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Abstraot !

The high-gnergy portion of the neutron spectrum from fast fission of -
49 has been measuréd by the use of reoéii protons in photographio emulsionég
The result is identical within statistics to the 25 fast-fission-neutron spectrum
(1A=200). 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
photoplate data indicates (a) ths maximam of the distribution is between ) and
2 Mevs (b) that some 17% of the neutrons arec above 4 Mevs (c) that the aversge
energy is about 2.6 fevs (d) that the high-energy spectrum is not incompetible
with the assumption that.the nautron energy distribution is Maxwellian in the
moving fragment systems (e) to explain the shape of the lowenergy ond it may
be necessary to assumoe that not all the nsutrons ere emitted from a moving

spherioal fragment.
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Photographic emulsions have been used by the present workers to

Introduction

examine the neutron specta of various sources especially the spectra of fission
neatrons 1 %36 While this method has proved quite satisfactory for high-energy
neutrons, grain straggling and other factors limit its usefulness to neutron
energies greater thak 1,0 to 1.5 M@v; At one time, concern was expressed that
there might be a considerable group of fission neutrons with energy below 1 Mev,
Furthermore, it oan be showa that if neutron emission on a sgimple eveporation

picture is spherically symmetric in the moving-fragment system, then the observed

laboratory distribution should go to gero with decreasing E as Ev&o Therefore,
|
there is cousiderable interest in the shape of the fission spectrum in the low-

energy rezion, For this reason a oloud chamber of very light construction (to
minimize scattering) end designed fof operation at very low stopping powers has
been construocted and used to examine the fisslon neutron spectrum of 49 for
energiss less than 1.0 Mev, |

Experimental Arrangements

(a) For photoplate datas The experimental arrengements are similar tc
those described for the measurement of the neutron spectre from the fast fission
of 25 3) except that the 256 disk was replaced by a 0.9" 0,D. hemispherical shsll
of 49 weighing about 80 grems which Hanson had used earlier in hig multiplication
experiments. This hemispherical shell had a thickness of 0,74 om. The front

edge of the photoplates was about 9 cm from the 49,

1) H, T, Richards Phys, Rev., 69, 796 (1941)
2) H, T. Richards et al, IA 60, IA 66, 1A 84, LA 85, LA 111, LA 200, 1A 201
3) H, T, Richards, 14200
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(b) For the cloud-chember date: The cloud chamber and auxiliary
equipment will be desecribed in a forthcoming report, Thé experimental set up
for this measurement is sketched in Fig. 1. Protons of energy but élightly
greater ( 10 Kev) than the threshold value for the Litpn)Bé1reaction hit the ros
tating lithium target, Because of momentum considerations under these conditions
all of the neutrons from the li%pn)Bé’reaction are confined to & cone of half
angle 30 degrees to the proton besm hence no unscattersd primary neutrons could
reach the cloud chamber. These primery neutrons (E® 70 Kew) impinged upon a disk
of 49 which was 1" in diameter and 0.5 cm thick. These neutrone cause fission
in the 49 the fission neutrons from the plutonium dise are spherically symﬁetric
in distributicn so some will pass through the cloud chamber and be deteoted by the
recoil protons which result from collisions of the neutrons with nuclei of the
hydrogen gas in the chamber, The proton besm is only allowed to hit the lifhium
" target for & few hundreds of & seconds sfter the oloud chamber has been expanded,
If the beam hits the lithium before the chamber is sensitive, then the ions from
the recoil protons have time to diffuse and the observed tracks will be quite
diffuse, The pulsing of the proton beam is accomplished by momentarily shorting
some electrostatic deflector plates which were aboui‘hwo meters before the target,

Because of the large size of the chamber and the large nunber of tacks
(which because of the rapid fall in hydrogen of the vapor droplets carried dowm
e large portion of the vapor at each expansion), it was necessary to run at a
cycle time greater than one minute in order that the chamber returm to equilibrium
conditions.

Calibration of the chamber

The stopping power of the hydrogen zas plus alcohol-water vapor casn be

computed from the pressure of the gas and the vapor pressure of the liquid. As
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systemic errors of measurgment of track lengths, it was considersd worthwhile

to determine experimentally the stopping power of the nmixture by irradiating

the chamber with wonochromatic neutrons of kmown energy from the Li(pn)Be
reaction. This was done before and after the fission uneutron measurements

to check wnether the stopping power changed during the run, This experimental
determination of the stopping power by use of monschromatio neutrons is also
useful because of the information which it zives concerning the resolution of

the measurements and the number of scattered neutrons praseﬁto The experimental
stoppinyg powers (about 0.2 that of air) agreed with t he computed values in all
cases, Once the stopping power 1ls known, then the calibration deta can be plotted
in energy intervals to exhibit the energy resolution and the size of the teil
caused by scuttered neutrons or errors of weasuremsent, This has been done in
Fiz, 2o The half width of recoil proton zroups azree setisfactorily with that to
bs expacted from measuring recoils out to 15 degrees and from the thickness of
the lithium target,.

weasuring Criteria

(a) Photoplate data; The measuring criterion for the photoplate date
is the same as thut described in earlier reports, 1) 2)

(b) Cloud-chember dataz: The illuminated portion of the d..mber wes a
rectangular parallelipiped 12 = 10 x 30 cm, However, £he useful sensitive rogion
of the chamber does not extend clear to the walls so that the effdotive iength
of the parallelepiped was taken as 20 em, Only recoil protons making an angle

-15 degrees with the incident neutron beam were considered for measurement,

Turthermore, to sliminute &5 far as possible the various geomeiric correctiong—
___—————,__;".4_______,__—

emstmra———

\.t\S}SS\‘ _ ::::::::::::::::::::::::
c . 75"(3‘
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arising from the lomger tracks having a greater probzbility of leaving the
illuminated area, tracks were considered accsptable for measurement only if
they started in a truncated cone of the illuminated arca whose position and
sige were so ohoson that (a) there was no inverse r2 gorrection for tracks
starting at different distences from the source, (b) that all recoil protons of
energy less than 700 Eev would end within the illuminated area of the chamber
and hence have no geomstrical correction, (6) that all recoil protons of energy
greater than 700 Rev and to the maximum energy measured could only leave the
illuminated area at one end and then only if they started in the half of the
truncated cone nearost that end of the chamber, For these conditions, the
geometrical correction factor was of an exosedingly simple form and was only &
factor of two for the 1.2 Mev point,

viith these criteria the mumber of acceptable trecks was of ocourse but
a small fraction of the total this was especizrlly true because most of the recoil
protons were téo energetic to be stopped wholly within the ochamber,
Results

(a) Fhotoplates About 1000 tracks were memsured onm the photoplates,
These have bean plotted in energy intervals by meens of the calibration data of
1A-60, oorrected for the n-p soatlering oross section, and correscted for a
goometrical factor arising from the faot that the slightly inclined long tracks
have a larger probability of leaving the emulsion (see references 1 and 2), The
inferred neutron spectrum is given in Fig, J3.by the solid points,

(b) Cloud chambsrey Slightly over 500 tracks have boen measured whioh
satlisfy the above cirteria, These have bsen plotted in emergy intervals by means
of the calibration data mentioned above, and correctsd for the n-p scattering

oross section, The points above 700 kv hed also to be corrected for the finite

ohanoe whioh these longer recoils had of not be:’o.ng whoé]‘y ntained in the chamber.
| ONCLASSTFVED =
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The r esulting dilstribution was normslized %o the photoplate cia.ta in the
region 1.0 to 1.5 Mev and is shown by the open circles of Figo 3. It is to be
rogretted thet the region of overlap of the two sets of data is not larger. It
was planned to take cloud oh;mber deta with & gas of higher stopping power (methane)
but gemma ray background from the electrostatic generator was Yoo high -Xo-make
this possible until petter shielding is arranged and the chamber redesimed to
have a shorter sensitive time.

The average energy is about 2.6 Mev,
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Discussion
The simplest and most attractive hypothesis concerning the mechanism
of neutron emission is based upon Bohr and Wheelsr's description of the fission
procossop' Feutron emisslon 1s assumed to ocour by evaporation from the moving
fragments after they huve separated appreciable, The energy distribution I(30)

of tho ewaporated neutrons in the movingefragment system should b» YMaxwellian®)

1.6,

I(B*)dR® = const, B' e °E°/kT dg?e :
L . (1) |
or in terms of velo'cities'of engission
f(u)du = I(muz/a) u du = congt, W2 e ~ma2 /2T dua
(2) ‘
The above distribution, howover, will not be the observed distribution

ian the lebar-. by system because the velooities of the fragoments are comparable !

to e veloclities of the emitted noeutrons,

Let v = velooity of the fragment
u = velecity of the emitted neutron in the rpgiment systom
V = velooity of the neutron in the laboratory system
then
V2= ve -3-“2 4~ 2uv cos O
(3)
and herce for & given u, (v is of course constant) .
a(ve) = 2 aB/m = 2uv d(cos 0) = ~2uv sim O di
(¢)
4:) No Bohr and Jo Whéoler, PhySQ RBVQ '§§.3 426 (1959) ““C\’ hss\‘
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, where E is the energy of the neutron in the laboratory system,

How £(u)du is the number of neutrons emitted with veloocity belweon u
and u + du in the fragment system. FHonce for & given diresction in the laboratory
system the number of particles omitted with velooity between u end u + dd is

f(u) du sino d@
(5)

but by (4) this is

£(u) du (38 /dmuv)
, (8)

How a given emergy in the laboratory systom between E and E- dE may

result from verious velocitles and angles.of euission in the fragment system

hence . -
. Uonx
d¥ = comst.| iiujdu/u dB
/ (7
Lnin
where

umi'n‘-f‘-vcv

vax =V + v

Dividing through by x dE and transforming the integral by means of (1) amd (2)

w9 have

B} B /T

dN/dE = ooust, E? e dg¢

0
El-

8) V. F. Weisskopf, [£-24 (38) p. 156. The coefficient of the exoonontlal
involves & o the fir3dt power insteed of 82/2 as for the distribution
of molecular ensergies im & gas this is because one is interested in
the number of particles striking unit area per second, and hence-the_
fast particles are welighted by their velocity.
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where

Evl - 4!39/30 -1)2
Efa = (1&:**/30 +1)%

E, = 1/2 e

The integral mmst be evaluated numerically for giveh values of kT and

E,o B, is known from tho experimenis on the kinetioc emergies of fission fragments

and is different for the two frizments. If the total kinetis energy of both
fragments is 160 Mev and the fragment energies are in the ratio 3/2, then the
energy of the neutron resulting from the motion of the light fragment i:s 1,0 Hov
and 18 0.5 Mev if resulting from motion of the heavy fragmemt, Further since
=5 for 49 fission, ono fragment probably emits two of the neutrons, This is
mogt likely to be the light fragment for the following reasomss (1) If we assume
homogoneous mixing of neutrons and protons, then the light fragment will have the
greater neutron oxcess relative to the slable muclei and hence a lower neutron
binding energy. (2) The lizhter fragment will have a lower density of energy
levels and henoe for a given excitation energy will have 2 higher nuclear temper.
dure, |

It is difficult to calculate theoretiocally what the miclear temperature
of the fragments should be., However, an estimate cen be mede from our knowledge
of 1evelidensities and from the maximum neutron energies observed in the spectrum,
The method is desocribed in reference {(§)c The result in Mov units of nuolear-

temperaturs emergy kT for the fission frazments is as followss

Wright of Huclear-tomperatues energy kT for SS\‘ \"“
Fragment Meximum Neutron energy of (‘\‘k
5 lev 10 Mev ““
88 »80 1,26 —
144 7 1,08 ==
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If the ligat fragment doss emit two neutrons and the binding
snergy of the first is of the order of 5 Mav thon reasonable choices for the
miclear-temporature enerzy kI of the light fragment would appeer to be kT 1.2 Mev
for the first neutron emitted and perhaps 0,9 tiev for the second neutron., Tho
heavy fragment somewhat erbitrarily may be assumed to have a kT of edbout 1,0 Mev,

With thene assumptions the above intergral has been evaluated mumeriocally.

The r esult is represented by the solid line of Fig. 4. At high enbrgies the it
1§ roughly satisfaotory. The low-snergy ond shows considerable deviation from that
waioch would be expeocted from a Maxwellian disiribution in the fragment system,
Furthermore, this deviation from a Maxwellian distribution on the low-energy end
does not result simply from a poor ohoice of ¥T sinas it mmy be shown that tho
distribution should go to gero with deoreasing E as gY/2 indepondent of the
particular values essigned %o kT and or Eoc The present low-energy data do not
appear to approach gzero as El/ko This disagreement of the low-energy date with
the evaporation hypothesis is quite similar ©to the resulis which 8taub and
Hicodemus found from ionization-chamber msasuroments of tpe low=energy portlon
of the fisslon-neutron qpectrumos)

If the present low-encrgy data are to be believed, it may indiocate that
not all of the prompt neutrons are emitted by ewaporation frem the moving
fragments. Bohr and Wheeler_4) consider it not unressonable that some neutrons
may be emitted at tho momsnt , of fission in a manner analogous to the creatlon of
tiny droplets in the space where the original enveloping surface of a liguid
drop was torn apart. The dynamics of such a fisesion process are very complicated

and hence it is dlffiocult to prediot theoretically what energy and angvlir dis-

6) Private communication of soms unpublehed results

ummssmeo'
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tribution the neutrons emitted by this process might possess. If future
experiments onthe correlation of neutron and fragmont directions bes inoconsistent
wish the ﬂypothesis that the neutron omigsion in the fragment system is isotropic,
this might be further evideace azainst assuming that all of the neutrons are
svaporated from the moving spheriocal fragments.

One might perhaps modify the evaporation model by postulating that the
evuporation cocurs before the moving fragmonts have sssumed a spherical form.
By properly choosing the shape of the f{ragment at the time of neutron emission,
one might obtalin a non<=isotroplc distribution in the fragment system whioch would
give tho cbsorved laboratory noutrom spectrum,

Befors adopting such complicated models of neutron emlssion itwould
be desireble to have considerable better oxperimental data on the fission neutron

spectrum, partioularly in the very-low-energy region (B 300 Kev),
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