Lawrence Berkeley National Laboratory
Recent Work

Title

VELOCITY AND ANGULAR DISTRIBUTIONS OF PROMPT NEUTRONS FROM SPONTANEOUS
FISSION OF Cf252

Permalink

https://escholarship.org/uc/item/40k5f0gx

Authors

Bowman, Harry R.
Thompson, Stanley G.
Milton, J.C.D.

Publication Date
1961-12-07

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/40k5f0gx
https://escholarship.org/uc/item/40k5f0gx#author
https://escholarship.org
http://www.cdlib.org/

UCRL-9713 Rev

University of California

Ernest O. Lawrence
Radiation Laboratory

( )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

Berkeley, Calitornia




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



fTEEN 3

for publication in Physical Review UCRL-9713-Rev

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-Th05-eng-u48

VELOCITY AND ANGULAR DISTRIBUTIONS
OF PROMPT NEUTRONS. FROM SPONTANEQOUS FISSION OF Cf252

Harry R. Bowman, Stanley G. Thompson, J.C.D. Milton, end Wladyslaw J. Swiateckil

December 7, 1961



iii UCRL-9715-Rev

’ VELOCITY AND ANGULAR DISTRIBUTIONS OF
v PROMPT NEUTRONS FROM SPONTANEOUS FISSION OF Cf252
Contents

N ST v = v T e v
T IOt OAUCELOM « + + e v v e v v v e ee e teeeee e et e e e et e 1
II. Experimental Procedure......... ; ........ e e, 2
A.  General description of apparatus......ooeveieriiiiiiiinn, '...7... 2
B. Time-per-channel calibrations (S)......c.oeviiiiiiiiriiiiiiinian... i

C. Measurements of flight distance (D), fission rate (R), and solid
L BNGLES () + v re et e 5
D. Operating procedures and data-check system......c.ocoeiiiiiiiiiein, 8
F I &< e =ia g 1 ¢ 9
F. Neutron-detector efficiencies................ e et .lO
G. Neutron bias settings............. PR e e 13
‘H. Pulse-height\compensation network........ ettt r e 13
I. General description of the calculations......voviiniinrinennnnn s, 14
J. Calculation of the velocities. ... ....e.uureneueneneeeeeeenenananns 16
O O b s T o v X« = 18
a. Dead time oOf @DPArabUS. .\ vttt et ie i it ie e ... 18
b. Decay....... et et e e e e e e e e 18
c. Deflection of fragments by neutron recoil............covvivennn 18
d. Angular dispersion........c..iveiiererennnnnnnns et 20
e. Neutron veiocity o R = T o= o)+ S PP 20
f. Fission-fragment velocity Aispersion........c.oeeiveeneeeennnnes. 22
L. Normallzalbion, . ... ... iuiiniiinenintiniiieenneneenruioienenenenanans 22
M. Preparation of composite E(V,80)-vs-V CUrVES....cuvriuneeunrennnenn. 22
TIT. Results and DisCUSSION. o v vttt ettt ittt eeniaeeenensaeneennnns 2h
YA 131141 50
Acknowledgments. .............. L e e e e e e e, 52
FE o) 0TS0 4o BT ettt 53
' | 60

%

RE e Il ., it ittt ittt i it ittt ettt aeeenenneeaseetenseaseenonsenenesansnnas



!

e UCRL-9713-Rev

VELOCITY AND ANGULAR DISTRIBUTIONS

OF PROMPT NEUTRONS FROM SPONTANEOUS FISSION OF Cf252
Harry R. Bowman, Stanley G. Thompson, J.C.D. Milton, and Wladyslaw J. Swiateckil
Lawrence Radiation Laboratory
University of California
Berkeley, California

December 7, 1961

ABSTRACT
The velocity and angular distributions of neutrons associated with
252

light and heavy groups of fission fragments from spontaneous fission of Cf

have been measured. The results can be accounted for within about 10 to 20%

. by the assumption of isotropic evaporation from moving fragments. Least squares

fits to the data have been made on this assumption and yield accurate values
for the numbers of neutrons emitted by the light and heavy fragments and for
their energy spectra. The energy spectra have been analyzed in terms of effect-
tiVe'temperatures of the fragments..

A detailed discussion of thé'systematic differences from simple evapora-

tion theory is given.
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OF PROMPT NEUTRONS FROM SPONTANEOUS'FISSION.OFCf252

Harry R. Bowman, Stanley G. Thompson, J.C.D. Milton, and Wladyslaw J. Swiatecki
Lawrence Radiation Laboratory
© . University of California
.~ Berkeley, California

‘Detetiber 7, 1961 ..

I. TINTRODUCTION

The purpose of these experiments was to study ‘the details of prompt

neutron emission in the spontaneous fission of Cf252. The approach used

involved coincident measurements of neutron and fission-fragment flight times

over a known distance. Measurement of the velocities of both‘fragments.detér-

A
b

mines their masses and energies. Simultaneous measurement of the velocities

of coincident neutrons making known angles with the fragment direction gives

the basic information bearing on neutron emission in the fission process.

Comparison of.such measurements made at several angles might make it possible
to disfingu;sh between'neutrons'evaporated from the fully accelerated frag-
ments‘and.tﬁose emitted very much earlier in the fiséion process. It should
also be poséiblé to make a rather accurate determination of the energy spectrum
of the evaporated neutrons in a frame of'reférence moving with the fragment.

In this paper the fragments are separated into only two groups, light
and heavy; the correlations with fragment energy and mass division are the

subject of another paper.
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II. EXPERIMENTAL PROCEDURE
The velocities of fragments and neutrons were determined by measuring
their flight timesvover a known distance. These flight times, ranging from ..
about 20 to 200 nanoseconds, were attained through the use of time-to-pulse-
height converters of conventional desigh,l in which time is measured by the
.amount of charge collected on a condenser in the interval between two timing
pulses. In this case the time-zero pulse (or time of fission) was formed

d2’5‘when one of the fragments passed

from the secondary electrons emitte
through a thin nickel foil placed as close as possiblé to the source. These
electrons were focused and accelerated to 10 kev by an electron lens5 and
were finally detected by-a thin plastic scintillator, 5 mils thick. Both
the fragments. and ﬁhe neutrons_wefe detected at the ends of their paths by

plastic scintillators.

“A.  General Description of Apparatus

A gschematic drawing of the apparatus is given in Fig. 1. The end- -
of-flight detectors were all mounted on the circumference of a 100-cm-rddius
steel drum evacuated to a pressure of approx 10_6 mm Hg. There were four

N. (pilot B plastic scintillators,

such detectoré. Two neutron detectors,_Nl, o

5 (plastic

44in. in diam, 2 in. thick) and two fission-fragment detectors Fl, F
scintillators, 4 in. in diam, 5 mils thick) were operated simultaneously.
Time-of-flight measurements were made for those events in which one neutron
and two fragments occurred in coincidence.  Rare events in Which two neutrons
were detected in coincidence with both fragments were also measured. The .-
angle of one of the neutron detectors, Nl’ relative to the fragments was
varied through a range from 22.5 to 90 deg in steps of 11.25 deg. The

position of the neutron detector N2 was held constant at 11.25 deg through-

out the series of measurements.
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| Fig. 1. Block diagram of the apparatus used to measure the
~velocities and angular distribution of prompt neutrons
relative to fission fragments. -
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2
A Cf o2 source of strength 1.56 X 106 spontaneous fissions per
minute (Jan. 1, 1960) was mounted at the center of the drum. It was
prepared on a thin nickel foil (9Oug/cm2) by the self-transfer method.h

52

2
The Cf deposit, collected over a 2-day period, was essentially weight-

less and covered an area of 0.3 cme.

”The four detectors located around the periphery of the drum were
mounted on 5-inch-photomultipliers, each with its associated fast-slow
preamplifier. The slow outputs were used to produce microsecond gate
pulses for the slow-coincidence system. The fast outputs, after amplifi-
céfion in wide-band amplifiers, were fed to the time-to-pulse-height
converters, whose outputs were in turn temporarily stored until they could
be converted serially to digital form. While_thevbinary equivalents of
the four pulse heights were being punched onto paper tape‘in the order
Fl’ F2,

recorded on paper tape were then transferred to magnetic tape in a form

Nl’ and NE’ the slow-coincidence unit was disabled. The data

that retained the identity of each fission event and was directly acceptable

by the IEBM 704 ahd 709 computers.

B. Time-per-Channel Calibrations (S)

- With a linear time-to-pulse-height conversion system, time is

determined through the relation

T=T + S * channel number..
o N

L .
The time per channel, S; for neutrons and fission fragments was

determined before and after each run\By/ﬁéans of a nanosecond mercury
pulser and three calibrated delay lines used in five combinations ranging
from 123 to 285 nsec delay time. These delay cables were calibrated by

P

using the three-scope method, with errors not exceeding * 0.2 nsec.
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Pulses from the pulser Weré fed .into all.five detectors simultaneously and
the pulses from the zero-time detector were deléyed by means of the various
delay lines. Thus the voltage pulse heights (from the time-to-pulse-height
'converters) were found as fuhctions of delay time. The values of S deter-
mined ffom each set of calibrations for a given run were constant within
1% fo; the measurements reported.here. The average time per channel was
épproximately 1.6 nsec. | |

| The constant To-is most easily obtained through the use of some
- .radiation of known velocity; In the neutron detector this is conveniently
provided by the prompt-fission <y rays, aé shown in Fig. 2. Unfortunately
there is no coﬁvenient radiation for use with thevfissioh detectors. The
usual procedure is to determine TO by measuring the fragment time-of-flight
spectrum at two different distanceé, one of which is as short as possible.
- With our apparatus it was difficui£ to uée a short flight path, and fhefe-

~fore T was found by comparison of the fragment time-of-flight spectrum

with that from'Milton'and.Fraser.6 A typical spectrum is shown in Fig. 3.

C. Measurements of flight distance (D), fission rate (R), and solid angles (w)

The measured distances from the source to the faces of the detectors

were 91.15 cm- for neuﬂron detectors Nl and N 100.0 cm for fission detectors

25
Fl and F2.
Since the distarice from the fission source to the time-zero detector

was 2.9 cm, the distance over which the time was measured for fragments .travel-

ing in- the direction of counter F. .was 97.1 cm.
- \ ‘ S

The distance traveled by neutrons also depends on the position in

1

the neutron detector at which a proton recoil is produced. The detectors

-

e
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Fig. 2. Time-of-flight distribution of neutrons and y rays
measured at 11.25 deg in coincidence with fission

fragments.
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were 5.08 cm thick and the average scattering position was 2.2 cm from the
face. (Calculation of the average scattering position is described in
Appendix I.) The values of D used for the distance traveled by neutrons is
therefore 93.3 cm. The area of the detectors (ﬂrg) was 81.07 om”. Solid
and N_ were ﬁherefore

2

0.931 X 10-2>steradian. The rate of fragment-fragment coincidences (neutrons

angles (Wr2/D2), subtended by the neutron detectors N,

not in coincidence) was measured periodically. The'couhting rate on Jan. 1,
1960 was 1070 counts per minute. ‘The decrease in the counting rate over -the
period of the measurements was within 3% of the decrease expected from the

252

radioactive decay of Cf (half life 2.2 years).

D. - Operating Procedures and Data-Check Systeﬁ

Before proceeding ﬁith analysis of the data it.wés‘necessary to use
the time-of-flight date recorded'on paper tape (Figs. 2 and 3) for the follow-
ing purposes:

(a) to determine whether the>eqqipmept was operating properly during the
run (by compariéon with data from;othey runé made under.especially good
operating conditions);

(b) to make sure of satisfactory time resolution, as indicated for neutrons
by the width of the prompt y-ray peak— normal FWHM (full width.at half maximum)
= 4.0 nsec — and for fission fragments by the general shape and peak-to-
valley ratio of the distfibution;

(c)‘to obtain the channel number.corresponding to zero time fof calculation
of velocitiés; : “ ~-

(d) to determine background correctiogg/;og neutrons;

(e) to compare with information transferred onto magnetic tape in order

to insure proper operation of data-reduction system.
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The inférmaﬁion punched on papef tape_for each detector system was
transferred separately to a pulse-height anélyzer and £he fesults printed
out tp give the number of events recdrdea in each éhaﬁnel (feferfed to as
a'time—of-flight'distributiqn fpr each one of the four detéctor sysfems).

Similar time-of-flight distributions were obtained from the informa-.
tion reéprded on magnetic tape by using the magnetic faﬁe as input to the:
IBM_?Qh and 709 computers. Tn this case thé computers sorﬁed out the number

_of events in each channel for each detector system, and thé pfintéa oﬁtput
was compared with the "print-out" of the information from paper taﬁe for
the same run. Examples of the spectrayfor‘heutrons and fission fragmths
are shown in.Figs. 2 and 3. Unlessrthe two print-outs were identical a new
magnetié tape reéord waé made and‘checked;

Occasionally the ogﬁput from the time—to;height converters was dis—
played'directly on a 400-channel RIDL pulse—height analyéer and used to check

the operation of the equipment.

E. Background
Corrections were made fof thé background of accidental neutrons and
Y rays detected by the neutron counters; The.magnitude of this background

dependslon the flui of néutrohé and y'rays.at the éountefs and on the length
of the coincidencé interval.

The Backgrouﬁd counts are the sums of two components— one that is
constant with time; and one- that increaseé roughly lineafly with time. The
first type reéﬁlts from the usual random coincidences; it is giveh”by

Nf Nn A t, where N_ is the rate of fission pairs and Nﬁ is the rate in the

T

neutron counter. It may also be estimated from the number of events recorded

in channels representing times immediately before fission. The second type
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stems from“neutroné.that weré ésséciatedlwithzthe defeéféa-fiSéion fragments
butvhad undergone'siﬁgle or mﬁltiple scafteiihg before réachihgvthe detector.
We may estimate the value of this cémponént ffoﬁ the‘humber.of events recorded
at the discriminator cutoff (En = 0.345 Mev) '(See'point’ a of Fig. 2.)

| Separate experimentsAwereupérforméd:to detéfmine the magnitude and
functional fdrm of fhef"sﬁattéred" baékgrouhd; For this pﬁrpbée a sﬁadbw
céhe ﬁas placéd betweeﬁ the source aﬁd the neutron couﬁtef; cduntiﬁg rates.
of accidental events in the time chéhhels.Weré then fouﬁd to increase linearly
as the time aftef TO ihcreased.v The stendard deviations of'fhe poihts‘frOm
a stréight liﬁévdrawn through the gréup were 16 more than 5%;‘

The method of estimating the backgrdﬁnd is then to join points & and

c of Fig. 2 with a straight 1ine._.Of course,athe backgrbund at b should ndt»
have a &aiue_greater than‘the height 6f the distribution at this pdint. In
an averéée 0o-hr fun the background per };6-nsec time chanﬂei‘é£ (a) was
6 counts and at (b) was 4. The peak height of the distribution was 400 counts

[

in the same period.

. F.  Neutron-Detector Efficiencies

The number of ﬁeutrons counted in ?ach time channel is.deééndent
not only on the intensity and éharacteristiésvof the actuai velocity (or
energy)_spectfum of neutrons’from the fissioﬂ source bﬁf also on tﬁe déteé—
tion efficiency of the plastic detectdr; Therefore tﬁe number‘of neutrons
counted in each velocity interval was dividedvby the efficiency of théﬂy
detector in order to obtain.thg éctual numﬁef impihging4onv£hé detector.

The efficiencies of the negtron detectérs wére méas;réd'by usihg
a standard Cf252 source. This soﬁrce_was.étandardized aé folidws:} The £ime—

of -flight distribution of neutrons from the standard source was measured
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by using a thin detector (1 cm thick). Both source and detector were suspended
in mid-air, far from any scattering medium. The advantage of a thin detector
is that a simple calculation df the efficiency can be made by considering
only singly scattered neutrons. The velocity distribution could then be
calculated from the known dimenéibns and composition éf tﬁe thin detector
(density 1.024 g/cmB; 90.84 wt % C, 8.36% H) and the scéttering cross section
for hydrogen7’8’9 and carbon. This calculated distribution was then comparea
with the time-of-flight distribution after the subtraction of a background
constant in flight time. The total number of néutrons per fission from.the
Cf25-2 source, obfained by integration of the distributidn within the velocity
limits of éur experiments, was 3.77. This is 10% greater than the value
expected within these 1limits on the basis of the value ;‘='5.82 determined by

10,11,12 specifically designed to measure v. The reason

independent methods
for the différence is notrknown, but may involve the assumptions made in
calculéting the efficiency éf the small detector. Each point on the velocity-
distribution curve for the standard source waskreduced by 10%.

The efficiencies of the large detectors Nl and N2 were then determined
by using them to measure the time-of-flight distributions from the standard
source inside the steel drum. By removing the background as described in
Séction E,,rough accounting was'made for tbe effects of n,n', n,vy, and y,y'

‘reactions inside the ténk. Any remaining small contribution of these reactions,
along with the second-order scattering in the crystal, was taken into account
by the efficiency.

The efficiency curvé of counter Nl used in these experiments is
shown in Fig. 4. The integfated efficiency of counter N2 is 3 % 1.5% higher

than that of Nl, but the dependence on velocity was the same. A check

was made to detect any apparent increase in efficiency due to scattering
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from the second counter placed in the:immediaﬁely>adjaéeht'position. " No

" effect outside the statistics was found.

G. Neutron Bias Settings

The neutron biés level was adjusted to the cénter of the-6Q-kev
v line from Amgul. Such an adjusfment was ﬁade beforé and after each run.
If the bias level had shifted‘during‘thé run that fun'was discarded. The
average pulsé héights‘produced by 60-kév-y réys Were found to be equal |
to thé maﬁimum pulse'heightvproduced iﬁ the plastié detectors by neutrons
ofAenergysO.5h5 iLOBO Mev. The corresponding velocity is V = O.81vcﬁ/nsec.

To be safe, no measurements below V = 1 cm/nsec were considered in the

calculations.

- H. Pulse-Height Compenéation Network

_The major fluctuation.in the méasurémgnt of neutroﬁ fime of flight
ﬁas caused by the véfiatioh in pulse héiéht'frqm.fhe:neﬁéfoﬁ deteCtorsf
Tﬁesé_fluctuations were éomewhéf fédﬁced by‘émpiifyiﬂg aﬁ& 1imi£ing the
pﬁises,_but £h§ méjor‘reduction in timing jiﬁter:fof ﬁéﬁéfoﬁs depositing
.less thaﬁ 0.8 Mev in the detectdrs was through the use of a puléé;height
compensation nefwork.' Since é small pulsé activates a time-to-pulse-height
converter‘iater than a lérge pulse e%eﬁ théugh thé rise times.éré the'same,
a pdrtién.of the slow outﬁut from the neﬁtron detectdrs was mixed ﬁith the
output of the time-to-pﬁlse;héight cohﬁerteré in a mannef which minimized
the effect. |

| | The oﬁtimum conditions for,oﬁefationvof thé compenéation networks
were established by both (a) minimizing the Widfh of the prompt ~y-ray

distribution (Fig. 2) and (b) using a signal generator to produce two
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triggering pulses with a fixed.time interval between them. The pulses weré
shaped to have the same characteristics as those occurring during the experi-
ment. The compensation network was adjusted until the output of the time-
to-height converter remained constant when the input triggering pulses wefe

varied independently.

I. General Description of the Calculations

The éalculations involve quantities.definéd'as follows:
D, the average distance traveled by neutrons, over which the flight time is
measured; | | |
N, the number of neutrons detegted in the time interval é;
R, the number of.fragment-frégment coincidenées without reference td neutrons;
w, the solid angle subtended by each of the neutron counters;
e(V), the counting efficiency of the detector (Fig. 4);
V, the velocity of the neutroﬁ appropriate to the center of thé time interval S,
9, tﬁe angle relative to the\direction of the light fission fragmént;'

‘_ The fesuits have ﬁeen expressed in terms of the distfibution function>
p(V,G). Tﬁe_prébability fe? fission that a neutfon making an angle 6 withJ
the_fragment has a velocity V in the interval 4V within the éélid anglé |
dw is .p(V,G‘)Vg dVdw. The valﬁes of V, 6, and ® afe a_ll‘determined in
the laboratory system.v It may be noted by reference to Fig. 5 that
dw = sin 6 db dB. The‘values of p(V,G)_were computed(ff§m the experimental

data by means of the equation (derived in Appendix II)

g(v,e) = DN. <R w € VL* s> . | ' - (1)
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In terms of this definition the average number of neutrons per
fission, 3, may be obtalned by integrating the density of neutrons per
tnit volume of velocity space,.p(V,Q), over all velocities between the
velocity limits O and w, and over all angles 6 and B as illustrated in

Fig. 5:

<l

i \ 00 27
= J[ Jf_ JF ~ p(V,6)VsinBdapavyvaoe,
0 0 0 - . : ;

<

T o : . .' o )
= 27 J[ JC o(V,08) Ve sinodvad 9.. : (2)
o 0

J. Calculation of the Velocities

The calculations of p(V,8) were made with IBM 70k and 709 computers
" using magnetib tape input. Four arrays of 256 channels each were set up:
1. Counter N2, light fragment in the direction of F2;

2. Counter N ﬁeavy fragment in the direction of F

2’ 2’

3. Counter Nl’ light fragmentlin the direction of F2;

b, Counter N, heavy fragment in the direction of F,.
The events were then sorted into the appropriate array. In éach case it
‘was necessary to calculate the maéses of the fragments in order to detef-

mine whether a particular event could be assigned to the light or heavy

group. The values of p(V,0) were then readily computed from Eq. (1).
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The relation between channel nﬁmber and velocity, either of fission

fragments or neutrons, is

A + AV, | o (3)
(TO-X) S + At K : :

where D is the flight path. (In the case of one of the.fragments it is
‘measured from the start foil; in the other, from- the soufce.
~‘ Forvthe neutron it is of course measured from the source.)
X 1is the éhannel numbér'in'which'the neutron or fragment is observed,
Tois phe channel number correéponding to time‘zero,.. |
S is the time per.channel, |
At is a’correction for timing delay (see 5élow),
and Z$V.is.a éorrection for veldcity change of fragments in the nigkel foils.
'Calcglatioh of the velocity of a neutron or fragment requires know-
ledge of thevvelocity of the frégment that traverses the tiﬁe-zero detector,
because of‘the.separation of the source and detector (2,9 cm). However,‘for
the'purpose of the p(V,0) caléulation, it is sufficiently écCurate to use
an avérage value for the velocity of thé appropfiate light or heavy fragment
in order to_make éhe correction Am..’For calculating thébvelocity of the
frégment passing £hrough the time-zero deféctor (Fl) the valué of At is
always zerd. ) | » v
The o£hefmcorrection term, AV, is applicable éniy to thé fission
fragments. If is zero for caiéulating the velocities éf neutrohé. The

9

value of the correction AV is found in Aﬁpendix,III to be 0.01% x 10 cm/sec,

for both fragments, each of which passes through one foil.
Before being printed out, the four arrays are corrected for back-

ground. A run of 15,000 events requires 1 minute’ofAcomputing time on the

IBM 709 computer.
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K. .Corrections - -

a. Dead time of apparatus gﬁ%

T
The dead time of the equipment corresponding to each coincidence

event was 365 msec as determined by two méﬁhdds in_excelieﬁt égreement.

The first used a éathode-ray oscilloscope, and the second a standard,
readily.identifiable timing pulse,injected into the system at regular
periods during the :actual runs; the dead time was calculated from. the number
of such pulses found to be missing from the—record. The aﬁerage total dead
time during the experiments was about 8%. The correction for dead time was

always included in the results of the calculations.

b. Decay

The experimental results were obtained over a period of about

6 months, dﬁring which time the intensity of the source decreased by about

"15%. (The half-life of Cf25?'is 2.2 years.) Corrections for decay were

always made in order to make the results comparable as of Jan. 1, 1960.

c. Deflection of fragments by neutron recoil

In computing the number of neutrons in each velocity interval a

correction was made for the deflection of fragments due to recoil by neutrons.

In geﬁeral, af%er emissibﬁ of neutrons, thé>anglé between fragmentsvis no
longer 180 deg and the probability of dctecting bqth frégments ié diminiéhed.
The'correction is 1argeét for neutron éénfer-of—méss énglestclése to 90 deg
and for higﬁ ﬂeutrOn veloci£ies. :The corréétion haé bééﬁ discussed by |

. : 13 o o

. o 6 ' o - L
Milton and Fraser, and in more detail by Milton. Tables of corrections

calculated by the method of Milton15 for the experimental conditions

existing in our experiments are given in Table T.

-



Table I."Cofpections for fragments lost owing to neutron reéOil;‘caléulated as a'reciprocai

~ - the fragment detectors.

efficiency for

o _ Neutron Vegpcity [(em/sec) x 1071 :

(deg) 0.50 .00 1.50 2.00 2.50 3.00. .50 .00 %.50 .00

0.00 0;966 .966 0.966 0.966 0.966 0.966 .966 966 . 0.966 .966
11.25 0.966 .966 0.967 0.968 0.969 .0.970 .972' .97k 0.976 .978
22.50‘ 6.966. .968 0.970 0:973 0.978 ,No.983 -990 .998 1.007 1.018
33.751 6,967 .970 0.975 0.982  0.992 ©1.00k4 1.020 1.042 1.068 : 1.097
45.00 0.967 972 0.980° 0.993 11.009 1.033 1.065 .103 1.1kk 191
56.25 0.968 975 o.986t 1.004 1.030 1.067 .112 .163 1.221 .286'
67.50 0.969 .977‘ ’6.991 1.01%4 1.050 . 1.096 .151 .21h 1.286 .368
78775 0.969 .978 0.995 1.02@-_: 1.063 ° 1.116 ATT .28 ‘1.339 L2k
90.00 .0;969 979 vo.996A 1.02k 1.068f’ 122 .186 .260 1.346 .4&5-

-6t

‘ASH;ETL6-THOH '
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d. Angular dispersion

The correction due to the finite angles.subtended by the fission
and neutron detectors were computed. The correction is largest where
the curvature of Vzp(V,Q) in the 6 direction is largest. Thus the highést
value of the correction for the angles of this experiment occurs at large
velocities and at 90 deg. For this angle and V = 5.0 cm/nsec the correc-
tion reaches the value of -5%. It is in this region that the velocity
dispersion also becomes large, and in fact is very much larger than the
angular dispersion. The maximum correétion for angular dispersioﬁ at
11.25 deg is -1.5% at V = 1.4 cm/nsec. When p(V,0) is integrated over all
velécities the correction for angular'dispersibn is negligible, being

everywhere less than 1%. Therefore these corrections were not applied to

the final p(Vv,0) data.

e. Neutron velocity dispersion

Experimental dispersionsin the measurements of neutron velocitieé
arise from
(a) timiné)uncertainties inherent in the detecticon system,
(b) variétién in velocities of fragmenfs traveling from the source to
the time-zero foil,
(¢) the finit; width of the time channels,
(@) variation in the distance traveled by neutrons in the neutron
detectors, which may be as much as 5 cm, since the proton recoil
may occuf at any point in th? 5-cm-thick detectér (the average

scattering position in the detectors was calculated to be 2.2 cm

from the face with a FWHM of 3.0 cm. See Appendix I.)
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The total dispersion of (a), (b), and (c) taken together is measured
by tﬁé width of the prompt-vy distribution (approx 4 nsec FWHM). This is
the major uncertainty, and it could not be reduced signifiéantly‘by further
amplifiéation of’thé pulses eﬁtering the time-to-pulse-height converters or
by dptimizing’thé performance of the associated pulse-height compensation
nétworks. |

Thé'total dispersion, 4V, 1s assumed to be given by the relation

.for_uncorrelated At and Ix,

2). @) &)

SNV TN D/~

where Nk is the deviation from the average scattering position.in the detector,
D is the aistance'from the source to the average scattering position in
the  detector,
lﬁm is approximately L nséc,
t is the time of flight of the particles,
V is the velocity of the particles.

The  first term includes the effects of (a), (b), and (c); the second
takes cafe of (4). The dispersion cofrection was then calculated by folding
a Gaussian with width (FWHM) given by AV above into an analytical . expression
for p knowﬁ to fit the experimental data and comparing the‘results with the
value of p before folding. The correction so obtained was in turn aéplied
to the measured values. |

The influence of velocity dispersion is readiiy seen by compafing

Tables II and IIT with IV and V.
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f. Fission-fragment velocity dispersion

In calculating center-of-mass speétra, the fragmept velocities usgd
were taken to be average velocities of the.light and heavy groups. Actually
these groups have velocity distributions with FWHM = 0.15 X 109 cm/secfé.

If, as assumed, the neutrons are evaporated ffom fully accelerated fragments,
the dispersions in fragment velocities produce a dispersion in the observed
data. It was found that the error made by neglecting this correction was

always less than 1%.

L. Normalizationl:
In a set of 30 runs made under especially good operating conditions
the counting rate of counter N2

relative to vawere determined. In many of the other runs the data-recording

and the ratio of counting rates for counter N2

system (Fridén paper punch) failed part of the time and the.aétual’running
time could not be determined. .In such cases the counting rate of counter
N2 detérmined under best conditions in its usual 11.25-deg ppsitionmwas‘
chosen as a standard for normalization of the results obtained by counter
Nl" <N2> is thus used as an interﬁal clock.. The procedure used was- as
follows:"
1. The correct average rate<?;>xwasjdetermined from the standard
set of runs.
( 2} The counting rate of counter Nl was adjusted so that Nl (normaliéed)
Np

= X N, (observed).

N, (observed) 1

M. Preparation of Composite p(V,8)-vs-V Curves

Many runs were made at each angle. DBecause the time calibrations
were not always the same for all runs, it was difficult to display their

sum on & single curve of p(V,Q). Therefore, a method of making a single
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composite curve for all runs at the same éngle was developed. This method
enables .one to obtain by interpblation the average value of pi-at the
center of predetermined velocity channel Vi-of width ANi. The over-all

statistical error of the average value was also found.
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ITII. RESULTS AND DISCUSSiON

The neutron density p(V,8) as determined in this experiment is presented
in Tables II through V and in Figs. 6 and 7. .The tabular results have been given
both before and after correcting for resolution, since this is probably the most
uncertain of all the corrections. Two sections through p(V,8), taken at lab
angles of 11.25 deg and 168.75 deg, are given in Fig. 8, which also shows a
plot of the backgrognd. (In Fig. 14 we illustrate the lab neutron spectrum
averaged over all angles.)

The measured ahgular distribution of the neutrons in the laboratory
system is shown in Fig. 9. The distribution of the neutrons as functions of
both angle and velocity is given in Fig. 10.in terms of the density»p(V,G).

A visual examination of this figure suggests at once that the over-all featurgs
of the neutron distributions associated with californium fission are consistent
with approximately isotropic emission from two moving fragments. Thus, the
general appearance of Fig. 10, with the lines of constant p in the form of
elongated ovals, suggests that the neutrons'have been emitted from'two sources
moving in opposite directions with velocities about the same as those of the
fragments. (This was shown many years ago by FraserlLL for the case of thermal-
neutron fission.)

The value of a plot such as Fig. 10 lies in the ease with which the
hypothesis of isotropic emission of the neutrons from moviﬂg ffagments may be
tested by a graphical construction. ‘Thus, by placing the point of a compass
on the point corresponding to the velocity of the light fragment and drawing
circles that fit approximately arcs éf the p(V,8) contours in the
region of small or moderate angles (where the neutrons from the heavy
fragment are negligible); one obtains the distribution of neuﬁrons that

would have come from the light fragment if isotropic emission were valid.



Table II. The neutron densities (p(V,8)) for laboratory velocities i
and angles relative to the direction of the light fission
fragments. Uncorrected for velocity dispersion. - *

11.25° ) 25.50° 23 750 45.00° 56.25° 67.50° 78.75° 90.00°
v 2] tAap [} *Ap P t pp p 00 4 + pp P EN o +Ap o * pp
(x10%n/sec) a0 x0®  x0? xo? x07%  x107? x1072 x1072 x1072 x1072 x1072 x1072 x1072 x1072 x1072 x1078
1.025 13.052  0.32k4 12.43%1 0.961 12.354 0.972 . 10.035 0.889 8.074 0.897 T7.50h 0.739 L. 867 0.631 5.946 0.313
1.076 13.386  0.307 15.045 1.023 11.821  0.889 7.589 0.694  10.916 1.021 9.989 0.856 8.852 0.951 6.189°  0.309
1.130 13.054 0.283 14.900 0.950 11.ko4  0.820 9.790 0.773 7.78L 0.768 7.562 0.672 6.358 0.72k 5.935 0.273
1.186 13.081  0.266 15.14k  0.897 13.373 ~ 0.847  10.805 0.772 8.209 0.752 8.019 0.661 5.311 0.613 6.03L 0.275
1.245 12.832  0.247 13.485 0.788 12.910  0.781  10.131 0.699 7.157 0.656 6.906 0.572 4.535 0.531 h. 788 0.226
1.308 15.584  0.2W1 12.771 0.719 11.879 0.702 8.957 0.616 7556 0.64k 4. 960 0.4l k.507 0.508 b.592 0.211
1.373 13.298  ©0.22h4 1k.b2g 0.728 13.050  0.701 9.984 0.620 6.215 0.545 5.008 0.426 L.551 0.kg2 4.256 0.193
1.hi2 13.892  0.217 14.672 0.693 10.357 0.584 8.88h 0.5L49 6.85h 0.550 k. 607 0.388 4.2l 0.h53 3.907 0.175
1.51h 14,387  0.209 13.692 0.632 10.796  0.566 7.635 0.479 5.086 0.4 bbby 0.363 3.201 0.365 3.h7h 0.157
1.590 14,848  0.201 13.499 0.592 10.283  0.522 7.000 0.43h h.o28 0.2 3.738 0.313 3.996 0.402 3.069 0.139
1.669 14.980 0.190 12,117 0.528 8.861  0.455 6.327 0.388 . 5.228 0.406 3.762 0.301 2.824 0.513 2.47h 0.117
1.753 14349 0.176 11.457 0.486 8.548  0.h2k 6.617 0.378 4252 0.345 2.651 0.235 2.674 0.291 2.24k 0.106
1.8h40 14477 0.167 11.205 0.b455 8.110 0.392 5.880 0.338 3.703 0.304 2.601 0.222 2.131 0.2h5 2.008 0.095
1.932 13.878 0.155 10.085 0.410 7.360 0.355 5.038 0.296 3.084 0.263 2.670 0.217 177k 0.212 1.493 0.077
2.029 12.770 0.1k 9.575 0.380 6.k7h  0.316 4.635 0.271 2,594 0.229 2.070 ~ 0.181 1.583 0.191 1.363 0.071
2.131 11.665 . 0.129 8.27k 0.336 5.796 0.285 4.238 0.2h7 2.559 0.218 1.622 0.151 1.k 0.173 1.235 0.064
2.237 10.29%3  0.115 7.467 0.303 5.151  0.255 3.633 0.217 1.880 0.177 1.290 0.128 1.103 0.145 0.891 0.051
2.349 8.810 0.100 5.807 0.252 L.689  0.231 2.985 0.186 1.487 . 0.148 1.419 0.129 0.700 0.106 0.697 0.0k3
2.467 7.364  0.086 4,785 0.21h4 3.772 0.194 2.465 0.158 1.k21 0.137 0.963 0.099 0.672 0.099 0.621 0.038
2.590 . 5.7185 0.0T1 3.938 0.182 2.751  0.155 1.96k 0.133 1.120 0.11h 0.683 0.077 0.531 0.082 0.116 0.029
2.719 4.693 0.060 3.198 0.155 2.206 0.130 1.430 0.106 0.816 0.091 0.609 0.069 0.381 0.065 0.316 0.023
2.855 3.698  0.050 . 2.355 0.125 1.987 0.117 1.160 0.091 0.623 0.075 0.381 0.050 . 0.26h4 0.050 0.273 0.021
2.998 2.726  0.0M1 1.945 0.107 1.384 0.092 0.808 0.071 0.541 0.066 0.300 0.0kb2 0.247 0.046 0.190 0.016
3.148 2.0%33  0.033 1.578 0.091 0.976  0.072 0.630 0.059 0.382 0.052 0.210 0.032 0.10% 0.025 0.129 0.012
3.306 1.485 0.026 1.130 0.072 0.743 0.059 0.h22 0.045 0.293 0.043 0.143 0.025 0.036 0.011 0.089 © 0.009
3.471 1.022  0.020 0.724 0.054 0.535 0.0kt 0.272 0.03h 0.259 0.038 0.138 0.023 0.049 0.01h 0.057 0.006
3.6L5 0.693 0.016 0.461 0.040 0.358 0.036 0.221 0.029 0.1h6 0.026 0.087 0.017 0.061 0.016 0.057 0.006
3.827 0.463  0.012 0.366 0.03h 0.250  0.028 0.131 0.020 0.11h 0.022 0.064 0.013 0.034 0.010 0.048 0.005
4.018 0.302  0.009 0.283 0.029 0.153  0.021 ‘0.095 0.016 0.064 0.014 0.06k 0.013 0.034 0.010 0.038 0.004
k.219 0.196  0.007 0.159 0.020 0.089  0.014 0.053 0.011 0.036 0.009 0.056 0.012 0.026 0.008 0.030 0.00k
4430 0.115  0.005 0.122 0.016 0.042  0.008 0.043 0.009 0.032 0.008 0.006 0.002 0.027 0.009 0.023 0.003

_gz—
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Table III. The neutron densities (p(V,8)) for laboratory velocities
and angles relative to the direction of the heavy fission
fragments. Uncorrected for velocity dispersion.

168.75° 157.50° 146.25° 135.00° 125.75° 112.50° 101.25° 9.00°
v P a0 P * po P * pp [ e [3 trp p t N p + Ap o £ o
(x10%m/sec) x10°  x107?  x0°2 x072 02  xo?  x0? x0?  xae®  xo0 102 x0?  x10?  x0? 0?0
1.025  12.199 0.345  11.433 0.963 6.870 0.664%  5.795 0.605 9.501 1.056 T-426  o.745  .6.385 0.820 5.838  0.218
1.0%  13.243 0.%305  10.110 0.788 9.676 o.7th. 8.665 0.759 7-685 0.805 9.876  0.848 2.881 0.403 6.696 0.326
1.130 12.758 0.279  10.439 0.758 9.458 0.721 11.473 0.852 9.650 0.888 6.802  0.624 7.1%3 0.784 6.623  0.308
1.186 12.84h 0.265  12.067 0.783 9.153 0.668 8.082 0.646 T.263 0.696 5.954  0.545 7.616 0.781 5.129  0.247
1245 13.172 0.251  11.16k 0.70k 11,723 0.738 8.397 0.625 8.545 0.730 5.789  0.510 5.757 0.621 5.363 0.243
1.308 12.556 0.230 10.695 0.650 8.917 0.595 7.569 0.557 T7-107 0.621 5.605  0.478 5.359 0.569 5.179 0.227
1.373  12.578 0.218 9.687 0.581 8.ko7 0.546 7.586 0.5%0 6.6k 0.567 4419 0.394 4,579 0.hg5 L.600  0.202
1.k 11.968 0.200  10.548 0.578 7.988 0.503 6.97h o0.l80 5.51 0.486 4482  0.382 3.601 0.L09 4.303  0.186
1.51%  11.729 0.187 8.727 0.hgk 7.158 - 0.l50  6.909 0.45k  b.376 0.40% 3.595  0.320 3.849 0.409 3.969 0.169
1.590  11.hk21 0.175 8.656 0.466 7.423 0.436 5.556 0.381 b.381 0.385 3.56L  0.305 3.465 0.370 3.278  0.145
1.669  10.764 0.160 8.600 0.4k4o 6.736 0.39% L4.776 0.333 L.0h9 0.351 3.272  0.277 2.615 0.299 2.90k 0.129
1.753 10.161 0.147 7-336 0.383 6.015 0.350 5.106 0.328 3.528 0.309 3.077T 0.256 2.226 0.261 2.356  0.109
1.8k0 9.557 0.135 6.780 0.349 5.309 0.312 k.82 0.304 3.400 0.290 2.307  0.208 2,281 0.254 2.0%8  0.096
1.9%2 8.472 0.120 6.245 0.318 4.589 0.275 3.711 0.251 2.723 0.2h5 2,016  0.184 2.096 0.2%4 1.750  0.084
2.029 7.524 0.107 5.352 0.280 k.612 0.26k  3.579 0.23 2.328 0.215 1.515  0.151 1.488 0©.184 1.506  0.075
2.131 6.1443 0.094 k575 0.246 3.854 0.229 2.810 0.198 1.909 0.185 1.299 0.133 1.295 0.164 1.27+  0.066
2.237 5.531 0.08% k.115 0.222 3.215 0.199 2.438 0.176 1.557 0.159 1.255 0.126 0.726 0.111 0.887 0.051
2.349 b5k 0.071 3.565 0.1% 2.776 0.17h 1.827 0.143 1.255 0.13h4 0.879  0.098 0.696 0.105 0.726  0.0h4
2.467 3.635 0.059 2.768 0.160 2.211 0.146 1.448 0.119- ©0.863 0.103 0.500  0.066 0.658 0.098 0.5%2  0.037
2.5%0 2.837 0.049 2.007 0.127 1.700 0.119 1.249 0.104 ©0.780 0.092 0.582 0.070 0.263 0.052 0.468  0.031
2.719 2.12% 0.0ko 1.469 0.102 1.166 0.092 0.972 0.086 0.597 0.076 0:%62 0.051 0.284 0.053 0.272  0.021
2.855 1.658 0.03% 1111 0.08%4 0.956 0.079 ©.706 0.069 0.393 0.057 0.233  0.037 0.347 0.059 0.226  0.018
2.998 1.164 0.026 0.85% 0.069 0.599 0.058 0.502 0.054 0.274 0.0k} 0.302 0.042 0.258 0.048 0.18% 0.015
3.148 0.833 0.020 0.672 0.057 0.477 0.048 0.342 0.0z 0.256 0.0k 0.188  0.0%0 0.155 0.033 0.1k 0,013
3.306 0.555 0.015 0.380 0.040 0.352 0.039 0.268 0.035 0.147 0.028 0.145 0.025 0.086 0.021 0.107 0,010
3.471 0.389 0.012 0.294 0.033 0.230 0.029 0.160 0.024 0.070 0.016 0.097 0.018 0.04% 0.012 0.080  0.008
3.645 0.250 0.009 0.190 0.02% 0,103 0.017 0.0% 0.017 0.062 0.014 0.072 ©  0.015 0.023 0.007 0.057 © 0.006
3.827 0.171 0.007 0.132 0.019 0.069 0.012 0.083 0.015 ©0.022 0.006 0.05%  0.012 0.009 0.003% 0.034  0.00h
4.018 0.113 0.005 0.092 0.01k 0.052 0.010 0.022 0.005 0.022 0.006 0.023 0.006 0.000 0.000 0.025 0.003
k.219 0.064 0.003 0.072 0.012 0.030 0.006 0.018 0.005 0.027 0.007 0.027 0.007 0.003 0.001 0.024  0.003
b, 430 0.0%38 0.002 0.024 0.005 0.020 0.005 0.027 0.006 0.023 0.006 0.018 0.005 0.032 0.010 0.022  0.003

~92-
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Table IV. The neutron densities (p(V,8)) for laboratory velocities
and angles relative %o the direction of the light fission

fragments. Corrected for velocity dispersion.
11.25° 2p.50° 33.75° 45.00° 56.25° 67.50° 18.75 90.00

v [ tap P tpe 4 LY 4 t po P L) p Y] [ L] p t o

(ad%mfsec) x0°2  x0?  x0? x0? - x0?  x0?  x0?  xe?  x0?  x0? 02 0 0?0 ? xac?  x0?
1.025 13.065- g.324- 12.430 0.961 12.354 0.972 0.889 8.078 0.897 7.508 0.739 4.86 0.631 5.895  0.31

1.076 13.39k  9.307 15.0k2 1.0e3 11.822 0.889 1(7):2;2 0.694 10.923 1.021 9.995 0.856 8.85?( 0.951 6. 446 0.203
1.13%0 . 13.055 0.283 14.896 0.950 11.495 0.820 9.796 0.773 T-T47 0.768 7.567 0.672 6.362 0.724 6.083 0.273
1.186 13.076 0.266 15.139 0.897 13.377 0.847 10,813 0.772 8.217 0.752 8.026  0.661 5.315 0.613 5.586  0.275
1.245 12.805 o.2h7 13.479 0.788 12.917 0.781 lo.141 0.699 7.165 0.656 6.912 0.572 k.539 0.531 5.080 0.226
1.308 13.525 op.2h1  12.766 . 0.719 11.890 0.702 8.969 0.616 7.566 0.644 h.965 0.4yl 4,517 0.508 4,890 0.211
1.373 13.210 .22 1h.L2hk  0.728 13.066 0.701 10,001 0.620 6.224 0.545 5.0Lk 0.k4o6 k.556 0.492 Laz 5,193
1.hho 13.805 0.217 1k.675  0.693 10.375 0.584 8.901 0.549 6. 86k 0.550 4,612 0.388 L, 246 0.453 k.10 0.175
1.51k 14.330 0.209 13.707 0.632 10.822 0.566 7.652 0.479 5.09% 0.kl h.448 0.363 3.205 0.365 3.727 0.157
1.590 14,825 0.201 13.526 0.592 10,31k 0.522 7.018 0.43h 4.937 0.h12 3,704 0.313 %.003 0.402 3.179 ° 0.139
1.669 15.00k  ¢.190 12.159 0.528 8.893 0.455 6.343 0.388 5.236 0.L06 3.768 0.301 2.829 0.313 2.69%  [0.117
1755 14,422 0,176 11.514  0.i486 8,583 0.Lok 6.631 0.378 k.259 0.345 2.655 0.235 2.680 0.29), 2,305 0.106
1.8%0 14593 0.167 11.275 0.455 8.145 0.392 5,894 0.338 3.709 0.304 2.606 0.222 2.136 0.245 2.028  .0.095
1.932 14019 0.155 10.156  0.410 7.389 0.355 5. 0k7 0.296 3.089 0.263 2.676 0.217 1.719 0.212 1.620 0.077
2.029 12,919 ¢.1hk1  9.645  0.380 6.495 0.316 i 640 0.271 2.598 0.229 2.075  0.181 1.587 0.191 1.438 0.071
2.131 11.796 0.129 8.324  0.336 5.806 0.285 k. 240 0.247 2.56k 0.218 1.626 0.151 1.116 0.173 1.256 0.06k
2.237 10.391  0.115 T7-495  0.303 5.151 0.255 3.633 0.217 1.883 0.177 1.293 0.128 1.104  0.145 0.889  0.051
2.349 8.855 0.100 5.806 0.252 L6718  0.231 2.98% 0.186 1.490 0.148 1421 0.129 0.700 0.106 0.710 0.0b43
2.167 7.358  0.086 M.T64  0.21k 3.757 0.19% 2. 165 0.158 1.h424 0.137 0.963 0.099 0.670 0.099 0.603 0.038
2.550 5-137 o.0;1  3.902  0.182 2.737 0.155 1.965 0.133 1,122 0.11k4 0.682 0.077 0.527 0.082 0.1438 0.029
2.719 L.626 o0.060 3.162 0.155 2.197  0.130 i 0.106 0.816  0.091 0.606 0.069 0.376 0.065 0.289  0.023
2.855 3.630  0.050 2.327  0.125 1.980 0.117 1159 0.091 0.620 0.075 0.376 0.050 0.258 0.050 0.2h2 0.021
2.998 2.67h .ol 1.924  0.107 1.380 0.092 0.806 0.071 0.536 0.066 0.293 0.042 0.238 0.046 0.179 0.016
3.1L8 1.999 0.0%5 1.563  0.091 0.970 0.072 0.62) 0.059 0.374"  0.052 0.202 0.032 0.097 0.025 0.127 0.012
3.306 1.4 g.026 1.116 0.072 0.734 0.059 0.413 0.045 0.282 0.043 0.13h4 0.025 0.033 0.011 0.088 0.009
3471 1.003 o0.020 0.710  0.05L 0.521 0.0L47 0.262 0.03h 0.2kh 0.038 0.126 0.02% 0.043 0.01h 0.059 . 0.006
3.645 0.67TL 0.016 O.W44  0.oko 0.34%1 0.036 0. 206 0.029 0.133 0.026 0.076 0.017 0.051 0.016 0.0L6 0.006
3.827 0.437 o0.012 0.342 0.034 0,230 0.028 0.117 0.020 0.098 0.022 0.052 0.013 0.026 0.010 0.030 0.005
4.018 0.27%  0.009 0.252 . 0.029 0.133 0.021 0:079 0.016 0.051 0.01h4 0.048 '0.013 0.023 0.010 0.020 ‘0.00k
L4.219 0.166 0,007 0.132  0.020 0.072 0.01% o ou7 0.011 0.026 0.009 0.037 0.012 0.016 0.008 0.015 0.00k
4,430 0.088 .005 0.091 0.016 0.030 0.008 0.029 0.009 0.020 0.008 0.003 0.002 0.013 0.009 0.010 0.003

3
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Table V. The neutron densities (p(V,8)) for laboratory velocities
and angles relative to the direction of the heavy fission
fragments. Corrected for velocity dispersion.

168.75° 157.50° 146.25° 135.00° 123.75° 112.50° 101.25° 50.00°

v [ tAp [ t po [4 tap P * Mo [4 tMp 3 + Lo 4 t N [ tpp
(a0Pmfsec) x102 x0?  x0? x0?  x0?  x0?  xw0?  x0?  x0?  me®? x0? x0? xa0? xe? 0?0
1.025  l2.1k2 o345 1l.h23 0.963 6.870  o.66k 5.798  0.605 9.508  1.056 741 o.7%5  6.389 0.820 5.895  0.318
1.0% 13.191 0.3%05 10,103 0.788 9.679 0.774 B.672 0.753 7.692 0.805 9.884  0.848  2.883 0.403 6.446  0.326
1.130 12,716 o.279 10.43%  0.758 9.463 0.721 11.48:  0.852 9.661  0.888 - 6.808 0.624  7.149 0.78h 6.083  0.308
1.186  12.810 263 12,064  0.783 9.161 0.668 8.091 0.6k 7T.272  0.69%6 5.960  0.545  7.622 0.781 5.586  0.247
1.5 13.15% 051 11.169  o.7ok 11737 9,138 8.410  0.625 8.557  0.730 5.79  0.510 5.762 0.621 5.080  0.243
1.308 12.558  g.p30  10.708  0.650 8.933 0.593 T7.582  0.557 7.117  0.621 5.611 . 0.k78  5.364 0.569 ¥.890  0.227
1.373 12.600  ¢.218 9.707 0.581 8.426 0.54  7.602 0.530 6.654  0.567 h.h2k  0.39h L4584 0.495 4433 0.202
1.hie 1z.00k 0.200 10.578 0.578 8.009 0.503  6.989 0.l80 s5.549  0.486 k487  0.382  3.605 ©0.Log 1,110  0.186
1514  1L.780 ¢ 3g7 8.760  0.hgk 7.180  ohso  6.92h  o.h5h k382 0.403 3599  0.320  3.853 0.409 3.727  0.169
1590  W.486 345 8.696  0.u6 79 o036  5.569  o0.381 4.387  0.385 3.567  0.305  3.469 0.370 3179 0.145
1.669  10.831 476 8.641  o0.uio 6.758 0,393 ®.785  0.353 %.053  0.351 3.275  0.277  2.619  0.299 2.694  0.129
1.753 10.229 g 3147 7.372  0.383 6.033 0.3%0 5.112  0.328 3.530 0.309 3.080 0.256 - 2.230 0.261 2.305  0.109
1.8%0 9.619 (335 6.810  0.349 5.321 0.312 k845  0.30h 3.501  0.290 2.310  0.208  2.285 0.254 2,028  0.09%
1.932 8.516 5,120 6.263 0.318 k.593 0.275 3.710  0.251 2.723  0.24 2,018  0.318:  2.100 0.23h4 1.620  0.08h4
2.029 7549 o.107 5.358  0.280 b, 0.26k 3.575  0.23 2.328 0.215 1.517° 0.151  1.491 0.184 1.438  0.0T5
2.131 6.443 4 ool 4,568 0.246 3.845 0.229 2.805 0.198 1.909  0.185 1.301  0.133  1.297 0.16h 1.256  0.066
2.257 2.512 g 083 4098  0.222 3.203 0,199 2.3k 0.176 1.558  0.139 1.257 0,126  0.727  0.111 0.889  0.051
2.3k9 %309 5071 3.543  0.195 2.765  0.17h 1.825  0.145 1.256  0.134 0.879 0.098 0.696  0.105 0.710 0.0k
2.b67 3.60L 5059 2.748  0.160 2,202 0.146 1.M47  0.119 0.863  0.103 0.500  0.066  0.656 0.098 0.603  0.037
2.590 ~2.807 0.0k9 1.992 0.127 1.695 0.119  1.249 0.104 0.780  0.092 0.581  0.070 0.261 0.052 0.438  0.031
2.719 2.10k 457615 1.460 0.102 1.16% 0.092 0.97L  0.086 0.595 -0.076 0.360  0.051  0.279 0.053 0.289  0.021
2.855 L6k 5033 1.105  0.084 0.953 0.079 0.703  0.069 0.390  0.057 0.230  0.057 0.339 0.059 0.242  0.018
2.998 1.156 5 026 0.8%9  0.069 . 0.596 0.058 0.498  0.05h% o0.270  O.Okk 0.295 o0.0k2  0.248 0.0b8 0.179  0.015
3.148 0.824 0.020 0.665 0.057 0.470 0.048  0.335 0.0k2  o0.248 0.0k 0.180  0.0%0 0.145  0.033 0.127  0.013
3.306 0.58 5 015 0,372 0.0k 0.342 0.039 0.258  0.035 0.1k  2.028 0.135 0.025  0.079 0.021 0.088  0.010
3470 0.375 0.012 0.283 0.033 0.219 0.029 0,150 0.02h  0.064 0.016 0.088 0.018 0.038 0.012 0.059  0.008
3.645 0.235 ¢ .009 0.177  0.02k4 0.095 0.017 0.087  0.017 0.055 0.01% 0.062 0.015  0.019 0.007 0.0k6  0.006
3,827 0.154 4 007 0.118  0.019 0.060 0.012 0.071  0.015 0.019  0.006 0.03 0.012  0.006 0.003 0.030  0.00k4
L.018 0.096 5 005 0.077  0.01k 0.043 0.010 0.017  0.005 0.017 ©0.006 0.016 0.006  0.00% 0.000 0.020  0.003
4.219 0.049 5 003 0.055 0.012 0.022 0.006 ©0.013  0.005 0.018  0.007 0.017 0.007  0.002 0.001 0.015  0.003
L3 0.026 5002 0.016  0.005 0.013 ¢ 0.006 0.009 0.005 0.015 0.010 0.010 - 0.003

.005 0.016  0.006 0.013
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Fig. 6. Neutron density distribution p(Vv,0) (lab) as a
function of neutron velocity and angle relative to the
direction of:light fission fragments (corrected for
dispersion). . -
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Fig. 7. Neutron dengity distribution o(v,8) (1ab) as a
function of neutron velocity and angle relative to the
direction of light fission fragments (corrected for
dispersion). The heavy fragment direction corresponds
to 180 deg. :
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Fig. 8. Neutron density distribution p(V, 8) (lab) (back-
ground subtracted) as a function of neutron velocity
for light fragments (11.25 deg) and heavy fragments .
(168.75 deg). Contributions to p(V, ) from neutrons
emitted in the backward direction from opposite
fragments are shown along with a typical background
distribution.
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Fig. 10. The contour diagram in polar coordinates of observed
neutron density distribution p(V, #) as a function of

neutron velocity and angle. The contour lines are lines
of constant neutron density. The average velocities of
the light and heavy fission fragments are also shown.



3l | UCRL-9713 -Rev
. \

Similar circles drawn arcund the point on the right of the origin in
Fig. 10 give: the contribution from the heavy fragment. If these circlés
are imagined as labeled with their appropriate p values, the intersection
of two circles gives the location where the expected value is the sum of - :
the two labels. In this way a p plot corresponding to isotropic emission
from moving fragments is obtained and may be compared with the experimental
one. |

Such a graphical construction confirms the impression that the
bﬁlk of the neutrons in Cf fission could be accounted for by isotropic
evaporation from moving fragments but even at this stage one becomes
aware of small deviations from such a picture. vThe deviations appear to
be of a rather complicated kind, suggesting an excess of neutrons at and
around 90 deg to the fission direction as well as aﬁ anomalously high
number of neutrons at the two angles of 11.25 énd 168.75 deg.

Tn order to test the hypothesis of isotropic evaporation of-
neutrons from moving fragments quantitatively, and in order to bfing out
the nature of the deviations, a more refined analysis of the data was
carried out.

The principle>of the method was to represent the over-all features
of the data by simple analytic expressions corresponding to the hypothesis
of the emission of neutrons from moving fragments, and to discuss the
data .in ﬁerms of the fits that could be achieved to such expressions. The
neutron distributions were assumed to be given by avsuperposition of con-

tributions from.the light and heavy fragmenté,

D(V;e) = QL + Py’
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where p. and pH are analytic functions of the neutron velocities in the

L
fragment's frames of reference, specified by a number of adjustable para-

meters. These functions were taken to be superpositions of evaporation

15,16

¢ (n) « <n/Ti2> exp <-n/Ti> )

each component in the_superposition being characterized by its temperature

‘spectra,

Ti and its relative weight ai. The symbol n represents the neutron energy
in the cénter of mass system.

Up to three components were necessary to describe adequately the
energy dépendence of the neutrons over the range of velocities from 1 to 5
cm/nsec. The nature of the energy distributions to be fitted by the super-
position of evaporation components is illustrated in Fig. 11, where the
neutroﬂ spectra from the light and heavy fragments, as deduced from measure-
ments at 11.25 and 168.75 deg, are shown. The measurements in Fig. 11 have
been plotted in such a way that a pure evaporation spectrum with a single
temperature would éppear as a straight line; it is clear that the observed
spectra require the superposition of several evaporation components at
different temperatures. It should be pointed out that the only assumption
involved in Fig. 11 is that the neutrons arise from the moving fragments.

A notable feature of Fig. 11 is the virtual identity of the energy
spectra of neutrons from the light and heavy fragments, extending over almost
four decades of neutron intensity. This remarkable correspondence of the
spectra has made it possible to use the same set of &'s and T's to represent
the neutrons from thé'light and heavy fragments, thus halving the number of

parameters in the analytic functions er, and Oy
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Fig. 11. The center-of-mass neutron energy spectrum ¢(n) (c.m.)

divided by 7. The large dots represent the neutrons emitted
in the direction of the light fragments and the triangles
represent the neutrons emitted in the direction of the heavy
fragments. The smaller dots were obtained from measured
neutrons emitted in the backward direction from the light
fragments. The curve for light fragments was reduced by

the factor 1.16, which is the ratio of the number of
neutrons from the light fragments to the number from the
heavy fragments.
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As a refinement, the possibility of a dependence of oL and Py on
the angle 7 between the neutron and the fragment in the center-of-mass system

was allowed for through a factor of the type 1 + A sz(cos ¥) using the sameA

2

A2 for both fragments. Positive deviations from isotrofy of a few percent
might be consistent with the hypothesis of neﬁ£r§n'evaporation if the neutrons
were emitted from fragments possessing large angular momenta—% sée_Eriésén
and Strutinski.l7 |

With the a's, T's, and A2 as adjustable parameters, thevsum of e
and Py Was then fitted to the observed neutron distributions by ﬁsing a
slightly mddified version of an iterative least-équares program developed
in Los Alamos by Moore and Zeiglerl8 for an IBM 704 computer. The code
name MISFIT was given locally to this program. Further details of the fbrmulae
used in the fit are given in Appendix IV.

The method used i1s that of Gauss, énd despite some unexplained aber-
rations worked surprisingly well in fitting as many as eight parameters to
as many as 465 data points. In general the procedure would not converge
unless the starting values weré'rather close to the final ones. However,
there were a few notable exceptions in which it successfully converged from
starting values very different from the finél onés, giving us some confidence
that we had not missed any solutions.

More than 25 fits to the data were succeésfully made. In this. way
it was rather easykto see how the resulfs were affected by.changes in the
background, the efficiency, and the:resolgtion correction. In addition,
the influence .of holding fixed some of the parameters or of: introducing
additional ones was quickly assessed.

The results of some of the fits aré shown in Table VI. The tempera-

tures and relative weights of thevcbmponent evaporatidn spectra are given

in column 3. As was remarked earlier, a simple evaporation spectrum with



TABLE VI. Values obtalned for parameters of formulae in Appendix IV by MISFIT program for least -squares fit

of data.
; 5 T . VL
Description S o (T) op A2 vy vL/vH
A1l points 6.60 099 0.3729  .OT3L o0 5316 =0 1.97%.01 1.16+.01
0.5720 0.4061  .0219 > . 1.70x.0L
A1l points .59 0:9906  0.3682 0699 oo 316 0.016 1.96%.02 1.16%.01
. 0.57Tk 0.4020 .0206 o .012 1.69%.02
A1l points 10.30 02389 0.8729 — 0.7100  0.277 =0 . Ll.98x.02 1.17
0.2570 0.7430  — 1.68+.02
A1l points 10.29 0.2h0k- 9'8738 - 0.7102 0.277 -0.015 1.99%.02 1.17
; 0.2583 O.7hk17 —_ ' ' .01k 1.70+.02 ~
. 0.9110.  0.3113 .05kl o
Only 11.25 & .71 0.689 = Q.
s > dee 1 0.6339  0.357h . 0087 _
=1.9 = 1.1k
Only 168:75 deg 2-@4 0.9673 0.3810 .0508 0.692 . 0. = 1.72
0.5436 0.4399 .0165 : .
. . N
1 AR 77 6]
Excluding 11.25 3.92 1.6883 0.7765 2260 0.7835 0.376 =0 1.98%.02 1.25 '
and 168.75 deg 0.1093 0.7217 .1690 1.58£.02
Only 11.25 and 8.0 ©0-9266  0.3311  .0h61 o.6§23 0.295 - o 1.95%.02 111
168,75 deg . 0.6112 0.3790 .0098 1.72£.02
} The quantltles T » T), 5 s , and v are défined in the text and in Appendix IV. It can be
Ops Aps Vs 8 H

shown that S° follows a X distribution with f degrees of freedom, where f=number of points — number of para-

meters. See, e.g., A. Hald, Statistical Theory With Engineering Application (John Wiley and Sons, Inc., New

York, 1952), p. 551. Except for entries 4, 5, 8, and 9, f is in our case approximately 450, hence the

AU o . 2 . .
probability of obtaining 5~ values as different from unity as these are,is vanishingly small if the p samples
were derived from the assumed population. In this sense the fits must be considered poor. This is another

way of stating that the deviations observed in Fig..12=are systematic rather than random.

ASY~ CTLE6-THON
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one temperature would not be adequate to represent the‘data. ThisAis‘to

be expected, since in the de-excitation of fission fragmenfs the témperature
is not a constant, both on account of the rather wide range of initial
excitation energies of the fragments and on éccount'of the decrease in
excitation energy in the course of the emission of succeésive neutrons.

The three temperatures in column 3 of Table VI should not, of course, be
associated directly with the first, second, third neutron emitted by a
fragment. The list of @ and T values represent a first step towards an
experimental determination of a temperature distribution Q(T) of the type

15

studied by Terrell. The comparison with such a continuous distribution

is perhaps best made in terms of gquantities like the average temperature
T These quantities are listed in columns 4 and 5
of Table VI. The last two columns in Table VI refer to the absolute and

{T) and the variance o

relative numbers of neutrons emitted by the two fragments.

In the first line of Table VI the apisotropy parametgr A2 was
assumed to be zero. The second line, with A2 free to vary, éhows that no
large anisotropy is called for by the data, though a slight anisotropy is

consistent with the observations.

LineZB shows the effect of assuming only two components in the
energy. spectra or, and P Comparison with line 1 shows that although the

over-all fit is not as good, the optimum values of the parameters (T),

J

VL, and v., deduced from the data are not sensitive to the assumption

Ops H

of a third component in the energy spectra.

Lines 5 and 6 in Table VI are given to illustrate the remarkable
similarity between the energy spectra of the neutrons emitted by the light
and heavy fragments. The numbers of neutrons emitted by the two fragments

were taken as in line 8, but the energy spectra were determined by using
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first the data at 11.25 deg and then.the data at 168.75 deg. The resulting
values of (T) and op are almost identical.

Lines 7 and 8 in Table VI refer to least-squares fits made by using
two portions of the data, one at a time. Theyvgive some indication of.the
degree of inconsistencj of the data with the hypothesis of isotropic emission
from ﬁoving frégments. Thus, if all the data were consistent with this hypo-
thesis, the use of different portions of the data should lead, within statis-
ties, to the same parameters.' In fact, however, significant differences are
observéd. |

In order to bring out the nature of the differences more directly an
analyéis was carried out in which deviations from the analytical fits were

'plotted as fﬁnctionsAof angle. A general method was developed for comparing‘
different moments 5f the observed neutron distributions at diffefent §ng1es
with.the corfespohdiﬁg moments deduced from an analytical fit. The éeroth
moment compares the obéerved and calculated numbers of neutrohs at different
angles, the first moment comparés the average velocﬁties, the second the
average energies. Provisions were made for calculating uﬁ to the fourth

- moments of the disfributions. in:this manner a rather detailed and yet
compact way of analyzing the large amount of data was achieved. This method
was used to advanfage in bringing out the details of the fine structure in‘
the néuﬁron disfributions even before the least-squares fits were available.
The observed zeroth, first, and sééond moments (corrected for dispersion) for
all angles are giveﬁ in Table VIT.

Figures 12a, b, c show a compérison at each angle from 11.25 to-
168.75 deg of the measufed number of neutrons and their averagé velocities
and energieérwith the same quantities calculated from the‘least-squares
solution given by line.l in Tablé VI.. It will be seen that although the

calculated distribution represents the measurements to within 10 to 20%,



Table VII. Measured moments of the neutron distributions (corrected for dispersions ).

Angle 6

Zeroth First ' Second
(deg)
11.25 .8864 £ .003 2.292 £ .002 5.734 + .010
22.50 L6843 £ 007 2.229 £ .007 5.497 + .035
33.75 .5071 * .006 2.181 .+ .008 5.261 * .039
45 .00 ' .3507 £ .005 2.119 £ .009 4,972 £ .0b5
56.25 .2290 = .00k 2.069 £ .01k 4.813 £ .065
67.50 .1682 £ .003 1.990 £ .013 4. 466 = 063
78.75 L1270 £ .003 1.912 £ .012 4.096 £ .058
90.00 | .1198 £ .001 1.908 * .005 4.102 £ .02k
101.25 .1216 £ .003 1.870 £ .016 3.895 = .073
112.50 L1407 £ .003 1.929 * Nor L.20k + .06k
123.75 .1822 £ .00k 1.920 £ .013 4,110 £ .060
135.00 .2503 * .00k 2.016 £ .010 - hho7 £ L 0kT
146.25 ‘ L3141 = . 004 2.052 £ .009 4.632 £ 041
157.50 3914 £ 005 2.083 £ .008 4L.793 £ .039
168.75 .5169 £ .002 2.10k £ .002 L.86k £ .011

_'['-1-{_
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The ratio of measured to calculated values for (a)

numbers of neutrons, (b) average velocities, and (c)

average energles as a function of angle.

The calculated

values were obtained by using a three-temperature-evaporation
formula (Appendix IV). v
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there seem to be systematic deviations outside of statistical errors. Similar
comparisons using other values of the parameters in the calculated distribu-
tions, including A2 values in the range between 51 and +1, showed that it

was not possible to reduce the deviations at all ahgles simultaneously.
Leaving aside the two points at 11.25 and 168.75 deg, which will be discussed
presently, there appears to be a syéteﬁatic,riée in the observed number  of
neutrons as one approaches the 90-deg direction. The presence of this "bulge",
whose maximum amplitude in Fig. l?a_is about 50%, ;ﬁggests an analysis in
which a fraction of the neutrons, rather'than.béing'emitted from moving frag-
ments, is assumed to be.emifted isotropically in the laboratory system. Fig-
ures 1%a, b, c éhow a'éomparison‘ofvthe observéd:distributions with a calcu-
lation in which 90% of the néutrons came from.the moving fragments (with
relative angular and energy distributions the same as in Fig. 12) and 10%
were distributed isotrépically in thé laboratory system with an average

energy of é.6 Mev and an average velocity of.2.ll cm/nsec in the iaboratory
system. It is clear tﬂatrfﬁe additibnal freédom introduced into the calcu-
lated_distributions by the third éource_of heutrbns, at rest in the laboratory
system, is of a kind to ﬁake poséiﬁle the removal of the "bulge" around 90 deg.
Moreover, by givihg,ﬁhe ”third—souréeﬁ neutrons a relatively high energy
(about twice the a&éfage energy of the evaporation neutrons, equal to 1.lLL
Mev),_it is possible at the same time to remove the\90—deg bulges in the
velocity and energy plots in Figs. 12b and c¢c. There is in fact enough

freedom in the calculated distribution to make the fit with observations
cémpletef(éxcepting always the points at ll.é5 and 168.75 éeg). Thus the
deviation around 1%5 deg in Fig. 13a could be removed by reducing the cal-

culated number of neutrons emitted by the heavy fragment‘by 10%, to Yy =

1.53 (making VL/VH = 1.29).
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The remaining deyiation at 11.25 and 168.75 deg in Figs. 12a aﬁd 13a
depend entirély‘pn onevcounter (the Ng)_and its associated eléctfénﬂé (thé
points at all dther angles are aésociated with one and the sameucounter; the
Nl)' Aithoughtﬂe.average efficiencies.qf the-twé systémélweré found té agree
very well, the'comparisons depend’mainly on measurements madé outéidé the fank
and were carried out over a‘period éf timé short comparéd with the duration of
the experiment. It is theféfore‘not possible to éxclude rigorgusly a systematic
difference between the two counter syStéms as the reasdn for thevdeViations at
ll.25land 168.75 deg. On the other‘hand, the deviations ére‘father larger than
we would expect in.§iew of the care taken in selecting ana comparing the detec-
tors (see Sec; iT F), and it seems possible fhat the effect is a feél one. If
that is the case it would impiy a mechanism for neutron emiésion, bther than
evapgration, capéble of‘prpducing ﬁeutrons sufficiently weil éqlliméted %long
thg fission direction to affect_the counting rates around li deg But not signi-
ficantly around 22 deg in the laboratory system?

Thése_two small angle points ére mainly responsible for.the high values
of S2 found in Table VI and since the values are so iarge it might be argued
that the conclusions about the smallness of the anisotropy‘pa;améfer A2 are
invalid. If these two points are omitted from the fit, 82 drops to 3.92 (see

line 7 of Table VI) but is not further decreased by allowing A, to vary, while

2
the value_of Aé called for is still essenﬁially zero. Thus, even withéut the
two small angle poinfs, the remaining deviations.are not of éuéh character that
théy can be réduced by the A2 term.

| We might summarize.the.fésulté of tﬁis experimen£ by éaying that the
attempt to interpret the neﬁtrons from Cf252 iﬁ terms of e&apofé%ion from
moving fraémenté succeeds rather well, although not more-than aboﬁt 90% of the

neutrons can be accounted for in this way. The evaporation of neutrons from
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moving fragments provides an immediate explanation of the stfdng angular
anisotropy in Fig. 9, while the value (T) = 0.72 Mev for the temperature
of the evaporated neutrans fits in with what ié known about nuclear 1ével
densities (see, fdr example; Terrelll5). On the other hand, wé migﬁt note
in passing that there appears to be some difficulfy in.attempting to reconcile
gquantitatively thebsomewhat greater number of neutrons emitted by the light
fragment withvthe near identity of the temperatures of the light and hea&y
fragments. For instance, if we assume for the'moment that all the neutrons
ar;se from thé fragménts, then from Table VI we see v, = 1.97, Vg = 1.70 with
VL/VH = 1.16 + .01. The ratio of the éxéitation energy of the light to the

v.. because the average

heavy fragment implied by this result is larger than v q

A
neutron binding energy of a light fragment is higher than that of a heavy frag-
ment. This is simply a consequence of the decreasing stability of heavier nuclei
in thevperiodic table. TFor exémple, & simple liquid drop formula for nuclear
masses predicﬁs the neutron bindiﬁg énergy of average lighﬁ fragments-to be
about 5.7 Mev ana of average heavy fragmehts about 4.7 Mev. (A calculétion
\ based on.Cameron's masses in which shell effects are taken. into accounf gives
almost identical averagé binding energies ) |

Taking the average kinetic eneréies of the neutrons as 2 (T) = 1.4k Mev,
this gives;l;§7 (5;7+1.hh) = 14.1 Mev for the excitation energy associated with
the neutroné emitted by the light fragment and 1.70 (L.7+1.LL) = 10.4 Mev
éssociated with the neutroﬁs emitted by the heaﬁy fragment. If we assume that
the excitatiog energy of each.fragment is 4,5 Mev higher than the -above figures
to allow for the 9.Mev emitted as ﬁ rays we find the ratio of excitation in the
light to thatviﬁ,fhe heavy fragments to bé.(1h;1+h.5)/(10.h+h,5)= 1.26.V'The
ratio of the interﬁal excitations pef particle (related to the temperatures)
would then be 1;26(1&2/107) = 1.67 indicating that the light fragment should

be "hotter" by an appreciable amount (by about 30% if the temperature is taken
%

S
.
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to be proportlonal to the square root of the excitation energy per partlcle)
The detection of such a dlfference is vlthln the preelslon of th1s experlment,
but. as seen from F1g ll and Table VI the dlfference has not in fact been
observed;v The superpos1tlon of shell effects on the s1mple theory.(see for
example Cameronzo), although in the rlght dlrectlon does not appear to be
sufficient to ellmlnate the dlscrepancy, unless the heavy fragment emlts 3 to
Ly Mev more Y- ray energy than the llght The shell correctlons result in the
light and heavy‘fragments hav1ng the same temperature at equal excrtatlon |
energies. | | -' | | - ::

AThe observation of deviations fron the hynothesis of lsotronie evapora-
tionvof neutrons from moving‘fragments, discussed in connection wlth Flgs. 12
and 13, is, fron a theoretical polnt ot view, not‘surprisingri The'rather violent
disturbances associated‘with the’snanpinglof the neck at the moment of scission
.(see for examplevl HalpernZl) and the retraotion of the stunns into the
fragments mlght well be respons1ble for the emission of a fractlon of the
neutrons observed in flssron. FCThIS pos51blllty was in fact'suggested in the
classic paper of Bohr and Wheelerx fron which we duote the relevant paragraphr

"We consider briefly the third possibility that the neutrons in ques-
tion are produced during the fission process itself. 1In this connection
attention may be called to observations on the manner in which a fluid mass
of unstable form divides into two smaller masses of greater stability; it is
found that tiny droplets are generally formed in the space where the original
enveloping surface was torn apart.b Although a detailed dynamical account of
the division process will be even more complicated for a nucleus than for a
fluid mass, the liquid drop model of the nucleus suggests that it is not
unreasonable to expect at the moment of fission a production of neutrons

from the nucleus analogous to the creation of the droplets from the fluid."
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Attempts to make estimates of suchlprocésséé héye beeﬁ reportéa by
Fuller22 and Stavinsky23. |

If the deviations from the hypothesis of isotropic evapdration féund
in this experiment are' indeed related to neutrohs.emitted‘in.the.very éhort
time during and just after scission, a detailed study of such neutrons, carrying
information ohvthe unusual conditions of nuclear matter during the bréaking
apart of the fission fragments, might well be worth while, it will be clear,
however, from the relative smallness of thé effects involved; that fufure
experiments would have fo aim at a determination of the neutron distributions
with a precision of the order ofbl or 2%. .Our experimeﬁtn éuggésts also -the
need for very qareful measurements of the ﬁeﬁﬁron inténsities at smail angles,
in order to confirm or disprove the presgnée 6f a narrow bundle of neutrons
along the fission direction. Some further iight:on these processeé may bé shed
by the more.refined analysis, now in progresé; of the data of thisiexperiment,
in‘which the correlation of the neutron distributions with the masses and

energies of the fragments is taken into account.
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Fig. 14. 5Energy spectrum in the laboratory system for
- Cf%5%, The spectrum is calculated from the ‘
parameters of line 1, Table VI, and consequently
sums to 3.67 neutrons per fission.
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SUMMARY

_The characteristics of the neutrons emitted in the spontaneous fission of_Cf252

A. The over-all properties of the neutrons are as follows:

1. The number o? neutrons per fission is v = 3.8 (see Refs. 10, 11, 12).

2. The erergy sﬁectrum.is a rgpidlyvdecreasing one, with an average
energy 2.3k * +05 Mev and root mean square deviation (width)_of 1.73 £ .03 Mev
in the laboratory system. |

3. The angular distribution.is strongly peaked in.the direction of the
fission fragments: the relative intensities in the direction of the light
fragment, in. the direction of the heavy fragment and at right angles are
about 9, 5, and 1, réspectively. |

4. The broad features of the energy and angular distributions are re-
produced by the assumption of isotropic evaporation of the neutrgns from fully

accelerated fragments.

B. 'If the data are analyzed on the baéis of isotropic evaporatiohvfrom.fully
accelerated fragments, then

5. The light and heavy fragments emit comparablévpumbers of neutrons with
virtually -identical energy spectra. ‘Ap average energy in the center of mass
system of 1.4k £ .08 Mev and rms deviation (width) of 1.28 Mev are calculated
from the fitted evaporation spectrum. These correspond to an avefage-tempera;
ture of 0.72 * .0k Mev and rmS-déviatioh (wi&th)-oT ; O.BQvMev fo; each
fragment. | |
) 6. The~iight ffagment emits 1.97'neutrons,,the heavy 1.70 neutrons
KVL/VH = 1.16), which represent. contributions to the internél excitatiqn
Iénergies of 14.7 Mev and 10.7 Mev,.fesﬁectively.

7. The observed deviations from the hypothesis of isotropic emission by

fully accelerated fragments are sﬁch that not more than about 90% of the

neutrons can arise from simple isotropic evaporation.
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C. The nature of the deviations is less well determined than the over-all

features of the neutron distributiohs. Thé‘following features are suggested:

8. There is no indicétion of a ﬁérked.aniéétfépy of the P, (édé'w)\%ype
iﬁ.the‘emissionAof the ﬁeutréns:from ﬁﬂé-fragmenté; | o

9: Most of‘fhe syétématic deviationé ffom'fhe hyﬁothesisbofxiéétropic
emission fromlmoving fragmentsvéould bé écéounted for by assuming a sméll ‘
fraction (for example:lo%) of rather energetic neutrons emitted isotroﬁically
ffém a soﬁrée not sharing the motion of the frégments:

le. Tﬁé feméining observed deviationsiéppear at the éinglé small-angie
settings (ll.é5vand 168.75:deg) andiwouid require for their éxpiaﬁation‘either
a small number of neutrons coilimafed élohg fhe fission direction or ah'unknown
instrﬁmental diffefence in the efficienéiés of the two neutron cdunﬁer éystems

ugsed in ' the experiment.
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Appendix I. Average Scattering Position of Neutrong in the Detectors

The time of flight measured for a neutron depends on the distance
it travels before producing a light pulse in the neutron detector. The
distance.is always at least the distance between the fission source and the
face of the detector. Howgver, there is an additionai distance traveled
by the neutron before it ﬁgoduces a profon recoil leading to the light pulse
that is detected. In ordef to calculate the average distance traveled by
neutrons it is now nécessary to calculate thevaverage distance from the face
to the point at which‘a proton recoil is produced.

The.plastic neutron detectors were 5.08 cm long. The probability

px for neutron scattering as a function of distance into a detector is

given by
°x) * fe ¥5¢/5\’ /N axy
o
where N = mean free path,
and x = distance from the facé

t = thickness of the detector.

The average distance of penetration, X of a neutron in a counter

before it collides with a proton is given as

t - T
= /X [oax/N / Coa
< b ] o

0
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For a 2-Mev neutron the value of.gg is approximately;2.22_0m3 for
a A of 7.35 ecm. The dispersion in the flight path can be found by solving

for the second moment of the penetration probability, ;-2. This expression

is
% %
72 _ 1 f 2o X/ dx/x'lfe /N 5
0 0
- X2 {(tz/ Mk 2 t/h + 2)exp(-t/A) -2 }/(e"t/x -1).
=2 2
For a 2-Mev neutron, x~ = 6.57 cm .

The variance is found by

=% . EOZ = 6.75 - h.9h = 1.63 cn’.

The full width at half maximum of the dispersion is FWHM = 2.350 = 3 cm. .
Thus an uncertainty of about 1.5%.is introduced into the measurement of
the time of flight because of a corresponding dispersion in the distance

traveled by the neutrons.
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Appendix II. Relations Involving o(V,6)

Consider a number of fission events that have occurred in a certain
run, the direction in spaée of the fission frag&ents being defined by the
location of the fission counters (see Fig. 5). With each neutron emitted
during the run we may associate a vector ;)specifying the magnitude and
direction of the neutron velocity (in the laboratory system). The swarm of
vector tips assoc}ated with a large number of néutrons defines a certain
distribution in £he velocity space of the vectors §i We dendte the density
of the swarm by p(§3, a function of the location V. in velocity épace. The
normalization of p(§3 is assumed to be such that the integral of p(§3 over
the whole of the Velocity space — i;e.,'the integral over all neutron direc-

tions and velocities— is equal to the number of neutrons emitted per fission

of Cf252,

Wwhere v = 3.82 neutrons per fission.
N ) - 5——)
The significance of p(V) is then that p(V) d° V gives the number of
neutrons per fission falling in the angular and velocity range defined by
d3 V. Since there can be no dependence of p on the azimuthal angle B around
the fission direction, the distribution p(V) is a function only of the polar

angle 6 and the magnitude V. The relation between the function p(V,8) and

the experimental counting rates in the fission and neutron counters described

.in Section II is as follows.

Another way to visualize p(V,0) is to imagine that all fissions take place
at a time zero. Then p(V,0) is the spatial distribution of neutrons 1 nsec

after fission.

dl.“
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The number of neutrons per fission with velocities between V and
V + AV falling onto a neutron counter subtending a solidrangleéﬁ is
p(VE) - Vza) - AV. (The factor Vz(l) AV is the volume of the velocity
space in quéstion in Fig. 5.) The relation between the velocity V and the

flight time t 1is

t =D/, -8 = - (DIV?) AV,
where D is the flight distance of the neutron, so that the velocity. interval
2&V is related by AV = - (V2/D) S to the time interval S, as defined by
the true width of a channel in the pulse-height analyzer.

The number of counts (per fission) registered in a channel is then

e (V) -p(V,e) - Vo - (VE/D) s,

where € (V) is the counter efficiency for registering a neutron of velocity V.
The number of counts N in a tﬁne interval S registered in a. run in which R

fissions occurred (as registered by the fission counters) is then

N = R.-c-:(V) - o(v,8) - (V%a)/D) - 8,

from which it follows that.the required function.p(V}G) is related to the

observed quantities N, R, €, w, V and S by

0(V,8) = WD/(R - ¢ - Vbrw >
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Appendix ITII. Energy Loss for Fragments in Ni Foil
Thé'velocity correction due to the energy loss of fission fragments
passing through nickel'foil may bevobtained from the range-energy relation

2k (R = CE2/5), where

for fission“fragments given by Alexandervand Gazdik,
the range.R is in mg/cme, enefgy E is in Mev, and the value of C for nickel:
may be estimated from the graph on p. 882 of Reference 24: C = 0.271 ﬁg/cme
Mev5/2.
Rearranging and differentiating, we have AE = (3/2) (Rl/2/05/2) AR.
Substituting for R, AE = (3/2 B/3/0) mR = (38+/3/20) AR.
The velocity-energy relation for energy in Mev, velocity in units of

9

10 cm/sec, and mass in atomic weight units is E = 0.51835 AVE. Differentiating

gives AR = 1.0367 AV.-vAN. Substituting for E and AE in the range-energy
relatién above, and solving for AV, we have AV = 4.3 AR/VJ'/5 A2/5. The
thickness (AR) of the nickel taréef foil is 0.09 mg/cme; then

N = O.)-L/Vl/5 A2/5. For average values-of A and V we obtain an average

correction AV = 0.015 X 107 cm/sec.
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Appendix IV. EVaporation:FOTEﬁlae ‘

The data‘(Sec 1v) were analyzed by using the following three tempera-

ture-evaporation formulae:

o(V,0) = pp + oy,

where L and H refer to light and heavy fragments respectively;

I

°r (2&2/4ﬂ) vV B {‘al/TlE) exp(-avIE/Tl)

+ (ay/,7) exp(-av,®/T,) + [1-(oal+oz2-)]/T52 exp(-avIg/T5)} ;

1i

B

, 2 .
e Ay +3/2 A, cos YL

where T refers to L or H.
Significance of some terms used in the above equation as defined below

are illustrated in Fig. 5:

V is veélocity (lab) of the neutrons (cm/nsec),
v is center-of-mass velocity of neutrons (cm/nsec),

VH is average velocity of heavy fragments,

VL is average velocity of light fragments,

@ is laboratory-system angle between the neutron and the light fragment,
¥ is center-of-mass angle between neutrons and fragments,
a = 0.5228 = E/vg, where E is in Mev and v is in cm/nsec,

v, is number of neutrons per fission from light fragments,

% is number of neutrons per fission from heavy fragments,

H

Tl’ TE’ T, are temperatures pertaining to the neutron distributions,

3

Y
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al’ O, are constants representing fractions of temperatures Tl and TZ’

2
o+, + a3 =1,
v L VL2 - 2V V; cos 6,
VH2 N VH2 + 2V Vy cos 6,

cos ¥y (V cos 6 - VL)/V s

cos WH = (-V cos 6 - VH)/VH.

Other symbols involved in the discussion of evaporation:

n = avz is the neutron energy in the center-of-mass system (in Mev).
@(n, wﬁind%iis the normalized probability of finding a neutron in the range

Nto N+dn and ¥ to V+ay.
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