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NUCLEAR DATA FOR FAST REACTORS
(IBIS 3 MeV pulsed Van de Graaff accelerator: A. T. G. Ferguson)

FElastic and inelastic neutron scattering from 239Pu (D. A. Boyce, P. E. Cavanagh, C. F. Coleman,
G. A. Gard, J. C. Kerrand J. F. TunlpL__

T T r
The observations at 90° of inelastic

sor 1 neutron scattering from 239py reported earlier D
S 3509 % i have now been extended in incident neutron
E 201 energy range up to 1.5 MeV. The data obtained
2 tof - 1 on inelastic scattering are not yet fully analysed.
Z5 oh ; ] The cross sections extracted so far are shown in
c - Fig. 1 where they are compared with values
o 2ok * i obtained from the K.F.K. 120 compilation* on the
" ! ) assumption of isotropic angular distributions.
Aot . .
00 st & Measurements have also been made on the
& O 57KeV + 76 Kev LEVELS . . . )
v differential elastic scattering of neutrons from

o 2 X 286 Kev LEVEL . 3Py at roughly equal lethargy intervals over an

| ® 331 Kev LEVEL S — energy range 100 keV to 1.5 MeV, in an angular
mc:Zl%?:NT :%3TRO: gNERGY. Kev range 20° to 130° These results have not yet
been analysed.

Fig. 1. Inelastic scattering of neutrons from
238Pu; excitation curves for 90° differential

scattering. Full lines are from the K.F.K.
120 compilation assuming isotropic
scattering.

GENERAL REACTOR TECHNOLOGIES AND_ STUDIES

GENUERAL NUCLEAR DATA FOR REACTORS - 1
(Nuclear Physics - I: M. J. Poole)

Fission cross section measurements

1 - The {ission cross_section of 2391’11 from 4 2V 10 25 keV ’—"x’

{(a) Assessment of error

Two independent measurements of the 239p, fission cross section, one made with a cadmium filter
and the other with a B4C filter, have been reported previously 2). The discrepancy between these
measurements (2.5% on average), was greater than would be expected from the assigned internal error in
each measurement (0.8%). A search for the cause of this discrepancy has shown that it is largely
eliminated by computing a fission cross section from each experimental run (the cadmium zesults for
instance comprise six such runs) and combining these cross sections to form a weighted mean. (The
results from one experimental run were rejected because they were consistently low), After treating the
data in this way, the average discrepancy between the results obtained with a cadmium fiiter and those

obtained with a B4C filter is reduced from 2.5% to 1.1%, a value consistent with thc assigned (internal)
error,

(1) Nuclear Physics Division Progress Report, AERE - PR/NP9, p.1 (1965). .
(2) James G, D. Nuclear Physics Division Progress Report, AERE - PR/NP9, p.1 (1965).

*Tables of neutron cross sections for fast reactor materials published by the Kernforschungszentrum,
Kahisruhe,



The areatest contribution to the absolute error in these data comes from the process of normalisa
tion to the data of Bollinger et al 3 By comparing the values of Ecrf(E)AE (where af(E) is the fission
cross section averaged over an interval AE) over three energy ranges beatween 6 eV to 16.7 eV it is found
that the ratio of the present data to the data of Bollinger et al. varies by 3.1% over this energy interval.
This is taken as a measure of the error in normalisation and leads to a final error in the values of the
fission cross section averaged over energy ranges E to 2E of 3.3%, comprising 3.1% from nomalisation,
1.1% statistical error and 0.47% from the error in the thermal value of the fission cross section.

Having nomaliszd our data to Bollinger’s over the range from 6 eV to 16.7 eV, we now compare our
cross sections with his over the remainder of the range. By using average values of the cross section
over energy intervals E to 2E, the average value of the ratio of the present data to Bollinger’s data over
the energy range 64 eV to 32 keV was found to be 1.014 + 0.035. The interval 8 keV to 16 keV was not
used in calculating the ratio because it contains two high values of the cross section in Bollinger’s data
which were assumed to be wrong.

{b) Fluctuation analysis

An analysis of the 239py fission cross section over the energy range 20 eV to 24 keV has been

carricd out, following the method described by Egelstaff %) 1o determine the serial correlation coefficient
1. given by the equation

Cov.[aj w); 3 +k(\V)]
nW) = v O
[Var-aj(W).Var.aj+k(W)]'2

in which aj(\V) is given by
oW
of(E) VE
<0‘f(E) \/_E> -
G-V

aj(\V) = 1| dE ()

- - Here W is an energy interval over which the cross

T Y T VT T

section is averaged before computing 1. and
which has been given values ranging from 10 eV
to 2 keV, o((E) is the fission cress section at
neutron energy E. The upper energy limits used
in calculating rk(W) were determined in such a
way that no energy interval W contained less than
five data points and varied from 670 eV for W =
" 10 eV (giving 63 values of a:.(W)) to 24 keV for
W =2 keV (giving 10 values ‘of aj(\‘.'). The
m o parameter k was varied from 1 up to half the
100 1000 number of values of a.(W) available. This
W. eV analysis confirms the conclusions drawn by
Fig. 2. Correlation coefficient plotted as a I?ge.lstaff from more Spasse data on th.e.239Pu
function of energy interval for the fission fission cross SCC.U.OH. .Thc only Sngflc.am
cross section of 239pPy. cor‘relatxon coefficient is rl(\Y). From F}g. 2,
which shows r{(W) as a function of W, it is seen
that rl(\V) is above the 1% significance level near
W= 10 ¢V and near W = 50 eV. The 23%py

Fy
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(3) Bollinger L..M., Cote R. E. and Thomas G. E. Proceedings of the Intefnational Conference on the
Peaceful Uses of Atomic Energy (United Nations, Geneva) 13, 127 (1958).

(4 Egelstaff P. J. Nuc. Energy 7, 35 (1958).
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fission cross section shows a marked deviation from 1/v dependence near 600 eV which invalidates the
use of equation (2) above this energy. This deviation may account for the high value of r;(W) at
W= 2 keV. l

(c) Mulii-level resonance_analysis

A computer programme for use on the IBM-7030 has been assembled which can generate a Doppler
and resolution broadened R-matrix multilevel fission cross section and which determines the multilevel
parameters by a least squares fit to the cross section data. The R-matrix cross section is generated
from level parameters by the subroutine REMO (by M. F. James) and the Doppler and resolution
broadening is carried out by the subroutine TEMPO (also by M. F. James) using a temperature
equivalent to the combined width of the Doppler function and a gaussion resolution function. The true
resolution function has been computed independently by a convolution of four functions representing the
neutron pulse shape; the timing channel width; the path length uncertainty, for a flight path at 20° to the
normal to the water moderator; and the slowing down time uncertainty given by Groenewold and
Groendijk(S)- Below 100 ¢V the resolution function is well represented by a gaussian function. In
searching for the best parameters,a STRETCH library subroutine VAQ2A (by M. J. D. Powell) is used to
minimise the function

2
NP (ofN)—of )
F - _ , 3

where NP is the number of data points, og(J) + Aog(J) is the measured fission cross section in channel N
and of' {N) is the broadened R-inatrix cross section calculated from level parameters,

Up to now, five levels have been analysed in two separate groups, one containing the 10.96 eV and
11.92 eV levels and one containing the three levels at 14.35 eV, 14.67 eV and 15.47 eV. Figs. 3a,b
show the results obtained; the solid line is the R-matrix cross section and the points are the
experimental results. The parameters obtained are given in Table I (overleaf). A good fit to the group

? = '
4 1A ‘.'
71X : 7%
Y P — 1%
7 X I V} \
/ L @ A ®)
2 £ sl 4 2 | o, H-{‘
: =7 E : ] =
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Fig. 3a,b. Multi-level fit (solid line) to the 239Pu fission cross section.

(5) Groenewold and Groendijk, Physica 13, 141 (1947).
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TABLE 1

R-matrix theorv parameters for 2391’,!(3)

Relative No.
E, Ty, ¢ Fy(b) 3© sign of F Requested
(eV) (meV) | (meV) | (meV) of , data accuracy
@ Tp* | points
10.95 1.61 168 46 1 + 3%
150 223
11.92 0.60 55.8 40 1 - 3%
14.34 0.61 60.4 40 1 + 10%
14.7 2.18 19.4 40 1 + 120 113 10%
15.42 2.44 876 40 0 - 10%
(@) Ej is the resonance energy, I' is the neutron width, I’y is the fission

width, Fv is the radiation width, J is the spin of the compound nucleus
and F is'given by equation (3).

(b) Assumed values.

(¢) Values taken from Sauter and Bowman(7).

of three levels was also obtained using the spin assignment used by Kirpichaikov et 31(6). (J = 0 for the
14.35 eV and 15.47 eV levels and J = 1 for the 14.67 eV level) but this fit took longer to converge.
Further work is in progress on the exact resolution function to use with the experimental data analysed
here. Unti] this is complete the parameters of Table I should be treated with caution.

00000000
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Fig. 4. Correlation coefficient plotted as a
function of energy interval for the fission

cross section of 241py,

Il - The fission cross section of 241Pu

(a) _Fluctuation analvsis

A fluctuation apalysis similar to that
described above for 2 Pu has been carried out
for the 241Pu fission cross section and the
results are shown in Fig. 4. Again, ry is the
only serial correlation coefficient that shows any
significant correlation and the correlation is
greatest near W= 50 ¢V. The 241py fission
cross section does not deviate from a 1/
dependence and the use of equation (2) is
justified throughout the energy range used.

HI - The fission cross section of 23‘SU

- . 2
The fission cross section of 235U has
been measured by time-of-flight experiments over

(6) Kirpichnikov I. V., Ignat’ev K. G. and Sukhonichkin S. I. J. Nuc. Energy 18, 523 (1964).
(7) Sauter G. D, and Bowman C. D. Phys. Rev. Letters 15, 761 (1965).
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the energy range 1 eV to 30 keV using the neutron booster source with a 0.2 us elzctron burst width,
%s pts timing channel widths and a 15 m flight path length, These data are being processed,

Total neutron cross sections (C. A. Uttley, K. M. Diment and C. M. Newstead)

Transmission measurements have been inadg during this period on both the 300 m and 120 m
spectrometers simultaneously by using the VB overlap filter of the 300 m spectrometer as the detector
for the 120 m spectrometer. The pulses from each detector are fed to the same 8 Mc/s tape recorder and
and are suitably coded. This procedure enables measurements to be made under good spectrum to back-
ground conditions over the energy range 100 eV to 10 MeV. Measurements on two of the nuclei
mentioned in the last progress report(8) will be discussed,

C s 93
Niobinm (41Nb)

During the last few years the low energy resonance structure of niobium has been studied using the
high resolution time-of-flight spectrometers at Columbial® and Saclay 10), These data have confirmed
the earlier ones of Saplakoglu et al. that most of the resonances are weak, and this fact, combined
with the relatively high observed resonance absorption integral, suggested that many of the low energy
resonances were p-wave and that the p-wave strength function was therefore large. All three groups of
workers have determined the p-wave strength function from the measured values of grn for the resonances
selected as p-wave resonances. Only in the Saclay work were these resonances positively identified as
p-wave resonances. The value of §; = (5 + 1) 104 obtained recently by the Saclay group is consistent
with previous values. In the present experiment the average total cross section from 10 keV to 2 MeV
was measured and, in addition, a thick sample high resolution determination was made over the energy
range 75 eV to 10 keV. The ‘between-resonance’ cross section at several energy points over the energy
range 90 ¢V to 3 keV was corrected for resonance and resonance-potential scattering interference
effects using the resonance parameters measured by the Saclay group 100, A low energy potential
scattering cross section 47R’2 = 6.1 * 0.2 barns was obtained, in agreement with the Saclay value of
6.0 bamns, and the value RY = - 0.14 £ 0.02 was calculated from the expression R’ = R(1 - RY) with

o o = R=1.35A% fm. The total cross section from
. 10 keV to 2 MeV shown in Fig. 5 is fitted by a
o }%“’WX\\X il curve computed on the STRETCH computer
_x,;ﬁx \3‘ . using a least squares programme. According to

8
- 4 formal resonance theory, the average total cross
[ section for each partial wave £ is determined by
&r \s& 1 two parameters - the strength [unction Sg and the
St T distant level parameter Rg. The most important
4 X EXPERIMENTAL POINTS . single parameter is R‘(’)", since it largely
3l — THEORETICAL FIT d determines the s-wave shape elastic scattering

: cross section which is the most dominant single
O?(Sl e 6'_| e ; 4 At I-O contribution to the total cross section, at least

ENERGY. MeV up to 1 MeV,as can be seen in Table 1I (overleaf).

The value of R‘(’)" determined from the resolved
resonance region is fed into the programme and
the parameters So, Sl’ R‘i" and SZ are determined.
It is assumed that R} = RS = 0, since the d- and f-wave shape elastic contributions (see Table TII) are
small, and that 83 = 5. It is clear from Table III, which lists the energy variation of the partial wave
cross sections, that the p-wave parameters are largely determined by values of the cross section

Oy, BARNS

Fig. 5. The total neutron cross section of
niobium,

(8) Uttley C. A. and Diment K. M. Nuclear Physics Division Progress Report, AERE - PR/NP9, p.2
(1966).

(9 Garg J. B., Rainwater J. and Havens W. W. Jnr. Phys. Rev. 137, B547 (1965). .

(10) Le Poittevin G., De Barros S., Huynh V. D., Julien J., Morgenstern J., Notter F. and Samour C.
Nuclear Physics 70, 497 (1965).

(11) Saplakoglu A., Bollinger L. M. and Coté R. E. Phys. Rev. 109, 1258 (1958).
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TABLE 11

Average parameters of Nb

S S S
o0 o) 1 o 2
Rs x 104 x 104 Ry x 104
~0.12 0.23 5.58 0.23 0.76
-0.14 0.17 5.36 0.22 0.92
-0.16 0.11 5.12 0.21 1.11

TABLE 111

Partial wave components in the total cross section of Nb

Energy S-wave S-wave P-wave P-wave | D-wave | D-wave F-wave F-wave
(keV) S.E* C.N.* S.E. C.N. S.E. C.N. S.E. C.N.
12.5 6.01 0.63 0.00 1.31 0.00 0.00 0.00 0.00
17.5 5.98 0.53 0.01 1.53 0.00 0.00 0.00 0.00
25.0 5.94 0.44 0.01 1.81 0.00 0.00 0.00 0.00
35.0 5.98 0.37 0.02 2.10 0.00 0.00 0.00 0.00
45.0 5.83 0.33 0.03 2.34 0.00 0.01 0.00 0.00
55.0 5.78 0.30 0.05 2.53 0.00 0.01 0.00 0.00
65.0 5.73 0.27 0.07 2.70 0.00 0.01 0.00 0.00
75.0 5.67 0.25 0.09 2.84 0.00 0.01 0.00 0.00
85.0 5.62 024 | o011 2.95 0.00 0.02 0.00 0.00
95.0 5.57 0.23 0.13 3.05 0.00 0.02 0.60 0.00
125 5.43 0.20 0.21 3.27 0.00 0.03 0.00 0.00
175 5.20 0.16 0.36 3.44 0.00 0.04 0.00 0.00
250 4.87 0.14 0.58 3.44 0.00 0.07 0.00 0.01
350 4.46 0.11 0.86 3.25 0.00 0.11 0.00 0.03
450 4.09 0.10 1.09 2.99 0.00 0.15 0.00 0.05
550 3.74 0.09 1.26 2.72 0.01 0.19 0.00 0.07
650 3.42 0.08 1.38 2.48 0.01 0.23 0.00 0.10
750 3.12 0.08 & 1.47 2.26 0.02 0.26 0.00 0.14
850 2.84 0.07 1.53 2.07 0.03 0.29 0.00 0.18
950 2.59 0.07 1.56 1.90 0.05 0.32 0.00 0.23
1100 2.24 0.06 1.56 1.69 0.07 0.35 0.01 0.30
1300 1.83 0.06 1.52 1.46 0.12 0.39 0.02 0.40
1500 1.49 0.05 1.44 1.28 0.17 0.41 0.03 0.51
1700 1.19 0.05 1.35 1.14 0.22 0.43 0.05 0.61
1900 0.94 0.04 1.24 1.02 0.28 0.45 0.09 0.71

S, = 0.17; Ry = -G.l4; S = 536 107% R™ = 0.218; S, = 0.919x 1074
-4,
S3 = § = 536107% RY = RY = 0.

*S$.E. = shape elastic; C.N. = compound nucleus.




corresponding to energies up to about 600 keV,below which the higher partial waves have little
influence. Since the statistical errors on the measured total cross sections are small, an estimate of the
errors on the average parameters So, Sl’ R‘i° and SZ is obtained from a least squares {it to the data by
varying R’: by one standard de¢viation either way. The parameters cbtained are given in Table I1.

The value of the p-wave strength function Sl is in very good agre2ment with those obtained from the
analysis of individual resonances and suggests a negligible variation in Sl over several hundred keV.

Botron 1OB (K. M. Diment)

The total cross section of sintered samples of £nriched boron has been measured and the data in
the energy ran%e 100 eV to 100 keV are plotted in Fig.6. An isotopic analysis of the boron was found to
vield 94.58% 10B 4nd a correction to the data below 100 keV has been made for the impurities (0.76% Si,
0.73% C) as well as for the 1 B content. The data from 100 keV to 10 MeV have not yet heen corrected
for the impurities whose cross sections vary rapidly with energy over this range. From Fig. 6 it can be
seen that up to ~ 60 keV the total cross section o follows a °/, law to within the accuracy of the
observations.
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Fig. 6. The total neutron cross section of 10g,

GENERAL NUCILLEAR DATA FOR REACTORS - 1
(Nuclear Physics - 1T and Nuclear Photo-effect: E. R. Rae)

Fission cross section measurements (B. I1. Patrick and N. J. Pattenden

The measurement of the fission cross section of 235U was stopped shortly after the end of the
period covered by the last repon(12 , since at this stage the length of the electron burst incident on the
“booster”™ target at the end of the linear accelerator was increased from 130 nsec to 200 nsec(13) and it
was expected that this would be the running condition for several months, The resulting change in

(12) Partrick B. H. and Pattenden N. J. Nuclear Physics Division Progress Repon, AERE - PR/NP9,
p.5 (1966).

(13) Poole M. l. (Private communication).
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resglution would otherwise have required that all the previous work on '33U be repeated. Measuremen:s
on “39Pu were then begun and it is intended to complete them at the new resolution of 2.5 nsec/m. Tte
work on 235U will be resumed when the electron pulse is returned to its original length.

Three 239Pu samples are being used, with n values ranging from 1()‘3 atoms/barn to
2.4 x 107" atoms/barn. The transmission measurements on all the samples have been completed
together with more than half of the fission yield measurements. At present the incident neutron spectrum
is being measured. The detector for this measurement is a ¥, in. thick, 2% in. diameter lithium glass
scintillator. The glass is placed in the neutron beam and is viewed from a distance of 2 in. by a 2 in.
diameter photomultiplier. An air light guide is used to reduce the effect of neutrens which scatter back
from the face of the photomultiplier. Calculations using a Monte Carlo programme written by J. E. Lynn
(private communication) have shown that the correction for multiple scattering in the glass is almost
censtant over the energy range 50 eV to 30 keV. This is important since it is the shape of the spectrum
which matters most for this measurement, not the magnitude.

These measurements will be normalized to the lower energy measurements1#) in the 50 eV region.

Studies of the p-wave neutron strength function (C. M. Newstead and N. J. Pattenden)

Transmission measurements made with the 90 metre spectrometer on samples of separated 98&10 and
1(mf\‘lo 13) of four different thicknesses have been caalysed to obtain preliminary values of the neutron
and radiation widths. An area analysis method for thick samples (i.e. allowing for appreciable resonance-
potential interference and Doppler-broadening), originally developed by Lynn 16 and now rewritten and
somewhat modified for the PDP-4 computer, was used.

The data have also been analysed using the Harvey-Atta programma(”) but this programme gives
incorrect results for thick samples, apparently because of the insensitivity of the search routine and area
function for large no values. In the case of small no the sclf-consistent curves predicted by the
Harvey-Atta and PDP programmes are in good agreement. The determination of the radiation widths is,
of course, sensitive to the detailed shape of the self-consistent curves, and it has been found necessary
to computc the theoretical areas Ap(w) rather than interpolate in the area tables(IS). Preliminary
values of resonance parameters are shown in Table 1V.

The preliminary results indicate that the average values of the s- and p-wave radiation widths are

different in 9%Mo and in 00\\10 and that the value used by Pevzner et al. 19) s too latge. The values
. ) . . . . 20

are in better overall agreement with the theoretical calculations of Dovbenko et al. The neutron
widths tend to be smaller than those of Pevzner et al.(9 ard in better agreement with the maximum
likelihood calculations for S  of Muradyan and Adamchuk(zl). The s-wave strength function is found to
be (0.46 = 0.4) x 10~ for 98Mo and (0.5 £ 0.4) x 10°% for 100Mo. Resonances were assigned as p-wave
if no interference was observed. It is intended to confirm these results by performing a further analysis
of the transmission data with the Saclay shape programme.

(14) Schomberg M. G., Sowerby M. G. and Jolly J. E. This report, p.11.

(15) Newstead C. M. and Pattenden N, J. Nuclear Physics Division Progress Report, AERE - PR/NP9,
n.5 (1966).

(16) Lynn I. E. A.E.R.E. Report R 3355 (1960).

(17 Atta S. E. and Harvey J. A. Oak Ridge National Laboratory Report, ORNL-3205 (1961).
(18) Lynn J. E. A.E.R.E. Report R 3354 (1960).

(19) Pevzner M. 1. etal. Soviet Physics JETP 17, 191 (1963).

(20) Dovbenko A. G., Zakharova S. M., Kolesov V. E. and Malyshev A. V. Atomnaya Energiva No. 2,
114 (1965).

(21) Muradyan 1. V. and Adamchuk Yu V. Kurchatov Report (1965).



TABLE IV

98Mo
Egr V) an V) ry (meV) L

4290 0.12 +0.02 120 + 30 1

467.2 0.66 + 0.06 290 = 60 0

612.4 0.04 + 0.007 100 £ 20 1

818.1 0.24 + 0.05 90 + 20 1
1526.3 1.37 £ 0.2 280 + 50 0
2550.5 1.58 + 0.2 260 + 50 0
3292 6.4 +0.8 250 + 50 0
9053 457 +4.0 270 + 90 0

100y,

363.7 0.79 + 0.14 230 + 50 0
1069.1 0.29 £ 0.06 80 + 20 1
1260.9 0.27 £+ 0.05 130 + 30 1
1697.8 0.97 £+ 0.1 180 £+ 70 1
1938.0 1.25+0.2 240 + 60 0
3007 3.43 £ 0.6 260 + 50 0

The s-wave parameters have then been used in conjunction with the higher energy _(’15511_:71 to obtain
the p-wave strength function and distant level parameters as discussed by Uttley et al.'«=~

Neutron cross sections of 107Ag and 109Ag (M. C. Moxon and A. Asami)

Neutron capture and scattering measurements previously reponed(24) indicated that the resonance
parameters could easily be obtained from scattering and capture data. In the case of silver, however,
lack of knowledge of the isotopic assignment, and the appearance of resonances within the same
resolution width for both isotopes, restricted the energy range over which parameters could be obtained.

"Recently, scattering and capture measuremerlt—“s.gnms‘e—parated 10 gram samples of the two silver isotopes
(isotopic fraction 3,99.5%) have been performed. Figs. 7 a,b (overleaf) show the normalized capture
counts per channel versus time-of-flight for 107Ag (a) and 109i\g (b) over the neutron energy range
100 keV to ~ 80 eV. It is hoped that resonance parameters up to ~ 1 keV will be obtained for both
isotopes {rom these measurements by combining them with the scattering data.

Neutron scattering measurements on 239F'u (M. Asghar)

Neutron scattering measurements have been made on a sample of Pu metal 5 cm in dia?eter and
§5.79 x 107 atom/b thick, containing about 98% of 239py. The detector of the spectrometer( 5) was

(22) Uttley C. A. and Diment K. M. Nuclear Physics Division Progress Report, AERE - PR/NP9, p.3
(1966).

(23) Uttley C. A. et al. This report, p.5.

(24) Asghar M., Moxon M. C. and Chaffey C. M. Conference on the study of nuclear structure with
neutrons, Antwerp, Paper 65, 1965.

(25) Asghar M. and Brooks F. D. Nuc. Inst. and Methods 39, 68 (1966).
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modified to take account of ﬁssiox_} ngunons- Resonance scattering areas were determined and combined
with published transmission data(“ﬁ"n to enable spin assignments of 33 rescnances below 300 eV to be
made. These measurements have been reported in detail in Report EANDC(UK)70 *S°.

The measurement of alpha. eta and the fission_cross sections of 239Pu
Al G. Sowerbv and J1. 5. Joliv)

M, G. Schombere

Work has continued on the direct measurement of alpha(ZS) (the ratio of the capture to fission cross
sections) for 23%py as a function of neutron energy. Measurements of the fission neutron vield have
been made for three thin 239py samples with low 240p, content, loaned by O.R.N.L.., and measurements
with the ncutron capture detectors will begin shortly. It is not necessary for both kinds of measurement
to be made simultaneously provided there is no change in energy resolution.

\Measurements of the fission neutron yvield have also been made on three thick 239%p, samples and
the data from all six samples will be used in a new eta and fission cross section measurement from
10 eV 1o 2 keV. At present sample transmission and incident neutron specirum measurements are nearly
complete and these will be used in the now modified Stretch computer programme. These measurements
will be normalized to the earlier low energy measurements(zg) in the § eV region.

Detemination of 240Pu resonance parameters (M. Asghar, M. C. Moaon, C. M. Chaffev, N. J. Pattenden
and 1. S, Pratt

A series of experiments has been undertaken to determine the 240Pu resonance parameters in the
energy region from a few eV to about 1 keV. Scattering, capture and transmission measurements arc
being carried out, and parameters will be obtained by combining the three sets of data using an area
analysis methad.

Two samples of Pu metal (~ 98% 24()Pu), both 7.62 cm diameter but weighing 6.46 and 13.07 g
respectively, have been obtained from Los Alamos under the auspices of the FANDC. Scattering vields
have been cbtained on the 50 m flight path, and capture yields on the 32 m {light path. Transmission
‘measurements are being performed on the 94 m flight path, and should be complete in a few weeks. The
detailed resonance analysis will start when the collection of data is complete.

Total cross section measurements on Ba isotopes (R. E. Van de Vijver and N. J. Patienden

The range of neutron numbers in the stable Ba isotopes includes at one extreme the 82 neutron
closed shell. 1t has long been known that the mean total radiation width, <l“y >, for electric dipole
radiation, is of the form 30

EE

2
<" >« Ah DU ,
y© = J()f D(U-E)
0

(26) Blons J., Derrien 1., Michaudon A., Ribon P. and de Saussure G. International Confcrence on the
Study of Nuclear Structure with Neutrons, Antwerp, paper 163 (1965).

(27 Uttley C. A. International Conference on the Study of Nuclear Structure with Neutrons, Antwerp,
paper 98 (1965).

(28) Schomberg M. G., Sowerby M. G. and Jolly J. E. Nuclear Physics Division Progress Reports,
AERFE - PR/NPS, p.9 (1965); and AERE - PR/NP9Y, p.10 (1965).

(29) Brooks F. D., Jolly J. ., Schomberg M. G. and Sowerby M. G. Nuclear Physics Division Progress
Report, AERE - PR/NPY, p.11 (1965).

(30) Blatt ). M. and Weisskopf V. F. Theoretical Nuclear Physics (John Wiley and Sons, 1952).
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where A is the mass number, U is the effective excitation energy of the radiating level, DJ(U) is the
spacing of levels of the same spin and parity as the radiating levél, and D(U-E) is the spacing to any
level (excitation energy E) to which radiation can occur. A level density relationship which includes the
effects of closed shells may be inserted in the above expression to predict a variation of <I"_ > with A
which agrees qualitatively with observation(31,32). A searching test of the theory is to determine how
well its predictions fit measurements of <I"_ > in the immediate vicinity of a closed shell, and this is
one of the objectives of this experiment.

The Hg isotopes lie just below the 124 neutron closed shell. It has benn observed that th
distribution of I"_ values appears to be very broad for 201 Hg, but not for 198 Hg or 199Hg(33 34). This
fact is atmbutec?’to the large variation in the partial widths for the highest energy transition in =" Hg
where these transitions are particularly intense. Similar intense high energy transitions have recently
been reported in the 5Ba capture y-ray spectrum obtained from capture in the 24 eV resonance(35),
Cross section measurements with a resolution of 80 ns/m have been reported in the case of natural Ba
samplas 6) However, it is not practicable to make accurate determinations of I, for a large number of
resonances without using separated isotope samples and superior resolution, since, when many isotopes
are present, the observed peaks may contain contributions from resonances in different isotopes. Thus,
another objective of the experiment is to determine whether the Ba resonances show a wide T
distribution.

Samples of about 4 g each of enriched 13""13::1. 135}3a, 136Ba and 137Ba were obtained on loan from
Qak Ridge National Laboratory, converted into carbonate powder and loaded into special containers
suitable for transmission measurements on the 15 m small sample time-of-flight spectrometer. The arca
) i
of each sample was 0.88 cm“. A natural BaCO3 sample was also prepared, to provide a means of
testing the whole operation.

Precliminary transmission measurements covering an energy range from a few eV to about 1 keV
were made on the natural Ba sample, with an optimum resolution of about 18 ns/m. An area analysis of
the observed resonances was performed, using the computer program of Atta and Harvey 3D, The
neutron widths obtaingd are shown in Table V, where they are compared with the values given in the
BNL-325 compilation 38 .

Transmission measurements on the separated isotope samples are now being carried out. The
collection of data on 134Ba is now complete.

PDP-1 data processor (E, M. Bowey, M. R. Avery, G. D. Spittle and G. B. Dean*

The computer has been operated for 1670 hours during the period of this report, of which one
continuous period of 12 hours was devoted to marginal testing of the computer and its peripheral
equipment. Peripherals have been the cause of most of the “down time” which has amounted to about
15 hours during normal woerking hours.

(31) Newton T. D. Can. J. Phys._34, 804 (1956).

(32) Cameron A. G. W. Can. J. Phys. 35, 666 (1957).

(33) Carpenter R. T. and Bollinger L. M. Nuclear Physics 21, 66 (1960).
(34) Bolotin H. H. and Chrien R. E. Nuclear Physics 42, 676 (1963).

(35 Urbanec J., Vrzal J. and Liptak J. International Confer‘encc on the Study of Nuclear Structure with
Neutrons, Antwerp. Paper 97 (1965).

(36) San K. H., Piketner L. B., Sharapov E. 1. and Sirazhef K. International Conference on the Study of
Nuclear Structure with Neutrons, Antwerp, Paper 188 (1965).

(37) Atta S. E. and Harvey J. A. Oak Ridge National Laboratory Report, ORNL-3205 (1961).

(38) Hughes D. J., Magurno B. A. and Brussel M. K. Neutron Cross Sections, Brookhaven National
Laboratory Report, BNL-325, 2nd edition supplement 1 (1960).

*Neutron Spectra and Nuclear Physics 1 Group.

.12 -



TABLE V

Resonance parameters obtained from a patural Ba sample

“ 4LT0
Er ) St Ak ouone
Present data’ BNL-323 NL=3e

24.0 1.96 + 6,5{9_; 2.0+ 0.1 135
456 ©.1 + 2491073

57.0 4.4 + 06102

79.6 168 + 1.4 18 & 2 135
84.9 78 + 1.0 5.5+ 0.8 135
100.6 76 t 1.5 455 1.3 136
103.0 1.2 + 138 15 + 4 135
220.9 36 & 16 2.8+ 09 135
278.9 216 + 5.6 i9 4 135
311.4 58 + 3.0 5 %2 135
372.2 10.8 + 3.8 13 5 135
401.2 a1 £13 20 :15 135
414.9 25 5 50 +15 | 137
460.1 7.0 + 5.6 + 135
506.6 32 +14 6 + 135
574.0 63 30 27 +10 137
643.3 16 ¢ 1.0

New routines, which provide a more convenient and sophisticated system, have been written to
handle data recorded on 1 in. magnetic tape. Circuitry has been designed and installed, and routines
have been written, to provide a computer controiled camera facility to enable the display to be
photographed.

Two input/output devices, the symbol generator and CRT display, previously only accessible
through PDP-4 Machine Language routines, can now be used with FORTRAN programmes. ‘Pages’ of
text are reproduced on the CRT display ~ 50 times faster than with the teleprinter. Graph plotting can
also be carried out with FORTRAN programmes.

INTEGRAL DATA MEASUREMENTS
(Nuciear Spectra and Nuclear Physics - It M. J. Poole)

The two blocks experiment (D. H. Day and J. H. Partridge)

The two blocks experiment is designed to investigate the thermal neutron spectrum as a function of
position in a graphite stack containing a plane temperature discontinuity. The experimental equipment,
which has been fully described in a previous report™””’, consists essentially of two large graphite
blocks at different temperatures, separated by crumpled aluminium foil thermal insulation, with provision
for the extraction of neutron beams for time-of-flight spectrum measurement.

(39) Day D. H. and Partridge J. H. AERE Report, R 4667 (1964).
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EGC (improved version of EG4A).

Measurements have been made using the
three different geometries shown in Fig. 8.
Spectra measured in arrangement A are those of
neutrons taken from points where there are no
flux gradients at any energy along the extracted
beam direction, and hence these spectra are very
close to the isouopic spectra at the poiats of
measurcment. Results of this typz have already
been reported 43,4 for many different distances
from the interface, at hot graphite temperatures
of 100, 175, 250 and 325°C. Good agreement has
been found between the measured spectra and
those calculated using the WDSN code and the
EG4A scattering kemnel. These results are
reproduced in Fig. 9, which shows the ratios
between measured and calculated fluxes for
different scattering kernels. The earlier calcula-
tions assumed an infinitely sharp temperature
step between the hot and cold regions. New
calculations have now been made to take into
account the finite size (4 cm) of the thermal
barrier by including a third region into the D.S.N.
calculations. As the transport mean frce path
(A{p) in this region is ~ 100 cm it was not
adequate to allow for transverse leakage by the
simple addition of a DB? term D= Ay B2 =

3
transverse buckling) to the absorption cross
section (Za) as is done for the other two regions.
Therefore the assumption was made that trans-
verse leakage could be handled by using a
modified absorption of the form E}i(E) =X, (E)+
K)\“.(E), the value of K being determined
empirically by fitting calculated and observed
valueg, of total flux in this region. A value of
K = B/15 was found to give the best fit
(Fig. 10). The effect on the spectra of the
finite interface region is also shown in Fig. 9.

Spectra(‘u) measured in arrangement B
(Fig. 8) have also been reported; the graphite
has now been restacked with its extrusion
direction turned through 90° and the same
spectra have been measured in arrangement C.
Figs. 11 a,b show the results of specira
measured in arrangements B and C, compared
with calculated directed spectra from WDSN.

(40) Day D. U, and Partridge J. H. Nuclear Physics Division Progress Report, AERE - PR/NPS, p.18

(1965).

(41) Day D. H. and Partridge J. H. Nuclear Physics Division Progress Report, AERE - PR/NDP9, p.12

(1965).
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A simple diffusion theory relationship is often used to obtain the directed flux spectrum from the
calculated total flux spectrum, viz:

Atrtf)(E)
F_(E) = BAH(E) - — —
2(B) = Y (B) -—= =

where F, is the directed {lux in the z dircction and ¢(E) is the calculated flux spectrum. Egclsmﬁ("'z)
has measured the scattering cross section for neutrons travelling both parallel and perpendicular to the
extrusion direction in graphite and the observed differences in spectra are roughly reproduced if these

two values are used to obtain two values of 1\.u from the above equation. The fact that the difference
between spectra measured by extracting beams parallel and perpendicular to the extrusion direction shown
in Fig. 11b is much smaller than predicted can be explained partly by the effect of crystal orientation on
the cross section at high temperatures and partly by the different behaviour of the flux gradient for this
case.

(42) Egelstaff P. A. J. Nucl. Energy, 5, 203 (1957).
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Neutron spectra in heavv water/ordinary water mixtures (R. N. Sinclair and P. 1. Williams)

Due to the interest in the use of D50/H50 mixtures as moderator in spectral shift reactors,
measurements have been made of spectrz; in a mixture containing 50.55% D20 and poisoned with various
concentrations of cadmium. The experiments were carrried out by the pulsed-source time-of-flight method
using exactly the same equipment as has been described for the poisoned DZO measurements . Two
solutions, containing 20.3 g.p.1 and 30.4 g.p.] respectively of dissolved cadmium were used, the
solution temperature in each case being 290°K. The solutions were prepared by Chemical Engineering
Division, A.E.R.E. by dissolving carefully dried cadmium nitrate in a D-,O/H?_O mixture, whose
composition had been determined by density measurements. -

100 - B — As a preliminary to the spectrum measure-
20-39 1 hace ments, flux plots were made for each solution
. P |~ ca convent using bare manganese and cadmium gold foils.
__~??,)‘\\\/_ The results indicated that the spectra were
/3‘/ .\ independent of position in the vicinity of the
2 point of observation, so that the solutions may
. \ be taken to be “strongly poisoned” and diffusion
T L RN \\ 7 theory should be adequate to calculate the
30 4 g1 tinre \. N\, spectra.
/ca CONTENT \.‘/‘N\ \\
. N \___ The measured spectra are shown in
EXPERIMENT \ N Fig. 12, together with the results of calculations
L E'Aif-_'i,i'fr".o:"é?.flm . . made using a scattering kernel com'poul}&ed from
"« the Honeck kernel for bound deuterium and
the Haywood kernel for hydrogen 45). The
ol L b S— ; GAKER codet¥6) was used to calculate the
NEUTRON ENERGY (eV) Honeck bound deuterium kernel. In this model
coherent scattering effects are completely
ignored; however, in spite of this, it has
Fig. 12. Neutron spectra in poisoned already been used successfully in this laboratory
DZO/HZO mixtures. to calculate time dependent spectra in a tank of
pure D,O 7). The contributions to the
scattering from oxygen was allowed for by assuming it to be a Ecrfect gas of mass 16.

FLUX (ARBITRARY UNITS)

NEUTRON

Spectra were calculated in the energy range 0-3 eV. The neutron source for this calculation was
the number of ncutrons slowing down into this energy region. This number was computed by assuming
scattering from a perfect gas for the oxygen and deuterium atoms, and by using an analytical expression
to account for the mean Kinetic energy of the protons in H,O for the hydrogen scattering. The experi-
mental and theoretical spectra in Fig. 12 have been normalized to equal neutron loss (absorption plus
leakage) over the energy region 0-3 eV. The agreement is not as good as was obtained in earlier com-
parisons with theory where the measurements were made on mixtures containing heavy water or ordinary
water separately, in spite of the fact that the same theoretical models were used. Further calculations

will be made using a semi-empirical kernel based on measurements of the inelastic scattering in this
mixture .

(43) Sinclair R, N. and Williams P. J. Pulsed Neutron Research, Vol. I, IAEA, p. 581 (1965).

(49 Honeck H. Trans. Am. Nucl. Soc. 5, 47 {1962).

(45) ilaywood B. C. and Therson I. M. Brookhaven National Laboratory Report, BNL719, p.26 (1962).
(46) Honeck H. Brookhaven National Laboratory Report, BNL5826 (1961).

(47) Poole M. J. and Wydler P. Proceedings of the I.LA.E.A. Conference on Pulsed Neutron Source
Measurements, Karlsruhe, 1965,

(48) Day D. H. and Partridge J. (1. Private communication.
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Spectra in poisoned D~0 using a nentron chopper (P. Wydler)*

Sinclair('B) has already described pulsed source measurements of spectra in D5Q poisoned with
boron and cadmium over a range of poison concentrations from 0.98 bamns/D atom to 2.60 bams: D atom.
Measurements at lower poison concentrations were not possible because the pulsed source method can
only be applied to systems with a small die-away time. Accordingly, an experiment 10 measure neutron
spectra in a tank containing 1 tonne of poisoned D40 using a neutron chopper was set up on one of the
irradiation panels of the LIDO reactor. The experimental layout is shown in Fig. 13. It is basically

REMOVABLE CONCRETE
CONCRETE REACTOR WALL
020 =
SUPPORT FOR PUM AUXILIARY
FISSION PLATE D TANK 1201
ALUMINIUM— z
PANEL D20 TANK B50LJ" |
SHIELDED WITH ™\ SHTET OING]
. BaC LOADED |! YRORON WAX!f m
POLYTHENE || 'CANNED |
REACTOR - ' ACHOPPER e yqovasLE
CORE 1 FLIGHT TUBE
J
| | b
17 [k ' w
i !
2" DiA FISSION —H d |
CONVERTER \ !
PLATE WITH | i
LEAD CAN
ADJUSTABLE TROLLEY!

Fig. 13. Experimental arrangement for measuring spectra in poisoned D70 using
a neutron chopper.

similar to the installation used by Coates and Gaymer(49) to measure spectra in a heated, graphite-
moderated lattice. (In fact much of the same equipment was used). The DZO tank was cylindrical,

110 cm in dia. x 90 cm in length, and it was placed with one end against the reactor irradiation panel.
Between the panel and the end of the tank there was a natural uranium {ission plate 1 in. in thickness to
convert the mixed reactor spectrum into a basically fast neutron spectrum, so avoiding the necessity of
knowing the reactor spectrum when interpreting the experiments, Arrangements were made to extract a
beam of neutrons from various positions along the tank axis whose spectrum could be measured with a
neutron chopper spectrometer having a resolution of up to 1.2 us/m. It was also possible 1o insert
detector foils into the tank in order to obtain flux plots.

Experiments have been carried out using Cd poisonings of 0.37, 0.85 and 1.26 b/D atom (measured
at 2200 m/sec.), spectra being measured at various axial positions for each solution. Typical spectra
are shown in Figs. 14 a,b,c (overleaf). So far no calculated spectra are available; these will be

obtained using the WDSN code in slab geometry, and a slowing down distribution obtained from the flux
plots as a source.

(49) Coates M. S. and Gayther D. B, AERE Report, R 3829 (1966).

*On attachment from Eidg. Inst. fur Reaktorfurschung, Wiirenlingen, Switzerland.
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Time dependent neutron spectra in water

(R. N. Sinclair and P. J. Williams)

The choppes technique,which has been
successfully used to measure time dependent
spectra in graphite®®%:31 and in heavy water 2,
cannot easily be used for orctinary water
because of the very short slowing down and
thermalization times involved (™~ 10 psec.).
Consequently, an alternative technique has been
used in which the moderator is pulsed by the
linac and a simple crystal spectrometer is usad
to allow the time dependence of selected
energies to be followed. Several energies,
corresponding to different orders, are reflected
for each setting of the crystal spectrometer but
these are separated in time due to their
different times of flight. Provided, therefore,
that the {light time is long compared to the
neutron lifetime in the moderator, this feature
permits observation at several energies
simultaneously.

Two experiments are described here.
Firstly, a preliminary investigation of the
technique using coarse time resolution, and
secondly, measurements with improved
resolution of the time dependence of the leakage
spectrum from a water slab and of the spectrum
at the centre of a large water tank.

Fig. 15 illustrates the experimental
arrangement for the preliminary investigation,
Short pulses of fast neutrons were produced in
the uranium target by the pulsed electron beam
of the 45 MeV Harwell linac. Neutrons leaving
an adjacent polythene moderator (5 cm
(thickness) x 14 cm x 14 cm) in a beam with a
total angular divergence of 30 minutes of arc
were diffracted by a single crystal of nickel.
The (2n,0,0) reflections (n is the order of
reflection) were observed at a Bragg angle (@) of
46° by a 3 mm lithium glass scintillation
detector 3 mm in thickness, The observed time
distribution of detected neutrons (Fig. 16)
shows structure which may be assigned to
seven orders of reflection, the peaks occurring
at times of flight (r) given by

1 Q2m) d - y
2D e —— S 5 ,
T a (h) 2’0‘0 mn , fiS€C/m

where d2 0.0 X is the interplanar spacing of the

(50) Barnard E. and Poole M. J. J. Nucl. Sci. Engng. 17, 513 (1963).
(51) Nicholson K. P. and Poole M. J. J. Nucl. Energy 19, 949 (1965).
(52) Wydler P. and Poole M. J. Pulsed Neutron Research, Vol. 1, p.425, LA.E.A, (1965).
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Fig. 16. The time-of-flight distribution of counts observed using a nickel
crystal in the arrangement shown in Fig. 15.

§2,0,0} planes, h is Planck’s constant and m the neutron mass. The shape of each peak depends upon
the time and energy dependent flux ¢(E,r) 'set up in the moderator, and on the experimental resolution,
Even with the coarse resolution of this experiment, a characteristic asymmetric peak shape is apparent
due to the relatively rapid growth of the neutron population at a given encrgy followed by an
approximately exponential decrease as neutrons are removed by leakage and absorption.

~ The accuracy with which a given energy can be selected depends vpon the diffraction geometry,
and the energy resolution is given by:

AE
— = 2 cotOA0
E

where 0 is made up of the divergence of the incident beam and the mosaic spread of the crystal. The
time resolution depends on this factor and also on the flight path length. The total width of the time
resolution function is given by

At = (L cot 6A6 + AL)
where L is the total flight path length and AL is the maximum path difference for the detected neutrons.

(AL contains the path difference arising from the finite thickness of the crystal and the uncertainty in
the point of detection within the scintillator). '
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For the experiments using water as moderator the flight path was reduced to 3.1 m and a multi-slit
collimator of length 72 in. was designed in order to produce a beam with a total angnlar spread of
5 minutes of arc. The mosaic spread of the beryllium crystal used in the experiments had been
prevxously measured to be 5 minutes of arc (full width half maximum). This gave an energy resolution of
A /F =0.005 and a time resolution of 0.010 r us.
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o Fig. 18. The time dependence of the neutron

z - . flux at two energies emerging from the centre

of a large water tank.

TIME AOFTER FA§$ NEUTR(;P? PULSE ?3 us In Fig. 17 the time dependence of the
: leakage flux from the slab of water (3 cm x
Fig. 17. The time dependence of the neu- 14 cm x 14 cm) is illustrated. The three
tron flux emerging from a 3cm x 14cm water energies correspond to three orders of reflection
slab for three different neutron energies. from the same planes and the distributions were

measured simultancously using 1 ps timing

channels. The time origin is derived from the

0.1134 eV distribution where the resolution
function (shown) is least significant. The time dependent background was determined by rotating the
crystal out of the diffracting position.

Spectra set up in a large tank of water (57 cm x 57 c¢m x 57 c¢m) have also been studied. The
source was placed in a re-entrant tube 10 cm from the centre of the tank. A beam of neutrons was taken
from the centre of the tank by a 2.5 ¢cm probe tube and the history of two neutron energies (Fig. 18) in
this beam was observed with the diffractometer described above. In this case the decay of the spectrum
is largely due to the loss by absorption.

Time dependent diffusion theory calculations are being made for comparison with the results of this
experiment.

Measurements of fast nentron spectra in materials (D. B. Gayther and P. D. Goode)

Measurements have now been completed of the leakage spectrum emerging from a sphere of sodium
with a central neutron source. The experimental techniques have been described in earlier reports
The source consisted of a cylindrical uranium target bombarded by a pulsed beam of electrons from the

(53) Gayther D. B. and Goode P D. Nuclear Physics Division Progress Report, AERE - PR/NP7, p.14
(1964).
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100

e

45 MeV linac. The leakage spectra were
measured by the time-of-flight method with a

60 m path length, the minimum electron burst
width being 100 n sec. The measurement of the
neutron source spectrum has been described
previously(54). Fig. 19 shows the measured
neutron spectrum emerging radially from the
sodium sphere. The sodium weighed 372 kg and
was contained in an aluminium tank of internal
diameter 90.7 cm and wall thickness 0.8 cm.
The neutrons whose spectra were being
measured passed throngh a thin “Melinex”
window in the tank. The spectrum was
measured with two detectors; the Og plug
detector 53) which was used from the lowest
energy EJ to 2 MeV and a plastic,proton recoil
detector'>® which was used at energies greater
than 200 keV. The two sets of measurements
were normalized in the region of energy overlap.
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Fig. 20. Leokage spectrum of neutrons from graphite sphere.

Fig. 20 shows a preliminary determination of the leakage spectrum {rom a graphite sphere. This
sphere was 40.6 cm in diameter and a 6 cm diameter natural uranium target was placed in a 10 cm

diameter hole at its centre.
detector.

The measurements were made with a OLi glass detector and the plastic
The calibration of the efficiencies of these detectors is described below.

These detectors do

not have a satisfactory energy overlap for normalization of the measurements and the curve shown in

Fig.

21 (overleal) was obtained by using the absolute detection efficiencies of the two counters.

The

apparent rise in the measurements of the graphite spectrum in the region of 200 keV (Fig. 20) is possibly
due to the inaccuracy inherent in the °Li glass detector in the vicinity of the (n,a) resonance in 6Li and

{54) Gayther B. B. and Goode P. D. Nuclear Physics Division Progress Report, AERE - PR/NP9, p.15
(1966).
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to the uncertainty in detection efficiency of the
plastic detector in the region of rapidly falling

100 . . R efficiency near threshold,but the shape is
—— tinch PLASTIC (NATON 138) .
o ' ineh LI GLASS (NE9OS) reliable elsewhere.
“'J} Calibration of detectors for fast neutron specira
. s measurements (M. S. Coates, D. B. Gavther,
ok - P. D. Goode and D. J. Tripp)

i The neutron detection efficiency has been
determined for a 6Li glass detector and for a
plastic proton recoil detector, using IBIS as a
\\\v-dc%} monoenergetic neutron source. The method was
described in an earlier Progress Report 53) and
' is based on a direct comparison with a calibrated

T
1

ABSOLUTE EFFICIENCY (%)

; Yo Hanson-McKibben long counter. The absolute
\ ; detection efficiency of the long counter was
o PR : ! determined by J. M. Adams using the Harwell
0-01l O 1.0 1.0 ol
NEUTRON ENERGY (MeV) spontaneous fission source.

The thickness and diameter of the lithium
Fig. 21. Measured efficiencies for Li-glass glass detector (NE 905) were 1.27 ¢cm and 11 cm
and plastic detectors. respectively and it was mounted directly on a
5 in. photomultiplier. In order to reduce the
background, the detector pulses were passed through a single channel pulse height discriminator with a
30% width centred on the peak pulse height observed with thermal neutrons. The full width at half
maximum of the pulse height distribution observed with thermal neutrons was 27%. With increasing
neutron energy, the mean pulse height increases and counts are lost due to the window discriminator
being always set with respect to the thermal peak. This is a major contribution to the low detection
efficiency of this system for neutron energies approaching 1 MeV. The proton recoil detector consisted
of a disk of NATON 136, 2.5 cm in thickness and 12.7 cm in diameter, viewed by a coincidence arrange-
ment of two 2 in. photomultipliers coupled to its back surface by a short perspex light pipe. The results
of some of thesc measurements are shown in Fig. 21. Neutrons in the region of 5 MeV were produced by
the D(d,n)"He reaction. Because of the presence of large backgrounds, the results contain some
systematic errors and, for this reason, the efficiency is known accurately only up to 2 MeV. The

measurements near 5 MeV are to be repeated and it is also intended to make an efficiency determination
at 14 MeV.

A full dcscnpuon of the 1OB plug detector and its efficiency calibration has already been ngcn(ﬂ).

In this detector, y-rays from the 1 B(n ) 'Li* (y) L.i reaction are observed in Nal crystals surrounding a

B plug. The original plug consisted of 774 g of *“B metal contained in a thin walled aluminium
container 12.7 cm in diameter. This plug has now been modified by the addition of 741 g of vaseline,
which although reducing the efficiency at low energies, results in a considerable enhancement at higher
cnergies. The increase in efficiency at hlgh energies is due to (i) moderating effects in hydrogen which
increase the capture probability in the 105 and (ii) increased scattering into the Nal crystals which
increases the number of v-rays arising from inelastic scattering; these y-rays are also detected and
contribute to the counter efficiency. The time uncertainty due to the neutron moderation in the vaseline
is considerably smaller than the shortest pulse length (60 n sec.) used in the present measurements.
Fig. 22 shows the efficiency of the original *VB plug calibrated on IBIS, the calculated extrapolation to
lower energies ", together with the measured efficiency of the 10B vaseline plug, which was determined
by measuring the neutron booster spectrum with each detector and comparing the results.
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FUNDAMENTAL AND BASIC RESEARCH

PULSED VAN DE GRAAFF ACCELERATOR (IBIS

Studies of various 3”6 n) reactions (J. M. Adams, A. Adams*and J. M. Calvert*)

Further experiments have been carried out on the study of proton -rich nuclei. In particular, an
angular distribution of the neutrons from the reaction * 24 Mg(3He n) 81 at 3.0 MeV (Fig. 23 (overleaf)) has
been obtained which exhibits a forward peak in spite of the fact that the incident energy is a few MeV
below the coulomb barrier.

A study of the energy levels of 15g using the reactions 13C(‘;He M1%0 and 14N(d n)lSO has
vielded angular distributions at 3.0 MeV and excitation functions between 2.0 MeV and 3.0 MeV for most
of the L5 o) energy levels up to 9.0 MeV. Some of these angular distributions exhibit characteristic
stripping patterns (Fig. 23).

A DWBA computer pr é,ramme is bemg usad to analyse the angular d]strlbunons that have been
measured for the reactions Be( He n) C B( He,n) 2N 13C( He n) 50 and ‘4Mg( He n)'6S| The
programme is based on the theory of Rook and Mxtra(ss) which assumes that for double stripping the two
nuclecons are captured into a linear combination of single particle states. Thus the single nucleon form
factor, 1 = p/t (the radial wave function of the captured nucleon) is replaced by the form factor

L 2 oL L 2
= S 011 ¥1 + 012 ¥y ¥y + 632 D)

where L ranges over the possible L values for the transition and the GL are parameters. Of the analysis
done so far, some of the experimental results agree with this theory better than others (Fig. 23); part of the
difficulty may be due to the choice of the 3He optical potentials, about which there is not much
information in this energy range.

Some DWBA analysis of the angular distributions obtained {rom the reactions 10B(d n)nC and
1'J’N(d n) O has been carried out.

(55) Rook J. R. and Mitra D. Nuclear Physics 51, 96 (1964).

*University of Manchester.
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Fig. 23. Angular distributions of (3He,n) reactions.

The (3}\0‘11) reaction on 170 and 180 (B, H. Amitape, ¥, Gul and B, V. Hooton)

A report of preliminary measurements on the 170(3116,11)191\1:‘. reaction has alrcady been given(56).
Subsequently, a high resolution study of this reaction has resulted in the location of eleven neutron
groups a{%sing from levels in 9Ne. 'ﬂlgese data were obtained from measurements with a 100 pg.
cm™= W 2704 target (containing 15% 0) at flight paths of 8 m and 6 m, and at an incident energy of

3.1 MeV. The neutron groups associated with (I) the known triplet of levels close to the ground statc(57)
and (I the known triplet of levels near 1.5 MeV(SS) were not resolved. Apart from the above (and also a
state reported at 2.78 MeV ) all the levels in *?’Ne shown in Fig. 24 have not been observed .
previously. There is some doubt at present as to whether a group of neutrons associated with a level at
3.71 MeV in 9Ne is genuine and further work is required to settle this point. It is of interest to note

that the apparent close correspondence of levels in '”F and “”Ne is somewhat disturbed if a level

(56) Amnmitage B. H., Gul K. and Hooton B. W. Nuclear Physics Division Progress Report,

AERE - PR/NP9, p.19 (1966).
(57) Ajzenberg-Selove F. and Lauritsen T. Nuclear Physics 11, 1 (1959).

(58) Freeman J. M. and West D. Nuclear Physics 38, 89 (1962).
(59) Wesolowski J. J., Anderson J. D., Hansen L. F., Wong C. and McClure J. W. Nuclear Physics 1t,
586 (1965).
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exists at 3.71 MeV in que- One might suppose,
= . T T however, that a 3.71 MeV level in * "Ne

530 comresponding to the 3.912 MeV level in 19g
510 5.09%0.05 would be subject to a Thomas-Ehrmann 60 shife,
6o 4,723 0.05 sin?e the: fcfrmcr level lie-s above the o
2 56 S ;8.82 a-dissociation energy while the latter lies just
4.38 4.38%*0 05 below the corresponding a-dissociation energy in
4 o1 4.03 ——— 4.14 *O 05 g A moreldetaxled comparison of the level
Tneo ;:S? 4 03toos positions in e and 19F will have to await
JPER -, 3 71t0.07 spin and parity measurements. Preliminary
Tore 3.52 angular distribution meas-urcments have- also
been made and an analysis of the data in terms
of double stripping reactions is in progress.
+
279 2 80200 Particular care had to be taken in the
above measurements to ensure that contributions
arising from (3He,n) reactions with 130 and 13¢
were taken into account. It was necessary to
make separate measurements with "°0 and 13 C
targets at several angles of observation.
1 6l Measurements have also been made on the
| 30— X Zf 1SO( He n)‘ONe reaction at a fhght path of 8 m
'oas using WQ3 targets enriched in 185, More data
will have to be taken, however, before the
position of levels in ““Ne can be established
with any degree of confidence.
920 8 :2 . ) Some difﬁcgl'ty was found throughout al}
oy 0.00 T 0.00 this work in obtaining accurate neutron energies

from the time spectrum. The method finally
adopted was to calibrate the time spectrum with
the 9Bc(:’He n)“C reaction, using the

* accurately known Q-values for the levels in 1]C
This technique avoided the necessity of

Fig. 24. Energy levels in wNe the excitation
energies below 2 MeV are from references
the remoinder were measured in this work. The

Ex:sn’anc.e f:f a‘ level T 3.71F(Me{V 's i?Ubrguzl‘) measuring the dispersion of the time-to-pulse
SVels In ihe mirror nucieus ':e erence height analyser with delay cables. The incident
are shown for comporison. k
) o . He energy was measured by the method

described by Ferguson et al.

SMV VAN DE GRAAFF GENERATOR

The channelling of ions in single crystals (G. Deamaley and I. V. Mitchell (with R. S. Nelson and

B. W. Farmery, Metallurgy Division)).. - ’

During the last six months much of the time has been occupied with the design and commissioning
of a new system of beam collimation and crystal onentoatmn. Rotation about each of three orthogonal
axes can now be made remotely, in steps of (6 b 10 ) by means of a precision target mount designed

:

(60) Thomas R. G. Phys. Rev. 88, 1109 (1952).

(61) Ferguson A. T. G., Lawergren B. and Momson G. C. Nuclear Physics Division Progress Report,
AERE - PR/NPS, 22 (1965).

(62) Silbert M. G. and Jarmie N. Phys. Rev. 123, 221 (1961).
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by Mr. K. C. Knox. The Van de Graaff beam can be defined to better than 0.01° by a rigidly-mounted set
of collimating apertures. With the new system much better reproducibility of beam alignment is now
possible. A beam quality of 10‘4 mm radian has been achieved.

Fig. 25. The channelling of 4 MeV protons through a single crystal of MgO which
are travelling near the <100> direction.

The transmission of protons with energies between 1.0 and 4.5 MeV has been studied in thin
crystals of silicon, iron and MgO. An X-ray emulsion, mounted behind the target, allows the emerging
protons to be recorded photographically. A so far unexplained pattern has been observed when the
crystal is misaligned with respect to the beam by about 1° (see Fig. 25): a dark streak appears to one
side of each blocking line away from the beam axis. The effect was observed first in MgO, and was
tentatively explained by Prof. M. W. Thompson in terms of a build-up of electrostatic charge on the
insulating crystal. This would cause a differential deflection of channelled and unchannelled particles.
However, the effect did not disappear when the experiment was repeated with a conducting film of
aluminium deposited on the rear face of the crystal. \loreover, the effect has now been demonstrated
using an iron crystal.

A suggestion(63) that ion focusing occurs in ionic crystals due to the electrostatic charges of ions
within the lattice has not been substantiated by further experiments. Very similar effects are observed
in MgO and Si when crystals of similar thickness are compared. Such focusing, although physically
possible, is now thoughtto be a second or third-order effect at AMeV energies.

In order to achieve some degree of energy sensitivity in the recording photographic emulsion,
Nel!son has suggested the use of colour film of a type in which the layers which develop to different
colours lie at different depths in the emulsion. In Agfa negative colour film, for instance, the surface
laver develops to yellow, the next to magenta, and the deepest, lying about 20y from the surface,
develops to cyan blue. Thus protons of energies up to 1.4 MeV will sensitize different layers and so
give rise to varying colours on development. Protons of 1.5 MeV channelled along the < 110> direction
in a 20u silicon crystal were allowed to enter such an emulsion, and the resulting photograph
successfully revealed the higher energy components of the central star pattern in red, while the lower

(63" Nuclear Physics Division Progress Report, AERE - PR/NP9, p.21 (1966).



energy syvmmetric distribution comresponding to normal transmission appeared in yellow. The technique
should be very useful in revealing more information about the energy loss in channelling, and will
supplement the more time consuming measurements of energy spectra using collimated detectors.

[sobaric spin mixing and the decav of analogue resonances (Mrs. S. Ramavataram)

The Coulomb mixing of the analogue state with the neighbouring T, states of the compound system
in general arises from

(a) internal mixing;
(b) boundary condition mixing or external mixing.

Theories of isobaric spin analogue rcsonances(64’6:"66) assume that one or the other
predominates and make gencral predictions regarding the decay of the analogue resonances via T<
channels.

According to the Robson theory“"”, which assumes external mixing only, the decay of the
analogue resonances in T, channels is governed entirely by the collision matrix element for transitions
via the T, states alone. The branching ratios would then depend on the ratio of the transmission
coefficients; size resonances in any particular channel being reflected in large branching ratios.

lowever, according to theories which assume internal nlixing(65'66), the decay of the analogue
resonance via the T, channels would be governed by nuclear structure effects. The essential require-
ment for a strong transition in any T, channel would be a good overlap between the configuration of the
T< state mixing into an analogue state and the configuration of the final state in the T channel,
viz. particle + final nucleus in the appropriate energy state.

The amount of experimental data available at present is rather limited and a systematic study of
such decays is lacking. Analysis of the Jdata so far does not give any clearcut indication in favour of
either of the two theoretical approaches. For example, the Robson approach has been successful in
obtaining good fits to the 92Zr(p,n) excitation function®7),

On the other hand, a more detailed investigation((’s) of the 89Y(p,n) reaction via the 27, 37
analogue states in 0z, leading to the ground state (%) and the first excited state (%7) in ®?Zr casts
some doubt on the predictions which follow from Robson's theory. The branching ratios observed
experimentally cannot be satisfactorily accounted for by transmission factors obtained by optical model
calculations (69,

An attempt has been made here to obtain a qualitative description of the results of the
8()Y(p,n)g 7t reaction'®® under the assumptions of internal mixing. The configurations of the relevant
states are obtained on this basis,

(64) Robson D. Phys. Rev. 137, B535 (1965).

(65) Jones G. A., Lane A. M. and Morrison G. C. Phys. Letters 11, 329 (1964).
(66) Bloch C. and Schiffer J. P. Phys. Letters 12, 22 (1969,

(67) Robson et al. Phys. Letters 18, 86 (1965). ‘

(68) Mani G. S. and Dutt G. C. Phys. Letters 16, 50 (1965).

(69) Johnson C. 1. Private communication.



Decay of the 2=, 3™ analogue states in qoZr to 8“;ng_s_("/,"") and 892'151 exc.ai_) states via the
(p.n) reaction (Mrs. S. Ramavataram)

The g-state doublet in qu has the configuration:

[n’pﬁ(vp%)2(vg9/2)10(vds/:)]2_’ -

.o . . i .

Isobaric analogues in 9“Zr will contain components (using the arguments of Lane and Sr"cr(m) and also

their notation) Xszs X%, and yy,, where suffixes refer to the orbit in which a neutron is replaced by proton
2 2

when going from 90Y 1o 907;. : Y

Appreciable transition rates from such an initial configuration to the ground state of 897: can be
understood if we assume configurations of the type:

[i[(np!é)z(up,é)(vgg/z)mm(vrh/z)‘l (vds/z)}] H E(rrpl/&)(rrgv/z)(vpl/_,)z(vgulz)gii (VPJ/z—l)(Vds/z)E] ;
Ezrpn/._)(vds/z)(v[‘x/z)z(vps/z)—l(Vgﬁ/z)w] ; E[(ﬂp%)z(upxé)(ugz)wm (vfs/z)—l(uds,/z)}]
in addition to the simiple shell model configurations.

A gquantitative examination of these ideas and attempts to take into account coulomb mixing in a
more rigorous mannet in the analysis of analogue resonances are being considered in collaboration with
Dr. A. M. Lanc.

12MeV_ TANDEM GENERATOR

Experiments relating to pure Fermi decavs and to theories of weak interactions (J. M. Freeman and
J. G. lenkin with G. Murrav” and W. E. Burcham’(‘j)

Although the ft values for transitions between J = 07, T = 1 isobars show considerable
consistency in the seven cases which have now been measured with an accuracy of better than 1%, we
have found a discrepancy of 1.4% and 6 standard deviations in one case (“ Alm([3+)“6'\1g) This result
implies the existence of unknown effects which may seriously influence the value, deduced from the
mean ft value, for the weak interaction vector coupling constant, Gy. Some doubt is then also cast on
the value of the Cabibbo angle HV for non-strange particle decays. It is therefore important to examine
the prescnt c\pcnmental ft value results carefully, and to investigate other cases, particularly that of

C(B"‘) B* , the lightest known pure Fermi decay. This is a dlfficult case smcc the relevant branch
s very weak ("' 1.5%) by comparison with the Gamow-Teller transition C(B*) B".

1 - The {t value for the decay IOC(B+)10B**

The work on this decay, mentioned in the previous progress report(ﬂ) has continued and, in
particular, further measurements of the energies of the y-ray transitions from the first and second
excited states of | B and of the 3-decay branching ratio to B** have been made with an 8 cc Ge(Li)
y-ray detector loaned ¥~ Dr. J. M. MacDonald and Mr. J. D. Ridley of Oxford University. Resulting

(70) Lane A. M. and Soper J. M. Nuclear Physics_37, 663 (1962).
(71) Nuclear Physics Division Progress Report, AERE - PR/NP9, p.24 (1965).
"’University of Manchester,

/
’/"University of Birmingham.
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values for the cnergies of the first two excited states of 105 4re 718.36 £ 0.20 keV and 1739 9+

0.6 keV. Combining these results with the previously measured value for the 10 B(p,n) C threshold(n)

we obtain for the end-points for the position transitions from 10 C to the first and second excited states
of 10B the values: 19097 + 2.0 keV and 888.3 ¢ 2.0 keV respectively.

The 3% branching ratio to the second excited state of 10 has been obtained from the relative
yields of 1032 and 718 keV y-rays following the '*'C decay, use being made of a relative efficiency
curve for the Ge(Li) detector as described elsewhere in this Progress Report 72, An upper limit of
0.05% for a branch f33 to the third excited state of 10g has also been obtained. In this way the 87
(Fermi transition) bmnch has been found to be (1.551 +0 Zo F(’) per cent of 10¢ decays. Combining this
result w:th previous measurements of the total half- llfe of 8 C gives the 3% branch a partial half-life of
(1252 + 5 ) sec, and the ft value for the Fermi decay becomes (2980 * + 7\) sec, which includes a radiative
cm’rs.cnon of 1.9% and a K-capture correction of 0.3%. This result is about 4% and 2 standard
deviations lower than the mean (3123 # 7) sec obtained for decays involving nuclei with higher Z. This
difference is in the same sense as for 26 1M Further work to reduce the error on the 10C result is
planned.

11 - The_threshold for the reaction 14N(D.n)140

\Measurements of the threshold for this reaction are being made by the same method as that used at
Harwell for other cascs relevant to the study of pure Fermi beta decays. This will allow a more direct
comparison of the 1 (B*) WN* decay with the other decays.

Il - The ft value for the decay 39Ar(8H35C]

This transition, between mirror %% states, involves a Gamow-Teller as well as a Fermi decay.
However the Gamow-Teller matrix element in this case is quite small; its ratio to the Fermi matrix
element has been obtained through an asymmetry measurement for the decay of polarized 35Ar by
Commins et al.73  An accurate ft value measurement thus offers the possibility of an estimate of the
magnitude of the vector coupling constant Gv, which can be compared with the values deduced from
O*— O% transitions. We are making measurements of the threshold for 35¢1(p,n)33Ar, 10 determine the
BT end-point. A new radiothorium pot has been installed to provide a ThC” a-particle source for the
proton energy calibration.

Ge(Li) y-ray detectors, because of their very good resolution, offer the possibility of precise
measurements of y-ray yields, provided the total-energy-peak cfficiency can be accurately determined for
the given experimental geometry. Calculations of this efficiency are difficult because (i) multiple
events following Compton scattering make a significant contribution to the total-energy-peak, (ii) wall
effects are large, (iii), the geometry, particularly with accelerator experiments, is not precisely defined,
(iv) the photoelectric and Compton absorption coefficients are not known to better than a few per cent.

In many experiments only relative y-ray yields are required. We have devised a method (largely
empirical) for obtaining a relation for the relative efficiency covering the y-ray energy range
500-1500 keV for any given Ge(l.1) detector in a specific geometry, with an accuracy of about 1%,

Use is made of sources for which the relative emission rates of pairs of y-rays are precisely known,
viz =~Na, V" Co, 6Sc and FOMn. Details of the decay schemes involved and the method used to extract
the ratios of the total-energy-peak yields are given elsewhere 78 1n each case the measured peak ratio

(72) Freeman J. M. and Jenkin J. G. This page.
(73) Calaprice F. P., Commins E. D. and Dobson D. A. Bull. Am. Phys. Soc. 10, 424, AB2 (1965).

(74) Freeman J. M. and Jenkin J. G. Report, AERE - R 5142 (1966), also Nuclear Instruments and
Methods (in course of publication).
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divided by the known emission ratio gives the efficiency ratio for the counter for the two radiations. To
determine the shape of the efficiency curve which fits these ratio measurements, use is made of the
semi-empirical formula:

€ocT + 0 A exp (—BEy) ,

where 7 and ¢ are the photoelectric and Compton absorption coefficients, for which the relative values of
Davisson and Evans(75) have been found the most satisfactory. The constants A and B in the formula
are obtained by using two of the measured efficiency ratios. The other two ratios are then used to
check the consistency of the relation.

Considerable confidence in the reliability of the method was gained from the consistency of the
tesults obtained with two Ge(Li) detectors of quite different dimensions, for which the relative
contributions to the total-energy peak from the photoelectric and multiple Compton processes were
markedly different.

R, B. Tavlon)

An investigation of the isobaric ana]ogue states in 121gy, has been carried out by studying the
elastic and inelastic scattering of protons by 0Sn Excltauon functions for the elastic scattenng and
inelastic scattering to the first excited state of 120 Sn(2t, 1.17 MeV) and the first 37 level in 1205,
(2.39 MeV) have veen measured over the incident energy :ange 7.36 to 10.3 MeV (c. of m.). The results
are shown in Fig. 26. The resonances observed in the elastic scattering are analogues of the low lying
states of 121 Sn. The resonances at 7.48 and 7.53 MeV are the analogues of the ground and first excited
states of 121sn respectively. The resonances at 8.62 and 8.92 MeV are analogues of the ds, states of
121g, at 1.12 and 1.40 MeV, while the resonances at 10.08 and 10.20 MeV are probably anafogues of the
fv/z states at 2.59 and 2.69 MeV. Apart from the resonances observed in the elastic channel, there are
two other resonances which are seen only in the 2% inelastic channel. These are the resonances at
8.40 and 9.78 MeV and they are evidently analogues of the 0.94 and 2.29 MeV levels in 12, (the
positions of the 121g, levels cited above are taken from the work of Schneid et al. 76)).
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Fig. 26. Excitation functions for proton elas- €orr)
tic scattering and proton inelastic scaHenng
to the 2+ first excited state of 120Sn, The Fig. 27. Excitation functions
arrows indicate energies at which resonances for the elastic scafrermg of
were observed in the reaction protons by 0sn,

1205(5,p°)1205n%(37,2.39 MeV).

(715) Davisson C. M. and Evans R. D. Rev. Mod. Phys. 24, 79 (1952).
(76) Schneid E. J., Prakash A. and Cohen B. L. (To be published).
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120 120 Figs. 27 and 28 show the excitation

sn (b, p') Sn curves in the region of 7.5 MeV in more detail.

et~ @ The curves for elastic scattering (Fig. 27)

\ clearly show twe resonances, the lower of which
must be a d-wave resonance since it is not seen
at @ = 123°% 1t is presumably the dy, ground state
of 12150077 The other resonance is the

o analogue of the sy, state of 121g, lying 50 keV
above the ground state. In ~“*Sn there is also
an hi:, state very near this low-lying doublet,
but it§ exact excitation energy is uncertain.

. The inelastic scattering data (Fig. 28f) indicate

that the level is either very weak or degenerate

with the S14 level.

! One interesting feature of the 1"mSn data
is that very few of the resonances correspond to
a single garticle plus excited core configuration,
In the 118g, + p work, many such resonances
Y o were observed(78) whereas, in 120g, p, only
three resonances at 8.40, 8.92 and 9.78 MeV are
observed and all three correspond to a single
particle coupled to the “=YSn core excited to the
2* state. No resonances were seen which could
be attributed to a single particle coupled to the

NUMBER OF COUNTS x7-7x10™2

@ 3~ state of 1205:1. (See also Rcference(79)).
7.4 75 76 7.3 Decay of isobaric analogue staies to highly
INCIDENT  PROTON ENERGY (MeV) excited states of Sn (D. L. Allan)
@. of M)

Fig. 28. Excutation functions for the inelastic scot-

tering of protons from !<YSn leading to the following In addition to the experiments reported

states of 1205n; o) 2%, 1.17 MeV; b) 3™, 2.39 MeV; previously 8 in which isobaric analogue

c) on unresolved "ipl:';f states, 2‘-"81; 22-9'% Mez: resonances were observed in proton elastic and

d)0*, 1.87 MeV; ) 0%, 2.63 MeV; £ 4%, 2.18 MeV. . . . _

The 2% excitotion curve was measwst at 149°% all me].astxc Scattel‘ll'iﬁsto the ground and first two
the others were measured at 110 excited states of Sn (at 1.23 MeV (2+) and

2.32 MeV (37) excitation energy), excitation curves for proton inelastic scattering to about 20 levels in

Sn with excitation energies between 2.32 MeV and 5 MeV have now been taken. Because of the high
density of levels in this range of excitation energy, a charged particle magnetic spectrograph with
nuclear photographic plates in the focal plane was used in these measurements. Preliminary results
have already been reported 81,82 . As previously, the scattering angle was 90°

Fig. 29 (overleaf) shows examples of three such excitation curves for levels in 18g, at excitation
energies 3.42, 3.56 and 3.89 MeV, where the numbers 8, 10, 13 refer to the numbers of the proton groups
in the spectra shown in References 81.82) 1t can be seen that group 10 undergoes very large resonances
at 9.98 and 10.28 MeV, group 13 undergoes a strong resonance {(actually two closely-spaced resonances)
at 10.96 MeV, while group 8 exhibits six strong resonances in the range of incident proton energies

(77) Nuclear Data Sheets, National Academy of Science, National Research Council, Washington 25, D.C.

(78) Allan D. L., Jones G. A., Morrison G. C., Taylor R. B. and Weinberg R. B. Phys. Letters 17, 56
(1965).

(79) Allan D. L., Jones G. A., Taylor R. B. and Weinberg R. B. Phys. Letters 21, 197 (1965).

(80) Allan D. L., Jones G. A., Morrison G. C., Taylor R. B. and Weinberg R. B. Nuclear Physics
Division Progress Report, AERE - PR/NP9, 25 (1966).

(81) Allan D. L. Phys. Letters 14, 311 (1965).
(82) Allan D. L. Nuclear Physics Division Progress Report, AERE - PR/NPS, 27 (1965).
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Fig. 29. Excitation curves for the reaction ”85n(p,p')”8$n* fs staes of 1185, ot excitation
energies 3.42, 3.56 and 3.89 MeV,

represented. Fig. 30a brings together the results for all the excitation curves on the same relative
intensity scale; the actual excitation curves are omitted here, only the peaks of each resonance are
represented by a symbol giving the reference number (or letter) of each particle group plotted at the
appropriate relative intensity (ordinate) and incident'energy (abscissa). 1t can be seen that most of
these symbols are clustered around a few discrete vertical lines indicating that the same resonances
were observed through many different decay channels. In addition to the results obtained with the
magnctic spectrograph, Fig. 30a shows also the relative intensities of the inelastic scattering to the
2% and 3™ levels(78,80) reduced by factors of 3 and § respectively. The short thick lines near the
abscissa scale of Fig. 30a indicate the incident proton energies at which one expects to observe
analogues of levels in 190, These energies were obtained by adding the incident energy at which the
analogue of the ground state of 119511 is observed (7.34 MeV(SO)) to the excitation energies of 119g,
levels observed(83) in the 118Sn(d,p)1 Sn reaction. It will be scen that in several cases the expected
position corresponds quite closely to the observed position of a resonance. However, there are cases
where a Sn level observed in the (d,p) reaction is not associatad with an analogue resonance and,
conversely, there are cases (e.g. the resonance at 10.78 MeV observed through groups 14, 15, 20) where
a resonance is observed but no corresponding level was observed in the 118Sn(d,p)“(’Sn reaction. This
can be explained by the fact that the levels most strongly excited in the 118Sn(d,p)H(’Sn reaction have
configurations with simple connections with the 118g, ground state configuration, whereas levels with
little of the ground state configuration are likely to be missed. This is not the case with
llssn(p,p'ﬂlssn* reactions; strong resonances can occur when an analogue of a 119gn level is excited
whose configuration has a simple connection with either the (initial) ground state (1183n) or with the
(final) excited state (1188n*). One may suppose that levels 14, 15, 20 (excitation energy 4-5 MeV)
contain little of the 118sn ground state whereas level 10, whose resonances correspond closely to
several 1198n analogues, is simply related to the 118gn ground state.

1t was originally hoped that comparisons of the cnergies at which different 18g, jevels resonated
would permit conclusions io be made about their configurations. A glance at Fig. 30a shows that such

(83) Allan D. I.. (Unpublished, 1965).
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Fig. 30. Anologue stote resonances; a) the peaks of each resonance in the excitation curves
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b) the excitotion curves are arranged in accordance with excitation energy of the analogue relcmve
to ground state cnalogue, and also with respect to the excitation energy of the final state in 1185,

relationships are far from simple. The situation is further complicated by the fact that some of the

resonances represented by single vertical lines in Fig. 30a are actually unresolved doublets
(i.e. analogue state doublets).

Fig. 30b shows the excitation functions plotted with respect to the excitation energies in both
11884 and 11%n (= incident energy minus 7.34 MeV). As noted earher(gl 82) there is a tendency for tne
strongest resonances to occur at roughly simitar excitation enerz,les inl Sn and 1an (note: the
strongest resonances of levels [ and H (excitation energies in 1 Sn, 1.74 and 2.03 MeV) and of level 20
(5 MeV) lie off this diagram to the leflt and to the right, respectively).

Isobaric_analogue states observed in the 90Zr(p,p’)gOZr reaction (G. A. Jones, G. C. Morrison and

R. B. Taylor)

The inelastic scattering of protons on 902r has been studied in the energy region 6 MeV to
8.7 MeV. The cross sections were .obtained by two methods: (a) the measurement of the 2.3 MeV y-ray
from the 5 (0.8 sec) isomeric level in 907 and (b) by directly observing the inclastic proton groups
corsesponding to 4 levels in Nz, using a solid state counter. A total of 20 resonances were scen of
which 8 were observed to populate the 5~ level in 9OZr either by proton emission directly to this level
(1 resonance) or proton emission followed by a y-ray (7 resonances). The resonances appearing in the
0r (ist excited state) and 2% (2nd excited state) inelastic channels agree with those seen in the elastic
aoattumng CIOSS section curve measured at Florida State Umversnty.

A comparison of these resonances, which correspond to levels in 91Nb and the low-lying levels in
the isobaric nucleus ° Zr, shows that (a) the resonances seen in the 07 -and 2% inelastic channels agree
very well with the known levels in 91Zr and account for all the known levels; (b) the resonances
observed in the 5~ and (37,47) channels have no corresponding analogue level in 91Zr. This is to be
expected as the resonances observed in the high spin inelastic channels are almost certainly due to
2 particle 1 hole analogue states which are difficult to excite in the isobaric nucleus by the (4,p)
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reaction. If the number of 2 particle 1 hole states is calculated, a<.’ ¥+ - ume that we see only those

which decay by emitting a proton with £ < 3, then we expect a tota: .-/ < -~ .vnances in the 5~ and
(47,37) channels combined. The face that seven are observed showr ++..5:.:<ie agreement. The extra
resonance can be explained as being due either to a more complica** ui~ ! -uration or to a state

decaying by emitting an €= 4 proton.
The results indicate that a more careful investigation of the low-lying levels-of ngr is necded to
find these 2 particle 1 hole states whose analogues are observed as resonances in the ? Nb compound

system.

OFe(d.d10Fc at By = 11.5 MeV (R. K. Jollv and A, K. Sen Gupta)

1t has been suggested(84) that (t,p) and (d,d") reactiens at intermediate bombarding energics lead

to the excitation of similar configurations in the residual nucleus, Detailed analyses of the
4Fe(t,p)S(’F‘s: reaction leading to spin and e:)arity assignments to several states in 56Fe have been
completed recently by Cohen and Middleton 85), so it is interesting to compare this information with that
obtained from 36Fe(d,d')S(’Fe studies. A detailed correlation of cross sections for the same siates
excited in the two.reactions can be used to understand the nature of states excited in either reaction.
Furthermore, detailed shell model calculations of the states in b e are in progress at Oak Ridge
National Laboratory(% so that one will be able to make use of the microscopic form factors inferred
from these studies in DWBA calculations of inelastic deuteron scattering cross sections.

An isotopically pure target of 56pe (1 mg/cmz) was bombarded by an 11.5 MeV deuteron beam from
the tandem generator and the reaction products were analysed with a magnetic spectrograph, Nine energy
levels in 0Fc with excitation energies up to 3.90 MeV have been observed with an energy resolution of
~ 20 keV. Angular distributions at 5% intervals have been measured from 20° to 135°% Some preliminary
DWBA calculations have been done using a very early version of the ORNL code ‘JULIE’,

DWBA calculations and the 3.12 MeV state in 60Ni (A. K. Sen Gupta and R. K. Jolly)

DWBA calculations have been very successful in predicting the shapes and magnitudes of the
differential cross sections for the excitation of collective quadrupole and cctupole states in even-even
spherical nuclei observed via inelastic scattering. It is believed that less strongly excited states
(e.g. one particle-onc hole excitations) that are reached via a singie-step angular momentum transfer
process (frequently called single excitations) may also be described equally successfully by DWBA
calculations. On this basis, a s;;in and parity of 37 was assigned to the 3.12 MeV level in 60Ni from
earlier (d,d”) reaction studies(87 by one of us (R. K. Jolly).

Recently some controversy has arisen because studies of the 61Ni(d,t)(’ONi rcaction(SS) and
compound nucleus inelastic proton scattering 89) indicate that the 3.12 MeV level should be assigned
spin and parity 2%. This apparent disagreement gives rise to two questions:

(1)  Whether or not there exist two close levels around 3.12 MeV in 60Ni;

(2) for non-collective single excitations, whether or not DWBA analyses are reliable enough to
predict spins and parities.

(84) Cohen B. L. (Private communication).

(85) Cohen B. L. and Middleton R. (To be published).

(86) McGrory J. and Drisko R. M. (Private communication).

(87) Jolly R. K. Phys. Rev. 139, B318 (1965).

(88) Fulmer R. H. and Dachnick W. W. Phys. Rev. 139, B579 (19565).
(89) Mohindra R. K. and Van Patter D. M. Phys. Rev. 139, B274 (1965).
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To provide an answer to these questions, we are extending the earlier (d,d") WOrk(87) using the
improved energy resolution (= 20 keV) attainable with the magnetic spectrograph at 11.5 MeV bombarding
encrgy. Using a 2 cm position sensitive detector, preliminary studies have been made of the 3.12 MeV
group and the collective 2% and 37 groups. A detailed elastic scattering angular distribution has also
been measured to provide the optical potential parameters needed for DWBA calculations.

Nuclear lifetimes by the Doppler shift attenuation method (W. M. Currie anci C. 1. Johnson)

The standard method for determining nuclear lifetimes by the Doppler shift attenuation effect is to
record two y-ray spectra, one with the detector at a forward angle and the other with the detector at a
backward angle. To avoid systematic errors which are likely to arise from gain changes in the photo-
multiplier, it is generally necessary to stabilize with respect to the photopeak of some additional y-ray
group provided by a radioactive source. This reference y-ray group is recognised by means of 8-y or y-y
coincidences, and it is suppressed in the final y-ray spectra.

An alternative method is to use two targets in tandem, the first target having no backing while the
second is provided with a backing to stop the recoil ions. Provided the y-rays can always be uniquely
associated with one or other of the targets, a detector placed at 0° will yield two peaks: one fully
shifted and one which has suffered an attenuated shift. The separation between these two peaks will be
smaller than that achieved by the standard method but, to compensate for this, the counts may be
accumulated more rapidly. Also, any given change will affect both peaks in the same way and therefore,
provided the gain changes are small, no stabilization should be necessary.

Fig. 31a (overleaf) shows our arrangement for measurements with two targets. The first target is
unbacked and does not reduce the beam energy significantly, while the second target has a metal
backing appropriate to the measurement being made. The a-particles (or protons etc.) emitted in the
reaction are detected in the two annular counters, each of which can detect particles from one target
only. These counters can be placed at angles of nearly 0° (as shown) or of nearly 180° to the beam
direction if desired. The 3 in. x 3 in. NaI(Tl) detector is placed at 0°, just beyond the Faraday cup.

Measurements of lifetimes in 24Mg are in progress, and other measurements using a 29 cc Ge(Li)
detector are planned. In the case of 24Mg, the reaction 2C(160,a)24Mg was used. The first excited
state has a well known lifetime which was used to test of the method. Fig. 31b shows fully and
partially shifted peaks for the 1.37 MeV y-ray when the second target had an aluminium backing. The
observed separation is in agreement with the known value of the lifetime, Preliminary results have also
been obtained for the 4.23 MeV level, and higher lying levels are being examined.

Energy loss of heavy ions in matter (B. H. Armitage and B. W, Hooton)

Measurements have been made of the charge state fractions of sulphur ions traversing gold (i.e. the
fraction of sulphur ions with charges 7%, 8%, 9™ etc.) and it has been found that the root mean square
charge (Zr) derived from the measurements differs from the effective charge (Ze) derived from the
relation

2

7 =
[

(dE/dX)g/(dE/ dX)p s

where (dE/dX)S and ({E/dX)_ represcnt the energy loss of sulphur ions and protons moving with the
same velocity in the same stopping material, Values of\(dE/dX)S were obtained from our own
measurements(?®) and the (dE/dX)p data were obtained from Whaling .

The results of the charge state fraction measurements made with the broad range magnetic
spectrograph are shown in Fig. 32 (overleaf), and the derived values of Zr for 20 and 30 MeV sulphur

(90) Nuclear Physics Division Progress Report, AERE - PR/NP9, p.27 (1966).
(91) Whaling W. Handbuch der Physik 34, 193 (1958).
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ions in gold are given in Table VI. A significant
difference is observed between Zr and Ze at both
energies. This resuit is in agreement with Booth
who found that Zr was .
consistently greater than Z, for 10-35 MeV
chlorine ions traversing gold and aluminium

Booth and Grant(()z) observed that the rms
charge of oxygen ions was higher in a carbon
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Fig. 32. Charge distribution of 20 MeV sulphur

jons in carbon and gold.

foil than in a gold one. We have been able to
confirm this result with measurements made with
14 MeV oxygen ions. Also, our measurements
with 20 and 30 MeV sulphur ions in carbon and
gold show a similar dependence of the rms
charge on the stopping material. On the other
hand, Booth and Grant found that Zr for chlorine
ions in aluminium and gold were almost equal.

(92) Booth W, and Grant 1. S. Nuclear Physics 63, 481 (1965).
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TABLE VI
Root mean sguare charges !Zrmd effective charges (_Ze) for sulphur ions

20 MeV 30 MeV
Gold foil Gold foil
Ze 8.40 + 0.23 9.53 £ 0.27
A 9.2 +0.1 10.1 £0.1
Z[/Ze 1.10 £ 0.03 1.06 £ 0.03
Carbon foil Carbon foil
A 9.7 +0.1 10,6 x0.1

It thus appears that an accurate theory of energy loss will have to take into account variations of
electron capture and loss cross sections with the Z of the stopping material.

This work is now being prepared for publication.

45MeV ELECTRON LINEAR ACCELERATOR
(Nuciear Physics - II and Nuclear Photo-effect: E. R. Rae, N. J. Pattenden)

Energy spectra of photoneutrons from heavy nuclei (D. B. McConnell, B. H. Patrick and E. M. Bowev)

A new series of experiments has been started on the 45 MeV linear accelerator in which the yield
of photoneutrons from nuclei with A > 50 is observed for average excitation energies of 25 MeV and
30 MeV, i.e. at energies considerably above the peak of the giant resonance. As is well known, no
structure is observed under these conditions due to the high level density. The main component of the
yield curve has a statistical origin and this has given rise to the term “nuclear temperature” in the
theoretical attempts to describe the energy spectrum. The spectrum is a function of the level density in
the daughter nucleus and there have been several attempts to predict the behaviour of the level density
as a function of excitation energy and angular momentum 93-

'In the experiments, the shape of the bremsstrahlung spectrum is first measured for two incident
electron energies. This is done by measuring the neutron yield from deuterium by the heavy water -
ordinary water difference technique. Figs. 33 a,b (overleaf) show typical neutron spectra from heavy
water and ordinary water due to a bremsstrahlung spectrum whose peak energy was 34 MeV. The
difference spectrum, due to the neutrons from deuterium only, is shown in Fig. 33c (also overleaf), The
successful removal of all resonance structure arising from the oxygen photoneutrons is a good indication
of the stability of the linear accelerator mean electron energy and of the reproducibility of the experi-
mental conditions from run to run. The dip in the spectrum around channel 200 is due to absorption by
lead and uranium filters placed in the beam to remove y-rays. Neutron energies are determined by
measuring their time-of-flight along a 12 m flight path. The electron pulse has a full width at half height
of 20 nsec and timing channels of 2 nsec are used. Using the known photodisintegration cross section of
deuterium, a calculated efficiency for the neutron recoil detector, and applying corrections for the lead

(93) Le Couteur K. J. and Lang D. W. Nuclear Physics 13, 32 (1959).

(94) Beard D. B. and Mcl.cllan A. Phys. Rev. 131, 2664 (1963).

(95) Gilbert A, and Cameron A, G. W. Can. J. Phys. 43, 1446 (1965).

(96) Matchler G. S. Ph.D. Thesis, Mass. Inst. of Tech., Cambridge, Mass., Feb. 1966,
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and uranium filters, the shape of the bremsstrahlung spectrum is obtained. The bremsstrahlung spectra
at the two electron energies are subtracted, after suitable normalization, to give an equivalent photon
spectrum as shown, for example, in Fig. 33d. Generally, a small negative region exists from the thresh-
hold energy of the element of interest up to ~ 15 MeV. The threshold at 8.8 MeV for niobium is _adicated
by E, in Fig. 33d and for each element the normalization is adjusted to make the area of this region
small compared to the main positive peak. The errors shown are statistical.
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Ti.e photoneutron vields from the element being studied are also measured for the two bremsstrah-
lung spectra. These measurements are performed on a 110 m flight path with 3 nsec timing channels.
The yield curves are subtracted using the same normalization as that chosen for the bremsstrahlung
spectra. The resulting neutron spectrum is then due to the equivalent photon spectrum, which has a full
width at half height of ~ 12 \MeV. The elements so far investigated are Fe, As, Nb, In, 1 and Ta.

Fig. 33¢ shows the resuiting yield curve for niobium, where N(E JJE_/E_ has been plotted as a
function of E. The curve is nearly linear from 3 MeV to 10 MeV but thereafter it deviates strongly,
indicating an increased yield of high energy neutrons.

These results indicate a large “direct” component in the photoncutron spectrum of niobium at
excitation encrgies near 30 MeV. Comparison with the predictions of the statistical model for the
“evaporation™ spectrum, and of the single-particle model for the direct compoenent, will be made in detail
at a later stage after the effects of the choice of normalization factor, encrgy calibration, and neutron
scattering in the target have been fully studied.

S0MeV PROTON LINEAR ACCELERATOR (S.R.C)
(Proton Physics Group: P. E. Cavanagh)

d) reaction on the even isotopes of tin (P. E. Cavanarsh and C. F. Coleman)

1 - Occupation numbers in the d-shell

The analysis of the (p,d) data has continued. A preliminary determination of the occupation
numbers for the ds, orbit has been made using a method suggested by Cohen 91 , in which the sum of the
peak (p,d) cross sections for all transitions leading to levels of a given configuration is plotted against
the corresponding sum for (d,p) transitions to the same levels, for a series of nuclei. We made the
assignment of ds, for individual levels on the basis of a ‘j* dependence of the angular distribution 98)
and/or of the a(f»z,d)/a(d,p) ratios, using the values of Schneid, Prakash and Cohen®9 for the
corresponding (d,p) cross sections. If the sum rule given by Yoshida 100 is valid, the points would be

S . . . 2 2 2. . 2.
expected to lie on a straight line defined by aU“ + bV< = 1, where V= is the occupation number, U~ its
complement, and a and b are constants. The points shown in Fig. 34 (overleaf) do define such a line
reasonably well, suggesting that no important contributions to the ds, strength have been omitted for any
individual nucleus. The intercepts on the two axes give values for a and b, and so enable the occupa-
tion number for any nucleus to be determined. The accuracy of the values obtained should not depend to
any large extent on the uncertainties involved in the D.W.B.A. calculations of absolute cross sections,
but they will be affected by the dependence of the cross sections on the target nucleus mass and on the
Q-value of the reaction. These corrections are also obtainable from the D.W.B.A. calculations, but it is
hoped that the uncertainties introduced would be less than those arising from an absolute cross szction
determination. These corrections were not included in the results shown in Fig. 34 (overleaf).

In Fig. 35 (also overleaf) our experimental values for the occupation numbers are plotted as a
function of mass number, together with values obtained fran the pairing theory calculations of
Kisslinger and Sorenscn(lo , and of Arvieu . In addition, the results of Schneid et al.(99 are
plotted with and without Q value corrections. The large discrepancy between our results and those of

(97) Cohen B. L. and Price R. E. Phys. Rev. 121, 1441 (1961).

(98) Nuclear Physics Division Progress Report, AERE - PR/NP9, p.29 (1966).
(99) Schneid E. J., Prakash A. and Cohen B. L. (To be published).

(100) Yoshida S. Nuclear Physics 38, 380 (1962).

(101) Kisslinger L, S. and Sorensen R. A. Rev. Mod. Phys. 35, 853 (1963).
(102) Arvieu R. Thesis, Faculty of Science, Paris (Orsay) (1963).
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Schneid et al. (both without corrections) arises because we were able to identify many weak d levels as
:’u/z which were given ds2 assignments by the above authors. The application of Q-value corrections
obtained from conventional D.W.B.A. calculations brings their experimental points up from appreciably
"below the theoretical curve to a comparable amount above. A similar correction to our data would result
“ in our points lying very far above the theoretical curves.

Single particle energies calculated from quasi-particle energies based on the present ds
. . . . . g2
assigniments are in much better agrecment with theory than the energies derived from the assignments of

Schneid et al.

i1 - D.W.B.A. calculations

Both the ds, and ds/ data suggest that conventional D.W.B.A. calculations give corrections for the
effect of different Q-valu’es on peak differential cross sections which are much too large, and which may
cven be of the wrony sign. In such calculations the radius parameter for the bound state potential well
is arbitrarily kept fixed, and the different Q-values are allowed for by appropriate variations in the well
depth. Recently other possibilities have been considered. The view taken here is that variations in the
binding energy from the shell model value are brought about by residual interactions which have
important short range components. These can be represented as surface interactions, and can be
described by adding a variable surface derivative term to the Saxon-Woods potential defining the tound
state wave function or, more crudely, by merely varying the radius parameter of the Saxon-Woods potential.
We have used this last altemnative to accoun! for the range of Q-values spanned by a given configuration.

For these preliminary calculations, a D.W.B.A. programme due to !\1acefield(m3) was used which
has no spin-orbit terms and employs a local, zero range interaction. Proton optical model parameters
were obtaincd by fitting the data obtained by Ridley and Turner 0 with a search programme due to
Wilmore(IOS), in which spin-orbit terms were omitted. Optical parameters for deuterons were obtained by
interpolating and extrapolating the ‘deep’ well solutions of Perey and Perey(mﬁ), fits being obtained
also for real radius parameters less than 1.15.

Reasonuble fits to the ds/ angular distribution for 1205, were found for a wide range of the radius
2 . . - .
parameters for the three real potentials (see Fig. 36), with a range of spectroscopic factors of three to

(103) Maceficld B. W. Private communication (1965).

(104) Ridley B. W. and Tumer J. F. Nuclear Physics 58, 497 (1964).
(105) Wilmore D. Theoretical Physics Division. (Unpublished).
(106) Perey C. M. and Perey F. G. Phys. Rev. 132, 755 (1963).
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one. The deuteron optical radius
parameter is the main factor con-
trolling the position of the
maximum of the angular distribu-
tion, though the variation is in the
opposite direction to what one
might have expected. On the other
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There is evidence that the
ds/ shell is very nearly {ull
for 120Sn; if a range of spectro-
scopic factors between §0 and
120% is taken to allow for
uncertaintics due to the omission
of spin-orbit terms and of finite
range and non-locality corrections
from the calculations, we are left
with a range of values for the
bound state radius parameter
between ~ 1.20 and 1.30, a proton
radius parameter of 1.25, and a deuteron radius
parameter of between 1.07 and 1.15.

The value of (1/0) (do/dQ) relating to these
solutions is (4.5 + 2.3)% per MeV. The corres-
ponding value from the conventional D.W.B.A,
theory, assuming a constant radius parameter, is
14% per MeV. 1t seems likely therefore that an
approach based on a fixed bound state well depth
and variable radius parameter may be a more
satisfactory one for the particular conditions of
shell filling of the tin isotopes. A similar
approach is now being made to consider effects
due to the variation in isotopic mass.
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Optical model research programme: elastic scattering of 30 MeV protons (A. G, Hardacre and

J. F. Tumen

scattering from ‘Sn
component of the optical potential.

<

Our prevxously rchrted olastxc scattering data(104) have been supplemented by observations of
l4gn and '4Sn to provide a set of data for the examination of ths isotopic spin

These additional observations have been made using the Rutherford Laboratory 180 degree double
focusing magnetic spectrometer with sonic spark chamber detection. A limited remeasurement of the
scattering from *~VSn made using this equipment is in excellent agreement with respect to angular
dependence and absolute mafnitude with the earlier observation in which a stack of lithium drifted

silicon solid state detectors ) was used.
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Fig. 38. Elastic scattering of 30 MeV protons from tin
isotopes.

The 114Sn data have not vet been analysed. Angular distributions for 112Sn, 1ZOSn and l248n
elastic scattering arc shown in Fig. 38, where in each case the {ull lincs represent the best fit obtained
from Wilmore’s optical model search programme using a pure surface absorption term and including a
spin-orbit component in the optical potential. Analyses of our earlier data 1 suggest that fits would
be improved by the addition of a volume absorption term.

The optical model analysis has not proceeded far enough to provide a measure of the isotopic spin
component of the optical potential.

SYNCHROCYCLOTRON
(B. Rose)

Measurement of C‘\IN for p-p scattering at 143, 98 and 73 MeV using a polarized target (T. W. P. Brogden,

O. N. Jarvis, 1. Orchard-Webb, B. Rose, J. P. Scanlon with M. R. Wigan (University of Qxford))

Results of a preliminary analysis of the data were given in the last Progress Report(ms). The
detailed multiparameter analysis of the data has now been completed. The major change is in the value

(107) Barrett R. C., Hill A. D. and Hodgson P. E. Nuclear Physics 62, 133 (1965).
(108) Nuclear Physics Division Progress Report, AERE - PR/NP9, p.31 (1966).
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of CN,\‘(‘)D") at 143 MeV, which was previously quoted as 0.91 + 0.05.

A table of the final results is given below

Experimental Predicted

il

[Cun(O09] 43 \jev = 1.00 £ .05 0.97 + 0.01

Perring
[CNN(6O°)]143 ey = 0.83 +.03 0.86

0.69 + .04

]

[Cun (98 MeV)/C(143 MeW)]ggo

0.25+ .05

[CNN(73 MeV)/Cpn (143 MeV)]gge

Radiation dama

Qxford))

e phenomena_in polarized tarpgets

. Orchard-Webb with M. R. Wiean

The decrease In éwo]arization under irradiation of the Harwell polarized proton target has been
reported previously(10 ). To throw some light on the processes responsible for this reduction in
polarization, electron spin resonance (ESR) measurements were made at intervals during a 140 MeV proton
irradiation of two Nd-doped L.\N.N. crystals. The nuclear counting array used in the measurements of
CNN was used to obtain the crystal polarization during each period of irradiation.

The damage to the crystals caused by the 140 MeV protons gave rise to a single well-defined
resonance at g = 2.0054 ¢ 0012, well separated from the &)= 2.72 of the polarizing Nd centres. The

favoured identification for the damage centres is NO5 ™~ (109,110,111) | A measurement of the magnitude
of the ESR signal derived from these damage centres showed that less than 10 ¢V sufficed to form a
damage centre. The absolute accuracy of this measurement was severely limited by the non-lingarity of
the electronics, which were designed merely to monitor the ESR response of a polarized crystal. The
ESR data collected are being compared with theoretical models to elucidate the interactions between
damage centres, polarizing centres and the crystal that are of importance in the polarizing process.

Polarization and differential cross sections in scattering at 9§ MeV (). P, Scanlon with M, R. Wigan

(University of Oxford))

.. . 2
An accurate set of measurements of these quantities comparable with those already reponed(n‘)
at 140 MeV is to be made.

The present experiment is being carried out using the same method and counting cquipment, the
main problem initially being to produce a high quality beam at around 98 MeV cnergy. Such a beam has
now been produced using a polythene energy degrader together with suitable collimation at the point
where the initial 143 MeV beam leaves the cyclotron tank. This beam will be used shortly to carry out
the polarization measurements.

A liquid hydrogen degrader, which will give the same energy degradation with less multiple
scattering of the beam (approx. 0.6° r.m.s. scattering angle), is under construction. This device will be

used for the differential cross section measurements, for which purpose it will be placed as close to the
scattering target as possible.

(109) Bleaney, Ilaynes and Lewellyn. Nature 179, 140 (1957).
(110) Cunningham J. J. Phys. Chem. 66, 779 (1962).
(111) Pake G. E., Townsend J. and Weissman S. 1. Phys. Rev. 85, 682 (1952).

(112) Jarvis O. N., Rose B., Cox G. F., Eaton G. H. and van Zyl C. P. Nuclear Physics Division
Progress Report, AERE - PR/NP9, p.33 (1966).
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Neutron vield from the hich energy proton and denteron bombardment of lead (D. West and E. Wood)

The yield of neutrons arising in the bombardment of a lead target by protons and deuterons with
momenta in the range 0.85 GeV/c to 1.7 GeV/c has been measured using the Bimingham synchrotron.
Enriched BF3 proportional counters were used to measure the thermal neutron distribution in a block of
polythene which surrounded the lead target. The dimensions of the target (diameter 10 cm, length 60 cm)
were sufficient to contain the great majority of secondary interactions. It was placed at the focus of a
bcam scattered out of the synchrotron and transported to a remote part of the experimental area in order
to reduce backgrounds. The dimensions of the beam profile were 2 cm x 2.3 cm over the region of the
target. Beam intensities of about 107 particles per burst (100 milliseconds duration) wera measured by a
pair of scintillators placed in the beam as close to the polythene moderator as possible. Neutron yields
were measured relative to that of an Americium-Beryllium neutron source whose intensity 1s known in
terms of the NPL standards to £ 1%. Six channels for neutron counting were used simultancousiy with
counters placed at radit of 7 cm, 10 cm, 13 cm, 16 cm, 19 cm and 22 cm. \Measurements along the axis of
the polythenc blocks were usually carried out over a length of 140 cm.
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Fig. 39. Neutron yield versus energy for pro- Fig. 40. Neutron yield as a function of
tons and deuterons incident on a lead target, momentum of the charged particles.

diameter 4 in., length 24 in.

Our results for protons and deuterons are shown in Fig. 39 together with three measurements (open
circles) by Fraser et al. 13) with foils, carried out at Brookhaven using a lead target with the same
dimensions as ours. Corrections have been applied to our results for counting losses in the beam
detectors (usually about 2%), energy loss along the beam line, mainly in the air and the scintillators
(9 to 14 \eV for protons and 14 to 30 MeV for deuterons), neutron backgrounds in the absence of lead
(about 0.15 neutrons per incident charged particle independent of particle energy), and neutron leakage
into the lead and out of the polythene (total leakage - neutron source, 6.2%; D induced neutrons, 6.8%;
p induced neutrons, 6.6%). The errors plotted on the diagram include statistical counting errors and
errors arising from the effects of neutron leakage (1%) and background.

The neutron yield from deuterons in the range 300 to 650 MeV is close to that expected on the
basis of the most naive of ideas, namely that one more neutron is produced by a deuteron than by a
proton of the same energy.

An accelerator with a given magnetic field will be capable of accelerating protons and deuterons to
the same momentum and if we wish to consider alternative ions for neutron production we must compare
them at the same momentum.

1t is therefore also instructive to plot the neutron yields as a function of momentum. This has
been done in Fig. 40 where it is apparent that the neutron yield from a deuteron is not more than about %
of that from a proton of the same momentum.

(113) Fraser J. S., Green R. E., Hilborn J. W., Milton J. C. D., Gibson W. A., Cross E. E. and Zucker A.
Paper presented at the Annual meeting of the Canadian Association of Physicists, Vancouver B.C.
June 10, 1965.
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NIMROD EXPERIMENTS
(Synchrocyclotron Group: B. Rose)

Investisation of the decav of the fO-meson (C. Whitehead and L. Bird in collaboration with groups from
Southampton University, University College, London and Rutherford l.aboratory)

Since the last progress report further counters have been incorporated into the P3 experiment at the
Rutherford Laboratory in order to refine the triggering criterion and this has reduced the number of
background triggers to a level compatible with the data handling times.

In recent runs extensive use has been made of the on-line link to the DDP-ORION computer system
which is now fully operational in terms of both software and hardware.

In the last run some data were taken and analysis has shown that the geometrical reconstruction of
events satisfies the expected criteria and that the kinematical reconstruction, althongh somewhat less
well defined because of low statistics and background events, also shows agreement with the expected
performance. Some 45 events consistent with the reaction # + p-n+ " + # have been observed in
the mass range ~ 1000 MeV to 1500 MeV and further data will be taken to investigate the various
angular distributions of events.

NIMROD EXPERIMENTS
(High Energy Physics Group: W. Galbraith)

The decay of long lived neutral K-mesons (K®) into two neutron pions (P. D. Dav. W. Galbraith,
G. Manning*, A. G. Partham_ B. T. Pavne, P. H. Sharp and A. C. Sherwood in collaboration with s1aff of
Rutherford 1.aboratorv (RHEL) and C.E.R.N.)

The purpose of this experiment and details of the apparatus have already been given(“‘”. The
data for this experiment were taken at the CERN proton synchrotron machine. A total of over 200,000
spark chamber photographs were obtained, of which some 70,000 correspond to events representing the
detection of 4 gamma-rays. Most of these events arise from the normal decay K(I)"’:”"o' in which two of
the six possible gamma rays have sscaped detection. These events constitute the main source of
background which might be confused with the two body decay KE - 2%,

In order to obtain some preliminary results, 10% of the photographs have been analysed by hand,
including film which contained decays into 2° of the short lived neutral K-meson (KS) regenerated by
passing the K beam through a carbon absorber. The neutral two pion mode of Kg from regeneration is
recognised satisfactorily by our equipment.

Analysis of film to search for the frec decay mode K?‘-» 27° is continuing and further background
calculations are being made in a Monte Carlo computer programme which simulates the experiment. The
bulk of the film is being analysed on a flying spot CRT machine developed by the Applied Physics
Division, R.H.E.L.

(119 Nucléar Physics Division Progress Report, PR/NP9, 39 (1964).
*Now at Rutherford Laboratory, S.R.C., Chilton.
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MISCELILANEOUS STUDIES IN PHYSICS

\lossbauer effect (T. E. Cranshaw, M. S. Ridout, G. Lang, C. E. Johnson (S.8.P), P. T. O. Reivari
(attached). R. Presion {attached) and A. P. Jain (T.R.A.)

1 - The studv of Fe Si allovs

Qur analysis of the Mssbauer spectra of Fe Si alloys(HS) has taken a step forward with the
recognition that the Si atoms are not randomiy distributed. A repulsive force between Si atoms which
forbids the occurrence of Si-Si nearest neighbour pairs seems to account for the ¢bservations.

We find that the hyperfine fields at 1st, 2nd and 3rd neighbours of a Si atom are reduced by 7.7,
0.0 and 2.2% respectively. These values seem to account well for the N.AMLR. spectra of Fe Si
alloys 116 , but only the \fossbauer measurements are able to assign the satellite lines to the
appropriate ncighbour shells,

We have measured the effect of a Si atom on distant Fe atoms (further than 3rd neighbours) by
studying the concentration dependence of the hyperfine field and the isomer shift at atoms which have no
" 1st, 2nd or 31d neighbour Si atom. The effect on the hyperfine field at distant atoms has the opposite
sign 1o the effect at first neighbours, whereas the isomer shift has the same sign. Thus the radial
dependences of the isomer shift and the hyperfine field, or charge density and spin density are different.

Il - The studv of absorbers with ultrasonic vibration

The splitting of a Mdssbauer line by frequency modulation was demonstrated by Ruby et al.(ln)
In the present work the occurrence of equally spaced sidebands has been used to study the lincarity of
. the apparatus and to obtain a calibration in terms of frequency directiy. This information combined with
our measurement of the 57Fe hvperfine structure spectrum allows us to determine the ratic pu,/p, for the
excited and ground states of D7F‘e. We found this ratio to be 1.710 £ .003, which may be compared with
1.715 + 0,004 and 1.7135 # 0.0015 found by Preston et al.(nS) and Perlow et al.(u The frequency
found for the ground state splitting is 45.48 £ .04 Mc/s. The frequency found by N.ALR. methods is
35.36 Mc/s020) showing that the hyperfind fields in domain walls and bulk iron are the same within
experimental error.

A sample spectrum is shown in Fig. 41. The relative intensity of the nth satellite line given by @
simple theory(l-?” is Jg (xo/,\), where x is the vibration amplitude and 27\ is the wavelength of
emitted radiation. The observed intensities do not agree with this theory, and the discrepancy is not
yet completely understood.

11 - Hyperfine field of 2/ Fe in hemin

Hemin is an iron-containing compound made by removing the protein molecule from haemoglobin. It
is therefore a convenient model compound, the study of which may be helpful in understanding the more
complex haemoglobin., Previous work led to the surprising conclusion that the iton in hemin has a
hyperfine ficld very small compared with that in haemoglobin compounds.

(115) Nuclear Ph&sics Division Progress Report, AERE - PR/NP7, p.39 (1964).
(116) Rubinstein M. Private communication.

(117) Ruby S. and Bolef, D. Phys. Rev. Letters §, 5 (1960).

(118) Preston R. S., Ilanna S. S. and Heberle J. Phys. Rev. 128, 2207 (1962).
(119) Perlow G. 1., Johnson C. E. and Marshall W. Phys. Rev. 140, A875 (1965).
{120) Listner J, O. and Benedek G. B. J. Appl. Phys. 34, 688 (1963).

(121) Abragam A. Comp. rend. 250, 4334 (1960).
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We have mecasured the hyperfine field of
57Fe in hemin with the Mossbauer effect by
magnetizing the specimen in large magnetic
fields (30 kG) at low temperatures 1.5-4.2°K).
The saturation value of the hyperfine ficld was
found to be 480 kG, and the quadrupole splitting
was found to be + 0.80 mm/sec. These values
disagree with those suggested by earlier work
but are close_to those found for haemoglobin
fluoride HiF 122 , which also is in a high spin
(s = %) ferric state. The main difference
between the behaviour of the iron in the two
compounds therefore scems to arise from the
shorter relaxation times in hemin due to the
closer iron-iron separations.

RELATIVE ABSORPTION

UNE SEPARATION  KaMchs Radio pulses associated with extensive cosmic-
ray air showers (W. N. Charman. J. H. Fruin,
Fig. 41. Frequency modulated spectrum. J. V. Jellevy (A.E.R.E.), F. Graham-Smith and

R. A. Porter (Jodrell Bank, University of
Manchester))

As described in the last Progress
. Report 23 , attempts have been made to

observe radio pulses from showers at an elevalion ~ 15° following general idcas discussed by
N. A. Porter, J. V, Jellcy(124) and S. Colgate(lzs), Varjous light receivers were thereforc set up to
detect the showers, these receivers being fully automated with servo-control of the single channet
counting rates. It was soon found that at this elevation the genuine shower rate was so low as to be
exceeded by the effect of muons in the relatively thick windows of the large photomultipliers; the use of
the ‘wide-field’ light receivers with the 17.5 cm diameter cathodes and the single 150 cm diameter
searchlight had therefore to be abandoned. Two 90 cm diameter searchlights were then setup as a
coincidence system with 12.5 cm diameter phototubes, to give an acceptance cone of 0.05 steradians
centred on an aziruth of 270° and an elevation of 15°. At this elevation, on nights of good low angle sky
transparency, the detector counted showers at a rate ~ 0.2 min"l. The radio emissions were detected
with a large rhombic antenna(lz(’ designed to have a main lobe with a maximum at an elevation of 12°
and a width in azimuth ~ 20° A bandwidth of 4 Mc/s was used, centred on 45 Mc/s.

Even though the experiment was hampered by exceptionally bad weuther, by interference from the
nearby clectric railway, and by a high susceptibility to cther sources of interference, probably
associated with the exposed nature of the thombic antenna, enough information was obtained to suggest
that radio emission can be observed from showers at low elevation. Qscillographic displays of the radio
and light pulses were photographed simultaneously; from these records it was relatively easy to identify
and reject events due to flashes from eclectric trains.

Some preliminary results of an analysis of about 260 events observed on four clear nights are
shown in Fig. 42 (overlecal). The histogram of Fig. 42(a) shows the result of selecting only the largest
bandwidth-limited pulse on each trace and for each !4 psec time interval integrating the corresponding

(122) Lang G. and Marshall W, Proc. Phys. Soc. 87, 3 (1966).
(123) Nuclear Physics Division Progress Report, AERE - PR/NPY, p.42 (1966).

(124) Jelley J. V. The Ninth International Conference on Cosmic Rays, Paper EAS 26, London,
September (1965).

(125) Colgate S. A. The detection of high energy cosmic ray showers by the combined optical and
electromagnetic pulse.. Unpublished,

(126) Jasik H. Antenna Engineering, Chapter 4.6, McGraw Hill, New York (1961).
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Fig. 42. Histograms of the integrated ampli-
tudes of radio pulses on a 12 usec time-base
triggered by a light receiver,

pulse heights over all traces. By contrast, in
Fig. 42(b), the whole of the radio signal on each
trace has been taken; while this procedure makes
the preferential occurrence of bandwidth-limited
pulses at particular positions on the time base
rather less noticeable, it does avoid the problem
of deciding whether or not a particular pulse is
bandwidth-limited. In Fig. 42(c) an analysis
similar to that of Fig. 42(b) has been applied to
traces obtained by artificial triggering at Y2-hour
intervals during the observing period. Both
Figs. 42(a) and (b) suggest that there is a strong
preponderance of radio pulses at a position

2.2 uS along the time base, which on the basis of
delay measurements is that expected for radio
pulses from showers.

No further experiments are planned in which
particle or light detectors will be used to trigger
the recording equipment, although it is expected
that such devices may still be used to identify
radio pulses arising {rom showers.

A mobile installation using radio only is in
the course of design and construction by A.E.R.E.
and Jodrell Bank jointly. A multiple
coincidence system has been constructed by the
Electronics Division. The output from four
spaced receivers each equipped with a simple
folded dipole, will be displayed on a multi-beam
oscilloscope, and the directions from which the

radio pulses arrive will be obtained by a timing technique.

A second installation which will also use radio reception only, combined with coincidence
techniques, is planned for A.E.R.E. This will operate over a baseline of about 12 km. A search receiver
with a wide-band dipole antenna and reflector has been set up at the Chilton site, and the spectrum of
background radiation at this site has been scanned over the band 38-88 Mc/s. By day there is
prohibitively severe interference from wide-band TV signals but at night the whole band is agreeably
clear, with the exception of a narrow-band signal at 75 Mc/s from a local marker beacon, see Fig. 43.

A cooled image intensifier system for astronomical spectroscopy (W. N. Charman, J. H. Fruin,

A. V. Hewitt and J. V. Jelley)

A two-week obscrving session on the Coudé-focus spectrograph of the 20 in. solar telescope at
Oxford has given us some astronomical experience. QObservations gf the H, and NaD lines in the
spectrum of the planet Jupiter were made at a dispersion of 4 mm/A. No evidence was found of any H
emission feature associated with a Jovian aurora. A microphotometer analysis of the records yielded
much useful information on the astronomical performance of the intensifier system, which was found in
general to be in encouraging agreement with that predicted from laboratory tests, and no severe

operational difficulties were encountered.

Laboratory measurements of photographic gain, equivalent quantum efficiency, modulation transfer
function and other parameters of the system are continuing, and a moving-plate camera to prevent
saturation of the recording photographic emulsion is under construction. A programme of measurement of

Hy luminosities of early-type stars(127)

is planned for the autumn.

(127) Petrie R. M. Vistas in Astronomy 2, 1346 (1956), Pergamon Press, London.
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Fig. 43. Day and night scans of the radio spectrum over a band 38-86 Mc/s
wide observed at the Chilton(Berkshire}site with westward-locking antenna.

Cherenkov radiation in the atmosphere J. H. Fruin and J. V. lellevy)

U.V. experiments

Work is continuing on the laboratory testing of solar-blind photomultipliers and experiments with the
60 cm mirror system described in the last report.

(128)

J. V. Jelley 29) to consider one particular astrophysical consequence, namely the absorption of high-
energy y-rays by photon-photon pair production. It is found that even over path lengths as short as
interstellar distances within the Galaxy this mechanism leads to severe absorption at ~ 1015 ev,

The recent discovery of a universal microwave radiation {ield in space has prompted

MISCELLANEOQUS TECHNIQOUES

The preparation of lithium-drifted germanium detectors (G, Dearnalev and B. D. Rogers)

During the latter part of 1965 a variety of germanium crystals from suppliers in the U.S.A., UK.,
Belgium and France have been tested for the purpose of making large-volume gamma-ray detectors.
Results were very variable, but did suggest that British germanium from a 3 in. dia. crystal grown by
G.E.C., Wembley, some years ago was very promising. A good lithium ion-drift rate was achieved and
the large area obtainable (45 cm®) makes the drifting of plane slabs, which can be stacked together, a
feasible way to achieve detector volumes greater than 100 cm3. After similarly promising results had
been obtained at A.W.R.E. and at Oxford University with this material, steps were taken to interest the
group at G.E.C. (now part of A.S.M. Ltd.) in accepting a development contract aimed at improving

(128) Penzias A. A. and Wilson R. W. Astrophys. J. 142, 419 (1965), also Roll P, G. and
Wilkinson D. T. Phys. Rev. Letters 16, 405.

(129) Jelley J. V. Physical Review Letters 16, 479 (1966), also AERE Report No. R 5121,
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germanium for lithium-drified detectors. It is hoped that A.S.M. Southampton will agree to undertake this
work.

The assessment of material using essentially only one set of ion drift equipment proved so lengthy
that the decision was made to set up a further five sets, so that scveral crystals may be drifted
simultaneously. A simpler type of thermo-electric temperature control table has been designed, and the
array of units should soon be complete.

Staining techniques have revealed that regions of high electric field remain near the n-type
electrode of many diodes even after several weeks of drift. A new configuration for the lithium diffusion
is shortly to be tried out in which the lithium extends around the edge of the crystal. A masking
technique to enable this to be done has been worked out. It is hoped that this structure will render the
diodes less sensitive to contamination or adsorption of water during drifting.

The LiCI-KCl eutectic referred to in the last Progress Report(130) as a means of carrying out
lithium diffusion has proved very successful in one instance. In other attempts, severe damage (flaking
and staining) was caused to the crystal, but a modification to the technique is to be tried out in order to
overcome this problem. It is felt that if the method can be perfected it has advantages for both large
planar and co-axially drifted detectors.

The_preparation of silicon surface-barrier detectors (G. Dearnaley, with M. M. Aslam

After a hiatus of threc years, research is to be undertaken again en this popular form of detector.
Several new ideas have developed, and there are problems still to be solved. Attention is focused on
(1) methods of protecting the edge of the front contact, where a high surface electric field exists;

(2) methods of forming a reliably non-injecting rear contract, by diffusion or by ion-implantation; (3) a
neat, simple and effective mounting structure. Discussions with Dr. Aslam have resulted in plans for a
new detector preparation procedure.

Ton implantation in semiconductors (G. Dearnaley and M. A. Wilkins)

Studies of the ranges of phosphorus ions injected into silicon crystals are to be made by the
technique of forming a surface oxide layer of known thickness, dissolving it, and counting the 3p
activity in the sample. A new technique of anodic oxidation has been developed, combining the constant-
current forming used by Schmidt and Michel 131 , and Davies(132), with the borate anodising solution
used by Tannenbaum(l33), and Anand(134). The resulting process combines rapid oxidation with a
teproducible thickness of oxide, probably because the voltage is initially low and so does not lead to
breakdown while the film is still thin. :

The process of 32p precipitation from HF solution, and the preparation of dry samples for
automatic beta-counting has been checked, using samples of known relative activities. We are indebted
to J. G. Cunninghame and C. Webster of Chemistry Division for their help in this part of the work.

Samples of silicon, cut close to the {110}, plane have been obtained. These will be mounted so as
to allow mcasurements of the ion range at angles close to the principal channel axis in silicon. For
annealing specimens after implantation a controlled-temperature furnace has been ordered.

(130) Nuclear Physics Division Progress Report, AERE - PR/NP9, p.45 (1966).
(131) Schmidt P. F. and Michel W. J. Electrochem. Soc. 104, 230 (1957). -
(132) Davies J. A. et al. Can. J. Phys. 42, 1070 (1964).

(133) Tannenbaum E. Solid-State Electronics 2, 123 (1961).

(134) Anand K. V. Private communication (1965).
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Electrical measurements of sheet conductivity in the implanted layer are to be made at successive
stages as the layer is stripped away; this is in order to compare the concentration of electrically active
phosphorus ions with the total phosphorus content. A four-point probe equipment has been set up and
tested, for this purpose.

ACCELERATOR OPERATION AND MAINTENANCE

Cockcroft-Walton 0.5 MV generator (G. A. Jones, F. D. Pilling and E. Sparrow)

Hours
Machine experimental houss 640
Machine experimental hours per week 24
Users: A
Nuclear Physics Division 0.3
Other Harwell Divisions
(Chicefly Analytical Chemistry) 71
Other users
(Chiefly Exeter University) 29
3 MeV pulsed Van de Graaff accelerator (D. R. Porter and J. R. Johnson)
Analysis of machine running
Hours
Running time possible 4020
Time taken by maintenance . 1451
Experimental time available ‘ 2569
xperimental time taken up 1766
Machine availability = 64%
Experimental usage = 69%
Fauit apalysis
Hours lost
[on source changes and terminal equipment faults 569 -
Vacuum faults 69
Cooling circuits 80
Electronic faults 85
Control circuits 78
Accelerator tube, charge belt, drive motor and alternator replacement 216
Belt and tube conditioning 169
Fitting of tantalum liners 48
General maintenance 135

The increasing use of helium beame has reduced the average life of ion sources to 200 hours. The
reasons for this have bezen increased wear of the canal and the necessity to fit a new ion source for a
helium experiment if the existing ion source had been used on hydrogen or deuterium. Three ion sources
fitted with beryllium canals were used with helium but showed no improvement in life over the standard
canal with a stainless steel liner.
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The accelerator tube was replaced in November by a reconditioned tube. The tube removed had
completed 4,888 hours. A subsequent voltage test of the machine without the accelerator tube showed
little improvement so a new charge belt was fitted. The belt had been operated for 5,232 hours. Since
making these changes the accelerator has spent a considerable proportion of its running time at voltages
above 3 MV. Usec of the recently installed gas dryer has reduced the humidity of the insulating gas to
below 10 parts per million.

Modifications to the cooling system alluded to previously have now been carried out and appear to
have reduced the effects of outside temperature fluctuations.

Tantalum liners have been {itted to all accessible parts of the flight tube near the target in order
to reduce the radiation background.

5 MV Van de Graaff senerator (G. A. Jones, F. D. Pilling and E. Sparrow)

Hours
Machine experimental hours 1663
Machine maintenance and running-in 273
Machine experimental hours per week 64
Users %

Nuclear Physics Division 43
Other Harwell Divisions

(Chiefly Metallurgy, Analytical Chemistry and Health Physics 51
Other users

(University use) 6

12 MeV_tandem generator

J. M. Freeman, P. Humphries and F. D. Pilling

In the six-month period from November 1965 to April 1966 the tandem experimental running hours
have been 2190 of which 81% was used by the Nuclear Physics Division, 7% by other Harwell Divisions
(Metallurgy, Chemistry and Solid State Physics) and 12% by Universities (Exeter, Bradford, Cambridge,
Manchester and Imperial College). Bcams of protons, deuterons, oxygen and sulphur ions have been
accelerated and the accelerator tubes have now run for a total of 17,250 hours without signs of
deterioration.

About 15% of the available time has been taken up in maintenance and breakdown servicing, the
fatter through failure of the charge belt motor, for which modification of the bearing housings was

required. A change of belt after it had run for 6,754 hours was also required and the foils were changed
twice.

45 MeV electron linear accelerator (M. J. Poole, J. R. James and B. Clear)

From 1st November 1965 to 30th April 1966 the accelerator ran for a total of 3050 hours, i.e. 81%
of the scheduled operational time and 70% of the time available. For comparison, the corresponding
figures for February to October 1965 were 78% and 69%, and for July 1964 to October 1965, 75% and 69%.
During the period under consideration, 659 of the hours lost were accounted for by machine faults and
56 hours by experimental requirements. Routine maintenance occupied 554 hours and users outside the
Nuclear Physics Division took 40 hours.

Operation into Cells IIT and IV has been less satisfactory, only 55% of scheduled time being
available. A large proportion of the lost time is due to the difficulty of setting up a beam into these
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cells {cells 111 and IV operate through a 90° deflection system and are situated at a considerable
distance from the accelerator). Some investigation into the cause of this, and into the reason for the low
transmission to these cells, has been carried ont but no definite conclusion was reached. However, it
appears that excessive endrgy spread, excessive beam divergence and unstable operation due to ripple
on the main modulator power lines are all affecting the beam.

During the period, a leak developed in one of the booster target fuel element cans. This section
has becen removed and a temporary natural uranium target substituted, resulting in a fall in output of a
factor 2. Manufacture and testing of new 1arget is expected to be complete by 1st June 1966.

Averaged over the past 24 months, the mean life of type K 352 klyswrons has been 3520 hours and
that of K 211, 1700 hours. The first K 390 (English Electric § MW peak klystron) has been delivered and

and is now in the accelerator.

Svnchrocvelotron (P. G. Davies)

Analvsis of muchine running

Hours Hours S =
Hours 1n period 4344 100.0
Scheduled maintenance and
installation work 1600 36.8
Holidays and visitors 23R 5.5

1838 42.3
Scheduled hours 2306 57.7
Machine not available due to
faults and ion source changes 15 0.3
Available hours 2491 574
The available hours break down into the
following categories:-

Hours %
Machine in use 807 32.4
Machine not required 1383 §5.5
Machine development work _ 75 3.0
User setting up 138 5.5
Pumping down the vacuum system 28 1.1
Running up and closing down 60 2.5
2491 100.0

Machine serviceabilitv was 98.17%

The above analysis is based on a 24 hour scheduled day. In fact, during this period demands for
running time were light and running normally did not exceed a fourtcen hour day. This partly explains
the high ratio of “not required™ to “used” time.
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The following hours were available to individual experimental groups:-

1. M. Wigan, J. P. Scanlon (100 MeV p-p) 1228 493
2. Time of flight 454 18.3
3. Imperial College, London 209 8.4
3. D. West 72 29
3. Machine development (G. B. Huxtable) . 48 1.9
6. R.C.C. Amersham irradiations 30 1.2
17. Queen Mary College, London 18 0.7
S. Time not requested 132 17.3

2391 100.0

Machine faults

The low running hours in the period again resulted in very few faults.

There were no condenser failures although an opportunity was taken on 1st March 1966 to change
the seals while carrying out some modifications to the condenser associated with r.f, tests. The
condenser had run for 1200 heurs and there was evidence of slight oil leakage.

4

Some vacuum troubles were experienced in the period due, firstly, to a faulty channel drive which

was subsequently modified, and secondly, to an intermittent leak on the Cee stub which caused a number

of unexplained failures before discovery.

New shielding wall

The neutron shiclding wall at the North end of the pit, mentioned in the previous report, has now
been rebuilt. Improved shielding consisting of four feet of steel in the vicinity of the beam paths has
been provided and a collimator slot four feet wide and one foot deep has been incorporated.

Re-wiring programme

Some of the wiring on and around the machine is nearly twenty years old and evidence has been
found of deterioration of V.I.R. cable. In view of the extension of machine life by the Improvement
Project, all old wiring is being inspected and replaced where necessary. This is a long term job and will

take up to twelve months to complete.

Liquid hydropgen facilities

These have been improved by enlarging the target testing and filling room and completing the new
extraction system. In addition, a compressed air driven jib cranc has been installed for lowering
hydrogen targets into the stables.

Synchrocyclotron improvement project (P. G. Davies and G. Huxtable
¥
We have had approval for this project and we plan to close the machine in June 1967 for the
improvements to be made. We aim to increase the internal proton beam to 10 microamps at 170 MeV, and
to accelerate deuterons to 85 MeV, and to accelerate deuterons to 85 McV, alpha particles to 170 MeV
and 3He fons to 227 MeV. There will be an éxternal beam and we expect the extraction system to have
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an efficiency of at least 10%. A pulsed neutron beam will be available, and tunnels are being dug to
extend the present 27 m flight path to 50 m and 100 m.

In all aspects of this project there is close co-cperation with the Engineering Division, who are
doing much of the design work and are taking responsibility for most of the construction work.

R.f, svstem (P. B, Dollev, G. B. Huxtable and W, Spencer)

This is designed to produce a peak voltage of 30 kV at the tip of a dee occupying only 90° of the
cyclotron azimuth. The mid-frequency can be set to one of three spot values for acceleration of protons,
3He or alphas and deuterons, and a rotating condenser sweeps the frequency at up to 1600 sweeps per
second.

The frequency is selected by opening up varying lengths of rc-entrant line.inside the inner
conductor by means of concentric switches (a, b and c in Fig. 44 (overleaf)).

Protons 24.8 to 20.2 \MHz a, b and ¢ closed
3He jons 16.3 to 14.3 MHz a, b closed, c open
Deuterons and alpha particles 12.4 to 11.4 MHz a, b and c open

The resonator is expected to take 25 kW of r.f. power, and an oscillator has been built which should
deliver this power easily.

\Model tests on the r.f. systemn iave shown that it is satisfactory, and we plan to have it built and
ready by next March. )

The mechanical design is being done by R. Bint of Engineering Division.

Work associated with r.f. test

Engineering support has been provided for G. B. Huxtable in connection with the test programme for
the new r.f. system. This work has included:-

(i)  Construction of the new oscillator.
(ii) Modifications to the r.f. system model, especially the building of a new condenser model.

(iii) Commissioning of the test resonator and associated H.T. supply transferred from the Variable
Energy Cyclotron Group, Rutherford Laboratory.

(iv) Rectification work on the first shorting switch.

New modulator (P. G. Davies and G. B. Huxtable)

A new power supply and modulator to power the r.f. system has been designed and responsibility
for building this now rests with the Physics and Electronics Support Group. Work has been done in
association with M. J. Lee on detail design.

lon source (J. P. Scanlon and E. Wood)

The design of the ion source is now being considered. We are thinking about a calutron source
capable of producing H, “2+' D, 3Hc and 4He tons. The advantage of such an ion source is that it is
capable of producing good beam quality in terms of radial oscillations, thus helping beam extraction if
the quality can be maintained during subsequent acceleration.
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Components are now being manufactured for testing in the existing model magnet, and also for con-
tinuing the tests in the cyclotron made previously by P. G. Davies 5 it is believed that the low beaw
currents (1/10 zA) obtained previously were due to the fact the ions were only weakly accelerated in their
second half-orbit, which prevented them from clearing the ion-source tube. It is hoped that a new system
of dee feelers and grid wires will sufficiently increase the accelerating field to avoid this problem which
should, in any case, be much less severe when a voltage of 30 kV is available in the improved cyclotron.

The Michigan State University orbit calculation program “Pinwheel™ has been modified for use on
the A.W.R.E. Stretch computer to obtain details of the initial particle orbits, under various r.f. field
conditions.

As it is desired to insert the ion-source axially through a hole in the cyclotron magnet yoke, a test
hole will be drilled in the model magnet to study the field disturbance and possible methods of

correction.

Programme “Walkabout” (1, P, Scanlon)

When a 90° dee structure is used, the particle orbits, particularly at radii less than 15 in., tend to
be displaced from the magnetic centre of the cyclotron, thereby producing radial oscillations. A
computer program “Walkabout” is being written to study the displacements of orbit centres and the
correction of these with magnetic trim coils. Preliminary estimates indicate that it may not be possible
to reduce the radial oscillation amplitude much below 1 inch. These effects have been considered in a
slighily different way at CERN(136’137); the conclusions are similar.

Vertical hole in magnet yoke (P. G. Davies)

Some time has been spent during the period investigating various methods of producing a vertical
hole through the magnet yoke to the machine centre. This hole will be used for the ion source in the
improved machine. Three methods are being pursued viz: 1) conventional drilling, 2) thermic lancing
and 3) plasma cutting. Feasibility studies for all three methods are nearing completion.

Pulsed-neutron_equipment (A. Langsford and P owen

In preparation for the synchrocyclotron conversion we have been developing a new system for
deflecting the internal proton beam in a single turn to produce a neutron burst. At present the deflection
voltage is applied to a pair of electrostatic deflector plates 200 times a second using a spark gap
switch. The normal pulse frequency after conversion will be around 1000 p.p.s. with the option of
1400 p.p.s. for high resolution work. At these rates the spark gap switch will be inadequate and we
propose to use an 80 kV thyratron switch as a replactsnsnt.

CTORAGE LINE DEFLLAETCETSOR Referring to fig. 45, a storage linc is
v == A e————— charged to the desired voltage and then
t:m;ION discharged by the thyratron. By making the
0-50kV LINE coaxial storage line the first stage of the inner
pC SUPPLY TERMINATING conductor of a coaxial transmission line we
[ = RESISTOR share the amplitude of the generated square wave
TRIGGER between the two lines. The deflector plates are
built into the transmission line and are matched
Fig. 45. Schematic diagram of new high volt- to the impedance of the line. The line is then
age deflection system for pulsed neutron work terminated with a resistive load having the
on synchrocyclotron. : characteristic impedance of the line. Besides

(135) Davies P. G. Nuclear Physics Division Progress Report, AERE - PR/NPY, p.50 (1966).
(136) Kullander S. CERN Report MSC-27/154.
(137) Hedin B. CERN Report MSC-25/193.
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being deflected by the electrostatic field, the particles will receive an additional deflection from the
magnetic field generated by the current flowing in the plates. The magnetic deflection gives ~ 60% of
the total deflection for the 50 Q system that we are adopting and the consequent reduction in applied
voltage will considerably 2ase insulation problems.

Limited tests of this system have been carried out using a spark gap switch at low frequency. The
problem of the terminating resistor, which will have to withstand peak voltages of 40 kV and dissipate

up to 3.2 kW, has been solved by using suitably spaced copper electrodes immersed in a copper sulphate
solution.

Pulsed neutron beam tunnels (P. G. Davies)

Discussions have been held with New Works Group, Engineering Division, on requirements for the
new beam tunnels for use with the improved machine. Designs are now complete and contracts will be
placed shortly. ’

Beam extraction (D. West and T. C. Randle)

Beam extraction from cyclotrons is achieved by inducing the beam to enter a channel in which
additional forces, electrostatic and/or electromagnetic, assist in overcoming the effect of the main
magnetic field which tends to retain the beam in the machine. We have considered two types of
electrostatic channel which differ in the principle involved in inducing entry to the channel.

. -~ dB zdr
(a) Extraction near n= 1 {n is the field index ;/—)
r

The beam escapes from the cyclotron for n > 1 of its own accord. It is merely necessary to ensure
that the channel entrance is placed far enough out for the turn-separation of successive orbits to be much
greater than the thickness of the septum. The permissible amplitude of radial oscillation is however
severely limited. For instance, we have worked out the case for a channel 0.2 in. wide at its entrance,
with a septum 0.010 in. thick placed 0.1 in. outside the radius at which n = 1. We find only particles
having radial oscillation amplitudes up to 0.060 in. would be extracted. One consequence of this is that
the extracted beam is very homogeneous in energy, 0.060 in. amplitude of radial oscillation atn =1
corresponds to only 20 keV enetgy spread. The difficulty of getting the beam past n = 0.2 should also be
mentioned. Coupling between radial and vertical oscillations requires that the vertical aperture at the

- radius corresponding to n = 0.2 should be twice the maximum amplitude of radial oscillation present.
The aperture of the new dee at this radius will permit up to 1.25 in. amplitude of radial oscillation.

(b) Extraction forn< 1

The main problem in this case is the small turn-separation, 0.0015 in. when a high duty cycle is
used, and the fact that the septum cannot be much thinner than 0.010 in. if it is to withstand the beam.
The problem can be overcome by making use of the incoherent radial oscillations present so as to allow
a small fraction of the beam to enter the channel at each revolution as its orbit expands. The extraction
details depend only slightly on the amount of radial oscillation present. We have worked out the
limiting thickness of septum which would just cause all the beam to be lost. Typical values are

n=0.44 Septum thickness for complete loss of beam 0.006 in.
n=033 ” » ” » T " 0,012in,
n=0.12 » » » » » » " 0,024 in.

If we take a septum thickness of 0.020 in., for instance, approximately 30% extraction efficiency
could be achieved for n = 0.09. The energy spread in such a beam would however be about 6 MeV.

The well established regenerative method of beam extraction, in which coherent radial oscillations

of the beam ultimately force it into a magnetic channel, typically yields extraction efficiencies of 10%
with an energy spread of about 0.5 MeV.
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When it became apparent that the expected amplitude of radial oscillation with the modified
synchrocyclotron was about one inch, the decision was taken not to use an electostatic system. The
n=1 system would in this case have an extraction efficiency of only 6%. The n < 1 svstem is
unattractive because of the large energy spread implied by 1 in. amplitude of radial oscillation. The
cost of an electrosiatic system is very much greater than the regenerative system and the only point in
favour of the n = 1 electrostatic system ~ the narrow energy spread of its extracted beam - was not
considered a sufficient justification for the extra expense.
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