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SUMMARY 

by 

L.G. Elliott 

1.1 Nuclear Physics Research 
The structure of the atomic nucleus is studied by 

probing with projectiles such as 7-rays, neutrons, protons or 
other charged particles. The angular distribution of the scat
tered or ejected particles gives information on the shape of 
the nucleus and the average position of the nucléons in it. A 
careful measurement of the energies of these particles gives 
information on the motions of the nucléons and on the forces 
acting on them in the nucleus. 

The Tandem Accelerator provides beams of projectiles 
(protons, deuterons, oxygen nuclei, etc.) which are very precise 
and sensitive probes for this study. The angular distributions 
and energy measurements have been carried out up to the present 
time using equipment and techniques originally developed for the 
3 Mev Van de Graaff and a great deal of valuable data has been 
obtained in this way. Recently, however, three major pieces of 
experimental equipment designed specifically for use with the 
Taadeffl have been installed. The first instrument is a strong 
7-ray distribution table which provides for two large 7-ray 
detectors, one to move in a circle and the other on the surface 
of a hemisphere about the target. The second instrument is a 
scattering chamber providing a large evacuated volume with 
flexible arrangements for mounting and moving particle- and 
7-ray detectors within the vacuum. The third is a magnetic 
spectrograph for measuring a broad range of energies of charged 
particles. This instrument can also be converted to a spectro
meter for very precise energy measurements. Preliminary exper
ience with these three instruments, is most, encouraging. 

Information on nuclear structure is also obtained_ 
from studies of radiations from radioactive nuclei. The %/2 
beta spectrometer used for these studies has been running auto
matically and operates almost continuously. The spectrometer 
counter has recently been equipped with a very thin window for 
low energy work and detailed studies of the conversion electron 
spectra of Pu 2 39, Dy1"© and Gd^S have been carried out. In 
the case of the Pu 239 study a technique for preparing exceed
ingly thin sources of Np 239 has been developed and a rotational 
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transition in Pu 239 at 7 . 8 5 kev has been observed for the first 
time. 

When a 7-ray is emitted or absorbed by a nucleus, 
usually a small but appreciable part of the transition energy 
is given as recoil energy to the nucleus. As a result, the 
7-rays emitted by a nucleus are not, in general, in resonance 
for absorption by a similar nucleus. Recently, however, a 
physicist, MÔssbauer, has discovered that in certain cases when 
the nuclei are located at regular lattice positions in a crystal, 
the energy lost to recoil during 7-ray emission or absorption 
is negligible. In these cases the 7-ray can be scattered in 
resonance by the nuclei with a very high cross section. Since 
nuclear resonances are orders of magnitude sharper even than 
atomic ones, this effect may provide a sensitive tool for study
ing the effects of external potentials, e.g. electric, magnetic 
and gravitational, on radiating bodies. The 14 kev 7-ray from 
Pe57 has a ratio of energy to natural width equal to 2 x 10^. 
An exploratory study of the resonance scattering of this 7-ray 
has been carried out here with results similar to preliminary 
reports of other workers. 

1 . 2 Particle Detector Developments 
Development has continued on semiconductor particle 

detectors. Two types now operate well at room temperature. 
One is formed by evaporating a thin layer of gold on n-type 
silicon and the other by diffusing phosphorus onto p-type 
silicon. The energy resolution is good for both types. The 
latter type has a somewhat thicker sensitive volume than the 
former one and gives a line width for 9 Mev alpha particle 
pulses of about 25 kev. The main advantages of these counters 
may be summarized as follows: an output pulse proportional to 
particle energy, a fast pulse rise-time, small linear dimen
sions, and good energy resolution. It is expected that these 
counters will have many applications. 

1 ' 3 Developments in Electronics 
There has been no significant change in the general 

line of work of the Electronics Branch in the past three 
months. Several major projects are almost completed; these 
include the magnetic tape recorder system for use in the 
Moderator Scattering Law experiment and the various units 
required for fast-slow coincidence work in Nuclear Physics. 
Ten more kicksorters have been received from the manufacturer 
and, apart from minor difficulties, they appear to be perform
ing quite well. 
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As a result of difficulties encountered with the 
split rod detection methods presently used in NRU and also 
expected difficulties in the detection of splits in UO2 rods 
such as those to be used in CANDU, an investigation of better 
detection methods has started. It is hoped that the use of 
time coincidence selection techniques, together with gamma-ray 
energy selection, may permit identification of single fission 
isotopes so that comparison can be made between long and short 
lived activities. Such a device may be sensitive to a split 
in a uranium fuel rod which is expected to release a greater 
fraction of long lived activities than the usual surface uranium 
contamination in the reactor vessel. 
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NUCLEAR PHYSICS I 
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5] Shared with Nuclear Physics II. 
6) Transferred on October 19, 1959 to Physics Division 

Office. 
7) Resigned on December 31» 1 9 5 9 . 
8) Joined the staff on November 2, 1 9 5 9 . 
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SECTION II 
2.2 Neutron Decay 

(J.M. Robson and M.A. Clark) 
The assembly of two slices of CoPe crystal cut along 

the [ 1 1 0 ] direction and mounted end to end as discussed in 
PR-P-43 have been installed and are now in use. The diffracted 
beam is 1 - 1 /2 x 1 -1/2 inches in cross section with a flux of 
2.6 x 1 0 ^ n/sq.cm.sec. Measurements of the polarization have 
been made by the iron shim technique using a second CoPe 
crystal as analyzer : these indicate the the first order part 
of the beam has a polarization greater than 9 5 $ . The second 
order contamination has been measured to be about 5$ and to 
have a polarization of about 60$ in the same sense as the first 
order. The diffracted beam passes through a radio frequency 
coil located in the guide field so that the neutron spins can 
be 'flipped1 by applying rf at the Larmor precession frequency. 
This flipping appears to be about 95$ effective and to have 
excellent long-term stability. 

This beam is now being used to measure the correla
tion between the neutron spin direction and the direction of 
the electron emitted in the radioactive decay. Preliminary 
data from a few runs give a vaine of A = +.03 - -12 for this 
correlation. 

57 
2.3 Resonant Absorption of Fe.' Gamma Ray 

(M.A. Clark and J.M. Robson) 
We have observed for the 1 4 . 4 kev gamma ray in F e ^ 

the type of effect discovered by Mossbauer (Z. Natierforsch 
14a, 211 (1959)) in which the emission of gamma rays by nuclei 
in solids can take place without Individual nuclear recoil. In 
such a case, the recoil is taken up by the crystal lattice and 
the Doppler shift is so small that the gamma ray remains in 
resonance with nuclei similarly bound in a lattice. 

The 14.4 kev gamma ray in F e ^ is particularly suited 
to the observation of this effect and this case has already 
been studied to some extent by Pound and Rebka (Phys. Rev. Lett. 
3, 439 (1959) and Phys. Rev. Lett. 3, 554 ( 1 9 5 9 ) ) and by 
Schiffer and Marshall (Phys. Rev. Lett. 3, 556 ( 1 9 5 9 ) ) . 
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We have prepared a source of Co0'- embedded in a 
natural Fe foil by plating cobalt onto the Fe from solution, and 
then annealing for 24 hrs, in a Eg, atmosphere at about 1025°C. 
The annealing would be expected to allow the 0o57 to diffuse 
into normal lattice sites in the Fe. As an absorber we have 
used a natural Fe foil of thickness 0.00025 inches. Doppler 
shifts were imposed on the absorber by oscillating it with a 
constant velocity servo-motor. The resonant absorption has 
been detected and the resonant peak observed has a Doppler width 
about twice that expected from the lifetime of the state (10-7 
sec). This width (which could be due to the absorber thickness) 
is the same as that observed by Pound and Refoka. 

2.4 Circular Polarization of y-Rays Following the Capture of Polarized Neutrons 
(J. Vervier) 

An apparatus has "been set up for the measurement of 
the circular polarization of the y-rays following the capture 
of polarized thermal neutrons (ïrumpy's experiment)„ These 
neutrons were obtained from the beam at hole L3 (NRU) after it 
had passed through the neutron decay experiment. The gamma 
detector is a Nal crystal, 2" diameter by 3" thickness, properly 
shielded, and the circular polarization is measured by trans
mission through a magnetized iron core. 

We are intending to study both the primary gamma rays 
and also the secondary gamma rays emitted in a cascade. These 
latter gamma rays should also be circularly polarized and by 
the choice of good geometry and optimum analyser thickness can 
be examined even in the presence of the higher energy gamma rays. 

An experiment is now under way to measure the circular 
polarization of the 7.64 Mey capture y-ray in Fe57 and of the 
9.3 Mev capture y-ray in Pe55. preliminary results give respec
tively O .166 ± 0„060 and O.628 ± 0 . 2 7 2 for the R coefficient in 
the circular polarization expression (Trumpy, Jenes Publications 
No. 1 3 , 1 9 5 7 ) ; a symmetry control experiment performed with an 
iron shim in the beam which reduced considerably the neutron 
polarization gave for R, 0.040 ± 0.160 and 0.310 ± O.368 respec
tively, i.e. 0 within statistical errors. The R value for the 
7.64 Mev y-ray disagrees with Trumpy1s result (O.78O - 0.140) 
and seems to suggest that the 7.64 Mev line is probably com
posed of 2 unresolved y-rays starting from the capturing state 
and leading to the ground state of Fe 57 and to its first excited 
state, 14 kev above the ground state. From their known spins 
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these unresolved y-rays should have, respectively, R = 1 and 
-1/2. Further measurements are in progress to confirm and 
extend these results. 

SECTION III 

2 . 5 7rnj~2 Beta-Ray Spectrometer 
(R.L. Graham, G.T. Ewan and J.S. Geiger) 

A test of the limiting resolution obtainable with 
this precision air-cored spectrometer has been carried out 
using a narrow source ( 0 . 1 mm by 20 mm) of Np 239. The Np 39 
was prepared for us, in essentially carrier-free form, by 
(Mrs.) J.S. Merritt. The resulting Np 2 39ci was then sublimed 
from a boat-shaped tantalum filament at ~ l800°C through a slit 
0 . 1 mm wide onto an aluminium backing foil of thickness 800 
(ig/cm2. The resulting 30 u,c deposit was completely invisible. 
The resolution tests were made using the Lj and LJT lines of the 
2 2 8 . 2 kev transition in Pu 239. Although the Lu line is less 
intense than the Lj line, the expected natural width for an LJJ 
shell vacancy,. J ev (*v 0.002$ line width) . is appreciably 
smaller than that expected for an Lj shell vacancy, «v 17 ev (~ 0.005$ 
line width). The limiting resolution was found to be ~ 0 .010$; 
all tests were made with the coil arrangement as originally 
installed without changing the mechanical alignment in any way. 
The tolerances used in manufacture and assembly resulted from 
the theoretical analysis of Lee-Whiting (Chalk River Report 
CRT-668 and private communications) and were aimed at a resolu
tion figure of 0 .01$ in momentum. Under the conditions of 
these tests we expected to achieve an experimental line width of 
~ 0.006$, if the coil parameters had been theoretically perfect. 
The factors limiting the resolution are not understood at pre
sent and additional experiments are being considered which may 
reveal them. Some improvement in resolution seems possible in 
principle. Most experiments to date have been carried out at 
resolution settings of 0.05$ to 0 . 1 0 $ because of the specific 
activities of the source materials. 

For the study of low energy conversion electrons, 
I.L. Fowler (Counter Development Section) has made for us a 
small side window counter with provision for low pressure opera
tion using thin windows. The windows in current use are made 
by superposition of about 20 layers of VYNS plastic films each 
of typical thickness ~ 5 u-g/cm2. The window is ~ 6mm by 50 mm 
and the film is supported by a metallic mesh screen with 93$ 
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open area. When operated as a methane flow type proportional 
counter at an absolute pressure of ~ 7 cms Hg the plateau for 
proportional operation is ~ 300 volts long with a slope of 
^ \% per 100 volts. The window cut-off energy is ~ 5 kev. 

2.6 Observation of 7«85 kev Transition in P u 2 ^ 
(G.T. Ewan, R.L: Graham, J.S-.. Geiger) 

In a recent paper (Ewan et al, Phys. Rev., Nov. 1 5 , 
1 9 5 9 ) ) we reported the results of a study of the conversion 
electron spectrum of Np 2 3 9 and level scheme of Pu 2 3 9 . i n the level scheme of Pu 2 3 9 the first five levels were interpreted 
as members of a K = 1/2 rotational band. The energies of the 
levels and the relative transition probabilities between 
members of the band were found to be in reasonable agreement 
with the prediction of the Unified Model. The level at 7 . 8 5 
kev (3/2+) was first suggested by Hollander et al (Phys. Rev. 
102, 7 4 0 (1956)) but the transition from this level to the 
ground state was not directly observed by them or by us in our 
previous work because the 1 mg/cm2 counter window used at the 
time did not transmit electrons of < 19 kev. 

The conversion electron spectrum in the energy range 
5 to 20 kev has now been studied using the thin window counter 
and the very thin source of Np 2 3 9 described above and in 
PR_P_44:2.5. The Ni, No, N 3 , Oi, 02* ° 3 and P sub-shell con
version lines of the 7-85 kev transition have been clearly 
resolved. In addition, a large number of L-MM and L-MN Auger 
lines have been observed but these have not yet been fully 
interpreted. The N1/N3 and O1/O3 conversion line intensity 
ratios for the 7-85 kev transition are both ~ 1 . 4 . The 
counter window transmission correction factor used to obtain 
these ratios from the experimental data was deduced by compar
ing the observed attenuation of the cpntinùous B continuum 
below 10 kev with the shape predicted theoretically by extra
polating the Fermi plot determined in earlier experiments to 
the low energy region. 

For the Nx/N^ ratio the relative correction factor 
was 1.7 and for the O1/O3 ratio the factor was I.05. 

No theoretical conversion coefficients for the values 
of N and 0 sub-shells are available. However, an estimate of 
the M1/E2 mixing ratio for the 7.85 kev transition has been made 
on the following two assumptions: 
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(1) That for Ml + E2 y-transitions the „ J i±_ conversion 
line ratio is equal to the «r-— eonverson line ratio, 
Within the limits of experimental accuracy (*v 25$) 
this is in accord with the experimental ratios we 
observed previously for higher energy «y-transitions 
in Pu239. 

(2) That the mixing ratio can be deduced by extrapolating 
the theoretical values of the ^ conversion ratios 

MITT 
from Rose's unscreened coefficients (E ^ 25-5 kev; 
down to an energy of ?.85 kev. 

On these assumptions the experimental ratio of 
^1 ~ 1.4 indicates that this transition is 99-5$ Ml + 0.5$ 

E2; i.e., the M1/E2 quantum ratio is «v 200. This admixture 
ratio is consistent with the Unified Model interpretation of 
this K = 1/2 band. 

2.7 TheDisintegration Scheme of Dy 
(J.S. Geiger, G.T. Ewan and R.L. Graham) 

166 
The Dy conversion electron spectrum in the 5 to 20 

kev region has been studied in the TF{2 B spectrometer using as 
detector the thin window counter described in section 2.5 of 
this report. In this investigation the counter was operated in 
the Geiger region using a 5 cm filling of a one part alcohol to 
ten parts argon mixture. The counter plateau, which immediately 
after filling had a typical slope of 6$ and a length of 100 
volts, showed a marked deterioration with time, the plateau 
slope increasing to 30$ in an 18 hour period. The only conver
sion lines observed in the 5 to 20 kev region were the L lines 
of the 28.26 kev transition (PR-P-43:2.8}. The observed experi
mental full width at half maximum for these L lines was <-« 0.34$ 
while that of the LJJ line of the 80.59 kev transition at the 
same spectrometer settings (0.15$) was 0.17$. The increased 
width of these lew energy lines is attributed to energy degrada
tion in the source. The observed LiA-HI conversion line inten
sity for this 28.26 kev transition is > 60 and indicates a pure 
Ml (< 1$ E2) multipolarity for this transition. 

166 
Studies of the Dy y-ray spectrum using Nal 

scintillation spectrometers have established the presence of 
82-hour y-ray transitions of 384 - 10 and 440 - 10 kev in addl-
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tion to the lower energy transitions identified in the conver
sion electron spectrum studies (PR-P-43:2.8). The quantum 
intensity of these transitions relative to that of the 82 kev 
transition was found to be 0.068 ± 0.020/0.081 ± 0.020/1 for 
I384/I440/'I82-

Conversion electron-y coincidence studies have been 
carried out to locate these weak transitions in the Dyl°° dis
integration scheme„ The 384 kev transition was found to be 
coincident with the 54.24 kev transition (Lu conversion line) 
and not in coincidence with the 82.47 kev transition (Lj_ con
version line). The 440 kev transition is not in coincidence 
with either the 54 or 82 kev transitions. The current results 
together with those previously reported (PR-P-43:2.8) lead to 
a Hol66 level scheme with states at 54.24 kev ( 2 - ) , 8 2 . 4 7 kev 
( 1 - ) and 440 kev. 

No evidence has been found in either the direct or 
coincident y-ray studies for the additional 82-hour y-rays of 
346 and 284 kev which were recently reported by Helmer and 
Burson (Bull. Am. Phys. Soc. II, 4 , 427 (1959)) for this decay. 

2.8 Conversion Electron Spectrum of Gd _ 
(R.L. Graham, G.T. Ewan and J.S. Geiger) 

153 
The conversion electron spectrum in Eu following 

electron capture in Gdl53 (225 days) has been studied at 
^ 0 .15$ momentum resolution using the Chalk River rr^2 air-
cored 3 spectrometer. Conversion lines were observed corres
ponding to transitions of 1 9 . 8 2 ± 0.05 kev (< 90$ Ml + > 10$ 
E2), 6 9 . 6 7 ± 0.05 kev (98.2$ Ml + 1 . 8 $ E2), 83.36 ± 0.05 kev 
( 5 7 $ Ml + 43$ E2), 89,51 ± 0.05 kev (> 85$ Ml + < 15$ E2), 
9 7 . 4 5 ± 0.05 kev (El), .103.18 ±0.05 kev ( 9 8 . 5 $ Ml + 1.5$ E2) 
and 172.88 ±0.06 kev 60$ Ml + 40$ E2). The 1 9 . 8 2 , 89.51 
and 172.88 kev transitions have not been reported previously 
in the Gd^53 decay. The multipoiarity assignments were 
derived by comparing the experimental L subshell ratios with 
the theoretical values of Sliv. These results, taken together 
with the earlier work, here and at other laboratories, on Sm!53 
and Gdl53, establish levels in Eu-53 at 0 kev (5/2+), 83.36 kev 
( 7 / 2 + ) , 9 7 . 4 5 kev ( 5 / 2 - ) , 103.18 kev (3/2+) and 172.88 kev 
( 5 / 2 + ) . The ratio of the reduced Ml transition probabilities 
from the 172.88 kev level (5/2+) to the two members of the 
ground state K = 5/2 rotational band, at 0 and 8 3 . 3 6 kev, is 
-v .15 which is smaller than the predicted value of 0.4 for a 
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K = 3/2 assignment to the 172»88 kev level. The 75.43 kev (El) 
transition expected from the 172.,88 kev level ( T 1 / 2 = 1*4 x 
10-10 sec) was not observed and a limit placed on its intensity-
indicates a hindrance factor of > 10° with respect to the single 
particle estimate. 

SECTION IV 

2.9 International Intercomparisons 
(J.G.V. Taylor and J.S. Merritt) 

I ̂7 
In. Novemberj Cs ^ was prepared and distributed for 

international intercomparison by eleven laboratories 
(PR_p-42:2.11(c) ) . CsJ-37 free of Cs1^- was obtained from Oak 
Ridge and repurifled for this distribution. This pure Csl37 is 
being used to measure the branching ratio to B a l 3 7 m ±n the 
following manner: The absolute emission rate of 3 particles 
plus conversion electrons^has been determined by the tracer 
method (PR-P-43) using C s l 3 7 B r 8 2 „ absolute emission rate 
of 7-rays has been measured in a calibrated ion chamber. 
Corrections for internal conversion were applied to both mea
surements using the weighted mean of seven experimental deter
minations of the conversion coefficients. A small correction 
was applied for the response of the 4TT6 counter to the 7-rays. 
A preliminary value for the branching to Bal37m is 9 5 . 1 ± 1 . 1 $ , 
in agreement with Ricci ( 9 5 - 2 $ - Physlca 2 3 , 6 9 3 ( 1 9 5 7 ) ) and 
Peacock and Mitchell ( 9 5 $ - Phys. Rev. 7 5 , 1 2 7 2 ( 1 9 4 9 ) ; and in 
disagreement with Yoshizana (92.4$ - Nuclear Phys. 5* 1 2 2 
( 1 9 5 0 ) ) and Langer and Moffatt ( 9 2 $ - Phys. Rev. 8 2 , 6 3 5 ( 1 9 5 1 ) ) . 
During these measurements the calibration of the Ton chamber and 
the response of the 4TTB counter to 7-rays were re checked. 

In December the laboratory cooperated with the USNRDL, 
San Francisco, in their programme to determine the relative 
response of a number of 4ir3 counter s by counting in two of our 
4TTB counters a series of Co 6 0, S35, ni°3, and S r 9 0 + Y 9 ° 
sources prepared by the USNRDL. 

2 . 1 0 Standardizations 
(J.G.V. Taylor and J.S, Merritt) 

T131 - International Intercomparison 
i -37 

Cs - International Intercomparison 
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j l 3 1 - Blo-assay 
3-131 Commercial Products Division 
Co - Reactor Physics 
C o 6 0 - Canada-India Reactor 
A u 1 9 8 ~ Canada-India Reactor 
Co 6 0 - Development Chemistry 
C s 1 3 7 - Development Chemistry 
R u 1 0 6 • - Chemical Engineering 
P 3 2 - Research Chemistry 
Nb 9 5 Environmental Research 
N 60 Co - Nuclear Physics I 

2.11 Miscellaneous Services 
(J .S. Merritt) 

166 
Chemical processing for Nuclear Physics I: Eu ^ 

was separated from irradiated Sml54 and purified (twice). 
Np239 was separated from irradiated u23o and purified taking 
extreme care to eliminate all solids from the final solution. 
Hol66 w a s separated from Dy1"" (twice). Co57 was electroplated 
on iron. Quartz tubes were tested for, and found to be free 
of, flux-depressing impurities by irradiation with, cobalt 
monitors (5 samples). Other solutions were prepared as follows: 
Dyl66 ( 3 ) , H0I60 ( 2 ) , Qdl53 ( 1 ) . 

Special sources prepared: for Nuclear Physics I -
D y l 6 6 ( 5 ) , H0I66 ( 3 ) , co57 ( 4 ) , Ra D+E ( 1 ) ; for Nuclear Physics 
II - Csl37 ( 1 ) . 

In addition, 3 spectrometer counter windows were pre
pared from laminated thin VYNS films. 

2.12 Publications 
"THE DECAY OF Bi 2° 8", by C.H. Millar, T.A. Eastwood 

and J.C. Roy, Can. J. Phys. 37. 1126 ( 1 9 5 9 ) . 
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SECTION I 

3.2 O 1 7 and A^(na) Cross Sections 
(G.C. Hanna) 

This work with P.R. Tunnicliffe and D. Primeau is 
described In the Reactor Physics Progress Report. 

3 . 3 u O J Cross Sections 
(G.C. Hanna) 

2^6 
The measurements of U production in NRX pile rod 

No. 683 have been re-evaluated. There is still some uncer
tainty in the flux spectrum, which, It is hoped, will be 
reduced by C.B. BIgham's fission cross-section measurements, 
but the present best value, corrected to 2200 m/sec, Is 
a = Pc/Pf = 0.184 ± 0.004. This agrees with older determina
tions; recent values proposed by Safford (Nucleonics, Nov. 
1959) are much lower (~ 0 . 1 7 0 ) . 

3 . 4 Elastic and Inelastic Scattering of 14-Mev Neutrons 
(R.L. Clarke (in collaboration with W.G. Cross, Radiation 
Dosimetry Branch)) 

Measurements of the angular distribution of elastic 
scattering and of inelastic scattering of 14-Mev neutrons from 
low-lying excited states of light nuclei have continued. At 
each scattering angle the energy spectrum of scattered neu
trons is determined by measuring their flight time over a 3 . 1 
meter path. The time resolution Is sufficient to resolve 
neutrons from excited states further than 1 . 3 Mev above the 
ground state. Measurements have now been made on magnesium, 
carbon and sulphur. 

Carbon: The elastic angular distribution is in good 
agreement with other measurements (Coon, Davis, Felthauser and 
Nicodemus, Phys. Rev. Ill, 250 ( 1 9 5 8 ) ) and deviates signifi
cantly from the distribution calculated by Bjorklund and 
Pernbach (U.C.R.L. 492ÔT, 1957 (unpublished)). This distribu
tion obtained for neutrons scattered from the 4 . 4 Mev state 
agrees with the calculated distributions of Levinson and 
Banerjee (Ann. Phys. 3, 67 (1958)) and Glendenning (Phys. Rev. 
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114, 1297 ( 1 9 5 9 )), although further measurements are needed at 
angles below 400. A group of scattered neutrons corresponding 
to an excitation energy of 9»7 - 0.3 Mev is tentatively assumed 
to correspond to the 9.63 Mev state of C 1 2. it is expected 
that this energy can be determined more accurately by further 
work. The angular distribution of this group differs from that 
found for protons of incident energies I 6 . 7 - 18.9 Mev scattered 
Inelastically from the 9.6 Mev state (R.W. Peele, Phys. Rev. 
1 0 5 , 1311 (1957)), in contrast to the good agreement between 
proton and neutron distributions for the ground and 4.4 Mev 
states. Although at some angles neutrons from the 7 . 6 Mev 
state were observed, the differential cross sections were less 
than those for the 9 . 6 Mev state by a factor of at least 3 , and 
too small to obtain an angular distribution. No other states 
were seen up to excitation energies of 11.8 Mev. 

Sulphur: The elastic angular distribution is in 
reasonable agreement with the optical model calculations of 
Bjorklund and Pernbach (U.C.R.L. 492ÔT, 1957 (unpublished)). 
Neutrons scattered from the 2.24 Mev state of S32 have about 
the same differential cross section at angles below 50° as 
those from the first excited state of Mg 2^, but at backward 
angles the cross section is considerably smaller. A neutron 
group was observed corresponding to an excitation energy of 
5.2 ± 0.3 Mev, and with a width which suggests that it arises 
from two unresolved levels. The angular distribution of this 
group has not yet been determined, but the differential cross 
section is roughly half that for the first excited state at 
forward angles, and comparable to it at angles greater than 
900. 

Magnesium: The angular distribution for inelastic 
scattering to the first excited state of Mg2i+ (Q = - 1 . 3 7 Mev) , 
obtained previously, is in good agreement with the theoretical 
distribution given by Glendennlng (Phys. Rev. 114, 1297 ( 1 9 5 9 ) ) 
for a 2+ assignment and is clearly in disagreement for a 4+ 
assignment. This is believed to give some support to the 
simplifying approximation made by Glendennlng. 

A number of modifications have been made to the 140 
kev accelerator to improve its reliability — principally the 
replacement of some of the tube rectifiers by semi-conductors. 
Further improvements to the vacuum system and the electronics 
of this accelerator are planned. 
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3.5 Fission Studies 
(J.CD. Milton) 

Some progress has been made In the experiment to 
measure the prompt fission 7 energy spectrum as a function of 
the masses of a fragment pair (determined by measuring the 
velocities of both fragments). It is planned to detect the 
7-rays in a 2" x 2" diam. Nal(Tl) crystal. The problem is 
mainly that of background.' By installing an 8" crystalline 
quartz filter in the beam and improving the shielding this 
has been reduced by 50 - 100. The background is mainly 
caused by fast neutrons. It is hoped to reduce these by a 
factor of 2 - 3 by re-designing the auxiliary collimator to 
reduce the number of neutrons scattered from the beam near 
the 7 detector. A further factor of 6 in the chance rate can 
be obtained by reducing the 7-coincIdence resolving time from 
60 to 10 x 10~9 sec. If successful, this would give a pro
bable chance rate of ̂  1 / 3 c.p.m. A true rate of ̂  2 c.p.m. 
is reasonably obtained without too large a source thickness 
correction. 

SECTION II 

3.6 Spins of Low Lying Levels in Sj. 
(C Broude, A.J. Ferguson and H.E. Gove) 

The measurement of 7 - 7 angular correlations is 
being used to determine spins of levels in Si30 excited by 
inelastic proton scattering. 

2 ^0 
A 120 [xgm/cm separated S1J target has been bom

barded with protons in the energy range 5 -0 to 5 - 5 Mev. At 
this energy, and at the angle at which the target is oriented 
with respect to the beam, the target thickness is about 1 5 
kev. A preliminary y i e l d curve of the radiation from the 2.24 
Mev first excited state and of radiation in coincidence with 
this, shows complex resonance structure. 

At a resonance at 5 . 1 1 Mev proton energy, the dir
ect spectrum includes a 3 - 5 1 Mev 7-ray, while the spectrum in 
coincidence with the 2.24 Mev radiation shows 7-rays of 1.27 
Mev and 1.55 Mev. The 3 . 5 1 Mev and 1.27 Mev 7-rays show that 
the second excited state of S i 3 0 at 3 . 5 1 Mev is excited, while 
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1 . 5 5 Mev and the absence of a 3.79 Mev y-ray show that the 
third excited state at 3.79 Mev is excited and that it does 
not decay appreciably by direct transition to the ground 
state. 

The direct correlation of the 3.51 Mev 7-ray has 
been measured and also the correlations of the 1 . 2 7 Mev and 
1 . 5 5 Mev 7-rays in coincidence with the 2.24 Mev radiation 
In three geometries. These geometries are defined by the 
2.24 Mev 7-ray being detected in a 5" x 4" Nal(Tl) crystal 
fixed with ( 0, <t>) coordinates ( 90°., l80°) and a 5" x 6" 
Nal(Tl) movable crystal with {8 variable, 0°), (8 variable, 
9 0 ° ) , and ( 9 0 ° , * variable). 

Preliminary analysis of these correlations is con
sistent with a spin of 2 for the 3 .51 Mev level. A probable 
spin for the 3.79 Mev level Is 4, but a fuller analysis is 
required before this can be stated definitely. 

3.7 Coulomb Excitation of Light Nuclei by Oxygen Ions 
(C. Broude and H.E. Gove) 

The Unified Model of Bohr and Mottelson has been 
applied to several nuclei in the d 5/2 shell and has achieved 
some success in interpreting experimentally determined level 
energies, spins, parities and also 7-ray branching and multi-
pole mixing ratios » These relative transition probabilities 
show a favouring of E2 radiation relative to Ml, compared with 
single particle estimates, but cannot show if this is due to 
the enhancement of the E2 transition probabilities as pre
dicted by the unified model, rather than to an inhibition of 
Ml radiation. Coulomb excitation of low-lying levels gives 
further information about the applicability of the model by 
giving absolute values of B(E2), the reduced electric quadru-
pole transition probability of the state. 

Considering only incident particles lighter than the 
target nucleus, above an energy which depends on the bombarded 
nucleus, the cross section for excitation by heavy ions is 
greater than that for lighter ions of the same energy. How
ever, the shorter range of the heavy ions considerably reduces 
their thick target yield relative to lighter bombarding par
ticles . The Coulomb excitation by heavy Ions is favoured 
since the height of the Coulomb barrier makes It possible to 
use high bombarding energies without compound nucleus forma-
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tion. These higher energies more than compensate for the reduc
tion in thick target yield due to the higher stopping power. 

The Tandem Van de Graaff accelerator has been used to 
bombard thick targets with 0-16 ions in the energy range from 
16 to 35 Mev. The y-rays wexje detected by a 5" x 6" Nal(Tl) 
crystal. Thick targets of sodium chloride and natural magne
sium, aluminum and silicon were bombarded and Coulomb excita
tion of the 0 . 4 4 Mev level In Na 2 3, the 1 , 3 7 Mev level in Mg 2^, 
the 0 . 8 4 and 1.02 Mev levels In Al 2 7, and the 1.78 Mev level 
in Si 2 8 observed. In the 1 . 3 7 and I.78 Mev level excitation 
curves, the yield was followed through a factor of about 30, 
with smaller ranges for the other levels. The main source of 
background, which is strongly energy dependent and prevents 
weak Coulomb excited 'y-rays from being seen, Is the 1 .27, 
I.78 and 2.23 Mev reaction y radiation from the 0l« ions inci
dent on 0 l 6 contaminant in the targets. 

Preliminary values for the excitation B(E2) 1 3 are 
0.057 ± 0 .015 for the 1.37 Mev level in Mg 2 5, 0.0024 ± 0.0008 
and 0.0037 ± 0.0013 for the 0 . 8 4 and 1.02 Mev levels In Al 27 
and 0.039 ±.Q.Olp for the I .78 Mev level in Si 2°, all in units 
of e 2 x 1 0 " ^ ° cnr . The first three values are in good agree
ment with those obtained by Alkhazov et al (Sov. Phys. JETP 
35, 736 ( 1 9 5 9 ) ) who used nitrogen and oxygen ions at isolated 
energies. The Coulomb excitation of Si 2" has not previously 
been observed. The value of B(E2) for this state leads to a 
lifetime of ( 5 . 8 ± 1 . 2 ) x 1 0 - 1 3 sees, in good agreement with 
the value of ( 7 - 3 ± 2.2) x 10-13 sees from resonance fluor
escence (S. Ofer and A. Schwarzschild, Phys. Rev. Lett. Vol. 
3, No. 8 ( 1 9 5 9 ) ) • 

Gamma. Rays From Cascades in Ql& 
(A.E. Litherland, R. Batchelor, A.J. Ferguson and H.E. Gove) 

The 3 - 5 5 and 3 . 6 5 Mev atateSoin 0 X have been 
studied using the reaction H3(0^,p)ol". Preliminary measure
ments using the oi? beam from the tandem accelerator were 
reported in PR-P-#3 section 3 - 1 0 . These measurements have 
been confirmed and extended using 14 Mev ojj ions bombarding 
a thick h3 target in the centre of the gamma-ray cave. The 
installation of the azimuthal gamma-ray table in the gamma-
ray cave permitted angular correlations to be measured with 
geometrical arrangements of the counters which were not 
possible with the previous gamma-ray table. Angular correla-
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tions of the 1.67 and 1.98 Mev gamma rays and of the 1.95 and 
I.98 Mev gamma rays have now been made In three spatial 
arrangements of the gamma-ray counters. The measured angular 
correlations of the 1.67 and I.98 Mev gamma rays permit the 
assignment of spin 0 to be made with confidence to the 3.65 
Mev state in 0l8, The parity is not determined by the present 
measurements. The angular correlations of the 1.95 and 1.98 
Mev gamma rays indicate that the 3•93 Mev state produced by 
the reaction is strongly aligned. Consequently a thorough 
analysis of the data must await the completion of a computer 
programme which will fit the data by the method of least 
squares. In the meantime an analysis of the data has been 
carried out by hand and good agreement between theory and 
experiment obtained with a spin of 2 for the 3.93 Mev state. 
The 1.95 Mev gamma ray to the I.98 Mev (2+) excited state of 
0l8 was assumed to be pure dipole. As the quadrupole admix
ture is expected to be small an accurate estimate of the 
admixture will require the abovementioned computer programme 
and probably more accurate angular correlation data. It is 
interesting to note that, if the 3•65 and 3.93 Mev states 
have even parity, there is a marked similarity between the 
low-lying levels of 0l8 and the vibrational levels found in 
medium weight nuclei. This is one reason why a determination 
of the dipole-quadrupole admixture of the 1 .95 Mev gamma ray 
would be of Interest as would the existence of a 3•93 Mev 
cross-over gamma ray. At present an upper limit of < 15$ can 
be set on the presence of the 3-93 Mev gamma ray compared 
with the 1.95 Mev gamma ray. 

3.9 Stripping Reaction Studies on B 
(A.J. Ferguson, H.E. Gove, A.E. Litherland and R. Batchelor) 

Work has continued on the study of (dn) stripping 
reactions on the boron Isotopes reported in the last progress 
report (PR-P-43, section 3.H) . The usual difficulty of 
measuring the intensity of a group of neutrons of a particular 
energy is overcome in this work by observing them in coinci-
dence with the ground state gamma ray emitted by the residual 
nucleus. The neutron detectors are organic liquid scintil
lators for which the basic response to a monoergic group of 
neutrons is an approximately flat plateau having an upper cut
off proportional to the neutron energy. 

The (dn) reactions produce generally many neutron 
groups and gamma rays to which the detectors are also sensi
tive, resulting in spectra in which the individual groups 
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cannot be separated. In this work, gamma rays from the resid
ual nucleus in coincidence with the neutron group of interest 
have been used to "gate" the neutron detector, eliminating all 
higher energy groups and most of the gamma-ray pulses. Addi
tional discrimination against gamma rays has been obtained by 
using the circuit described by Owen (Nucleonics 17, Ko. 9, 92 
(1959)). 

In the simple Born approximation stripping theory 
the n-y correlation Is the product of the neutron angular dis
tribution function and a function of the angle between the 
gamma ray and the recoil direction. If the gamma counter is 
located on the perpendicular to the d-n plane through the 
target, the angle between the gamma ray and the recoil direc
tion is independent of the neutron direction, and the measured 
n-y correlation is identical with the direct neutron stripping 
distribution. If mixtures of orbital angular momenta of the 
captured proton are present they interfere coherently whereas 
in the direct correlation the interference Is incoherent. 

A strong 1 5 . 1 1 Mev gamma ray is excited by the 
reaction BH(dn7)cl2. As described In the preceding report, 
the application of the above technique has given an ip = 1 
pattern for the neutrons, indicating positive parity for the 
i5.ll Mev level. 

From the yield of the 15.11 Mev gamma ray the cross 
section of the reaction can be found. This indicates a reduced 
width for the proton of the same order of magnitude as the 
single particle width. 

The angular correlation of the gamma rays relative to 
the recoil direction has been measured. This has given the 
weak correlation 

¥ = 1 - 0.055 P P (cos .9) 

From this a channel spin mixing ratio for the captured protons 
can be found which can be compared with the values predicted 
on the assumption of various pure shell model assignments. 
Agreement is not found with any of these. However, the errors 
have not yet been evaluated and it may be found that these 
overlap one or more possible assignment. 

The yield of the reaction has been measured from the 
threshold up to 8 Mev bombarding energy and shows no sign of 
resonance structure. 

http://i5.ll
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3.10 Stripping Reaction Studies on B 
(A.J. Ferguson, H.E. Gove, A.E. Litherland and R. Batchelor) 

The technique described in the previous section has 
been applied to the stripping reaction filO(dn)ell. Earlier 
work (PR-P-43, section 3.11) indicated that groups of neutrons 
to states in c H at excitation energies of 6.5 Mev and 8.5 Mev 
showed ip = 1 patterns, consistent with negative parity for 
the states. Gamma-ray spectra coincident with neutrons to the 
states near 6.5 Mev showed that this was principally 6.50 Mev 
with a very small admixture of the nearby 6.77 Mev transition. 
This indicates that the neutron group to the 6.50 Mev state is 
much stronger than the one to the 6.77 Mev state. It is highly 
probable that these two states are the mirror analogues of the 
6.76 Mev and 6.8l Mev states in which show a similar 
behaviour for the 3l°(dp)B11 stripping reaction. Thus the 
ip = 1 pattern found for the 6.5O Mev-6.77 Mev doublet can be 
assigned to the 6.50 Mev member. 

The neutron angular distribition for the 6.50 Mev 
state, previously measured at a deuteron bombarding energy of 
5.0 Mev, has been repeated at 8.0 Mev. The results, though of 
lower accuracy due to a smaller yield, are essentially the 
same as the previous ones. 

3.11 Gamma-Ray Angular Correlations from Aligned Nuclei Produced by 
Nuclear Réactions " : 

(A.J. Ferguson and A.E. Litherland) 
The measurement of the angular distributions and 

correlations of products of nuclear reactions has for some 
time been an important method for finding nuclear spins, pari
ties and other parameters. However, a frequent obstacle to the 
use of this method Is that its interpretation usually demands 
that all the spins and parities of the states involved be 
definite. Thus its application has been limited to reactions 
Involving strong resonances such as are found in light ele
ments at low excitation energies. Many reactions, particularly 
those accessible to the tandem accelerator, do not meet this 
requirement of an isolated resonance and thus cannot be con
veniently analysed in the conventional way. 

A paper, by A.E. Litherland and A.J. Ferguson, 
currently in preparation under the above title, proposes two 
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methods of utilizing angular correlations which remove the 
requirement of a sharp resonance in the compound state of the 
reaction. Both of these methods utilize the theorem that a 
quantum mechanical state having axial symmetry and definite 
spin parity can be described by means of a relatively small 
number of parameters, the populations of the various magnetic 
substates. Such a state Is aligned. The first method 
(method l) considers a nuclear reaction In which the incoming 
particle beam defines the axis of symmetry and the outgoing 
particles are not observed. The states formed this way will 
usually have definite spin and parity In addition to axial 
symmetry.: The correlations of two gamma rays cascading from this state through lower states prox̂ ide a large amount of 
information which is generally more than sufficient to deter
mine the unknown parameters, assumed in this case to be the 
substate populations, the spins of the levels involved and 
multipole amplitude ratios for the gamma rays. 

The second method (method II) differs from the first 
in that the outgoing particle Is detected in a counter, located 
on the axis of symmetry. It is then found that the populations 
of the resulting magnetic substates are limited by the spins of 
the reacting particles. Gases can be found in which no arbi
trary parameters are Involved s o that the angular distribution 
of a subsequent gamma ray is determined apart from a possible 
multipole mixture, A combination of the two methods, in which 
the outgoing particle and. two succeeding gamma rays are mea
sured in coincidence, would have considerable advantages in 
the majority of cases. 

Method I can be applied to a wide range of reactions, 
for example (pp'yy), (aa• yy), (dp-yy) a (dn-v-y), etc. Of these 
the (PP.'TY) looks particularly promising for tandem accelerator 
application because the gamma spectra are normally relatively 
simple. The states most strongly excited are the low-lying 
ones which are also the ones of greatest Interest. It has 
been used to determine the spin of the 4.24 Mev state of 
Mg24 (R„ Batchelor, A.J. Ferguson, H.E. Gove and A.E. Litherland, 
Nuc. Phys. in press; see also PR-P-41: 3.10, PR-P-42:3-7 and 
PR-P-43:3.9) . The reaction r3( 0^§-pyy) Ô18 has been used to study 
two states in 0l8 (section 3.8 of'this progress report and also 
PR-P-43:3.10). Method I was applied In a limited way by E.G. 
Warburton and H.J. Rose (Phys. Rev. 109, 1199 (1958)) to the 
reaction (d^yy) - Method II has been applied to the 
reaction Mg2o(anyjSi29 (A.E. Litherland and G.J. McCallum, to 
be submitted to Can. J. Phys; see also PR-P-42:3»9). 



- 27 - PR-P-44 

A general programme to study nuclei in the p and d 
shells by method I is planned. A new gamma-ray angular distri
bution table designed to move two counters, one to all angular 
positions in a hemisphere and the other to all angular posi
tions in a plane, has been Installed in the Tandem gamma-ray 
cave and will be an important adjunct to the work. A Datatron 
programme to analyse the data is being written by the Computing 
Section. 

SECTION III 

3.12 The Sl 2 8(d,p)Sl 2 9 Reaction 
(j.A. Kuehner, E. Almqvist and D.A. Bromley) 
a) Interference Effects 

Detailed measurements have been made of the differ
ential cross sections for the lowest three states of Si29 
populated in the Si2°(d,p)Si29 reaction in the ranges 6.1 Mev 
< < 10.7 Mev and 15° <L & <L 1 5 5 ° . Preliminary results have 
been reported previously (PR-P-42:3.11 and PR-P-43: 3 . 1 6 ) . 
Analysis of some aspects of these measurements has now been 
completed and will be reported herein. 

The resonant fluctuations («v 20-40$) previously 
reported in the excitation functions measured at 35° and 90° 
to the incident beam are found not to be due to resonances in 
the total cross section. This is demonstrated by computing 
the total cross section for each state (integrating the angular 
distribution over angles) and comparing values of the total 
cross section thus obtained on and off peaks in the differen
tial excitation functions. These comparisons demonstrate that 
the large fluctuations which appear in the excitation functions 
do not persist in the total cross sections although it is not 
possible to rule out resonances in the total cross section of 
the order of 10$; on the other hand the data are consistent 
with a smoothly varying total cross section showing no reson
ances. The fact that the fluctuations are observed to be much 
stronger in the differential excitation function than in the 
total cross section suggest that they are caused largely by 
interference effects. 
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Other data, namely the angular distributions, which 
do not change their characteristic diffraction shape over the 
range of energies studied, imply a dominant direct interaction 
amplitude. Thus the interference effects observed are almost 
certainly the result of interference between compound nuclear 
and direct interaction amplitudes, The disappearance of the 
resonance structure in the total cross section implies that 
the interfering compound system levels have in the main J 
values which do not correspond to the range of I values 
favoured by the direct interaction process. 

Calculations have been made of the absolute magni
tude of the total cross sections and their variation with 
energy assuming both Butler stripping and a compound nucleus 
mechanism. (The authors are indebted to E. Vogt for perform
ing the compound nucleus calculations.) The calculations show 
that either mechanism predicts an energy variation which is 
consistent with the observed variation. In the case of the 
stripping calculation, where the energy variation Is predicted 
with greater accuracy, an extremely close agreement is obtained 
(the predicted energy variation lies within the experimental 
errors of the measurement). Moreover the predictions duplicate 
the greater energy dependence of the ln = 0 cross section as 
compared to the £n = 2 cross sections, which is observed experi
mentally. 

The magnitude of the cross section as predicted with
in an estimated factor of two by the compound nucleus calcula
tion is roughly a factor of two larger than the measured cross 
section for each of the three states considered. However, the 
similarity of the angular distributions over the energy range 
covered and their diffraction character make an explanation 
Involving other than a dominant direct interaction process 
untenable. In order to explain these observations it is 
necessary to assume that depletion of the incident deuteron 
flux by the stripping process at large interaction radii is 
reducing the effective compound nuclear cross section by a 
large factor. This explanation is perhaps not unreasonable 
when one considers that the combined (dp) and (dn) cross sec
tions (say 40 levels at 15 mb per level) are ̂  600 mb, which 
Is the same order as the nuclear size (TTR2 = 750 mb) . 

The proton angular distributions show extrema at 
locations in accord with Butler predictions when an interaction 
radius of 6.6 fermis is chosenj however, the envelope of the 
maxima does not decrease with angle as predicted by the usual 
deuteron form factor. A constant form factor does provide an 
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acceptable fit to the data for both the J n = 0 and i n = 2 cases 
over the entire angular range from 1 5 ° to 1 5 5 ° . A point of 
possible significance is that this empirical approach gives a 
good fit for both in = 0 and 2 using the same radius, in con
trast to the usual approach where a radius of 5 fermis is 
required for the i n = 2 data and 6.6 fermis for the l r = 0 
data in this mass region. This behaviour is under further 
investigation as noted in a later section of this report. 
b) Distorted Wave Effects 

28 2Q 
As part of a detailed study of the Si (dp)Si 

reaction, measurements of the (p-y) angular correlations for 
the reactions Si28(dpy)Si29 ( 1 . 2 8 Mev) and Si 2 9 (2.03 Mev) 
have been made in the (dp) reaction plane with the protons 
detected on the observed peak of the In = 2 stripping angular 
distribution. Preliminary results have been reported pre
viously (PR-P-42:3.11 and PR-P-43: 3•16). It has been found 
possible to fit the data assuming distorted wave stripping and 
the formalism of Huby, Refal and Satchier (Nuclear Phys. 9, 94 
(1958)). The measurements on the 2.03 Mev state alone yield 
four real experimental parameters and these are enough to 
enable the statistical tensors for the reaction, as defined 
in reference 1, to be determined for each energy. These statis
tical tensors, in terms of which the magnitude of the proton 
polarization as well as the general p*y angular correlation 
function over the entire sphere can be expressed, are then used 
to compute the angular correlation of the 1.28 Mev radiation 
yielding results in good agreement with experiment and thus 
supporting the expectation of Huby et al that the matrix ele
ments are nearly Independent of the nuclear state. 

It should be emphasized that the analysis described 
herein is not possible for p-wave neutron capture or capture to 
states of j <_ 3/2. In these cases (as illustrated by the 1 .28 
Mev case reported) correlation measurements in the reaction 
plane alone do not suffice to determine the statistical tensors, 
and must be supplemented by correlation measurements In other 
geometries or by proton polarization measurements. These 
restrictions have applied to almost all of the previously 
reported (dpy) correlation measurements, the majority of which 
were carried out in the nuclear p-shell. 

The angular correlation data for the E2 de-excitation 
radiation from the 2.03 Mev state are well represented by the 
correlation function W(0) = 2 A n cos n (*-an,n) for n = 0, 2, 
4. Values of the parameters obtained in a least squares fit 
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of the data are listed in Table I together with, in the last 
row, the plane wave Born approximation prediction. The simi
larity of the correlation to the plane wave stripping predic
tion and the systematic trend with energy suggest that compound 
system effects are small when the protons are detected on the 
stripping peak. 

The distorted wave formalism is most conveniently 
parametrized by the statistical tensors for the reaction 
defined by 

p k q ( / i ' ) = 2 X (ii'mm|kq)BimB* i l m , (l) 
mm ' 

where the matrix elements are defined by 

with subscripts n, p, and d referring to neutron, proton and 
deuteron respectively. For d-wave neutron capture, it can be 
readily shown that with the z-axis chosen along k̂  x kp, only 
the matrix elements B22> ^2,-2 a n d B20 a r e non-zero, although 
the matrix elements are in general complex, arbitrary normal
ization both in magnitude and in phase reduces the number of 
independent parameters to four. It is of considerable inter
est to use the experimentally determined Pkq,tp test model 
wave functions by substitution in equations (1) and ( 2 ) . 

The statistical tensors have been obtained from the 
experimental data for the 2.03 Mev radiation and have been 
used to predict the angular correlations of the 1.28 Mev radi
ation as measured in the reaction plane. In this case only 
the first two terms in the correlation function given above 
are non-zero. The predicted 0:22̂  which is just the 0:22 given 
in Table I, is consistent with the measured value for all 
energies except that at 7 Mev inhere the measured value is 
some twenty degrees or more smaller. The predicted A2/A0 
ranges from ̂  -0.04 at 6 Mev to ̂  0.07 at 9 Mev. This value 
is included within the errors of the measured values over the 
entire energy range. 

The agreement obtained is encouraging and suggests 
that not only is a description within the framework of a dis
torted wave stripping process adequate but that the statis
tical tensors show a lack of dependence upon the details of 
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nuclear structure in accord with predictions. 
The magnitudes of the statistical tensors are observed 

to show a systematic trend and approach the plane wave limit as 
the incident energy is increased. This is consistent with the 
fact that with increasing energy the Coulomb and nuclear forces 
are expected to have less effect in distorting the deuteron and 
proton waves. 

TABLE I 
Parameters in the expansion w( <t>) = 2 k0 cos 2n(<f> - a p 0 ) 

Ed V Ao V Ao a 2 2 a 44 

6.1 0.16 ± 0.03 -0. 12 ± 0. 03 56 ± 9 59 + 5 
6.75 0.20 ± 0.05 -0. 22 ± 0. 03 70 ± 7 69 + 4 
7.0 0.22 ± 0.03 -0. 16 ± 0. 03 74 ± 3 79 2 
8.0 0.19 ± 0.02 -0. 24 ± 0. 02 57 ± 5 68 ± 2 
8.6 0.18 ± 0.04 -0» 24 ± 0. 05 40 ± 12 60 ± 4 
9.0 0.18 ± 0,04 -0. 26 ± 0. 02 75 ± 4 62 ± 2 

Plane wave 
Theory 0.24 -0.29 58 - 6 l b 58 - 61 b 

a The experimental coefficients have been corrected for 
finite apertures. 

b The plane wave theory predicts symmetry about the nuclear 
recoil axis. This axis varies from 6 l ° for Ed = 7 Mev 
to 580 for E d = 9 Mev. 

27 28 l6 17 3.13 Measurements on the Al '(dp)Al and 0 (dp)0 Reactions 
(E. Almqvist, D.A. Bromley and J.A. Kuehner) 

As noted in the section of this report on the 
Si28(dp)Si29 reaction, it was found that the deuteron factor 
appearing in the usual Butler stripping formalism predicts a 
rapidly decreasing envelope of the diffraction oscillations 
in the proton angular distributions, with Increasing angle of 
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proton observation. The experimental data do not show this 
decrease and are consistent with a constant value of this factor. 

In order to examine whether.this empirical observation 
has more general validity, measurements have been carried out on 
the i n = 0 angular distributions leading to the unresolved ground 
state doublet of A 1.28 and to the first excited state of 0 l 7 o 

These ln = 0 patterns have been selected for study since they 
permit the observation of higher order diffraction extrema within 
the accessible angular range. 

Detailed analyses have as yet been carried out only on 
the Al2J(dp)Al2o data and here again the experimental results 
are much more in accord with a constant value of the deuteron 
factor than with that normally used. Analysis Is continuing on 
the 0l6(dp)0l7 data. 

In these measurements, particular attention has been 
devoted to establishing the precise shape of the distributions 
at small angles to facilitate examination of various methods of 
analysis which have been suggested for the extraction of reduced 
widths from the experimental stripping data. In addition to the 
normal methods of fitting a Butler prediction to the data, the 
method suggested by Amado (Phys. Rev. Letters 2, 399 (1959)) 
based on Chew-Low formalism and involving extrapolation to the 
pole of the stripping prediction and that suggested by Boweock 
(Proc. Phys. Soc. London A68, 512 (1954)) based on detailed 
fitting to Legendre polynomial expansions are under study. 

Differential excitation functions have been measured 
for these reactions in the energy range 6.0 < Ed < 1 1 . 0 Mev. 
That for the Al27(dp)Al2° reaction shows essentially no resonant 
fluctuations; that for the Ol6(dp)ol7 reaction does show residual 
resonant effects as_would be anticipated since the deuteron 
binding energy in pi° is the lowest of any available (7°55 Mev) 
In deuteron reactions. 

• Heavy Ion Elastic Scattering 
(D.A. Bromley, J.A. Kuehner and E, Almqvist) 

Au-Si junction detectors (McKenzie and Bromley, Bull. 
Am. Phys. Soc, Ser, II, 4, 422 (1959)) have been used at room 
temperature in studies of excitation functions and angular dis
tributions for selected heavy ion elastic scattering situations. 
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The output from the junctions is fed to a 2N604 tran
sistorized current amplifier with current gain ~ 103 which mini
mizes the dependence of the output pulse on the capacitance of 
the detector and associated wiring. The fast pulse, (TR ~ 10 
mjisec duration ~ 30 npsec) is transmitted over 300 feet of 200 
ohm cable and applied directly to H.P. distributed amplifiers 
for fast coincidence use; this same pulse is also stretched and 
applied to DD2 amplifiers for linear amplification and analysis. 

In the range of energies studied it has been found 
that the junction output is linearly dependent upon the energy 
deposited in the junction by the heavy ion and is independent 
of the specific ionization of the ions. For reasons which are 
not yet clear, the energy resolution remains relatively con
stant as a function of incident energy and is 2%. 

Elastic scattering measurements have been carried out 
using both carbon and oxygen beams aceeleratred in various -
charge states in the tandem accelerator. Most of the measure
ments have Involved and o5+ beams of up to 50 rrpamps on 
target. 

Self-supporting carbon targets ~ 20 |±gm/cm have been 
prepared by a suitable modification of a previously described 
vacuum evaporation process (Bromley et al., Phys. Rev. 105, 957 
(1957))" This technique was also used to produce thin targets 
of Al, Mg, and S10 for use In these measurements. 

From the elastic scattering kinematics for identical 
projectile and target, the laboratory angle between the 
scattered and recoil particle is uniquely fixed at .90°. The 
experimental arrangement had been designed to exploit this 
characteristic to separate elastic scattering from nucléon 
transfer and other contaminant reactions, by use of appropriate 
coincidence measurements 

It was found, however, that in the measurements 
reported, such coincidence techniques were not required because 
of the energy resolution Inherent in the junction which auto
matically separated the elastically scattered groups from con
taminant target components and. reactions except at very small 
angles. 

The experimental equipment and the beam measuring and 
integrating system were checked and calibrated by observation 
of the elastic scattering of 27 Mev o5+ 

ions on a thin gold 
target. 
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. The angular distribution of C on C has been 
measured for an Incident energy of 27 Mev. Measurements were 
carried out in the laboratory angle range from 8° to 58°. Since 
the incident and target nuclei are identical the distribution 
must be symmetrical about a laboratory angle of 45°. The 
differential cross section shows characteristic diffraction 
extrema, decreasing by four orders of magnitude between labora
tory angles of 8o and 38°. 

The excitation function for 0"^ elastically scattered 
from carbon was examined in the energy range 20 < Eqx6 ̂  33 Mev 
(i.e. 6.7 > P, > 5-2) where rj = zz'e2/nv. No pronounced struc
ture was observed and the dependence of cross section on inci
dent energy is given roughly by ( E^ig) - 2 characteristic of 
Rutherford scattering. 

Angular distributions have been measured at 23-5> 27 
and 32 Mev incident energy in the laboratory energy range from 
2° to 42° detecting the elastically scattered 0l6 ions; this 
range has been extended to an equivalent center of mass angle of 
148° by observation of the carbon recoil ions. The differential 
cross section decreases by six, .orders of magnitude in going from 
2° to 42° laboratory angle at an incident energy of 27 Mev for 
example and shows residual diffraction structure. 

Detailed measurements are in progress using the inverse 
reaction, C^-2 on 0l°, to examine the large angle structure in 
these curves which, if real, is of considerable interest from the 
reaction mechanics in viewpoint. 

The angular distribution of 31-9 Mev O 1^ ions on 
Mg (T\ = 10.6) was examined in the laboratory angular range from 
6° to 66°. Residual structure appears in this distribution but 
is much less pronounced than in the case of lighter targets. 
Similar measurements have been carried out on Al 27 (rj = 11.4) . 

Analysis of these data is in progress and will be 
given in a later report together with more extensive measure
ments on the Olo + C 1 2 scattering angular distributions and on 
the C 1 2 + C 1 2 reactions. 

3.15 Optical Excitation of N2 by 0.5 to .1.5 Mev Hydrogenic Ions 
(D.A. Bromley - in collaboration with Drs. R.W. Nicholls and 
E.M. Reeves, Physics Department, University of Western,Ontario) 

A paper covering measurement with the 3 Mev Van de 
Graaff Accelerator will be submitted shortly to Proceedings of 
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the Physical Society (London) for publication. These measure
ments extend those previously reported (Reeves, rficholls, and 
Bromley, Proc., Phys „ Soc. AJ_4, 87 (1959)) to the molecular ions 
HH + and HHH + and are relevant to determination of the excita
tion mechanisms. Quantitative measurements have been made on 
the luminosity-gas pressure relationship as a function of inci
dent ion energy and type as well as in the rotational tempera
tures involved. For 1,0 Mev protons in N2 at 60 |iHg, a rota
tional temperature of 276 ± 1Q°K was obtained. This agreement 
with the ambient room temperature suggests that there is no 
appreciable interaction between the bombarding particle and the 
internal rotational momentum of the target molecule. 

It was found that the luminosity output was well 
represented as proportional to the product of the gas pressure 
and the specific energy loss, by the ion beam per unit gas 
volume. 

Details of the excitation mechanisms are discussed in 
the paper to be submitted for publication,, 

3.16 Determination of M1-E2 Amplitude Mixing Ratios in Mg , Al 
Si29, P31 

(G.J. McCallum) 
The linear polarization of mixed magnetic dlpoie-

electric quadrupole gamma rays following de-excitation of levels 
in Mg25, Al27, Si29 and P31 populated by Inelastic proton 
scattering, have been studied. 

From the results of polarization measurements together 
with direct angular correlation measurements made at the same 
energy two values for the mixing ratio can in general be obtained 
without a knowledge of the formation and decay of the compound 
state. The ambiguity can be removed if results of any angular 
distribution measurement of the gamma ray in question are avail
able In which the statistical tensor of the gamma emitting level 
is known. 

o 
The polarization of gamma rays emitted at 90 to the 

incident beam direction was determined by a Compton polarimeter 
consisting of a 1" dlam. x 1" thick Nal(-Tl) crystal scatterer 
and a 3" dlam. x 3" thick Nal(Tl) crystal detector of the 
Compton scattered radiation. The following preliminary results 
have been obtained. 
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Nucleus Transition Gamma Ray Energy E2 
Ml 

amplitude 
amplitude 

Mg 2 5 

A l 2 7 

s i 2 9 

p 3 1 

3/2+ - 5/2+ 
3/2+ - 5/2+ 
3/2+ 1/2+ 
3/2+ 1/2+ 

0.980 Mev 
1.013 

1.28 

1.265 

0.05 ± 

-O.65 ± 

0.21 ± 

0.06 or 6 ± 3 

0.35 

0.03 

Further measurements will be made on the mixing ratio of the 980 
kev transition in Mg25 as in the present experiments the mean 
angle through which the 980 kev gamma ray was compton scattered 
was such that the recoil electron spectrum was peaked at the 
same energy as the 58O kev E2 transition in Mg2^. Since this 
could lead to spurious effects measurements will be made using 
a different scattering angle. The p31 data have not yet been 
analysed. 

3.17 Be^(a,n)Cx^ Reaction 
(G.J. McCallum) 

q. . no 
The Be (cx,n)C reaction was studied in order to deter

mine the ratio of the populations of the 7.656 and 4.433 Mev 
levels in C ^ 2 following this reaction. An accurate value of 
this ratio is valuable for determining partial widths of the 
7.656 Mev level in C 1 2 (D.E. Alburger, Phys. Rev. Letts., Vol. 
3, 280 (1959)). These widths are required for some astrophysical 
computations on the synthesis of the elements. 

In the present experiment it was proposed to obtain 
the populations of the levels by studying the ratio of the 
number of neutrons feeding the 7.656 level to the number feed
ing the 4.433 Mev level. This ratio can be obtained by observ
ing the neutron groups at a number of angles and by a suitable 
integration over all angles of the measured intensities. The 
neutron detector was a NE 212 liquid scintillator; pulse height 
discrimination was used to select only neutron pulses. Using a 
doubly ionized He4 beam measurements were made at an alpha 
particle energy of 5-8 Mev. At 0° the observed ratio of the 
intensity of the 4.433 to the 7.656 Mev neutron group was less 
than 14. Due to the difficulty of detecting neutrons of ener
gies less than ~ 2 Mev with the photomultipller used it was not 
possible to measure the intensity of the neutron groups at 90°. 
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Although such measurements could be made it was considered that 
the ratio could be determined more accurately using time-of-
flight techniques and the present approach was not pursued. 

3. l8 Papers Submitted for Publication 
During the period covered by this progress report the 

following papers have been submitted for publication. In each 
case the title, author and abstract of the paper is given. 

Gamma-Rays from the 4.24 Mev State in Magnesium-24 
by 

R. Batchelor*, A.J. Ferguson, H.E. Gove and A.E. Litherland 
(Chalk River Laboratories, Chalk River, Ontario, Canada) 

ABSTRACT 
24/ < 24 

The Mg lP,p'7;Mg reaction has been studied In the 
proton energy range from 5 Mev to 6 Mev. The yield of 4.24 
Mev 7-rays shows two resonances, at 5-24 Mev and 5.72 Mev, 
corresponding to states In Al 25 at „7.30 Mev and 7 .77 Mev. The 
total widths of these resonances are 100 ± 20 kev and 3^0 ± 50 
kev. Angular distributions and correlations of the 7-rays 
from the 4.24 Mev state of Mg 2 4 measured at the 5.72 Mev reson
ance show that the 4„24 Mev state has spin 2. Spins of 1 and 3 
are eliminated by the measurements. The spin of the 7 .77 Mev 
state of Al 25 is most probably 3/2» The measured branching 
ratio of the 7-rays from the 4 »24 Mev state to the ground and 
1.37 Mev states is (2.9 ± 0 .5): i and the E2/M1 amplitude 
ratio for the 2.87 Mev transition is +23 ± 9° These data give 
qualitative support to the collective model but there are quan
titative disagreements with the detailed predictions for both 
axially symmetric and asymmetric nuclei. 

* Seconded from the united Kingdom Atomic Energy 
Authority, Atomic. Weapons Research Establishment, 
Aldermaston, 

(Submitted for publication in Nuclear Physics) 
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He u Induced Reactions 
by 

D.A. Bromley and E. Almqvist 

ABSTRACT 

This report presents a review of the results obtained 
from study of He3 Induced nuclear reactions prior to June, 1959» 
Following a brief historical survey including range-energy, 
energy loss and stopping power data as well as a reaction Q 
value tabulation, the experimental results are first presented 
in terms of their relevance to determination of the reaction 
mechanisms involved; this is followed by a discussion of the 
use of He3 in nuclear spectroscopy. The next section is devoted 
to summarizing available He3 reaction data according to target 
nuclide involved. Numerous figures illustrating excitation 
curves, spectra and angular distributions are included. The 
report concludes with a short section devoted to suggested 
experiments which emphasizes the very great scope remaining for 
experimental work with low-energy He3 accelerators. A compre
hensive bibliography covering all publications on He3 reactions 
prior to June, 1959, and including selected papers on experi
mental techniques as well as or, the production and handling of 
He3 i n accelerators, is appended. 

(Accepted for publication in the i960 Volume 
of Reports in Progress in Physics) 

3.19 Publications and Lectures 
a) Publications 

"MECHANISM FOR THE O l 6(He 3a)0 1 5 REACTION", by 
D.A. Bromley, J.A. Kuehner and E. Almqvist. Nuclear Physics 
13, 1 (1959). 

"He 3 AND He 4 INDUCED COULOMB EXCITATION", by 
D.A. Bromley, J.A. Kuehner and E. Almqvist. Phys. Rev. 1 1 5 , 
586 (1959). 

"ELASTIC"SCATTERING OF PROTONS BY NITROGEN", by 
A.J. Ferguson, R.L. Clarke and H.E. Gove. Phys. Rev. 1 1 5 , 
1655 (1959). 
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PHASE-SHIFT ANALYSIS OF PROTON SCATTERING BY 
NITROGEN", by A.J. Ferguson. Phys. Rev. 1 1 5 , l660 (1959). 

b) Lectures 
"THE PHYSICS OF TIME MEASUREMENT", by R.L. Clarke. A 

colloquium presented at the Secondary School Teachers Conven
tion, Renfrew, October, 1959. 

"SEMI-CONDUCTOR DETECTORS", by D.A. Bromley. A seminar 
talk presented at Argonne National Laboratories, October 8, 1959• 

"NEUTRON THRESHOLD AND REACTION MECHANISM STUDIES WITH 
THE TANDEM ACCELERATOR", by D.A. Bromley. A lecture given at 
Argonne National Laboratories, October 9, 1959; University of 
Wisconsin, October 12, 1959; Yale University, December 14, 1959. 

"ACCELERATOR RESEARCH", by D.A. Bromley. A lecture 
given at Laval University, December 1 1 , 1959. 

"REACTION MECHANISM STUDIES", by D.A. Bromley. A 
lecture given at Research Division, Bell Telephone Laboratories, 
December 15, 1959. 

"RESEARCH WITH THE CHALK RIVER TANDEM ACCELERATOR", 
by D.A. Bromley. A lecture given at University of Montreal, 
December 16, 1959= 

"INELASTIC SCATTERING OF 14 MEV NEUTRONS", by 
R.L. Clarke. A colloquium given at University of Montreal, 
November 17, 1959 -

"INVERSE PHOTONUCLEAR REACTIONS", by H.E. Gove. An 
invited paper given at the Gordon Conference on Photonuclear 
Reactions, Meriden, N.H., during the week of August 30, 1959 
( omitted from PR-P-43) , 

"RESEARCH WITH THE CHALK RIVER TANDEM ACCELERATOR", 
by H.E. Gove. A colloquium given at the National Bureau of 
Standards, Washington, D.C., October 2 1 , 1959» 

"RECENT EXPERIMENTS WITH THE CHALK RIVER TANDEM 
ACCELERATOR", by H.E, Gove, A colloquium given at the Oak Ridge 
National Laboratory, Oak Ridge, Tennessee, October 23, 1959. 
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"THE 4.24-MEV LEVEL IN Mg , by R. Batchelor, 
A.J. Ferguson, H.E. Gove and A.E. Litherland. A paper given by 
H.E. Gove at the Pasadena Meeting of the American Physical 
Society, Pasadena, California, December 28, 1959. 

"THE CHALK RIVER TANDEM ACCELERATOR RESEARCH PROGRAM", 
by H.E. Gove. An invited paper given at the Pasadena Meeting of 
the American Physical Society, Pasadena, California, December 30, 
1959. 
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by 
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4.1 Staff 
Branch Head 

SECTION I 
H. Carmichael 
M. Bercovitch 
J.P. Steljes 
SECTION II 
B.N. Brockhouse 
D.G. Henshaw (2) 
A.D.B. Woods 
G. Caglioti (3] 
M. Sakamoto (4 
R.N. Sinclair (5) 

SECTION III 

H. Carmichael 
TECHNICAL STAFF 
Miss M.M. Hughes 
G.D. Johnston (l) 
H.V. Lewis 

R.J. Brodie 
J.R. Freeborn 
E.A. Glaser 

G.A. Bartholomew 
P.J. 
J.W. 

Campion 
Knowles 

A.S. Hyde 
D. Iehii 

SECTION IV 
I.L. Fowler 
J.M. McKenzie 

E.G. 
M.A. 
H. R. 
S.A. 
R.J. 

Faber 
Gulick 
McCrady 
Sheffer 
Toone 

DESIGN 
W. MeAlpin 
T.Y. Peattie (6) 

AECL GLASSBLOWING SHOP 
R.C. Bailey 
J.G. Wesanko 

SECRETARIAL STAFF 
Mrs. E.Jo Crabbe 
Miss J.L. Parr 

WORKSHOP 
R.R. MacLanders 
D.T. Dean 
A.H. Hewitt 

(1) On sick leave since November 9, 1959. 
(2) On detached duty with the Physics Department, University 

of Toronto. 
(3) Visiting scientist from Comitato Nazionale Ricerche 

Nucleari, Roma, Italy. Returned December 16, 1959» 
(4) Visiting scientist from the Japan Atomic Energy Research 

Institute. 
(5) N.R.C. post-doctoral fellow. 
(6) Seconded from Engineering Design Branch. 
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4.2 International Geophysical Cooperation 1959 

4,2 1 Transmittal of Data 
(J.P. Steljes) 

The routine work of the Deep River I.G.C. Station, 
B211, proceeded normally and the transmittal of data, including 
the weekly preliminary listing of pressure-corrected neutron 
monitor hourly totals, is up to date. The data for the I.G.Y. 
period, mid 1957 until the end of 1958, will shortly be 
published in the Annals of I.G.Y. Several requests from other 
laboratories for 5-minute readings for special periods have 
been dealt with. 
4 .2 .2 Unusual Fluctuations on July 1 7 - 1 8 , 1959 

(H. Carmichael and J.P. Steljes) 
Letters were sent to all I.G.Y. stations requesting 

neutron and meson totals in as fine detail as possible from 
midday on July 17 until midday on July 18, and in hourly or 
blhourly totals from July 9 until July 19. Five-minute totals 
from July 9 until July 19 from the Deep River standard neutron 
monitor were sent with each letter. Some data have now been 
received. It appears that on July 17 there was Indeed (see 
PR-P-43:4.2.2) an injection of cosmic rays of comparatively 
low energy with a very steep energy spectrum. This is deduced 
from the facts that the increase was seen in neutron monitors 
but not in meson detectors, and at high northern and southern 
magnetic latitudes only. It is highly probable that the 
increase is a new manifestation of cosmic radiation produced 
by the sun. The increase is unique in that it began so long 
(3 hours) after the onset of the solar flare and took so long 
(7 hours) to reach maximum. The solar particles must have 
been stored for a long time prior to reaching the earth. As 
regards the rapid fluctuations (PR-P-43:4.2.2) that were 
observed at Deep River, on July l8, the situation is not so 
clearcut. Somewhat similar effects were observed at Ottawa, 
Churchill, Sulphur Mountain, and M.I.T., and there is no doubt 
that rapid changes of intensity did occur but they appear to 
have been of a remarkably local character. In England and 
Europe, for example, they were not found. 
4 .2 . 3 Graphite Neutron Monitor 

The 30-inch-diameter BF^-filled ion-chamber used for 
monitoring cosmic ray neutrons in^an eight-foot graphite mode
rator was removed and the graphite rebuilt to accommodate four 
very large BF3 proportional counters. The counters are of 
aluminum, 6 inches in diameter, 6 feet long, and filled with 
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20 cm Hg B p3" It i s expected that this monitor will now 
be much more reliable than it was with the ion-chamber and 
the counting rate will be doubled. 

4.3 Trailer Experiment 
(M. Bercovitch) 
4 . 3 . 1 8-Inch Spherical Cerenkov Detector 

The 8" spherical plexiglas Cerenkov detector and the 
associated scintillation detector have been operated under 40 cm 
of graphite absorber to investigate the behaviour of the "second 
maximum" effect previously described (PR-P-41, 42). Forty cm 
of graphite is of the order of one interaction mean free path 
for high energy nucléons. The effect should therefore be much 
more strongly affected by the absorber If it is due to nuclear 
active particles than if due to muons. Nearly 2000 hours of 
recording has been accumulated, alternate runs being performed 
with and without the graphite absorber, using 6,8, and 12 cm 
hemispherical lead shields above the Cerenkov detector. 

A larger version of the hemispherical scintillation 
detector is almost at the assembly stage. This detector will 
have an inside diameter of 32", and will permit the use of 
shields up to 27 cm in thickness over the Cerenkov detector. 

4.4 Crystal Dynamics of Lead 
(B.N. Brockhouse, G. Cagliotl, M. Sakamoto, R.N. Sinclair, 
A.D.B. Woods) 

Analysis of the frequency wave vector dispersion 
curves [V(Q)] for lead at 100°K obtained In previous quarters 
(PR-P-41, 43) has shown that insufficient information is 
present in the dispersion curves to enable determination of 
the minimum number of force constants known to be important. 
New measurements have therefore been made in the [Ç, 1, 0] 
and [Ç, Ç, 0] directions of the reduced zone, using the con
stant Q, device (PR-P-43) which was installed during the 
quarter on the spectrometer at hole C5 of NRU. This device 
makes possible for the first time measurements of the frequen
cies of the phonons having a prescribed wave vector In 
addition, measurements have been made of the dispersion curves 
forQthe K Ô 0, 0] direction at a series of temperatures 100 K, 
195 K, 295 K, and 425 K. Earlier in the quarter measurements 
had been completed for the [£, Ç, Ç] direction at 100 K, 295 K 
and 425 K using older methods. 
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All neutron groups corresponding to phonons of 
large wave vector (say with £ within 50$ of the zone boundary) 
were energy broadened at the higher temperatures, the broaden
ing increasing with temperature, (Even at 195 K a small broa
dening was apparent for the [C, 0, 0] transverse modes.) If 
the observed energy spread at half maximum of the neutron group 
(AE) is related to the lifetime (T) of the phonon via the 
uncertainty relation T , AE = 2h, then the lifetimes at 425 K 
average ~ 1,3 vibrational periods. Thus at the melting tempera
ture the lifetimes are probably less than one vibrational period. 

A complete force constant analysis of the dispersion 
relation has not yet been made. Preliminary results Indicate 
that at 100 K the forces are quite long range, extending to at 
least fifth neighborss and probably farther. The range of the 
forces seemingly decreases with increasing temperature. 

4.5 Excitation Curve in Liquid Helium 
(D.G. Henshaw, A.D.B. Woods) 

0 The measurements of the change in wavelength of 
4,05 A neutrons scattered from liquid helium (PR-P-42,43) are 
being continued. These measurements of the change in wave
length and distribution of neutrons scattered from liquid 
helium at 2 , l 6 0 K, 2,l6g°K, 2.198 K, a n d 2 „ 2 1 5 ° K through an 
angle of 78.8 show that there is no change outside experi
mental error in the width and intensity of the single phonon 
group. The mean energy change (at the minimum of the excita
tion curve) if this group is, within experimental error, inde
pendent of temperature and equal to 6.5 - IK. Thus within 
experimental error the energy, -width, and intensity do not 
show any change owing to the transition over the temperature 
range measured here. The high pressure measurements (PR-P-43) 
were discontinued because of a helium shortage. 

4.6 Neutron Capture 7-Rays 
(G.A. Bartholomew, J.W. Knowies and P.J. Campion) 
4 . 6 . 1 Pair Spectrometer and Flat Crystal Spectrometer 

1. Gd-^On,. Y)Gd-°D 

1^6 
The 7-rays of Gd following neutron capture in the 

separated isotope Gdl55 have been studied from 0.65 to 3.0 Mev 
with the flat crystal diffraction spectrometer (resolution 
about 0.5$ and, for specific measurements, 0.018$ at 100 kev, 
0.18$ at 1 Mev) and in the region above 3 Mev with a pair 
spectrometer (resolution 1 .0$). About 80 7-rays have been 
resolved and preliminary measurements of their energies were 
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listed in PR-P-42 and PR-P-43. A number of the low energy 
7-rays, which includes most of the more intense radiations, 
are assigned to a level scheme originally proposed by Ofer^ 
and studied in detail by Gregers Hansen et al.2 The energies 
of these 7-rays are 88.96 ± 0.01, 199-3 ± 0 . 1 , 262.8 * 0.2, 
296.8 * 0.2, 356.9 ± 0.2, 533.7 ± 0 .4, 866.2 * 0 .6, 960.4 * 
1 . 5 , 1065.6 ± 1.0, 1154.5 ± 0 .5 , 1159 .6 * 0 .5 , 1223 ± 1.0 and 
1422 * 1.0 kev. Prom a comparison with the measurements of 
Gregers Hansen et al. the 88.96, 199-3* and 296.8 kev 7-rays 
can be interpreted as transitions in the K = 0 ground state 
rotational band with levels at 88.96 (2+), 288.2 (4+) and 
585.O (6+) kev. Values of the moment of inertia parameter 
h.2/21 - 14.99 kev and the rotation vibration parameter B = 
0.0291 kev are calculated from the levels at 88.96 and 288.2 
kev. However the calculation based on the simple rotational 
model predicts a 6+ level at 578.0 kev appreciably different 
from the experimental value. The precise measurement of the 
7-rays of energy 1 1 5 4 . 5 , IO65.6 and 866.2 kev implies a level 
at 1 154 .5 kev and of the 960.4 and 1 159 .6 kev 7-rays a level 
at 1248.6 kev, and those at 262.8, 3 5 6 . 9 . 1223 and 1422 kev 
imply a level at 1511.4 kev. 

Parts of the high energy spectrum (PR-P-42) have been 
remeasured. A special effort was made to determine accurately 
the separation of the high energy doublet near 7*3 Mev. New * 
values for these 7-rays are 7-273 ± 0.008 and 7-371 ± o.OlO Mev 
with a difference of O.O98 ^ 0.009 Mev. A very weak 7-ray 
(intensity about 1/40 of that of the 7 .273 Mev 7-ray) was 
observed at 8.48 i 0.04 Mev. Prom these measurements we con
clude that the high energy doublet feeds the first excited 
state at 88.96 kev. The binding energy of Gdl56 ± a thus determined to be 8.524 * 0.010 Mev.* Other previously unreported 
7-rays were found at 5-606 ± .017, 5-72 ± .03 and 5.80 * .02 
Me v. 

Ofer, 0. 1959, Phys. Rev. 114, 8 7 1 . 

Gregers Hansen, P., Larwen, N.O., Nielsen, O.B., and 
Shelene, R.K. 1959, Nuclear Physics 12, No. 4, 389. 

These energies have not been modified to take account of 
a possible calibration error (PR-P-43). 
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2. Nd(n,y) 
The absolute intensities of the low-energy 7-rays 

following capture in natural neodymium were determined by com
paring their counting rates with that of the 1.428 Mev 7-ray 
from vanadium in a sample of mixed neodymium and vanadium 
oxides. The results are shown in Table I. 

3. N d l 4 3 ( n j T ) N d l 4 4 

A study of the low energy spectrum using a target of 
1.9 gros of separated neodymium-143 oxide has enabled the isotopic 
assignment of some 18 gamma rays to be made. In addition eight 
gamma rays appearing in the spectrum from the natural sample 
were looked for but not found, indicating that they occur in 
isotopes other than Ndl44. These results are also Indicated in 
Table I. 

The following high energy 7-rays previously observed 
in the natural neodymium spectrum (PR-P-41) were found to be 
present in the Nd^B (n, 7) Ndl44 spectrum: 6.503, 6.259, 5 - 7 1 7 , 
5 . 6 1 2 , 5-522, 5.441, 4.952 Mev. In addition, a 7-ray found at 
5-33 ± .02 Mev may be identified with that previously observed 
at 5.378 Mev. A careful study was made to determine whether 
the 7.11 Mev 7-ray was present In the spectrum of Nd 144 > Due 
to the weakness of the source it is possible only to say that 
its intensity relative to the rest of the spectrum is less than 
one half of that in the spectrum of the natural element. This 
observation supports the previous conclusion, PR-P-42, that the 
7.11 Mev 7-ray is produced in Ndl46. 

4. Pair Spectrometer Calibration 
Measurements to check the energy scale of the pair 

spectrometer using 7-rays of accurately known energy from 
C 1 2(n,7)C 13_ ) Be9(n,7)BelO and N 1 4(n ,7)N 1 5 are in progress. 

5. Angular Coorelation Apparatus 
In cooperation with Dr. J. Vervier the feasibility 

of employing the sum coincidence (Hoogenboom) technique in 
(n,7) measurements is being investigated. While the advantages 
of this method for resolving complex decay schemes are clear, 
the exceptional gain stability and long counting times required 
make the method less attractive than straightforward gating 
techniques for much angular correlation work. 
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KeV 

424.2 
452.8 
470.0 
539.0 
563.5 
575-5 
582.2 
589.8 
616.7 
696.4 
7 2 4 . 1 
736.0 
742.0 
777-5 
783.5 
793.6 
813 .3 
8 5 1 . 5 
863.5 
973-2 
1007 
1020 
1090 
1110 
1135 
1222 
1245 
1260 
1281 
1334 
1355 
1378 
1415 
1481 
1516 
1555 
1566 
1664 
1676 
1741 
2177 
2203 
2253 
2305 
2333 
2358 
2392 
2440 

* 0.5 
i- 0.5 
± 0.3 
* 0.5 
± 0.5 
± 0.9 
i 0.6 
± 0.4 
± 0.4 
± 0.4 
* 2.5 
± 0.6 
± 0.6 
± 0.6 
* 0.7 
± 0.8 
± 0.5 
± 0.8 
± 0.6 

0.8 
5 
5 
3 
3 
7 
3 

± 
± 
± 
± 
± 
± 
+ 

2 
3 
4 
3 
3 
2 
1 
2 
4 
J) 

J 5 
i- 6 
± 6 
± 8 ± 
± 
+ 

20 
20 
20 

± 20 
± 20 
± 20 
+ 20 

20 

Table I 
NEODYMIUM 

s/100 captures in 
natural neodymlum 

0.8 
5.2 
1 .7 
0.4 
1 . 1 
0.15 
0.15 
1 .6 

22.4 
46 

0.4 
1.0 
5.4 
1.4 
0.5 
0.44 
6.6 
0.37 
7-5 
1 .2 
0.4 
0.3 
0.13 
0.1 
0.4 
0.18 
0.15 
0.09 
0.1 
0.13 
0.14 
0.3 
1 33 
0.35 
0 .14 
0.16 
0.16 
0.2 
0.2 
0.14 
0.3 
0.25 
0.12 
1 .2 
0,4 
0.4 
0.4 
0.6 

s/100 captures 
in Nd-l43 

< 0.4 
< 0.3 
< 0.2 

< 0.4 

< 0.4 

60 

0.5 
0.5 
1.8 
0.7 
0.6 
8.7 

9-9 
1 .6 

1 .75 
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4.7 Standard Counters 
(I.L. Fowler) 

During this period 1 0 7 standard counters were supplied. 
These were as follows : 4 9 type BM-1 end window beta counters, 
3 type CFIS-47T internal sample proportional counters, 3 type 
CFBW-2 and 2 type FB-2 flow beta proportional counters, 14 
fission counters ( 1 type FNU-1, 7 type FEU-1, 2 type FNU-2, 
and 4 type FEU-2), 3 BF3 proportional counters (1 each of types 
BP1-S, BF11B, and BP24) and 33 halogen counters ( 1 5 type DH-1, 
9 type B12H, and 9 type HBM). 

Five of the type FEU-1 fission counters supplied will 
be used during the start-up of the CIR reactor in Bombay. These 
are the same type used for NRU start-up measurements. 

s The first batch of 10 type HBM-1 counters have been 
received from Electronic Associates Limited. These are now 
undergoing tests. 

A batch of Anton type 108-C thin-walled beta-gamma 
halogen counters are being tested for possible use in hand and 
foot monitors on the Project. After general tests, some will 
be life tested and others given an operational test in one of 
the monitors. 

4 . 8 Counters General - Experimental and Development 
(I.L. Fowler) 

Tests on the type DKB counters made by Electronic 
Associates Limited have been completed and the report issued. 

Six special precise volume gas counters have been 
made for the Radioisotope Standardization Section. For these, 
an earlier design was modified. These counters are of two 
lengths and very accurately made so that, by using two counters 
for a given gas sample, end effects can be eliminated. 

One special BF3 counter was made for use on the 
neutron chopper experiment. Four other very large BF3 counters 
(type BP28) were made for cosmic ray work. These counters are 
made of aluminum and are approximately 6 in. dia. by 72 in. 
long and are filled to 20 cm Hg with •l0BF3. Because of diffi
culty'- in obtaining drawn tubing for these the tubes were 
fabricated from sheet. This has resulted in a much lower 
background count than that of a prototype counter made early 
In the year from a piece of drawn tubing. The new counters 
have a background of alpha counts of about 30/mln. The proto
type counter background was 65 counts/min. Presumably this 



- 50 - PR-P-44 

sheet aluminum has a smaller amount of uranium series contami
nation than is usual. 
Semiconductor Counters 
(J.M. McKenzie) 
4 . 9 . 1 Gold Silicon Surface Barriers 

Gold silicon surface barriers of area 2 x 2 ram have 
already been reported (see PR-P-43) as room temperature particle 
spectrometers. Polishing the surface to a smoother finish 
before etching has given units 5 x 5 mm in area with a resolu
tion for 5 MeV alpha particles of better than the 2% limit of 
the present amplifier. 

The rise-time of the Au-Si barrier with "7V reverse 
bias is 20 ns. The pulse height to energy response as well as 
being linear to 5 MeV for alpha particles is linear to at least 
25 MeV for 0l6 ions and to 21 MeV for N 1 4 ions. This pulse 
height is independent of the particle type and proportional 
only to the particle energy. The relationship between the 
capacitance (C) and reverse bias (V) is 

This indicates the formation of an abrupt rather than a graded 
junction. 
4.9-2 P-N Junctions by Gaseous Diffusion 

These junctions were made by the RCA Victor Research 
Laboratories in Montreal. They were formed by the shallow 
diffusion of phosphorus into P type silicon, a gaseous diffu
sion process being used. The junctions were then etched to 
form a Mesa Type diode - the sensitive area being 0.8 cm2. 

A capacitance (C) to reverse bias (V) measurement, 

C * vl / 2 . l 4 > 

indicates the formation of an abrupt junction. The pulse rise 
time with 45 volts reverse bias Is 12 ns. At this voltage the 
pulse height Is linear with energy for protons from 0.95 MeV 
to 2.25 MeV, and for alpha particles from 3.25 MeV to 9 MeV. 
The sensitive region thus extends from 5 M-m to 54 M-m below the 
surface. The resolution of 8.78 MeV alpha particles is 2$; 
this is the limit of the amplifier rather than the device. 
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4.9-3 P-N Junctions by Precoating with the Diffusant 
These junctions were formed by painting a mixture 

of P0O5 in ethelyne glycol(1) on the surface of a die of P-
type silicon. A 10-minute heating at 900°C allows diffusion 
of the phosphorus to form a P-N junction. The surface of the 
die was then etched to form a Mesa Type diode. 

No detailed measurements have yet been made ; however, 
the resolution for 6.04 MeV alpha particles is better than the 
1.5$ of the present amplifier. 

(l) Supplied by W.L. Brown, Bell Telephone Laboratories, 
Murray Hill, New Jersey. 

4.10 Reports, Publications and Lectures 
Reports 
GPI-53 "TYPE DHB-1 HALOGEN COUNTER - ELECTRONIC ASSOCIATES 

LIMITED", by I.L. Fowler, December 1959-

Publlcations 
ny-y ANGULAR CORRELATION MEASUREMENTS OF THERMAL 

NEUTRON CAPTURE Y-RAYS IN MAGNESIUM, SILICON, PHOSPHORUS, AND 
SULPHUR", by G. Manning and G.A. Bartholomew, Phys. Rev. 1 1 5 , 
401 (1959)-

"UNUSUAL COSMIC RAY FLUCTUATIONS ON JULY 17 AND l8, 
1959"> by H. Carmichael and J.F. Steljes, Phys. Rev. Letters 
1, 392 (1959). 

Lectures and Presented Papers 
"UNUSUAL COSMIC RAY FLUCTUATIONS ON JULY 17 AND 18, 

1959" , by H. Carmichael at the Midwest Cosmic Ray Colloquium, 
Iowa University, October 3O-3I, 1959-

"DAILY VARIATION DURING FORBUSH DECREASES", by 
J.F. Steljes at the Midwest Cosmic Ray Colloquium, Iowa Uni
versity, October 30-31, 1959-

"LIQUID AND CRYSTAL DYNAMICS FROM NEUTRON SCATTER
ING" , by B.N. Brockhouse at the General Electric Research 
Laboratories, Schenectady, New York, November 3 1 , 1959-

"NEUTRON SCATTERING AND MAGNETIC STRUCTURE", by 
B.N. Brockhouse at the University of Ottawa, December 15, 
1959-
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"NEUTRONS, SOLIDS, LIQUIDS, AND LOW. TEMPERATURES", 
by D.G. Henshaw. A series of lectures to the Low Temperature 
and Solid State Seminar, The University of Toronto, October 
to December, 1959-

"ROOM TEMPERATURE SEMICONDUCTOR PARTICLE SPECTRO
METERS", by J.M. McKenzie and D.A. Bromley, at the Thanksgiving 
Meeting of the A.P.S. at Cleveland, November 28, 1959. Collo-
quia to Radio-Chemists at Brookhaven National Laboratory, 
December 1 6 , 1959, by J.M. McKenzie. 

The following papers were presented at the American 
Physical Society Meeting, Los Alamos, New Mexico, October 1 - 3 , 
1959: 

"Y-RADIATION OP G d 1 ^ FOLLOWING THERMAL NEUTRON 
CAPTURE IN Gdl55", by J.W. Knowles, G.A. Bartholomew and 
P.J. Campion. 

"REGULARITIES IN HIGH ENERGY Y-TRANSITIONS FOLLOW
ING THERMAL CAPTURE", invited paper by G.A. Bartholomew. 
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5 . 1 Staff 
Branch Head: 

SECTION I 
A. Pearson 
V.H. Allen 
C.G. Lennox 
Lt.Cdr. C.R. Nixon (l) 
SECTION II 
F.S. Goulding 
T.K. Alexander 
A.J.S. Davidson 
W.D. Howell 
J. Leng 
L.B. Robinson 
J.B.S. Waugh 

SECTION III 

P.S. Goulding 
TECHNICAL STAFF 
K.A. Brechin 
D.J. Campbell 
S, Shlnmoto 
G.A. Williamson 

R.E. Archinuk 
T.D. Drew 
A. Grothe 
G.L. Harkley 
J.C. Hitchcock 
J.C. Irvine 
W.C. MacGregor 
R.A. McNaught 
R.W, Nicholson 
W.R. Shorey 
R.A. Abbott 
H.J. Blanchard 
R.T. Dancer 
J.W.N. McLeod 

(2) 

SECRETARIAL STAFF 
Mrs. E.J. McDonald 
Mrs. A.G. Barney 

(1 ) Lt. Cdr. C.R. Nixon, seconded to Electronics Branch, 
Atomic Energy of Canada Limited, from RON Ottawa, 
on October 1 3 , 1959° 

(2) J.C. Irvine transferred to Electronics Branch, AECL, 
from Nuclear Physics on September 2 1 , 1959* 
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5 .2 General Survey 
There has been no significant change in our general 

line of work in the past three months. Several major projects 
are almost completed; these include the magnetic tape recorder 
system for use in the Moderator Scattering Law experiment and 
the various units required for fast-slow coincidence work in 
Nuclear Physics. Ten more kicksorters have been received from 
the manufacturer and, apart from minor difficulties, they appear 
to be performing quite well. 

As a result of difficulties encountered with the 
split rod detection methods presently used in N.R.U. and also 
expected difficulties in the detection of splits in UO2 rods 
such as those to be used in CANDI), an investigation of better 
detection methods has started. A promising approach seems to 
be to find a method of singling out single fission isotopes 
for study so that some comparison can be made between long and 
short lived activities. Scintillation 7 ray spectrometers 
have not hitherto proved very successful in identifying specific 
isotopes in the reactor coolant due to the wide range of activities 
present. However, the use of time coincidence selection techniques 
together with energy selection may well permit identification 
of single Isotopes since complex decay schemes occur for nearly 
all the interesting products. 

Equipment is being constructed and crystals purchased 
to facilitate investigation of these techniques. 

5.3 Reactor Electronics 
5 . 3 . 1 Control Systems 

5 . 3 . 1 (a) NRX Temperature Control 
(A. Pearson and C.G. Lennox) 

All unit and installation drawings are complete. The 
comparator has been constructed and the construction of the 
amplifier and servo units started. Arrangements have been 
made to display the condition of the "temperature controller" 
on the control desk. 

5 . 3 . 1 (b) Pulse Counting System for Reactor Start-Up 
(V.H. Allen) 

A prototype instrument has been built which provides 
logarithmic meter indication of count rate over a range of 5 
decades. The instrument also provides pulses to drive a scaler. 

The output from the ratemeter circuits is amplified 
by a semiconductor D.C. amplifier (see 5 . 3 . 1 (d)) and the 
amplified signal operates the meter and a transistor trip 
circuit. The trip level setting Is adjustable by means of a 
potentiometer mounted on the front panel and the setting is 



displayed on a second meter. Edgewise meters are used mounted 
one" above the other. Thus reactor power and trip level are 
displayed continuously and car. conveniently be visually compared. 

The instrument contains a high voltage supply for the 
fission counter. The counter Is connected to the main unit 
by means of balanced-pair screened cable which may be as much 
as 100 feet long. Experience with other units used In reactors 
suggests that a large amount of electrical Interference may be 
present and it is desirable for the equipment to operate under 
these conditions with no pre-amplifier at the fission counter. 
In the present arrangement transformers are used at each end 
of the cable. The transformer's provide Isolation of the cable 
from the counter and amplifier, and, together with the balanced-
pair cable, help to reduce electromagnetically induced noise 
pick-up in the cable. At the fission counter end the transformer 
Increases the impedance presented to the counter by the 
cable. This reduces differentiation of the counter pulse to 
a tolerable amount. A step-up transformer used at the amplifier 
end of the cable restores some of the pulse voltage lost in 
the step-down transformer at the fission counter. 

In its final form the instrument mounts on a J" panel 
in a standard rack, exclusive of the scaler which may also be 
required. The compact form of the assembly and the small 
power requirement makes the equipment readily transportable and 
easy to install. 

5 . 3 . 1 (c) Semiconductor DC Amplifier 
(A. Pearson and C.G. Lennox) 

A number* of amplifiers have -now been tested and no 
difficulties have arisen <> 

The printed circuit board has been modified slightly 
to allow the i 10 volt output swing to be changed to * 20 volts 
(at reduced current) by a simple circuit rearrangement. 

In order to achieve the low current sensitivity 
required In some applications an electrometer tube has been 
used at the input to the amplifier. This increases the 
sensitivity to the limit of the electrometer tube ( ~ 1 0 - 1 ^ A ) . 
5 . 3 . 2 Reactor Monitoring Instruments 

5 . 3 . 2 (a) Low Level Solid State Scanning 
(A. Pearson and C.G. Lennox) 

Suitable circuits have been developed to amplify the 
signal from the pulsed bridge (using a temperature sensing 
resistor as transducer)„ The pulse is amplified to a 10 volt 
maximum level and the effects of the switching transients are 
removed by a high level transistor gate operated after a delay 
of 50 us. 
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5 . 3 . 2 (b) Contamination Monitor for N.P.D. Fuel Rods 
{V.H. Allen) 

A monitor is being constructed to examine N.P.D. 
Fuel Rods for uranium contamination on the sheath. The 
measurement is required to eliminate rods having a level 
of surface contamination which would produce fission products 
in the coolant of the reactor sufficient to reduce the 
effectiveness of split rod detection systems. A maximum 
permissible level of contamination of .013 micro-gram of 
uranium per sq. cm. of surface has been chosen. The rods are 
of two types, each approximately 19 inches long, with 
diameters of 1 Inch and .596 inch respectively. The present 
monitor has been designed to examine the larger diameter rods 
before assembly of the rods Into bundles for use in the 
reactor and a change in the head unit will enable the smaller 
diameter rods to be examined. 

Each rod is examined in a lucite head and scintillation 
detection of alpha particles Is the method of activity detection 
employed. The lucite head is made in two parts which are 
hinged to open and allow a fuel rod to be placed In a channel 
inside the head. The surface of the channel is coated with 
zinc sulphide obtained commercially in the form of decals 
with a weight of approximately 12 milli-gram per sq. cm. 
Light flashes from the scintillator are detected by 9 photo-
multiplier tubes In the lower part of the head and 8 tubes In 
the \apper part. Electrical pulses produced by the photo-
multipliers are amplified to operate a discriminator which 
drives a scaler. All the electronic circuits are transistorized. 
The head unit, amplifier and discriminator are mounted in a 
light-tight box and the high voltage supply for the photo-
multipliers together with the scaler and timer are rack mounted 
separately. 

The count rate from a rod contaminated by the maximum 
permissible amount is expected to be about 200 counts per hour 
including a detector background of 80 counts per hour. 
5 . 3 . 3 Non-Destructive Testing 

(A.J.S. Davidson) 
During this period we have been assisting Fuel 

Development in their non-destructive testing work. 
The Radac eddy-current test equipment was used in 

an attempt to detect flaws in thin-wailed zircaloy tubing. 
Twelve tubes were tested which were believed to contain small 
cracks .001" deep. No indications of flaws were found. Using 
an artificial flaw, tests have been made to find the optimum 
settings of the instrument controls. The Instrument was 
found to be sensitive to slight changes in the bridge balance 

file:///appe


- 58 - PR-P-44 

condition, the optimum setting being with the bridge slightly 
unbalanced. Tests will be continued to find the size of the 
smallest artificial flaw that can be detected with certainty. 

Some results were reported by manufacturers of ultra 
sonic testing equipment to whom samples of defective tubing 
had been sent by M.B. Watson of the Fuel Development Branch. 
None had succeeded in locating flaws in the tubing. Sperry 
had obtained some marginal indications which might indicate 
flaws. These tubes are being destructively micro-examined 
at the points indicated by the test. 
Instrumentation for Research 
5 . 4 . 1 Pulse Amplifiers 

5 . 4 . 1 (a) Transistor Amplifier for use with Methane 
Proportional Counters 
(J.B.S. Waugh) 

The input current limiter has been modified so that 
large input signals are now shunted to ground via a diode. 
The plateaux obtained appear to have more constant slope with 
respect to input pulse rate over the range 4,000 to 40,000 
per second. The origin of the remaining slope is being sought 
by the Radioactive Standards Laboratory. The construction of 
the prototype amplifier by the M. and P. Branch is almost 
completed. 

5 . 4 . 1 (b) Transistor Linear Amplifier 
(F.S. Goulding and J,B.S. Waugh) 

Investigations of the overload performance of this 
amplifier have continued and results have improved since the 
last progress report. Careful attention to delay line 
matching and compensation for delay line losses have resulted 
In complete recovery from 100 times overload in less than 
6u.sec for Nal pulses with the two delay line lengths equal to 
ljisec. Recovery is much faster for fast rising pulses and 
shorter delay line lengths. 

Improvements have also been made in the integrator 
input state and effort is now being devoted to studying the 
causes of noise In the amplifier. Present noise levels are 
adequate for most scintillation spectrometry purposes but a 
reduction in the noise x-rould allow us to increase the 
amplifier gain and thereby extend its applications. 



- 39 - PR-P-44 

5 . 4 . 1 (c) Past Rise-tiiRe Transistor Amplifier 
(J.B.S. Waugh) 

Effort has been concentrated on the development of 
a fast pulse generator for testing this amplifier. Avalanche 
transistor circuits are being Investigated but difficulties 
are being experienced due to lack of test equipment suitable 
for observing these very fast waveforms. A sampling attachment 
for our oscilloscopes will be purchased for this purpose. 

5 . 4 . 1 (d) Vacuum Tube for Ion Chamber Preamplifier Use 
(J.B.S. Waugh) 

A recent publication by Cottini et al., (Nuovo Cimento, 
3, 473 (1956)) reported on the use of the E83P in this applica
tion . Lower noise figures were obtained and at shorter time 
constants than any previously reported. We have carried out 
tests on the new miniature (RCA) Nuvistor triode. This tube has 
low heater dissipation, operates at low anode voltages (~ 6 0 V ) 
and has high transconductance (lOmA/V). The construction and 
fabrication methods should result in a tube with low grid 
current. Grid current measurements confirmed this prediction; 
hence a number of direct noise measurements were made. 

Prom the limited number of tubes so far examined it 
would appear that the Nuvistor appears to be as good as, and 
probably more consistent than, the E83F in minimum noise 
obtainable. Its small size is an additional advantage in res
pect of mounting it inside the ion chamber. It has less low 
frequency roicrophony than the E83P The completed measurements 
will be reported when additional samples become available. 
5-4.2 Pulse Height Analyzers 

5-4.2 (a) 900-Channel Kicksorter 
(T.K. Alexander) 

The core matrix and current drivers unit for the 
900-channel kicksorter for use with the Tandem Accelerator has 
been designed and partially constructed. 
5 . 4 . 3 Time Delay Analyzers 

5 . 4 . 3 (a) Magnetic Tape System for Use with the 900-
Channel Analyzer Read Control Unit 
(T.K. Alexander and J. Leng) 

A write control unit has been designed and con
structed to allow the experimenter to identify the start and 
end of a particular experiment. 
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The read control unit has been designed, built and 
put into operation with the magnetic tape system. This unit 
picks up indexing and routing codes from the tape, inserted 
by the write control unit, which enable it to control the tape 
handler and sorter. Started in either direction at any point 
on the tape, it automatically hunts out a pre-selected portion 
of the tape and allows the sorter* to accept information only 
during the selected portion. 

The entire recording and reproducing system is now 
completed and will be put Into service with the Scattering 
Law experiment at the beginning of i 9 6 0 . At that time a 
transistor address register, which Is built and tested, will 
be Installed replacing the beam switching tube circuits In 
the existing 900-channel sorter. 

Some simple monitoring and testing facilities have 
been incorporated in the magnetic tape system to enable the 
experimenter to satisfy himself that the equipment is operating 
properly. These include monitoring points on the current 
through the writing heads and a drop-out test facility on 
the reading circuits. 
5 . 4 . 4 Miscellaneous Experimental Equipment 

5 . 4 . 4 (a) General Purpose Coincidence System 
(F.S. Goulding) 

A complete two channel coincidence unit is now 
being constructed. This unit contains the following building 
blocks 

(i) Power Supply - a standard type in common use in all 
our logical systems. 

(ii) Double--Channel Analyzer containing 3 discriminator 
circuit boards and a reset board. The three discriminator 
levels are independently adjustable by helical potentiometers 
on the front panel. 

(ill) Coincidence Circuit Board (see last report). 
(iv) Linear Gate Board (see last report). 
(v) Two Amplifier Inverter Boards which may be used 

to algebraically add two signals or to produce a gain of two 
to compensate for the loss of signal on transmission through 
a. delay line matched at both ends. 

(vl) Delay lines to delay signals. 
(vil) A Programming Plug which inserts into the front 

panel to interconnect units (l) to (vi) in the desired way. 
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Two or more of these complete units can be 
interconnected to where multiple coincidence and analyzing 
channels are required, 
5.4.5 Test and Laboratory Equipment 

5 . 4 . 5 (a) Stable High Voltage Supply 
(C.G. Lennox) 

The prototype unit has been received together 
with the test results measured by the contractor. These 
have been taken over voltages from 500 to 4kV at 0 to 
10mA load with the temperature changed from 0 to 60°C. 

The absolute and resetting accuracies are within 
the specified limits of 1$ and 0.1$ respectively. The output 
ripple is below 0.01$ rms. 

The long term drift indicated a stability of 
~k 0.01 to - 0.015$ measured with an accuracy of the same order. 
Over a temperature range of 10 to 40°C the output moved 
0 . 1 7 $ . Outside these temperature limits the drift was larger 
due to the supply to the zener reference going out of 
regulation. 

For line changes of * 10$ at room temperature the 
output remained within 0.004$, but failed to regulate at 
higher temperatures when the line voltage was 10$ low. This 
can be cured by replacement of a transformer in one of the 
local power supplies. 

As mentioned in the last progress report we have 
not been able to meet the load change specification. The 
contractor measured a dc output resistance of 350 ohms for 
a 30$ change in load (an output voltage change of 0 .03$). 

It has been found necessary to replace the master 
oscillator which had a dynamic range of 6:1 with one which 
has a range of 100:1. This prevents the oscillator locking 
off when the decrease in load is greater than 30$. In order 
to maintain stability when the load is completely removed 
the high frequency gain is reduced in the dc circuitry 
driving the oscillator. Previously this had been achieved 
by an attenuator switch on the front panel. 

There is some sacrifice In transient performance 
during the load change but these modifications permit the •>, 
supply to deliver any load up to 10mA on any of the voltage 
ranges without additional adjustments. 
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5 . 4 . 5 (b) Low Voltage Supply 
(A. Pearson and C.G. Lennox) 

The prototype filament supply has been in service 
in the NRU installation and has proved entirely satisfactory. 
Drawings for the final unit are now being prepared by the 
Engineering Design Branch. 

5 . 4 . 5 (c) Double Pulse Generator 
(L.B. Robinson) 

The unit has been completed and has proven to 
be very useful for laboratory test x̂ ork. The electrical 
design appears to be satisfactory but some changes to the 
mechanical design will be necessary for economy in 
construction and maintenance. 

5.5 Automatics and Data. Processing Equipment 
5.5.1 Automatic Read-out for Counting Equipment 

5.5.1 (a) 100-Channel Kicksorter Read-out 
(W.D. Howell) 

Analysis of the field performance of some fifteen 
100-channel kicksorter read-out systems during the past year 
has shown that component reliability is extremely good. 
Maintenance is chiefly on a routine preventative basis calling 
for periodic lubrication and adjustments of tape punches, 
typewriters and uniselectors. Typewriters are the chief 
source of trouble but it is usually found that after an 
Initial run-in period, when any shortcomings have been 
identified and remedied, that they are capable of providing 
long periods of trouble-free operation. 

The modification, by the M. and P. Branch, of 
three type AEP 2240 programme units to the general purpose 
type AEP 2251 has been completed. Two of the units have been 
tested and incorporated in read-out systems. The third 
unit still awaits testing. 

5.5.I (b) General Purpose Read-out Systems 
(W.D. Howell) 

During the past quarter several general purpose 
systems, discussed below, have been installed in the field. 

The Van de Graaff Tandem Generator and Pair 
Spectrometer (NRX) read-out systems continue to provide 
satisfactory operation. 
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I. Neutron Decay Experiments (MRU) 
A unit has been constructed and tested which 

permits the system to read-out an additional 100-channel 
kicksorter. Provision is made for a third kicksorter, if 
so desired. Field installation and the necessary modifica
tions for adapting It to the existing system will be 
carried out as soon as the present experiment is completed . 

II. Air-cored IT/2 Beta Spectrometer (Bldg. 136) 

A read-out system for this application has been 
installed and operative for the last two months. Apart 
from a faulty tube in the graphical recorder amplifier the 
system has performed reliably. 

The provision of graphical Information, in 
addition to the logging of digital data on punched tape and 
typewritten form, has proved to be, apart from time-saving 
considerations, a very useful tool. 

A Chrono-log elapsed time clock has been 
incorporated in the system to provide a record of elapsed 
time in hours and minutes. The original unit provided a 
direct decimal output and it was necessary to provide 
binary-coded-decimal output in order to make it compatible 
with the read-out system. An inhibit circuit has been 
incorporated to prevent ambiguous readings during a time 
change of the clock. 

III. Foil Counting Apparatus (Bldg. 145) 
A read-out system for foil counting experiments 

was Installed and has been operating for the past month in 
Bldg. 145. In addition modifictions were made to the foil 
sample changer control circuits to bring it In line with 
the new system which provides the following data recording 
facilities : -

(a) Typed and Datatron punched--tape records of sample 
index, elapsed time, sample counts from two scalers and 
sample time. Provision has been made for an additional 
scaler which may be added at a future date. 

(b) Combined foil counting and kicksorter experi
ments using separate sample changers. Manual or automatic 
read-out of the kicksorters is provided and if desired two 
tape punches can be used to separate the punched data of 
the two experiments. 

A second read-out system is being constructed for 
Bldg. 145, essentially for application (a) above but 
sufficiently flexible for any future adaptation. Testing and 
installation of the system should take place early in the 
New Year. 
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IV. Past Neutron Time-of-Plight Experiments (Bldg. 132) 

The read-out system for this application was 
installed during the last quarter. Presently the system is 
operating on a semi-manual basis but provision has been made 
for a fully automatic system which is envisaged In the near 
future. 

V. Sample Changer (Bldg. IO7) 

A read-out system has been designed and is 
presently being constructed for use with a sample changer 
in Bld. 107. The typewritten record consists of sample 
number (0-99), elapsed time in seconds (7 digits), sample 
count time (4 digits) and sample count 6 digits. The use 
of punched tape is optional and can be provided In a form 
suitable for the Datatron computer. 

Work on the read-out units Is completed, while 
the construction of a special control and programme unit 
for the sample changer is nearing completion. 

5 . 5 . 1 (c) 900-Channel Tlmesorter Past Read-Out 
(J. Leng) 

At the request of the user, priority has been 
removed from this system to a fast paper-tape read-out and 
tape-typewriter translator. The state of the original fast 
punched card read-out remains practically the same as in the 
last progress, report, Its completion date being now set for 
the end of June, i960. The card-tape conversion is now 
regarded as unnecessary in view of the use of the fast 
tape system. 

. 5 . 5 . 1 (d) Tape-Reader Control Unit Verifier and 
Plotter Attachment 
(A.J.S. Davidson) 

The complete plotting system has been tested using 
an Electronic Associates Variplotter on loan from the 
manufacturer. Various small faults were found with the 
plotter. These may have been due to the rough usage which a 
demonstration model receives. The representative is to point 
out these faults to the manufacturer and obtain his comments. 
One attractive feature of this plotter Is the possibility 
of obtaining a four poisltion, manually selected, symbol head. 

The tape control and decoding system is now being 
wired in a standard base unit and should be completed in one 
month. 
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Some changes were recently made to the Electro-
Instruments plotter in the Datatron building to improve its 
performance « 

5 , 5 . 1 (e) Electronic Read-Out Units 
(L.B. Robinson) 

Mechanical design has been completed and most of 
the final drawings have been prepared. A few modifications to 
circuits and logic have been made to improve the margins of 
reliability, and to allow the read-out to use a tape-punch 
which records at 60 digits per second. Five of these systems 
are to be constructed by M. and P. Branch, and work on the 
necessary printed plug-In cards has been started. 

A circuit has also been designed which will allow the 
typewriter with its control system to serve both a Kicksorter and 
several scalers even when the counting cycles of the different 
units are not synchronised. This will allow independent 
experiments to use the same recording equipment, without undue 
loss of counting time. 

Design has been started on a flexible scaler which 
is compatible with the transistor read-out system. The scaler 
will have up to 12 decades, with provision for dividing the 
decades into as many as three independent scalers. The read-out 
sequence and the division of the decades will be determined by 
a programme plug which may be wired differently for each 
different application. 

5 . 5 . 1 (f) 900-Channel Timesorter Fast Paper Tape 
Read-Out 
(J. Leng) 

The system mentioned In 5 . 5 . 1 (e) is being slightly 
modified for driving a 60 c/s Teletype tape punch. 

5.5.1 (g) Paper Tape-Typewriter Translator 
(J. Leng) 

It is proposed to build a transistorized translator 
system incorporating a Commercial Controls tape reader. Due 
to the long expected delivery of this tape reader a Flexowriter 
presently used by us for* other purposes is being modified to 
provide the facility of translating Datatron tapes into 
typewritten information. 
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5.5.1 (h) Nixie Scaler 
(J. Leng) 

A manual (i.e. non-automatic) scaler has been 
designed incorporating Nixie Indicator tubes and a Sodeco 
Register. This scaler Is fully transistorized apart from 
the indicating devices and includes our standard decade units. 
A prototype is nearing completion. 

5.5.1 (i) Nixie Indicating Unit 
(J. Leng) 

A small unit containing 3 printed circuit cards and 
one Nixie tube has been built. This is Intended to give a 
visual indication for the automatic scaler discussed in 
5.5.1 (e). Indication of all decades is achieved by slightly 
faster than the Indicator scanning through the decades at a 
rate of about one per.second. 
Components;, Records and Reliability Studies 
5.6.1 Component Evaluation 

A rapid circuit etch solution replaces the ferric 
chloride hitherto used In printed circuit production at AECL. 
It is longer lived than the previous type and a uniform 
etching time can be obtained throughout the life of the 
solution. The type of printed circuit connector now adopted 
for use at Chalk River is proving very satisfactory. 

5.6.1 (a) Electrometer Tubes 
(R.T. Dancer) 

Several users of electrometer tubes have recently 
reported that there were considerable differences between grid 
currents of JAN5886 tubes manufactured at various times during 
the past few years. The grid currents of four unused tubes: 
dated 1955, four dated 1957 and four dated 1959 were measured 
to check this. The following table presents the results:-
Date of 
Manufacture (1) (2) (3) (4) 

May 1955 1 x 10" 1 4 1.5 x 10" 1 4 2.5 x 1 0 _ L 4 2 x 10~l1^ 

Aug. 1957 5 x H ) - 1 4 7.5 x ICr 1 4 2 x ICr 1 4 2.5 x lO"1^ 
Feb. 1959 1 . 5 x lO"1? 1 . 3 x I C r 1 ^ 1 .5 x lO"3^ 1 . 2 x 1 0 _ 1 3 
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Although the sample quantities are too low for definite 
conclusions to be drawn, the foregoing results indicate that, 
although the grid currents of JAN5Ô86 tubes manufactured in 
1959 are in all cases less than the maximum value of 2.5 x lO""--1** 
as stated in JCNAAF-T-1, they are up by approximately a factor 
of ten higher than in those tubes dated 1955 and between 2 and 
10 times more than those dated 1957. 

5 . 6 . 1 (b) Semiconductors 
(F.S. Goulding) 

Measurements have been made on a number of transistor 
types to support the changes made in the types held in Stores 
Stock. Fast diodes have also been tested and the type chosen 
(1N904 - Microwave Associates) appears to be superior to other 
types for our purposes where low capacity and fast recovery 
are important. As a result of the use of mesa and diffusion 
techniques the diodes now available are far superior in speed 
to those used only a few months ago. 
5.6.2 Component Standardization. 

(R.T. Dancer) 
During the past quarter 23 new items considered 

suitable for Central Stores Stock have been recommended by the 
Electronics Branch. A review of semiconductor devices resulted 
in the following changes. The 2N525 transistor replaces the 
2N43A; the complementary types 2MI3Q4 (NPN) and 2N1305 (PNP) 
replace the 2M439 and 2N404; the 2N1308 (NPN) replaces the 
2N440 and its complementary type 2N1309 (PNP) is added to stock; 
the 2NÔ02 is no longer a stock item, all of its functions being 
adequately performed by the 2N604 (PNP, 80 Mc/s); the 2N501 
(PNP, 300 Mc/s), the 2N502 (PNP, 700 Mc/s) and two power-
transistors, the 2N104p and the 2N1Q39 have been added to stock. 
The fast recovery silicon diode 1N904 (MA-4223) Is a new Stores 
item. Following the excellent performance of ten samples 
Installed in AECL instruments for the past year the M12FW1 
silicon replacement for the JAN6X4 electron tube Is also being 
added to Stores stock. Although the silicon rectifier is more 
expensive than the 6x4 its reliable performance resulting in 
reduced maintenance is expected to justify the extra expenditure 
in a short time. 

5 . 6 . 3 Instrument Records 
(R.T. Dancer) 

ELI-31, the Electronic Equipment List, has been 
revised and distribution of amendments will commence soon. 
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5 . 7 Reports, Publications and Lectures_ 

CREL-883 -- "The Chalk River Tandem Accelerator Date 
Recording and Processing System" 
by F.S. Goulding and W.D. Howell 

(This was a paper presented at I.R.E. 
P.G.N.S. Meeting, Boston, Nov. 19-20, 
1959) 

CREL-779 -- "A Transistor Magnetic Core Buffer Store 
used as a De-randomizer" 
by T.K. Alexander, H.G. Reddering and 

J.M. Kennedy 
Publications 

"A Transistor Amplifier for use with Methane Proportional 
Counters" 

by J.B.S. Waugh 
(To appear In Nucleonics) 

Papers 
"A Data Storage and Display System for a Nuclear Reactor" 

by C.G. Lennox and A. Pearson 
(presented at the Fourth IRE Instrumentation Conference 
at Atlanta, Georgia, November 9 - 1 1 , 1959. 
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Theoretical Physics Branch 
*>y 

T.Do Newton 

6.1 Staff 
6o2 Calculation Methods in Neutron Transport Theory 
6 . 3 Plurtonium Production in the NRX Reactor 
S ok Rod 683 Calculations 
6«5 Magnetic Focusing of Charged Particles 
6,6 Wave Functions for Two-Particle States in a Deformed Nucleus 
6«7 The Dispersion of Active Ions through Soil 
608 Positron Annihilation in Alkali Halides 
, 28/ \ 29* 
609 Compound Nucleus Effects in the Si (d,p)Si Reaction 
6010 Computation 
6011 Publications and Lectures 
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6.1 Staff 

Branch Head: H.H. Clayton (l) 

W o R o Conkie 
S.A. Kushneriuk 
G.E. Lee-Whiting 
H. McManus 
T.D. Newton 
N.K. Pope 
W.T. Sharp (2) 
E. Vogt 
DIGITAL COMPUTER 
J o M . Kennedy 
Bo Miles 
SUMMER STAFF 
M. Chapdelaine (3) 

N.R.C. FELLOW 
A.L. Claesson 
COMPUTING ASSISTANTS 
Mrs. P.M. Attree 
Miss M. Millican 
Mrs. E.Ao Okazaki 
Mrs. V.Lo Tomlinson 
Mrs. E o Caglioti (k) 
SECRETARIAL STAFF 
Mrs. M o F . Parsons 

fl) Serving as Liaison Officer for A.E.C.L. in London, England. 
(2) Returned from leave of absence, November 2nd, 1959. 
(3) Resigned on December hth, 1959. 
(k) A visitor who left on December 11th, 1959. 
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6o2 Calculation Methods in Neutron Transport Theory 
(W.R. Conkie) 

Preliminary results have "been obtained for the black 
sphere problem, described in PR-P-i+3» These results have been 
obtained by an iterative method which, in principle, consists 
of the following three-steps <> 

1) A low order spherical harmonics expression for the neutron 
density is calculated. 

2) This expression for the density is used as a source term 
in the Boltzmann equation for the angular distribution. The 
solution of this equation, satisfying accurately the boundary 
conditions of the problem, is the improved angular distribution. 

3) The improved angular distribution gives the surface 
source terms which enable the finite medium problem to be replaced 
by an infinite medium problem. The latter can be solved by the 
methods described in Case, Placzek and de Hoffman(l). 

* 

In the preliminary calculation, step 2) was not carried 
out as stated above, but instead the exact boundary conditions 
at the surface of the sphere were imposed on the angular distri
bution given by a calculation. This distribution will not be 
as accurate as the distribution resulting from the complete 
calculation according to the prescription above, but will give 
an indication of the success of the method from a shorter 
calculation. 

The results, when compared with the original P-̂  distri
bution, indicate that the neutron density obtained is greatly 
improved for a sphere of large radius and somewhat improved for 
a sphere of small radius» In order to realise the full power 
of the method for a sphere of small radius it will be necessary 
then to carry out the full process as described in steps one to 
three above, and this is now being done0 

(1) "Introduction to the Theory of Neutron Diffusion". 
Los Alamos publication (1953)• 

6.3 Plutonium Production in the NRX Reactor 
(S.A. Kushneriuk) 

The amount of plutonium produced in full-length natural 
uranium fuel rods irradiated in a "standard environment" in the 
KTRX reactor and the isotopic composition of the plutonium were 
calculated using the 6o°C cross-section data for irradiated rod 
sections as outlined in PR-P-U2, section 6»3, and H.H. Clayton's 
Datatron program. In calculating the total heat output of the 
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rod the energy associated with a U-235 fission in the rod was 
taken to "be 199 .k MeV. The isotopic composition of the fuel was 
calculated assuming no holdup in Pu-240 and Pu-2Ul production "by 
Np-239 and in the concentration listed no allowance was made for 
natural radioactive decay of the Pu-21+1. 

This calculation has been reported in TPI-96, "Plutonium 
Production in the NRX Reactor", by S.A. Kushneriuk. 

601+ Rod 683 Calculations 
(S.A. Kushneriuk) 

In PR-P-U2, section 6.3> we described the results of 
calculations of the chemical and isotopic composition of natural 
uranium fuel rods irradiated in the NRX reactor. In these cal
culations we had determined the neutron flux spectrum in the rod 
in the following way. The flux per unit energy interval at a 
radial position x in the rod, time t, was broken up into two 
components 

p(E,x,t) = p c(E,x , t ) + p y(E,x , t ) 

in which p c and Py represent the contributions to the total 
flux of neutrons which have and which have not collided with 
the moderator, py was calculated using as the neutron source 
the distribution in space and energy of the neutrons released 
in fission in the rod under consideration. To compute py we 
assumed that this flux is maintained by a known incurrent source, 
J_^(E,t), at the rod surface and calculated the distribution in the 
rod due to this source. In the actual calculations the specific 
form adopted for the source was a sum of Maxwellian and 1/E 
components 

J. (E,t) <v - 1 — ^ exp(-E/kT) + A(E)a(E,t)/E 
in ( k T ) 2 

in which k is Boltzmann's constant, T is an absolute temperature, 
A(E) is a cut-off function and a(E,t) is a slowly varying function 
of the energy E and time t. 

In the two calculations described in PR-P-U3 we had used 
the following to characterize J. (E , t ) : 
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T = 3 1 1 o l l°K (38°C) S kT = Oo0268l ev 
A(E) = 0 for E < 5kT = 0„134 ev, unity otherwise 

case (A) a = 0 „ 0Ul6 for E < 2 ev, a = OoOi+55 p(Ei-®) for 
E > 2,0 ev, p(E1-»E) "being the probability that 
neutrons escape resonance capture in slowing down 
from the initial energy E. in the moderator to the 
energy E„ 

T = 333oll°K (60°C) 9 kT = 0,028706 ev 
case (B) ACE) = 0 for E < h<= 6?kT = 0*13U ev, unity otherwise 

a = 0c0U06 for E < 2o0 ev, a(E) * OoOkkk p(E± E) for E > 2o0 av. 

As stated in PP-P-U3 the calculation based on case (E) parameters 
gave results which fitted very well with the measurements made on 
rods 683 (&RCL-kh7) and A.,0„W„~1 (AECL-813) » The case (A) results 
were also fairly close 

It has has been suggested by some Swedish experiments 
(W.Bo Lewis, private communication^ that in heavy water moderated 
reactors of the NRX type, the value of a, in the energy region of 
0„3 ev, might be considerably larger than at higher energies, say 
1 to 2 ev. The 0„3 ev energy is interesting in that both U-235 and 
Pu-239 have resonances at these énergies» To see what effect an 
increase in a at the 0 3 ev energy region would have on the nuclear 
composition of the irradiated fuel we have made a further calculation, 
case (C) ? 

T = 333°11°R (60°C), kT = 0.028706 ev 
A(E) = 0 for E < 0*134 evP unity otherwise, <x(E) = OoOll at E = 0r 13k ev, rises almost linearly 

to the value 0»0U06 at 0 1 9 ev, Increases 
case(c) gradually to a value of 0.0336 at 0.3 ev and 

then decreases slowly to the value O0OUO0 at 
about i ev, Beyond 1 ev a(E) remains identical 
with that defined by case (B)» 

The results of this calculation when compared with that of 
case (B) are as follows ,> For ; a given average fuel irradiation (neutrons/kb) or heat output (MW days/tonne of uranium), the corre
lation between U-235 burnup and the total amount of plutonium present 
in the fuel is unchanged» Of the plutonium produced the % Pu-239 
abundance is decreased slightly at low irradiations and by about 0.8?t 
at an irradiation of 2n's/kb<. the % Pu-2i|0 abundance is increased by 
1 to ?? (depending on the irradiation), the % Pu-2Ul abundance is 
increased by 1 to 3$° In so far as agreement with rod 683 or rod 
A 0 G 0 W 0 - I data is concerned, a slight decrease in the Pu-239 abundance 
and a corresponding increase in Pu-2U0 abundance over that obtained 
for case (E) is desirable and thus the results of case (C) fit the 
experimental data as well as does ease (B)0 



In so far as the effective cross sections are concerned, 
those for U-235, Pu-240 and Pu-2U1 change very little (< 0o~f>% 
comparing again with case ( B ) ) „ The initial Pu-2 39 effective 
absorption and fission cross sections increase from 1369°U and 
933 .1 barns to 1399,-.0 and 950M barns0 At 2 n's/kb irradiation 
these cross sections are 1273.1 and 875=8 barns for case ( B ^ and 
1287-6 and 88hok barns for case (CK Prom the point of view of 
the number of excess neutrons available to carry on the chain 
reaction it is found that ease (C) Is slightly more reactive for 
irradiations up to lo0 neutrons per kilobarn and thereafter the trend is reversedo 

In summary this increase in the strength of the spectrum at 
resonance energies is similar in its effects to an increase in the 
temperature of the Maxwellian component (by about 10°C) in so far 
as the composition of the irradiated fuel is concerned^ There is, 
however, a difference in the behaviour of the excess reactivity. 

6o5 Magnetic Focusing, of Charged Particles 
( G o E . Lee-Whiting) 

In PR-P-U3 a system possessing perfect focusing for charged 
particles in a planar bundle of orbits was described., For orbits • 
leaving the source at an angle to the plane of symmetry, the point 
of intersection with the focal surface will notf in general; coincide with the focus of orbits in the symmetry plane0 One can 
resolve the aberration into components perpendicular and parallel 
to the plane of symmetry0 These component aberrations have been 
studied, by integrating the orbits numerically on the Datatron. as 
a function of the field strength a-c the source and of the initial 
direction of the projection on the plane of symmetry of the particle 
velocity0 Pairs of values of the two variables (field strength at 
the source and projection of initial velocity) may be considered as 
points in a plane„ 

It has been established that points in this plane exist for 
each aberration at which it vanishes in the lowest order of approxi
mation» More work is still needed to trace out the loci of zeros, 
but there is good reason to hope that points of intersection exist. 
Such a point would correspond to a spectrometer with focusing of 
high order in the direction of dispersion,, and with first-order 
focusing in the perpendicular direction» 

6 o 6 Wave Functions for Two Parti c le _5tates_ in_a Deformed Nucleus 
(Ho McManus) 

The Bohr-Nilsson strong coupled wave function is written 

*MK = DMK *2 + DLK^l)3:~Sj *~2 
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The D„„ are functions of the collective Euler angles and 
the Xo are functions of the single particle coordinates0 The 
second term is needed to provide the proper symmetry of the 
total wave function,, For the case K = 0 this leads to limit
ations on the allowable quantum numbers<> These limitations have 
been investigated for the case of two particles in NilssOn orbits» 

i 
For two particles in the same orbit9 the rules are: if the total isotopl'î spin T = 1, then I must be even; while if T = 0 

I is odd only„ These rules are the same as those for two particles 
outside a closed shell in ordinary shell theory (i.e. 0^°, F 1 ^ o 

When the two particles are in different orbits, one can 
form two wave functions X + and X_ ,• one corresponding to states of 
even I only, the other, to odd I only » The exact correspondence 
depends on the parity of the single particle state » These functions 
have been used, previously by Rasmussen(l) who also investigated the 
splitting between X+ and. X_ states due to a pairing interaction. 

Electric dipole transitions between states in the same 
orbit and having K = 0 and T - 0 are forbidden if Z ~ | A. 
(l) Private communication,, 

6o7 Dispersion of Active Ions through Soil 
(ToDo Newton) 

The dispersion by ground water of fission products during a 
continuous disposal program has been discussed by the methods of 
CRT-866 o It is assumed that the fission products are contained in 
glass blocks before burialand that the blocks are buried at a 
uniformy continuous rate A leaching rate equation for the glass 
is used o 

This computation indicates the essential importance of N, 
the number of transfer zones in the soil traversed by the active 
ions, as well as of D, the equilibrium distribution ratio» The 
problem is reported in TPI-97 by P 0M 0 Attree and T»D, Newton. 

608 Positron Annihilation in Alkali Ralld«s 
(N.K. Pope)_ 

In previous reports, evidence has been presented which 
suggests that a positron in an alkali halide lattice is not well 
represented by any "tight-binding" wave function; e.g., the one 
which has been suggested in the literature'^ «. The use of plane 
wave for the positron wave function and of Hartree-Fock free-ion wave 
functions in the tight-binding scheme for the outer shell electrons 
of the negative ions leads to a calculated angular correlation 
function for the annihilation v-rays which, for a powder sample, agrees 
with that obtained from experiment„ The radial distribution of the 
outer shell electrons of the negative ions obtained from this model 
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has been compared with the distribution obtained from X-ray 
diffraction experiments on NaGl and Lip(2) e Apart from small 
fluctuations due to deviations from spherical symmetry in the 
X-ray case the two distributions are found to agree. It would 
thus appear that the assumption of free-ion wave functions for 
the electrons is a good approximation» 

A Wigner-Seitz type of calculation has therefore been 
carried out to obtain the wave function of a positron in a NaCl 
lattice. The potential energy of the positron was taken to be 
that due to the nuclei, to the electrons as described by Hartree-
Fock free-ion wave functions and to a Madelung term which was 
assumed to be constant in the cell associated with each ion. The 
binding energy was found to be approximately 13i ev which is 
greater than that suggested by a previous calculatiom1'„ The 
positron wave function was calculated with respect to an origin 
located at the centre of a negative ion» 

It is hoped to express the angular dependence of the positron 
wave function in a series of lattice harmonics. For a given sphere 
about the origin the coefficient of the zero order harmonic is just 
the average value of the wave function over the surface of the sphere. 
It is found that considered as a function of the radius of the sphere 
this mean value rises almost linearly inside the negative ion 
located at the origin and then remains almost constant. Thus, apart 
from a small region around the origin and provided higher order 
lattice harmonics can be neglected, the positron wave function: can 
be assumed to be a plane wave» The effect of higher order harmonics 
is being calculated» 

The numerical calculations were carried out by the Computation 
Centre. 
( 1 ) R.A. Ferrell, Rev. Mod. Phys. 28, 308 ( 1 9 5 6 ) . 

(2) Ho Witte and E. Wolf el, Z. Physik. Chem., 3_, 295 ( 1 9 5 5 ) ; 
Krug, H. Witte and E. Wolfel, Z. Physik. Chem. h9 36 (1955). 

OR* , 29 
Compound Nucleus Effects in the Si" (d 0p)Si Reaction 
(E. Vogt) 

The cross sections and angular distribution for the 
28/ \ 29* 

Si (d,p)Si, . reaction as measured on the Chalk River tandem 
accelerator!1) suggest that for deuteron energies between 6 and 9 Mev 
an appreciable fraction of the reaction involves the compound nucleus 
process » In particular, if the residual state, Si29* ? ±s one of the 
first three lowest states of that nucleus, somewhat less than a third 
of the cross section appears to be due to the compound nucleus with 
the remainder arising from strippingo Calculations of the compound 
nucleus part of this reaction have been made to see whether or not 
the predicted magnitude of the contribution from this source agrees 
with the data and to investigate the qualitative features of the 
contribution» 



The theory used to calculate the compound nucleus effects 
is essentially that of Fauser and Feshhachl2 ;c That is, the over
lapping compound levels are assumed not to interfere with each-
other and it is assumed that the cross section is averaged over 
sufficiently many states that averages of the nuclear widths may 
be used. Then the cross section (for each total spin and parity) 
is proportional to the product of the transmission functions in 
the incoming deuteron channel and outgoing proton channel 
divided by the sum of the transmission functions for all outgoing 
channels. The transmission function for each channel is the product 
of the penetrability and the strength function for that channel. 
For the deuteron energies of interest the compound nucleus, P30 9 

decays mostly by the emission of protons or neutrons » In tht; cal
culation each strength function was approximated by setting it equal 
to the constant value it would have for a black nucleus. This 
approximation should be good for the deuteron channels,, Because the 
outgoing protons are of high energy the approximation will not be 
wrong by a large factor for any given partial wave„ Since many 
partial waves for protons are involved the approximation appears 
quite reasonable. With this simplification the transmission 
functions reduce to pentratilities 

For each of the lowest three states of the residual nucleus 
Si29* estimates were made of the value and energy variation of the 
cross section and of the angular distribution of the protons» To 
estimate the sum of transmission functions (penetrabilities) for all 
outgoing channels assumptions had to be made about the spins and 
parities of the large number of competing channels for nucléon 
emission.. The estimate of the sum does not depend strongly on these 
assumptionso All of the penetrabilities were evaluated at a radius 
of 1 ch{ A-, + Ap 1^) x 10 """""̂cm., The value estimated in the above 
way for the compound nucleus cross section to each of the first 
three states of Si?9* Is by itself about 50$ larger than the whole 
cross section (10-15 millibarns) observed for each state. The 
theoretical estimate is therefore about five times the experimental 
estimate of the compound nucleus contribution to the cross section. 
Like the observed cross sections, the calculated compound nucleus 
contribution was roughly independent of the energy. In the same 
manner the calculation predicts a total compound nucleus contri
bution of 90 mb to a group of six states at an excitetion energy of 
about 5»k Mev in Si290 The total observed cross section to these 
states is only about 20 mho For these latter states stripping will 
be of less relative importance so that the observed cross section may 
well be mostly due to the compound nucleus process. 

The tendency of the above estimate of the theoretical com
pound nucleus cross section to be too large by a factor of five 
may have a simple explanation, First of all the nuclear radius used 
above for formation of a compound nucleus by deuterons is probably 
too large. If the deuteron radius is omitted from the nuclear 
radius all the theoretical estimates are reduced by a factor of two 
or three. Secondly the absorption of the incoming deuteron beam by 
the stripping process decreases the probability of forming a com
pound nucleus. It seems likely that these effects could bring the 
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theoretical estimates into agreement with the data, 
A method similar to that outlined above was used to cal

culate the angular distributions to each of the first three states o 
Si29*„ Each compound nucleus estimate of the angular distribution 
is 9 of course9 symmetric about 90° <> The distributions to the 1/2+ ground state and the 3/2+ first excited states were calculated to 
be peaked forward (and backward) with o(0°)/o(90°) « 2= The 
angular distribution to the 5/2+ second excited state was calculated 
to be roughly isotropic. 
(1) Bromley? Kuehner and Aimqui st (current progress report and 

previous two progress reports) <> 
(2) Hauser and Feshbaeh, Physo Rev. 37? 366 (1952)» 

olO Computation 
(JoM. Kennedy and Bo Miles) 
I. Au torn a t%c_ Coding 

The main parts of this urogram have been written and tested. 
Using these parts, an algebraic expression of more or less arbitrary 
complexity can be read into the computer in alphanumeric form"on 
paper tape and converted into machine code at the rate of about one 
machine-coded instruction per seconde Work is continuing on the 
provision of input-output statements and further indexing facilities 
2» Scattering by Complex Potentials 

A program has been written for integation of the radial 
Schroedinger equation with a complex potential, for I *~ 7» The 
resulting wave functions at the nuclear surface are then connected 
to Coulomb wave functions in the external region to determine phase 
shifts and cross sections. All parts of this program are working 
except the subroutine for the Coulomb functions. 
3° Analysis pf_the_Scatterlng Law Experiment 

A program has been written for calculating neutron transfer 
cross sections between various energy intervals using the results of 
the scattering law expérimente As the experimental results are not 
yet complete, calculations so far have been made using an analytical 
expression for the scattering law. 
Uo Miscellaneous 

About a dozen smaller programs have been written, mainly 
for analysis of experimental data or tabulation of special functions 
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5» Machine Usage 

Development of 
new programs 
Production 

îtober November 

206f 

248 

56 
254 
310 

December 

Cr\± 50 _ 
379 

439f 

Total 

158 
8391-
997f 
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by WORO Conkie, Nuclear Science and Engineering 6, 260 (1959)» 
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"RESONANCE CROSS SECTIONS OP THE FISSIONABLE NUCLEI" 
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