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1. The Linac Facilities 

T he Harwell 28-Mev electron l inac1 runn ing into the "boos te r" 
target is, for our purposes, a pulsed neut ron source with the following 
propert ies. T he pulse repetit ion frequency is 200 per second, the 
pulse width is 0.25 /xsec (min imum), and the neut ron intensity 
dur ing the pulse is ~ 1017 neutrons/second. 

Figure 1 indicates how 10 flight paths are at present disposed about 
the booster for various cross section measurements. T he longest 
path (200 meters) is used for total cross section work. Other paths 
are used for fission, scattering, and capture cross sections, respectiv-
ely, while another is used for measurements of eta versus energy. 
T he shorter flight paths, 13 and 6 meters, respectively, are used for 
studies of capture y-ray spectra for different resonances, and fission 
mass distr ibut ions for different resonances, respectively. T he total 
cross section facility at 15 meters is designed for smal l-sample work, 
and we are hoping that this wil l put us into competi t ion with chop-
pers for measurements on separated isotopes and fission products. 

Signals from the 10 detector stations are cabled back to a central 
laboratory, housed in the same bui ld ing as the accelerator, for t ime-
of-flight analysis. For this analysis we have seven 100-channel 
units, one 1000-channel unit, and a digital magnetic tape recording 
system2 which is equivalent to four 4096-channel t ime analyzers. 

For the remainder of this paper we wil l confine ourselves to two 
of the partial cross section exper iments ment ioned above. These are 
(i ) a measurement of eta versus neut ron energy for U 2 3 5, and 
(ii ) an investigation of capture y-ray spectra for different resonances 
in P t1 9 5. 

2. Measurement of Eta Versus Neutron Energy 

T he exper iment to measure η, the number of p rompt fission neutrons 
emit ted per neut ron absorbed, as a function of incident neutron 
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FIG. 1. Layout of neutron cross section experiments utilizing the Harwell "booster" pulsed neutron source. 
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energy, E, is similar, in principle, to several other "d i rect '' measure-
ments 3 -7 on the three most abundant fissile nuclei. F igure 2(a) 
shows the experimental arrangement, a flight path with sample 
posit ions, (1) at 22.3 meters and (2), at 19 meters from the pulsed 
neutron source. T he fission neut ron detector, which is at 22.3 
meters, consists of four l iquid scinti l lation counters ( NE 213 l iquid* ) 
in parallel. Each counter has a fast ou tput for t iming and a pulse 
shape discr iminator to bias out y-ray scinti l lations. These outputs 

LIQUID 
SCINT. 

COUNTERS 
WITH 
P.S.D. 

CIRCUITS 

NE 213LIQ.SCINTILLATORS 
J 2cm. DIAM.x8cm) 

CADMIUM OR 

'BORON FILTER 

ν TO TIME ANALYSER 
* (4096 CHANNELS) 

L " FAST OUT 

F I G . 2. a, Experimental arrangement for the measurement of eta; b, block 
diagram of pulse shape discrimination system. 

are coupled as shown in Fig. 2(b); the fast ou tput is delayed 3 ^sec 
whi l e the P .S.D. amplifier decides whether to gate it th rough to 
the t ime analyzer as a neut ron scinti l lation. Th is P .S .D. sys tem8 

enables us to gate out more than 99 .9% of the y-rays detected in the 
scintil lator, irrespective of y-energy. At the same t ime, the detect ion 
efficiency for fission neutrons, as measured using a cal ibrated P u2 40 

spontaneous fission source, is ~ 5 %. 
Four u ran ium metal samples ( 9 3% U 2 3 5, 6% U 2 3 8, 1 % U2 3 4) w e re 

used for the measurement of η for U 2 3 5. I n this paper we present 
some of the data obtained using the thickest sample, "sample A , " 
which was a disk of 3.1-inch diameter and 8.95 g m / c m2 U 2 3 5. Sample 

* Supplied by Nuclear Enterprises (G.B.) Ltd., Edinburgh, Scotland. 
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B, of 8.59 g m / c m2 U 2 3 5, but otherwise similar to A, fulfille d an 
important auxil iary role in this measurement on "sample A . " 

T he η measurement using A was divided into two broad energy 
regions, 0.7-11 and 5-300 ev, respectively. I n the lower energy 
region the cadmium filter was used [see Fig. 2(a)] and the time-of-
flight resolution was 44 nsec/meter. T he boron filter was used in the 
upper region and the resolution there was 11 nsec/meter. Th ree 
time-of-fl ight runs were made in each region to measure: 

(a) the count rate F, wi t h A at posit ion (1) [Fig. 2(a)]; 

(b) the count rate wi th Β at (1); and 

(c) the count rate with Β at (1) and A in t ransmission, at (2). 

Run (c) divided by run (b) thus gave Γ, the fraction of neutrons 
t ransmit ted by A. By using this "sel f -detect ion" method we have 
ensured that F and Τ are measured with essentially identical 
resolution. Eta was calculated from the formula 

where k is the detector efficiency, which may be assumed to be 
constant provided that ν the average number of neutrons per fission 
is constant, N(E) is the number of incident neutrons as a function of 
energy, and φ is the scattering correction factor. 

Addit ional t ime-of-fl ight runs were made to determine relative 
values of N(E) and to normal ize the relative values of η thus obtained 
to the thermal value η = 2.077.9 T he spect rum N(E) was measured 
using a th in B F3 counter detector known to have an efficiency which 
varied as (E)~1/2. T he data were normalized to the thermal η value 
by a cadmium difference method. 

T he scattering factor, φ, is difficul t to measure or calculate. A 
simple analysis covering only the possibilities of scatter ing out of 
the sample or absorpt ion after one scattering, and neglect ing the 
small energy shift in scattering, gives for φ: 

φ-Υ 
Ο) V = k · N(E) · (1 - Γ) 

Φ = [1 — (σ^/στ)2 — T' · σ $Ι σ τ{ \ — asjaT)] 1 (2) 

where a s and στ are the scatter ing and total cross sections, respec-
tively, of the sample, and T' is the sample transmission averaged 
over the paths of the scattered neutrons. As yet we have not a t tempted 
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to measure or calculate φ exactly. Instead we have calculated η only at 
energies where we could reasonably assume that 1.00 < φ < 1.05. 
For sample A this meant, in practice, that we calculated η only where 
the transmission, T, was measured to be less than ^ 0 . 3 . 

Figures 3 and 4 show the measurements of transmission, Γ, and 
eta from 0.7 to 33 ev incident neut ron energy. The re are many gaps 
in the eta data due to the lack of information on φ. However, we are 
able to present data at most of the resonance energies and also, in 
several cases, to determine the behavior of η over resonances. I n 
many of these cases the result is that η varies th rough the resonance, 
a result which is similar to that which Bol l inger5 ,6 observed in several 
P u2 39 resonances and which suggests resonance-resonance inter-
ference in the fission process. Such interference implies of course, 
that we cannot analyze resonance fission cross sections in terms of 
the single level Brei t -Wigner formula. However, if following 
T e i c h m a n n10 we assume that the single level formula is a good 
approximat ion (i.e., that interference is a m in imum and can be 
neglected) at the resonance energy, we can wr i te4 for values, ηκ, of 
eta at resonance energies: 

VR 

i . e., 

rf = F* , (3) 

where Γγ and T1 are radiat ion and fission widths, respectively. T h u s, 
if we know, or can assume, values for ν and Γγ9 we can arrive at 
values for rf. Some fission widths obtained by tak ing11 ν = 2.43 
and assuming a constant radiation w i d t h12 Γγ = 33 Mev are shown 
and compared with recent BNL-325 d a t an( u ) in Tab le I . T he agree-
ment between the two sets of data is qui te good. A useful by-product 
of the direct eta measurement might therefore be that it affords 
a simple, and perhaps reliable, method of determin ing fission widths. 

3. Gamma-Rays from Platinum Resonances 

I n the study of the intensit ies of individual y-rays following reso-
nance neutron capture, it is desirable to have the best available 
y-ray resolution. Al l measurements to date have been made with 
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F I G . 3 . Transmission, T, of sample A (above) and Eta of U 2 35 (below) 
versus incident neutron energy; a, from 0 . 7 to 4 . 0 ev at 0 . 3 5 /usee/meter 
resolution; 6 , from 2 . 8 to 3 . 7 ev and from 4 . 6 to 1 1 . 0 ev at 4 4 nsec/meter 
resolution. 
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F I G . 4. Transmission, T, of sample A (above) and eta of U 2 35 (below) 
versus incident neutron energy; a from 1 1 . 5 t o l 8 . 5 e v ; o from 19.0 to 33.0 ev. 
Resolution = 1 1 nsec/meter. 



T A B L E I 

FISSION W I D T H S OF U 2 35 NEUTRON RESONANCES 

Resonance 

energy (ev) 1.14 2.04 3.14 3.60 4.84 6.1 6.38 7.1 8.78 9.26 

14 76 46 Fission (a) 94 

Widths 

(Mev) (6) 106 ± 1 1 12 ± 3 115 ± 4 4 45 ± 4 4 ± 3 

5.1 56 10.8 24 65 56 

9 ± 1 23 ± 18 60 ± 6 — 

(a) Calculated from the value η of eta at resonance energy assuming ν = 2.43, Γγ = 33 Mev. 
(b) Value given in Hughes and Schwartz.11 
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single sodium iodide crystals of as large a size as possible in order 
to reduce the effect of pair escape events. By using an addit ional 
crystal to detect escaping 0.51-Mev y-rays in coincidence with a 
pr imary event an appreciable improvement in line shape can be 
achieved. Th is technique has been used to measure the intensity 
of the three highest energy y-rays from the first three resonances in 
P t1 9 5. 

FLIGHT TUBE PLATINUM TARGET 

INCIDENT NEUTRONS 

Ι 8 0 0 

M O O 

COINC. A ,\ 

" SINGLES 7 4 9 M W 

\ ! 

1 1 1 1 11, 
4 6 
GAMMA-ENERGY 

8 
McV 

F I G . 5. Experimental layout for the measurement of y-ray spectra from 
resonant neutron capture in platinum. Inset shows pulse-height spectra 
obtained from the 4 x 4 inch Na l (Tl) crystal using the 7.49 Mev y-ray from 
Be9 (py y) B 10 ; (i) broken curve, no coincidence required ; (ii) solid curve, 
requiring a coincident 0.5-Mev y-ray detected in the 4 X 1.5 inch Nal (Tl) 
crystal. Curves (i) and (ii) are normalized to equal count rate at the first 
escape peak. The actual count rate with coincidence is 15 times less than 
without coincidence. 

T he experimental layout is shown in Fig. 5. T he target of 250 gm 
of p la t inum is at 13.5 meters from the neut ron booster and the t ime 
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of detection of y-rays defines the time-of-fl ight of the captured 
neutrons with a resolut ion of 25 nsec/meter. T he pr imary y-ray 
detector is a 4 by 4 inch N al crystal beside which is a 4 by 1.5 inch crys-
tal. T he line shape obtained with this method is shown in Fig. 5 (inset) 
for the 7.49-Mev y-ray from Be9 (p, y) B1 0. T he coincidence require-
ment removes the total energy peak and many Compton events. 
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F I G . 6 . Coincidence pulse-height spectra obtained for the 1 1 . 9 ev (open 
circles), 1 9 . 6 ev (crosses) and 6 8 ev (solid circles) neutron resonances in 
P t1 9 5. The energy calibration of the abcissa indicates electron pulse height in 
Mev plus 0 . 5 Mev. 

I t also reduces the count ing rate in the first escape peak by a factor 
of 15. T he first and second escape peaks are resolved much better 
than usual, part ly because of the removal of Compton events, but 
chiefly because the pr imary events that are favoured by the technique, 
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occur in a slab of the main crystal parallel to the photomul t ip l ier 
so that the optical efficiency is more uni form than normal. T he line 
shape has been measured for a number of y-rays in the energy range 
4 to 10 Mev and analyzed in terms of Gaussian peaks plus a Compton 
tail. T he width of the peaks are found to increase only slowly with 
energy. 

I n order to measure the spectra from resonances, the neut ron 
time-of-fl ight and the pulse height from the large crystal were 
recorded digitally on magnetic tape. Th is method allows the resonance 
area to be determined for each pulse-height channel so that the 
background is determined and removed from the one set of data 
wi thout requir ing repeated runs. T he spectra thus obtained for the 
first three resonances in P t1 95 are shown in Fig. 6. T he ordinate is the 
actual number of counts for the 11.9-ev resonance, the other curves 
having been normal ized to equal areas. T he arrows show the posi-
t ions at which peaks are expected for the transit ions from the captur-
ing state to the ground state of P t1 96 and to the first and second 
excited states. T he known line shapes for these three y-rays have 
been used in a least squares program to determine the intensity of 
each transit ion at each resonance. 

T he spectra do not show zero counts above the ground state peaks 
indicating that there is some contr ibut ion having a resonance shape 
which can be at t r ibuted to chance coincidences. Th is has been correct-
ed for, by using the shape of the spect rum for the 96-ev resonance 
(which involves capture in P t1 9 8) for energies above the b inding 
energy which is 6.5 Mev. Th is shape was normal ized to the observed 
count rate above the ground state peaks for each P t1 95 resonance 
spectrum. T he normal iz ing factor was found to be approximately 
equal to the ratios of the total count rates for the respective resonan-
ces. Th is correction changes the individual y-ray intensit ies by the 
order of 10% but gives a notable improvement in the least squares 
fitting . 

T he relative intensit ies of the various y-rays are given in Tab le I I 
normal ized to un i ty for the ground state transit ion of the 68.5-ev 
resonance. T he errors quoted include contr ibut ions from both the 
statistical errors and systematic errors. T he latter were est imated 
from the effect of various changes on the assumptions involved in 
the process of fitting line shapes. 

T he results are also given in Table I I of measurements made 
wit h thermal neutrons using a cadmium difference technique, but 
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T A B L E I I 

RELATIVE INTENSITIES OF CAPTURE GAMMA RAYS 

FOR RESONANCES IN P T 1 95 + η 

Neutron 
energy (ev) 

Gamma 
raya 

Relative intensities 
Neutron 

energy (ev) 
Gamma 

raya 
Singles Singles Coinc. 

Bollinger 
et al.13 

Yo 1.00 1.00 1.00 1.00 
11.9 Yi 0.29 ± 0.1 0.53 ± 0.1 0.40 ± 0.1 < 0.05 

Ύ2 < 0.02 

Yo 0.29 ± 0.05 0.20 ± 0.05 0.16 ± 0.03 0.25 ± 0.03 
19.6 Υι 0.19 ± 0.05 0.23 ± 0.05 0.23 ± 0.05 0.10 ± 0.02 

Ύ2 0.25 ± 0.03 

Yo 0.48 ± 0.1 0.67 ± 0 . 1 5 0.45 ± 0.08 0.43 ± 0.04 
68.5 Υι 0.52 ± 0.1 0.67 ± 0 . 1 5 0.51 ± 0.1 0.24 ± 0.06 

Υ2 0.12 ± 0.03 

Groshev et al.14t Kinsey et α/ .14 
Thermal Υο 0.4 0.4 0.3 
(not nor- Υι 0.4 0.2 
malized) Υ2 0.35 0.6 0.2 

a Yoy Yu Y2—transitions from capturing state to ground state, 1st, and 2nd 
excited states, respectively. 

these are on an arbitrary intensity scale not normal ized to the values 
i n the rest of the table. T he relative intensit ies of the three y-rays 
agree reasonably well with the results of previous experiments 
considering the poor accuracy involved in the difference measure-
ments. T he first two sets of results for resonances given in Table I I 
are the results of earlier measurements made with a single sodium 
iodide crystal as the y-ray detector. These show quite satisfactory 
agreement for the intensities deduced for the ground and first excited 
state transit ions. However, a comparison with the results of Bollinger 
et al.13 show rather poor agreement unless larger systematic errors 
are assumed to dominate this type of measurement. 
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