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OF PROMPT NEUTRONS FROM SPONTANEOUS FISSION OF Cf252

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

October 25, 1961

ABSTRACT

The velocity and angular distributions of neutrons associated with
light and heavy groups of fission fragments from spontaneous fission of Cfg52
have been méasured. The results can be accounted for within about 10 to 20%
by the assumption of isotropic evaporation from moving fragments. Closer
examination of the results shows systematic differences from simplé evapora-

tion which are outside the statisfical errors of the measurements. A detailed

discussion of the deviations is given.
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VELOCITY AND ANGULAR DISTRIBUTION

OF PROMPT NEUTRONS FROM SPONTANEOUS FISSION OF Cf252

Harry R. Bowman, Stanley G. Thompson, J.C.D. Milton, and Wiadyslaw J. Swiatecki
Lawrence Radiation Laboratory )
University of California

Berkeley, California

October 25, 1961

I. INTRODUCTION

The purpose of these experiments was td study the details of prompt

52

The approach used
infolved coincident meésurements of neutron and’fission-fragﬁent flight timés
over a known distance; Measurement of the velocitiés of both fragments deter-
mines their masses and energies. Siﬁultaneous measurement of the velocities
of coincident neutrons making known anglesvwith the fragment direcfion gives
the basic information bearing on neutréh emission in the fission process.
Coﬁbarison of such measurements made at several angles might make it possible
to aistinguiéh between‘neutronsvevaporated from the fully accelerated frag-
ments and tﬁose emitted very much earlier in the fission process. It should
also be possible to make a rather accuraté determination of the energy spectrum
of the evaporated neutroné in akframe of reference 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 diﬁision are the

subject of another paper.



-2- UCRL-9713

II. ’EXPERIMENTAL PROCEDURE “

The\;elocities of fragments énd neutroﬁé were determined by measuring .
their flight £imes‘over a knowﬁfdistance; lThése fligﬁ£‘times, rénging from
about 20 to 200 nanoseconds, were éttaiﬁed thfough the use of time-to-pulse-
height converters of convenfional design,l in which time i1s measured by the
amount of charge collected on a condeﬁsef”in the interval between two timing
pulses. In this case the time-zero pulse (or time of fission) was formed
from the sécondary electrons, or delta rays, emittedg’5 when one of the
’ fragﬁents passea th;ough a ﬁhin nickél‘foil placed aé close as possible to
the<soufcé; These eléctrons were focused and acceleféted té 10 kevvby an
eleétrén len35 apd yeré finélly defecfed by a.fgin plastic scintillator
(5 milé %hick). Both the ffégments and the ﬁeutrons were detected at the
ends of-their pafhs byiplésticAséintillatoré. : |

A. General Description of Apparatus

A schematic drawing of the apparatus is given in Fig. 1. The end-
offflight detectors were all mounted on the circumference of a 100-cm-radius
steel drum evacuated to a pressure of approx lOf6 mm Hg. There were four

such detectors. Two neutronsdetectors, N N2 (Pilot B plastic scintillators,

1’
Mwin. in diam, 2 in. thick} and two fission-fragment_dgtectors_Fl, FE
(plastic scintillatorse;h,in. in diam, 5 mils thick) were operated simul-
taneously. Time-of-flight measurements were:mage 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 s%eps of -

11.25 deg. The position of the neutron detector N2 was held constant at

L

11.25 deg throughout 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 o8 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.lL

The Cf252

less and covered an area of 0.3 cm2.

”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 tﬁe slow-coincidence system. The fast outputs, after amplifi-
ca%ion 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’éerially to digital form. While the binary equivalents of
the four pulse heights were being punched onto paper tape in the order
Fys Fo 2’

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

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

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

by the IBM TO4 and 709 computers.

B. Time-per-Channel Calibrations (8)

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

determined through the relation

T = TO + 8 - channel number.

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

determined before and after each run by means 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

5

using. the three-scope method, with errors not exceeding * 0.2 nsec.

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

W
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Pulses from the pulser were fed into all five detectors simultaneously
and the pulses from the zero-time detector were delayed by means of the
various delay lines. Thus the &oltage pulse heiéhts (from the time-to-
pulse-height converfers) were found as functions of delay time. The
values of S determined from each set of calibrations for a given run were
.constant within 1% for the measurements reported here. The average time
per channel was approximately 1.6msec.

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—fissién Y rays, as shown in Fig. 2. Unfortunately
there is no convenient radiation for use With.the fission detectors. The
usual procedure is.to determine TO by measuring the fragment time-of-flight
spectrum at two aifferent distances, one of which is as short as possible.
With our apparatus it was difficult to use a short flight path, and there-
fore-To was foﬁnd 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 D, R, and w

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

were

for neutron detectors Nl and N2, 91.15 cm;

for fission detectors Fl and Fg, 100.0 cm.

Since the distance from the fission source to the time zero 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.

1

The distance traveled by neutrons also depends on the position

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



T l ‘
. Nz counter-11.25°
4001
3001~
Neutron
£ . distribution T
5 200
_O.
S.
'll- Reduced by
"1/ [
ook 'l /10 scale
l le—Prompt gamma
| FW.HM.=4x10%sec
1
b/—ﬂ
- |'L:!L’/C' :
% 50 100 50 200

Channel number
MU-24923
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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 Drused for the distance traveled by neutrons is
therefore 95.3% cm. The area of the detectors (ﬂiﬁ3 was 81.07 cmg. Solid
angles (ﬂrg/Dg),1éubténded by the newtron detectors Ny and N, were therefore
0.931 X lO=2 steradian. The rate of fragment-fragment coincidences (neutrons
not in coincidence) was measuréd periodically. The counting rate on Jan. 1,
1960 was 1070 counts per minute. The decrease in fhe céunting rate over the
period: of the measurements was within 5% of the decrease expected from the

250

radicactive decay of Cf (half life 2.2 years).

D. Operating Procedures and Data-Check System

Before proceeding with anélySis of the data it was necessary to use
the time-of-flight data (recorded on paper tape) (Figs. 2 and 3) f&r the
following purposes.

(a) to determine whether the equipment was operating properly duringvthe
run (by comparison with data from other runs made under éspecially good
operating conditions);

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

(c) to obtain the chénnel number corresponding to -zero time for calculation
of velocities;

(d) to determine background corrections for 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 information punched on paper tape for each detector system was
transferred separately to a pulse-height analyzer and the reéults printed

out to give the number of events recorded in each channel (referred to as

_)

a time-of-flight distribution for each one of the four detector systems).
Similar time;of—flight distributions were obtained from the informa-
tion recorded on mag;etic tape by using the magnetic tape as input to the
IBM 704 and 709 qomputers. In this case the computers sorted out the number
of events in each channel for each detector system, and the printed output

was compared with the "print-out"

of the information from paper tape for
the same run. Examples of the spectra for néutrons and fission fragment
are shown in Figs. 2 and 3. Unless the two print-outs were identical a new

magnetic tape record was made and checked.

!
i

Occassionally;the output from the time-to-height converters was dis-
played directly on a L0OO-channel RIDL pulse-height analyzer and used to check

the operatioh of the. equipnment.

!
E. Background,

Cérrections were made for the background of accidental neutrons and
v rays detected by the neutron counters between events' The magnitudé of this
vbackgrbund depends on the flux of neutrons and ~y rays at the countefséand on
the'length of the coincidence,interval. | |
The background counts are the sums‘of two components— one that is
constant with time, and one that ihcreases roughly linearly with time. ‘The
first type results from the usual random coincidences; it is given by
Nf Nn A%, whefeﬁNf is the rate of_fis;ion_pairs and Nn is the raﬁe in the-
neutron counter. It may also be estiméted from the number of events recorded

in channels representing times immediately before fission. The second type
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stems from neutrons that were associated with the detected fission fragments

but had undergone single or multiple scattering before reaching the detector.

We may estimate the value of this cémponent froﬁ thé number of eyents fecofdéd
at the discriminator cuﬁoff (Eh =.O.5h5 Mev). (See Poin£ a of Fig. 2.)
Separate experiments were:performed to detefmine the magﬁitude and
func£ionai‘f6;m of the "spattereah_background; For this purpose a shadow
cdhe was placed between the source aﬁd the neutron counter; coﬁnting rétes
of accidéntal evénts in the time chan%els were then found to increase lineérly
as the tJ_me after T_ increéased. The standard deviations of the points from
a straight line dfawn'through the‘group_wefe no morevthan 5%?‘
The ﬁéth@d of estimafiﬁé the backgrdﬁnd.is then to join points a and
¢ of Fig. 2 with a straight 1ine._f0f coufée, thevbéékground at b shouldinot
have é>&dlué‘greater than the héight of ihé distribﬁtion at ﬁhis point. In
an a;erage 2p-hr run the backgrbund per 1;6—nséc time channel at (a) was
6 counts and at (b) was L. The peak height Of‘£he distribution was 400 counts

in the same period.

f. Neutron;betecfof Efficiéncies

The numbér of ﬁeutfoné counted in eaéh timé channél is dependent‘
not.only oﬂ the“intensity and chafacteristiés~of tﬁe actual vélocity (or
energy) spectrum of neutrbns from the fissioﬁ sourée but also.on:the detéc—
tion efficiency of the plastic detector. Théréforé the number of neutrons
counted in‘éach véiocity interval was'divided‘by fhe éffiéiency’of the
detector  in crder to obtain the éctﬁal number impihging on the detector.

-The efficiencies of the neutron detectors were measured by using

252

a standard Cf source. This source was standardized as follows: The time-

of-flight distribution of neutrons from the standard source was measured

L

o
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by using a thin detector (1 cm thick). Both source and detector were
suspended in mid-air, far froﬁ any scattering medium. The advantage of a
thin detector is that a simple salculation of the efficiency can ﬁe made
by considefing only singly scattered neutrons. The velocity distribution
could then be calculated from the known dimensions and composition of the
thin detector (density 1.024 g/cmB} 90.84 wt % ¢, 8.36% H) and the scat-

7,8,9

tering cross section for hydrogen. This calculated distribution was
then cémpared with the time-of-flight distribution after the subtraction .of
a .background constant in flight time. The total number of neutrons per

52

fission .from the Cf2 source, obtained by integration of the distribution
within the Velocity limits of our experiments, was 3.77. This is 10% greater
than the value expected within these limits on the basis of the value v. .
10,11,12 specifically designed to
measure v. The reason for the difference is not known, but may‘inVolve
the assumptions made in calcﬁlating the efficiency of the small detector.
Each point on the velocity-distribution curve for the standard source was
reduced by 10%.

The efficiencies of the large detectors Nl and N2 were then deter-
mined by using them to measure the time—df-flight distributions from the
standard source inside the steel drum. By removing the background as des-
cribed in Section E, rough accounting was made for the effects of n,n',
n,Yy, and y,y' reactions inside the tank. -An& remaining small contribution
of these reactions, along with the second-order scattering in the cfystal,
was taken into account by the efficiency.

| The efficiency curve of counter Nl used in these experiments is

shown in Fig. 4. The integrated efficiency of counter N, is 3 = 1.5% higher

2
than that of Nl’ but the dependence on velocity was indistinguishable. A

chack was made to detect any apparent increase in efficiency due to scattering
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Fig. 4. Detection efficiency & for neutron counter Nl as

a function of velocity.
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from the second counter placed in the immediately adjacent position. No

effect outside the statistics was found.

G. Neutron Bias Settings

The neﬁtron bias level was adjusted to the center of the 60-kev
¥ line from Amgul, Such an adjustment was made befofe and aftér each run.
If the bias level had shifted during the run that run wa.s discarded. The
average pulse heights prodﬁced by 60-kev Y rays were found to be equal
to the maximum pulse height produced in the plastic detectors by neutrons
of energy 0.345 +.030 Mev. The.correspoﬂdinghvelocity is V = 0.81 cm/nsec,

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

calculations.

H. Pulse-Height Compensation Network

The major fluctuation in the measurement of neutron time of flight
was caused by the variation in pulse heightvfrom the neutronvdetectors.
These fluctuations were somewhat réduced by amplifying and limiting the
pulses, but the major reduction in timing Jjitter for neutrons depositing
less than 0.8 Mev in the detectorg was through the use of a pulse-height
compensation network. Since a small pulse activates a time-to-pulse-height
converter later than a large fulse even though the rise times ére the same,
a portion of the slow.output from the neutron detectors was mixed with the
output of the time-to-pulse-height converters in a manner which minimized
the effect. |

The optimum éonditions for operation of the compensation networks
were established by both (a) minimizing the width of the prompt y-ray

distribution (Fig. 2) and (b) using a signal generator to produce two
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tfiggering pulses with a fixed time interval betweenvthem.. The pulses

were shaped to have the same characteristics as thoée’occurring during the
experiment. The compensation network was adjusted until the output of the
time-to-height converter remained constant when the input triggering pulses

were varied independently.

I. General Description of the Calculations

. The calculations involve quantities defined as follows:
D, the average distance-traveled by neutrons, overvwhich the flight time is
. measured;

N; the number of neutrons detected in the time interval S;
R, the number of fragment-fragment coincidences without reference to neutrons;
Cw, ﬁhe sblid angle subtended by each of the neutron counters;
e(V), the counting ef%iciency of the detector (Fig. U4);
V, the veloﬁity of the neutron (center of time interval s),
G,Ithe anglerfélative-to ‘the direction of ﬁhe light fission ffagment.

The resulfs have been expressed inAterms of the distribution func-
tién o(v,6). The probability per fission that a neutron making an angle
6 with the fragment has a velocityFV in the interval av within the solid
angie dw is p(V,@)V2 dvdw. The values of V; o, énd w are all determined
in the laboratory system; It may be noted by reference to Fig. 5 that
dw = gin 6 .d6 d¢. The values of p(V,G)bwere{compﬁfed'from the experimental v
data by meéns éf the equation (derived in Appendix TIV)

o(V,8) = DN/R et s, | (1)
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- Fig. 5. Schematic representation of the angular relations
involved in p(V,0), where dw = sin 6 d6 4B and d(volume) =
Vedwdv. - :
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In terms of this definitioggthe average number of neutrons per
fission, ;, may be obtailned by intégrating-the density of neutrons per
unit volume of velocity space, p(V,é); over all velocities between the
velocity limits O and o, and o&ér‘all angies O and ¢ as illustrated in

Fig. 5:

<

AT oo L.pem ' :
= \/h JF 'va © o p(V,8)Vsin©dgpdavyvae,
6o o o0 |

i 1_ 00 . | . )
v = 2ﬂ'\/ﬂ JF o(V,0) Ve sin 6 d V 4 8. (2)
o. 0 ‘

A discussion of the relations involved in Eq. (1) is given in Appendix ITI.

J. Calculation of the Velocities

The calculations of o(v,0) were made with IBM 704 and 709 computers

using magnetic tape input. Four arrays of 256 channels each were set up:

N

1. Counter Ng,vlight ffagment in the direction of F2;

2. Counter N

2}

5 heavy fragment in the direction of F.;

light fragment in the direction of F,.;

5. Counter N 0

4. Counter N., heavy fragment in the direction of F

X
The events were then sorted into the appropriate array. In each case it
was necessary to calculate the'mésées of the fragments in order to deter-

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

group. The values of D(V;Q) were then readily computed from Eg. (1).

w

9
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The relation between channel number and velocity, either of fission

fragments or neutrons, is

' V= —2 —  +AV, - (3)
' (P23 8 + o6 : ' - : ;

where D is the flight path (1n the case of one of the fragments 1t is
. measured from the start foil; in the other, from the source.
FYor the neutron 1t'1s of course measured from the‘source),
X is the channel number invwhich the:neutron orifragment is observed,
Tgis the channel number corresponding to time zere,
S is the time per channel,
Atis a correction for timing delay (see below),

and AV. is a correction for velocity change of fragments in nickel foils..

Calculation of the velocity of a neutron or fragment requires
knowledge of the velocity of the fragment that traverses the time-zero
detector, because of the separatlon of the source and detector (2.9 cm).
However, for the purpose of the p(V 0) calculatlon, it is sufflciently
accurate to use an average value for the veloc1ty of the approprlate 11ght
or heavy fragmént in order to make the correction A;t For calculatang |
.the velocity of the fragmentvpassingvthrougn the time-zero detector (Fl)
the value of At is alwajs zero.. |

The other correction term, AV, is applicable only to the fission
fragments. It is'Zere for calculating the veiocities of neutrons. The

9

v value of the eorrection“[N ig foumd in Appéndix IIT to be 0.015 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 of computing time on the

IRM 709 computer.
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K. Corrections '

a. Dead time of apparatus “u,

.

The dead time of the equipment corresponding to each coincidence

event was 365 msec as determined by £Wovmet£odé‘in éXCellent agreement .

The first used a cathode-ray oscilloscope} and the second a standard,
réédily idéntifiable timing pulsé injected'inté the system at reguiar
péfiéds‘dufing the actﬁal runs; thé dead time'waé calculated from the number
of suéh pﬁlées féﬁnd fo be miséing from the record. The average total dead
fime duriﬁg:the experiménts ﬁas 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, during which time the intensity of the source decreased by about

52

. : 2 . -
15%. (The half-life of Gf 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
correétion was made for the deflection of fragments due to recoil by neutrons.
In general, after emission of neutrons, the angle between fragments is no
longer 180 deg and the probability of detecting both fragments i1s diminished.
The correction is largest for neutron center-of-mass angles close to 90 deg
and for high neutron velocities. .The correction has been discussed by

13

: 6
Milton and Fraser, and in more detail by Milton. Tables of corrections

1
calculated by the method of Milton 5 for the experimental.conditions

existing in our experiments are given in Table I.



Table I. Corrections for fragments lost'owing to neutron recoil; calculated as a reciprocal efficiency for
the fragment detectors.

o | Veocity [(cm/sec) x 10°]

(deg). 0.50 1.00 1.50 2.00 2;50 - 3.00 3.50 - k.00 4.50 5.00
o;oo | 0.966 0.966 0.966 0.966 /» 0.966 0.966 0.966  0.966 0.966 0.966
11.25 0.966 - 0.966 0.967 0.968 0.969 - 0.970 0.972 0.97h4 6;976 " 0.978
22.50 0.966 0.968 0.970 0.973 0.978 0.983 0.990 | 0.998 = 1.007 = 1.018
33.75 0.967  0.970 0.975 0.982 - 0.992 . 1.00& 2.020 | 1.042  1.068 .1.097
45.00 ',‘ 0,967' "~ 0.972 0.980 0.993 1.009 1.033 1-665’”f 1.103 .‘ 1.1h4 " 1,191
56.25 0.968 . 0.975 0.986 1.00% ,  1.030  1.067 1.112  1.163 ©l.221 1.286
67.50 0.969  0.977 10.99; . 1.0k - 1.050 1.096 | 1.151 v: 121k 1.286 1.368
78.75 _0}969 0.978 ",0.995 1.021 1.063 1.116  1.177 1.248 1.330 142k
90.00 0.969  0.979  0.99% l.ozu“ 1.068 1.2z 1.186 1.260 1.346 - 1.5

-6T'
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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 Vgp(V,G) in the 6 direction is largest. Thus the highest
value of the correction for the angles of this experiment occurs at large
velocities and at 90 deg. For phis angle and V = 5.0 cm/nsec the correc-
tion reaches the value of -5%. It is in this region that the velocity
dispersion alsc becomes large, and in fact is vefy much larger than the
angular dispersion. The maximum correction for angular dispersion at
11.25 deg is -1.5% at V = 1.4 cm/nsec. When p(V,0) is integrated over all
velocities the correction for angular dispersion 1s negligible, being
everywhere less than 1%. Therefore these corrections were not applied Rp

the final p(V,0) data.

e. Neutron velocity dispersion

Experimental dispersios in the measurements of neutron velocities
arise from '
(a) timingouncertainties inherent in the détection system,
(b) variation.in velocities of fragments traveling from the source-to
the time-zero foil,
(c) the finite width of the time channels,
(d) variation in the distance traveled by neutrons in the neutron
detectors, whiqh may be as much as 5 cm, since the proton recoil
may occur at any point in the 5-cm-thick detector (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
‘ﬁy the width of the prompt-y distribution (approx L.nsec FWHM) . Thié is
the major uncertaihty, and it could not be reducedlsiénifican£ly by further
amplification of the pulses entering,the time-to-pulse-height converters or
by optimizing the performance of the associlated pulsé-height compensation
~networks. \ |

The total dispersien, AV, 1s assumed to be given by the relation

for uncorrelated At and AX,
) (z) (&)
v T\t D ’

wherg[&x is‘ﬁhe deviation from the average scattering position in the
. in the detector, o
D is the distance from the source fo the average scattering in the
detector, i
Mt is approx. 4 nsec,
t is the time of flight of the part'icles,
V is the velocity of the particles.

The first term includes the effects of (a), (v), and (c); the
second takes care of (d); The dispersion correction was then calculated
by folding a Gaussian with width (FWHM) given by AV above into ami analytical
expression for p known to fit the experiméntalndata and comparing -the
results with the_value of rpibefore folding. The correction so obtained
was in turn applied to the measured values.

The influence of velocity dispersion ‘is readily seen by compaping

Tables II and III with IV .and V.
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f. Fission—fragment velocity dispersion

In calculating center-of-mass spectra, the fragment velocities used
were taken to be average velocities of the light and heavy groups. Actually

9

these groups have-velocity distributions with FWHM = 0.15 X 10 cm/sec.
If, as assumed, the neutrons are evaporated from fully accelerated fragments,
the dispersions in fragment velocities produce a dispersion in the observed

data. It was found that this error was always less than.1%.

¢

L. Normalization

In a‘set of 30 runsnmdetnderespaﬁérbngpqd operatiﬁg conditions the
counting rate of countervNE-and the raﬁio of counting rates for counter N2
relafi&e to Nl were determined. Iﬁ many of the other runs the data-recording
system (Fridén paper punch) failed paft of the time and the actual running
time could not be determined. - In such cases the counting rates of counters
Nl and N2 determined under best conditions in its usual li.25—deg position
was chosen as a standard for normalization of the results obtained by counter
Nl" <N2> is thus used as an internal clock. The procedure used was es
‘folloﬁs: |

1l. The .correc't average rate <N2> was determined frem the etandard
se£ of runms. | ' -

2. The cougting rate of counter N, was adjusted so that N (nor-
(x | |
2

malized) = X Ny (observed).

N, (observed)

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

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

sum on a single curve of p(V,8). Therefore, a method of making a single
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composite curve for all runs at the same angie was developed. This method
enables one to obtain by interpolation the average values of Py at the
center of predetermined velocity channel Vi of width AVi. The over-all

statistical error of the average value was also found.
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'III. RESULTS AND DISCUSSION

The neutroﬁ denéity'p(vge)  55 determined in this experiment’
is presented in Tables II through V and in Figs. 6 and 7.‘ The tabular
results have been givéﬁ Bbth before and after correcting for resolﬁtion,
since this is probably the most uncertain of all the corrections. Two
energy spectra, taken at lab angles of 11.25 deg and 168.75 deg, are given
in Fig. 8, which also shows a plot of the background. (In Fig. 1k we
illustrate the lab neutron spectrum averaged over all angles.)

The measured angular 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. ld-in tefms of the density
p(V,Q). A visual examination of this figure suggests at once that the over-
all features of the neutron distributions associated with californium fission
arevconsistent with approximately isotropic emission from two moving frag-
ments. Thus, the geﬁeral appearance of Fig. 10, with the lines of constant

p ina 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 F‘raserllL for the case of thermal-neutron fission.)

The value of a plot such ag Fig. 10 lies in the ease with which
the hypothesis of isotropic emission of the neutrons from moving fragments
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 of the p(V,8) contours in
the region of small or moderate angles (where the neutrons from the heavy
fragment are negligible), one oﬁtains the distribution of neutrons that

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



Table 2. The neutron densities (o(V,8)) for laboratory velocities
and angles relative to the direction of the 1light fission
fragments. Uncorrected for velocity dispersion.
11.25° 22.50° %3.75° 45.00° 56.25° 67.50° 18.75° 90.00°
v [ tap ] A0 e * Ao ] t 0 4 00 o t o t po o Ao
(a0%mfsec) x0°  x0? w0 xmo?  a0? x0? x0? x0? x0? x0?® x0? w0® x0? x0? x0? xio?
1.085 13.092  0.32h4 12.431 0.961 12.354 0.972 10.035 0.889 8.07k 0.897 7.50% 0.739 4867 0.631 5.946 0.313
1.076 13.386  0.3%07 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 13.05%  0.283 1k.900 0.950 11.k9k 0.820 9.79%0 0.773 7.7 0.768 T7.562 0.672 6.358 0.724 5.935 0.273
1.186 13.081 0.266 15.144 0.897 13.373 0.847 10.805 0.772 8.209 0.752 8.019 0.661 5.311 0.613 6.034 0.275
1.245 12.832  0.247 13.485 0.788 12.910 0.781 10.131 0.699 T7.157 0.656 6.906 0.572 4,535 0.531 L.788 0.226
1.308 13.584% 0.2k 12.771 0.719 11.879 0.702 8.957 0.616 7.556 0.6LY4 4.960 0.44L k.507 0.508 4.592 0.211
1.373 13.298  0.22h ik.429 0.728 13.050 0.701 9.98k 0.620 6.215 0.545 5.008 0.426 1,551 ©.hg2 k.256 0.193
1.4h2 13.892  0.217 1k.672 0.693 10.357 0.584 8.88k 0.549 6.854 0.550 L.607 0.388 4 oy 0.453 3.907 0.175
1.514 14.387  0.209 13.692 0.632 10.796 0.566 T7.635 0.479 5.086 0.4l L 0.363 3,201 0.365 3474 0.157
1.590 14.848  0.201 13.499 0.592 10.283 0.522 7.000 0.434 b.928 0.2 3.738 0.313 3.996 0.402 3.069 0.139
1.669 1k.980 0.190 12.117 0.528 8.861 0.1455 6.327 0.388 5.228 0.406 3.762 0.301 2.824 0.313 2.47h 0.117
1.753 14349 0.176 11.457 0.486 8.548 0.h2L 6.617 0.378 L. 252 0.345 2.651 0.235 2.674 0.291 2.2hL 0.106
1:840 1b.b77  0.167 11.205 0.455 8.110 0.392 5.880 0.338 3.703 0.30h 2.601 0.222 2.131 0.245 2.008 0.095
1.932 13.878  0.155  10.085 0.L10 7.360  0.355 5.038 0.296 3.08% 0.263 2.670 0.217 177 0.212 1.49% 0.077
2.029 12.770  0.141 9.575 0.380 6.7k 0.316 %.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 1.0% 0.173 1.235 0.064
2.237 10.29%  0.115 T.467 0.303 5.151 0.255 3.633 0.217 1.880 0.177 1.290 0.128 1.103 0.1L5 0.891 0.051
2.349 8.810  0.100 5.807 0.252 4.689  0.231 2.985 0.186 1.487 0.148 1.419 0.129 0.700 0.106 0.697 0.0k43
2.467 7.36%  0.086 4,785 0.21h 3.772 0.194 2.465 0.158 i.b21 0.137 0.963 0.099 0.672 0.099 0.621 0.038
2.590 5.785 0.071 3.938 0.182 2.751  0.155 1.964 0.133 1.120 0.11h 0.683 0.077 0.531 0.082 0.6 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  0.0%0 2.355 0.125 1.987 0.117 1.160 0.091 0.623 0.075 0.381 0.050 0.264 0.050 0.273 0.021
2.998 2.726  0.041 1.94%5 0.107 1.384 0.092 0.808 0.071 0.541 0.066 0.300 0.0k2 0.247 0.046 0.190 0.016
3,148 2.033  0.033 1.578 0.091 0.976 0.072 0.63%0 0.059 0.382 0.052 0.210 0.032 0.103 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
3.470 1.022  0.020 0.724 0.054 0.535 0.0k7 0.272 0.034 0.259 0.038 0.138 0.023 0.049 0.01k4 0.057 0.006
3.645 0.695 0.016 0.461 0.0%0 0.358 0.036 0.221 0.029 0.146 0.026 0.087 0.017 0.061 0.016 0.057 0.006
3.827 0.463 0.012 0.366 0.034 0.250 0.028 0.131 0.020 0.114 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 0.061 0.01k 0.064 0.013 0.034 0.010 0.038 0.004
4.219 0.196 0.007 0.159 0.020 0.089 0.01k 0.053 0.011 0.03%6 0.009 0.056 0.012 0.026 0.008 0.030 0.004
L. 430 0.115  0.005 0.122 0.016 0.0k2  0.008 0.043 0.009 0.032 0.008 0.006 0.002 0.027 0.009 0.023 0.003
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Table 3. The neutron densities (p(V,8)) for labvoratory velocities
and angles relative to the direction of the heavy fission
fragments. Uncorrected for velocity dispersion.

168.75° 157.50° 146.25° 135.00° 123.75° 112.50° 101.25° 90.00
v 4 * Ap P £ Mo [ o [ LAY P tAp p * Ao 3 £ p £ Ap
(x10%n/sec) x10° x0? . x07? x072 x102  x0®  x0?  x0?  x0? . x0?  x0?  x0?  xm0? xa0? x0? x0?
1.025  12.199 0.345  11.433 0.963 6.870 0.664  5.795 0.605 9.501 1.056 7.426  0.7h5 6.385 0.820 5.838 0.%18
1.076 13.243 0.305 10.110 0.788 9.676 0.77h  8.665 0.759 T7-685 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 0.6k 7.143 0.78% 6.623 0.308
1.186  12.8LL 0.263  12.067 0.783 9.153 0.668 8.082 0.646 7.263 0.696 5.95%  0.545 7.616 0.781 5.129  0.247
1.2k 13172 0.251  11.16hk 0.70% 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  12.5%6 0.230  10.695 0.650 8.917 0.593  T7.569 0.557 7.107 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.ho7t 0.546 7.586 0.530 6.644 0.567 k.49 0.394 4.579 0.k4g5 4,600 0.202
1.hk2 11.968 0.200  10.548 0.578 7.988 0.503 6.974 0.180 5.5% 0.1486 4.482  0.382 3.601 0.409 4.%03  0.186
1.514 11.729 0.187 8.727 0.kok 7.158 0.l50  6.909 0.45k  W.3T6 0.403 3.595  0.320 3.849 0.L09 3.969 0.169
1.59 n.u¥2 0.175 8.656 0.L66 7.423 0.436 5.556 0.381 4.381 0.385 3.56L 0.305 3.165 0.370 3.278  0.145
1.669  10.764 0.160  -8.600 0.k 6.736 0.393 L.776 0.333 4.0k9  0.351 3.272 0.277 2.615 0.299 2.904  0.129
1.753  10.161 0.147 7.336 0.383 6.015 0.350 5.106 0.328 3.528 0.309 3.077  0.256 2.226 0.261 2.356  0.109
1.84% 9.557 0.135 6.780 0.349 5.309 0.312  b.8h2 0.304 3.h00 0.290 2.307 0.208 2.281 0.254 2.038 0.096
1.932 8.h72 0.120 6.2L5 0.318 1,589 0.275 3.711 0.251 2.723 0.245 2.016  0.18L4 2.096 0.234 1.750  0.084
2.029 7.52h4 0.107 5.352 0.280 L.612 0.264  3.579 0.236 2.328 0.215 1.515 0.151 1.488 0.184 1.506  0.075
2.131 6.443 0.094 b.575 0.246 %.854 0.229 2.810 0.198 1.909 0.185 1.299  0.133 1.295 0.16k 1.27%  0.066
2.237 5.531 0.083 b.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 h.5u1 0.071 3.565 0.195 2.776 0.17k 1.827 0.143 1.255 0.134 0.879 0.098 0.696 0.105 0.726  0.04h
2.467 3.635 0.059 2.768 -  0.160 2.211 0.146 1.M48 0.119 ©0.863 0.103 0.500  0.066 0.658 0.098 0.592  0.037
2.59 2.837 0.049 2.007 0.127 1.700 0.119 1.2h9 o.10k 0.780 0.092 0.582  0.070 0.263 0.052 0.468  0.031
2.719 | 2.123 0.0b0 ' 1.k69 0.102  1.166 0.092 0.972 0.086 ©0.597 0.076 0.362  0.051 0.284 0.053 0.272  0.021
2.855 1.658 0.033 1111 0.084 0.956 0.079 0.706 0.069 0.393 0.057 0.233  0.037 0.347 0.059 0.226 0.018
2.998 1.164 0.026 0.854 0.069 0.599 0.058 0.502 0.054 0.27k 0.0k 0.302  0.0b2 0.258 0.048 0.18% 0.015
3.148 0.833 0.020 0.672 0.057 0.477 0.048 0.3u42 0.0k 0.256 0.0k 0.188 0.030 0.155 0.033 0.14  0.013
3.506 0.555 0.015 . ©0.380 0.0k40 0.352 0.039 0.268 0.035 0.1h7 0.028 0.1%  0.025 0.086 0.021 0.107  0.020
3.471 0.389 0.012 0.29% 0.033 0.230 0.029 0.160 0.02k ©.070 0.016 0.097  0.018 0.043 0.012 0.080 0.008
3.645 0.250 0.009 0.190 0.02k4 0.103 0.017 0.096 0.017 ©.062 0.014 0.072  0.015 0.023 0.007 0.057 0.006
3.827 0.172 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%  0.004
4,018 0.113 0.005 0.092 - 0.01h 0.052 0.010 0.022 0.005 0.022 0.006 0.023 0.006 0.000 0.000 0.025  0.003
L.219 0.06h 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
L. 430 0.038 0.002 0.02k 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
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Table 4. The neutron densities (p(V,S)) for laboratory velocities
and angles relative to the direction of the light fission
fragments. Corrected for velocity dispersion.

11.25° 22.50° 53.75° 45.00° 56.25° 67.5¢° 18.75° 90.00°
v p tAp P * Ap o *op p * Ap [3 * Mo [ £ npp P t o [ L}
(a0%mfsee) x10°  x10° 202 w0 0  x0?  x0? x0? a0? x0? x0? xw0? x0? w0 0?0
1.025 - 13,065 o.z2h 12.430  0.961 12.354 0.972 1 0.889 8.078 0.897 7.508 0.739 L, 86 0.631 5.895  0.31
'1.076 13.39%  ¢.307 15.042 1.023 11.822 0.889 (7)’?32 0.69k 10.923 1.021 9.995  0.856 8,85-5; 0.951 6.446 o.ao;
1.130 13,055 0.283 14.896 0.950 11.%95 0.820 9.796 0.773 7.787 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  o.275
1.255 12.805 o.oh7 13.479 0.788  12.917  0.78L  3p'133  0.699 7.165  0.656 6.912  0.572 k539 0.531 5.080  0.206
1.308 13.525 o.2l1  12.766  0.719 11.890 0.702 8.969 0.616 7.566 0.644 b.965 0.44Y 4,511 0.508 4,890 0.211
1.373 13.210 o.pph kb2 0,728 13.066 0.701 10.001 0.620 6.22L 0.545 5,01k 0.426 k,556 0.h92 4433 0.193
1. ke 13.805 o.217 1b.675 0.693  10.375  0.584 8.901 0.549 6.864  0.550 4,612  0.388 h.2k6  0.L53 L1100 0475
1.514 1330 0.209 13.707 0.632 10.822 0.566 7.652 0.479 5.09h 0.1 4,448 0.363 3.205 0.365 3.727 0.157
1.590 15,825 o0.201 13.526 0.592 10.31% 0.522 7.018 0.430 h.937 0.h12 3.7kk 0.313 4.003 0.402 3.179 0.139
1.669 15.00k  ¢,190 12.159 0.528 8.893 0.155 6.343 0.388 5.236 0.406 3.768 0.301 2.829 0.313 2.694 0.117
1.753 14422 0,176 11.514 . 0.L86 8.583 0.hok 6.63h 0.578 k.259 0.345 2.655 0.235 2.680 0.291 2.305 0.106
1.840 14,593  0.167 11.275 0.455 8.145 0.392 5,801 0.338 3.709 0.30L 2.606 0.222 2.136 0.245 2.028 0.095
1.932 14019 0.355 10.156  0.410 7.389 0.355 5.07 0.236 3.089 0.263 2.676 0.217 1.779 0.212 1.620  o.077
2.029 12,919 9.1  9.645  0.380 6.495 0.316 T 640 0.271 2.598 0.229 2.075 0.181 1.587 0.191 1.438 0.071
2.131 11.79 o.129 8.324  0.336 5.806  0.285 k. 250 0.247 2.564  0.218 1.626  0.151 1.6 0.173 1.256 0,064
2.237 10.391  o0.115 7.495 0.303 5.151 0.255 3'633 0.217 1.883 0.177 1.293 0.128 1.10% 0.145 0.889 0.051
2.3h9 8.855 0.100 5.806 o0.252 4.678 0.231 2,981 0.186 1.490 0.148 1.k21 0.129 0.700 0.106 0.710 0.043
2.k67 7.358  0.086 Lk.76h  0.21h 3.757 0.9k e 0.158 1.2k 0137 0.963  0.099  0.670  0-099 0.603  0.038
2.590 5.737 0.071 3.902  0.182 2.737 0.155 1.965 0.133 1.122 0.11k 0.682 0.077 0.527 0.082 0.438 0.029
2.719 b.626 o.060 3.162 0.155 2197 0.3 13 0.106 0.816  0.091  0.606  0.069  ©0.376  0.065 0.289  o.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 0.2k2 0.021
2.998 2.67h  o.0l1  1.92%  0.107 1,380 0.092 0.806 0.071 0.536 0.066 0.293 0.0k2 0.238 0.046 0.179 0.016
3.148 1.999 0.033 1.563 0.091 0.970 0.072 0.624 0.059 0.37h 0.052 0.202 0.032 0.097 0.025 0.127 0.012
3.306 1461 g.026 1.116 0.072 0.73% 0.059 0,013 0.0L5 0.282 0.0l3 0.13% 0.025 0.033 0.011 0.088 0.009
3471 1.003  g.020 0.710  0.054 0.521 0.047 0.262 0.03h 0.24% 0.038 0.126 0.023 0.043 0.01h 0.059 0.006
3.6l5 0.671  0.006 0.k  0.0k0 0.351  0.03% ¢ p06 0.029 0.133  0.026  0.076 0.017  0.051 0.016 0.0k 0.006
3.807 0.437  g.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
1.018 0.27%  o0.009 0.252  0.029 0.133 0.021  ¢'57g 0.016 0.051 0.01k 0.048 0.013 0.023 0.010 0.020 0.00k
Lk.219 0.166  0.007 0.132  0.020 0.071 0.01k  §lout 0.011 0.026 0.009 0.037 0.012 0.016 0.008 0.015 0.004
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
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Table 5. 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° 12.50° 101.25° 90.00°
v [ * Mo 4 * po 4 t Mo 3 Mo 4 L) [4 + Ap P Mo P t Ao
(x109cm/sec) 02 «o?  x0? ao? x102  x072 x072 x1072 x10~2 x1072 x1072 x1072 x1072 x10°2 x1072 x10
1085 12142 o35 1l.he3 0.963 6.870  0.66% 5.798  0.605 9.508  1.056 7.431  o.7h5  6.389  0.820 5.805  0.318
1.0%  13.191 o305  10.103  0.788 9.679  o.77h B.672  o.p9 7.692  0.805 9.884  0.848  2.883 0.ko3 6.4  0.326
1.130 12.76 o579 10. 434 0.758 9.463 0.721 11..484 0.852 9.661  0.888 6,808  0.624  T7.149 0.78k 6.083  0.308
1.186 12.810 .03  12.064  0.783 9.161 0.668 8.091 0.6k 7.272  0.696 5.960  0.545  7.622 0.781 5.586  0.247
1.245 13.154% g 051 11.169 0. 70k 11.737 0.738  8.410 0.625 8.557  0.730 5.795  0.510° 5.762 0.621 5.080  0.243
1.308 12.958 ¢ 230 10,708 0.650 8.933 0.593 7.582 0.557 7.117  0.621 5.611  o,l78  5.36% 0.569 4.800  0.227
1.373 12.600 .28 9.707  0.581 8.426 0.546 7.602  0.530 6.654  0.567 hob2k 0,304 L4.584  0.kg5 5433 0.202
1.4k 12.00k 5000  10.578  0.578 8.009 0.503 6.989  0.i80 5.5h9  0.486 4487 0.382  3.605 0.k09 4110  0.186
1.514 ﬁ~zgg 0.187 8.760  0.hol 7.180 0.150 6.924  o.45h  h.382  0.403 3.599  0.320  3.853 0.409 3.727  0.169
1.590 . 0.175 8.696  0.4&6 T-849 o436  5.569  0.381 4.387  0.385 3.567  0.305  3.469 0.370 3.179  0.145
1.669  10.83L 4 460 8.6 0.4ho 6.758 0.395 1.785  0.333 14.053 0.351 3.275  o0.277 2.619 0.299 2,694 0.129
1.753 10-229 0.147 7.372  0.383 6.033 0.350 5.112  0.328  3.530  0.309 3.080  0.256  2.230  0.261 2.305  0.109
1.8l0 9.619  ¢.135 6.810  0.349 5.321 0.312  4.845  0.30L 3.401L  0.290 2.310  0.208  2.285 0.254 2.028  0.0%
1.932 8.516  .120 6.263  0.318 L.593 0.275 3.710 0.251L 2.723 0.2l5 2.018 0,184  2.100 0.234 1.620  0.084
2.029 7-549  o.107 5.358 0.280 L. 609 0.264  3.575  0.236 2,328  0.215 1.517  0.151  1.k91 0.18k 1.438  0.075
2.131 6.543 4 ool L.568  o.2u6  3.845 0.229 2.805 0.198 1.509 ©0.185 1.301  0.133  1.297 0.16k 1.256  0.066
2.237 3-513 0.083 k.098  o.z22 3.203 0.199 2.43h  0.176 1.558  0.159 1.257 0.126  0.727 0.111 0.889  0.051
2.349 -289 0.071 3.543  0.1% 2.765 0.17h 1.825  0.145 1.256  0.13h4 0.879  0.098 0.696 0.105 0.710  0.0kk
2.467 3'801 0.059 2,748 0.160 2.202 0.146  1.hk7 0.119 0.863 0.103 0.500  0.066 . 0.656 0.098 0.603 0.037
2.590 2. Z 0.0h9 1.992 0.127 1.695 0.119 1.249 o.10k 0.780  0.092 0.581  0.070 0.261 0.052 0.438  0.031
2.719 Z-é‘ﬁh 0.0k0 1.460  o.102 1.16k 0.092 0.971  0.086 0.595 0.-076 0.360  0.051 0.279 0.053 0.289  0.021
2.855 1. b 0.033 1.105 0.084 0.953 0.079  0.703 0.069  0.390 0.057 0.230  0.037 0.339 0.059 0.242  0.018
2.998 1-é5 0.026 0.849  0.069 0.596 0.058 0.k98  0.054 0.270  0.0kk 0.295 o.0ke  0.248 0.0b8 0.179  0.015
3.148 0.8zk 0.020 0.665 0.057 0.470 0.048  0.335 0.042  0.248 0.0k 0.180  0.030 0.145 0.033 0.127 0.013
3.306 0.545 5015 0.372 0.0ko 0.3h2 0.039 0,258 0.0%5 0.1%0  0.028 0.135 0.025 0.079 0.021 0.088  0.010
3.1 0.375 0.012 0.283 0.033 0.219 0.029 0.150  0.02k 0,064  0.016 0.088 0.018 0.038 0.012 0.059  0.008
3.645 0.235 0.009 0.177 0.024 0.095 0.017 0.087 0.017  0.055 0.01%4 0.062  0.015 0.019 * 0.007 0.046  0.006
3.827 0.154 0.007 0.118 0.019 0.060 0.012  0.07L 0.015 0.019 0.006 0.043  0.012 0.006 0.003 0.030  0.00h4
4.018 0.096 0.005 0.077 0.01h 0.043 0.010 0.017 0.005 ©0.017  0.006 0.016  0.006 0.00k  0.000 0.020  0.00%
4,219 0.0k 4,003 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
4. 430 0.026 4. 002 0.016  0.005  0.013 0.005 0.016 0.006 0.013 0.006 0.009  0.005  0.0l15 0.010 0.010  0.003
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Fig. 6. Neutron density distribution p(V,8) (lab) as a
function of neutron velocity and angle for light —
fission fragments corrected for dispersion.
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Fig. 7. Neutron density distribution p(V,8) (lab) as a

function of neutron velocity and angle for heavy
fission fragments corrected for dispersion.
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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,8) from neutrons
emitted in the backward direction from opposite frag-
ments are shown along with a typical background dis-
tribution.
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Fig. 10. The contour diagram in polar coordinates of observed
neutron density distribution p(V,0) 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.
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Similar circles drawn around the point on the right of the origin in

Fig. 10 give  the contribution from the heavy fragment. If these circles
are imagined as labeled with their appropriate p values, the intersection
of two circles gives the location where the expecfed value is the sum of
the two labels. In this way a p plot corresponding tc isotropic emission
from moving fragments is obtained and may be compared with the experimental
one.

Such a graphical construction confirms the impression that the
bulk 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. The 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 an anomalously high
number of neutrons at the two angles of 11.25 and 168.75 deg.

In order to test the hypothesis of isotropic evaporation of
neutrons from moving fragments quantitatively, and in order to bring 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 terms of the fits that could be achieved to such expressions. The
neutron distributions were assumed to be given by a superposition of con-

tributions from the light and heavy fragments,

p(V,Q) = pL + Py
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where or, and Py are analytic functions of the neutron velocities in the
fragment's frames of reference, specified by a number of adjustable para-
meters. These functions were taken to be superpositions of evaporation

15,16

spectra,

G (n) «,(n/Tf) exp Gn/%) ;

each component in the superposition being characterized by its temperature
Ti and its relative weight ai,

Up to three components were nécessary to describe adequately the

Al

energy dependence of the neutrons ovér'the ranée of-velocities from 1 to

5 can/nsec. The nature of the energy distributions to be fitted by the
superposition of evaporation components is illustrated in Fig. 11, where

the neutron spectra f?om the 1ight and heavy‘ffagments, as deduced from
measurements at 11.25 and 168.75 deg, are shown. The measurements in Fig. 11
have been plotted in such a way that é pure evaporation spectrum with a single
temperature wéuld appear as a straight line; it isg clear that the observed
spectra require the superposition of several evaporation components at dif-
ferent temperatures. It should be pointed out that the only assumption
involved in fig, 11 is that the neutfons arise from the movingtfrégments.

o A notable feature of Fige 11 is the virtual identity of the.energy
spectra of neutrons from the light and heavy fragments, extending over almost
f)urvdecades of neutron intensity. This remarkabie correspondence of the
spectra has made it possible to use the same set of O's and T's to represent
the neutrons from the light and heavy fragments, thus halving the number of

parameters 1n the analytic functions oy, and Py
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Fig. 11. The center-of-mass neutron energy spectrum ¥(n) (c.m.)
divided by n. 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 o, and o On

the angle 3 between the neutron emitted by a fragment and the fission direc-

tion was allowed for through a factor of the type 1 + A, P (cos ) (the

2

same A2 for both fragments). Deviations from isotropy of a few percent
might be consistent with the hypothesis of neutron evaporation if the
neutrons were emitted from fragments possessing large angular momentge
17

see Ericson and Strutinski.

With the a's, T's, and A, as adjustable parameters, the sum of e,

2
and pH was then fitted to thé observed neutron distributions by using a
slightly modified version of an iterative least-squares program developed

in Los Alamos by Moore and Zeiglerl8 for our IBM.7OM computer. The code
name MISFIT was givén locally to this program.

- The method used 1s that of Gauss, and despite some unexplained
aberrations worked surprisingly well in fittiﬁg as many ag eight parameters
to as many as 465 data points. In general the procedure would not converge
unless the starting values were rather close to the final ones. However,
there were a few notable exceﬁtions in which it successfully converged
from starting values very different from the final ones, giving us some
confidence ;hat we had not missed any solutions.

More than 25 fits to the data‘were successfully made. In this way
it was rather easy to see how the results were affected by changes in the
background, the efficiency, and the resolution correction. In addition,
the influence of holding fixed some of the parameters or of introducing
additional ones was guickly assessed.

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

tures and. relative weights of the component evaporation 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.
T L
Description 5° a - AT o A, vy vL/vH
‘ . . . 1.97%.
A1l points 6.60 O-99%L  0.3729 O3l o.7217  0.316 = 0 97+ 0L 1.16£.01
0.5720 0.4061 .0219 ~ . 1.70£.01
0. . . . 1.96%.0
A1l points .59 09906 0.3682 %99 o724 0.316 0.016 96+ .02 1.16%.01
0.5774 0.4020 .0206 _ t.012 1.69+.02
— : + .
A1l points 10.30 - 0-2389  0.8729 0.7100  0.277 =0 1.98%.02 1.17
0.2570 0.7430 — 1.68+.02
.2hoh- 0.8738 —_ -0.01 1.99%.02
A1l points 10.29  0:3#0- 0.873 0.7102  0.277 > 99 1.17
0.2583 . 0.7h17 - — +.014 1.70%.02
0.9110. 0.311 .05hk
Only 11.25 deg 7.71 o 2 10 o 3 i 0287 0.689 = Q
. 339 '357 . = 1.95 = l_ll{_
= 1.72
Only 168:75 deg 2.0k 0.9673 0.3810 +0508 0.692 = Ou 7
0.5436 0.4399 .0165 E 4
Excluding 11.25 3.92 1.6883 0.7765 '?280 0.7835 0.376 =0 1.98x.02 1.25 '
and 168.75 deg 0.1093 0.7217 .1690 1.58+.02
: .
Only 11.25 end 8.9  0:9206  0.3311  .OMOL 1 ggos 5295 = o0 1e95%.02 0y e
168.75 deg 0.6112 0.3790 .0098 1.72t.02
t The quantities T » (T), ¢ m 2, Vi and VH are defined in the text and in Appendlx Iv. It can be
2
shown that 5~ 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 S
S o 2 . S =
probability of obtaining 5 values as different from unity as these are,is vanishingly small if the p samples &
: 0
were derived from the assumed population. In this sense the fits must be considered poor. This is another =
, . R - . _ o

way of stating that the deviations observed in Fig,H12=are systematic rather than random.
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one temperature would not be adequate to represent the data. This is to

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

The three temperatures in column 3 of Table VI should not), of course, be
assoclated directly with the first, second, third neutron emitted by a
fragﬁent. The 1list of & and T.values represent a first step towards an
experimental determination of a temperature distributioﬁ a(T) of the type
studied by Terrell.15 The comparison with such a continuous distribution
is perhaps best made in terms of quantities like the average temperature

{T) and the variance o 2 These quantities are listed in columns 4 and 5

T
of Table VI. The last two columns in Table VI refer to the absolute and .
relative numbers of neutrons emitted by the two fragments.

In the first line of Table VI the anisotropy parametervA2 was
assumed to be zero.. The second line, with A2 free to vary, shows that no
large anisotropy. is called for by the data, though a slight anisotropy is
consistent with the observations.

LineHBvshows the effect of assuming only two components in the
energy spectra o, and Py Comparison with line ; shows that although the
over-all fit is not as good, the optimum values of the parameters (T),

O VL, and VH deduced from the data are not sensitive to the assumption
of a third component in the energy spectra.

‘Lines 5 and 6 in Table VI are given to illustrate ﬂhe 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. They give some indication
of the degree of inconsistency of the data with the hypothesis of isotropic
emission from moving fragments. Thus, i1f all the data were consistent with
this hypothesis, the use of different portions of the data should lead,
. within statistics, to- the same parameters. In fact, however, significant

differences are observed.

{} In. order to bring out the nature of the differences more directly

an analysis was carried out in which deviations from the analytical fits
~were plotted as functions of angle. A general method was developed for
comparing different moments of the observed neutron distributioris at dif-
ferent angles with the corresponding moments deduced from an analytical
fit. The zeroth moment compares the observed and calculated numbers of
neutrons‘at different angles, the first moment compares the average velo-
cities, the second the‘averagevenergies; Provisions were made for calcu-
lating up to the fourth moments of the distributions. 1In this maﬁner a
rather detailed and yet compact way of analyzing the large amount of data
was achieved. This method was used to advantage in bringing out the details
of the fine structure in the neutron distributions even before the least-
squares fits were available.

Figures 12a, b, ¢ show a comparison at each angle from 11.25 to

168.75 deg of the measured number of neutrons and their average velocities
and energies with the same quantities calculated from the least-squares
- solution given by line 1 in Table VI. It will be seen that although the

calculated distribution represents the measurements to within 10 to 20%,
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Fig. 12. The ratio of measured to calculated values for (a)
numbers of neutrons, (b) average velocities, and (c)
average energies as a function of angle. The calculated
values were obtained by us1ng a three—evaporatlon tempera—
tured formula (Appendix IV).-
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there seem to be systematic deviations outside of statistical errors. Similar
compariscns using other values of the parameters in the calculated distribu-

tions, including A, values in the range between -1 and +1, showed:that it

2
was not possible to reduce the deviations at all anglesbsimultaneously.

Leaving aside the two points at. 11.25 énd 168.75 deg, which will be discussed
presently, there appears to be a systematic rise in the observed number. of
neutrons as one approaches the 90-deg direction. The presence of this "bulge",
whose maximum .amplitude in Fig. 12a is about 30%, éuggests an analysis in
which a fraction of the neutrons, rather:than being emitted from moving frag-
ments, is assumed to be_emifted isofropically in the laboratory system. Fig-
ures 153, b, ¢ show a comparison.of the observéd'distributions with a calcu-
lation in which 90% of* the neutrons came from,the moving fragments (with
relative angular and energy distributions the same as in Fig. 12) and 10%
were distributed isoﬁrépically in the:laboratory system with an average
energy of 2.6 Mev and an average velécity of 2.11 Cm/nsec in the iaboratory
system. It is clear that the additional freedom introduced into the calcu-
lated distributions by-the ﬁhird éoufce of heutrons, at rest in the laboratory
system, is of a kind to make poséiﬁle the removal of the "bulge" around 90 deg.
Moredver, by giving,fhe-"thira-sourﬁe” neutrons a relati&ely high energy
(about twice the avérage energy of the evaporation neutrons, equal to 1.4k
Mev), it is possible at-the same time to remove the 90-deg bulges in the
veloclity and energy plots in Figs. 12b and c¢. There is in fact enough

freedom in the calculated distribution to make the fit with observations
complete (excepting always the points at 11.25 and 168.75 deg). Thus the
deviation around 155.dég in Fig. 13a could be removed by reducing the cal-

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

1.5% (making VL/VH = 1.29),
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The remaining deviation at 11.25 and 168.75 deg in Figs. 12a and
1%a depend entirély on one counter (the Ng) and its associated electronics
(the points at all other angles are associated with one and the same counter,
the Nl). Although the average efficiencies of the two systems were found
to agree very well, the comparisons depend mainly on measurements made out-
side the tank and were carried out over a period of time short compared
with the duration of the experiment. It is therefore not possible fo
exclude rigorously a systematic difference between the two counter systems
as the reason for the deviations at 11.25 and 168.75 deg. On the other
hand, the deviations are rather larger than we would expect in view of the
care taken in selecting and comparing the detectors (see Sec. II F), and
it seems possible that the effect may be a real one. If that is the case
it would imply a mechanism for neutron emission, other than evaporation,
capable of producing neutrons sufficiently well collimated along the fis-
sion direction to affect the counting rates around ;l deg but not signi-
ficantly around 22 deg in the 1aboratorj system.

We might summarize the results of this experiment by saying that

252

the attempt to interpret the neutrons from Cf in terms of evaporation
from moving fragments succeeds rather well, although not more than about
90% of the neutrons can be accounted for in this way. The evaporation of
neutrons from moving fragments provides an immediate explanation of the
strong angular anisotropy in Fig. 9, while the value (T) = 0.72 Mev for
the temperature of the evaporated neutrons fits in with what is known
about nuclear level densities (see, for example, Terrelll5). On the
other hand, we might note'in passing that there appearé to be some dif-

ficulty in attempting to reconcile quantitatively the somewhat greater

number of neutrons emitted by the light fragment with the near identity
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of the temperatures of the light and heavy fragments. For instance, if we
assume for the moment that all the neutrons arise from the fragments, then
~ from Table VI we see VL/VH = 1.16 £ .01l. Calculations basedson’Cameron'sl9
mass formula give 5.737 and 4.637 Mev fof the average light--and heavy-
fragment neutron binding energies.  Thus, with (T) = 0.72 Mev, the neutrons
_carry away 14.7 Mev from the 1igh£ fragment, but only 10.7 from the heavy.
Other things being equal, in particular fhe sharing of the y-ray energy
betweeﬁ the two fragments, this implies a rather higher internal excitation
energy in the light fragment. The ratio of the internal excitations per
Earticle (related to the temperature) would be still further enhanced with
the result that the lighter fragment would be expected to be "hotter' by,
perhaps, 20 to 30%. The detection of such a d%ﬁferehce is within the preci-
sion of thils experiment, but, és seen from Fig. 11 and Table VI, the dif-
ference has not in fact been observed. A differénce in the level densities
in the two fragments, caused by shell effects, although in the direction to
reduce the discrepancy (see Camerongo),does not appear tc be sufficient,
unless the heavy fragment emits rather more -y-ray energy than the light.

The obéervation“of deviatioﬁs from the hypothesis of isotropic
evaporation of neutrons from moving fragments, discussed in connection with
Figs. 12 and 13, is, from a theoretical point of view, not surprising. The
rather violent disturbances associated with the snapping of the neck at the
moment df scission (see, for example, I. Halperngl) and the retraction of
the stum?s into the fragments might well be responsible for the emiésion of
a fraction of the neutrons observed in fission. Attempts to make estimates
of such processes have been reported by Fuller22 and StavinskygBQ

If the deviations from the hypothesis of isotropic evaporation found

in this experiment are indeed related to neutrons emitted in- the very short
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time during and just after scission, a detailed study of such neutrons,
carrying infofmation on %he unusual conditions of nuclear matter during the
breaking apért of the fission fragments, might well be worth while. It will
be clear, however, from the relative smallness of the effects involved, that
future experiments would have to aim at a determination of the neutron
distributions, with a precision of the order of 1 or 2%. Our experiment
suggests also the need for very careful measurements of the neutron inten-
sities at small angles, in order to confirm or disprove -the presence of a
narrow bundle of neutrons along the fission direction. Some further -light
on these processes may  be shed by the more refined analysis, now in progress,
of the data of this experiment, in which the correlation df the neutron
distributions with the masses and energies of the fragments is taken into

account.
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Fig. 1L4. Energy spectrum in the laboratory system for Cf252.

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

252

. . . : ' /

Cf

A. The over-all properties of the neut?ons are:as follows:

1. The ﬁumber of neutrons per fission is v = 3.8 (see Refs. 10, 11, 12).

2. The energy spedﬁrum is a rapildly decreasing one, with an average
energy of'2.2o.i .05 Mev in the laboratory system. |

3, The angular distribution is strongly peaked;in tﬁe direction of the
fission fragments: the relative intensities in the direction of the light
fragment, dn the directiqn of.the‘heavy fragment and at right angles are
about 9, 5, and 1, respectively.

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

fully accelerated fragments.

B, If the data are analyzed on the basié of isotropic evaporation from
fully accelerated fragments, then

5. The light and. heavy fragments emit comparable numbers of neutrons,
with Virtuallyvidéntical energy spectra. The average temperature of the
spectra is 0.72 % .0k Mev, with an rms deviation GT = 0.3%32 Mev for both
fragments.

6. The 1ight fragment emits 1.97 neutrons, the heavy 1.70 neutrons
(VL/VH = 1,16), which represents contribgtions to the internal excitation
energies of 14.7 Mev and 10.7 Mev, respectively.

7. The observed deviations from the hypothesis of isotropic emission
by fully accelerated fragments are such that not mofe 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 distributions. The following features are suggested:

8. There is no indication of a marked anisotropy of the P2 (cos ¢O type
in the emission of the neutrons from the fragments.

9. Most of the systematic deviations from the hypothesis of isotropic
emission from moving fragments could be accounted for by assuming a small
fraction of rather energetic neutrons (for example 10%) to be emitted isotro-
pically from a source not sharing the motion of the fragments.

10. The remaining observed deviétions appear at the single small-angle
settings (11.25 and 168.75 deg) and would require for their explanation either
a smallvnumber of neutrons collimated along the fission direction or an
unkﬁown‘instrumental difference in the efficiencies of the two neutron counter

systems used in the experiment.
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SUMMARY

The characteristics of the neutrons emitted in the spontaneous fission.of
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Cf

A. The over-all properties of the neut%ons are.as follows:

1. 'The'ﬁumber-of‘neutrons per fission is v = 3.8 (see Refs. 10, 11, 12).

2. The energy specﬁrum is a rapidly decreasing one, with an average
energy of 2.20 £..05 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 directiqn of the heavy fragment and at right aﬁgles are
about 9, 5, and 1, respectively.

L. The broad features of the energy and angular distributions are re-
broduced by the assumpfion of “isotropic evaporation of the neutrons from

fully accelerated fragments.

B. If the data aré analyzed on the basis of isotropic evaporation from
fully accelerated fragments, then

5. The light and. heavy fragments emit comparable numbers of neutrons,
with virtually,idéntical energy speétraf The average temperature of the

spectra.is 0.72'* .04 Mev, with an rms deviation ¢, = 0.32 Mev for both

T
fragments.

6. The light fragment emits 1.97 neutrons;.the heavy 1.70 neutrons
(VL/VH = 1016), which represents contributions'to the internal excitation
energies of 14.7 Mev and 10.7 Mev, respectively.

7. The observed deviations from the hypothesis of isotropic emission

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

neubtrons 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 distributions. The following features are suggested:

8. There is no indication of a marked anisotropy of the P, (cos ) type
in the emission of the neutrons from the fragments.

9. Most of the systematic deviations from the hypothesis of isotropic
emission from moving fragmentsvcould be accounted for by assuming a small
fraction of rather energetic neutrons (for example 10%) to be emitted isotro-
pically from a source not sharing the motion of the fragments.

iO. The remaining observed deviétions appear at the singie small-angle
settings (11.25 and 168.75 deg) and would require for their explanation either
& small number of neutrons collimated along the fission direction or an
unkﬂown_instrumental difference in the efficiencies of the two neutron counter

systems used in the experiment.
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A. The over-all properties of the neut?ons are'as follows:

1. The ﬁumber of neutrons per fission is V= 3.8 (see Refs. 10, 11, 12).

2. The energy spectrum is a rapidly decreasing éne, with an average
energy of 2.20 * ,05 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
frégment, inlthe direction of the heavy fragment and at right.angles are
about 9, 5, and 1, respectively.

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

fully accelerated fragments.

B. If the data are analyzed on the>basis of isotropic evaporationvfrom
fully accelerated fragments, then

5. The light and heavy fragments emit comparable numbers of neutrons,
with virtually,idéntical energy speétrau The average -temperature of the

spectra is 0.72 % BOA-MeV, with an rms deviation o, = 0.32 Mev for both

T
fragments. _

6. The light fragment emits 1.97 neutrons, the heavy 1.70 neutrons
(VL/yH = 1.16), which represents contributions to the internal egcitaﬁion
energies of 1k.7 Mev and 10.7 Mev, respectively.

7. The observed deviations from the hypotheéis of isotropic emission

by fully accelerated fragments are such 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 distributions. The following features are suggested:

8. There is no indication of a marked anisotropy of the Pe'(cgs ¢O type'
in the emission of the neutrons from the fragments.

9. Most of the systematic deviations from the hypothesis of isotropic
emission from moving fragments could be accounted for by assuming a small
fraction of rather energetic neutrons (for éxample 10%) to be emitted isotro-
pically from a source not sharing the motion of the fragments. |

iO. The remaining observed deviétions appear at the single small-angle
settings (11.25 and 168.75 deg) and would require for their explanation either
a small number of neutrons collimated along the fission direction or an
unkﬂown instrumental difference in the efficiencies of the two neutron counter

systems used in the experiment.
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Appendix I. Average Scattering Position of Neutrons 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. However, there is an additional distance traveled

1

by the neutron before it ﬁ%oduces a proton recoil leading to the light pulse
that is detected. In order to calculate the average distance travéled by
neutrons it is now necessary to calculate the average distance from the face
to the point at which‘a proton recoil is produced. |

The plastic neutron detectors were 5;08 em long. The probability

A for neutron scattering as a function of distance into a detector is
given by I
Px) ~ _/; _X./k h ax,

0

where A = mean free path,

and x = distance from the face

1 ’
t thickness of the detector.

1l

The average distance of penetration, X5 of a neutron.in a counter

before it collides with a preton is given as

%, = ﬁcte h S dx/f: N e
0 /0 :
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For a 2-Mev neutron the value of 25 is approximately 2.22 cm, for

a.\ of 7.35 cm. .The dispersion in the flight path can be found by solving

for the second moment of the penetration probébility,-gzz. This expression
is
‘ % t -
2 _ -1 f w20 /N 4y x—lf . “X/N gy
. O . - o . . \‘\
=2 {e-e/}\. (t2/7\.2'+ 2 t/n + 2) -2}/(e-t/>\. -1).
. =2 2
For. a 2-Mev neutron, x "= 6.57 em”.

The variance is found by

2

= 2
g =X

- 202 =6.75 - Lok = 1.63 cu”.

The full width at half maximum of the dispersion is FWHM = 2.35c = 3 cm.
Thus an uncertainty of about_lo5% 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 p(V,8)

Consider -a number of fission events that have occurred in a certain
run, the direction in space of the fission fragments being defined by the
location of the fission counters (see Fig. 5). With eaéh neﬁtron emitted
during the run we may associate a vector‘gyspecifying the magnitude and
directidn of. the neutron velocity (in the laboratory system). The SWarm of
vector tips associated with a large number of neutrons defines a certain
distribution in the velocity space of the vectors %i We denote the density
of the swarm by p(§3, a function of the location géin velocity space. The
normalization of p(§3 is assumed to be such that the integral of p(ﬁs 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 Cro2,

f p(\?) dB \?= ;)

where v = 3.82 neutrons per fission.
=, = 3
The significance of p(V) is then that p(V) a7 V gives the number of
neutrong per fission falling in the angular and velocity range defined by
-
, d5 V. Since there can be no dependence of p on the azimuthal angle ¢ around
—
the fission direction, the distribution p(V) is a function only of the polar
angle 9 and the magnitude V. The purpose of this study is to determine experi-

252. The relation

mentally the function p(V,8) associated with fission of Cf
between the function p(V,Q) and the experimental counting rates in the fission

and neutron counters described in Section I is as follows.
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The nimber of neutrons per fission with velocities between V and
V + AV falling onto a neutron counter subtending a solid angle w is
p(V,G) “V-w ° &/. (The factor V2a>ZXV'is the volume of the velocity space

in question.in Fig. 3.) The relation between the velocity V and the flight”

time t is

t =D/V, At =- (D/VQ) AV,
where D is the flight distance of the neutron, so that the velocity interval
AV is related by AV = - (V2/D) At to the time interval At, 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

(V) - o(v,6) - Ve - _(VQ/D) At,

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

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

Iy
N =R.- V) - o(v,0) « (VD) - £,
from which it follows that the required function p(V,G) is related to the
observed quantities N, R, €, w, V and At by

o(V,0) = MD/R - ¢ Ve ot

In visualizing the significance of p(V,8) it may be worth while to
think of it as the absclute number of neutrons per fission per unit volume

of velocity space at a velocity V and an angle 8. Integration of p over all
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angles and intervals of wvelocity space gives the number of neutrons per fission,
V. Another way to visualize o(V,8) is tp imagine that all fissions take place
at a time zero. Then o(V,0) is the spatial distribution of neutrons 1 nsec

after fission.
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Appendix IIT. Energy Loss for Fragments in Ni Foil
Thé'velocity correction due to the energy loss of fission fragments
passing through.nickel foil may be obtained from the range-energy relatioh

2k (R = CEE/B), where

for fissionvfragments given by Aiéxander and Gazdik,
the range R is in mg/cmg, energy 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 mg/cm2
MevB/e° | v |

| . . y 1/2,.5/2

Rearranging and differentiating, we have AE = (3/2) (R7/°/¢”/°) AR.
Substituting for R, AF = (3/2 BY/3/0) mr = (382/7/2¢) AR

The velocity-energy relation for energy in Mev, velocity in units bf

9

10 cm/sec, and mass in atomic weight units is E = 0.51835 AVE. Differentiating
gives AE = 1.0367 AV - AV. Substituting for E and AE in the range-energy
relation above, and solving for &V, we have AV = L.3 A.'R/Vl/3 AE/B. The

thickness (AR) of the nickel target foil is 0.09 mg/cm™; then

NV = O.lk/Vl/5 AE/B. For average values of A and V we obtain an average

© correction AV. ~ 0.015 % 107 cm/sec.
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Appendix IV. Evaporation-FbrmulaeA

The data (Sec IV) were analyzed by using the folloWing three tempera-

ture-evaporation formulae:

o(v,8) = P, * Py

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

(Eag/hﬁ) vpVBr {Fal/Tlg)Lexp(-avIQ/Ti)
+ (ap/1,7) exp(-av®/T,) + [1-_(ocl+o¢2)]/T52 exp(—avI2/T5)} ;

B
I

2
1 - 52 +.3/2 A, cos "y,

where I refers to L or H.

 Significance of some terms used in the above equation as defined below

are illustrated in Fig. 5:

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

VH is average'velocity of heavy fragments,

”fVi is average velocity of light fragments,

@ 1is laboratory-system angle between the neutron and the light fragment,
Y  is center-of-mass angle between neutrons ardd fragments,
a = 0.5228 = E/Vg, where E is in Mev and v is in cm/nsec,

KL is number of neutrons per fission from light fragments,

V.

q is number of neutrons per fission from heavy fragments,

Tl’ Tg, T5 are temperatures pertaining to‘the neutron distributions,

6
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al’ dglare constants representing fractions of'temperatures Tl and T

al + a2 + a5 =1,
2 2

2 .
Vo= VoV - QVEVL cos 6,

2 2 2
v, =V + VH +.2VéVH cos 6,

2)

cos Y (V cos O- VL)/VL,

cos Y (-V cos @ - VH)/vﬁ,

Other symbols involved in the discussion of evaporation:

N = av2 is the neutron energy ih.the center-of-mass system (in Mev).
G(n,w)dndw is the normalized probability of finding a neutron.in the range

n to m+dn and ¥ to YHdy.
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