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recognized the following interesting properties.
The following three different cases at v'S =4.8
GeV and MI. =1.8 GeV all produce almost identi-
cal H„q~ distributions: (i) M„=O, E, =0.75 GeV,
and V -A current for the heavy lepton (see Fig.
2); (ii) M„=0.5 GeV, E, =0.65 GeV, and V-A;
and (iii) M„=O, E, =0.65 GeV, and V+A current
for the heavy lepton. A somewhat related obser-
vation has been made independently by Park and
Yildiz. ' See also the newer data of Perl et al.'

*Predoctoral Fellow, Institute for Nuclear Study,
University of Tokyo, Tokyo, Japan.

~J. J. Sakurai, in Proceedings of the Fifth Interna
tional SymPosium on Elect~on and Photon Interactions
at High Energies, Ithaca, ¹wYork, 1971, edited by
N. B. Mistry (Cornell Univ. Press, Ithaca, N. Y., 1972),
p. 49; J. D. Bjorken, in Proceedings of the Sixth Inter
national' Symposium on Electron and Photon Interactions

at High. Energies, Bonn, West Germany, 1973, edited
by H. Rollnik and W. Pfeil (North-Holland, Amsterdam,
1974), p. 25.

~J.-E. Augustin et a/. , Phys. Rev. Lett. 34, 764 (1975).
3B. Richter, in Proceedings of the Seventeenth Inter

national Conference on IIlgh Energy Physics, London,
England, l974, edited by J. R. Smith (Science Research
Council, Rutherford High Energy Laboratory, Chilton,
Didcot, Berkshire, England, 1974), p. IV-37; F. J.
Gilman, SLAG Report No. SLAG-PUB-1537, 1975 (to
be published) .

M. L. Perl and P. Rapidis, SLAC Report No. SLAC-
PUB-1496, 1974 (to be published). This article con-
tains many references to earlier works on heavy lep-
tons ~

5Y. S. Tsai, Phys. Rev. D 4, 2821 (1971), and ref-
erences therein; J. D. Bjorken and C. H. Llewe11yn
Smith, Phys. Rev. D 7, 887 {1973).

M. L. Perl, SLAC Report No. SLAC-PUB-1952,
1975 {to be published).

VS. Y. Park and A. Yildiz, to be published.
M. L. Perl et al. , Phys. Rev. Lett. 35, 1489 (1975).

Angular Correlation of Neutrons from Spontaneous Fission of '2Cf

J. S. Pringle and F. D. Brooks
Physics Department, University of Cape Town, Rondebosch, 7700, South Africa

(Received 18 August 1975)

The n-n angular correlation for neutrons emitted in spontaneous fission of Cf has been
measured. Discrepancies are observed when these and other experimental observations
are compared with Monte Carlo calculations based on the evaporation model. It is sug-
gested that the discrepancies could be attributed to enhanced neutron emission along the
fission axis.

It is well established" ' that a large fraction
(75-90%) of the neutrons emitted promptly in
spontaneous or thermal-neutron fission can be
accounted for in terms of evaporation from the
fully accelerated fission fragments. However the
origin of the remaining 10-25% of the neutron
emission remains in question and it has been sug-
gested that these neutrons may be emitted at the
instant of scission' ' or during the acceleration
period of the fragments. ' Models of the neutron
emission rest mainly on experimental observa-
tions of the velocity and angular distributions of
the prompt neutrons, the angular distributions
being referred to the axis defined by the direc-
tion of the light fragment.

Another observable in the neutron emission-
process is the neutron-neutron angular correla-
tion, that is the n-n coincidence rate as a func-
tion of angle between emitted neutrons. Such a
measurement was reported for thermal-neutron

fission of "'U by De Benedetti et a/. ' in 1948.
However no further measurement of this observ-
able appears to have been reported since then.
The n-n angular correlation experiment does not
require the detection of fission fragments, and
hence stronger and thicker sources may be used
than in angular distribution measurements. On
the other hand, the observations are automatical-
ly averaged over all orientations of the fission
axis, which implies some loss of detail. The
correlation is nevertheless sensitive to.the char-
acteristics of neutron emission and provides a
useful additional method for testing models of
emission process. We have measured the n-n
angular correlation of prompt neutrons from the
spontaneous fission of "Cf. In order to compare
results with predictions based on the evaporation
model we have also made Monte Carlo calcula-
tions simulating our experiment and the measure-
ment of the neutron angular distribution. '
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The n-n angular correlation was measured
using a source consisting of 2 p g of "'Cf in the
form of four 15-mm-long rods, each sealed in a
1-mm-diam platinum-iridium container. The
neutron detectors were an NE213 liquid scintil-
lator (38 mm diamx25 mm length) and an anthra-
cene crystal (25 mm diam&&25 mm length) each
mounted on a magnetically shielded photomulti-
plier tube. Pulse-shape discrimination was used
to reject y events and the detectors were operat-
ed at a proton detection threshold of 0.7 MeV.
The pulse-shape discrimination rejection effi-
ciencies of both detector s, as measured for
Compton electrons from "Co y rays, were bet-
ter than 99.9%. The proton detection thresholds
were calibrated using monoenergetic neutron
beams obtained from the reaction 'Li{P,n)' Be.
One detector and the source were fixed in the
horizontal plane and the other detector was ro-
tated about a vertical axis through the source to
vary the n-n correlation angle 8. The time-de-
lay spectrum was recorded and the true coinci-
dence rate was determined; from the peak in this
spectrum. The accidental coincidence rate, esti-
mated from the remainder of the time spectrum,
never exceeded 10% of the true rate.

The distances from the source to the two scintil-
lators were 30 cm for the measurements made at
I9 & 45'. For 8&45 one detector was moved back
to 40-50 cm and a shadow shield was inserted
between the two detectors to attenuate spurious
coincidences arising from neutron scattering
from one detector to the other. This scattering
background was carefully investigated and the
geometry and length of the shield were chosen to
limit it to a negligible level.

The singles count rates N, and N, of the two de-
tectors and the coincidence rate N, (8) at angle 8

were determined in the experiment. Let N& be
the fission rate of the source, v the average neu-
tron yield per fission, and A, and 0, the solid
angles subtended by the two detectors. Then,
since , and 0, are small,

N, =Q,e,vN&/4m' and N, =Q,c,vN&/4m,

where e, and c, are the average efficiencies of
the detectors for detecting a fission neutron. The
coincidence rate is given by

We define a ratio

R(8) =N, (8)/N, N =4rP(e)/vNf.

Thus R (8) is proportional to the angular correla-
tion P(8), independent of the experimental geom-
etry (Q, and Q,), and insensitive to small varia-
tions in instrumental stability insofar as these
affect e, and E,.

The experimental results are plotted in Fig. 1
together with a prediction of R (8) based on an
evaporation model including a 10% scission neu-
tron component. The prediction was generated
by a Monte Carlo calculation for 4&&104 simulated
fissions. The first stage of the calculation simu-
lated the neutron emission from the source as
follows. In each fission, pre-emission fragment
masses were selected by sampling a mass dis-
tribution based on two sets of experimental data."
The (fully accelerated) velocities of the fragments
in the laboratory frame were determined from
the data of Whetstone. ' For each fragment, the
average neutron yield v and the variance 0, ' were
determined from the data of Signarbieux et al.'
The actual number of neutrons emitted by each
fragment was chosen by sampling a Gaussian
(v, v„') distribution. A fraction' (10'%%uo) of the neu-
trons, randomly chosen, was designated as scis-
sion neutrons. It was assumed' that this compo-
nent was emitted isotropically from a source
stationary in the laboratory frame, while the
remaining 90'%%uo of the fission neutrons were emit-
ted isotropically in the frames of the fully ac-
celerated fragments. The angles of emission of
both scission and fragment neutrons in the respec-
tive emitting frames were assumed to be uncor-
related. Neutron emission energies were sam-
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where P(8) represents the number of fission neu-
trons emitted per unit solid angle at angle t9 to,
and in coincidence with, the vth fission neutron.

FIG. 1. The I-n angular correlation B(0) for 2MCf

fission, showing experimental measurements (points)
and Monte Carlo simulation (histogram) .
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pled from evaporation spectra of the form

N(E) = (E/T') exp(-E/T),

where T is the nuclear temperature of the frag-
ment emitting the neutron and E is the neutron
energy in the appropriate frame. Fragment tem-
peratures were determined from the data of Kluge
and Lajtai. ' An evaporation temperature T =1.3
MeV was used in the case of scission neutrons. '
In accordance with recent experimental evidence, '
energies of evaporation neutrons were assumed
to be uncorrelated. The Monte Carlo calculation
was checked by computing various parameters of
the simulated fission source. For example, the
simulation gave v = 3.73, and a ratio v~/v„, for
the light and heavy fragments, of 1.15. Both val-
ues are in good agreement with experiment. The
simulated neutron spectrum was also consistent
with an experimental measurement. "

The final stages of the Monte Carlo calculation
simulated the present experiment and the angular
distribution measurement of Bowman et al. ' The
simulated angular correlation was normalized to
the experimental data in the range 8 = 80'-180'
and is plotted in Fig. 1. The sensitivity of the
simulation to the proton detection threshold was
investigated by repeating the Monte Carlo calcu-
lation using thresholds 0.2 MeV lower and higher
than the experimental value of 0.7 MeV. No sig-
nificant change was observed in the form of the
correlation. From Fig. 1 it may be seen that the
simulation reproduces the form of the experi-
mental data reasonably well at angles in the range
0 =100'-180 but not smaller angles.

The angular distribution measurement of Bow-
man et al. ' was simulated using a neutron detec-
tion threshold of 0.55 MeV (velocity 1.025 cm/
nsec) a,s used in their experiment. The simulated
distribution was normalized to their data in the
angle range 9 =40 -140' and is shown (histogram)
together with the data in Fig. 2. A curve by Bow-
man et al. ' based on an analytical formula in
which average values, independent of the frag-
ment mass ratio, were used for the velocities,
temperatures, and neutron yields of the fission
fragments is also shown in Fig. 2. Whereas the
curve fits the data well, the prediction of the
Monte Carlo calculation is too low both at small
angles, 8 & 30', and large angles, 8 ~ 150'. This
discrepancy between the two calculations was in-
vestigated by modifying the Monte Carlo calcula-
tion so as to use the fixed values used by Bowman
et a/. ' for the fragment velocities, temperatures,
and rieutron yields. The modified calculation gave
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FIG. 2, Simulated angular distribution of neutrons
from Cf fission (histogram). The points show exper-
imental data (Hef. 1) and the curve shows the fit ob-
tained by using an analytical model (Hef. 1). The stan-
dard deviations of the data are smaller than the point
size.

results in close agreement with the curve shown
in Fig. 2, indicating that the discrepancy between
curve and histogram may be attributed to the dif-
ferent assumptions made in the two calculations.
The present simulation (histogram) is more real-
istic insofar as it takes account of the depen-
dence of neutron emission characteristics on the
fragment masses. For this reason and notwith-
standing the poorer agreement with experiment,
we consider it a better representation of the an-
gular distribution of the evaporation model.

Further calculations were made to test the
sensitivity of the simulations to the scission neu-
tron fraction. For fractions less than 10% there
is little change in the distributions, while larger
fractions increase the discrepancies between ex-
periment and theory. It is also evident that the
fits would not be improved by attributing' a frac-
tion of the neutron emission to evaporation dur-
ing the fragment acceleration period. Such a
model leads to results intermediate between
those with and without a scission component.

We therefore conclude that the evaporation
model in the form considered here cannot explain
the results of the neutron angular correlation
and angular distribution measurements, and that
some mechanism must operate which enhances
neutron emission along the fission axis. Eric-
son and Strutinski" have considered the effect of
fragment angular momentum and have shown that
this might cause such an enhancement. However
Gavron and Fraenkel' consider that this effect
must be small for the case of "Cf fission. Anoth-
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er possibility is that neutrons emitted at the scis-
sion stage may be directed preferentially along
the fission axis. Recent studies" of the analo-
gous" process of light charged particle emission
in ternary fission have indicated an unexpectedly
large axial component and it would therefore not
be surprising if the same were true for scission
neutrons. On the evidence now available however
it is not possible to do more than speculate as to
the origin of the enhanced axial emission of neu-
trons.
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The angular distribution of positrons emitted in the decay of polarized '9Ne has been
measured as a test for the second-class weak interaction. The P asymmetry parameter
varies linearly with the P energy with slope (dA/dE) ~+

——(- 0.65+ 0.15)% MeV . This
result requires a second-class form factor comparable to the weak-magnetism term.

It has been emphasized that a favorable way to
detect the second-class weak interaction' is by
means of angular correlation measurements in
nuclear P decay. With this motivation in mind
we have investigated the energy dependence of
the angular correlation between the initial nucle-
ar spin and the positron direction in the decay
"Ne-"F+e'+ v (T~,„=2.2 MeV, t„,=17.3 sec).'
This is a transition between members of a z iso-
spin doublet and such a decay is specified, to
first order in recoil, by just four nuclear form
factors, each of which is uniquely first or sec-
ond class in origin.

Following Holstein and Treiman' the nuclear

form factors are denoted as a, b, c, and d. The
a and b terms arise from the vector interaction
and correspond to the Fermi matrix element and
weak-magnetism form factor, respectively. Ac-
cording to the conserved-vector-current (CVC)
theory they are solely first class and, at zero
momentum transfer, have the values a(0) =1.00
and b(0) = —148.60 + 0.03.4 The c and d terms
originate from the axial-vector interaction; c is
essentially the Gamow- Teller matrix element
and is first class, whereas d, the tensor form
factor, is second class.

With a and b fixed, both c and d are determined
from a measurement of the asymmetry parame-


