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We have measured the variance of the number of neutrons emitted by individual frag-
ments in fission of Cf as a function of the fragment mass and the total kinetic energy
released. The variance does not show pronounced "sawtooth" structure as a function of
the fragment mass. We deduce from this that the correlation coefficient between the ex-
citation energies of comp1ementary fission fragments is substantially less than unity for
at least some portions of the fragment mass-ratio distribution.

The distribution of the average number of neu-
trons emitted in fission by the individual fission
fragments provides a way of estimating the par-
tition of the total excitation energy between the
two fragments. A summary of the data on this
distribution has been presented by Terrel. ' From
these data it is evident that the sawtooth depen-
dence of the average number of neutrons P(A) as
a function of the fragment mass A is a general
feature of low-energy fission. Data presented by
Bowman et aE. ,

' Milton and Fraser, ' and Nardi
and Fraenkel show that the derivative of the av-
erage number of neutrons with respect to the to-
tal fragment kinetic energy Ez, denoted by (8P/
8E,)(A), also exhibits a sawtooth dependence as
a function of the fragment mass. This parallel
behavior of P(A) and (8P/8E„)(A) indicates that
fragments with high excitation energy are also
more susceptible to receiving additional excita-
tion energy. The results do not, however, pro-
vide any information about the width of the exci-
tation-energy distribution or about any possible
cross correlation bebveen the excitation energies
of the bvo fragments.
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FIG. 1. Experimental arrangement.

%e have measured the variance in the neutron-
number distribution of individual fission frag-
ments emitted in '"Cf fission, as a function of
the fragment mass and total kinetic energy. A
'"Cf source of about 2x10' fission/min deposited
on a thin Ni backing was placed between two sur-
face-barrier fission fragment detectors, denoted
Ey and E2 in Fig. 1. Thes e detectors together
with the source were placed inside an aluminum
vacuum chamber of 30-cm diam and 0.5-cm wall
thickness. The fission fragment detectors E, and

E, were placed at a distance of 5.5 cm from the
source and subtended an angle of 19' with respect
to it. The neutrons were detected by means of

ii48



VOI.UME 27, NUMBER 17 PHYSrCAI. RzvIzw I.KYYKRS 25 OCTOBER 1971

the time-of-flight method with the aid of two iden-
tical NE102 plastic scintillators (manufactured by
Nuclear Enterprises I td. ), denoted PM, and PM,
in Fig. I, which faced the same fission detector.
The two scintillators, each of 5-in. diam and 2-
in. length, were situated outside the chamber at
a distance of 27.5 cm between the source and the
front of the scintillator. The angle 8 between
each of the scintillators and the source-fission
detector axis was 22'30' (see Fig. 1). The fission
detector F, furnished the start pulse for the time-
of-flight measurement, through a commercial
time-pickoff unit. The time resolution of the
time-of-flight system as determined by the width
of the prompt y peak was 1.6 nsec full width at
half- maximum.

Three different types of events were collected
by a four-dimensional analyzer and stored on
magnetic tape: (1) double-coincidence events be-
tween the two fission fragment detectors I', and

E„(2) triple-coincidence events between E„E„
and one of the scintillators; and (3) fourfold-co-
incidence events between all four detectors. A

total of 10' fourfold coincidence events were ob-
tained over a period of 8 months. Of these, 2
X10' events were produced by neutrons detected
in both PM, and PM, . The data were analyzed as
follows: The double coincidence events were
used to obtain the fission detector calibration con-
stants using the method of Schmitt, Kiker, and
Williams. ' They were later used to obtain the
fragment mass and kinetic energy for each event.
Denoting by N, (A, E«) the number of double-coin-
cidence events for a given mass A. and total kinet-
ic energy E«, by N, (A, E«) the number of triple-
coincidence events in which neutrons were detect-
ed in PM, or PM„by N, (A, E«) the nu. mber of
fourfold-coincidence events (neutrons detected in
both PM, and PM,), and by e(A, E«) the neutron
detection efficiency averaged over the neutron
velocity, the following relations hold:

N, (A, Z,) =2(v(A, E,)e(A, E,))N, (A, E ),
(1)

N, (A, Z„) =(v(A, Z,)[v(A, E,) —I]e2(A, Z,))
xNO(A, E«).

(The angular brackets denote average over the
neutron number distribution. )

These equations are based on the assumption
that the neutrons detected in PM, and PII/I, are
emitted from the fission fragment moving to-
wards E,. The factor of 2 in Eq. (1) is a result
of the use of two neutron detectors, each of which
has an equal probability of detecting a neutron.

In the following we assume that e(A, E«) is inde-
pendent of v(A, E.«). (The only possible depen-
dence is through the dependence of the average
center-of-mass kinetic energy of the neutrons on
the number of neutrons emitted in a cascade.
This is a very small effect which is corrected
for below. ) We obtain

(v(A, E«) e(A, E«)) = v(A, E«) e(A, E«),

(v(A, E«) [v(A, E«) —1]e'(A, E«))
= (v(A, Z,)[v(A, Z ) —1]P(A, E,).

From these equations we obtain

(v(A, E«) [v(A, E«) —1])
v'(A, E«)

4N, (A, Z,)N, (A, E )
Ni (A, E«)

(5)

The variance of the neutron number distribution
can be calculated from Eq. (5). Values of P(A, E«).
used here were obtained from a threefold coinci-
dence experiment which was analyzed by the
method of Bowman et al. ' The following second-
order effects were corrected for in the calcula-
tion of the variance: (1) the probability of detect-
ing neutrons from the opposite fission fragment;
(2) the probability that some "single-neutron
events" were produced by two or more neutrons
hitting the same detector; and (3) the variation
of the neutron center-of-mass kinetic energy with
the number of neutrons emitted by the fragment.

We present here the main results of the experi-
ment. Denoting by o„'(A, E«) the variance of the
neutron-number distribution for a given fragment
mass A. and total kinetic energy E~, we calculate
o'„'(A), the value of o„'(A, E«) averaged over the
kinetic energy distribution for a given mass.
o'„'(A) together with P(A) and (&P/BE«)(A) are
presented in Fig. 2. o„'(A, E«), v(A, E«), and
(BP/&E«)(A, E«) are presented in Fig. 3 as a func-
tion of the mass for two kinetic energy intervals.
Our P(A) data are in essential agreement with the
results of Bowman eg al. ' However, the values
of (&P/&E«)(A) of Nardi and Fraenkel' are lower
than ours. This is probably due to the fact that
these authors had poor kinetic energy resolution
because of rapid deterioration of their fission
counters. (In both cases, the errors shown are
statistical only and do not include systematic er-
rors. ) The high values of o„'(A) and o„'(A, E„)
which we obtain in the mass range 123 A. ~ 129
are probably due to mass dispersion effects which
may result in the wrong identification of the light
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FIG. 2. Experimental results of average number of
neutrons v(A), average derivative of the neutron num-
ber with respect to Ez, (av/8Ez) (A), and the average
variance of the neutron number distribution ov '(A) .

and heavy fragments.
The remarkable feature seen in Fig. 2 is that

crv'(A) is practically constant 91 ~A ~117 and for
137-A. 155. In the same mass ranges, both
P(A ) and (8P/BEE)(A) increase by at least a factor
of 3. A similar feature can be discerned on the
o„'(A, E~) plot in Fig. 3, for Ez=190 MeV and
135 ~A. 159. In the following we show that this
result implies that the correlation coefficient be-
tween the excitation energies of complementary
fission fragments is substantially less than unity.

A nonzero variance o„'(A, E~) for a selected
mass A. and kinetic energy E~ may be due to two
possible factors. The first factor is the variance
of the total fission energy released E~ due to the
variation in the other parameters (such as the
charge distribution). The second factor is the
cross correlation between the excitation energies
of the two fission fragments [ov'(A, Ez) for fixed
Ez). We denote by oz'(R, Ez) the variance in Ez
for a given mass ratio R and total kinetic energy
EE. This variance of the total energy gives rise

FIG. 3. Experimental results of average number of
neutrons v(A, EE), derivative of neutron number(ev/
BE+) (A, EE), and variance of the neutron number dis-
tribution O„Q., Ez) for two selected kinetic energy in-
tervals. Open circles, Ez =167-169 MeV; closed cir-
cles, E1,=189-191MeV,

to a variance in the neutron number distribution
o„"(A,E~) in each of the fragments. We calcu-
late the dependence of v„"(A,EE) on oz'(R, EE) as
follows. Assuming that the number of neutrons v

emitted by a single fragment is a function of the
mass number A and the total excitation energy
Ex=E~-F.~, we have

g+ + EE

In our experiment we have measured (BP/BE~)(A,
E~) (the bar denoting avera. ge over Er). We as-
sume that the width of the probability distribu-
tion of E~ is narrow enough so that

(7)

v(A, Ez, Ez) =P(A, Ez)
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Denoting by P the pl obablllty dlstrlbution func-
tion, we have

o, '(A, E«) = JP~ s (v)[v —v(A, E«)]2dv . (9)

o,'(A, E«) will be equal to cr„"(A,E«) if we as-

sume that o, '(A, E«) =0 for fixed Er [the distribu-
tion of v(A, E«) is determined entirely by Ez]. In
this case we transform variables from v to E~
using P& s (v)dv =P&s (E r)dEr. In addition we
have

v(A, E., E.) =v(A, E.E.)+ E' (A. E"E.)(E.-E.) =v(A. E.)- BE" (A.E.)(E.— .)
using Eqs. (7) and (8) we obtain

~+& ~W

o„"(A,E,) =~I P~, (E,) — (A, E,)(E,-E,) dE, = ~, (A, E,)o,2(B,E,).

(10)

&r (R~ E«) ls by definition a symmetric function
of the mass with respect to A =A, /2 = 126, where-
as (bv/6E«)(A, E«) is seen (Figs. 2 and 3) to be
a highly asymmetric function of A (with respect
to A, /2). It follows that o„"(A,E«) must also be
asymmetric with respect to A, /2. Yet the exper-
imental results of o, '{A,E«) and v„'{A) do not
show any pronounced asymmetry as would be ex-
pected if o„'(A, E«) = o„"(A,E„). It follows that
o'„(A, E«) go„'2(A, E«), i.e., o„2'(A, E«) at fixed
Ez is an important factor of the variance (the cor-
relation coefficients are substantially less than
+1) for at least some portions of the fragment
mass-ratio distribution.
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The E4 transition moments bebveen the ground state and the 4+ rotational state in Sm
and ~~48m have been determined from Coulomb excitation experiments with 10-12-MeV
He projectiles. Quantum mechanical corrections have been applied to the calculations

used in the analysis of the data. The resulting E4 moments are about tv&ice those expect-
ed from previously measured P4 deformations.

In a previous paper' we have reported results
on the E4 transition moment of '"Sm determined
by comparing the experimental and calculated
yields of the 4' rotational state following Cou-
lomb excitation with 'He projectiles. This mo-
ment is of particular interest since it is likely to
result from the intrinsic shape of '"Sm and, if
so, can give rather detailed information about
that shape. Although data were taken on '"Sm
during the ol lglnal experiments tI1ese couM not
be interpreted because of the lack of a sufficient-
ly accurate value for B(E2; 4-2). This B(E2)

value now has been measured with sufficient ac-
curacy and, in addition, the best value for the
B(E2; 2-0) of '"Sm has been reviewed and ad-
justed slightly from the previously used value.
Finally, the quantum-mechanical corrections to
the cross sections have recently been calculated
by AMer, Morf, and Roesel for both '"SIn and

Sm. Thus, the intent of this note is to present
and discuss the current best values for the E4
moments of these two Sm nuclei.

The experiments consisted of an accurate
comparison of the cross sections of the 4-2


