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Abstraot t

The high.auergy portion of the neutron speat.rumfrom fas% fi6sion of
.,

49 has been measured by the use of reooil protons in photographic cumalsiona~

The result is idcmtioal,within statistics to tine25 fast-fission-neutronspectrum

(IA0200)o A hydrogen-filled oloud chamber has been used to extend the photoplate

data to low neutron energies (200 Kev)~ The resulting data when joined to the

photopkte data indioate; (a) the maximum of the distribution i6 between 1 and

2 Mevt (b) that some 17% of

energy is about 2~6 Xev: (d)

with the assumption that the

the neutrons are above 4 Mev; (c) that the average

that the high-energy spectrum is not incompatible

neutron energy distribution is ?daxwellianin the

moving fragment systeras(e) to explain the shape

be neoessary to assume that not all the neutrons

spherioal fragment.

of the low.energy end it may

aro emitted from a moving
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Introduction

Photographic emulsions have been used by the present workers to

examine the neutron speota of various souroes ospeoially the spectra of fission

?) 2~”
neatrons ... t’fhilethis method has proved quite satisfactory for high-energy

. neutronss grain straggling and other faotor~ limit its usefulness to neutron

energies greater thab’100 to 105 tiovv At one time, oonoern was expressed that

there might be a considerable group of fission neutrons with energy below 1 ldev~

Furthermore, it oan be shown that if neutron emission on a simple evaporation

# picture is spherically symmetric in the moving-zfragmentsystem, then the observod

laboratory distribution should go to zero with decreasing E as Etl%o ThereforeO
I

there is considerable interest in the shape of the

energy region. For this reason a cloud &amber of

minimize scattering) and designed for oporation at

fission spectrum in the low.

very light aonstruotion (to

very low stopping powers has

been constructed and used to

energies less than 1~0 Mev~

Experimental Arrangements

examine the fission neutron speotrum of 49 for

(a) For photoplate datag The experimental arrangements are similar t~

those described for the measurement of the neutron speotra from the fast fission

of 25 3, exoept that the 25 disk was replaoed by a 0091*OeD~ hemispherical shell

of 49 weighing about 60 grems which Hanson had used earlier in his multiplication

experiments. This hemispherical shell had a ~hiokness of 0074 omo The front

edge of the photoplates was about 9 cm from the 490

1) K, To Richards Phys~ Revo, 69, 796 (1941)
2) H, To Riohards et al, LA 60~L4 66S LA 84, IA 85, IA 111, LA 200, LA 201
3) H. To Richards, IA-200 —. —.— —
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(b) For the cloud.duunber data. The cloud chamber and auxiliary ‘

equipment will be described in a forthcoming report~ The experimental set up
. .

for this measurement is sketched in Fig. lo .Protormof enez’gybut slightly

greater ( 10 Kev) than the threshold value for the Li~pn)Be’reactionhit the ro&

tating lithium target. Because of momentum considerationsunder these conditions

all of the ne~trons from the Li~pn)Be’reactionare confined to a oone of half

angle 30 degrees to the proton beem hence nc unscattered prhnaryaeutx=ons oould

reach the cloud chamber. These primary neutrons (=70 Kev) impinged upon a disk

of

in

in

49 which was I’tin diameter and 0.5 cm thick. These neutrons cause fission

the 49 the fission neutrons from the plutonium diso are spherically symmetric

distribution so some will pass through the cloud chamber and be deteoted by the

recoil protons which result from collisions of the n.outronswith nuclei of the

hydrogen gas in the chanbero The proton beam is only allowed to hit the lithium

target for a few hundreds of a seconds s.fterthe cloud chamber has been expanded.

If the beam hits the lithium before tho chamber is sensitive, then the ions from

the recoil protons have time to diffuse amd the observedtraoks will be quite

diffuse. The pulsing cf the proton

some electroststio deflector plates

Because of the large size

(which because of the rkpid fall in

besm is accomplished by momentarily Ehorting

which were about two meters before the target.
●

of the da.mber and the large number of taoks

hydrogen of the vapor droplets carried down

a large portion of the vapcr at eaoh expansion], it was neoessary to run at a

cycle time greater than one minute in order that the chamber return to equilibrium

conditions.

cal~bratio~ of the chamber

The stopping power of the hydrogen gas plus alcohol-water vapor “oanbo

computed i%oruthe pressure of the gas and the vapor pressure of the liquid. As
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a check upon the calculated st6pping power’and gas purity and a ck UpOKl

systemic errors of measurement of’track lengths, it was considered worthwhile

to determine experimentally the stopping power of the mixture by irradiating

the chamber i,ithmonochromatic neutrons of ‘knownenergy frcm the Li(pn)Be

reaction. This was done before and after the fission neutron measurements

to check vinetherthe stoppin~ power chsnCed during the run. This experimental

determination of the stopping power by use of monoohromat.ioneutrons is also

useful because of the information -duichit gives concerning the resolution of

the measurements and.the number of scattered neutrons px%mwlt. The experimental

stopping powers (about 0,.2that of air) agreed withthe computed values in all

cfksesa Once the”stopping power is known,

in energy intervals to exhibit the energy

caused by scattered neutrons or errors of

then the calibration data can be plotted

resolution and the size of the ‘tail 4

measurement= This has been done in

Fis- 20 The half width of recoil proton groups agree satisfactorily with that to

be expac~ed from measuring recoils out to 15 degrees and i’romthe thickness of

the litlniumtargetO

Xeasurin< Criteria

(a) Photoplate data:

is the same as that described in

The ~easuring criterion for the photoplate data

earlier roportso 1) 2)

(b) Cloud-chamber data: The

rectangular parallelipiped 12 x 10 x 30

of the chamber does not ex+end clear to

illuminated portion of the o?,.irnberwas a

cmo However, the useful sensitive region

the walls so that the eff’doti.ve~ength

v of tileparallelepipedswas taken as 20 cmo Only recoil protons making an angle

-15 degrees with the inoident neutron beam were considered for measurement
.

!’urthermore~to eliminate GS far as possible the various geometric cor’rQokiow+—

L

~s
,,~\O ~=
J

@ +*&~.*C
,.’.,.!.
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arising from %lw longer tracks having a greater probability of leaving the

illuminated tu-ea$traoks were considered acceptable for measurement only if

they started ina truncated com of the illuminated area whose position and

si~e were so ohosen that (a) there wa~ no inverse rz oorreotion for tracks

starting at different distxmcws from the souroe~ (b) that all rcmoil protons of

energy less than 700 Km would end within the illuminated area of the chasiber

and henoe have no geometrical oorreotiorie(G) tha% a12 recoil protons of energy

greater than 700 Rev and to the +wximum energy measured.csouldonly leave the

illuminated area at one end and then only if they started in the half of the

truncated cone nearest that end of the cha.mbaro !&ortheso conditions, the

.

.

geometrical oorreation factor

fmtor of two for the 1.2 3!ev

With these criteria

a small fraction of the total

protons were too energetio to

Resu2ts

was of an exosedingly sim@e form and was only a

poicto

the number of acceptable

this was especially twue

be stopped wholly within

trmks was of oourse but

becausO most of the reooil

the ohambor~

(6i) ~O%O@8~e8 About 1000 tracks wero measured on the photoplates~ .

These have been plotted in energy intervals by means of the oalibraticn data of ~

IA.60D oorrected for the n-p soattwring oross section. and correoted for a

goomet$ical faotor arising from the faot that the slightly inclined long traoks

have a larger probability of leaving the emulsion (see references
,.

inferred ns~tron spectrum is given in Fig. 3~by the solid pointso

(b) Cloud dmmborw Slightly over 500 tra~ks have been

land 2), l!he

measured whioh

sa%isfy the above oirteria. These have been plotted in energy $ntervals by means

of’the calibration data mentioned abcW3s and oorreotmi for the n-p soatterlng

oross seotion~ ‘fhopoints above 700 k= had also to be oorreot@ for the finite

di.anoewhiohthwm longer recoils had of not boi ~who

uHcL@~#~-=O
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The resulting distribution was normalized to the photoplate data in tho

region lm~ to ~05 *V and is sho~ by tho open Ci~CltBSof ~i,~oso It is tO be

regretted that the region of overlap of the two sets of data is not largar~ It

was planned to take cloud oA16&nberdata with a gas of higher stopping power (methane)

but gamma r&y b&@grouad fraR the eleotrostatie generator was too .high.ko.make

this possible until bettor sh3.eMing is arranged and the ohamberr@desi_med to

havo a shorter sensitive time.

The aver~ge energy is about 2.6 hvo

.

.
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I?iscussion

The simplest and most attractive

of neutron emission is based upon 130hrand

prooassa4> !?atron emission is assumed to

IJNCLASSIFIED
—.

hypothesis concerning the meohanism

Wheelergs descri,pkionof tho fission

ocour by evaporation from the moving

fragments after they huve se~rated appreoiablao
●

o.f~ho evaporated neutrons in the moving.fragment

ioeo

The energy distribution 1(3°)

8ystsm should

or in temTIsof veloci%ic36of emission

f(u)du= 1(mu2/2) U du= oonste U3 e

The abovo distributions howover, till

in the labo$’.’.ky system becwnasethe velooiti.es

t..e velocities of the emitted wztrms.

Letv= velo(sity02 the i%gment

not be

of the

ba ?Jaxwellian6)

(1)

(2)

the observed distribution

i’mgoments are comparable

u = vehmity of the,emitted neutron in the ?rW:pI@~~ system-.
V z veloo%ty of the neutron in tinelaboratory-system

*h*n

A-F* U2,.2UTCOS0

and henoe for a given

C@) = 2.

Q) N. Bohr and J.?Wxsler, Phys. llev.~, 425 (1939)

I

I

.—..—
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,where E is the energy of the neutron in the laboratory

Mow f(u]du is the number of neutrons omitted

and u ~ du ‘inthe tiagnmnt system. Hence for a given direoti.onin the laboratory

sys%sm ths nuntbw of particles omitted with velooity between u and u ~ dd is

f(u) du si.nQdQ
(5)

b.lt by (4) this is

f(u) du (dE/4x+

I (s)

Pkw a given energy in the laboratory 8yt3tcmbetween E and E. dE M&y

result from various velocities and angles of emission in the fragment system..

where.

=V-v‘fain
u~~ =~+v.

Dividing throughbyx d13nnd transforming the integral by means of (1) and (2)

we have

“[

E$ EQ/~

dN/dE= 00IISto 470 dEo

.

(fj]

.

ExponentialS] V. FO ‘NeissSiopf.IJ.024’(36) p. 15,. The ooef’ioient of’*he
{-nvolvese *G *h6 f~-~t powtjl’ir18’kQ13dOf ~ i~. ~ as for the distribution
of moleoular energies in a gas this is becauso one is intemst,od in
the number of particles striking unit area per second, and henae-tha~.
fast partiales are weighted by their velociao ~

-—
-—.—. .
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E. = 1/’2Xl#
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010=.

The integral must be evaluated

EOO 30 i.~known from the experiments on

and is different for the two fr~;mentso

numerically for given values of kT end

the kinetio energies of fission fragments

If th total kinetie energy of both “

fragments is 160 Mev and the fraginentener@es are in the ratio 3/2?,then the

energy of the neutron re~ulting from tha motion of the ligb.tfragment is 100 I&v

and is 005 MISVif resulting from motion of the hea~ frag!nerrt.iNarther sinoe

~=3for49fission, onofngment probably enitstwo of theneutions, This is

most likely to be the light fragment for the following reasons$ (1) If we assume

homogeneous mixing of neutrons and protons, thonthe light fragment till have the

greater neutron exooss relative to the stable nuclei and hence a lower neutron

binding energy. (2) The li~hter fragment will have a lower density of energy

levels and henoe for a given

dure.

it is difficult to

of the fragments should be~

excitation energy will have a higher nuclear temper-

oalculate theoreticallywhat the nuclear tmperatwro

However, an estimate can be

of’level densities and from ths maxixmu.nneutron energies

The method is desopibed in referezzoe(5). The result in

> -ixmpewaturetmeqgy kT

Wright of
. F’ragmeat

96

144

made from our knowle~e

observed in the speotrumt,

J!& units of nuolear.
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If the li~lt fragment does ewlt two neutrons and the binding

energy of tho first is of the order of’5 Mev then reasonable choioes for the
.

nuohar-tempomture energy kt of the light fragmentwould appear to be ~ 3.2 ?&v

for the first neutron amitted and perhaps 009 tievfor the second neutron. ThQ

heavy fragment somewhat arbitrarily may be assumed to have Q kT of about 1,0 Mevo

With thono &wn.m@ions the above intergral has been evaluated numrioally.

The result is represented by the solid lino of Fig. 40 A% high @n&rgi@s the fit

&f roughly satisfaotory~ The low-energy md shows considerable deviation from that

fifiiohwould be expedwd from a Maxwellian distribution in Me Xragmetitsystem

13AAermoreS this deviation from a Yaxwellian distribution on the low-energy end

does not result simply from a poor ohoioe of kl!sinoe Nmay be shown that the

distributionshould go to zero with decreasing E as Ei~2 indapendont of tha

Particular value8 assigned to ?cTand or Eo. ‘J!hopresent low-energy data do not

appear to approaoh zero a8 E@, This disagreement of the low-energy data with

the evaporation hypothed.s is quite similar to the results whioh Btaub and

Niaodwnus found from ionlza%ion-oham?xwmeasuromezts of the low-energy portiora

of the fission-neutron spectrume6)

Xf the present low-energy data are to be bolievad~ it may indioate that

not all of the prompt noutrorxsare emitted by evaporation from the moving
●

.

fiagmerltsoBohr and Wheeler,
~)

consider it not unreasonable that somo neutrons

may be emitted at the moment:of fission in a manner analogous to the creation or

tiny droplets in the spaue wfierethe original envelopin~ surfaoe ofa liquid

drop was tern apart. The

and hence it is di.ffioul%

6) Private communication

d&tsios Of SUOh a fiS8$O13 prooesE are very Oompkioated
;!

of somq unpublished results -__.— __--—..-.--.-——-. - .- --,-——~—.——- .---’.—.-—---____ — ....----
‘1

uNclhS$lFiEDF’-’~>;
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tribution the neutrons emitted by this prooess might possess. If fituro

experiments onthe correlation of neutron and fragment directions be inoonsistont

wi’& the hypothesis that the neutron omimsion in the

this might be zlarthereviderloeagainst assuming that

~v~pora~from ‘&e movi~ 8Ph@ri0al &a@mnt6.~

fragment system is isotropioo

all of the neutrons am

C!nenight perhaps modify the+evapora%ionmodol by postulating that tho

evaporation occurs before tlhumoving fragments have assumed a

By properly choosing the shape of the ikagmant at the time of

one might obtain a non.isotropio distribution in the fragment

give the observed laboratory neutron spootrurn~

spherioal form.

neutron 6mission0

S@@Ll whioh WOU?d

Before adopting suoh oomplioated modmls of neutron emission itwould

be desirable to have oonsi.derablebetter oxperimontal data on the fission neutron

spectrums particularly in the verydovi.ema’gy region {E 30S)XCJV\Q

—..—.‘ti,.i
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