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A proton recoil counter has been used to

the neutron spectrums in the energy range 3.3+17

a beam produced by irradiating 95% U235 (metal) in

determine

Mev, of

the glory

hole of the water boiler: most of the fissions were induced

by slow neutrons. The data obtained are believed to repre-

sent the fission spectrum, and are combined with data obtained

by D. Hill and by T. ~y.Bonner~ R* AO Ferrell~ and ~40 co

Rinehart: the composfte spectrum so obtained extends from

0.075 to 17 Mev.

Fits with two ~eneral formulas are discussed.
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ENERGY SPECTRUM OF NEUTRONS

FROM FISSIONS INDUCED BY THERYAL N?WTRON~

Introduction

Previous experiments to determine the neutron

spectrum yielded little information at energies higher than

6 Mev, and the data at low ensrgies disagreed rather sur-

prisingly wfth any reasonable theory.

In view of the importance for designs and the

Interest In the intensity at 15 Mev, spectal emphasis was

laid on the high energy portion of the spectrum: a very

intense,”well collimated beam of neutrons could be obtained

from the “water boiler”, so made investigation of the high

energy portion of the spectrum particularly attractive.

Several methods for observing the spectrum were

considered, and the proton recoil method chosen because the

factors necessary to compute the neutron spectrum were well

known.

Apparatus

The neutron beam was produced by inserting samples

of U235 (95.1?) in the “glory hole” of the water boiler, where

they were exposed to a thermal neutron flux of 3 x 1011 per

squal’ecentimeter. Two such sources were used: (1) a

28.5 gram disk of U235 0.1.68 inch thick mounted on a ~ra-

phite rod, and (2) an assembly of 31 disks 0.010 inch

thick equally spaced along an l@”$fi~%~al”@&h~”ltube: the
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total mass of U235 was 54.1 grams.

Since the presence of such lar~e amounts of active

material materially alters the neutron distribution in the

reactor, and since samples thicker than about 0.015 inch

absorb essentially all the slow neutrons incident on them,

the fission rate in the source 1s not directly proportional

to the aiiountof active material. A better measure is the

“effective mass”, defined as the amount of material which,

when dissolved in the reactor?s solution, would give the same

increase in reactivity as does the sample when placed in tho

glory hole. By this definition, the effective mass of the

28.5 gram disk was 6.1 grau, and the effective mass of the

31 disk source was 42.6 grams; from these measurements, the

.multlpledisk source was expected to produce a beam approx-
,

imately seven times as strong as that from the single disk

source, a conclusion borne out by the spectrometer measure-

ments. Unfortunately, the avera~e fission rate per gram

throughout the reactor is not the same as the average fission

rate per gram of either the actual or the effective mass of

the source used, so only rough comparison between the ob-

served and expected nunber of neutrons is possible.

As the ~rfmary objective of the experiment was to

determine the shape of the fission spectrum, it was necessary

to consider the effect of scattering in the walls of the ,

collimating tube. A very crude cal$Oyl~tiog:e$oo~~iderinEonly
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single scattering indicated that less than l.gof the emerging

beam had been scattered In the walls. Since the most ob-

jectionable feature of such scattering is distortion of the

spectrum through degradation, and since an energy loss

of 3 Mev would put neutrons observed in this experiment into

a grouP about ten times as strong as the parent group, lt

is believed that wall scatterln~ is negligible in this

experiment.

Many factors contributed to the

spectrometer, some of which are mentioned

section of the apparatus is shown in Fig.

design of the

below: a cross

1 and the experi-

mental set-up is sketched in Fig. 2. It was known that the

intensity of the very high energy neutrons would be low,

therefore the apparatus was designed to operate stably for

long periods. The three proton counters were removed from

the neutron beam in order to reduce their singles counting

rate and therefore the background; no moving parts of any

kind were placed in them to reduce the probability of a

change in the counter characteristics. The values giveq ,-

below are those used for the determination of the fission

spectrum and are,in a few instances, different from those

used to determine the spectrum produced b’ythe 28.5 Cm disk.

The recoil protons were ejected from any one of four poly-

ethylene foils, passed through any desired combination of

seven aluminum absorbers and the on?oc~i10$~:~lo@mp/cm2)
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Duralumin foil covering the 1.2 inch aperture for the counters-

The thicknesses of the polyethylene foils and aluminum ab-

sorbers are llsted in Tables I and II, respectively. Each

counter was made one inch deep in order to get a large ion

pulse, comparable with the pulses from argon recoils and

larger than beta ray pulses, and to reduce the number of alpha

particles which could give triple coincidences. The counters

were operated as proportional amplifiers with a gas filling

of 5% C02 and 95~ of 99.~% pure tank argon at a total pres-

s,~reof 22 inches of’mercury. Cver a period of a month, the

counting rate vs. voltage curves shifted to higher voltage

by about five percent, but no other change was noted. The

singles counting rate of #3 counter was’used to check contl-. .

nuously the proper performance of all counters: the triple

coincidence counting rates taken on different days agre@

within the statistical uncertainty about one percent, there-

fore it is believed that no errors were introduced by shifts

In the counter characteristics.

The entire a.c. supnly was obtained through a radlo-

frequency filter to remove possible pulses on the line,

then stabilized wILP.a Sorenson Model 1000 voltage stabili-

zer. During a weak?s run, the hfgh voltage supply for the

counters, also electronically re~ulated, was not observed

to vary by twenty volts. The pulses from each counter were

amplif~ed by a !:odel100 amplifier and clipped with a 200
● I
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TA13LE I

Polyethylene foil thicknesses

‘oly Number

2

3

4

1

Thickness (t)
I

Range equivalent In alum~num
mg/cm2 W/ .cm2

2,(?6

5.70

21.01

‘71.88

....

TABLE II

Alumlnum absorber thicknesses

Absorber —

Counters

Counter window

1

2

3

4

5

6

7

2.88

7.96

29,35

100.4

Thickness.—
+*

7.1 -1

7.91 ~.03

6.z9~ .03

13.04 t.05

27.0

42.2

110.4

215.8

216

see text
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micro-microfarad condenser, giving output pulses a few micro-

seconds wide. It was found necessary to add grid current

limiting resistors to improve the overload characteristics

of the amplifiers. The amplified pulses fed a triple coin-

cidence circuit, and the number of coincidences was recorded

with a Model 200 scale of 64. A second scale of 64 recorded

the amplified pulses from counter #3 which could contribute

to the triple coincidences. Owing to the slightly different

geometry of the center counter, it was necessary to reduce

the voltage apolied to the counters #1 and #3 by 9% in order

to obtain the same gas amplification in each counter. The

colmtin~ rate vs. voltage curves are shown in Fig. 3.

If’the counters should operate primarily as dif-

ferential counters the proton distribution observed would

be wrong because of the systematic change In the specific

Ionization, therefore energy range contributing to the

count. The shape of the counting rate vs. voltage curves

indicated no such effect, but as a check the ratio of neutron

intensities observed with 2250 and 2450 volts applled to the

counters was computed. At 3.2 Mev the ratio was 1.1630.02

and at 9.7 h!evthe ratio was 1,19? 0.1: from these ratios,

it Was concluded that the relative intensities of the high

and low energy portion of the spectrum are probably correct

within 15%.

By reducing the gains of each channelts amplifier.

—
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a factor of four and repeating the counting rate vs. voltage

curve, it was found that increasi.n~the applied voltage

400 volts increased the gas ampllficat~on a factor of 4.

Then the increase from 2250 to 2450 volts resulted in a

reduction of a factor of 2 In the energy loss necessary in

the counters, so was an adequate check that the counters

were not operating as differential counters.

The insertion of absorbers #6 and #7 completely

removed the protons and electrons originating in the poly-

ethylene foil or adjacent materials, but didntt appreciably

change the neutron flux anywhere in the apparatus. The

difference between the counting rates with no absorber and

with absorbers #6 and #7 in place should be due to protons

alone, assuming no counts from electrons knocked on by the

rather Lntense gamma beam accompanying the neutrons.

The counting rate vs. total applfed voltage for the
.

triple coincidences of the three counters and the single

pulses in counter #3 are shown in Fig. 3 for the two cases

(1) no absorbers and (2) absorbers #6 and #7 in place.

The difference between the two curves is ascribed to charged

particles originating near the polyethylene foils; the ex-

ponential rise in the diff~rence curve for #3 sfngles can~t

be ascribed to protons, and it is difficult to see how the

slight change in the positions of the absorbers could change

the number of argon recoils by a factor of two. If, however,

#
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the exponential rise in the singles rate is due primarily

to electrons ejected by the gamma rays such a rise in the

difference could be explained.

possible for an electron in the

about 80 kev, so they could not

The maximum energy loss

~as of any one counter was

be dismissed as agents for

producing counts. Electrons penetrating all the counters

could give ~riple coincidences, and the effect of the absor-

bers would be very different from that produced on the proton

count. An electron passing through the counters normal to

the planes of the collecting grids could 10SO a maximum of

34 kev In, say, #3 counter, 17 kev in #2 and 14 kev in #1.

.4sthe total amplifications of the three channels were es-

sentially the same, then the increase of gas amplification
.

observed Implies t“natabout 25!)volts above the point where

s~~chelectrons begin to count in #3 counter beta

produce a triple coincidence. Inspection of the

Fig. 3 shows an upward trend for tho coincidence

rays could

curves in

rate with

no absorbers and a sharp break in the triple coincidence

rate with absorbers #6 and #7 in place, both”at about 2600

volts, while the exponential rise in the singles rate starts

at about 2100 volts. The increase of pas amplification be-

tween ~hese two voltages is computed to be a factor 5.7: if

an 80 kev ener~y loss in ,.#3?roduced a sin~les count .at 2100

volts, then a 14 kev energy loss produced a count at 2603

volts and a triple coincidence could be effected by a beta

ray.
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The considerations above seem to set a lower bound

to the energy loss necessary to produce a count In the range

40 - 80 kev, for the operating condition of 2250 volts applled

to the counters. Since the proton counting efficiency ap-

proaches unity at 2250 volts, the upper bound must lie in

the range belsw 0.3 Mev. The spread in pulses owing to

different paths through the counters may then be inferred

about a factor of five: though considerably larger than

expected from the ori~inal design data$ such a factor is

quite believable in view of the rather slow rise at the

start of the proton plateau.

Calculations

The minimum possible path within the counters

necessary to produce a triple coincidence was 5.1 cm, the

maximum possible path was 7.6 cm? and the mean value WaS

aa

6.3 cm. In computing the range equivalent of the counters,

the value 6.3 cm was used; the maximum error was 1 cm. At

the operating pressure of 22 inches of mercury and with the

7.91 m.g/cm2 Durelumin window, the minimum proton range

‘1 mg/cm2,capable of producing a triple coincidence was 15-

corresponding to an energy of 2.45~ .1 ?tev. At the higher

energies, the maximum error is less (0.95 at 5 Mev). From

the cou’nter?s characteristics, it 1s believed that the pro-

bable error is less than 0.95 Mev at the lowest energy, and

correspondingly lower at the higher energies.





-15-

From the atomic stoppin~ powers it was computed

that 1 mg/cm2 of (CH2)X was equivalent to 1.40 mg/cm2 of

aluminum. From the th~cknesses of the polyethylene foils

and aluminum absorbers, and the equivalent thickness of the

counters and their window, the avera~e

proton glvin~ a triple coincidence was

was then converted ta proton energy by

minimum ran~e of a

computed. The range

the range-energy

relation computed by J. H. Smith, Phys. Rev. 71, 32 (1947).

The energy difference between particular combinations of

absorbers

used only

chanqed.

pendix I.

was also computed from the same data~ but could be

when the polyethylene foil was not simultaneously

The range-energy relation used is given” in AP-

Calculation of the neutron distribution from the observed——.

counting rates.

It was convenient to define the following quan-

tities:

CP
=proton counting
the counters;

‘P =proton enerpy;

En =neutron energy;

rate = number of protons/mln penetrating

P =water boiler power level, kilowatts (proportional to
source strenCth);

E. =average minimum proton energy;

~s =total proton scattering cross section, barns;

(tfl)=polyethylene foil thickness, mg/cm2.
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The cross sections used were obtained from the

theoretical curves of Bohm and Richman, Phys. Rev. 71~S70

(1947) and LOUiS Goldstein (LA-702). The curve developed

by Pohm and Rlchman fits the data of Bailey, ‘?ennett,

~erpstrahl, Nuckolls, I{ichards and ‘ffilliams~phys. Rev= ~

70, 583, (1946) quite well in the energy range 0.4 to 6 Mev.

The curve developed by Goldstein fits the data of R. Sherr,

Phys. Rev.; 68,240 (1945) and ‘N.Sleator, Jr., Phys. Rev.,

72,207 (1947) in the energy range 9 to 23 Mev. However,

‘treasonableextrapolations” into the gap cantt be made to

.
join. A smooth curve was constructed by drawing a rather

arbitrary join meeting Bohm and Rlchmanfs curve at 4 Mev

and Goldstejn~s curve at about 14 Mev, as shown in Fig. 11.

Acceptable joins could be made which differed by ten percent,

P the order 5,%at 8 Mev are to beso systematic errors o.

expected. The values used are listed in Appendix II.

The complete derivations used to compute the.neu-

tron dlstributjon are ,qlven in Appendix 111. The resulting

formulas are:

m = 3.04 X 106 ~(Cp/Pt.)/~#Eo (1)

0.93 ~ = Ep (2)

In srder to preserve the accuracy of the diffe-

rence A(Cp/Pt~), the values of AEO were chosen to be

about 1 h?ev. Since the function (N(En)) falls by more than





a factor of two in such a large interval, it was thought

desirable to plot the average value obtained at the energy

where N{En) would take on the avera&e value. Since the

function ~s nearly exponential tn the energy range consi-

dered, the relatlon between energy interval wfdth and plot-

tlng position is readily established. The result is a minor
,

correction and is developed in Appendix IV.

Results——

The first spectrum observed was that of a beam

produced by a 28.5 gram disk of U235 0.168 inch thick mount-

ed on a graphite rod and olaced in the center of the water

boiler. The spectrum obtained is given in Table III, and

could be fitted with the empirical equation

N(EJ = 4.05 x 106 P 0-%/1”16 (3)

3< En<12Mev

It became evident that the above data could not

yield the desired fission spectrum because (1) the jntensi.ty

was too low to reach 15 Mev and (2] the number of neutrons

produced in the reactor~s solution and subsequently scattered

into the beam by the walls of the collimating t~lbeand the

graphite rod backing constituted about a third of the total

beam.

A new source was designed to reduce the amount

of material capable of scattering neutrons from the reactor





2.96

4.17

5.27

6.25

7.26

8.50

9.72

10.69

11.75

12.73

-18-

TABLl? III

.

N(E) X 10-4
neutrons/Mev (kw) sec

30.0 2.8

9.67 ~.5

4.77 t.4

1.63 2.3

0.9 *.1

0.33 *.03

0.15 ?.03

0.04 2.01
.

0.022 t.oo7

0.020 *.007
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Into the beam and to raise the beam lntenslty as much as

possible. The design chosen was 31 disks of U235 0.010 inch

thick equally spaced alon~ an 18” aluminum tube. The neutrons

produced in the disk farthest from the spectrometer passed

through 0.3 inch of uran!.um, so the distortion produced by

self absorption i.nthe so’urcewas negligible.

Three minor chan~es were made in the spectrometer

while the .multi~le disk source was bejng designed and con-

structed: (1) the number 1 position of the polyethylene

foil wheel was covered with a thick (71.88 mg/cm2) foil;

(2) the pure aluminum counter window (6.57 mg/cm2) was re-

placed with the Duralumin window (7.91 mg/cin2); and (3)

the counters were operated at 22 inches of mercury pressure

instead of 15. The values used for the determination of the

spectrum of the beam from the open hole and the beam from.

the multi,ple disk source are given in the section on Apparatus.

The data obtained with the :multiple disk source

is given in Table IV, ana the values of factors used in the

computation tofletherwith the computed spectr’m are listed

in Table V.

The spectrum of the beam produced when the glory

hole was empty was measured and the result ”listed in Table VI.

The data can be fitted reasonably well with the equation

N(EJ =
-E/l.3

5.5 x 105 P e

3<En<lo

(4)

—
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~

3.06
3.87
4;73
3.6.8
6.&J
7.86
8.80
9*9O

N(E)x10-4

neutrons/Mevkw see

6.1 2.3
2.93?.1
1.50t .17
1.02 ?.05
0.48+.03
0.13 ;.04
0.11 t.@2
0.05 ;. 015





-23-

The spectrum produced by the fissions in the disks

alone was obtained by subtracting the values gtven by equation

(4) from the values listed in Table V: equation (4) was

assumed to hold throughout the energy range 3 - 17 Mev.

Since the shape of the open hole spectrum is essentially the

same as the spectrum of the beam from the multiple disk

‘source, and constitutes only 4~ of the total beam, It Is

believed that errors introduced by the subtraction are neg-

ligible. The difference is listed in Table VII: since

wall scattering is believed to be negligible, the data

listed in Table VII are believed to represent th~ flsslon

spectrum.

Discussion——

It is interesting to compare the observed spectrum

with the predictions of the theoretical picture of the fission

process. For this purpose, it is useful to combine the data

of D. Hill, CP 3800, and the recent data of T. W. !30nner,

R. Ferrell and Y. Rinehart, LA 715, with the present ~ata.

Hill used a proton recoil counter to observe the

di.stributlon of all neutrons (both prompt and delayed)

pr~duced in a sample of U235 placed in a beam of thermal

neutrons. His data lie in the energy range 0.4 to 6 Mev.

Eonner et. al. used a cloud chamber filled with

hydro~en at 1/3 atmosphere to observe only the prompt neu-

trons produced in the ffssim of U235 in a beam of thermal

neutrons t ‘I’heymeasured both the distribution in ~h~ range 0,075
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