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EDITORIAL NOTE

This volume contains the lectures delivered at the occasion
of the TO th anniversary of the opening of the institute's
building.
After an introduction by prof.ir. J.P.W. Houtman, scientific
director of Chemistry, the scientific director of Physics,
prof.dr. J.J. van Loef deals with the facilities available
in the institute and the work performed in the ten preceeding
years. The two guest speakers dr. B. Jacrot, Scientific
director of the Institut Max von Laue - Paul Langevin at
Grenoble sni prof.dr. J.M.A. Lenihan, director of the Depart-
ment of Clinical Physics and Bio-engineering, Western Regional
Hos^Ital Board at Glasgow lecture on neutron scattering
experiments and on neutron activeiion analysis respectively.
Dr. Jacrot in particular emphasized some biological
applications of neutron scattering, while prof. Lenihan
draws our attention to the impact of nuclear science and
technology on chemistry, biology, medicine and the study of the
environment in his lectures, entitled: "The research reactor
as a window on the world".

Delft, September 1973
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INLEIDING

J.P.W. Houtman

Interuniversitair Reactor Instituut Delft

Namens de direktie van het Interuniversitair Reactor Instituut
heet de spreker de aanwezigen van harte welkom en leidt daarna
de wetenschappelijke dag ter gelegenheid van het tienjarig
bestaan van het gebouv als volgt in:

Hoewel wij tien jaar geleden ons gebouw betrokken, is onze
organisatle omstreeks vijf jaar ouder. In 1p5T werd het instituut
door de toenmalige Minister van Onderwijs, Cals, opgericht als
onderdeel van de TH-Delft, losstaand van de bestaande af-
delingen, maar wel reeds voorzien van een interuniversitair
etiket. De oprichting van interuniver itaire instituten inoest
toen nog bij de wet worden mogelijk gemaakt en daarna ^iende
er nog door middel van een Algemene Maatregel van Bestuur en
een daaruit voortvloeiende Gemeenschappelijke Regeling de
nodige inhoud aan te worden gegeven. Het heeft daarom tot 19&9
geduurd voor het Reactor Instituut Delft kon worden omgezet in
het Interuniversitair Reactor Instituut.

Hoewel reeds omtrent 1958 met het werk een schuchter begin werd
geinaakt in een aantal bestaande TH-gebouwen, kreeg het onderzoek-
programma pas goede ontplooiingskansen bij het betrekken van
een eigen gebouw met een funktionerende kernreaktor, nu tien
jaar geleden. Het is goed nog eens te wijzen op de belangrijke
rol die onze eerste technisch en administratief direkteur,
ir. Van Daatselaar, bij de totstandkoming daarvan heeft ge-
speeld.
Zoals gezegd was het totstandkomen van de officiele interuni-
versitaire status niet zo eenvoudig. Nog veel moeilijker bleek
het om werkelijk interuniversitair te funktioneren.
Dit houdt namelijk tevens in: het tot stand brengen van inter-
disciplinaire samenwerking waarbij dan alsnog belangstelling
voor nucleaire wetenschap en nucleaire onderzoektechnieken bij
onderzoekers uit andere wetenschapsgebieden moest worden gewekt.
Wij hebben dat in de afgelopen jaren geprobeerd te doen door
zelf onderzoek te yerrichten dat voor buitenstaanders mogelijk
nuttig zou kunnen z'ijn. Kwam er geen reaktie? dan werd dat
onderzoek gestopt. Kwam er wel reaktie, dan werd een kleine
werkgroep geformeerd, die in overleg met de geinteresseerde



buitenstaanders haar verder programma uitstippelde. Daardoor
kwamen studenten en andere gasten en er ontstond behoefte aan
specialistisch onderwijs door middel van kursussen van ver-
schillende aard. Kollega Van Loef zal deze ontwikkeling zo
direkt met behulp van een dia illustreren. Verder verwijs ik
naar onze jaarverslagen, speciaal het laatste, waarin wij
de interuniversitaire samenwerking kwantitatief hebben aan-
gegeven. Hieruit blijkt dat kontakten zijn gevormd met diverse
fysici, chemici, biologen, medici, toxicologen, farmacologen,
bodemkundigen, geo3.ogen, natuurbeschermers, archeologen, werk-
tuigbouwkundigen, chemisch- en fysisch-technologen, forensici en
kunsthistorici. Wij hebben het gevoel dat wij nog pas midden
in dit ontwikkelingsproces zitten. In de chemische sektor kwejn
de interdisciplinaire samenwerking het eerst tot stand. De
laatste jaren treedt zij in toenemende mate op in het gebied
van de fysica en van de bio- c.q. medische-techniek.

Momenteel wordt het instituut in zijn verdere groei beperkt
door gebrek aan ruimte en door begrotingsbevriezing. Gedurende
het laatste jaar wordt gewerkt aan een analyse van het huidige
werkprogramma en van de noodzakelijke toekomstontwikkeling,
opdat een toekomstige aanvrage om uitbreiding gebaseerd zal
zijn op stevige argumenten. Ik wil met veel waardering melding
maken van het belangrijke werk dat met betrekking hiertoe wordt
verricht door ons Wetenschappelijk Adviescollege, bestaande uit
diverse experts uit de deelnemende instellingen, onder voor-
zitterschap van prof.dr. Joh. Blok van de Vrije Universiteit te
Amsterdam.

U zult begrijpen dat goede argumenten voor uitbreiding alleen
kunnen worden verkregen met behulp van een kritische benadering,
die voortdurend rekening dient te houden met de ontwikkelingen
in de relevante vakgebieden. Mede om deze reden hebben wij ge-
meend het 10-jarig bestaan van ons instituut te moeten wijden
aan de toekomstige ontwikkelingen in de nucleaire wetenschappen.
Dat is de oorzaak geweest van het ontstaan van het programma
van vandaag.
Kollega Van Loef heeft de zware taak om een overzicht te geven
van het huidige onderzoekprogramma en van de bijbehorende ar-
gumenten. Dit zal dan de achtergrond moeten vormen van de lezing-
en van onze buitenlandse gasten, die zich overigens uiteraard
tot een aantal onderwerpen zullen beperken. Deze wijze van
doen geeft ons alle mogelijkheden om onze gedachten en plannen
voor de toekomst aan te passen.
Ik wil dan ook deze inleiding nu afsluiten om ons aan dit pro-
gramma te kunnen wijden.

- 5 -



THE USE OF NUCLEAR RADIATION IN THE INTERUNIVERSITAIR REACTOR
INSTITUUT 1963 - 1973

J . J . van Loef

Interuniversitair Reactor Instituut Delft

It is a pleasure for me to talk to this audience on occasion
of the tenth anniversary of our institute, which by the way
is often referred to as IRI. In this address I'll present
a broad outline of the activities of the institute over the
past ten years. In my lecture I will start with some
statistics concerning IRI, subsequently I'll briefly review
our main sources of nuclear radiation (n.r.). Since n.r.
and its use is the topic of to-day's meeting, I will indicate
the different ways according to which n.r. is being applied in
our research program. Next I'll illustrate this by giving some
examples, which I hope represent more or less a cross section
of the type of problems we are studying in our laboratories.

PERSONNEL

240 ' Total * students + guests

200

160
• Total I.R.I

- Chemistry + physics

- Physics

1963 1968
estimated

1973

"EDUCATIONAL OUTPUT" 1963-'73

courses
Theory + practice

Radiochemical methods
Radiation safety
Reactor physics
Reactor operation

number of portigpan fs

1110
385
100

20
(570- few days as part of courses of other institutes!

Students
Chemistry 25
Physics* 105

"SCIENTIFIC OUTPUT" 1963-"73

Chemistry
Physics*

Total

6
13

degree of
engineering

21
79

19 100

* incl. Reactor physics

publications

108
87

195

fig. 1. Growth trf IRI 1962-73.
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Then I will summarize the main topics of research in chemistry
and physics carried out in IRI, and end with some general remarks
on students and science.
Some statistics concerning IRI are given in fig. 1. On the left
part of this figure it ~ shown how in the past ten years the
number of people working in IRI has grown. The lower lines give
the people belonging to IRI, who are in the Physics and Chemistry
departments, while the 3rd. curve refers to all the personnel*
on the pay-roll. The upper straight line is the total number
of people, that actually works in the building. Thus far this
number keeps increasing more or less linear with time, in spite
of the fact that there is a personnel stop from 1971 up to now.
It should be mentioned that the institute as it stands has been
constructed in 1961-1963 for about 100 people; it is evident
from the actual number of people working in the building that it
is overcrowded and more space is badly needed. An interesting
note is that the annual reports of IRI also increase linearly
in size during the last years. To the right 2 tables are shown
which give an indication of our output, both from the educational
and from the scientific point of view.

It is my task to present to you a more or less balanced view of
th.p research work we are doing. It is not so much the number of
publications IRI turns out, which makes the presentation rather
difficult, but much more the very large variety of problems we
are dealing with ind which are reported in widely different
journals. Therefore it should be clear that in this talk I
barely can touch upon each subject of interest to the people
working in the institute, let alone elaborate on it in some
detail. My intention is to mention a limited number of topics
more specifically, the choice being entirely and strictly a
personal one. In spite of this variety in our research problems,
we have in common the use of nuclear or highly penetrating
radiation. It seems therefore appropriate to review briefly the
various sources of n.r., we have at our disposal in IRI, which
are summarized in table 1. They are listed in the first column
with their main characteristics indicated in the second. The type
of n.r. produced by these different sources is given in the 3rd.
column. I should add here that in the rest of my talk, radiation
will be the main guide which I will follow in discussing the
various aspects of our research activities. I should mention also
that although nuclear physics is carried out in the institute, it
does not form part of the IRI program; hence I will not discuss
it here.

* of whom 22% with an academic degree.
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Source,

NUCLEAR REACTOR-2 MW

radiqtgn.

Fast.epithermal and thermal

neutrons

NEUTRON FLASH TUBE-IOOkV

peak rate
iii 2fts burst

max. repetition rate 250

2.5x10 n/s

5 xlO8 n

ELECTRON ACCELERATOR-

continuous beam

puised beam-peak current

duration variable

max. repetition rate

1mA

t A

3-200 ns

200 s"1

RADIO ISOTOPES
292

a
60Co
57Co
various

Fast and epithermal neutrons

High-energy electrons. X-rays

Fission neutrons

High- energy. ^ M m i a .
Low-energy > *
Electrons, gamma rays and X- rays

table 1. Various sources of nuclear radiation at IRI.

Exwngle

Use of nuclear radiation as a means to

probe intrinsic physical and chemical

properties of matter

Thermal neutron scattering in

solids and liquids

II Studies of physical and chemical process

which are the result of irradiating

matter

lonization caused by high-energy

radiation

III Studies of nuclear processes Neutron moderation and capture

fig. 2. Characterization of research with nuclear radiation.



Nuclear radiation can "be used for different reasons and Kith
a different purpose. A distinction can in principle be made
between experiments in which n.r. is essentially applied as a
tool by means of which the intrinsic physical and chemical
properties of the object und°r investigation can be probed,
and experiments in which the specific effects caused by n.r. are
the subject of study. In fig. 2. I have called those type I and
II respectively. In addition the nuclear process itself can
also be the purpose of investigation; this I called type III.
Type I of characterization is best exemplified by our research
in physics, e.g. thermal neutron scattering (U.S.), while the
second is of direct importance to radiation damage studies e.g.
in radiation chemistry. mype III is an essential part of reactor
physics as illustrated by the subjects given in the 2nd. column.
One of the typical properties of n.r. is the high penetrability
in matter. However this does not necessarily mean that n.r. has
a large kinetic energy, e.g. thermal neutrons have an energy of
about one-hundredth of the strength of a chemical bond (fig. 3).
Therefore in neutron scattering in crystals and liquids no
change in properties of the latter due to neutrons is to be
expected (type I).

TYPE OF RADIATION AND ITS ENERGY (meV)

subthermal,

\ neutrons

thermal 1

heat

visible light

U V

to2

-Strength of chemical

PURPOSE OF STUDY

TranslationSv

Rotations lot" molecules

Vibrations J

Chemical reactions

bonds

r

FIELD

Neutron spectroscopy

Infra-red and Raman
spectroscopy

Classical chemistry

Low-energy molecular excitations Photochemistry

Highly-excited molecules

Short-lived transient species

Luminescent dosimelry

X-roys

high-eneigy <
gamma rays

electrons

Recombination effects

Energy deposition
in matter

K > \

I08

10'

'lonization
Rotation chemistry

Radiobwlogy

Rodiotherapy in medicine

fig. 3. Radiation in non-nuclear science.
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On the other hand high-energy electrons or gamma rays cause a
substantial ionization in condensed matter. In the interaction
of high-energy electrons with matter, fast electrons lose their
energy in about equal amounts by knock-on collisions with
electrons of the medium, and by resonant losses . The first type
of interaction yields a positive ion and a secondary electron
wit, soue kinetic energy, that in a liquid most probably stays
within the Coulomb field of the positive ion. The resonant losses
give rise to excited states of molecules, which may or may not
decay under formation of short-lived charged species. This is
of interest to our radiochemists, who are studying all these
processes, which may ultimately lead to new types of chemical
bonds and thus to new molecules.

The details of the energy deposition in condensed matter are
still far from being well-understood. However, the interesting
fact is that the energies of highly-excited molecules and charged
species formed are not very much in excess of the ionization
potential. Besides, information about ionization in non-polar
liquids is obtained from electrical conductance, that by the way
also provide information about transport properties of the ions.
Moreover very high mobilities of excess electrons have been
reported recently in liquids composed of spherical or semi-
spherical molecules (liquid noble gasses, neopentane, tetra-
methylsilane). Although the relation between these very fundamental
electronic -•roperties and the shapes of the molecules in the
liquid is far from clear, it is net unlikely that intermolecular
interactions play an important role here [1].

Now I come "back to thermal neutror. scattering. By means of this
method the physicists of our institute investigate molecular
motions in liquids composed of the same type of molecules, I
just mentioned [2,3]. These motions can be translations, rotations
or vibrations; in general combinations thereof. However, the
dynamics of molecules in a liquid largely depends on the forces
that act between adjacent molecules, i.e. the intermolecular
interaction. It seems evident, therefore that a mutual
interaction between physicists and radiation chemists might
prove to be quite fruitful.
In addition I may just call your attention to other types of
radiation of non-nuclear origin to the left of the energy-
scale (in MeV) which is given in powers of ten. Fig, 3 also
illustrates that the type of information obtained in neutron
spectroscopy and radiation chemistry is quite often complemen-
tary to that acquired froir methods commonly used in ron-nuclear
science, i.e. infra-red and Raman spectroscopy, classical-
and photochemistry respectively.
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Whereas in radiation chemistry the chemical changes are studied
that result from the slowing down of fast electrons, the
slowing down of fast or fission neutrons is one of the main
topics of research in reactor physics. Fast neutrons give rise
to interactions with atomic nuclei of the medium they are passing
through. This leads to changes in neutron transport and conse-
quently to variations in neutron spectra [1+]. An example of
interaction is neutron capture, the determination of the rate
of which is of direct importance to reactor physicists. This
typically exemplifies our type III of characterization discussed
before.
On fig. k. I have surveyed the different research subjects
studied in IRI, their characterization type and the various
disciplines to which the subjects belong. It should be emphasized,
though, that much of our work is closely related to other
disciplines as well, as I have already indicated on fig. 3 and
to which I will refer in the rest of my talk too.

NUCLEAR RADIATION AND ITS ENERGY fntf/j SUBJECT_QF_S]UDY TYPE

subthermol •

thermal

dptihermr1

T1

to

to2

to3

'. "Cold neutron
! source '•

low-energy

X-rays
y

LvModeration |

gamma rays -

high-energy

fast neutrons

electrons to9

Neutron scattering in condensed matter

Depolarization of neutrons

Activation analysis

Neutron capture rates

Doppler effect studies

Neutron and gamma-ray transport

Radiation damage

Mossbauer effect

Oosimetry

Application of rodioisotope tracers

Chemical effects of irradiation

Physics

Radiochemistry/Nucteor
baengimenna.

Reactor physics

I

I

I

a

Physics

Health physics

Rod io chemist r^/Nucleor
bioengineering

Radiation chemistry

fig. 4. Nuclear radiation in scientific research at IRI.

Examples

1. Radiochemistry-activation ana lysis

An important application of neutrons in radiochemistry is neutron
activation analysis. By means of this method trace elements can
be identified and their concentration determined quantitatively
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after irradiating the sample with neutrons inside the reactor.
In that case radioactive isotopes are formed due to neutron
capture in one or more stable isotopes of a particular element
The method is extremely powerful since it is possible to
determine simultaneously minute quantities of different ele-
ments present in a small sample of 100 mg or less. Fig. 5
illustrates how such a multi-element analysis comes about [5].

fig. 5. Gamma spectra of
sludges of Rhine-river
after neutron activition
at different intervals
between radiation and
measurements.

Some sludge or silt taken from the Rhine-river off Rotterdam has
been irradiated with neutrons during a few hours; afterwards
the gamma ray spectrum of the irradiated sample is determined
with a Ge(Li)-detector. Characteristic gamma rays originating
from the different radioactive isotopes are measured at various
times after the irradiation is stopped. In the spectra taken
during the first days only activities from relatively short-
lived isotopes show up. After 5 days, the activities of other
elemental isotopes with half-lives up to a few days appear in the
spectrum which originally were hidden underneath the high inten-
sity gamma radiation of the short-lived isotopes. Finally after
9 days, four other isotopes, all having half-lives exceeding one
month show up. In total about 15 different elements with concen-
trations varying from a few ppm down to fractions thereof have
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been identified in this sample of silt. However the method
itself allows, for a simultaneous identification of at least
twice that number of elements.
It should be clear that such a multi-element, non-destructive,
analysis has wide-spread application outside chemistry as well.
At the same time some chemical separations have been explored
in particular with the objective to apply automatisation [6].
An automatic equipment has been developed for the simultaneous
determination of 12 elements by a combination of distillation
and ion-exchange. An automatic elution machine is constructed
which consists of two rows of 1? resin columns placed above a
movable platform on which 12 rows of 12 counting vials are ar-
ranged. For each row of resin colums one multi-channel peris-
taltic pump transfers elution liquids from the appropriate
storage vessels placed overhead. The technique has mostly been
used for determining mercury in different soil and biological
samples [Tl5 but it aroused the interest of environmental
hygienists and physicians as well, not in the least because
of the determination of other elements. As a result measurements
are being carried out in order to investigate possible relations
between various sorts of cancer and trace element distributions.

2. Radi oohemis try-radioisotope app li eati ons

A completely different subject of radiochemistry concerns the
use of radic-isotopes. As an illustration (fig. 6) the depth
distribution of radioactivity within a body will be discussed
C9-]j that is based on a measurement of the attenuation of n.r.
The absorption of electro-magnetic radiation in matter strongly
depends upon the radiation energy. If a radioisotope emits
photons of two or more different energies, the measured inten-
sity ratios contain information about the thickness of any ab-
sorbing material between source and detector. When using a thin
window Ge-detector intensity ratios can be measured accurately,
in particular at low gamma ray energies. Then sensitive depth
determinations become possible by measuring e.g. intensity
ratios of X ray-y ray pairs both emitted by a single radioiso-
tope as illustrated on fig. 6. In the experiment two sources
of Cd are embedded at different depths in a lucid block,
and detector and collimator scan the block overhead. The inten-
• '.ty ratio indicated by the open circles is significantly
. jller to the right than to the left, because of the greater
depth of the source.

A variation of this experiment is to use a stationary detector
and a moving source, e.g. in set-up consisting of two compart-
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merits each filled with a Cd solution, which are flushed at
different rates by continuous injection of a non-radioactive fluid.
The elegance of the experiment is its simplicity that should
make it suitable to apply in those problems where depth
ir.easuremer.ts are required but difficult to perform by other
means. One jould think of applications in engineering or in
medicine.

100r
50 f

20

= 10

a

I =
o
u

joouo

°ooo°

Y count rate

count rate ratio
Cd

i ( I 1

scan
direction

Detector

Collimator

I T
I 15mm

lucite

10 mm

100

50

20

10 -e
a

_i i i i_

i5 S

a
2V

1 2 3 4 5 6 7 8 9 10
/ »• x in cm

35 mm

Sources

-. 6.^ Bet up and results of the depth measurements with
;zrL%) detector using -intensity ratio's of two gamma-rays
:n dzffevent energy.



3. Health physics-dosimetry

One of the main activities of healtn Faysics is dosimetry and
radiation protection and evaluation. In anticipation of an in-
creased use of nuclear energy it seems appropriate, to present
to you some recent estimates of radiation exposure (r.e.) of
the population, which are quoted from the reports listed
underneath table 2. From table 2 it is clear that the major
contribution to r.e. is natural background with an average
whole-body dose of about 100 mrem/year, in high-lands rising
even up to 500 mrem. Construction materials of housing contri-
bute various amounts, depending upon wh ther wood or concrete
is used. Medical applications contribute comparable exposures
to various tissues of the body. Concern about the nuclear power
industry arises because of its potential magnitude and wide-
spread distribution. However, recent estimates made in the
U.S. based on experience to date and present engineering
judgement lead to a contribution to r.e. averaged over the
total population of less than 1 mrem/year.

Population Doses

Hatural background

Construction materials (housing)

Medical radiation exposure

Nuclear power industry

mrem/year

100-500

0-50

20-60

1

References: The effects on populations of exposure to low levels of

ionizing radiation - Report Advisory Committee on BEIR.

- Nat. Acad. of Sciences, Washington, 1972-

Ionizing radiation, Levels and Effects,

- United Nations Scientific Committee, E.A.R.

New York 1972.

Estimates of Ionizing Radiation; Doses in the V.S. 1960-2000

- V.S. Environmental Protection Agency

Office of Radiation Programs, Maryland 20852(1972)

table 2.
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There is reason to expect that over the next few decades, the
dose commitments for all man-made sources of radiation except
medical should not exceed more than a few mrem average annual
dose to the entire population. Therefore one of the tasks of
the health physicsts is to promote not only reduction in medical
r.e. of the individual, but also to have procedures carried out
with maximum efficiency so that there can be a continuous in-
crease in medical benefits accompanied by a minimum radiation ex-
posure. It is against this background that our health physicists
are engaged in the determination of the genetically significant
dose as a result of X-ray diagnosis in the Netherlands [9].

fig. 7. The experimental set-up for measurements on the
nuclear WPPLER effect.
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4. Reactor physics-nuclear Doppler effect studies

Let 3ie now turn to some physics related to nuclear reactors.
One of the research topics in reactor physics is the study of
the nuclear Doppler effect in fissionable and breeding
materials used as a sample in fast neutron spectra. The method
to investigate the Doppler effect is based upon a transmission
experiment of neutrons through the sample, around which a neutron
detector in a UiT-geonietry is constructed. The detector consists
of a graphite sphere (ho cm in diameter, 8 cm thick) as shown
on fig. 7s and 20 BF-counters surrounding the sphere within
which samples can be oscillated in a direction perpendicular
to a neutron beam of variable energy that passes through the
center of the sphere. The sample can be heated up to a tempera-
ture of about 1200° C. The idea of using a lm-geometry detector
is that in this way only neutron absorption or capture in the
sample is measured. This experiment has been carried out at
the Athene reactor in Eindhoven. The results of the measure-
ments are still in the process of being worked out [10]. The
main purpose of this investigation is to obtain a thorough
knowledge of the nuclear Doppler effect, which is the only
mechanism that takes care of a prompt negative temperature
coefficient, which is of great importance in fast nuclear
reactors.

5. Physics-molecular physics

Large variations in the gross physical properties of matter are
caused by the way in which its atoms are arranged. Crystals
are a form of matter in which the atoms are arranged in an ex-
tremely orderly pattern, giving them the typical properties of
solidity, hardness and elasticity. In liquids the atoms are
arranged in much less order, giving rise to the fluidity you
are all very familiar with. And in gasses hardly any order
among the atoms is usually assumed. The atoms in a gas exist
at random in space, far enough from each other to have little
interaction. Recently considerable progress has been made in
our knowledge how loose the atoms actually are in a liquid and
in a gas. In order to study the arrangement of atoms in a medium
without disturbing the atomic pattern, slow neutrons turn out
to be very useful. The manner in which these neutrons pass
through the atomic pattern is very sensitive to the average ^ .
positions of the atoms. In fact neutrons can be considered like
waves that are scattered by all the atoms. In case some pattern
exists the neutrons will be scattered into preferential directions,
i.e. we will measure diffraction.
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A knowledge of the interatomic potential is of fundamental im-
portance in order to understand the details of the forces between
atoms in condensed matter and thus of the way the atoms are ar-
ranged. As in a noble gas like argon the main contribution
comes from the interaction potential of two atoms, a determination
of this potential is worthwhile. A direct way to determine the
pair potential is to measure the diffraction in a gas at a den-
sity which is sufficiently low that screening of the pair inter-
action by other atoms can be neglected [11]. More precisely
formulated the diffraction pattern measured in a dilute gas is
the Fourier transform of the atomic distribution function which
in the asymptotic form can directly be expressed in terms of the
pair potential. It is with this purpose in mind that we have
the most suitable neutron beam which is at hand, and we are
fortunate that we have been able to do this in close cooperation
with people in Grenoble.

Very recently precise diffraction measurements have "been carried
out at the high flux reactor in Grenoble in a joint experiment
of IRI and the Von Laue-Langevin Institute [12]. The first
results of these measurements are shown on fig. 8. Because of
its large scattering cross section, ̂  Ar (acoh= 75b) has been
used as a gas so that the density could be less than 1/U of the
critical density of argon only, i.e. about J% of the solid
density. This is the lowest density at which diffraction ever
has been measured thus far. On fig. 8. The intensity of the
scattered neutron has been plotled versus the scattering angle.

__ j

fig. 8.
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The counting rate of 10 means that the statistical error cf
the data is a few tenth % only. It is evident that in this
spectrum a few discrete, interference peaks appear, which is
an indication that even in the relatively low density argon
gas some shore range order of the Ar atoms should exist. In
order words not all the atoms in the gas are randomly distri-
buted, but they seem to be arranged in small grouplets
mainly because they are within each others field of attraction.
An essential part of our current research in subthermal neutron
scattering is the study of molecular moti ons in organic
compounds. An interesting class of compounds are the globular
molecules of hydrocarbons, most of which have a socalled plastic
phase. In thi's solid phase the molecules are supposed to be
more or less free to rotate around their center of mass. Cold
neutrons are useful for studying moving atoms within condensed
matter, prima'rly because collisions with the moving protons
cause changes in energy much larger than or comparable in
magnotude to the energy the neutrons initially have.
Neutron inelastic scattering experiments (N.I.S.) have been
performed recently on cyclohexanol, which has a plastic phase
in the temperature range from 0° C up to the melting point at .
room temperature [13]. Among others the measurements.will give
information about the mean square displacement of the protons
from their equilibrium position in the medium. In fig. 9» this
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quantity indicated by the symbol V > 5 plotted versus the
absolute temperature. Now the interesting feature is that on
increasing T, the mean square displacement of the protons in
cyclohexanol, and thus of the molecules themselves, suddenly
becomes significantly larger at the solid-plastic phase transition
at temperature Tph. Subsequently it keeps gradually incresing with
temperature vithout any discontinuity even on passing the mel-
ting point T . In addition it can be concluded from the experi-
mental data that this rise of <u2> with temperature is mainly due
to the onset of rotational motion of the molecules, while the
translational motion of the molecules remains small even in
the liquid phase. This is consistent with the shear viscosity,
which is known to be high in this particular compound. The
general purpose of this kind of investigations is to obtain
a much more detailed understanding of motions of molecules in
solids and liquids. This is of direct importance in order to
be able to describe many physical and chemical processes as I
have indicated already before.

6. Physics-Polarisation of neutrons

In order to introduce the subject of polarised neutrons I will
recall an effect, that is familiar to you namely the total re-
flection of visible light that passes through glass. When a
light ray under a certain angle is incident on a flat glass
surface from within the glass, the light ray will be totally
reflected as shown schematically in fig. 10. The limiting angle
for which the reflection is total, is called the critical angle,

Light Neutrons

Air

Glass

. refracted light

Neutron source partially Molly
reflected neutrr --

refracted neutrons

* partially totally

reflected light
Light source

Index of refraction air/glass: 1,5 for visible light and(1-2.10Ts ) for thermal neutrons.

fig. 10. Total reflection
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and its value is about 30°. One of the most striking demonstra-
tions of the similarity of neutrons to light waves is that they
also can be reflected by mirror surfaces. An important difference
in the total reflection of neutrons and light arises because
most materials have an index of reflection less than unity for
neutrons but greater than unity for light. As a result, neutrons
will reflect totally from a polished surface from outside
the glass just the reverse of the situation for light. Another
distinction is that the critical angle is very small, namely
about 1/3 of a degree only. This makes it much more difficult
to construct a neutron mirror than a mirror for light, since
the surface of a neutron mirror should be extremely flct.
Another uniiiua property of neutrons is that they are tiny mag-
netic dipoles and hence are similar to very small magnets. Like
a magnet, it is possible to orient the neutron magnetic dipoles;
we then say that the neutrons are polarised. A beam of polarised
neutrons can be produced by reflection from a magnetic mirror
using the technique of total reflection as discussed before.
This mirror, shown in fig. 11 consists .x number of 1- mm thick
Co-Fe plates which are mounted in groves in an iron casket. This
can be magnetised by means of many small permanent magnets
(see arrow in fig. 11) that from par/ of the large iron frame,
half of which is visible here. The mirroi will be placed at a
very small angle with respect to the incident neutron beam of
k 8. wavelength. Due to the magnetization of the mirror, the
reflected neutrons will be polarised. The purpose of experiments
with polarised neutrons is to explore properties of magnetic
domains in ferromagnetic materials L1U] , which are placed be-
tween the polarizing mirror and a second mirror of a simular
design that functions as the analyzer.

In table 3 a general outline is given of our research activities
in chemistry. In the first column the type of n.r. used in the
studies described in the 2nd column is indicated. On the same row
the main objectives are formulated. The disiplines involved are:
radiation chemistry, radiochemi stry and nuclear bio-engineering.
The last two are intimately interrelated; therefore they are
used as a common heading. The heading DATA ANALYSIS refers to
the use of a PDF 9 machine, present in the institute, which is
also used by the physicists. I might add here that in IRI there
are a few terminals of the IBM 360-65 computer, which is installed
at \ ne University of Technology of Delft. Much work is performed>.
on tnis computer as well. Just as on the previous one, table h
gives a general outline of the research activities in physics.



fig. 11. Picture of the neutron -polarizing system. The arrow
on the left points to the magnetic mirror which for reasons
of clarity partially sticks out of the iron casket. The other
arrows points to a number of small ferrits3 which are placed
on top of the lower half of the armco iron frame. The yard-
stick on the side is 50 cm.

The n.r. listed in the first column is used in the studies
mentioned in the second, while some of the objectives are
formulated in the final column. The disciplines involved
are: physics, (a subdivision can be made in molecular physics
and magnetism), reactor physics and health physics.
Now coming to the end of my talk, I hope that I made clear that
application of nuclear radiation is extremely versatile in many
branches of science and technology. And I am sure that our two
guest-speakers dres. Jacrot and Lenihan will underline this
statement by their lectures. Let me just finish with some remarks
related to the last word in the title of this meeting, namely the
word science.
The objective of science is not just to obtain information or
improve our understanding about nature; its goal is the esta-
blishment and extension of a free intellectual consensus [15].
Being in a university institute with appropriate facilities
for doing research, I consider it one of our"major task, to guide
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I
NUCLEAR RADIATION PROJECTS OBJECTIVES

HIGH-ENERGY ELECTRONS

Pulsed beam

I RADIATION CHEMISTRY (

| Study of problems in pulse radiolysis [increasing the bosk: knowledge

, in particular of the properties of short-lived .on chemical and physical processes
1 transient species-ions ond excited molecules caused by the high-eneigy radiation

Continuous beam I Analysis of stable products formed after

HIGH-ENERGY GAMMA RAYS

NEUTRONS

irradiation. Fundamental research on charge

separation.

I Applied research in polymerization .grafting Improving technical radiation

' and synthesis under irradiation. processes.e.g. in paint treatment,

in wood technology.

! RAOIOCHEMISTRY / I
1 NUCLEAR BIOENGINEERING ,
i '

Identification and determination of trace | Application of activation analysis out- \

I elements. Development of automated equip- | side chemistry, eg in the environmental '

! men) fix accurate routine gommospectrum |sciences.medicine,forensic studies.arts

analysis,and for chemical separation of rodio^ and geology.

I active isotopes. |

NEUTRONS

RAWOISOTOPE TRACERS

RADKMSOTOPE TRACERS

In vivo activation analysis .Study of mela- I Application in animal and human
bolism of life and toxic elements. iphysilogy,toxicology,biochemistry.

I Study of microscopic and mocroscopic

moss transfer.

] | Development of new detection principles,
radio immunoassoys
radiophormcceuticals

I Use in process analysis in physical
1 chemistry and in chemical engineering

Use in nuclear medicine

; DATA ANALYSIS :

i Development of techniques for statistical Chemical analysis of natural

i analysis of data 'materials in various fields

table Z. The main topics of research in chemistry at IRI.

young people into the world of science. It should be evident
that young men cannot learn this by studying books about the
scientific method. They should acquire intellectual attitudes,
technical procedures and social conventions that fit them for
membership of the scientific community. The graduate student
not only learns t.,e advanced technique of his subject and makes
some small contribution to it; he becomes acquainted with
the rates of scientific communication and controversy. As a
result he acquires his own internal version of the standards of
argument and proof demanded by the scholarly world. It is my firm
wish that the guidance of young men into the world of science
will remain one of the major objectives of this institute for the
years to come.
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NUCLEAR_RAUATJON_ \
I

THCMMLoitiJ SUBTHERMAL \

NCUTWH BEAMS

LOW-ENERGY GAMMA RAYS

FISSION NEUTRONS and

GAMMA RAYS

NEUTRONS

CHARGED PARTICLES

RADIOACTIVE SUBSTANCES

X-RAYS

PROJECTS

Study of problems in molecular physics,

in particular of the italic and dynamic

b«haviour of atoms and molecules in

solids, liquids and d«nta gases.

Investigation of magnetic domains and

the process of magnetization using

polarized neutrons.

Use of the Mossbauer effect as a research

tool in mognetism and in surface physics

and as an analytical tool h chemistry.

OBJECTIVES^

Promotion of the application of neutron

scattering methods ii various branches

of scier s and technology , e.g.

chemic , , metallurgy.

Incnasing the knowledge of 1he mag-

netic properties within bulk material.

Application of Mossbauer effect
measurements as an auxiliary technique

in surface ohemittry.crystal growth
problems, metallurgy.

REACTOR PHYSICS \
i

Static and dynamic flux distribution studies!

and noise meosufemenli in (tub-) critical i

ensembles (determination of reactor para- I

meters. II
I Studies of the temperature dependence of

resonance-absorption in thermal and fast

I
I

reactors, and determination of cross Mcticnt.
i

Irradiation of metals and simulation studies.

I

HEALTH PHYSICS

Studies of aerosol behaviour.

X-ray doses in medicine and
personnel dosimetry.

increasing the understanding of neutron

and gamma-ray transport in a nuclear

reactor.

Reaction kinetics of neutrons in nuclear
materials relevant to fission and fusion
reactors.

Contribution to the knowledge of
fundamental aspects of radiation damage.

Deposition patterns n respiratory
systems.

Determination of he genetically
significant dose as a result of X-ray
diogmsis in the Netherlands.

table 4. The main topics of research in physios at IRI.
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NEUTRON SCATTERING TECHNIQUES

B. Jacrot

Institut Max von Laue - Paul Langevin, Grenoble

In trying to foresee the future of neutron scattering techniques
it may be good to start by looking back in the past development
of neutron application. I will concentrate only on the use of
neutrons in studies of condensed matter; but we should not for-
get that the neutron is a useful tool in nuclear physics also.
The neutron is also an elementary part and the investigation
of its properties is a very exciting domain of physics.

The neutron was discovered about ko years ago. The first reactor
was built 30 years ago. The diffraction of neutrons by solids was
established already in 1936. The potentiality of neutrons for
solid state physics was recognised during the war, but it is
only in 19^5 that the first diffractometer was installed and in
195^ that the first inelastic scattering experiment was done.
The first book on neutron physics by D.J. Hughes [1] is 20 years
old. Two years later Bacon published the first edition of his
book on neutron diffraction. Between these two books, Van Hove
introduced in two fundamental papers the formalism of the corre-
lation function. Ever since this has been the basis for the
analysis of all neutron inelastic scattering experiments, and by
now used also in the analysis of other techniques of spectroscopy.
Looking back to the book of George Bacon [2] it is very striking
to see that nearly all the potentialities of neutron diffraction
were already foreseen and established by a few beautiful ex-
periments. For instance, Shull, in giving the first direct proof
of antiferromagnetism in MnO in 19^9» opened the large domain
of the determination of magnetic structures. Bacon in 1953 made
the Fourier synthesis from diffraction by a single crystal of
KHgPOii, showing the possibility to "see" a hydrogen bond by
neutron diffraction. Similarly one can find in Van Hove's papers
C3] a theoretical analysis of most of the potentialities of
neutron inelastic scattering (N.I.S.).
The first very impressive applications of this technique have
been the determination of phonon dispersion curves in aluminium,
and of magnons in Fe^O^. But it is certainly the determination of
the spectrum of rotons in superfluid Helium which has given his
"lettres de noblesse" to N.I.S.

- 27 -



It may "be interesting to note that in all these substances, there
still are now neutron experiments underway. This is rather cha-
racteristic of the work in these last 20 years, during which the
effort mainly has been the development and the exploitation of
ideas put forward around 1950. But as we shall see, in the last
five years, a new generation of applications has become more and
more important, and this has stimulated a large effort in
instrumental development. Indeed neutron techniques have tremen-
dous possibilities, but there are very severe technical limi-
tations which must be overcome. The most important of these li-
mitations are probably:

- The scarcity and weakness of neutron sources
- The limitation in resolution primarily in N.I.S. which in par-
ticular limits the range of frequencies accessible to neutrons.

- The absence of a good photographic technique which is a severe
limit in diffraction.

Considerable work has been done and is still t ;ing done to improve
the situation. Please excuse me that I'll mostly refer to work
performed in Grenoble in this context.

For a steady reactor of a reasonable price the neutron flux is
limited to 1 to 2.10'5 n/cm^/sec. So one must try to get the best
utilisation of this flux. In the H.F.F. of the Max von Laue -
Paul Langevin Institute (i.L.L.) at Grenoble, this is done by
three tricks which have already been used, before, though on a
smaller scale:
a) The use of a cold neutron source which improves the flux of

long wave-length neutrons by a factor between 10 and 100. This
source is made of a volume of 30 liters of liquid deuterium,
put close to the region of maximum flux in the reactor.

b) A hot source of graphite at 2000 K, which improves the flux
of neutrons of 0,5 £ by a factor 10.

c) Ten neutron guide tubes viewing the cold source and normal
beam tubes. These tubes multiply the experimental capacity
of the reactor by a factor between 2 and 3.
As a result about fifty experiments can be performed simul-
taneously. The figures (1) and (2) show the general lay-out,
and the fluxes obtained.

To my mind it is much more economic to build a High Flux Reactor
(H.F.R.) and to increase by such tricks as mentioned before its
experimental capacity than to multiply the number of smaller
reactors. These does not mean that small and medium size reactors
are useless. Indeed many experiments can be done with a small
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Fig. 1

I Reactor Futl Elemwil
7 Control Rod
3 Heavy Wain Pump
& Heat Eichanoer D,O.H,0
5 Incited Beam Tub*
6 Hall Inr large Eip«nm*nts
7 Laboratories
B Neutron Guile Tubes Building
9 Fue< Element horvjng Device

10 Fuel Element handling Device
II Conversion Electron Spectrometer
12 Cold Source Apparatus^-
13 Fission Product Spectrometer
U Three aiis Spectrometer
15 Capture Comma Spectrometer
16 Rolaling Crystal Spectrometer
17 Double Chopper
IB SmallAngle Scattering
19 Multiple Diltraction5pectrorr»ter"He<Ja*hog"
20 Three a»is Spectrometer-Ooncffig floor"

fig. 1. Reaotov hall of
JUj which is 62 m in
diameter.

fig. 2. Spectra
of the thermal
neutron flux
issuing in the
direction of the
channels from;
(1) heavywater;
(2) hot source;
(3) cold source.
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reactor, arid often it is wise to test an experiment on a
small reactor before doing it on a "big one. But the future
in Europe will "be more in building high flux reactors in an
international cooperation than medium-size reactors on a
national scale. As I already said steady reactors are limited
in flux and the only possibility to go to a higher flux is by
using a pulsed system (either a pulsed reactor, or linear with
a booster) which can give a peak flux of 10'' n/cm2/sec.

The absence of a photographic technique can be overcome to some
extent by a multi-detector. Such a position-sensitive detector
has been built in cooperation between I.L.L. and the Centre
d'Etudes Nucleaires de Grenoble, for the small angle scattering
instrument at I.L.L. It consists of a set-up of 6k anodes and Gk
cathodes assembled in a crossed way, forming a matrix of 6^ x
6k points of detection, each having 1 cm^ of surface. This detector
is a very useful step forward. It makes possible to do small angle
scattering experiments, in some cases more quickly than with
X-rays. But the next step is to make a detector with a better reso-
lution. Such a detector is built now by U. Arndt [H], using a
technique which he also developed for X-rays, Neutrons are de-
tected by a phosphorescent screen, which is viewed through proper
fiber optics by a T.V. camera of very high sensitivity (Isocon
Camera Tube). The resolution can be about 1 mm in each direction
on a screen of 50 cm diameter.

There is no doubt that, the development of proper neutron detectors
will increase the usefulness of neutrons. For instance good neutron
diffraction work by filter optics, will be only possible with
such a 2-dimensional detector of proper resolution. I mentioned
the resolution as a limiting factor in W.I.S. Clearly this point
is related to the flux limitation. But also proper techniques
have to be used to improve the resolution. Let us see what is
being done now for experiments on quasi-elastic scattering, or
for measurements of very small energy transfer. The first develop-
ment, in this area, at Grenoble has been a multichopper device.
The resolution compared with a similar instrument used previously
has been increased by using an advanced mechanical design which
gives a high tip speed (TOO m/sec). But also, and mainly by
putting the choppers 6 meter apart from each other, with a neutron
guide tube in between to avoid losses in intensity. This instrument
gives a line which has a full width at half maximum of U.10~5 eV
for 6 8 neutrons. To get a step further one uses the backscat-
tering technique, developed by Alefeld [5] using an idea of Maier-
Leibnitz. This technique basically uses two identical perfect
crystals as monochromator and analyser, and a Doppler shift of
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the monochron^or for the energy scan. One gets with this method
a line of 2.10 ' eV at 6 S full width at half maximum. Springer
has shown that this technique is very well suited to measure
self diffusion coefficients. We shall come "back to this point
later. A new technique, called the "spin-echo", is now deve-
loped by Mezel [63. In this method a small change in the speed
of neutrons after scattering is detected by a modification of the
Larmor precession in a magnetic lield. This change is detected with
high accuracy by a method which compares this precession with
the original precession in the same field. The method with a simple
device .gives already a resolution equivalent to a AE of 2.10~ ev,
and it will be improved by about an order of magnitude in the final
version.

This gives only a limited view of the technical development which
is made in parallel and in conjunction with the spread of neutron
techniques in physics, chemistry and molecular biology.

Now I would try to give my own view on the development•of
neutron scattering. This view is clearly based on personal pre-
ference .

In the field of neutron diffraction the trend is to investigate
complicated systems, following in that respect the X-rays. In a
single crystal, D Hodgkin has shown by her work on vitamine B12 that
neutron crystallography can be used for rather big organic molecules
(vitamine B12 has a molecular weight of 1700). This work has in-
duced D. Hodgkin and Willis [7] (and co-workers) to use ne\rtrons
for protein crystallography, namely for insulin. This work, done
in Harwell up to now, has been limited by the neutron flux available.
In the mean time, Schoenborn [8] at Brookhaven has done a 2 8
Fourier map of myoglobine. This neutron work, compared with X-ray
work, provides useful information on the water of crystallisation.
The objective of neutron diffraction is to solve specific problems,
like the mechanism of Chymotrypsin which is supposed to involve
the displacement of a proton; which can, in principle, be observed
by neutron diffraction. The solution of such a difficult problem,
presupposes that the phase problem is properly solved in neutron
diffraction. Two main lines.are followed in that direction. The
first one is to use a direct method. Thus in a recent work [9]
a structure with 216 atoms has been solved. It is however doubtful,
that the direct method with neutrons could be used with a protein.
So the hope is the application of anomalous scattering [10].
Samarium 1U2 for instance, has a resonance for neutrons of
0.92 8. One knows that absorption in a scattering process
corresponds to a complex amplitude which can be used to
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obtain the phase of a structure factor. But the sensitivity
of the method i.s much higher than in X-rays (the imaginary
term is about one order of magnitude larger than the real
term far from the resonance) and the possibility of applying
the method in a way not accessible to X-rays. Samarium,
Gadolinium, Cadmium and some other nuclei can be used. It
seems that the inclusion of these atoms in a protein is
not too difficult. Investigations are now underway on
insuline [11] an myoglobin [12] in which these techniques are
used. In principle the method is very powerful, more than the
usual isomorphous replacement applied with X-rays.

It may be even mere important that neutrons will be used
to get low resolution informa,tion on the structure of
composite biological systems. The method makes use of the
following table which gives the average scattering power
per atom of the following molecules:

HoO a . (in 10~ cm)
^ coh

Do0 -0 .60

Proteine +0.18

DNA +0.30

Lipide -0.30

One sees that a proper mixture of D2O and HgO will have a.
scattering power equal to that of a protein or of a nuclei
acid. This possibility of varying the contrast between biolo-
gical macromolecules and the solvent or the water of crys-
tallisation may have very important applications to get
information on composite systems like the chromatine or
membrane. Work on myeline (Caspar [13] at Brookhaven, Worcester
[1U] at Grenoble and on low density lipoproteine (Stuhrmann
and Luzzati [15]at Grenoble1) is very promising. Let us mention
in this context the proposal [16] to study the general arrange-
ment of proteins in r̂ 00some ty neutron diffraction on ribosome
in which pairs of proteins have been replaced by deuterated
proteins. Another field of application of neutron diffraction
which may develop strongly is the determination of structures
of complex liquids, that is to say liquids with at least two
different atoms. In neutron diffraction use can be made of the
different scattering p-~Dlitude of isotopes. For instance in
CuCl, with isotopic substitution both of Copper and Chlorine,
Page et al [17] have*obtained the pair distribution functions
of Cu-Cu, Cu-Cl, Cl-Cl. The method, may be applied to more compli-
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liquids like metalammonia systems (ex. Li-NKo) [18] or
is solutions of salt [19]- The neutron gives mformatior

cated
aqueous solutions of salt L19J- The neutron gives information
which is not available "by other techniques. In this case use
of short wave length neutrons is "better in order to reduce
the effect of inelastic scattering.

The determination of structure of materials has been up to now
a huge field of application of neutrons. There is still a lot
to be done. Bat the most attractive domain is that of the
magnetisation aroundimpurities. The progress in the use
of polarized neutron makes possible the determination of a
density of magnetisation map around impurities.

In neutron inelastic scattering, "beautiful work has been done
to get phonon dispersion curves in metals, ionic crystal,
semi-conductors etc.. This has lead to a better understanding
of interatomic forces. I have personally my doubt that there
is much future in a very accurate determination of phonon
frequencies in simple systems. But the study of phonons
remains interesting when one looks at phonon anomalies re-
lated to lattice instabilities associated with phase transi-
tions. In this domain very interesting experiments are per-
formed at Brookhaven and Grenoble in ferroelectrics (as SRTiOo)
[20] or K Nb O3 [21] and super conductors [22], (like Nb^Sn).
An experiment on phonons in SiC>2 [23] shows evidence of a
soft acoustical mode associated with the structural phase
trarsition (o6-*-6 at 573°C). Much will also be learned from
phonons in molecular crystals [2U]. In such a system, one
has intermolecular and intramolecular forces, but they should
also tell something about the coupling between those two
types of interactions. This supp ses high resolution work at
relatively high frequencies.

A case of special interest is that of polymers. J. White
et al [25] have been able to get a single crystal of poly-
oxymethylene which is fully deuterated. This has made it
possible to detemine longitudinal and transversal phonons
both along the C axis and in the basal plane.
This shows that the application of N.I.S. to phonon work, in
the future will be of different character of what it was 10
years ago, but it will remain of big importance. Similarly,
the study of magnetic excitations will still require a lot of
work in order to fully understand those excitations both in
compounds of transition elements and of the rare earth metals.
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But instead of developing this point further, I would prefer tc
put some emphasis on a domain which up to now has been the object
of a rather limited activity: The determination of the self-
diffusion coefficient by quasi-elastic neutron scattering.
Tasso Springer has recently published a book [26] on this topic
and a typical experiment has been done by the Julich group [271
on the motion of diffusion in a nematic liquid crystal, the
paraazoxianisole (P.A.A.). Previous experiments gave values
of the diffusion coefficient much larger than measured "by
other techniques, like N.M.R. Those techniques measure only
the translational diffusion. But the neutrons follow the
motion of each proton, so the broadening of the quasi-elastic
line is not only due to translational motion, but also to
motion like the rotation of the molecule. But if one works
with a very small momentum transfer, which means looking at
correlations at large distances, only translational diffusion
vill have an appreciable cross section. So by a careful analysis
of the quasi elastic line as a function of momentum transfer,
one can get quantitative information about both translational
and rotational motion.

With this -new technique described here one may hope to measure
the diffusion coefficient in the range 10~° - 10 ' cm~2 s ec.~

1.
Application to motions in a membrane, or models of a membrane
is then a quite obvious one. In many systems it may be in-
teresting to know if the motions of different molecules are
correlated. For instance it is worth knowing if in a plastic
crystal the rotation of a molecule is related to that of its
neighbouring molecule. This can be obtained in principle, if
one is able to measure both the coherent and the incoherent
neutron scattering cross section. This can be done by using
incident polarised neutrons, and by making the analysis of the
polarization after scattering. All scattering with spin flip will
be incoherent. To get the coherent part is more difficult,
as part of the non spin flip scattering is incoherent, and
this part must be subtracted. At Grenoble, an instrument is
under construction to make this polarization analysis. A pola-
rized proton filter built by the C.E.N, Saclay is used for the
analysis of the polarization of the scattered neutron. This
technique of the separation of the coherent and incoherent
cross section may lead to an important development in the study
of the dynamics of organic materials.

The last point I want to mention is what may be called neutron
infrared spectroseopy, that is to say the use of neutron inelastic
incoherent scattering in organic materials, to get information
which in nature is quite similar to that obtained by I.R. spec-
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troscopy, with the difference that selection rules are not the
same. It is quite clear that many laboratories of chemistry are
or will soon be using neutron spectroscopy. A very good review
talk has been given by John White [28] at the last conference
on neutron inelastic scattering (Grenoble, March 197-2).- Polymers
[2p] are of special interest in that respect.

This talk gives a very incomplete view of neutron scattering
techniques. Very important topics like the determination of the
general scattering function S(K,w) in simple liquids, have not
been mentioned, not because they are not important, but it is
impossible to develop all the main points of application of
neutron techniques. This means that this technique is now of
importance in an enormous variety of domains, the number of
which will, no doubt, still increase in the future. So now the
neutron is not anymore a tool for a minority of specialists, but it
is, and will be more in the future, used by scientists working
with other techniques like X-rays, KRM, EPR, or optical spec-
troscopy and so can live without tutor.
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THE RESEARCH REACTOR AS A WINDOW ON THE WORLD

J.M.A Lenihan

Department of Clinical physics and Bio-engineering.
Western Regional Hospital Board, Glasgow

Among the guests gathered for this important occasion I do
not see. a certain well known British scholar who has dis-
tinctive views on occasions of the kind that have brought
us all here today. He is a Professor of Ancient History
in Oxford and was recently invited to attend the opening
of a new scientific laboratory. He replied that he did not
care to be present at such a meeting and went on to say: Be
sure to let me know whenever you are closing a scientific
laboratory.

This old gentleman might I think have been sympathetic-to
a centenary - but would surely wonder why only ten years
of existence should be the excuse for a celebration.
To the historian - even to the historian of science and tech-
nology - ten years is a short time. The electric motor was
first constructed in 1830 but did not become a useful source
of power until the end of the 19th century. In our own time,
the interval between the discovery of nuclear fission and the
commissioning of the first nuclear power station was about
25 years. In Big Science, of which nuclear physics is a major
part, or in Big Technology, such as space research, an inter-
val of ten years is often needed between the conception and
fulfilment of a single experiment.

The birthday celebration with which we are so happily oc-
cupied today is the reflection of the increasing speed of
progress in science and technology. It is also a reflection of
the soundness of the concepts on which this institute is based
and of the intellectual ability and integrity of the people
who work here. The achievements of the Interuniversity
Reactor Institute are to be mentioned "briefly by other speakers
today - and could indeed make the theme of another meeting.
My purpose is'more limited. I want to draw your attention to the
impact of nuclear science and technology 'on chemistry, biology,
medicine and the study of the environment and to show how a
reactor institute, wisely and imaginatively directed, provides
us with a new and exciting window on the world.
This is a large theme, but it rests on foundations which are
rather easily identified. In particular I want to talk about
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two revolutions which have, in recent years, transformed our know-
ledge of the internal and external environments. The first is the
tracer revolution. The need for tracers in biology, medicine,
industry and environmental science springs from the problem of
identity which runs through the whole of creation, though it is
expressed in a number of different ways. In the biological
realm we have the situation that living creatures of the same
species are in many ways very similar. The similarities in
structure and function among different members of the human
species are enough to support large scientific disciplines
such as anatomy and physiology; in biochemistry the similarities
spread even more widely to the extent that the study of nucleic
acids can be conducted just as meaningful in micro-organisms
as in mammals. Within a given species the individual components,
such as hearts and kidneys, are even more alike than the intact
animals - but when we try to transfer spare parts from one in-
dividual to another we are reminded that every cell has an in-
dividual identity including a built-in security system for
interrogation and recognition. If the body recognises its own
tissue all is well - but foreign tissue is usually attacked and
rejected. We see here a situation, quite incomprehensible to an
engineer, in which complicated mechanisms are made of parts
which are apparently identical but are never interchangeable.
At the molecular and atomic level, we do not have such problems
because, as far as we know, atoms and molecules of a particular
species are all exactly alike. They are therefore freely inter-
changeable but of course are not separately identifiable.
This situation is very inconvenient in chemistry or biology
and environmental studies where we could often learn much more
by following the course of a chemical reaction - or the inter-
mediate stages in a metabolic cycle - than by merely counting

oms and molecules to give the gross chemical compositions of
tne sample or the organism.
The tracer revolution depends on the fortunate circumstance
that it is sometimes possible to find and exploit a property
which alters the physical identity of an atom or molecule in a
distinctive way without significantly changing its chemical
identity. It is immediately obvious that the distinctive pro-
perty of a tracer must be a property of the atomic nucleus,
since nearly all of the everyday physical and chemical pro-
perties of an element depends on the arrangement and behaviour
of the extra-nuclear electrons.
When we think of tracers today we immediately think of radio-
active tracers, which'we owe almost entirely to the development
and operation of research reactors. Radioactive tracers have
in many ways more than fulfilled their early promise. They have
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spread widely through many areas of science, medicine,
agriculture and industry - though the total achieve-
ment which they represent is, for two reasons, less than
it might have been.
The most important of all tracer experiments was finished
before radioactive isotopes appeared on the scene. I am
referring to the recognition, by Schoenheimer and nis
colleagues, of the dynamic state of body constituents.
Until the 1930s it was generally believed that the
structural elements of the body were in a stabel state.
Some tissues, such as blood and skin, needed con-
tinual renewal to make up for wear and tear - but
otherwise an organ, when once fully grown, changed
very little until it began to deteriorate through age
or disease. At a time when the body's metabolic processes
were studied largely by balance experiments, it was difficult
to obtain any insight into chemical reactions that might have
been occuring between body constituents but not giving rise
to metabolic end products. ' •

It was at this point that Schoenheimer came on the scene and
realized the great importance of deuterium as a tracer for bio-
chemical investigations. Using deuterium and, a little
later, nitrogen 15 as stable tracers, which could be intro-
duced as labelled compounds and afterwards identified by mass
spectrometry or other techniques, Schoenheimer and his colle-
agues showed that every tissue in the body is in state of
constant flux, the cells being continually broken down and
reassembled. Radioactive tracers came too late to help in the
development of these ideas - though they have of course been
used fruitfully in subsequent developments of the same theme.
Another potential use of radioactive isotopes failed to
materialize for a different reason. In the early years of the
nuclear age it was often thought that radioactive isotopes
could be used as tracers in the military sense that is to
illuminate a target for subsequent attack. There was a wide-
spread belief - which never had any sound physiological basis -
that it would be possible to find radioactive isotopes which
would concentrate in tumours. Once a suitable isotope
had been found, it could then be administered in large amount,
so as to deliver a suitably localized c"ose of radiation. In
practice, however, there are very few cases in which this
line of treatment is effective.
There remain however a great number of useful and important
applications for radioactive tracers. The tests which have been
devised are generally used to reveal the distribution of the
labelled material added to the system. Sometimes we examine
distribution in space - as for example, in animal tracking, in
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studying the movement of sand or silt in rivers and in learning
about pollen dispersal from plants. Essentially the same
technique is used in dilution studies, which allows us to
estimate the total amount of a particular element or compounds
in the body - or in some o+her system - simply by measuring
the extent to which a tract.- dose is diluted in equilibration.
Strictly speaking dilution tests tell us only about the ex-
changeable component of the substance concerned; in the human
body for example about 85% of the sodium mixes with the added
tracer dose in a day or two but the remaining \% is firmly
bound to bone and is not available for mixing.
The time distribution of the tracer dose is used in studies
of blood flow and of kidney function. Sometimes we examine the
distribution both in space and time to investigate meta-
bolic processes. This approach is used in the familiar test of
thyroid uptake and in the estimation of engine wear, using a
radioactive piston ring and looking for radioactive debris
on the cylinder vail or in the oil.

Radioactive tracers, whether as simple isotopes or as complex
molecules with the radioactive label at a particular site,
are now so cheap and (because of advances in electronics) so
easily detected and measured that they have spread into every
area of science and technology. Experience with artificially
made isotopes has also encouraged the study of various bio-
logical problems using the unwanted tracers deposited in large
quantities as radioactive fallout from nuclear weapon tests.
The second revolution which I want to mention is concerned
not with tracers but with traces. Until quite recently, large
parts of the material universe were inaccessible to analytical
chemists, because their techniques were not sufficiently
sensitive. Thirty years ago there were very few substances
which could be mea. red in amounts less than a fraction of
a microgram- representing an aggregation of about 1015 atoms.
The first breakthrough came with the development of activation
analysis as a by-product of the wartime effort in the development
of nuclear reactors and nuclear weapons.
The activation analyst goes about his business in a very
roundabout way. He puts the sample into a quartz or alu-
minium can and subjects it to bombardment by subatomic particles
or radiation - most often using the neutrons which are
available in great abundance and at negligible cost inside
a nuclear reactor; in most parts of the world the analyst can
have the use of about̂  101° neutrons for one cent. Most of them
pass straight through the sample but some are captured and
a small proportion of the target material is made radioactive.

- 42 -



The induced radioactivity is highly specific of the elements
contributing to it; consequently radioactive assay of the
irradiated specimen gives useful analytical information.
If suitable standards are irradiated at the same time as the
sample, the assay of the induced radioactivity can "be made
quantitative.
Activation analysis may be looked on as a method of making
instant isotopes or as the nuclear equivalent of the school-
boy's flame test. Its sensitivity is extraordinary, sur-
passing the capability of previously available methods by
a factor- of a thousand or sometimes a million. A remarkable
demonstration of the sensitivity of activation analysis was
given in 1961 when my colleague Dr. Hamilton Smith measured
the arsenic content of several hair samples each consisting
of a 1 mm length of a single hair. When pushed to the limit,
activation analysis is, for more than i.alf of the elements in
the periodic tabel, the most sensitive method of detection
now available.

As this new technique became known, chemist began to look
around for other inventions made by physicists which might
be used to improve the sensitivity and specificity of ana-
lytical procedures. Their search was successful and lead to the
rapid development of such techniques as atomic absorption,
polaragraphy and mass spectrometry. It is I think doubtful
whether these techniques would have been developed so quickly
had not the spectacular success of activation analysis shown
that the conventional limits of analysis were no longer si-
nificant .obstacles to progress.
The scope of chemical analysis is now, for the first time,
limited by the imagination of the experimenter and not by the
shortcomings of the techniques available to him.

This institute has during the last ten years become one of the
world's leading centres for the development and practice of
activation analysis. I shall therefore not discuss these
advances in much detail but shall draw your attention to
a few general problems and opportunities. Activation analysis
is particularly useful, in allowing us to make better models
of man. Faced by the incomparable subtlety and complexity of
the human body, the physician or the scientist can never hope
to achieve complete understanding of its structure and function.
What he does is to make a succession of models which can then
be tested against reality as a guide to the management of
disease or to further study. The models are usually based on the
latest fashionable technology.
During the 17th and 18th centuries, the new technology of



mechanics was used to make very ingenious models of man - with
"levers in the joints, springs in the muscles, bellows in the
lungs and a pump in the heart. At the beginning of the 19th
century the eye was confidently described as a telescope.
Later in the century it became a simple camera and today we
know that it is a very sophisticated camera with a through-
th-lens exposure meter, automatic contrast control, a zoom
lens and a variable speed film which can be used over and
over again. The ear, which was once thought to be a harp and
then to be a telephone, now turns out to be a stereophonic
hi-fidelity reproduction system with automatic gain control,
background suppression and a few other features not yet in-
vented by engineers. Although mechanical, thermodynamic and
biochemical models of man have been extensively developed
over the centuries, the chemical i-̂ iel has not had much
attention, for rather obvious reasons. The chemical elements
are very unevenly distributed through the earth's crust and
therefore through the animal kingdom.

In the human body, the four elements, hydrogen, carbon, nitrogen
ar-1 oxygen make up 96/0 of the tissues. Only about 20 elements
are known with ce^tanty to be essential for the life of man.
Most of the others are present in such small amounts that we
know little or nothing about their biochemical significance.
Of course it is possible that many of these element.s are of
no importance - that their presence in the body is just a
joke on the part of the Creator. It would however be unwise
to leap to any such conclusion until we know more about the
location and biochemical behaviour of the minor elements. This
is an important task for the activation analyst and is being
pursued in a number of laboratories throughout the world.
The enthusiasm of the activation analyst has sometimes been
applied, not always with very good judgement, to the chemical
analysis of the intact living human subject. This is certainly
a difficult problem. For a long time the analyst has been in-
clined - through the insistent demand of his customers - to
think small, to work with ever more tiny samples and ever lower
concentrations of the substances that he is seeking. The analyst
prefers to work with ions, usually by dissolving the sample in
a solvent of his own choice. When he cannot do this, he likes
to mobilize the ions in a spark, an arc or a flame. Ftced with
a TO kilogram sample he retires in confusion.
A crude approach to this problem is to bombard the patient
with neutrons and to examine the induced radioactivity.
This technique has been tried in a few places but has not
generally been successful. because of formidable technical
difficulties. There are howevf" other possibilities on the



horizon. There is an important difference between an inert
sample such as a lump of rock or a piece of dead tissue and
an intact living body. In a stone the atoms and molecules are
at rest - but in a living system they are constantly on the move
as food is taken in, metabolized and excreted.
This apparently trivial observation has very recently lead to a
useful extension of activation analysis in probing the chemical
composition of man. The method can be illustrated by a simple
example.
Suppose that we want to find the number of motor cars in the
city of Delft. One method would be to go through the streets
counting them. Alternatively, we might bombard the cars with
neutrons and examine the induced radioactivity. A more subtle
method would be as follows. Count the number of cars arriving
in the city and, as each one enters, paint the time of arrival
on the side. As each car leaves the city, note the time and
calculate how long it has been inside the walls. If we find that
1000 cars arrive every hour and that the average time they spend
in the city is 3 hours, then the total number of cars in the city
is 3000. Obviously this method will only work if the car
population is in equilibrium, with no net gain or loss during
the period of the experiment.
We can perform the same experiment in the living system in a
more sophisticated way, Lising a radioactive tracer. The tracer
dose is injected and the fraction of it which remains in the
system is plotted as a function of time. The area under the
retention-time curve is called the occupancy of the system
for the substance corresponding to the tracer.
It is not difficult to see that, in a simple case, the occupancy
is equal to the average residence time. It is quite simple to
show that the capacity of the system, defined as the total
amount of the mother substance (of which the tracer is a
radioactive analogue) is equal to the product of the occupancy
(which has the dimensions of time) and the average rate of intake
of the mother substance. Further study shows that this relation
is valid even if (as in most biological systems) some recir-
culation occurs.
If for example we find an occupancy of ten days for a substance
with an average dietary intake of 200 mg per day, then the total
body burden is 2 g.
The technique can be significantly extended where we have two
interlinked systems, such as the thyroid and the blood or
the blood and the whole body, related in such a way that the whole
of a particular substance found in one compartment has passed
through the other. Again presuming a neutral metabolic balance
in both compartments, it is easily shown that the ratio of



capacity to occupancy will be the same for each compartment
and will of course be equal to the average daily dietary intake.
Using this relation we can often contrive to measure a chemical
quantity which might seem to "be inaccessible.
Suppose for example that we want to estimate the total amount
of stabel iodine in the human thyroid gland. We give the subject
a small dose of iodine 129 as a tracer. The low energy X-
radiation emitted by this isotope' can be measured by external
counting. Consequently we can estimate the occupancy of the
thyroid for iodine. We can also measure the occupancy of the
blood by taking occasional samples of a few ml of plasma and
measuring the iodine 129 content by activation analysis.
The capacity of the blood can be estimated by activation
analysis o.f iodine 127 in the same sample of plasma.. Knowing the
two occupancies (thyroid and plasma) and the capacity of the
plasma we can now find by simple arithmetic the capacity of
the thyroid - in other words the stable iodine content of the
gland. As a by-product we can estimate the average daily
dietary intake.of iodine, a quantity which can be ferified by
measurements on excreta over the period of the experiments.
This technique has already been used for a number of elements
and is being developed further. .

Measurements of body burden and of daily dietary intake are of
great importance in relation to environmental health. It is
becoming increasingly evident that many chronic "afflictions,
including heart disease and cancer, are related to factors -
not yet identified - in the environment. The estimation by acti-
vation analysis of trace element levels in food, body tissue
and environmental materials will be of increasing importance
in the attack on this problem.
An unusual feature of activation analysis is its ability to
look backwards in time. Hair-is a convenient storage depot for
many metals which have served their purpose in the body.
Samples of heair up to five centuries old can still be obtained
and provide a useful index to the chemical contamination of the
body earlier times.
Measurements on old hair indicate that levels of mercury,
arsenic and lead were considerably higher a century ago than
they are today. It is often supposed that the internal and
external environment are deteriorating and that bodily con-
tamination by toxic metals is increasing at the present time.
Historical studies by activation analyses help to put these
anxieties in proper perspective.
Activation analysis has an important role in the assessment and
control of contamination of th - externa"1 environment. Here we
exploit the situation that some elements are more essential than



others in the biological realm. In the human body, for
example, the concentrations of elements such as sodium and man-
ganese in the blood are strictly controlled and any departures
from normality are quickly corrected. For other elements the
regulatory mechanism is less active and rather substantial
variations can occur between one individual and another. The
same state of affairs prevails in other animals and plants,
Consequently the trace element profile obtained by activation
analysis of samples of oil may vary considerably according to
the place from which the sample was taken.
In other words every oil field has a characteristic pattern of
trace metals in its products. These metals, including the rare
earths, are of course present at exceedingly low concentrations
and could not conveniently be measured except by activation
analysis. When they are measured, they provide a convenient
fingerprint for identification purposes. For example a-sample
of oil taken from a contaminated beach can be compared, as
regards trace element content, with a sample taken from a suspect
ship. This technique could form the basis of a simple and effective
international control system.

What'do we learn by studying these applications of nuclear
science and technology? We learn that the work of this institute
is important in two ways. Although I have been talking mainly
about technology, other,speakers have told you of the sig-
nificant contributions of the institute to the advancement of
scientific knowledge. The lesson to be drawn here is the inter-
dependence of science and technology. The basic principles needed
to construct nuclear reactors were derived from the fundamental
scientific studies conducted in the first half of the present
century. In this matter, the technology of the reactor is a
product of science. But the practice of nuclear technology, in an
institute such as this, allows us to identify many significant
scientific problems in relation to the solid state and the
atomic nucleus - as well as a few in the biological realm.
In short, a research reactor reminds us that science and tech-
nology flourish best as a partnership.

Secondly the work of this institute reminds us that science
is not practised exclusively for intellectual satisfaction and
that technology is- not practised exclusively for profit. Science
and technology have a social purpose.
This institute is important not only for the contribution
that it makes to the advancement of basic knowledge but also
because it helps to improve the investigation and m- nagement
of disease, the efficiency of agriculture and the assessment
and control of pollution. In other words the institute helps



us to know, to understand and to come to terms with our in-
ternal and external environment. That is a substantial part
of man's task on earth and it is a matter for rejoicing
that the people who work here have made such a distinctive
contribution to this task during the last 10 vears.

(WSS 8936)
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RECTIFICATIONS

Page 18, line 13 - that we have "applied" the most

Page 20, line 1 + 9 - symbol "< u2 >", .....

Page 21, line 5 - index of "refraction"

Page 22, line 4 - "arrow" points to a number of small "ferrites", ....

Page 22, last line - "tasks", to guide

Page 27, line 9 - elementary "particle"

Page 29, Fig. 1. - Reactor hall of "I.L.L." wich is ....

Page 32, line 4 - Possibility "of changing the neutron wave-lenght
gives the possibility" of

Page 32, Table - i:acQh (in 10"
12cm)

H O - 0.06

D O + 0.60

Proteine +0.18

/,' DNA + 0.30

Lipide - 0.03"

Page 33, line 27 - intramolecular forces. "Neutrons give information

about intermo lecular forces" but

Page 36, line 22 - Harwell report AERE "R!t 5195 (1966)

Page 37, line 7 - J. Phys. C4_ "3034" (1971)
Page 38, two last lines - "...., see the review paper by G. Allen,
i in Neutron Inelastic Scattering IAEA,

Vienna Ift72, 261".


