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Spectrum of y rays in the 8- to 20-MeV range from Cf spontaneous fission
252 o
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The spectrum of p rays in the 8- to 20-MeV range has been measured for ~2Cf spontane-
ous fission using a 25.4 cm& 25.4 cm NaI crystal and time-of-flight separation of y rays and
neutrons. These data, obtained at three solid angles, are in disagreement with the recent
result of Brooks and Reines that y-ray events above 10 MeV in their mperiment were due to
two correlated p rays detected simultaneously. A statistical calculation using the Hauser-
Feshbach formalism was performed for the deexcitation of the highly excited fission frag-
ments. The computed y-ray spectrum in the energy range 8-17 MeV has the same shape as
the measured. spectrum but is lower than the measurement by a factor of 3 to 4.

RADIOACTIVITY, FISSION 25~cf{sf};measured y-ray spectrum, E& =8-20
MeV; performed s&tistical calculates of high-energy p-ray spectrum.

I. INTRODUCTION II. EXPERIMENTAL TECHNIQUES AND RESULTS

The spectrum of y rays in the 0- to 10-MeV
range has been measured for '~Cf spontaneous
fission several times to date. ' ' Brooks and
Reines' recently have presented data on the y-ray
spectrum above 10 MeV for "2Cf spontaneous fis-
sion. They conclude that their observed spectrum
above 10 MeV is due mostly to two correlated y
rays being absorbed in their NaI detectors simul-
taneously. If their result is correct, it could have
interesting implications for the mechanism of the
fission process in these events.

We have performed a measurement of the y-ray
spectrum for single y rays between 8 and 20 MeV
for '"Cf spontaneous fission using a well calibrated
NaI detector system designed particularly for y-
ray spectroscopy in this higher-energy region.
It was found necessary to use time-of-flight tech-
niques to eliminate the effects of fission neutrons.
In addition to measuring the y-ray spectrum we
were able to investigate Brooks and Reines's
claim that the high-energy events in their experi-
ment were of multiplicity two by using several
different solid angles in our experiment. We find
that our results disagree with their claim as will
be explained below. Another measurement of a
high-energy y-ray spectrum from fission has been
reported by Sobel et a/. ' for spontaneous fission
of '"U. In comparison, the present results show
many fewer y rays in the high-energy region, and
a less steep falloff with increasing energy.

We also present a statistical calculation for the
deexcitation of the highly excited fission fragments
using the Hauser-Feshbach formalism which we
compare to our observed y-ray spectrum.

The experimental arrangement is shown sche-
matically in Fig. 1. The '"Cf source was evapo-
rated onto a 5-cm' nickel foil and placed in an
ionization chamber filled with methane (CH,). The
output signal from a fast current-sensitive pre-
amplifier was fed to a constant-fraction discrimi-
nator whose threshold was set just below the fis-
sion fragment pulses yet well above the o.-decay
pulses. The counting rate of the fission pulses
was approximately 3.V & 10 sec '. The timing
output from the discriminator was delayed with
a cable and sent to the stop input of a time-to-
amplitude converter (TAC) for comparison with
the y timing signal. It was also scaled to record
the total number of fissions during the runs.

The y detector was a 25.4 cm diam ~25.4 cm
long NaI scintillator surrounded by a 15.24 cm
thick NE102 plastic anticoincidence shield on the
sides and a 3.81 cm thick shield in front, The
shield reduces cosmic-ray background and im-
proves the energy resolution of the system. Fast
electronic circuitry was used for the NaI plastic
coincidence detection and for pileup rejection in
the NaI as described in the literature. "A sim-
plified block diagram of the electronic circuitry
is shown in Fig. 2. The y spectrometer is located
in a target room of the Livermore cyclograaff
facility; the tandem accelerator was used to gen-
erate monoenergetic line shapes for calibration
of the spectrometer for the different geometries
used in this experiment as discussed below.

Rejection of pileup from two low-energy pulses
was accomplished by clipping the photomultiplier
anode pulses to 25 nsec and opening a 250 nsec
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FIG. 1. Schematic diagram of the mperimental setup.
The distance d~ (and hence d2) and the lead collimator
were varied to obtain the solid angles listed in the text.

linear gate for the dynode signal (previously
clipped to 250 nsec) only when the anode pulse
exceeded a preset discriminator level. In the
present experiment this level was set at ap-
proximately 6.5 MeV. The total counting rate
above 0.5 MeV (measured by the output of another
fast discriminator) did not exceed 5000 counts/
sec. The discriminator output was also used
to check for coincidences with the plastic shields,
and if a coincidence was found the analyzed linear
signal was routed to a portion of the analyzer
called the "rejected" spectrum.

The experiment was performed with three solid
angles. At a source-to-crystal-face distance d,
of 89 cm, two collimators were chosen to provide
solid angles of 1.V9x10-' hand 3.65x10 ' sr; the
collimatorl were conical with apex at the source

position. At a source distance d, of 43 cm and
no collimator in place, the solid angle was 0.251
sr, determined by the inside edge of the front
lead shield of the spectrometer.

A separate fast constant-fraction timing circuit
placed on the linear signal generated start pulses
for the time-to-amplitude converter. The result-
ing time spectrum of pulses above the 6.5-MeV
threshold for the shortest distance (43 cm) is
shown in Fig. 3. This spectrum contains only
events got in coincidence with the plastic shield
("accepted" spectrum) T.he prompt neutrons are
clearly separated from the y events; the continua-
tion of the spectrum to the left represents neu-
trons that have undergone multiple scatterings on
the way to the NaI crystal. The absence of counts
to the right of the y peak indicates that cosmic-
ray events and room-scattered neutrons were
negligible. The full width at half-maximum
(FWHM) of the y peak is 2.4 nsec. Single-channel
analyzers set on the y and fast-neutron peaks
were used to route the linear signals. The energy
spectra were thus stored in four 256-channel seg-
ments of the pulse-height analyzer, corresponding
to the conditions (n or y window) x (shield coin-
cidence yes or no).

At the largest solid angle it was necessary to
introduce further discrimination against neutrons
that follow a y ray emitted from the same fission
event, but that cannot be recognized because the
y ray has determined the position of the event in
the time spectrum. The fraction of such pileup
events is proportional to the solid angle. It was
desired to reject neutrons following y rays by as
little as 10 nsec, which is difficult because of
the 20-nsec rise time of the NaI pulses and the
statistical noise on them. Figure 4 shows sche-
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FIG. 2. Schematic diagram of the main portion of the
electronic circuitry used to obtain the p -ray pulse-
height spectrum.

FIG. 3. TAC spectrum showing the timing relation-
ship between y rays and neutrons for the shortest
flight path (43 cm). Each channel is shown only in the
region of the y peak.
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matically the pose-shape discrimination tech-
nique that was used. The output of the constant-
fraction timing discriminator opens a linear gate
for 20 nsec, which passes the signal from the
photomultiplier anode only until it reaches its
peak. The gate cannot be reopened for about 2

p, sec. The pulse from the linear gate is integrated
to reduce the amplitude fluctuations, stretched,
and added to the dynode signal, which has also
been smoothed over a 20-nsec time interval. By
adjusting the relative amplitudes and times of the
added signals, the pulse from a single event can
just be prevented from going positive, whereas
the extra component in the dynode signal from the
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FIG. 4. Schematic diagram of the e1ectronic circuitry
used to reduce neutron pileup at the largest solid angle.

pileup events causes a positive overshoot in the
added signal. The overshoot is detected by a fast
discriminator and the event routed into the same
section of the analyzer as the events rejected by
the plastic shield. The circuitry was adjusted by
using a PuBe source, which provides 4.43-MeV
y rays correlated with fast neutrons from the
9Be(a, n)~C*(y) reaction. The system was set to
reject events in which a y ray was followed by a
neutron depositing an energy greater than 2.5 MeV
in the NaI crystal, and in mhich the time separa-
tion of the two guises was at least 10 nsec. Figure
5 shows "accepted" pulse-height spectra in the

y time mindow with and mithout the antipileup
circuitry. The circuitry was used only for the
largest (0.251 sr) solid angle spectra, for which
the pileup causes about a 5% increase in the
counting rate. The pileup effect was ignored for
the other, much smaller, solid angles.

The energy calibration was accomplished by
using a PuBe neutron source, which provides y
peaks of 2.23 MeV from neutron capture in the
plastic shield, 4.43 MeV from 'Be(a, s)"C~, and
6.797 MeV from full-energy capture of slow neu-
trons on ~'I. The calibration was linearly ex-
trapolated to the 10- to 20-MeV region. The
linearity of the system had been previously estab-
lished with accelerator-produced discrete y rays
in the 10- to 30-MeV range; for this experiment
the linearity of the electronic circuitry was fur-
ther checked by observing the PuBe source peaks
at several photomultiplier voltages. During the
course of the runs the linear gate pedestals were
checked at frequent intervals. The long-term gain
of the system was stabilized by a Gap diode light
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the largest solid angle with and without the neutron anti-
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FIG. 6. The p-ray pulse-height spectra for the small-
est and largest solid angles. The difference between
the spectra in the region 10-16 MeV is due to the spec-
trometer efficiency as discussed in the text.
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pulser. It was found that the peaks from y sources
and the light pulser exhibited the same gain shifts
with temperature over a 24-h period. The un-

certainty in the energy calibration at 15 MeV mas
estimated as +0.15 MeV.

The accepted pulse-height spectra of the y rays
for the smallest and largest solid angles are
shown in Fig. 6. The errors on the black dots
are about one-half those on the neighboring open
circles. Only the solid angle and total number of
fissions have been included in determining the
absolute scale; the discrepancy between the
curves above 10 MeV is due to the crystal re-
sponse for different collimation conditions as
shown below. The curves match in the region
belom 9 MeV where the 2.5-MeV threshold in the
antipileup circuit is too high to prevent pileup
on the copious y pulses below 7 MeV. The yield
of events in the neutron time window mas almays
larger than the y yield by a factor of 3 to 5 for
pulse heights above 8 MeV equivalent y energy.
The counting times mere 22.6 h for 0.251 sr,
23.5 h for 3.65x10 sr, and 47.3 h for 1.79' 10
sr.

To determine the absolute yield, the accepted
y pulse-height spectra were unfolded by an iter-
ative technique' using response functions for
discrete y lines measured with the identical geom-
etries used in the '52Cf source runs. y rays of
energy 14.0 and 16.8 MeV were produced by the

500 g/ )

Nal 1ine shape fit
400 — E = 14 MeV

Y

"N(p, y)'60 reaction at incident proton energies
2 and 5 MeV furnished by the Lawrence Livermore
Laboratory (LLL) tandem accelerator; 4.43-MeV
y rays were observed from the "N(p, a)~C* re-
action in the same series of runs. An example of
such a line shape is shomn in Fig. 7. The line
shapes were parametrized with a functional form
which was also used to extrapolate them to low
energies. For each geometry, line shapes at other
energies mere determined by linearly interpolating
or extrapolating the measured line shape param-
eters. Uncertainty in the low-energy extrapolation
of the line shapes contributes an uncertainty of
+15% to the final absolute scale. The counting
statistics in the original spectra are amplified
by the unfolding procedure; these variations mere
reduced by Gaussian smoothing with FTHM in the
range 2-4%. The absolute yield mas corrected
for a 12% absorption of y rays in the front 'LiH
shield, the front plastic, and the NaI housing ma-
terials, and for the y rays that pass through the
NaI without interaction (calculated as 3% for the
two small solid angles). Otherwise, it was as-
sumed that a y ray entering the collimator ap-
peared in either the accepted or rejected spec-
trum, and the yield mas corrected by using the
ratio of accepted to rejected counts observed for
the monoenergetic line shapes. For the large
solid angle, the correction for y rays not inter-
acting in the NaI was found by comparing the ob-
served yields of the "N(p, y)"0 y rays with the
different solid angles. The results are shown in
Fig. 8. Figure 9 presents the same data, but with
the points averaged in bins of approximately 1
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FIG. 7. Example of a NaI line shape for a 14-MeV
monoenergetic p ray obtained using the ' N(p, pg O
reaction. The "accepted" spectrum includes only y-ray
events not in coincidence m'ith events detected in the
plastic shield. The solid curves are fits representing
the parametrization of the line shapes discussed in the
text.

FIG. 8. p-ray spectra for Cf spontaneous fission for
the three solid angles mentioned in the text. These
spectra have been corrected using the measured NaI
response functions. The spectrum at 0.251 sr below
10 MeV is distorted by pileup effects. The uncertainty
in the vertical scale is +15/g. The solid line represents
the statistical calculation discussed in Sec. III.
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MeV to further suppress the statistical variations
from point to point. The agreement in yield above
10 MeV for the three solid angles is good. Below
10 MeV, the points for the 0.251-sr run should be
ignored because they include residual pileup events
as discussed above. At the lowest energies, the
yield matches the upper end of the spectrum mea.-
sured by Verbinski, Weber, and Bund. ' To check
further the absolute scale, we took short runs at
the two small solid angles with the thresholds re-
duced to 2 MeV, and found agreement to within
10% in the 4- to 6-MeV region with Ref. 3.

There is no evidence for an enhanced yield with
the large solid angle which mould indicate peak
summing of two y rays from the same decay. This
result in fact disagrees mith the conclusion of
Brooks and Reines, even though the solid angle
in their experiment was about 10 times larger
than the largest in the present experiment. To
show this, we consider the follow'ing. For events
(single or double) depositing a fixed total energy,
the absolute rates of single events A, and double
events A, may be related to the yield C observed
by the system as

C =
4

cA+
4 PA2,

neutron pileup rejection had not been used for the
largest solid angle, since the pileup enhances the
counting rate only by a factor of about 50/g as
shown in Fig. 5.

The largest uncertainty in the comparison is in
the efficiencies assumed for the tmo systems.
The photopeak efficiency for our collimated system
is measured to be about 3 for 4.43 MeV as well as
for the higher energies near 15 MeV. The re-
sponse matrix calculated for the system in Ref. 4
shows that the corresponding quantities for that
system are not very different. Nevertheless, even
if the efficiency were taken as 0.15 for our sys-
tem, the discrepancy at 12 MeV would still be a
factor of 3.

III. STATISTICAL-MODEL ANALYSIS

To investigate the origin of the spontaneous fis-
sion y rays above 10 MeV we have made a statis-
tical calculation assuming the y rays originate by
competition with neutron emission from highly
excited fission fragments. The calculation em-
ployed the Hauser-Feshbach formalism. ' For
each excited nucleus Z, A we require the initial
excitation energy and spin distribution P(E, j);

in which Q is the detector solid angle, and c is the
efficiency for detecting a single y ray entering the
solid angle and giving a pulse height in the full-
energy region. We have approximated e as inde-
pendent of y energy and have assumed isotropic
angular correlation of the double events. By as-
suming A, is measured by the smallest solid angle
runs in the present experiment, we can calculate
A, from the value of C in Fig. 6 of Ref. 4. We can
then predict the value of C which should be ob-
served in the present experiment with any solid
angle as follows:

10 2 Q

10 ~ 0.251 sr

0.0365 sr

0.0179 sr

Q eA, Q~ e~ EA, e~ Q~
'

The subscript 8 refers to the quantities taken from
Ref. 4. The second term on the right conte. ins the
effects of peak summing. We have taken Qs/4w
=0.283 from Ref. 4, and have assumed e = e~ = 3.
The solid curve in Fig. 9 was drawn through the
average of the points for the two smaller solid
angles. The dashed curve represents the values
of C calculated for our largest solid angle from
the above expression, using the values of A„
inferred from the solid curve and the values of
C~ taken from Fig. 6 of Ref, 4. The inconsistency
between the dashed curve and the points for the
largest solid angle is about a factor of 5 near 12
MeV. The inconsistency mould remain even if the

0
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FIG. 9. The same data as in Fig. 8, but averaged in
bins of approximately 1 MeV. The solid curve was
sketched through the points for the two smaller solid
angles. The dashed curve is discussed in the text, in
the comparison with the Brooks and Heines experiment
(Hef. 4).
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then the partial y spectrum is given by

NEz dE&= dEP E, P,.r„(E„,Z-Z') p(Z, A, E-E„,Z')dE,

Q, ~iJdE'T, (E', J J')p(Z, A —1,E',J')

Here the neutron transmission coefficients T, in
the denominator were calculated from the Hodgson
potential' for A = 110 and A =140 for the light and

heavy fission fragments, respectively; the final
state excitation energy is E'=E- S„-E„, where
E„ is the neutron energy and S„ is the neutron
separation energy from the nucleus Z, A. The re-
sults were extremely insensitive to the form of
the neutron transmission coefficients; black-nu-
cleus coefficients increase the calculated spectrum
by only 20%. The y rays were assumed to be elec-
tric dipole, and the y transmission coefficients
T were taken in a form that incorporates the di-

7
pole sum rule:

r„(E,—E„z z)=3 -s( ' ' 'r(z, —z,)„
where 1.(E, —E&) must satisfy the requirement

Js dE, I.(E, —Ez) = 1. The quantity S is the sum-
ru(e value 2w'e'5/M~c. We have used the con-
ventional Lorentzian form

L,(E„)= (2/vr)([(E, ' —E„')/rE„]'+1}-'

with the parameters Eo = 80A ' ' and I' = 5 MeV
typical of the giant dipole resonance. This meth-
od, often termed the Brink hypothesis, has been
used to fit y strength functions near neutron
binding energies"; it is used here because it
conveniently concentrates the y strength in the
region of interest. The augmentation of the sum
rule by exchange forces has not been included.
The level densities p(Z, A, E, J) were taken from
the work of Gilbert and Cameron. ~ The conse-
quences of using the shell-model-plus-pairing
formalism"' "to determine the level densities
will be discussed below. The form taken for the
initial energy-spin distribution was

[E-E,(Z, A)]' Z(4+1)[

For a given pair of fission fragments, the total
available energy for fission was calculated from
the Garvey-Kelson mass tables. " The mean total
excitation energy was found by subtracting the
total kinetic energy of the fragment pair measured
by Whetstone. " The division of excitation energy
between the light and heavy fragment was corn-
puted from the neutron emission data reported by

¹ifenecker" in the following fashion:

vr, Ear.
Eos= —E -E EOT

va as+ vt.

where Eo~ is the average excitation energy of the
light fragment, Eo~ is the average total excitation
energy, v~ is the average number of prompt neu-
trons emitted by the light fragment, E~ is the
average excitation energy carried off by a neutron
emitted from the light fragment, and v~ and E~
similarly refer to the heavy fragment. The quan-
tities v~, v~, E~, and E~ were taken from Ref.
1V. The variances (os«&)' in the excitation energy
of the fragments were taken to be equal for the
light and heavy fragments as in Ref. 1V, and were
given the value 43 MeV'. The variance in the
total excitation energy of a given fragment pair is
then 86 MeV~, assuming small correlation between
%e excitation energies of the two fragments, as

hown by Signarbieux et a& isy this value is a rea,
sonable average for all pairs except very close to
symmetric fission. " The spin parameter 8» ~
was taken as Bs&s=B+[E—Eo(Z, A)]/(8 MeV),
with B=6 for A &130 and 8=7.2 for A & 130. These
values are consistent with the analysis of Wilhelmy
et a/. "; in any case, the calculated y spectra are
very weakly dependent on the details of the spin
distribution.

For each excited fragment Z, A considered, the

y and neutron spectra w'ere calculated, and then
the calculation repeated for Z, A —1 with a new
mean excitation energy E,(Z, A —1)=E,(Z, A)
—S„(A)—E„,where E„ is the mean c.m. kinetic
energy carried off by the emitted neutrons. A
third calculation for Z, A —2 was made when neces-
sary. All neutron separation energies S„were
taken from Ref. 15. The calculations were made
for nuclei near 102, 108, and 116 for the light
fragment, and for the corresponding heavy frag-
ments. These choices are at the top of mass dis-
tribution curve'o and halfway down the sides. An
attempt was made to average over pairing effects
by calculating for an even-even, odd-odd, even-
odd, and odd-even nucleus near each mass. For
a given A, the Z was chosen to be consistent with
the most probable value according to the method
of Ref. 21. The results were averaged and weight-
ed with the probability of initially forming the
fragments. The results are shown by the solid
curve in Fig. 8. The shape of the curve reason-
ably fits the data, but the magnitude is too low
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by about a factor of 4. This discrepancy could be
lowered somewhat (perhaps to a factor of 2-,' or 3)
by including the exchange enhancement of the di-
pole sum rule. Examination of the partial spectra
shows that the y rays in the 10- to 15-MeV region
are largely emitted by the light fragment with
masses on the heavy side of the most probable
mass. This is a consequence of the increasing
average excitation energy and the presumed in-
crease in the nuclear temperature associated with
the approach to shell closure which lies between
the mass peaks for both neutrons and protons.
The nuclei on the low-mass side of the heavy-frag-
ment distribution show a similar, but smaller,
augmentation.

The greatest uncertainty in calculating the ab-
solute y yield appears to be associated with the
level density, which is not well known over a wide
energy range, particularly for nuclei far from
stability. For fission fragments excited to excita-
tion energy E which decay by emitting y rays of
energy E„or neutrons of average c.m. energy E„,
the y intensity is largely governed by the ratio of
level densities in the two product nuclei:

Ny(Ey) ~ p(Z, 2, E —Ey)/[Tp(Z, A —1, E -S„En)l, -
where S„is the neutron separation energy and
T is the temperature in the region E —S„-E„of
the product nucleus A —1. To show the strong
dependence of this ratio on the level-density pa-
rameters, we consider a constant-temperature
level density p ~ e~ ~ with T = 0.7 MeV, and S„+E„
=8 MeV. Then for 14-MeV y rays only a 10/~ in-
crease in T is required to double the y yield. To
check alternatives to the Gilbert and Cameron
level densities, we calculated the level densities
for two cases (Z, A =46, 116 and 55, 142) using
the formalism described by Huizenga and Moretto. "
This procedure involves choosing a set of shell-
model levels, including residual interactions in
the form of a pairing energy, and performing a
thermodynamic calculation. With the single-
particle levels of Seeger and Perisho" we found
the temperature in the region near 7 MeV to be
650 keV for A =116 as opposed to 600 keV with
Gilbert and Cameron. For A =142 the corre-
sponding numbers are 690 keV with the thermo-
dynamic calculation and 750 keV with Gilbert and
Cameron. In addition to the strong dependence on
the level-density parameters, the calculated y
intensity is also strongly dependent on the assumed
neutron separation energy. Our conclusion is that
the uncertainties in the calculation may be great
enough to account for the observed discrepancy
in absolute magnitude.

IV. DISCUSSION

In this paper we have reported a measurement
of the spectrum of single y rays from spontaneous
fission of "Cf in the energy region above 10 MeV.
In addition to Brooks and Reines, ' one other mea-
surement of y rays in this energy range has been
reported by Sobel et al. ' for spontaneous fission
of '"U. The spectrum of y rays observed in the
present measurement is qualitatively different
from that reported for '"U. In the "U work the
spectrum drops off with energy as exp(-E„/1.41
MeV), whereas in our experiment the falloff is
much less steep, and can be approximated by
exp(-E„/2. 2 MeV) in the 10- to 14-MeV region.
The yield of 14-MeV y rays reported in the U

measurement is about 5 times the value for '"Cf.
Apparently there is either an experimental dis-
erepaney between the two results or the mechanism
producing the y rays is different. If the Statis-
tical mechanism investigated in the present work
is correct, one would expect the energy dependence
of the two y spectra to be similar, but the yield
of '"U y rays should be smaller than for "2Cf
because of the lower average excitation energy of
the fission fragments.

We have found that a statistical-model analysis
is capable of reproducing the observed energy de-
pendence of the spectrum, but that the calculated
absolute magnitude is very sensitive to imprecise-
ly known level-density parameters. To obtain the
calculated spectral shape it was necessary to con-
centrate the y strength in the high-energy region
by using giant-dipole-resonance parameters to
determine the energy dependence of the y trans-
mission coefficients. A calculation assuming an
energy-independent matrix element (i.e. , T„~E&')
yielded a spectrum with an energy dependence
near 14 MeV as exp(-E&/1. 2 MeV), which is much
too steep. We feel that the observed spectrum is
consistent with the statistical mechanism, but
that it is impossible to exclude other mechanisms
such as direct excitation of the giant dipole reso-
nance. Further experiments such as correlation
of the y spectrum with fragment mass and angular
distributions of the y rays may be required to
reach more definite conclusions.
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