the past few years has
brought its concentration to a point where it is just below the limit of sensitivity,
without enrichment, of present standard techmques It would seem useful, therefore,
to develop a method with a little more sensmvny than those in use at this time.
The procedure would permit the monitoring of tritium in rain to be made without
the troublesome step of enrichment. Moreover, tracer studies in b1ology and hydro-
logy which habitually require the counting of low spec1ﬁc activity samples would
profit by a significant increase in detection sensmwty

"The method described in this paper substantially increases the intrinsic sensitivity
of low-level tritium measurements by employing a system which counts larger
quantities of hydrogen than hitherto available. It involves a modification of- a
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procedure for radiocarbon dating that is-at present being developed in our lab-
- oratory [1]. Fig.1 shows a synopsis of the chemical procedure..

In essence, benzene is completely synthesized from the water sample whose
tritium content is to be measured. The benzene, after purification, is counted in

- CO, + H,0

- sample + O,
low CO, + 2NH,0H > (NH),CO, + H,0
oo (NH,),CO, + StCl, > $:CO, + 2NH,Cl
c); 251CO, + SMg > $tC, + StO 4 5MgO
SrC2 + 2H,0 ——> S¢(OH), + C,H, low
B 3C,H, —> CH, level T?
Fig. 1

Chemical reactions of the benzene method for low.level radiocarbon and tritium measurements.

a liquid scintillation counter. The chemistry necessary for tritium is much simpler
than that involved in C!4-dating as the alkali metal carbide used for the production
of acetylene may be purchased from commercial sources. Actually CaCs was used
here. The carbon in this compound has its origin in coal and, therefore, shows no
contaminating radiocarbon activity. The elimination of the necessity for the pre-
paration of carbide in each measurement represents a large saving of time ‘over
the C!4-dating procedure, as this step is by far the most difficult. As will be shown
in the next section, the polymerization of acetylene to benzene is carried out
smoothly and with little trouble.

Sample preparation

Samples not in the form of water are burned in an oxygen stream and the water
collected quantitatively in a cooled trap. This step is a standard procedure of
organic analysis. However, the majority of samples submitted for tritium content
determination are already in the form of this liquid and need not be further treated

‘ TO STORAGE
A~ VESSELS

DRY-ICE COOLED

{UM CARBIDE

Fig. 2
Acetylene generator.

before use in the acetylene generator. Even ordmary rain samples containing carbon
dust, dissolved carbon dioxide, and inorganic salts (but not ammonia) may be
used directly without preliminary distillation.

The apparatus employed for the conversion of water to acetylene is shown in
Fig. 2. On the far left is the device permitting the drop-wise addition of the water

20
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sample to commercial grade calcium carbide in a 500 cm?® evacuated flask. The
arrangement of stop-cocks facilitates the preliminary separate evacuation of the
water and carbide containing parts. As the reaction is exothermic, the bottom flask
is water-cooled during the operation. This flask is turned from time to time to
allow a more even attack of the carbide. In our laboratory, the standard procedure
was to use 150 cm® of water and a large excess of carbide.

Following this generator is a water-cooled tube containing small pieces of carbide
intended to dry the gas by reacting with the water that is swept over in the
acetylene stream. Connected to this is a double trap which removes the small
amount of water remaining and a variety of other impurities. The acetylene is
then collected in evacuated storage vessels. At least 99.5%p of this gas may be
frozen out with a liquid nitrogen-cooled trap, which indicates that the system is
essentially free from oxygen, hydrogen, and nitrogen.

Due to the rapid formation of the hydroxide from calcium oxide, 50% of the
water added cannot be converted into acetylene. In addition, various amounts are
lost .on the walls and in wetting the hydroxide powder. The acetylene generation
as employed in our system produced two moles of this gas in one to two hours.
As a result of the rapid production there was a yield of approximately 30%s. This
could be improved by a larger excess of carbide in small pieces continuously stirred
and the water added slowly. However, the limit would be 50%q. It will be explained
in the last section why it was decided not to strive for this maximum yield.

STORAGE VESSELS 75! EACH

UHNAR

dWnd
WNNIVA 0L #‘w

HOIVHAN3D
3N3TALIIV a1
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O

TO GAS

CIRCULATING PUMP

Fig. 3
Acetylene to benzene system.

Fig. 3 shows the vacuum rack for the production of benzene. The apparatus
is evacuated and the acetylene produced by the device of Fig. 2 is led into the
storage vessels. The usual procedure was to fill all of these containers to just under
one atmosphere. After this filling was completed the stopcock connecting the
storage half of the system to the polymerization half (the stopcock furthest to the
right in the diagram) was opened. The gas circulating pump was started, the double
trap system cooled by a diy ice mixture, and the furnace brought to its optimum
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temperature of 600 °C in about 20 min. At this temperature a homogeneous reaction
of the second order produced benzene with a yield, in this arrangement, of
40—50%/. The heated tube was of quartz, 40 cm long and with an internal dia-
meter of 4.5 cm. The circulating pump had a delivery which enabled a molecule
of the gas to pass through the heated tube in the order of one minute [2]. The
reaction proceeded at a moderate rate and was completely under control with no
catalyst in the tube. The benzene and other hydrocarbon products were continu-
ously frozen out in the cooled traps. The acetylene that had not reacted was
passed through the tube again by the circulating pump.

As the acetylene reacted and the products were removed by the traps, the
pressure in the system dropped. Gas from the storage vessels was continuously
being added to that in the circuit to slow down the pressure decrease, but was not
circulating through the heated tube while it was being stored. In practice, the
reaction was usually started toward the end of the day and run throughout the
night without adjustment. The next morning it was found that approximately one
half of the acetylene, i.e. one mole, had reacted. The reaction proceeded slowly
at this time for two reasons: firstly, the polymerization of acetylene to benzene
is bimolecular and the reaction rate decreased rapidly with pressure and, secondly,
some of the side reactions produced hydrogen gas which stayed for the most part
in the circuit half of the apparatus and, therefore, diluted the acetylene in the
reaction tube. To increase the pressure, the gas was frozen out (in several steps) of
two or three of the storage vessels and then allowed to pass into some of the
half-filled containers. Liquid nitrogen and the vertical tube seen on the far left
of the diagram were used for this purpose. The gas in the circuit half was then
expanded into one of the empty storage bulbs and the acetylene separated from
the hydrogen with liquid nitrogen.

The reaction was carried on for another day and night, the acetylene pressure
being maintained by concentration into only two and at last a single storage vessel.
At the end of the second day 95%o of the gas had reacted.

The liquid collected in the traps was removed and submitted to a gross distillation
which separated the products coming over at 60° to 90°C and quantitatively
collected the impure benzene. The slightly yellow liquid was then submitted to
several extractions to remove the more difficult impurities. In the present work
with tritium dosage, the principal material that contaminated our benzene was
thiophene, a heterocyclic sulphur compound that was readily formed by the action
of hydrogen sulphide with acetylene. The type of carbide commercially available
in France is severely contaminated by sulphides. Thiophene, having almost the
same boiling point as benzene and being chemically similar, cannot be separated
by an ordinary fractional distillation or the usual size columns of gas phase
chromatography. However, it may quickly and easily be extracted by concentrated
sulphuric acid and in order to acquire the pure benzene, it was necessary to carry
out this process.

The other quenching impurities in the benzene are mostly amines and may be
extracted with a dilute acid solution. After this, distilled water extractions rid the
system of inorganic ions and extract any organic acids or aldehydes that are
present. After the water is drawn off, the benzene is dried with a small amount
of dehydrated sodium sulphate. The careful use of a 40 cm Vigreaux distillation
column provides the final purification. The next stage is to clean out any dissolved
oxygen with argon and the phosphors and naphthalene may then be added. The
usability of the solution is verified by observation of the spectrum shown by an

20*



308 M. TAMERS et al.

external Cs'¥7 gamma source which is then compared with the spectrum obtained
using a purified commercial benzene solution. If the positions of the spectra are
identical, the solution to be measured is verified as being free from seriously
quenching impurities. Half an hour is required for the extractions using only a
simple laboratory separatory funnel. The entire purification procedure lasts approx-
imately two hours. Unfortunately, the exchange of the hydrogens of the benzene
with those of concentrated sulphuric acid is rapid [3] and for this reason it is
necessary to use a commercial carbide without the large quantity of sulphides
found in the French variety. As a last resort, we can produce our own carbide
from sulphur-free carbon. The exchange between benzene and dilute sulphuric acid
is very slow and should be negligible for the step of the extraction of the amine
impurities.

Counting system

To 18 cm? of the pure benzene is added 2.2 g naphthalene together with quan-
tities of PPO and POPOP to provide concentrations of 4 g/l and 0.1 g/, respect-
ively. The naphthalene is primarily intended to lower the freezing point of the
benzene, but also serves the useful purpose of reducing the quenching power of
impurities in the solution [4]. Naphthalene, when available commercially, 1s a
product of coal tars and therefore shows no radiocarbon or tritium activity.

The counting container was a cylindrical quartz vessel, with an internal thick-
ness of 2.4 cm while the internal diameter of the faces measured 4 cm. The side
wall of this container was silvered for light reflection. Two selected photo-
multipliers view the solution through optical joints of silicon oil. The use of pulse
coincidence electronic circuits to reduce noise originating in the photomultipliers
is now a standard procedure in the liquid scintillation counting of tritium and
need not be discussed here. The details of the actual instrument used in this work
have been published [5].

Cooling of the photomultipliers and counting vessel to 0°C (just above the
freezing point of the solution) and moderate shielding with lead reduces the back-
ground to 25 cpm with a detection band allowing 359/ disintegration detection
efficiency.

Discussion and evaluation

This synthesis of benzene .as described above is now carried out routinely
in our laboratory and causes no difficulty. The total chemical yield, for the
purpose of tritium counting, is of the order of 10%. There seems little hope of
a significant increase as the limiting yield of the attack of the carbide with water
is in theory 509/ Over a 'year’s experiments with variables in the acetylene to
benzene reaction have taken place but the possibility of obtaining more than
509/p without making use of difficult catalysts that do not lend themselves to
routine treatment seems remote. It must be realized that small losses in transferring
operations are unavoidable and a practical limit of 209/ to the chemical yield
might be set. The higher yield of 309/p realized in the use of the method for CH-
dating is due to the acetylene generation step giving a yield of 1009 when deter-
mined relative to the carb1de It is the 1sot0pe in the latter which is of interest in
this case,

Nevertheless, the low chemical yield has not been of major concern to us since
the water specimens for which we developed the method are all of large quantity.
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This particularly applies to experiments on samples in.the science of hydrology
and meteorology. The minimum amount of water necessary for effective measure-
ment in the present arrangement is of the order of 100 ml. This is even not con-
sidered excessive for many aspects of biological research.

It is difficult to specify exactly the work involved in this method; an estimation
would be one man-day (8h) of actual work for each sample. With only one
vacuum line as shown in Fig. 3, two samples could be run each week. The work
involved seems fairly comparable to that of the standard arrangements necessit-
ating preliminary isotopic enrichments. Also, the equipment necessary for the
method described here is no more extensive than that of the arrangements requiring
enrichments. :

TasLE I
COMPARISON OF SOME LOW-LEVEL TRITIUM COUNTING SYSTEMS

The terms in the figure of merit, column 3, are g H = g of hydrogen counted that have
an origin in the sample being measured, %, = per cent efficiency of the counter, and

)/ bkg = square root of the background in counts/min.

N Enrichment necessary to
g HX% | obtain statistics comparable

System Reference ¥ bkg to those of the benzene
scintillator
H, gas counting, anticoincidence ring (6] 1 .: 8
H, gas counting, anticoincidence ring 7] - 026 32
5%, water in a Kinard scintillatos, liquid 151 ©0.72 12

scintillation counter -
Benzene in a liquid scintillation counter ([this work]l 8.4 -

In Table I a comparison has been made with some standard procedures described
in the literature [5—7]. The figure of merit was chosen as:

g of hydrogen counted X counting efﬁéiency in %
/ background

This seems to be indicative of the sensitivity of the existing methods. It may be
seen in the last column that the procedure described in this paper is 1ntr1n51cally
more sensitive than the others by a factor of ten. That is to say, for a given
sample, the other arrangements would need a preliminary enrichment of the water
of approximately ten times in order to obtain the same statistics as the benzene
scintillator,

The main disadvantage of the benzene method ié the low chemical yield as
compared to the high efficiency of water enrichment by electrolysis. For this
reason the method will be limited to use in studies having samples of at least
100 cm® of water. To increase the sensitivity of the: present arrangement, two
changes might be applied. If the quantity of the sample is sufficient, a preliminary
gross: enrichment could be effected and the benzene -then synthesized from the
enriched water. Also, larger size sample containers might be used in the liquid
scintillation counter as the additional work necessary for larger quantities of
benzene is not at all proportional to the amount ‘of the liquid. For example, to
synthesize 80 cm3 of benzene requires only twice' as much actual work as 20 cm?.

However, for samples of smaller size the methods described by other scientists
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would be better. If the tritium concentration is very low, the high yield of the
electrolysis enrichment is a strong advantage. In ordinary tracer studies with
samples of high tritium activities, the almost direct usage of water-containing
scintillators in the liquid counters js much more simple than carrying out the
procedure for the preparation of benzene. Therefore, the benzene scintillator
described here will be best used in studies of hydrology and meteorology where
the samples are habitually large and of low tritium content.

There are two other methods for the dosage of low-level tritium described by
other scientists. A high intrinsic sensitivity may be obtained by visual observations
of tracks in a diffusion cloud chamber [8]. Qur experience with a cloud chamber
of this sort, in connection with another project, leads us to believe that the
metastable conditions of this device will never permit routine measurements. A
more promising method is one involving the direct transfer of a part of the tritium
of a water sample to toluene which is being shaken with the water [9]. Although
this paper does not give enough specific information to allow a comparsion with the
benzene scintillator, the method can be used for routine purposes.

The low chemical yield in the synthesis of benzene has caused concern over
isotope effects that should be important due to the large mass difference between
hydrogen and tritium. A negative enrichment of 20%, of deuterium was derived
from the procedure described in this paper as measured by a mass spectrometer. We
eventually plan to determine this factor for trifium using a tritiated water sample
of known activity, but, at this time, we are reluctant to contaminate the system.
The experiment will permit the determination of the ratio of the isotope effects
for deuterium and tritium; this means that samples may be submitted to routine
mass spectrometer analysis to determine the isotope effect corrections. However,
until these measurements are made, we may estimate that the isotope effect for
tritium is about double that for deuterium. That is to say, there is, unfortunately,
a negative enrichment of about 409/ of tritium in this method.

There.is. reason to believe that since the chemical yield seems to be about the
same with each run, the isotope effect will be roughly reproducible. It is conser-
vatively estimated that this will be within plus or minus 25% of the assumed
409/y effect. In other words, the isotope effect should be, in each run, 409/ £ 10%.
If this can be verified as being the case, the routine mass spectrometer analyses of
the benzene samples will not be necessary if one is willing to accept an uncertainty
of 49/o in the tritium concentration measurements, due to variations in the isotope
effect. Errors involved in electrolysis enrichment calculations are of at Jeast this
order of magnitude. Therefore, the use of the benzene scintillator offers the
possibility of the elimination of the need for a deuterium analysis of each sample.
This would simplify the work in most laboratories which use the ordinary naturally
occuring tritium dosage methods.
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DISCUSSION XIX

D. Lal (India): Have the authors tried to measure the isotopic separation effects
which take place in the preparation of benzene?

M. Tamers (France): We hope to make this measurement by simply using a stan-
dard water sample with a known amount of tritium. At the present time we do not
want to contaminate our laboratory, which is a low-level set-up. We have deter-
mined the degree of deuterium enrichment. We might say that the tritium enrich-
ment is about twice as great, unfortunately a 4090 negative enrichment. These figures
are tentative, but 1 believe that we should be able to measure the separation effect
with good reproducibility.

H. G. Ostlund (Sweden):' I would like to ask what amount of water you start
out with and secondly, what amount of water equivalent do you have in your
counting system cell. Also, what is your standard deviation, in tritium units, after
a counting time of, say, 1000 min?

M. Tamers: As regards the amount of water equivalent in our sample, we have
of the order of 1.25 g of hydrogen being counted so that water equivalent would be
9 X 1.25 or 11 g. This is the equivalent of putting 559/ water into the scintillator.
Using the 20 ml vial and a 24 h count, which is our standard practice, and on the
basis of 2 pi sigma statistics, we will be able to detect activities as low as 9 T. U For
the 80 ml sample vial, the figure is between 3 and 4 T.U.

In answer to the other part of your question, we start out with about 150 ml
water.

]. C. Burr (United States of America): Has the speaker considered the possibility
of putting a heated palladium valve at 200—400°C and connected to a vacuum
system on the off-side into his conversion system? By so doing, he could easily,
safely, rapidly and continuously pump off the hydrogen during the night and
thus prevent the pressure build-up and dilution which slows the conversion re-
action.

M. Tamers: The amount of hydrogen that is actually in the system overnight
is not very great. It might be a few per cent. What we try to do at all times in
this work is to keep the system as simple as possible. It would not be worth-while to
add the arrangement which has been suggested.

B. Grinberg (France): During your process for preparing acetylene, very pro-
nounced isotopic separation takes place and consequently there is a reduction in
tritium content. Did you take this isotopic separation into account in your
calculation of the final tritium content of the water? It has been our experience,
in preparing acetylene under the same conditions, that the H/T ratio differs by
about 20—309/ from the H/T ratio in the original water.

M. Tamers: As I pointed out before, the isotope effect which we observe is also
negative and is probably of the order of 409/ for tritium. The figure for deuterium
is 209/y. This will, of course, have to be taken into account in the final calculations.

N. W. E. Nay (Federal Republic of Germany): I might inform the speaker that
several p-oligophenylenes recently synthesized in our laboratories have been
tested by us as solutes for liquid scintillators. The 12233243 tetra-methyl-p-quater-
phenyl
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has the advantage of a higher relative pulse helght (1.17) and of better solublhty
in toluene than PPO. The counting efficiency of this primary solute with POPOP
as a wave-length shifter is 35.4% for toluene soluble tritium (instead of 27.5%s
with PPO and POPOP). The synthesis of this compound is quite easy and its cost
is only about 25% that of PPO.

E. A. Evans (Uaited Kingdom): Has Dr. Tamers considered the possxbxhty of
using a catalyst, such as nickel carbonyl, to speed up the conversion of the
acetylene to benzene?

M. Tamers: We have looked into the possibilities of catalysts. The chemical yield
of the simple ones is no better than the yield we have already obtained, i.e.
40—509/p. Some catalysts mentioned in the literature seem very good but un-
fortunately they are all dangerous. Our system is intended as a routine method
and we simply do not feel that we can use difficult catalysts.

J. L. Garnett (Australia): In connection with the references during this discussion
to the use of transition metal catalysts, e. g. palladium, for enhancing the con-
version of acetylene to benzene, we have observed in our work that care must
be exercised in procedures of this type because extensive catalytic exchange is likely
to occur under these conditions and a finite isotope effect can also be expected.
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Abstract — Résumé — AmmoTanusa — Resumen

Direct measurement of tritium in biological materials with the liquid scintillation counter.
Procedures for measurement of tritium in animal tissues and isolated tissue fractions have been
reported in the literature. In all the wotk reported, howevet, a liquid scintillation coincidence spectro-
meter has been used for the counting of the samples. In this work a single phototube liquid
scintillation ‘counter was used for the measutements.

Investigation centred primarily on the direct dissolution of animal- tissue in Hyamine 10-X
and the suspension counting of lyophilized tissue in scintillating gels. Different tissues, such as
liver, intestine, blood and skin, can be dissolved directly in Hyamine and measured with an efficiency
of 10--15%,. :

The techniques of quenching correction and certain phosphorescence phenomena as they affect
the counting in a single phototube counting system are discussed. ‘

The ‘sensitivity of the method, although somewhat less than that of the coincidence- countmg
arrangement, seems to be sufficient for many applications.

The work reported was catried out on tissue samples from mice previously injected- with tritium-
labelled thymidine. When a dose of approximately 1 pc tritiated thymidine per g of body weight
was injected into the mice, the metabolic fate of the thymidine incorporated into deoxytibonucleic acid
(DNA) of the various tissues could be followed for a period of one month.

Détermination quantitative directe du tritium dans les substances biologiques, au moyen
de compteurs A scintillations 2 liquides. Diverses techniques de détermination du ttitium dans
les tissus animaux et fractions isolées de tissus animaux ont déja été décrites. Mais toutes comportent
Pemploi d’un spectrométte de coincidences & scintillations a liquides pout le comptage des échan-
tillons. Pour faite cette détermination, I"auteur s’est servi d’un seul phototube-compteur 4 scintil-
lations 2 liquides.

11 2 étudi¢ surtout la dissolution directe de tissu animal dans de Phyamine 10-X, et le comptage
de tissus lyophilisés en suspension dans des gels a scintillations. Certains tissus, tels que le foie,
I'intestin, le sang et la peau, peuvent étre dissous directement dans 'hyamine et le rendement de
la détection peut étre de 10 a 15%,.

L’auteur examine les techniques de correction de coupage et certains phénomeénes de phospho-
rescence dans la mesure ot ils ont une influence sur le dispositif de comptage 4 un seul phototube.

Cette méthode, bien que moins précise que le dispositif de coincidence, P’est suffisamment pour
de nombreuses applications.

L’expérience qui fait Pobjet du mémoire a porté sur des échantillons de tissus de soutis auxquelles
on avait injecté au préalable de la thymidine marquée au tritium. Lotsqu’une dose d’environ 1 pc
de thymidine tritiée par gramme de poids du corps est injectée aux souris, on peut suivre pendant
un mois les transformations métabollques de la thymidine incorporée 4 Pacide deoxynbonuclclquc
(ADN) des divers tissus.

HenocpeRcTBeHnOe H3MEpPeHHe KOIMYECTBA TPHTHS B JHOXOTHYCCKNMX MAaTepHaiax
TEPH HOMOINM KMIKOTO CHUHTHWINSNNOHHOTO cYeTInka, B nurepatype yike coofuanock
0 criocofax N3MEpPEeHNsa KOINYeCcTBa TPUTUA B THAHAX HUBOTHHIX H B I’[BOJ’IHpOB&HHLlX
cpesax THRAHEH. Ozma}co IIpH BCE€X ONHUCHIBAEMHIX pa6orrax LI OTCUeTa HMMIIYyJbCOB
0GpasioB NPHMEHANCA JKHAKOCTHBIH CIMHTHINSAUMOHHEIL COEKTPOMETD COBHAjeHMuit,
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TIpu BRIMOAHEHMHN HACTOAMEH PAGOTH AJA M3MepeHuil GBI NCN0AL30BAH FKUKOCTHBIN
CUMHTHANALMOHHBIA CYETYMK C OFHUM (OTOIIEMEHTOM.

Wccamegopamich TIABHEM 00pa3oM HENMoCpeICcTBeHHOE PAaCTBOpeHUEe THAHEH KUBOT-
HHX B rHaMupe 10-X 1 0TCYET UMY IBCOB B3BECH NMOPUIANPOBAHHON THAHM B CLUHTUII-
Jupylomux renAaX. PazmuuHme TaHM, KaKk HApUMep, NeYeHb, KULIEYHWK, KPOBb
1 KOa MOI'yT OBITh HEIIOCPEACTBEHHO PACTBOPEHE! B raMIHe M AKTHBHOCTE UX U3MepeHa
¢ TOYHOCTBIO 10 10—15 mMponeHTOB.

Bynyr o6cy#aeHE MeTOLH BBEITEHUA IONPABKM HA TalleHHEe ¥ HEKOTOPHE ABICHUSN
Jochopeciesnuu, TOCKONLKY OHM BIUAIOT HA OTCYET UMIIyALCOB B CUETHOM YCTpPOiCTBe
C eIMHBIM (OTOIIEMEHTOM.

Xora YYBCTBUTEJIBHOCTb 3TOI'0 METOAA HpeﬂCTaBJIHeTCH HECKOJIbKO MeHbI.IIeﬁ, qemM
TpM MCHOJAL3OBAHUM CUGTYUKA COBINAAGHUH, OJHAKO 3TOT METOX YHOBICTBODHTENEH
JUIS MHOTHX BHIOB IIPUMEHEHuil.

Ipepcrasnsemas pabora 6ella npoBemeHa Ha o06pasuax THAHeH MBINK IOCIE
TpefBApUTEdpHON MHBEKIMU MEYEHHOTO TPMTHEM THMHAMHA. llpm BUPHICKHBARMI
B MBIIb ZO3b NPAGIU3UTEILHO B 1 MAKPOKIOPH TPUTHPOBAHHOrO TUMMAKHA Ha IPAMM
Beca ece Texaa, MeTabonmnyeckasa Cynb6a THMHIUHA, NOTJIOLIEHHOrO AEOKCHPNOOHYKien-
HOBOHl KuCIOTON PasiMYHBIX TKAHEH, Moraa OBIThH NpOCIHE:HeHA B TeyeHHe 1esoro
MECANA.

Determinacion cuantitativa directa del tritio en sustancias biolégicas mediante contadores
de centelleador liquido. Ya se han presentado informes acetca de los procedimientos aplicados
para la determinacion cuantitativa del tritio en tejidos animales y fracciones aisladas de los mismos.
Sin embatgo, en los trabajos respectivos se han utilizado siempre, para el recuento de la muestra,
espectrometros de coincidencia de centelleador liquido. En cambio, en el presente trabajo las medi-
ciones se han efectuado con un contadot de centelleador liquido equipado con un fototubo Wnico.

Se investigd principalmente la disolucién directa de tejido animal en la hiamina 10-X v el recuento
del tejido liofilizado en suspension en geles de centelleo. Es posible disolver directamente en hiamina
tejidos diferentes tales como el hepitico, el intestinal, el sanguineo y el cutdneo, y meditlos con
un rendimiento de 10 a 15%,

El autor examina la técnica aplicada para la cotreccidn por extincion, asi como ciertos fenomenos
de fosforescencia que afectan la determinacién en el sistema de recuento de fototubo unico.

Parece que el método ofrece una sensibilidad suficiente para muchas aplicaciones, aunque un
poco menor que la del dispositivo de recuento por - coincidencias.

La labor de que s¢ informa se llevé a cabo con muestras de tejidos de ratén a los que se habia
inyectado previamente timidina matcada con tritio. Después de inyectar al rat6n una dosis del orden
de 1 uc de timidina tritiada por gramo de peso corporal, se pudieton seguir durante un mes las trans-
formaciones metabolicas de la timidina incorporada al acido desoxirribonucleico (DNA) de los
distintos tejidos.

Introduction

The availability of tritium-labelled compounds at high specific activities has
‘increased their application as biological tracers. Tritium-labelled organic com-

pounds are widely used for the study of biological processes and metabolic path-
ways. A radiochemical method for the quanmtamve determination of tritium in
whole animal tissue and tissue fractions is therefore of great interest.

Liquid scintillation counting offers a rapid and sensitive method for measuring
low-energy beta-emitters. It therefore appears to be the preferable method for
a relatively simple and reliable technique of direct measurement of tritium in
b1olog1ca1 materials.

. The determination of tritium in animal tissue has been reported earlier [1,2].
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In all the work reported, however, a liquid scintillation coincidence spectrometer
has been used for the counting of the samples.

In this work a single phototube liquid scintillation counter was used for the
measurements. The purpose of the present work is investigation of the sensitivity
and reproducibility which can be achieved with this counter.

One of the chief difficulties in liquid scintillation counting of tissues is the
great quenching effect due to the coloured solutions formed when tissues are dis-
solved. A method of quenching correction by measurement of the colour intensity
of the solutions will be described in this paper.

The work reported here was carried out on tissue samples from mice previously
injected with tritium-labelled thymidine.

SAMPLE PREPARATION

For liquid scintillation counting it is usually necessary to have the sample in
a form soluble in or miscible with the scintillation solution. By use of the quar-
ternaty ammonium base Hyamine, p-(diisobuty]l — cresoxy ethoxy ethyl) dimethyl
— benzyl ammonium hydroxide, proteins, amino acids and whole animal tissue
can be complexed and brought into solution.

Another possible approach is direct counting of the material as a suspension.
‘The fine dispersed material can be stabilized with a gel and held in a uniform
suspension for the extended period of time necessary for counting.

Experimental

COUNTING IN HOMOGENEOUS SOLUTION

The possibility of dissolving animal tissue in Hyamine was first reported by
Acranorr [3]. Other methods for tissue dissolution have been reported by Her-
BERG [1], with ethanol-potassium hydroxide, and by Kimnnory [2], who found
formamide useful in the dissolution of tissues.

Each of these dissolving agents requires a special solvent system for liquid
scintillation counting, and the counting efficiency largely depends upon the
solvent system used. Because of the low temperature necessary to operate the
single phototube liquid scintillation counter for tritium counting, the choice of
solvent system is rather restricted.

All three methods of tissue dissolution were examined in the course of this
work. Hyamine was found to be the most suitable solvent for various kinds of
tissue samples. The tissue digest in Hyamine also possesses the advantage that it is
readily miscible with toluene, one of the most efficient solvents for liquid scin-
tillation counting.

METHOD OF SAMPLE PREPARATION

X
An aliquot of the wet or lyophilized tissue is transferred to a small glass vial;
in the case of small organs the whole tissue can be transferred directly into
the vial.
1ml] of a 1 Molar methanolic solution of Hyamine is added to the sample, and
the vial is placed in a water bath at 50—60°C until complete tissue dissolution
occurs. The temperature should not exceed 60°C; higher temperature may cause
decomposition of the Hyamine and give dark colours.
Almost any type of animal tissue can be dissolved this way; and various tissucs,
such as liver, blood, intestine, skin and muscle, have been successfully dissolved.
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Up to 40 mg of dry tissue sample, or 200 mg of wet tissue, will dissolve in 1 ml
of the Hyamine solution. When the tissue is dissolved, the sample is cooled to
room temperature and transferred to the weighing bottle, which 1s used for
counting.

A scintillation solution is added to the sample to give a total volume of 20 ml.
The scintillation solution consists of 6 g/l PPO, 2.5 diphenyl-oxazole and C.1 g/l
POPOP, 1.4— bis —2 — (—5 phenyloxazolyl) — benzene in toluene. The samples
are then cooled in a deep-freezer overnight before being counted in the liquid scin-
tillation counter.

COUNTING

A limiting factor in liquid scintillation counting is the high background due
to noise pulses from the photocathode. This background may be reduced in two
ways: by keeping the photomultiplier at a low temperature or by employing two
photomultipliers in a coincidence circuit to eliminate random pulses.

In this work a single phototube liquid scintillation counter, Ecko N 612, was
used for counting. The counter was kept at a temperature of -20°C. An EM.IL
9514 S photomultiplier was used in the counter. The sensitivity curve of the
photomultiplier is in the 300—600 my region with a broad peak at 420 mp.
Silicon oil was used for optical coupling between the sample vial and the photo-
tube. The optimum operating voltage of the counter was determined with spiked
tissue samples. The efficiency of the counter was determined with 2 tritium-
labelled toluene standard.

QUENCHING CORRECTION

Tissue samples dissolved in Hyamine have a yellowish colour, the intensity of
the colour increasing with increasing amounts of tissue, but differing not too
much from one tissue to another, except for blood, which gives a very intense
colour. Unfortunately, this yellow solution absorbs some of the light emitted by
the phosphor, and the counting efficiency is therefore decreased. This effect is
generally referred to as the quenching effect or the absorption effect. A proper
correction for the quenching is of greatest importance for reproducible measure-
ment of the tritium activity. '

Different methods of quenching correction have been investigated.

1. Internal standard technique

The internal standard technique involves the addition of a standard amount of
activity to all the experimental samples and a recounting. By observation of the
ratio of the increment in the counting rate due to the addition of the standards
for each sample to the counting rate of the standard alone, the counting rates
of the experimental samples can be corrected for quenching and absorption. The
internal standard technique, however, involves two counting operations on each
sample. ‘

2. Extrapolation technique

Another method of correcting for quenching without the use of an internal
standard is by extrapolation of the observed counts at different sample concentra-
tions to obtain the true specific activity of the sample. This technique may be
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useful provided that the quenching is a simple function of the sample con-
-centration. )

The quenching properties of tissue samples on the counting efficiency for
tritium was therefore 1nvest1gated more thoroughly.

When a tissue sample containing tritium was counted at the voltage giving
maximum counting efficiency, the counting efficiency decreased as an exponential
function of the sample concentration, provided that the counting efficiency had
been corrected for quenching from the Hyamine solution.

1000+
g
g "~
€
-
g
3 100+ R
L T T T
50 100 150 200
mg LIVER
Fig. 1

Specific counting rate as a function of tissue concentration.

Fig. 1 shows the counting rate per mg of a tritium-labelled liver sample decreas-
ing exponentially as a function of the sample concentration. Similar curves have
been obtained for samples of other tissues, including lungs, intestine and blood.

The same relationship has been reported by KERR et al. [4] for the counting of
carbon-14-labelled benzoic acid in the presence of organic compounds giving
various degrees of quenching and by C. T. Peng [5] for the counting of sulphur-35-
labelled organic compounds. This relatlonshlp, however, cannot always be applied
when the quenching correction for tritium counting is concerned. Quenching
curves for tritium counting are usually characterized by a rapid decrease in count-
ing efficiency when only small amounts of quenching material are added. When
a certain concentration has been reached, the decrease in counting efficiency again
is an exponential function.

Fig. 2 shows a typical quenching curve for tritium; increasing amounts of
Hyamine solution are added to a tritium-labelled toluene standard.

This difference is probably caused by the very low energy of the beta-particles
from tritium, so that very little quenching material is necessary to degrade some
of the pulses and they are no longer detected at the photocathode.

The method of extrapolation to zero quenching by use of quenching curves
has been suggested by C.T. Penc [6] for the routine measurement of tritium.
The routine measurement of tritium in tissue samples, however, generally involves
the counting of tissue from several animals; a quenching curve would therefore
necessarily include tissue samples from different animals.
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Experiments were performed in order to establish quenching curves for different
tissue. Different amounts of tissue from several animals injected with tritium-
labelled thymidine were counted, a standard amount of tritium-labelled toluene

100% 1

10%, 7

COUNTING EFFICIENCY

§A pro
Q1+ POPOP, TOLUENE
H3- LABELLED STANDARD

05 10 15 20 25 30 35
mg HYAMINE
Fig. 2

Quenching effect of Hyamine upon the counting efficiency.

was added, the samples were recounted and the quenching was calculated for

each sample.

Fig. 3 shows the quenching curves obtained for samples of intestine, testis and

RELATIVE COUNTING EFFICIENCY

100%,

10%,

TESTIS ———
INTESTINE ——
MUSCLE —-—.-

T T . T T
50 100 150 200
mg TISSUE
Fig. 3

Quenching effect of vatious tissues upon the counting efficiency.

muscle. For these organs exponential quenching curves were obtained, and the
reproducibility was relatively good. With other organs such as thymus and spleen
it was not possible to get reproducible results when organs from different animals
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were examined. This is probably due to differences in the blood content of these
organs, which again give different colour-intensities of the samples

The extrapolatlon method therefore has its limitations in the appllcatxon to
routine counting of tissue samples.

These experiments, however, give valuable information as to the quenching
properties of tissue samples.

3. Relationship between colour intensity and quenching

A method relating changes in counting efficiency to the colour intensity of the
sample has been indicated by HerserG [7]. He has reported that the reciprocal
absorbance at 400 my of coloured solutions is a linear function of their counting
efficiencies, and has shown this relationship for blood-digest solutions and different
colouring agents.

Experiments were therefore performed to study the relationship between count-
ing efficiency and colour intensity for tissue samples from various organs and
over a wide range of concentrations. Samples were prepared as previously
described and counted; a standard amount of tritium-labelled toluene was added,
and the samples were recounted. The absorbance or extinction coefficient of the
sample solution was measured in an Elko II colorimeter.

The colorimeter used is a filter photometer; the extinction coefficient was meas-
ured at the intervals 420, 450, 470, 530 and 590 mp.

All the tissue samples investigated showed a maximum absorbance at 420 my.
Since the secondary phosphor POPOP has a2 maximum in the emission spectra
at approximately 420 mu and the photocathode has its peak sensitivity at

RELATIVE COUNTING EFFICIENCY

04 02 03 04
EXTINCTION CCEFFICIENT
Fig. 4
Variation of counting efficiency with colout intensity.

420 my, it is evident that the strong absorbance of the solution at this wave-
length will greatly influence the counting efficiency.

When the measured extinction coefficient of the sample solution was plotted vs.
relative counting efficiency, a linear relationship. resulted. The data from the
measurements are shown in Fig. 4, and more details are given in Table L
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TasrLe 1
VARIATION OF RELATIVE COUNTING EFFICIENCY WITH COLOUR INTENSITY

Tissue Extinction coefficient Rclatlv'e counting

. efficiency
(Clear solution) 100
Liver 0.155 72
Liver 0.218 - 60
Liver 0.325 40.5
Spleen 0.338 ‘ 38
Spleen 0.175 68
Intestine 0.085 83
Intestine 0.250 53.5
Skin 0.125 76.5
Testis 0.076 86
Kidney 0.300 42.5
Kidney 0.195 65
Muscle 0.095 79
Muscle 0.200 63

The extinction coefficient v. relative counting efficiency plot appears linear
over a wide range of colour intensities. These data include colour measurements
and counting efficiencies from various tissues, such as liver, spleen, intestine, skin,
testis, kidney and muscles. :

The established quenching curve was used for testing a series of unknown
samples. The samples were run in duplicate, and the relative counting efficiency
was determined both by means of the quenching curve and by the internal
standard technique. The results, shown in Table II, indicate that the colour-

TasLe 1T

QUENCHING CORRECTION BY INTERNAL STANDARD TECHNIQUE AND BY
QUENCHING CURVE

Sample Internal Standard Quenching curve
Relative counting Corrected Relative counting Cotrected
cps cfficiency cps efficiency cps
120 80.5 £ 2.5 150 4+ 5 80.0 + 1.0 148 4-2
260 61.0 4 3.0 426 + 22 62.0 4 1.5 420 4- 10
285 52.0 4+ 2.0 549 + 21 51.5 + 1.0 555 + 10
25 70.5 + 2.5 355+ 13 J71.0 + 1.0 352 + 04
120 65.0 £ 3.0 186 + 10 64.5 4 1.5 186 4 4
480 69.0 + 3.5 697 + 35 68.5 4- 2.0 700 + 20
930 72.0 £ 2.5 1295 4 45 70.0 &+ 2.0 1330 + 40

measurement method is more accurate and dependable than is the internal-standard
technique alone. ‘

The former method makes use of many observations at varying sample con-
centrations, while the internal standard technique alone is encumbered with the
statistical errors from counting and recounting of a single sample.

-Applied to routine counting of a great number of samples, the method has the
advantage that, once the quenching curve is determined, only one counting
operation 1s necessary for each sample.
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PHOSPHORESCENCE

When the counting vial is exposed to light, it may become photoactivated,
which will give rise to a high counting rate if it is counted immediately in the
liquid scintillation counter. If the sample is kept in the darkened refrigerator for
approximately one hour before being counted, the counting rate will return to
normal background level. Vials containing Hyamine and scintillation solution
give spuriously-high counting rate before being cooled. This phenomen has
been reported by VauGHAN et al. [8] and is thought to be a thermal-activated
chemiluminescence effect. However, a two-hour cooling time of the sample before
counting is sufficient to yield a normal background level.

Another source of spurious counts seems to be of more importance for the
counting of tritium in tissue samples. HERBERG [9] has reported that non-radio-
active proteins in Hyamine solution may cause a high counting rate. The same
effect was observed during this work and was found to be most marked in
samples of blood and blood-containing tissues. This is most likely a chemi-
luminescence effect since, once the non-active samples are brought -back to a
normal background level, the same effect is not restored even if samples are kept
in the daylight for days. This chemiluminescence has two components, one with
a half-life of 3—4 min and another with a half-life of 6—7 h.

The first component has the higher counting rate, in the order of ten thousand
cpm, while the second component has a counting rate of only a few hundred cpm.

The second component, however, can be a serious source of error, especially
for the counting of samples of low activity. HerserG [1] has also reported that
acidification of the sample before counting will eliminate this phosphorescence.

Unfortunately, this acidification also may cause phase separation in the sample,
especially when the wet tissue is dissolved directly. When the samples are cooled
to -20°C this is almost always the case. It was therefore found impracticable to
use acidification of the sample before counting.

SUSPENSION COUNTING

If the sample cannot be dissolved in the scintillator or in any mixture of
solvents, it may be possible to count the sample in a suspension. Suspension
counting was first reported by Haves [10] and by Wurre [11].

The suspension-counting technique has been used successfully for the counting
of carbon-14 and other low-energy beta emitters. Tritiun, however, emits beta
particles of a far shorter range (maximum range, about 6 u in a medium of unit
density), and the problem of self-absorption therefore becomes the main difficulty
in the suspension counting of tritium.

Bone samples are insoluble in the Hyamine; the possibility of counting these
samples in a suspension was therefore investigated. The dried samples were ground
to a fine powder and passed through a standard sieve (200 mesh) for selection of
particles of constant size in an attempt to obtain a constant self-absorption factor.

A finely divided silicon dioxide (Aerosil) was used as the suspending agent;
Aerosil combined with toluene gives a gel which possesses excellent supporting
strength for solid particles. Samples are prepared for counting by addition of the
gel to the glass bottles containing the pre-weighed samples. Samples prepared this
way are stable for weeks without showing any settling of the fine particles.

Bone samples labelled with tritiated thymidine were counted in suspension with
an efficiency of 69%.

21
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Concentrations from 1—20 mg per 20 ml of gel showed no quenching effect,
and the results were reproducible.

SENSITIVITY OF THE COUNTING METHOD

The real limitation in the sensitivity for liquid scintillation counting is the
large number of background pulses arising in the counter itself.

For work with a single phototube liquid scintillation counter, the only possible
way to reduce this background is to operate the counter at a low temperature.
During this work the counter was kept at a temperature of -20°C; in this way
it was possible to reduce the background to 12 # 2 cps. When the counter was
continously operated during a working day, the background increased to 15+ 3 cps.
For low-activity measurement it was therefore necessary to include frequent
counting of the background. For coloured solutions the background is also
quenched to someé degree, this has to be compensated for in the measurement of
low-activity samples.

If a counting rate of approximately half of the background, on the average
6 cps, is considered as the detection limit, the limit of sensitivity for unquenched
samples will be 1073 puc tritium per sample. Due to quenching effect in the tissue
sample, it will be a sample weight giving optimum counting rate for that partic-
ular sample.

When the counting efficiency decreases as an exponential function of sample
concentration, as previously shown, the following relationship has been established
by Penc [5, 6]:

C=C, . xe u ®

where Cy is the specific counting rate of the compound (zero quenching), u is the
quenching constant and x is the sample concentration. This equation has a
maximum value for C when x = 1/y, then:

Co

Cmax = E @

Table III shows the sample concentrations and gives optimum counting rate

TasLe III

OPTIMUM SAMPLE WEIGHT, COUNTING EFFICIENCY AND LIMIT OF
SENSITIVITY FOR TRITIUM COUNTING IN TISSUES

: . Counting . .
. Optimum weight p Limit of sensitivity
Tissue (r[;g wet tissue) efﬁ%lency (nc/mg)
(%)
Testis 195 5.2 1.6 - 10-5
Intestine 145 4.9 2.8 - 10-5
Muscle 110 5.0 3.0.10-5
Liver 100 4.5 3.5-10-¢
Spleen 100 4.5 3.5-10-%
Blood 25 4.3 1.5-10-°

for some of the tissues investigated It also shows the corrected counting ef-
ficiencies at these sample concentrations, together with the calculated sensitivity of
the counting method for these tissues. :
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Conclusion

The liquid scintillation counting of whole animal tissue is particularly useful
for the assay of a large number of samples. The sensitivity achieved with a single
phototube liquid scintillation counter seems to be sufficient for many applications.
This method has been used in the study of the metabolic fate of tritium-labelled
thymidine incorporated into DNA of various tissues in mice. A dose of approx-
imately 1 pc tritium per gram body weight was injected, and the activity could
be followed for a period of one month.
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DISCUSSION XX

R. Lloyd (United Kingdom): I would like to point out that if the speaker
wishes to use the 0X 7 optical filter for reducing chemiluminescence from her
samples, she will have to change the composition of her scintillator. This filter
is designed specifically for use with p-terphenyl in toluene and its use with PPO
and POPOP would so seriously reduce the counting efficiency that the system
would be almost unusable.

B. Gordon (United States of America): Besides absorbing light, there are other
ways in which solutes will quench. Certain clear solvents, such as alcohols or
aldehydes, may actually interfere with the energy transfer between the scintillat-
ing solvents and the phosphor. The use of the extinction coefficient to correct
for quenching is applicable only when the photons emitted by the phosphors are
absorbed. When the quencher interferes with the energy transfer between the
solvent and the phosphor, .the solution may of course be entirely clear but
strongly quenched. One must therefore be careful to determine by which
mechanism the quencher acts before choosing the method to correct for
quenching.

K. Halvorsen (Norway): Yes, I am fully aware of that. My only purpose was
to show the specific applications for the counting of the tissue sample in those
cases where the colour intensity of the sample really appears to be causing most
of the quenching.
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Abstract — Résumé — Anmoramusi — Resumen

A low-level Geiger-counter for tritium. A cylindrical counter tube of volume 111 was con-
structed which contains a numbet of anticoincidence wires sutrounding a 2.9 1 eflective-volume
centre-counter. The centre counter is separated ffom the anticoincidence section by a thin aluminized
Hostaphan foil. Details of the construction are given. The counter filling gas consists of 30 mm
ethylene, 40 mm argon and up to 700 mm sample hydrogen. An external quenching circuit with
a 7 msec dead time effectively eliminates after-pulses. In 2 30 cm iron shield, the counting rates
of the centre counter with dead hydrogen gas are 350 counts/min without and about 3 counts/min
with the anticoincidence circuit in operation. If it is assumed that 1 count/min above background
is significant, a T/H ratio of as low as 10~% can be measured without isotope enrichment. Experi-
ments are in progress to check the longtime stability of the arrangement.

Compteur Geiger a faible mouvement propre pour le tritium. Les auteurs ont monté un
tube compteur cylindrique d’un volume de 11 litres qui contient un certain nombre de conducteuts
d’anticoincidence entourant un compteur central d’un volume réel de 2,9 litres. Ce compteur central
est séparé de la zone d’anticoincidence par une feuille mince d’«Hostaphany recouverte d’aluminium.
Les auteuts donnent des détails sut le montage de P'appareil. e mélange gazeux remplissant le
compteur se compose d’éthylene (30 mm), d’argon (40 mm) et de Péchantillon d’hydrogeéne (jusqu’ 2
700 mm). Un circuit coupeur externe ayant un temps mort de 7 ms élimine efficacement les impul-
sions retardées. Avec une protection de fer de 30 ¢m, les taux de comptage du compteur central,
rempli d’hydrogéne inerte, sont de 350 coups pat minute et d’environ 3 coups pat minute, selon
que le circuit d’anticoincidence fonctionne ou non. $i 'on suppose qu’un coup par minute au-dessus
du bruit de fond est significatif, on peut mesurer des rapports T/H jusqu’ 4 10~° sans avoir a procéder
4 un enrichissement. On effectue actuellement des expériences pour contrdler la stabilité 2 long
terme du systéme.

CueTqnk reiirepa ¢ HUSKAM YPOBHeM JAA TPHTHsA. DHla CKOHCTPYyMpPOBAaHA IMIIMH-
apuieckasa TpyGxa ¢ o6vemMoM B 11 IUTPOB, KOTOPAA CONEPIHUT PAJ NMPOBOZOB AHTH-
COBIIaJIEHMsA, OXBATHIBAWIUX LEHTPANBLHYI0 4aCTh CYETYMKA eMKOCThI B 2,9 mnurpa.
IleaTpanbHaA 4acCTh CYETYMKA OTHENEHA OT CeKIMN AQHTHCOBOAJICHHA TOHKOW aMIOMUHU-
popannoii Tocradanosoit Qoaproit. IIpuBogATCA TNOAPOGHBIE JAHHHE KOHCTPYHKIUU.
I'as n1a HaOTHEHUA CUETUMKA COCTOMUT U3 30 torr aTmaena, 40 torr aproxa # Ko 700 torr
00pasua BOgOpona. BHemnAA nenb ralleHNsA ¢ MEPTBHIM BpeMEHEM B 7 MCEK. YCIIenIHo
YCTpaHAET NOCHeRYIOIUe UMIYIbCH. B 30 cM xenesHOM 3KpaHe CKOPOCTB OTYeTa
NEHTPANBHOH 4YACTH CUETYHKA C «MEPTBHIM» BOTOPONHEIM Ta30M COCTaBIAET 350
OTCUETOB B MHHYTY 0e3 Lens aHTHCOBNAAEHNA U OKOJO 3 OTCYETOB B MHUHYTY C IENbIO
aHTHCOBNANEHNA. Kcau MpenmonoxuTs, 4To 1 0TCYeT B MUHYTY BHIE (OHA ABIACTCA
BHAYUTENBHEIM, TO 8/e TaK0e HU3KOe cooTHOmEeHue T/H Kak 10716 MOXKHO U3MepUTH
Ges oboramenua n30TomoB. BepyTcs sCIepHMeHTH IO NMpOBEPKe paBoTHL yeTpoiicTra
Ha HNPOAOIEUTEIbHOCTh BpPeMeHH.

Contador Geiger de baja actividad de fondo para tritio. Los autores construyeron un tubo
contador cilindrico de 111 que contiene una setie de conductores de anticoincidencia en totno a un
contador central de 2,91 de volumen efectivo. La seccion de anticoincidencia esti separada del
contador central pot una delgada hoja de Hostaphan aluminizada. En el trabajo figura una serie
de detalles constructivos. El gas que llena el contador consiste en una mezcla de etileno a 30 mm,
de argdén a 40 mm y la muestra de hidrégeno hasta 700 mm. Un circuito de extincién externo, cuyo
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tiempo muerto es de 7 ms, elimina eficazmente todos los impulsos demorados. Con un blindaje
de hierro de 30 cm, el indice de recuento del contador central con hidrégeno gaseoso inerte es de
350 impulsos/min cuando el citcuito de anticoincidencia no funciona y de unos 3 impulsos/min
en el caso contrario. Suponiendo que un valor de 1 impulso/min por encima de la actividad de fondo
sea significativo, resulta posible medir razones T/H muy pequefias, hasta 10-1¢, sin necesidad de
proceder a un enriquecimiento isotopico. Se siguen realizando experimentos para verificar la esta-
bilidad a largo plazo del dispositivo.

Introduction

Three methods have been used successfully to detect tritium in low-level quan-
tities: gas counting in the Geiger region, gas counting in the proportional region,
and liquid scintillation counting. Of these, the gas counting methods have the
advantage of high detection efficiency but the disadvantage of restriction to small
sample sizes. Thus, enrichment procedures have been employed to bring the
counting rate above the detection limit resulting from the background counting
rate and its uncertainties. However, in the enrichment process a new uncertainty
is encountered resulting from the poorly-known enrichment factor.

In order to reduce the necessity of enriching the sample or to avoid it altogether,
a large counter of low background is required which will ‘operate at reasonably
high hydrogen gas pressures. For reliability reasons it is felt desirable that the
counter should operate in the Geiger region.

Construction of the counter

The construction is similar to the one proposed by HouTermans et al. [1] (see
Fig. 1). The total volume-of the counter is about 111. The outside mantle consists
of a brass cylinder closed on one end and flanged on the other where the front
cover (1) is attached and tightened by means of a rubber ring and 12 screws. A
somewhat smaller second brass cylinder (2) is cut into three pieces parallel to the axis,
and the three pieces screwed separately to the front cover. Inside the second cylinder
the supporting rings for the anticoincidnece wires (3) and the foil (4) are mounted.
In this way, all parts of the counter are accessible and the foil as well as the anti-
coincidence wires can easily be assembled. Insulation of the wires is achieved by
“Teflon” spacers (5) between the supporting rmgs and their mounts. The anticoin-
cidence wires are kept under tension by a spring arrangement (6) by means of
which one of the supporting rings can be adjusted. In a similar way the foil can
be strained until all wrinkles have disappeared. Finally, the centre wire (7) is inserted
and kept under tension by a Y-shaped spring (8) at the back end of the counter.
A “Teflon” pearl (9) insulates it from the wire. On both ends, the centre wire is
led through a piece of copper capillary tubing (10) of about 40 mm length to
ascertain proper anticoincidence shielding at the ends of the active volume. The
wires are of 50 stainless steel. All dust particles have to be removed carefully
before operation of the counter. The anticoincidence wires are all connected in
parallel. Separate cables for the anticoincidence and the centre wire voltage are
led through the front cover plate by means of ceramic insulators. The mantle
is connected to ground potential.

The active “sample” volume between the ends of the capillary tubes and the
foil is 2.91. The counter is evacuated and filled with the same gas mixture both
in the anticoincidence and the centre volume. The filling consists of 30 mm ethy-
lene, 40 mm argon, and up to 700 mm Ha.
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Electronic circuit

The electronic circuit consists of two™ separate quenching units which are
triggered by pulses of 5V and generate a pulse which lowers the wire potential
by 150V, i.e. below the Geiger threshold, for an adjustable time interval in the

Fig. 1
Schematic diagram showing the counter construction. (1) Front cover plate; (2) second inside
cylinder; (3) anti-coincidence wires; (4) foil; (5) “Teflon” spacers; (6) spring atrrangement to keep
the anticoincidence wires under tension; (7) centre wire; (8) Y-shaped spring to keep the centre
wire under tension; (9) “Teflon” insulation peatl; (10) copper capillary tubes.

millisecond range. In this way, after-pulses are avoided. An anticoincidence unit
allows such centre wire counts only to be recorded which do not occur simultane-
ously with a count of the anticoincidence wires. To achieve exact operation, the
centre counts are delayed by 3 psec before entering the anticoincidence unit. The
counts in both channels and the anticoincidences are fed into scalers and recorded;
in addition the scaled-down pulses produce marks on 2 moving chart recorder to
test the reliability of the measurement.

Performance of the counter

Plateau curves were obtained (a) keeping the voltage of the centre wire constant
and varying the voltage of the anticoincidence wires (see Fig. 3), and (b) keeping
the voltage of the anticoincidence wires constant and varying the centre-wire
voltage (see Fig. 2). The plateaux are fair and show the insensitivity of the device
against high voltage drifts.

The counter is placed inside a 30 cm iron shield for the low-level measurements.
Fig. 4 shows a background test run which was taken with a filling of 30 mm
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ethylene, 40 mm argon, and 550 mm inactive tank hydrogen gas, the counter foil
being. of 8.9 mg/cm? Cu. The errors indicated are the statistical errors for one hour
of counting. The mean deviation of the single measurements results from statistical
fluctuations only. The average background counting rate is seen to be close to
4 counts/min. The variations of this counting rate from one filling to the other
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Plateau curves taken at a constant anticoincidence-wire potential of 2460 V. Filling mixture:
30 mm ethylene, 40 mm argon, 550 mm hydrogen gas. Foil: 10y Cu. Length of quench pulses:
centre-wire circuit 11.0 ms, anticoincidence-wire circuit 7.8 ms. Measurement outside iron shield.

and from day to day are less than I 0.2 counts/min. It is hoped to reduce this
figure in the future.

The background counting rate depends markedly on the hydrogen gas partial
pressure as is seen on Fig. 5. This is probably due to interaction of y-rays and
neutrons with the hydrogen gas. Experiments to eliminate the neutron flux at the
position of the counter are planned. :
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Fig. 3 N
Plateau curves taken at a constant centre-wire potential of 2800 V. Filling mixture, foil, and quench
pulses as in Fig. 2.

Tests with different foils have resulted in an increase of counting rate with foil
thickness of roughly 1 count/min 8.9 mgcm—2 for Cu-foils. The ideal foil, how-
ever, is one which has a thickness only slightly larger than the range equivalent of
the most energetic tritium p-rays. A double-aluminized Hostaphan (Mylar) foil
of 20 u thickness has proved to fulfil this requirement, and a background counting
rate with 550 mm partial pressure of hydrogen gas as low as 2.4 counts/min can be
obtained.
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To evaluate the usefulness of such a counter and compare it with other equipment,
a figure of merit must be chosen which will contain the necessary information. One
possibility is to use the number of T.U.s in the sample which can be measured in
a given time interval ¢, to within a given statistical error p. This number, F; depends
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Fig. 4
Background test run. The anticoincidences are shown as a function of time fot two different fillings
of the counter. Filling mixture: 30 mm ethylene, 40 mm atgon, 550 mm inactive tank hydrogen gas.

on the background counting rate, its uncertainty, and the efficiency of the detection
device through the relation

5 .
sV EY (T.U). n

e = @

is the corresponding sample counting rate in counts/mm, b the background counting
rate in counts/min, A b its uncertainty in counts/min, % the efficiency of the detector,
and n the number of moles of Hy from which the radiation is counted. The numerical
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Variation of background counting rate with partial pressure of inactive tank hydrogen gas
L

factor 0.129 represents the number of disintegrations/min in 1 mole of hydrogen
gas with a concentration of 1 T.U.

Table I lists the F values obtained by different authors with different detectors.
In evaluating the darta, t;, was arbitrarily chosen to be 5h and p to be 5%,. It is
seen that the counter described in the present article compares favourably with the
other detection devices.
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TasLE 1
COMPARISON OF THE FACTORS OF MERIT F OBTAINED BY DIFFERENT
AUTHORS
b Ab 7 5 F Authot
Method (m”l (counts/ | (counts/ | (%) | (counts/ | (T.U.) Ref.
ole) N s "
min) min) min) .
Liquid 1.75 100.5 0 6.34 12.3 860 Hours and 2]
Scintill. KAUFMAN
Proport. |0.0041| 0.58 ~100| 175 3300 | Geissetal. | [3]
Counting
Counting |0.0166 5 920 3.0 1550 GONSIOR Gl
Geiger 0.0097 8 ~ 100 4.0 3200 KAUFrMAN [5]
Counting and LiBBY
Counting | 0.0023 1.50 ~ 100 2.25 7600 Brown and| [6]
GRUMITT
Counting | 0.040 2.25 0 94 25 530 OSTLUND 7]
Counting | 0.088 2.4 0.2 ~ 100 5.12 450 (this papet)
) (2.60) (230) .

Of course, the requirement that t; be 5h and p be 5%, can be loosened. If it is
assumed that ‘1 count/min above background is significant, it is possible to measure
with the counter tritium concentrations of about 80 T.U. without enriching the
tritium in the sample.
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DISCUSSION XXI

D. B. Smith (United Kingdom): I should like to ask whether this is the most
suitable method of detecting tritium in an enriched sample. Dr. Von Buttlar
utilizes a volume of 2.91 of gas but has to prepare 111, thereby reconcentrating
over three times as much water as he uses. Would not a slightly higher background
counter, utilizing all the gas prepared, provide a more efficient method of
counting?

H. Vor Buttlar (Federal Republic of Germany): I find that electrolysis procedures
involving an order of a few mulliliters are much more difficult than the conversion
of about 10 ml into hydrogen gas. I therefore believe that our method is better,
especially in the case of samples in which the level is not too low and which need
not be enriched by more than about a factor of 10. It is easier to take a water
sample from 100 ml down to 10.

A. Nir (Israel): The dependence of background on hydrogen pressure in Dr. Von
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Buttlar’s counter seems to be that which is characteristic for neutron scattermg
and capture, Has he tried to calculate the effect for this volume?

H. Von Buttlar: I have not done this yet because I do not know the neutron flux
in my laboratory. I am trying to see what can be accomplished by inserting boric
acid paraffin into the shielding. I have no idea as to the neutron effect on my
counting rate.

W. F. Libby (United States of America): I would like to ask Dr. Von Buttlar,
Prof. OUstlund and Mr. Bainbridge whether the efficiency of the counters they
have described has been tested by the use of standard tritium samples to see
whether the counters are 1009/y efficient, except for end and wall losses. It has
been my experience that the plateau slope can be good and yet the counter has
inefficiencies. "

H. Von Buttlar: We have tested our counter with a standard that is good only
within 5%, but within this error we have found no deviation. We are awaiting a
standard from the National Bureau of Standards which we shall use to repeat the
measurement.

H. G. Ustlund (Sweden): We have used the original solution which we bought
from the National Bureau of Standards as well as one obtained from the New
England Nuclear Corporation. On the basis of our measurements, the latter solu-
tion appears to have been standardized within 0.5%. of that of the National
Bureau of Standards. Considering only the cylindrical volume around the central
wire, the efficiency of our counter is 94.2%/, at least I think that is what it was
at the beginning. Allowing for reasonable end and wall effects, we arrive at some-
thing like 989/ efficiency. This value has remained constant for a little more than
2 years.

A. Bainbridge (New Zealand): Just before this Symposium, I had a letter from
Mr. B. J. O’Brien who was concerned over the fact that the sensitivity of his
mixture was only 61%/o of the physical volume of the counter. It has not yet been
determined whether a dilution error is involved, although it seems too large for
that, or whether the counter is really inefficient. The La Jolla counter has been

“checked against Prof. Libby’s standard and found to be within the expected range.
We also have used a carbon-14 ethane standard in our counter and the agreement
is satisfactory O’Brien’s problem still remains to be solved but, as far as I know,
it did not arise in the case of the original ethylene argon mixture that I was using
while I was in New Zealand. :
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Abstract — Résumé — AfpHOTAlMa — Resumen

A hydrogen gas counting system for natural tritium measurements. An appatatus in which
a water sample of about 1 g is reduced by magnesium to hydrogen and then fed directly to a 1-liter,
counting tube is described. The counting gas should contain 10 mm of propane in addition to 750 mm
of the sample hydrogen. In conjunction with electronic quenching, this counter works in the Geiger
tegion with excellent plateaux, reproducibility and long-range stability. With a heavy shielding
and anticoincidence technique, the background is 2.25 ¢cpm. Many present-day rains having tritium
molar fractions of T/H of the order of 6 X 10~15 or more might be measured without enrichment,
and in other cases the enrichment requirement is modest.

Ensemble de comptage 4 hydrogéne gazeux pour doser le tritium naturel. L’auteur décrit
un appareil dans lequel ’hydrogéne provenant de la réduction par le magnésium d’un échantillon
d’eau d’un gramme environ est amené directement dans un tube compteur d’un litre. Le gaz de
comptage doit contenir du propane 2 la pression de 10 mm de mercure ajouté a I’échantillon d’hydro-
géne (750 mm de mercure). Avec le coupage électronique, ce compteur fonctionne dans la région
de Geiget avec d’excellentes caractéristiques de palier, de reproductibilité, et de stabilité sur une
longue période. Lotsque I'appareil est muni d’une protection épaisse et d’un dispositif d’anticoinci-
dence, le bruit de fond est de 2,25 coups par minute. Il est possible de faire sans enrichissement
la détermination quantitative du tritium des eaux de pluie actuelles qui contiennent des fractions
molaires T/H de trititum de V'ordre de 6 - 10726 ou davantage; dans d’auttes cas, Ienrichissement
nécessaite est faible.

BojlopogHas ra3oBasi CYETHAS CHCTEM& A M3MePEHHii eCTeCTBEeHHOId TpPHTHIH.
OnucriBaercss mpuGop, B KoTopoM IpoGa BoAel BecOM B 1 rpaMM HpeBpaliaerca
¢ IOMOIOHI0O MATHHA B BOMOPON, KOTOPHII HEIOCPENCTBEHHO HAIPABIAETCHA B CUCTHYIO
TpyOKy eMKocThi0 1 auTp. I'as B cueTumie oieH cojeps;kaTh 10 MM mpomaHa B omoJ-
Henue X 750 MM BOZOpPOAHOMK mpoGpl. BMecTe ¢ 2IIEKTPOHHBIM ramleHUeM 3TOT CUETYUK
paGotaer B sone I'eiirepa ¢ OTIUYHBIMM I1J1ATO, BOCTIPOM3BOAUMOCTHIO ¥ KOJrOBpEeMeHHOIT
mocroanuoctho. [Ipn TsKeNo0l sKpaHUpPOBKe M TEXHHKE aHTHCOBHAjeHMit GOH paBeH
2,25 orcuetroB B MUHYTY. Ha ceronmAamunii fjeHb MHOTHE HOMAEBHIE OCATKU ¢ MOJApP-
apmu fgoaamu Tputua T/H nopaaxa 6 X 10-1¢ unam Gomee moryr GmiTh M3Mepennl Ges
oforaiieHud, a B APYrux ciaydasx Tpefyercs HesHaduTenbHOe oforauleHue.

Dispositivo de recuento de hidrégeno gaseoso para el anilisis de tritio natural. El autor
describe un aparato en el cual una muestra de agua del orden de 1 g se reduce, por accion del mag-
nesio, a hidrégeno que se introduce ditectamente en un tubo contador de 11 de capacidad. El gas
de recuento debe contener propaio a la presién de 10 mm de Hg, ademds de la muestra de hidrégeno
2 750 mm de Hg. Con un sistema de extincién electrédnica, este contador funciona en la region de
Geiger con excelentes caracteristicas de rellano, de reproductibilidad y de estabilidad a largo plazo.
Al utilizat un blindaje grueso y un procedimiento de anticoincidencias, la actividad de fondo es
de 2,25 inipulsos por minuto. El tritio de muchas aguas pluviales, que presentan fracciones molares
de T/H del orden de 6 X 107%¢ o superiores, podria determinarse cuantitativamente sin enrique-
cimiento previo o con sélo un entriquecimiento moderado.
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1. Introduction

The difficulties in making measurements of tritium in natural water are certainly
part of the reason why so few laboratories have done this kind of work. Most water
samples have to undergo enrichment in-order to reach a measurable specific activity.
Even then the obtained count rates from tritium are so low that background is a
serious problem, which necessitates the same use of heavy shielding and anticoinci-
dence techniques as is required in radiocarbon dating work. This paper will deal
exclusively with the counting equipment used at our laboratory, our enrichment
system being described in a separate paper [1].

Our work was first concentrated on making a counting system which could handle
.a large quantity of water and give high efficiency with a low and reliable back-
ground count rate for work in the Geiger region, since the primary ionizations
caused by tritium are very weak. Moreover, it should be ready for use immediately
after being filled and should be furnished with a chemical system, starting with
water yielding close to 100, without isotopic fractionation, and free from memory
effects. After several attempts with previously known counting methods and their
variations, we finally arrived at the system described below. The choice seems to us
to have most of the desirable qualifications.

2. Chemical apparatus

The chemistry involves the reduction of 1.1 ml of water to hydrogen by hot
magnesium. This hydrogen is then fed directly to the counter without the use of
any pumping devices. ’

A simplified scheme of the reduction and filling system is given in Fig. 1. Thirty

10 LOW VACUUM

[} [}
0 HIGH VACUUM . \
Pi
COUNTER
Hg MAN
C o]
Fig. 1
Simplified diagram of the chemical system.
Pi: Pirani gauge tube. Hg Man: Mercury manometer.

g of magnesium turnings (Grignard reagent) is charged in the wide part of the heat
resisting glass reduction tube B and kept in place by two loose quartz wool plugs.
The water sample is introduced into the small drop funnel A. During the warm-up
time of the furnace, the counting tube and the reduction system are pumped alter-
nately. The dust filter Gf is a fritted glass filter of the porosity grade 5 (pore dia-
meter about 1.2 ). This filter acts as an obstacle to obtaining good vacuum and is
therefore by-passed through stopcock S2 during pumping. When the automatically
regulated furnace has reached its equilibrium value of 590°C, the water trap C is
cooled by dry ice tricholoroethylene, the pumping is stopped, and the stopcock S2
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is closed. After a final pumping of the counter and checking that the vacuum is better
than 0.001 mm Hg, 10 mm of propane is introduced.” Water is now sucked into the
protruding part of the reduction tube dropwise, where it evaporates and the vapour
is reduced to hydrogen. This reaction is vigorous, and the water addition has to be
made carefully so that the temperature does not exceed 600 °C by more than a few
degrees. At higher temperatures the magnesium or its oxide reacts considerably with
the glass, and, furthermore, the softening point of the glass is reached. At tempera-
tures below about 570°C the reaction tends to be incomplete, with the resulting
danger of isotope fractionation.

When the hydrogen pressure exceeds 12 mm, the gas is led directly to the counting
tube through the freezing trap. By gentle heating with a flame on the protruding
part of the reduction tube the water is boiled off, drop by drop; and in about
30 minutes the pressure builds up easily to 760 mm Hg, after which the counter is
sealed off. At this moment no water, or only very little, should be left inside the
reduction tube, thus avoiding possible fractionation owing to the difference in vapour
pressures of HyO and HTO. Normally no trace of water appears in the cold trap.
The counter is ready for use immediately, no further mixing being necessary. The
magnesium is used only once; thus there is no danger of cross-contamination of
samples owing to memory effects here. The hot zone of each reduction tube will
hold for a few runs, after which the chamber B is replaced.

Tank hydrogen for background counting and “spiked” hydrogen for standardiza-
tion can be introduced at D. Otherwise a small ampoule can be attached here for
sampling of the hydrogen for mass-spectrometric deuterium measurement.

The total gas-filled volume of the entire system is 1420 ml. Taking into account
the different temperatures and partial pressures, this corresponds to 1.04 g of water.
The water quantity introduced into the vacuum system is 1.07-g, determined by
differential weighing. The chemical yield is thus 97 (% 29), and no chemical
fractionation is expected.

3. Counting tube and shielding

The counting tube, Fig. 2, is made from a copper tubing with an inner diameter
of 51 mm and wall thickness of 1.5 mm. The end-walls (T) are made of polytetra-

Fig. 2
Construction of the counting tube.

fluoro-ethene, clamped to the tube by means of brass rings (B), fastened by screws.
The anode is a 0.12 mm stainless steel wire (Sutur wire) with an unshielded length
of 476 mm. The gas inlet and anode support (G) is made of brass. If the active
counting volume is presumed to be a cylinder with the same length as the exposed
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part of the centre wire, this volume is 972 ml, corresponding to 0.711.g of water in
the form of hydrogen at 750 mm Hg and 25 °C.

The counter is surrounded, in turn, by 25 mm of pure lead [2], 18 cosmic ray
G-M counters of 1 m length and 9800 kg of iron. A layer of 250 kg paraffin wax,
containing 20 kg of boric acid, is sandwiched between the iron for the purpose
of trapping neutrons. '

4, Electronic equipment

The tritium counter is used with an electronic quenching circuit, Fig. 3, which
triggers at about 0.5 V negative pulse on the centre wire and provides a quenching
pulse of 180 V (square wave), with a duration depending on the megohm resistor Ry

6AU6 12AT7 6AU6 + 260V
¥ &P \P
6M k2 2.2M L
s.¢ 55 o00p a7 33k :
11} d " (2w) (2w)
>.
GM 5.6M 568Kk ol
TUBE 500p 200 'li,"zm’
—— ] ]
(10kV) R Lok  [|-=-
- 180V x :—j J
>
5: Ry 22k
e 4
0.05u
[ ]
- oo 0
-20V 0uT
< HTY 4
%33" 15k ==0uu
L Ry DEAD TIME
= Ry SENSITIVITY

Fig. 3
Diagram of the quenching circuit,

in the figure. The pulse length chosen is 1000 us. The pulses are also fed to an
anticoincidence unit, where they are differentiated and delayed 10 ps. The ring
of G-M counters is also quenched electronically for better stability and longer life-
time. The anticoincidence unit feeds three scalers, one for the ring counts, one for
total counts in the tritium counter and one for the net counts, i. e., the tritium plus
the residual background.

5. Counting characteristics

Several attempts have been made to count in pure hydrogen, with and without
external quenching, both at low gas amplification, in the proportional region, and
at high gas amplification, in the G-M region; but these experiments were not success-
ful. However, even very minute quantities of propane drastically improve the
behaviour of the hydrogen counter. Such mixtures have been used for some years
in tracer techniques by MeLaNDER [3] at total pressures below 100 mm Hg. We
found that this combination of external quenching and a few mm of propane gave
excellent performance at higher hydrogen pressures.
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A quench time of 1000 ps was chosen although any time longer than about 650 ps
was enough at 1 atm of hydrogen. The working voltage for Geiger counting at that
pressure is about 3400 V for 5 to 15 mm of propane, giving a 150 V plateau with
a slope of 2 to 39 per 100 volts. Both lower and higher propane pressures give
higher threshold, and propane pressures below 2 mm give itregular performance.

With 10 mm of propane the plateaux were equally good at any hydrogen pressure
from 250 to 800 mm Hg, the highest pressure tested.

6. Performance of the entire system

(a) BACKGROUND

The residual background count rate after anticoincidence is 2.25 cpm. This has
been measured repeatedly with seawater collected in 1947, between measurements
of unknown samples. The barometer coefficient is less than 0.003 cpm/mb. These
background count rates are normally reproducible within the statistical errors
(£ 0.05 for 20 hours of counting) if the counter is pumped for at least 14+ hours
after the preceding sample, which should not have exhibited more than a few
hundred cpm. After 2 “hot” sample, e. g. 300 cpm or more, the same treatment some-
times results in an extra background of up to 0.1% of the count rate of the preced-
ing sample. If the pumping time is increased to two one-hour periods with an
interim flushing with inactive hydrogen, the memory effect disappears completely.
Within a series of samples of low activity this problem is certainly not critical.

The average meson count rate (coincidences) is 144 cpm, subject to normal depen-
dence of barometric pressure and cosmic conditions.

(b) ABSOLUTE EFFICIENCY

The values of absolute disintegration rates in this work refer to a standard sample
of tritium water delivered by the New England Nuclear Corp., Ltd., Boston, Mass.,
with the designation “Standard Source NES — 37, which was stated to contain
tritium corresponding to 1.96 X 108 (£ 39/p) d min~* ml~* as of 6 February 1959.
According to our measurements, this water standard agrees to within less than
+ 0.5%p with the standard tritium water supplied by National Bureau of Standards,
Washington, D. C., with 1.33 X 104 (£ 1.5%) d sec™*ml~! as of 20 August 1954.
By dilution with inactive water, samples with known specific activity were perpared,
reduced and measured under anticoincidence. The counting characteristics for tritium,

TasLE 1
COUNTING EFFICIENCY

Run | Dead time corrected | Equivalent Disintegration 11'3“" Counting
Nl; count rate water quant. C m‘fl_l ml-") efficiency
) (cpm) ® measured calc’d (%)

51 3653 + 20 0.727* 5024 5341 941 4 0.3
147 2783 + 2.0 0.711 391.4 417.7 93.7 + 0.7
153 353.1 + 2.4 0.711 496.5 530.0 93.7 4- 0.7
200 2713 + 1.5 0.711 390.0 412.5 94.5 4 0.6
212 69.4 4 0.8 0:711 97.6 - 102.9 " 949+ 1.2

’ ‘ : Average 94.1

* Wire length 490 mm.
22
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checked at various tritium activities up to 3600 cpm, exhibited plateaux as good as,
or better than, the Co%® plateaux. The working point was chosen 65V above the
starting voltage.

In the calculations necessary dead time corrections arising from the various

blocking times of the anticoincidence and quenching circuits were taken into account.
" The results are reported in Table I. The efficiency figures were derived under the
assumption of cylindrical geometry (see above, p. 336) with a counting volume
corresponding to 0.711 g of water. For each value of efficiency the error given is
based on counting statistics only, the 3% uncertainty of the .standard itself not
being included. The average of 949/ efficiency is certainly reasonable, no correc-
tions having been made for end effects and other disturbances. Calculated on the
minimum required sample quantity of 1.1ml of water, the overall efficiency is
about 60%.

(¢) REPRODUCIBILITY AND LONG TIME STABILITY

In order to prove the reproducibility of the whole reduction and counting system,
all results on double checks made on tritiated water samples from 11 May to 15 July
1959 are recorded in Table II. Corrections have been made for background, filling

Tasre IT
DOUBLE CHECKS ON SAMPLES OF TRITIATED WATER

‘ ‘| Reduction 1
Water R Net count rate Difference
sample (filling) (cpm) (D 4 ep) Dlep
T11 2 T e ~ 01+ 1.20 —0.08
2 99.0 1 0.3
12 4i 996 i 0 + 0.6 4 0.77 +0.78
i oy =11 151126 Z 149
T8 e §2.4 i S — 044071 —0.56
TUE gz gzgigg — 124079 —152
T10E N 162 i h £ 1.6+ 24 +0.67
T19 - e i 2 17 4 1.63 — 1.04
T13 o o i i 1.0 4 163 ~0.61
T16E 09 ggg H i . 408433 +0.24
T17E e teea + o 1.3 4+ 1.94 +0.67
101 (52,5 £ 0.7)*
T16 111 "46.8 1 0.6 — 114078 — 141
134 457 105

* The ratio coincidence counts/ring counts was incorrect, indicating that something was
wrong with this filling.

pressure, temperature and radioactive decay between pairs of measurements, but not
for dead time loss. The uncertainties given are the theoretical root mean square
errors, derived from the numbers of collected counts only. A x2-analysis of the
values of (D/ep)? indicates that the experimental differences are those expected if
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no other important source of error is present. From this result, together with the
979 chemical yield, it can be concluded that the reduction does not involve any
measurable fractionation. '

7. Conclusion

The features of the described counting system make it possible to determine T/H
ratios in water down to 500 X 10—18 (500 T.U.), with a root mean square error of
+ 39, and at *+ 12 T.U. at lower T/H-ratios, in about 1 ml of water, with count-
ing periods of 1000 min. Since most rains are about 200 T.U. or lower and river
water of the order of 10 T.U., most samples of natural water have to be enriched
before counting. In comparison with that required in earlier work, however, the
necessary degree of enrichment is appreciably smaller.
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DISCUSSION XXI1I

B. Grinberg (France): Could Prof. Ostlund give us some information on the
origin of the low-level lead which he used in his installation, indicating the man-
ner in which he selected it and also its activity by comparison with that of ordinary
lead? Had he any special reasons for preferring magnesium to zinc for the de-
composition of water and did he find that the decomposition by magnesium was
fully reproducible? Was the device for low-level measurements installed in an
ordinary laboratory or in an underground one? In certain cases, the latter location
could give a considerable improvement in the background.

H. G. Ostlund (Sweden): In reply to the first question, concerning our lead, I
should mention first that we have been doing dating work with carbon-14 since
1954. We started by using triple distilled mercury in an iron tank but this is rather
an expensive counting arrangement. When we were building our tritium counter,
we succeeded in getting hold of some old lead from a church roof which had been
laid in 1708. Although we had quite a lot of this lead at the start, unfortunately,
most of it was later stolen. In our search for good, non-radioactive lead, we then
turned to certain mining people in Sweden who made available two samples from
the Laisvall mine in southern Lapland. These samples were designated Laisvall A
and Laisvall B. We compared them with our church lead and with a piece of
ordinary lead. With a thin wall counter, we got values of the order of 8 counts/
min for the ordinary lead, 7 counts/min for the church lead, 7.5 counts/min for
the Laisvall B lead and 6—6.5 counts/min for the Laisvall A lead. Thus, the Lais-
vall A type seemed to be slightly better than the old church lead which, in turn,
was slightly better than ordinary lead. These measurements were very rough. We
had to prepare the counter rather quickly and these were the only samples we

22*
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measured at that time. We have used this Laisvall lead for the tritium counter and
for another carbon-14 counter which is being delivered from Stockholm to Miami,
where I am at present setting up a carbon-14 laboratory station, and it is still
giving the same good performance. We are going to buy a new lot of it in six
months’ time, for use in other carbon-14 counters, and I hope we will get the
same quality again, but one can never be sure.

The second question is much easier to answer. There were two things which
we did not like about zinc: first, we had some difficulty in, so to speak, starting
the reaction with it (whether this was due to clumsiness on our part or to some
other factor I do not know); and, secondly, once we got the reaction started, there
was the problem of the zinc evaporating out into the vacuum system. We
decided to try magnesium and it worked beautifully, just as we expected. We
change the magnesium between every run, so that there is no danger of memory
effects. The yield of this reaction has been tested several times — in so far as this
is feasible — by weighing in water and by calculating on the basis of the volume
and temperatures of the gas systems, and we always came very close to 1009, or
at least to within 3%/ of this figure.

In reply to the third question: our laboratory is located on the ground floor of a
large building. Above the laboratory there are additional floors of rather thin
concrete. For some years, we also had the same apparatus on the ground floor
of another building, with only one floor above the laboratory. The background
for our carbon-14 counter was the same in both buildings. I would say this is a
fairly normal location for a laboratory in which the floors have to bear a weight
of about 10t. I am quite sure that the background would improve considerably
if we went down into the ground.

B. Grinberg: All the measurements we have been hearing about since yesterday,
whether with liquid scintillators or with gas counters, pre-suppose previous stan-
dardization; this latter was always based on the National Bureau of Standards
(NBS) standard which dates from 1954 and was measured calorimetrically. Even
assuming this standard to be accurate to within 2——3%p when it was made, the
present values are vitiated by an additional error resulting from our lack of
precise knowledge about the tritium half-life. As so many laboratories are doing
tritium research, I wonder whether the National Bureau of Standards or some
other laboratory should not prepare a new standard so as to eliminate this inevitable
error connected with the half-life. If so, and it could be prepared during the coming
year, and in view of the activities which appear to interest the participants here, the
standard might have a weaker specific activity than the weakest 1954 standard
which, as I recall, was 1.33 X 10¢ disintegrations/sec/ml.

W. F. leby (United States of America): I think it would be a good idea to
have a new tritium standard calibrated and also to have it in a variety of dilutions.
1 believe that the National Bureau of Standards would be pleased to prepare them
if this Symposium asked it to do so. I would suggest that we do ask, and then we
could perhaps ask the Agency to help distribute them.

D. Lal (India): Could Prof. Ostlund indicate the background counting rate of
his system with and without the paraffin plus boric acid cover on the counter?

H. G. Ostlund: I am afraid I cannot, but it seems to me that the paraffin-boric
acid layer does have some effect on the background of the tritium counter. When
we built the counter we did not intend to make an extensive study of all its
parameters and of its anticoincidence behaviour, etc. On the other hand, two
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substantial flares which occurred on 12 and 15 November 1960, respectively,
resulted in a considerable increase in the cosmic neutron rate at certain hours.
We have no findings for the first flare because the sample we had in the counter
at the time contained too much activity for us to be able to observe anything -
unusual. In the case of the second flare, the overnight count (which was a back-
ground count) did not indicate any extra activity as far as the tritium counter
was concerned but we did have an appreciable extra count rate in our carbon-14
counter at 3 atm CQs. The latter counter is not well shielded from cosmic neutrons.

F. Begemann (Federal Republic of Germany): I have one additional comment
on the question of the quality of the NBS standard. I think that there is no
cause for concern with respect to the physical constants involved in these cal-
culations, 1. e., the half-life and the average energy of the tritium. The average
energy of the tritium decay has been redetermined only recently and found to
agree to within 0.5%0 of the figure used by the NBS in 1954 to calculate the
activity. I believe that the figure for the half-life has not been changed by more
than 0.5—1.0%. Of course, these remarks apply only to the physical constants
which enter into the calculation — there might also have been mistakes in the
1954 measurements themselves.
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Abstract — Résumé — ApHoTamusa — Resumen

The measutement of natural tritium levels in Geiger counters. A method for the counting
of tritium in a 300 ml gas counter with internal quenching gases is described. Originally a system
with ethylene-argon as a quenching gas was used in conjunction with an anticoincidence ring.. The
anticoincidence count-rate plateau characteristics wete unsatisfactory at low count frates because
of unsatisfactory quenching, and a search was made for more efficient quenching gases. The source
of the background count-rate plateau slope is discussed, and the properties required of a suitable
quenching gas for hydrogen counting are given. Results of a study made of the counting charactet-
istics of hydrogen quenched with benzene, ethyl-bromide, ethyl-ether, isopropyl amine, hexane,
ethylamine and isoprene are given. Ethylamine and ether in particular gave very satisfactory quenching
charactetistics. A counting system with a counter filled with 40 cm of hydrogen and quenched
with ethylamine is described. The background rate is 3 cpm with 2 comparatively flat background
plateau.

Détermination quantitative du tritium naturel par compteurs Geiger. L’autcur décrit une
méthode de dosage du ttitium au moyen d'un compteur de 300 ml dans lequel on utilise des gaz
de coupage internes. Il avait tout d’abord utilisé, comme gaz de coupage, un mélange d’éthyléne
et d’argon avec un anneau d’anticoincidence. Mais pout les taux de comptage faibles, les caracté-
ristiques du palier, avec un montage en anticoincidence, n’étaient pas satisfaisantes en raison de
Yinsuffisance du coupage, et Vauteur a cherché un mélange plus efficace. 11 analyse 1a cause de la
pente du palier de la courbe du bruit de fond et énumere les propriétés que devrait présenter un
gaz de coupage efficace pour le comptage de I’hydrogene. 11 donne ensuite les tésultats obtenus,
au point de vue des caractéristiques du comptage de I’hydrogene, avec les substances de coupage
suivantes: benzéne, bromure d’éthyle, éther éthylique, isopropylamine, hexane, éthylamine et isopréne.
Avec Déthylamine et Iéther éthylique, les caractéristiques de coupage sont particuliérement satis-
faisantes. L’auteur décrit un dispositif de comptage qui comprend un compteur rempli d’hydrogéne
4 la pression de 40 cm de mercure, la substance de coupage utilisée étant 1’éthylamine. Le bruit
de fond est de 3 cpm, et la pente du palier cortespondant relativement faible.

U3snmepenue ypopHeii ecrecTReHEOT0 TpUTH B cyerynkax I'eiirepa. Jaercsa onucanue
MeTona moficuera TpuTud B 300MI raz0BOM CUETUNKE C MCIOJIL30BAHMEM Ta30B A
ramenus. Ilepsonavanbro Osna NMPUMeHEHA CHCTEMA C KOJbLIOM HECOBIIANEHHMN IIpU
HCII0AB30BAHNH a'mneﬂ-aprona B KAY€CTBE Ta3a AJA rameHunus. HOJIOI‘aH YacTh Xapak-
TEPHCTUKHU CKOPOCTH OTCYETA HECOBIAJEeHMIt ORIIa Hey[0BIETBOPHTEIbHON IIPH HUBKUX
CKODOCTAX CYeTa, 4To O0BACHAETCA INIOXMM TalleHUeM, & I0ITOMY Oblim HpPOBENEHH
TONCKH Ta3oB ¢ Goixee shderTUBHEIM TamedneM. PaccMATPMBAETCA HAKOHI NMONOTOM
4acTH XAaPAaKTEePHCTHKH CKOPOCTH 0TCYeTa UcToyHMKa PoHA, a Takie yKA3BIBAOTCH
Heo0XOMMMEIe CBOCTBA MONXOMAINETO IacAllero rasa A oTcyera Bomopopa. ITpuso-
TATCA PE3ynbTaThl U3YYEHUs XapAKTEeDPUCTHK IIOficYeTa BOJOPOMA, KOTOpPHIM TacuTcH
¢ noMousio 6eH30qa, 6pOMICTOro BTUIA, IPOCTOTO ATHAOBOTO 3QUPA, U3ONPOMMUIOBOTO
aMMHa, FeKCaHa, STHI-aMMHA M H30IpeHA. B wacTHocTH, THI-aMHH u adup Aawor
BecbMa Y[ OBJIETBOPUTEJbLHHE TacAIUe XapaxkTepucTUKU. COJNEPHUTCA OMUCAHUE
CYeTHOW CHCTEMB, MCHONL3YIOIlel CYeTYHK, HANOJAHEHHBIH 70 40 cM BOXOPOmOM M
racumbit arui-amusoM. Hoaddunmenr ¢ona cocraBiser 3 orcyera B MUHYTY HpHn
CPABHUTENBLHO ILUIOCKOM (OHe ITOJOTOH YACTH XAPAKTEPUCTHKMU.
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Medicién de concentraciones naturales de tritio mediante contadotes Geiger. El autor
desctibe un método de analisis de tritio en un contador de 300 ml que funciona con atreglo al ptin-
cipio de la extincién interna por medio de gases. Originariamente se aplicé un sistema basado en
el empleo de una mezcla de etileno y argdén como gas extintor, en combinacién con un anillo de
anticoincidencias. Ahora bien, las caracteristicas del rellano de la curva de recuento al emplear un
circujto de anticoincidencias no resultaban satisfactorias cuando el nimero de impulsos era reducido,
debido a una extincién deficiente, y por tal motivo se traté de encontrar una mezcla gaseosa mis
eficaz. El autor estudia la causa de la pendiente del rellano de la cuzva del recuento de fondo y enumera
las propiedades que debe reunir un gas extintor adecuado para el recuento del hidrégeno. Detalla
los tesultados de un estudio de las caracteristicas de tecuento del hidrégeno usando como sustancias
extintoras el benceno, el bromuro de etilo, el éter etilico, la isopropil amina, el hexano, la etilamina
v el isopteno. Se comprobé que la etilamina y el éter etilico, en particular, presentan caracteristicas
de extincién muy satisfactorias. El autor describe un sistema de recuento basado en el empleo de
un contadot que se rellena con hidrégeno a la presién de 40 cm de Hg y en el cual se usa etilamina
para la extincién. La actividad de fondo asciende a 3 impulsos por minuto, siendo relativamente
débil la pendiente del rellano de la curva correspondiente.

1. Introduction

For some two years we have been making routine measurements of the tritium
content of natural water samples collected in and about New Zealand. The samples,
varying from 5 to 151 in volume, are enriched in tritium by electrolytical reduc-
tion to a volume of about 0.5 ml in an electrolysis plant developed by A. E. Bain-
bridge. The samples are converted to hydrogen over zinc at 400 °C. Since New
Zealand is completely surrounded by oceanic waters, the natural tritium levels
are relatively low. Also in the southern hemisphere thermonuclear weapon tests
have caused a much smaller tritium fallout than have such tests in the northern
hemisphere. Therefore, even after an enrichment of more than a thousand times,
most samples contain activities of the order of 10 dpm or less.

In the counting equipment originally used at this laboratory, Geiger-Miiller
counters filled with hydrogen and quenched with a mixture of ethylene and
argon, as used by Kaurman and Lieey [1], were used. It was found that many
samples, particularly those of geothermal origin, gave count rates lower than
background.

An investigation into variations of the background counting rate was made,
and it was found that some variation was caused by the large slope of the back-
ground count-rate plateau.- This high-plateau slope was largely due to inefficient
quenching. v

This paper describes the results of an investigation to find quenching agents
that would give more satisfactory quenching.

2. Counting equipment

The construction of counters No. 4 and 5, now used for counting the hydrogen
samples, is shown in Fig. 1. The counter has a copper cathode (1) of diameter
1.5in and thickness 1/16 in. The tungsten anode (2) is 0.004 in in diameter and is
supported by the glass insulators (3).

The use of the polythene diaphragm valve (4), supplied by Metropolitan-Vickers
Ltd., obviates the use of grease; and the kovar joint (5) connects the counter to
a glass-ball socket, used on the vacuum system during filling. The preamplifier lead
is attached to the electrical socket (6). '
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The prototype counters (No. 1 and 2) were basically similar to No. 4 and 5
except that they had removable ends, held on with black wax, and a glass tap.

The basic counting circuit is shown in Fig. 2. The counters are placed inside an
anticoincidence ring, which itself is situated inside an 8 in thick iron shield. There
are two complete circuits and normally two counters, filled with the same or
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Fig. 1
Geiger counter No. 4,

different samples, are counted at the same time. The anticoincidence ring reduces
the background rate from about 90 cpm to 2.7 cpm in the case of counters 4 and 5.
The basic circuit is quite straightforward except perhaps for the correction voltage
unit. This circuit, which was developed at this laboratory some years ago by
G. ]. Fergusson, enables a Geiger-Miiller counter to be operated with a fixed-pulse-
height output, independent of filling pressures, temperature and E.H.T. variations.
The operation of the circuit is as follows: ’

If pulses greater in size than a certain discriminator setting enter the discrim-
inator, they trigger a univibrator, the pulse from which charges a condenser in the

RING
QUENCH UNIT
] RING
RING | | SCALER
COUNTERS,
7 | EHIT. I
suppLY

COINCIDENCE
SCALER

PRE- DISCRIM~ —‘:I
O AMPLIFIER ‘IINATOR SORTER v

SCALER

CORRECTION
VOLTAGE UNIT

Fig, 2
Basic counting circuit.

grid circuit of a cathode follower. This charge raises the cathode potential; and,
since this is connected to the cathode of the counter through a low-pass filter, the
counter anode-cathode voltage drop is reduced. This in turn reduces the pulse height
from the counters. The condenser circuit has a discharge time constant of about
10 min, so in practice the pulse height is kept at a steady level. The unit ensures
the counter’s operation at a fixed voltage above the knee of its plateau, irrespective
of EH.T. and pressure variations. Thus, it is unnecessary to make careful E.H.T.
settings or to know the plateau characteristics when the counting tubes are filled
at various pressures.
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3. Gas quenching and background count rate

The anticoincidence background count rates for counters 1 and 2 are plotted in
Fig.3 — solid curves — against the discriminator pulse-height settings. The figures
by the curves refer to the pressure of the “K” gas and hydrogen respectively in

5/55 =5cm K GAS +55cm Hy

A/C BACKGROUND counts/min

°r
2 ! 4 1 1 L
20 30 40 50 60
PULSE HEIGHT VOLTS
Fig. 3

Section of plateaux for counter.

cm of Hg. The “K” gas was composed of a mixture of four parts of ethylene and
six parts of Argon. The E.H.T. changed with pulse-height setting by an amount
roughly equal to double the change in pulse-height setting. Although an increase
in the amount of “K” gas above 25% reduced the background slope slightly, there
was no great improvement. When the pulses were inspected with the aid of an
oscilloscope, it was found that large numbers of multiple pulses were always
present. WoOLFGANG and Lissy [2] found that hydrogen quenched with an ethylene-
argon mixture gave large plateau slopes, especially for counting at high pressures.
Brown et al. [3] found they had to use an external quench unit to obtain good
plateaux for the counting of hydrogen at high pressures.

One of the causes of a finite plateau slope is the formation of spurious pulses
due to insufficient quenching of positive ions and also the presence of metastable
atoms. . :

Curran and Rae [4] have shown that spurious pulses can often amount to
quite a large percentage of the count rate; and Franeau et al. [5] have shown
that the number of spurious pulses formed increases linearly with the overvoltage —
that is, the operating voltage minus the threshold voltage.
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The effect of spurious pulses on counting rates is greatly increased when an
anticoincidence ring is used to shield the counter from cosmic-ray mesons, etc.
Consider, for instance, a counter which, when placed inside an anticoincidence ring,
gives a total count rate of 100 cpm and a true anticoincidence count rate of 4 cpm.
Suppose then that 29/6 of the pulses give rise to spurious pulses which are delayed
longer than the paralysis time in the counting circuit. The anticoincidence count
rate would be increased from 4 cpm to 6 cpm, an increase of 50%b.

The reduction of spurious counts to a minimum is therefore most important in
low count-rate anticoincidence shielded counters. The number of spurious counts
can be kept to a minimum by:

{(a) the use of efficient quenching gas;

(b) operation at a point relatively low down on the plateau, compatible with
constant pulse height;

(c) the use of a long paralysis time in the counting circuit (in low count-rate work
this is no disadvantage); and

(d) the use of a fast external quenching circuit.

4. The characteristics of different quenching gases

Table I shows the results of tests carried out on a number of possible quenching
gases. A good quenching gas needs to have an ionization potential below that of
the primary gas and below any metastable levels of the primary gas. The prop-
erties of various counting gases have been published by SmarPeE and TayLor [6]
and Brown [7], and their data was used as a guide in the selection of possible
quenching agents. The gases tested represent compounds that seemed suitable and
were also available. Since for adequate quenching something like 10—20% of a
quenching gas is needed in a counting mixture, only those compounds with a rel-
atively high vapour pressure were selected, because we are interested in counting
at pressures of 40 cm of Hg or greater. For this reason we did not initially test
toluene; but, after reading how successfully it was used by Cameron and PUCKETT
[8], we carried out some tests on it, and the results are included in Table I for
comparison. ‘

The procedure adopted was to fill two counters, each with a different quenching
gas plus hydrogen and, in some cases, argon. The counters were then coupled to
their counting circuits at the same pulse-height setting in both cases. The pulses
were then in turn examined visually on an oscilloscope, the inspection being made
at a number of points on the plateau by variation of the pulse-height setting.

In cases where the number of spurious pulses was large or the quenching action
definitely inferior no further tests were made. Those quenching gases which on
visual inspection seemed suitable were further tested for suitable plateau slopes and
background count rates.

It can be seen from Table I that measurements were made with and without
argon present in the counting gas mixture. Argon was found to have little effect,
except to increase the operating potential by its presence. Therefore, argon-free
mixtures were used in the later work.

The ionization potentials shown in Table I were taken from the recent, very
extensive compilation made by Kiser [9]. It can be seen that, on the whole, the
compounds with the lower ionization potentials give the better quenching. Kiser’s
table shows that the methyl and ethyl secondary and tertiary amines and also some
of the hydrazines have ionization potentials down to 7.5 eV. Since these compounds
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also have suitable vapour pressures at room temperature, they may have better
quenching properties than do ethylamine or toluene.

TABLE Ib
CHARACTERISTICS OF QUENCHING GASES

Filling
ptessutes —
Compound Quencher/Argon
H,
(ecm of Hg)

Benzene 6-10—40 The quenching looked quite good on the oscilloscope.

4-10-40 The background rate for counter No. 1 was 3.8 at a

* Ionization- 7-7-38 pulse-height setting of 40 V.

Potential = 7-10-36
= 93eV 5-0-40
Ethylbromide 6-10-38 This gave muchreduced counting rates — both coinciden-

0.6-8-39 ce and anti-coincidence. This is probably due to the
Tonization- teduction of the counting volume to a small region
Potential = around the anode, which was found to occut in ethylene
= 10.5 eV dibromide quenched counters, by MATEOSIAN and

FrieDMAN [10].
Ethyl 7-10-36 This appeared to give good quenching with very few
Ether | 5-0-40 secondary pulses and a telatively long plateau. At
Tonization- pulse heights below 30 V the pulses often vatied in
Potential = height, showing that in many cases the Geiger discharge
=95eV was not fully developed.
Hexane 7-9-37 Very many multiple pulses, as bad as ot worse than
Tonization- ethylene.
Potential =
=10.1eV
Iso-Propyl- 7-10-36 Good quenching and good plateau but looked
amine slightly inferior to ethylamine.
Tonization-
Potential =
=87eV
Isoprene 7-10-36 Good quenching but looked inferior to ethylamine.
Ionization-
Potential =
= 88¢eV
Ethylamine 7-10-36 Vety good quenching — very few multiple pulses.
4-6-40 Had a long plateau — about 500 V.

Tonization- 5-0—40 o
Potential = 7-0-40
=88¢eV 3-0-40
Toluene 1.5-0-40 Very good quenching - similar to ethylamine at

2.2-0-40 1.5 em Hg pressure, but superior ata pressute of 2.2 cm.
Tonization-
Potential =
=88eV
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5. Characteristics of ethylamine as a quenching gas

The quenching gases included in Table I gave better quenching characteristics
than does ethylene in all cases except hexane and ethyl bromide. Toluene and ethyl
amine both gave starting voltages, some 200V lower than ethylene, at similar
pressures. With hydrogen at a pressure of 40 cm of Hg, an ethylamine (5 cm Hg)
quenched counter had very similar characteristics to one quenched with 1.5 cm of
Hg of toluene. A counter filled to 2.2 cm of Hg with toluene looked superior to
the above when the pulses were viewed on the oscilloscope, but the plateau char-
acteristics were very similar.

It was decided to use ethylamine at a pressure of 5 cm of Hg for quenching our
counters for the routine counting of tritium. It has the advantage of a high vapour
pressure — 760 cm of Hg at 16 °C — and so is easily pumped out of the vacuum
system. It can also be stored in gaseous form in a flask on the vacuum system
(which is very convenient for routine use).

The dotted curves in Fig. 3 show the anticoincidence background rate in counters
No. 1 and 2 quenched with ethylamine; a mixture of 5 cm of ethylamine and 40 cm
of hydrogen was used. Some curves for counter No. 4 are shown in Fig. 4, which
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Fig. 4
Anticoincidence background and sample plateaux,

gives the background and a sample count. The curves for counter No. 5 are almost
identical to those for No. 4. The lowered background for these two counters is
attributed to the materials used in construction; for instance, non-lead solder was
used throughout. The lowered plateau slope for counters 4 and 5 is probably due
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to the use of much cleaner cathode surfaces. These surfaces were cleaned in dilute
nitric and then dilute sulphuric acid solutions and finally washed with distilled
water.

The cathodes of counters No. 1 and 2 had somewhat uneven surfaces. The paral-
ysis time in our, counting circuits is 15 msec, which gives rise to a correction of
some 39/ for the count rates that we are interested in. Counters No. 4 and 5 have
now been used continuously for six months for the counting of the tritium in
hydrogen gas samples, with ethylamine as a quenching gas. Over this period of
time the anticoincidence background rate and its slope have not measurably changed.

6. Effects of impurity gases

Some tests on the effects of water vapour, nitrogen and oxygen on counting
action were made. Water vapour was found to have no effect on counter action,
pressures up to 8 mm of Hg being tested. However, one millimeter of air was
sufficient to reduce the plateau length by 150 V and to increase the number of
spurious counts. The counters still had plateaux with 4 mm of air present although
they were fairly short and the number of spurious pulses was fairly large. On
separate testing of the effect of oxygen and nitrogen impurities, it was found that
the spurious pulses were practically all caused by the oxygen impurity. The nitrogen
impurity had little effect on the counters at the bottom end of the plateau, but its
presence reduced the plateau length considerably.
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DISCUSSION XXIII

H. Suess (United States of America): At present Mr. Bainbridge is not working
in New Zealand but at the University of California in La Jolla, where the method
he is using is not the one he has just described. Would it be possible for him to
describe the method he is using at La Jolla?

A. Bainbridge (New Zealand): At La Jolla we have developed a method for the
synthesis of ethane from hydrogen that can be used for the counting of low-level
tritium activity. The reaction procedure is simple and involves the mixing of
hydrogen with acetylene over a palladium catalyst. The counting characteristics of
ethane are found to be ideal because of the low, flat plateaux found even at 3 atm
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of. pressure. With a counter having an effective volume of 11 filled to 3 atm of
ethane, not more than a tenfold tritium enrichment is necessary in order to obtain
a sensitivity of .45 cpm per T.U. and this is sufficient for the survey of natural
tritium in surface waters. The whole reaction takes no more than 4h and two
samples per day can be analyzed.






RAPID ASSAY OF TRITIUM-LABELLED
SUBSTANCES IN GEIGER-MULLER GAS
COUNTING TUBES

R. Tykva anp D. GRUNBERGER
UsTAV ORGANICKE CHEMIE A BIOCHEMIE CESKOSLOVENSKE AKADEMIE VED, PRAGUE
CZECHOSLOVAKIA

Abstract — Résumé — Anmorapmsa — Resumen

Rapid assay of tritium-labelled substances in Geiger-Miiller gas counting tubes. A relatively
simple and rapid method is described for the measutement of relative specific activities of tritium-
labelled solid substances, ptincipally for the determination of low-level activities of small samples.

The measurement of radioactivity is accomplished by means of acetylene in Geiger-Miiller internal
gas counting tubes. Tritium-labelled solid samples are oxidized on products of thermal decompo-
sition of silver and potassium permanganates, used for the retention of carbon dioxide or sulphur
dioxide and oxides of nitrogen simultaneously. Water vapour in a stream of nitrogen’is passed
directly through a layer of finely ground technical calcium carbide. The acetylene evolved is condensed
in the attached counting tube. The maximum partial pressure of acetylene for suitable self-quenching
mixtures with argon is 8 cm Hg.

The procedure described permits preparations and fillings of up to 18 samples during 8 h in one
line for activities up to the order of 104 piec. The background reduction of the counting tubes used,
with volumes of about 60 ml, permits short and routine measutements of sample activities up to
8 e, This method makes possible teproducible measurements of relative specific activities of solid
tritium-labeled substances with a maximum total error of less than 4 5%, when the standard deviation
of counting is less than L 2%,

Dosage rapide de substances tritiées dans des tubes Geiger-Miiller 4 gaz interne. Les auteurs
décrivent une méthode assez simple et rapide pour mesurer les activités spécifiques relatives de sub-
stances solides tritiées, principalement en vue de déterminer les faibles et trés faibles activités de
petits échantillons. .

On mesute Pactivité aptés transformation de la substance en acéthyléne, dans des tubes compteurs
Geiger-Miiller 2 gaz interne. L’oxydation des échantillons solides tritiés se fait sur un mélange de
produits de la décomposition thermique des permanganates d’argent et de potassium, utilisés pour
la fixation simultanée de ’anhydride catbonique ou de P'anhydride sulfureux et des oxydes d’azote.
La vapeur d’cau entrainée par un courant d’azote passe directement a travers une couche de carbure
de calcium commercial en poudre fine. L’acétyléne qui se dégage se condense dans le tube de comp-
tage relié au montage. La pression maximum partielle de Pacétylene est de 8 cm de mercure pour
les mélanges autocoupeuts appropriés 4 base d’argon.

La méthode indiquée permet de préparer et d’introduire dans le méme appareil jusqu’a 18 échantil-
lons pendant une période de huit heures pour des activités allant jusqu’a 104 ppc. La réduction du
mouvement propte des tubes compteurs utilisés — pour un volume d’environ 60 ml — permet
de mesurer rapidement et couramment des échantillons d’une activité de 8 puic. La méthode décrite
permet de doser avec une bonne reproductibilité les activités spécifiques relatives de substances
solides tritiées, Perreur totale maximum étant inférieure 2 + 5%, lorsque Pécart type de comptage
est inférieur & 4 29,

BoieTphui aHANNS MeYEHHBIX TPUTHEM BeIeCcTB B Ta30BBIX cuerynkax Ieiirepa-
Mrwoazepa. OnuceiBaeTca CpaBHHTENBLHO HNPOCTOH M GBHICTPHIE METON JJA M3MepeHus
OTHOCUTEIBHON yHeNpHOoM aKTUBHOCTY MEUeHHLIX TPUTHEM TBEPIHX BEIIeCTB, I'IABHLIM
06pasoM MiIA ompeniemenna Goiee cIabbIX M HMBKOTO YPOBHA AKTHBHOCTH HeGONBIIUX
npob. ‘

Wsmepenne pajoaKkTUBHOCTH TPOHM3BORUTCA 1O AUETHIEHY BHYTPM TIasoBHIX
cueTynkoB I'eiirepa-Mmonnepa. MeueHnrie TpuTneM npo0H U3 TBEPRONO BEIECTBA

23
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OKHCIAITCA B MPOAYKTH TENJOBOT0 PAdioeHUA cepe0PAHLIX M KaJUeBHX IepPMaH-
rAHATOB, HCIOJb3YEMHX A yJep:aHusg ONHOBPEMEHHO [BYOKHCH YIJIepOfa MM
ABYOKUCH CePHl M OKHCHA a30Ta. BojsHo#t map B IOTOKe a30Ta NPOXOAMT HEIOCPen-
CTBEHHO Yepes3 Co0¥ TeXHMYeCKOro MEJNIKO3epHHCTOro kapbupaa Kadbuus. Brimess-
omuica aneTuieH HOHJQEHCHUPYETCA B DNPHUCOCANHEHHOM CUYETYHHE. MaHCHMaJIbHOG
napuuagsHOE MaBleHME AleTHIeHA [JIA NOAXOHMANAX CaMOYACAIMXCA cMmecei
C aproHoM paBHAETCA 8 cM. PT. CT.

OmnucaHHas npolemypa I03BOAseT IPHTOTOBIATL M 3BANONHATE Mo 18 o6pasuos
B TedeHHe 8 4acOB HA OJHOIN JIMHMH IS AKTUBHOCTH N0 104 ppc. VMEHbIISHNEe BeINYNHE
(foHa MCHONb3yeMBIX CUETYMKOB ¢ 06HEMOM OKOJIO 60 M M03BOJAET OEHICTPO M IPOCTO
NBMEPATH AKTUBHOCTH mpo6 1o 8 pyc. OmmcasHBIA MeTOX NeITaeT BOBMOKHBIM BOC-
OPOM3BONMMbIE MBMEPEHHA OTHOCUTETLHO YREIbHONW AKTHBHOCTH MEYEHHHX TPHUTHEM
TBEPALIX BEUIECTB ¢ MAKCHMAaJbHOH o6ulelf ImorpemHocThio MeHee yeM -+ 59, KOTHa
CTAHAAPTHOE OTKJIOHEHME CcuYeTYMKa MeHee dem + 29.

Andlisis rdpido de sustancias tritiadas en el interior de tubos Geiger-Miiller para gases.
Para la medicién de las actividades especificas relativas de sustancias sélidas marcadas con tritio,
los autotes describen un método bastante sencillo y tipido que resulta especialmente adecuado
pata determinar actividades reducidas de muestcas pequefias.

Luego de transformar la sustancia en acetileno, la medicién de la radiactividad se efectia en
tubos contadores Geiger-Miiller de gas interno. Las muestras sélidas matcadas con tritio se oxidan
en presencia de una mezcla de productos-de descomposicién térmica de los permanganatos de plata
¥ potasio, utilizados pata fijar simultineamente el anhidrido carbédnico o el anhidrido sulfuroso y
los 6xidos de nitrégeno. Se hace pasar directamente vapor de agua arrastrado por una corriente
de nitrégeno a través de una capa de catburo de calcio comercial finamente molido. El acetileno
que se desprende se condensa en ¢l tubo contador conectado al aparato. La méxima presién parcial
del acetileno en mezclas con argdn apropiadas para la autoextincién es de 8 cm de mercurio.

El procedimiento descrito permite, en el plazo de 8 hotras, prepatrar e introducir en el mismo
aparato hasta 18 muestras de 104 ypcuries de actividad. Gracias a la reduccion del fondo de los tubos
contadotes usados — de un volumen de 60 ml aproximadamente — es posible efectuar mediciones
breves y cotrientes de muestras de 8 yycuries. Bl método descrito permite determinar con una repro-
ductibilidad satisfactoria las actividades especificas relativas de sustancias sélidas marcadas con tritio
con un etror maximo total inferior a + 5%, cuando la desviacidn standard del recuento es inferior

a + 29,

The problem of measuring low activities arises during application of tritium-
labelled compounds in tracing experiments. Autoradiography is by virtue of its
special character applicable only to the solution of special problems [1]; the
application of a window-less flow counter is limited because of self-absorprion,
which does not permit measurements of low specific activities [2]. In addition,
the substances used in the different fields of chemistry, and particularly biology,
are sometimes of such character as to complicate considerably the preparation of
samples for measurement in window-less or liquid scintillation counters [3]. In
the latter case, another difficulty arises: during measurement, some substances
cause quenching in the scintillator [4]. These shortcomings are eliminated by
measurement of the radioactivity of samples introduced into an internal counting
tube in the gaseous phase [5, 6,7, 8]. Such methods require, however, a relatively
laborious preparation of samples.

" The present paper describes a procedure for speeding up of the preparation
of the sample with relatively simple equipment. This speeding up is made possible
by a special oxidation of the tritium-labelled compounds and a direct passage of
the water vapour formed through a layer of calcium carbide to form acetylene.
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The preparation and filling of acetylene into the counting tube is carfied out
continuously on a single line. The procedure described makes it simultaneously
possible to lower considerably the contamination of the apparatus.

Experimental procedure

The procedure consists of two parts: preparation of acetylene and its filling
into the Geiger-Miiller internal gas counting tube, and the actual radioactivity
measurement.

The first part of the filling arrangement intended for oxidation of organic sub-
stances is shown in Fig. 1. The sample placed on a platinum planchet is introduced

i N+ Hy

Fig. 1
The preparation of acetylenc.

1 Combustion tube; 2 Furnace; 3 Tube with CaC,; a Glass wool; b Product of thermal decom-
position of AgMnQO,; ¢ Product of thermal decomposition of KMnO,; d CaC,; e Platinjum
. planchet with sample.

into a quartz tueb 10 mm in diameter. Oxidation is carried out in a stream of
light-bulb-type nitrogen on about 50 mm layers of the products of thermal de-
composition of silver and potassium permanganates {9, 10,11). The former also
serves to trap sulphur dioxide, halogens, phosphorus and arsenic; the latter, to
absorb carbon dioxide and oxides of nitrogen. The 50 mm layer will trap quan-
titatively 3 mM COs;. Both oxidizing agents are separated by loose plugs of glass
wool and are heated electrically to 550 °—580°C. The actual combustion of the
sample is achieved by slow heating of the whole tube to dull red heat. This -
procedure will take about 10 min for samples weighing about 10'mg. In the course
of a further four to five min the heating to dull red heat is repeated twice. Directly
behind the electric furnace the combustion tube is taper-joined to a quartz tube
filled with a layer abour 50 mm in length of ﬂnely powdered technical calcium
carbide. Water vapour formed during combustion is conducted directly into this
layer, where it reacts with calcium carbide, giving rise to acetylene. The technique
of combustion with oxidizing agents in a stream of nitrogen makes it possible to
use liquid nitrogen for quantitative trapping and transfer of acetylene; this elimin-
ates the risk of contamination of the contents of the counting tube by traces of
clectronegative .oxygen [12].

In the following part of the filling line (Fig. 2) acetylene is condensed in a spiral
trap immersed in liquid nitrogen. After oxidation. and trapping of acetylene, a
stopcock at the end of the first part of the line intended for ‘the preparation of -
acetylene is closed. The carrier nitrogen is then evacuated and acetylene trans-
ported under vacuum of the order of 1074 mm Hg by means of liquid nitrogen to

24
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the cold finger of the measuring space. The pressure of the sample is recorded
after expansion on an attached U-tube manometer filled with silicone oil. The
sample is frozen in the cold finger of the counting tube, which is then filled with
argon from an attached reservoir. The counter (about 60 m! in volume) is made

y L > " s . m—‘ —_T'r VACUUM
L]

; H

o
|
i
v

./ U
Fig. 2

Scheme of the filling line with G-M counter.

1 Combustion; 2 Furnace; 3 Spiral trap; 4 Trap in the measuring space;; 5 U-tube manometer
with silicone oil; 6 G-M internal gas counting tube; 7 Penning gauge,

of a brass tube with sealed glass ends [13]. If the partial pressure of acetylene
after filling is between 10 and 80 mm Hg and that of argon between 95 and
140 mm Hg, the working voltage of the self-quenching counters is less than 2kV.
With the above pressure range, the counters employed have plateaux of 250—500V
with slopes less than 39/o per 100 V; the dead time is 310 + 70 us. The entire pro-
cedure from insertion of the solid sample into the combustion tube to the end of
filling of the counter tube does not take more than 25 to 30 min.

Radioactivity measurement must be commenced not earlier than 20 to 25 min
after filling the counting tube. Measurement of low activities is carried out in a
steel box with a closed ring of screening G-M counters connected with the internal
gas counter in anticoincidence [13]. The background inside this arrangement is
suppressed below 5 counts/min. This reduction of background permits short and
routine measurements of sample activities up to 8 X 10—% yc.
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Results and discussion

Quantitative conversion of the sample into acetylene and its transfer into the
counting tube was estimated by comparison of the pressure measured by the mano-
meter with pressures calculated from the Welght of the sample, with correction for
room temperature. It follows from Table I that the conversion of the solid sample

Tasig I
CALCULATED AND MEASURED PRESSURES OF ACETYLENE FROM VARIOUS
COMPOUNDS
Pressure
calculated | g d Deviation
Sample oil | e %)
mm) | m)

- 521 . | 520 ~ 02
Benzoic acid 1430 1425 +03
Lactose 397 39.0 _18

98.3 97.25 ~10
. 326 3275 + 05
S-bromouracil 102.7 101.75 ~10

to acetylene and its transport into the measuring space is quantitative and fully
reproducible. The quantitative character of acetylene transfer from the measuring
space into the counting tube was confirmed by measurement of the pressure after
retransfer of the same sample from the tube into the measuring space. The mano-
meter pressures were read with an accuracy of # 0.25 mm silicone oil.

The relationship between the amount of sample and measured activity was then’
investigated. As Fig. 3 shows, this relationship is linear. The deviations of the
values of specific activity deduced from our measurements is less than + 3.50/p
of their mean when the standard deviation of counting (SD) is less than + 2%s.
The activities were determined from.the measured counting rates on the assump-
tion that the acetylene contains half the activity of the sample; the average yield
of radioactivity measurement was derived from the geometry of the counting tube
and verified by means of the standard.

In the measurement of greater series of samples special attention was devoted
to elimination of residual activity [14]. This was estimated by measurement .of the
activity of acetylene obtained by oxidation of an inactive sample. After combustion
of the sample with activity up to.0.01 pc the repeated heating of the combustion
to red heat (under passage of mtrogen), as described, is sufficient to remove the
p0351ble contamination. As shown in Table II the memory effect does not come
into play in the other parts of the line so that before oxidation of another samiple
it is only necessary to exchange the tube with calcium carbide. In this case the
procedure described permits preparation and filling of up to 18 samples during
eight hours in one line. Samples with activity ‘of less than 0.1 pc contaminate only
the combustion tube, while at higher activities 'active acetylene itself also causes
contamination. The removal of the contamination in the combustion tube was

24*
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TasLe 1I
MEMORY EFFECT IN THE FILLING LINE AND IN THE COUNTER
Sample Memory effect
ac(tlz;ty of the whole line due to acetylene
" (cpm) (cpm)
0.01 — —
0.05- 3.8 £ 04 -
0.1 10.8 + 1.1 <1
0.2 98£c20 23j:0.2
1.1 04.3 + 10.4 20.6 + 2.1

achieved by the heating of a few drops of water at the beginning of the tube in
a stream of nitrogen with simultaneous repeated heating of the tube to red heat.
For removing the contamination due to radioactive acetylene it is usually sufficient
to flush the line and the tube three times with inactive acetylene with evacuation
to about 107mm Hg. The decontamination procedure does not require more
than 15 min.

100 L L

80+ o
60 -
o
5%
o
404 L
204 L
) 1 2 3
A
Fig. 3

The linearity and reproducibility of the assay (SD + 29%,).

It follows from our experiments that, for suppression of the memory effect, it
is of advantage to reduce the area which comes into contact with active water and
to convert this water to acetylene as quickly as possible.

In order to speed up the procedure even more it is recommended to set up the
first part of the arrangement twice in parallel. In this case it is then possible to
carry out oxidation in one part while preparing the other for oxidation of a sub-
sequent sample.
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DISCUSSION XXI1V

W. F. Libby (United States of America): Has Mr. Griinberger had any ex-
plosions? '

D. Griinberger (Czechoslovakia): No, we did not, and we have been using these
methods in our laboratories for a number of years. We have also been using them
for the analysis of organic, unlabelled compounds.

J. Eastham (United States of America): How often did the speaker have to
change the calcium carbide tube when preparing the acetylene?

D. Griinberger: The calcium carbide tube must be changed after each com-
bustion.

J. Eastham: As regards the fractionation in your reaction, it seems to me that
you lose at least 509y of your activity due to the chemical nature of the reaction
and perhaps more due to the isotope effect.

D. Griinberger: Yes, you are right. The chemical yield is 50%. Qur efficiency
of measurement is about 30%. As I have said, this method is a relative one and
is sufficient for biochemical purposes.

J. Hasan (Finland): Had Mr. Griinberger any difficulty in condensing the
acetylene quantitatively with liquid Ny from gaseous Np at or near atmospheric
pressure?

D. Griinberger: The condensation was very easy: the nitrogen was pumped off
and we never had any losses. We encountered no difficulties.
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A zinc fusion method for the determination of tritium in biological material by gas counting.
The conversion of organic compounds to a mixture of hydrogen and methane by mixture with
metallic zinc and suitable catalysts offers a convenient means for the determination of tritium in
organic material by gas assay. It has been found, however, that, at least in proportional counting,
compounds of certain types do not give reliable sesults with this method; and when a trial of its
application to animnal tissues was made, the results were extremely inaccurate.

As the principle seemed to offer several advantages over other published methods, 2 search was
conducted for reagents which would render it usable with biological material. It was found that,
when up to 10 mg of animal tissue, such as blood, muscle and liver, containing or mixed with various
tritiated compounds were heated for 3 h at 650°C in an evacuated and sealed tube of special glass
together with sufficient amounts of metallic zine powder, nickel oxide and anhydrous sodium carbo-
nate, gas which could be assayed in brass cathode proportional countets filled to atmospheric pressure
with inactive methane was produced. Above 4000 V the countess filled with this gas mixture exhibited
plateaux several hundred volts long and with a slope less than 1%, per 100 V.

This method for conversion of biological matetial to a suitable gas for propottional counting
was found to be readily reproducible with 2 mean accuracy of within better than 3%,. No serious
memory effects have been noted, even with samples of rather high specific activity.

Méthode de fusion au zinc pour le comptage en phase gazeuse du tritium contenu dans
des substances biologiques. La transformation de composés organiques en un mélange d’hydrogéne
et de méthane, pat chauffage avec du zinc métallique et des catalyseurs appropriés, est un moyen
commode de faire la détermination quantitative du ttitium contenu dans des substances biologiques
pat comptage, en phase gazeuse. On a constaté cependant, tout au moins lorsqu’on utilise le comptage
proporttionnel, qu’avec certains composés les résultats obtenus ne sont pas dignes de foi; lors d’'un
essai sur des substances biologiques, les résultats ont été méme d’'une grande inexactitude.

Comme le ptincipe semble présenter plusieurs avantages par tapport 4 d’autres méthodes connues,
on a recherché quels réactifs pourraient permettre de 'appliquer aux substances biologiques. L’zuteur
s’est servi d’un tube scellé en verre spécial dans lequel il a fait le vide; dans ce tube, il a chauffé a
650°C pendant trois heures une quantité inférieure ou égale 4 10 mg de tissu animal — sang, muscles
ou foie — contenant des composés tritiés ou la méme quantité d’un mélange de tissu animal et de
composés tritiés aprés avoir introduit dans le tube une quantité suffisante de zinc métallique en
poudre, d’oxyde de nickel et de carbonate de sodium anhydre; il 2 constaté qu’il se produisait un
gaz qui peut étre analysé dans des compteurs proportionnels 3 cathode de laiton remplis de méthane
inactif & la pression atmosphérique. Au-dela de 4000 volts, les compteurs templis de ce mélange
gazeux donnent des paliers longs de plusieurs centaines de volts et dont la pente est inférieure 2
1%, pat 100 volts.

1l est 2 noter que par cette méthode de transformation de la substance biologique en un gaz appro-
pri¢ pour le comptage propottionnel, les résultats peuvent étre reproduits avec une exactitude
moyenne meilleure que 39%,. L’auteur n’a pas constaté d’effets de mémoite importants, méme avec
des échantillons d'une activité spécifique assez élevée.

‘MeTox MAABICHHA NMHEA AJA ONPeCACHAA KOAHYECTBA TPUTHA B GMONOTHIECKOM
MaTepualde NpM IOMOIIM JO3UMETPHM Ta3a. [IpeBpallleHne CIOMHHX OPraHMYECKHX
COeMHEHUI B CMeCh BOLOPOMNA M MeTaHa C MOAMEINTBAHMEM MEeTAJIMIECKOro IMHKA
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¥ HCHONBL30BAHHEM TOAXONAIMX KATAIW3ATOPOB MOMET CIYMATH TONXOAALINM
METONOM ONpeflelieHHMA NpH UOMOLM aHAAM3a O00pasylomUXCA rasoB KOJIMYECTBY,
TPUTUA B OpraHHYeCKUX Mareounasax. OgHako OblIo 00HApYKEHO, YTO, MO MEHbIIel
Mepe IPHU MCIONb30BAHNKM INPONOPIMOHANBHEIX CUYETYMKOB, HEKOTOPHE CJIOMKHBIC
COeMVMHEeHHUA He JaIOT JI0 3TOMY METONY HaleHBIX pe3yibTaToB, & KOTaa 6BIJIa CAeIaHa
NMONBITKA NMPUMEHUTE 9TOT METON K TKAHAM KUBOTHHIX, TO NOJYUYMIHCH qpeanmqam{o
HETOYHBIE Pe3yIbTaThl.

ITockonbKy 5TOT NPUHLIHI MOMET NaTh, NO-BUAMMOMY, nelbil PAJ NpemMyLlecrs
10 CPABHEHWK) C IPYTAMH onyGINKOBAHHBIMH METOAAMHM, GBI MPOH3BENEHO UCCIENO0-
BaHNe AJA HAXOMAEHUS pPeareHTOB, KOTOpHE MO3BOJMIKM OB IPUMEHATH HTOT METOJ
Iasa GHomoTMYECKoro Marepuana. Breuto ofHapyskeno, YTo ecid B3ATbh A0 10 MHIIN-
I'PaMMOB THAHM KMBOTHHX, KaK, HAIIpUMep, KPOBM, MBI MIIN ME4YeHM, COAepsHaInX
PaA3JIMYHBIE TPUTHPOBAHHEIE CIOMHBIE COCAUHEHHA MJIM CMEIIAHHBIE ¢ HHMM, M eClm
TMOROrpeBaTh WX B TeUeHHE TPeX YacoB Npu 650 °C B repMETHYECKH 3aKPHITON BAKYYM-
HOI TpyOke W3 CHEUNANBHOTO CTEKJIA B NPHCYTCTBUM JOCTATOUYHOTO KOJNYECTBA
METAJIUYECKOTO IIOPOINKA IMHBKA, OKHCH HHKeJA Winm 0e3BOMHOr0 yIIIEKHICIOro
HATpwWA, TO 00pasyercd raz, KOTOPHI MoMeT 66ITh NPOARANUBNPOBAH NMPONOPIUOHAIE-
HEIM CYETUYMKAMM C JATYHHHRIM KaTOJOM, HANOJIHEHHHMH HaXOHNAIMMCA NPH aTMOoC-
fepHOM MABIEHHM HEAKTHMBUAUPOBAHHHIM MeraHoM. [Ipm mampsoxenuu cemue 4000
BOJIBT HAIIONHEHHHIE 3TOH ra3oBOil CMEChIO CUETYMKY YHKA3BIBAIKM HA HAJAHMYHE IIATO
HA, IPOTAKEHNN HECKOIBKHX COTEH BOIBT ¢ HAKIOHOM MeHee yeM B 19, Ha 100 BOJBT.

Bouto ycraHoBieHo, 4TO 3TOT METTOJ IpeBpalleHAsA OGHOJOTHUECKOTO MaTepualna
B NOZXONAHIMA IIA NPONOPHNOHAIBHOIO OTCYETA a3 JIErKo BOCIIPOM3BOMMM M JIAET
CPeAHI0I0 TOrPemIHOCTh MeHee, YeM Ha 3 mponenTa. [dake ¢ oOpasnamu A0OBOIBHO
BEICOKOHM yMEeJbHOM AKTUBHOCTH HeE HAGAW0IAT0Ch ABIEHUN CKOMBKO-AMG0 3aMETHOro
ee MCKAKEHNA NaMATHI0 amnmapara.

Método de fusién con zinc para el recuento en fase gaseosa del tritio contenido en sustancias
biolégicas. La transformacién de compuestos organicos en una mezcla de hidrégeno y metano
pot calentamiento con zinc metalico y catalizadores adecuados constituye un medio cémodo de
determinar por recuento en fase gaseosa el tritio contenido en sustancias orgénicas. Sin embarge,
se ha comprobado que, pot lo menos cuando se recutre al recuento propotcional, determinados
compuestos no dan resultados fidedignos y cuando se procuré aplicat el método a tejidos animales,
los resultados obtenidos fueron extremadamente inexactos.

No obstante, como el principio parece ofrecer varias ventajas con respecto a otros métodos cono-
cidos, se llevd a cabo una busqueda de reactivos susceptibles de facilitar su aplicacion a las sustancias
biolégicas. Se comprobé que, si se calientan hasta 10 mg de tejidos animales (sanguineo, muscular
o hepitico) que contengan o vengan mezclados con diversos compuestos tritiados, durante tres
hotas, a 650°C, en un tubo sellado de vidrio especial en el que sc ha hecho el vacio, juntamente con
cantidades suficientes de zinc metdlico en polvo, 6xido de niquel y carbonato de sodio anhidro,
se forma un gas que se puede analizar en contadores proporcionales de citodos de laton, llenos
de metano inactivo a presién atmosférica. Por encima de los 4000 V, los contadores que contengan
esta mezcla gascosa presentan rellanos de varios centenates de voltios de longitud, con una pendiente
inferior al 1%, por cada 100 V.

Se comprobé que esa transformacién de las sustancias en un gas adecuado para el recuento pro-
porcional permite obtener resultados reproductibles con una exactitud media superior al 3%, No
se han observado efectos de memoria graves, ni siquiera en el caso de muestras de actividad especifica
bastante eclevada.

Introduction

Despite recent developments in other methods of assay, internal gas counting
still offers the most sensitive means for detecting and measuring the amount of
tritium present in a sample. Most published methods for the quantitative analysis
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of tritium in organic substances [1,2] require at least two separate operations:
the hydrogen in the sample is generally first combusted to water and then con-
verted by a suitable reaction into gas to be introduced into the sensitive volume.

A procedure has been described [3,4] by which the quantitative conversion
of hydrogen in a variety of organic compounds into a gas mixture suitable for
assay in an ion chamber is accomplished in a single operation by heating the
sample for 3 h with metallic zinc, nickel oxide and water in a sealed tube at 640 °C.
Disposable reaction tubes for heating the sample largely eliminate “memory”
effects,-common in gas counting; the apparatus necessary for successful perform-
ance is fairly simple and the vacuum easily produced.

The mixture of hydrogen and methane produced in the conversion of some
organic compounds by this method has been found suitable for measurements in
glass-walled proportional counters [5]; in general these counters seem to be
more practical than ion chambers for low-level determinations. The former are,
however, much more sensitive to variations in gas composition, and although it
was found originally [3] that the conversion of many compounds yielded only
hydrogen (28%0) and methane (72%), significant amounts of benzene and
ammonia have also been found to be produced when urea and aromatic halides,
respectively, were heated in the above manner. Compounds containing primary
amino groups have also been found to give inaccurate results when the zinc
fusion method is applied to proportional counting [6], and this method has been
reported to be “totally useless” for ammonium salts.

It thus appeared somewhat questionable whether the method would be satisfac-
tory for the direct analysis of tritium in crude products of animal origin, e. g. pieces
of tissue. As the principle, nevertheless, seemed to offer several advantages over
other published methods an attempt was made to apply it to biological material [7].

Experimental

A “Supremax” or Jena glass with an internal diameter of 9—11 mm and an
unbreakable tip was used to heat a number of elements. They included 1 to 10 mg
of animal tissue such as blood, muscle and liver and amounts weighing 1 to 10 mg
of alpha-labelled H3-myristic acid, H3-glucose and H3-fructose (normally labelled),
H3-phenylalamine (labelled in the benzene ring), H3-progesterone, H3-thymidine
and tritiated water. They were mixed with 1.5 g of zinc powder or zinc granules,
150 mg of nickel oxide and 5 mg of water. The total amount was sealed in the
evacuated tube and heated for various periods of time up to 4 h. The tubes were
kept horizontally in a furnace at 650°C. Alternately, double or triple deter-
minations were performed on homogenates of tissues from animals injected with
tritiated substrates. It has been claimed [6] that only the original type of nickel
oxide used by WirLzBacH et al. [4] has yielded useful results with the zinc fusion
method and therefore only this reagent was used (Nickel Oxide, Black Powder,
Ttem 1-2792 by J. T. Baker Chemical Co., New Jersey).

The tubes were broken by tipping and the gas produced with heating was ex-
panded into 150 ml brass cathode counter tubes (Firma Prof. Berthold, Wildbad,
Black Forest) in a vacuum apparatus (Fig. 1) similar to that described by Wiz-
BACH et al. [4]. The counters were filled to atmospheric pressure with inactive
methane and connected to a preamplifier (Frieseke and Hoepfer 40699/51). The
output pulses were fed into a fast scaler (Ekco Automatic Scaler, Type N 530 F) and
a separate stabilized high-voltage source (Frieseke and Hoepfner FH 487) supplied
the counters with up to 4500 V. Activity measurements were made by counting
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10000 pulses at several points between 3000 and 4500 V to determine .plateﬁu
characteristics of the fillings.

Reproducible results could not be obtained with this reaction mixture even after
heating for 4 h and doubling the amount of reagents. Differences of several hundred
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Fig, 1
Apparatus for breaking reaction tube and filling counter with gas from reaction and/ot inactive
methane. Scale: Length of reaction tube 15 cm. After WILzBACH ef 4/. [3].
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per cent were measured in duplicate determinations and the correlation between
known and found specific activities was correspondingly poor. A liquid was some-
times seen to condense in the thin-walled break-tips of the reaction tubes during
cooling, but this was not apparent after the tubes had attained uniform room tem-
perature. This, together with occasional contamination of counters suggested the
presence of water. Amalgamating the zinc with mercury did not improve the results,
but when no water was initially added all memory effects disappeared and the
variability diminished a little, even if not to within practical limits.

As facilities for analyzing the reaction products were not available, a number
of reagents were tried more or less haphazardly. It seemed fair to suppose that
interfering substances in the tissues were more likely to cause disturbances than
incomplete disintegration of the labelled compounds. Previously published obser-
vations [4, 6], the known approximate composition of tissues and fundamental
counter characteristics [7] all suggested reaction products of nitrogen or sulphur
as the most probable sources of interference with counter operation. A method
has been described [8] for the quantitative determination of sulphur, nitrogen and
halogens in an organic sample, where the compound to be analyzed is heated with
a flame in a mixture of zinc powder and sodium carbonate. It is claimed that this
procedure will convert quantitatively the sample nitrogen into sodium cyanide,
sulphur into zinc sulphide and halogens into halides. The exact temperature is not
given but the test tube containing the mixture should finalty be “glowing red”. The
reaction thus seemed to offer a means for preventing the substances mentioned above
from being introduced into the counter.

Samples of animal tissue mixed with or incorporating labelled compounds, as
related above, were now heated and analyzed in a similar manner, using varying
amounts of zinc ‘powder or granules together with 50 to 1500 mg of anhydrous
sodium carbonate and 150 mg of nickel oxide as the reaction mixture. Satisfactory
results were regularly obtained by heating the reaction tubes for 3 h at 650 °C when
sufficient amounts of zinc and sodium carbonate were present in the mixture. It
was furthermore found that (a) a variety of zinc powders (not necessarily free of
arsene) gave.-more reproducible results than coarse granules; (b) amalgamating the
zinc with mercury did not improve accuracy or yield; (c) the absence of nickel
oxide did not affect the results in the range studied.

For comparison, several samples were also analyzed by the method of GrLascock
[1] previously used in this laboratory, where samples were first combusted to water
which was then converted to butane by reacting with n-butyl magnesium bromide
reagent. The butane was assayed in glass-walled, stainless steel cathode Gelger
counters. Half of the tritium was lost in the Grignard reaction.

Method

Up to 15 mg of biological material was weighed accurately and placed together
with 500 mg of anhydrous sodium carbonate and 2 g of zinc powder, in a 17—
20 cm tube of “Supremax” glass (Jena) (or “Pyrex” 1720) with an internal diameter
of 9—11 mm and a wall thickness of some 1 mm, provided at the other end with
an easily breakable tip. Liquid samples were introduced in small sealed ampoules of
pyrex glass with break-tips, together with some 5mg of inactive water if the
sample weight was below 1 mg. The tube was constricted 3—5 cm from the open
end, evacuated to about 1 mm Hg pressure and sealed. Ampoules for liquids were
broken by violent shaking. One or several reaction tubes were each placed inside

a protective metal tube and kept horizontally for 3h in an oven at 650°C. The

1



366 . J. HASAN

heat in the furnace was evenly distributed to avoid explosions. The tubes were
then taken out, allowed to cool and placed into a breaking tube in a suitably
designed apparatus, e. g. the type (Fig. 1) described by WirzsacH et al. [4]. The tip
was broken, the gas was allowed to expand into the previously evacuated counter,
or it could be quantitatively transferred there by means of a Toepler pump or by
flushing with inactive methane. The counter was brought to atmospheric pressure
with inactive methane and connected after 5—15 min to a suitable electronic appa-
ratus for measurement.

Results

With the reaction mixture described above a gas was invariably obtained from
vatious tissue samples, which contained the tritium in the sample quantitatively
for at least most biological purposes, and which, with the addition of inactive
methane, could be assayed for tritium content in brass cathode internal gas counters
in the proportional region. The plateaux obtained above 3800—4000V with counters
filled with this mixture to atmospheric pressure were several hundred volts long
with a slope of less than 19%/o per 100 V. Neither loss of plateau nor other counter
failure has been observed as yet. Activities of up to 10 000 counts/sec have been
introduced into the counters without detectable memory effect, and only one
counter has suffered from permanent contamination, presumably with water.

TasLe 1

SPECIFIC ACTIVITIES OF SEVERAL TRITITUM-LABELLED COMPOUNDS
OBTAINED BY SINGLE RANDOM DETERMINATIONS IN THREE DIFFERENT

SYSTEMS
Soecific Activi (counts/sec)
pecific Activity =)
Labelled Compound 1 2 3
Compound Mixed with By combustion
alone tissue (x2)
HTO 10.33 10.62 10.31
Myristic acid 37.32 36.84 35.92
Stearic acid 3.26 317 2.98
Progesterone 412.8 401.6 402.4
Phenylalanine 111.4 112.4 112.2
Glucose 3141 3235 —
Fructose 756.4 753.3 —
Thymidine 156.6 161.7 —

Column 1 = pure compound alone heated for 3h with zinc powder and anhydrous sodium.
carbonate in an evacuated and sealed tube at 650 °C; gas produced was assayed in a proportional
counter filled the atmospheric pressure with inactive methane. Column 2 = compound mixed
with 15 mg of dried animal tissue (blood, muscle, liver) and assayed as above. Column 3 = pute
compound combusted in a stream of oxygen, combustion water converted into butane by reacting
with n-buty! magnesium bromide for 1 h at 110°C; butane assayed in a Geiger counter. (The results
are cotrected for various factors of counter geometry and efficiency; half of the tritium is lost in
the Grignard reaction.)

The results from several analyses of different substances as pure compounds and
mixed with different tissue constituents are represented in Table I. For comparison,
results for the same substances as assayed with Grascock’s [1] method of combustion
and water-to-butane conversion have also been presented after correction for various
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factors of counter geometry and counting efficiency. The agreement seems satis-
factory when the loss of tritium in the Grignard reaction of the latter is taken into
account. The method error came to 2.5% in the present analyses in determinations
performed routinely by a non-professional girl technician at the rate of about
15 assays a day; in this connection the rather deplorable fact deserves notice, that
the best balance that has been available for this work permits sample weighing
‘with an accuracy of only 0.05 to 0.1 mg, which is bound to introduce a considerable
error into the lower weight range.

No effect of sample size on the yield has been noted in the range studied, i. e., up
to 15mg of dried animal tissue. Pieces of chromatography paper and cellulose
acetate electrophoresis strips weighing up to 50 mg have been successfully analyzed.
With samples weighing over 20 mg, however, it is preferable to start heating gradu-
ally followed by slow cooling to avoid explosion of reaction tubes. Infinitely small
samples have also been accurately assayed by introducing dilute solutions and
evaporating the solvent before adding reagents, or by analyzing colonies of a few
hundred Hela cells attached on cover slips. About 5 mg of inactive water has usually
been added as carrier for samples weighing less than 1 mg.

No isotope effects have been noted in the method so far, neither has it been
possible to confirm with certainty any retention of activity in the reaction tube as
described by WiLzsacH et al. [3, 4].

The overall efficiency of the method depends mostly on counter characteristics
and on the fraction of the gas produced which is actually introduced into the
counter. The 150 ml brass cathode counters seem to react to about half of the
disintegrations from the tritium within them. In the present work the gas produced
in zinc fusion has just been expanded or flushing into the evacuated counters from
the reaction tube in the breaking tube without further pumping, introducing thus
about 3/4 of the yvield into the sensitive volume. With these counters, then, deter-
minations are routinely made with an overall efficiency of about 389/o. Experiments
are at present made with an apparatus designed to introduce all the gas produced
into the counters by flushing the heating tubes with methane. The background in
the counters is some 1.4 counts/sec. Occasional batches of sodium carbonate have
been found to increase the background by 0.2 to 0.4 counts/sec. This increase in
background may sometimes even vary within the batch from sample to sample.
No explanation has been found for the phenomenon, and such batches have been
immediately discarded. No excessive background seems to develop into initially
“pure” carbonate.

Discussion

The method presented seems capable of converting the organically-bound tritium
and hydrogen in animal tissues into a gas suitable for assay in brass cathode
proportional counters filled to atmospheric pressure with inactive methane. The
composition of the gas is unknown but volatile compounds of nitrogen, sulphur
and halogens are thought to be largely excluded. Hydrogen, methane and perhaps
some carbon dioxide seem likely components whereas carbon monoxide could be
supposed to derange counter performance.

Sodium carbonate was added to bind nitrogen, sulphur and halogens but it might
also act as a catalyst, e. g. oxidant, promoting decomposition” of the sample con-
stituents; this could explain the finding that in its presence nickel oxide seems super-
fluous, whereas it has been found essential for quantitative conversion in previous
methods.
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The accuracy obtained in routine use should suffice for most biological applica-
tions, the more so, as no isotope effects have been noted so far. Furthermore, the
accuracy could probably be improved considerably by just using a microanalytical
balance which has not been available for the present work.

The amount of gas produced by different sample types in the conversion reaction
and its predictability have not been studied. Such a study might prove useful for
improving the accuracy in the determination of specific activities, which now depend
solely on the precision in weighing the sample and on the completeness of conversion.

Even the large variety of organic compounds present in animal tissues do not
present definite proof for the general applicability of the present method to all
organic material. Reduction, however, seems to be a basic mechanism capable of
numerous variations and other modifications seem possible for the single-step zinc
fusion conversion of organic hydrogen into a form suitable for gas counting.

Summary

Heating with zinc, nickel oxide and water in a sealed tube did not yield con-
sistent amounts of gaseous tritium measurable by proportional counting when applied
to animal tissues. After various trials it was found that the hydrogen from up to
15 mg samples of tissue could be fairly quantitatively converted into assayable gas
by heating them for 3 h at 650 °C in sealed and evacuated tubes together with 2 g
of zinc powder and 500 mg of anhydrous sodium carbonate. Brass cathode pro-
portional counters containing this gas and filled with inactive methane to atmos-
pheric pressure exhibited long plateaux with a slope less than 1%/ per 100V.
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DISCUSSION XXV

J. L. Garnett (Australia): It may be of interest to mention that our research
group in Sydney, Australia, also uses zinc dust instead of zinc mesh for tritium
analyses by the method which Dr. Hasan has described. In so doing, we have
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observed that if combusted tubes are allowed to stand for several days (e. g over
a weekend) prior to expansion and analysis, appreciable adsorption (10—20%/) of
the tritium on the catalyst occurs. However, if the tubes are reheated for 5 min
at 650 °C immediately before analysis, no such error due to adsorption effects is
observed (J. L. GarneTT and S. W. Law, Anal. Chim. Acta, in press).

H. Enz (Switzerland): I would like to ask a rather general question, namely,
whether any of the participants know of attempts to do assay work with gas
counters in the ‘proportional region instead of the Geiger region. It seems to me
that such a procedure could be useful for applications where the activity to be
measured was high. I have had occasion myself to make a preliminary attempt.
It seems to me that it should be feasible with mixtures of suitable gases.

J. Sharpe (United Kingdom): I know that acetylene has been used in the pro-
portional region. I think the big problem with a great many of the gas-counting
methods is that a proportional counter is probably much more sensitive to
impurities than a Geiger counter used under the correct conditions.

A. Bainbridge (New Zealand): Acetylene has been used in many laboratories for
the routine assay of carbon-14 in work in the proportional region. It is very satis-
factory. In fact, all hydrocarbons — e. g. methane, ethane, ethylene — work very
well in the proportional region. They are excellent gases for that purpose.

F. Hasan (Finland): I do not think it can be decided one way or the other
whether proportional counting is more advantageous than Geiger counting. The
former certainly allows for the assay of more active samples, without needing
corrections for counter dead time. As regards the impurities in the counting gas,
two schools of thought are represented in the literature: that which considers
Geiger counting to be more advantageous because more impurities are tolerated
in the counting gas, and that which argues that proportional counting is definitely
more compatible with impure filling gas. The opinions seem to depend mainly
on which is the author’s own preferred method. My own experience, based on gas
counting and also on gas-flow windowless counting on paper chromatograms,
indicates that proportional counting, at least with methane at atmospheric pressure,
is more sensitive to contamination with air than, say, Geiger counting with butane
at 12 cm Hg pressure or with Q-gas at atmospheric pressure.

A. R, Crathorn (United Kingdom): Having used acetylene in the proportional
region for counting carbon-14 and butane in the Geiger region for the measurement
of tritium, I would say that in neither case is additional purification necessary.
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