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The spectra of prompt y rays from 5

U, f), ®%pu@, f), and 22Cf(s.f.) emitted at 0~10

nsec after fission were measured with <4-nsec time resolution. A y-ray spectrometer with
a near-Gaussian response was used over the entire energy region, and the prompt neutrons
from fission were positively rejected by time of flight. The measured y-ray spectra show a
systematic softening with increasing mass number for 23U, 23%pu, and %2Cf. The average
photon energy above 0.14 MeV is 0.97+0.05, 0.94+0.05, and 0.88 +0.04 MeV /photon for
thermal-neutron fission of 235U and 23%pu, and spontaneous fission of 252Cf, respectively.
This behavior is discussed in terms of nearness of Z and N of the average fission fragment
to closed-shell values, of the corresponding changes in level density expected, and of corro-
borative evidence from x-ray measurements. The total y-ray energy released, E"Y'M , is
6.51, 6.81, and 6.84 MeV/fission for *¥U(x, f), ®*Pu,f), and *2Cf (s.f.), respectively,
for photons above 0.14 MeV and for 0-10 nsec after fission. The calculations of Thomas and
Grover are seen to be in agreement with these data in that they predict the correct partition
of fission-fragment deexcitation energy between neutron and photon emission. This partition
is related to the separation energy required to emit an additional neutron, to the pairing en-
ergy, and to the spin barrier for neutron emission. Two theoretical y-ray spectra were
compared to the measured spectrum for 25U(z, f), and each was found to fit the measured
spectrum well over only a limited portion of the total energy range.

I.  INTRODUCTION

The y-ray energy spectrum per fission event
was measured for thermal-neutron fission of 2*°U
and #*°Pu and for spontaneous fission of 252Cf with
the same apparatus and techniques so that mean-
ingful comparisons between the three could be
made. Most systematic errors are the same for
all three cases so that small differences in the
results for the three fission species can be ob-
served. In addition, the measurements were car-
ried out with techniques which add significantly to
the absolute accuracy and reliability of the results.
These include the time-of-flight separation of the
prompt-neutron-induced background counts in the
detector, the use of a single spectrometer with a
nearly Gaussian response over the entire energy
range, and the use of fast-timing circuitry for
measuring y rays in prompt coincidence with the
fission event.

The physical parameters derived from these
measurements that are of interest for compari-
son with theory are the spectral shape $(E,), the

total average energy E, ., carried off in the pro-
cess of deexciting the fission fragments, and the
average number of y rays emitted, or, alterna-
tively, their average energy E, ,,. Variations

of spectral shape and of the quantities E, ., and
E, , versus (i) the initial excitation energy of
both fission fragments, (ii) the mass of the fis-
sion species, and (iii) the initial spin of the fis-
sionable nucleus are of primary interest. The
historical development of the calculations of these
quantities is briefly outlined below.

The calculations of y rays accompanying fission
include all photons emitted before the neutron-
emission cascade has been completed and all y
rays following the neutron cascade but preceding
B decay of the fragment. These include isomeric
v rays preceding g decay; these isomeric y rays
are considerably more intense than the y rays fol-
lowing g8 decay for times less than ~107% sec. Most
of the photon emission occurs after all of the neu-
trons have been emitted. Zommer, Saveliev, and
Prokofiev' derived an upper limit of only ~4% for
the fraction of y-ray energy emitted before the



1174 VERBINSKI, WEBER, AND SUND

last neutron is given off. After neutron emission,
~80% of the photon energy is emitted with y rays
having half-lives of 107! sec or less and ~15%
with half-lives of 107°-10"%° sec.? The measure-
ments presented here were made in prompt coin-
cidence (10~® sec) with the fission event and in-
clude the subnanosecond y rays plus a small
amount of the longer-lived “isomeric” y rays
above the 140-keV bias for this experiment. Since
this region of decay time and y-ray energy consti-
tutes ~97% of all the fission-fragment deexcitation
y-ray energy preceding g decay,’~® these results
can be compared directly to the calculations of
spectral shape, E, ,, and E, ,, discussed below.

A number of early calculations of prompt y-ray
energy that can be found in the literature®~® yield-
ed E, ., of about half the average neutron binding
energy E, for each of the two fission fragments,
or

E},_wtzEbS5 MeV. (1)

Zommer, Saveliev, and Prokofiev' carried out
a statistical theory calculation for 2*°U(xn, f) that
included a y-ray spectrum prediction as well as
E, .o~ With a better value for E, and with an
upper-limit estimate of 0.3 MeV for pre-neutron-
emission y rays, they obtain

Ey oy <0.95E,+0.3 =6.2 MeV/fission (2)

and indicate that if their calculations could have
taken into account the wide spacing of nuclear lev-
els near ground state, and the high angular mo-.
mentum of the fission fragments, their calculated
value of E, ,, would have been higher than this
upper limit of 6.2 MeV/fission.

Gordon and Aras™ have included an explicit pair-
ing-energy correction for level densities in a
Monte Carlo type calculation, obtaining

Ey o 2E,+0, (3)

where 0 is the pairing-energy correction. They
obtain E, ., =7.66 MeV in this way, and E, .
=5.03 MeV with all 6 values set equal to zero. The
assumption of no neutron emissions after the neu-
trons deexcite the fission fragment to an energy
below (E, + 6) may be unrealistic, however, as dis-
cussed in Sec. VII.

Grover and Nagle!! have shown that neutron-
unstable nuclei with spins greater than £, and
which can decay only to a spin-zero level, decay
preferentially by y-ray emission even though the
neutrons could decay with energies of several
hundred keV. The subsequent calculations of
Thomas and Grover' took into account the high
angular momentum of fission fragments (the angu-
lar momentum barrier for neutron emission), as
well as the pairing energy. The latter was taken

I3

into account implicitly in these calculations, so
that the relationship of the computed value of
Ey 1o to E, and to the pairing energy cannot be
determined as directly as in the calculations of
Gordon and Aras. Nevertheless, the Thomas and
Grover calculations are the more comprehensive
and the most useful as will be discussed further
in Sec. VII A,

The photon spectrum @(E,) was obtained by
Thomas and Grover® in the course of carrying
out their calculations.'? Both their predictions
and those of Zommer, Saveliev, and Prokofiev!
for E, . as well as the spectral shape $(E,), are
compared with experimental results in Sec. VIL

II. EXPERIMENTAL METHOD
AND APPARATUS

A. Method

The basic experimental arrangement, shown
schematically in Fig. 1, employed a thin sample
of fissionable material placed next to a fission-
fragment detector and 70 cm from a Nal crystal
y-ray spectrometer surrounded by a Nal anti-
Compton sheath. The fissionable material was
irradiated with a thermal-neutron beam during
the measurements with %U and 2**Pu, and the
beam was simply shut off for the 2°2Cf(s.f.) mea-
surements. The experimental arrangement was
thus kept nearly identical for all three measure-
ments.

The surface-barrier detector provided a zero-
time reference for the fission events, and the y-
ray spectrometer counts were measured within
10 nsec of fission with <4-nsec time resolution.
The 70-cm separation of the fissionable material
and y-ray spectrometer resulted in about a 15-
nsec traversal time for 10-MeV neutrons. Con-
sequently, practically all of the interfering events
from the prompt fission neutrons were eliminated
by time-of-flight separation; alternative methods
of correcting for the prompt neutrons are much
less accurate. Figure 2 shows the excellent sep-
aration of prompt-y-ray and neutron events for
282Cf(s.f.). The time resolution of our coincidence
system is seen to be less than 4 nsec full width at
half maximum. The area under the neutron peak
is about 28% for 2°2Cf(s.f.), and 17% for 2**U(n, f),
being approximately proportional to the number
of prompt neutrons per fission, v,, for each spe-
cies. This is about the magnitude of the prompt-
neutron background correction that would have to
be made for this spectrometer if time-of-flight
separation had not been achieved. Without time-
of-flight separation, the differences in ¥, for the
different fission species would clearly mask the
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FIG. 1. Block diagram of experimental setup and electronics.

small differences in photon yields measured for
the three cases.

Backgrounds due to chance coincidence events
were measured well before the prompt-y-ray peak
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FIG. 2. Intensity of y-ray events observed with the
present spectrometer as a function of time after the
detection of 252Cf fission fragments. The results show
<4-nsec resolution,

of Fig. 2, and were subsequently subtracted.

The y-ray spectrometer with a Compton-scatter-
ing anticoincidence sheath produces a highly local-
ized response consisting of a main near-Gaussian
peak with a greatly reduced Compton-scattering
tail (see Fig. 3). The localized response, and also
the use of a single spectrometer to cover the en-
tire energy range of 0.14 to 10 MeV, are of ut-
most importance in reducing spectrum-unscramb-
ling errors discussed further below.

B. Experimental Geometry

The neutrons that irradiated the **U and 2**Pu
fission foils arrived from a 15-cm-diam disk
source at the face of a graphite thermal-neutron
column 10 m away. This beam was well collimat-
ed and highly thermalized, yielding a cadmium
ratio for #°U of about 350. The neutrons irradiat-
ed 10-cm? targets of *°U or **°Pu which were ~200
ug/cm? thick, >99.7% enriched, and deposited on
5% 10~ *-cm-thick stainless-steel substrates. A
9.5-cm? ORTEC heavy-ion fission-fragment de-
tector was located 0.25 ¢cm from the fission foil;
this small separation reduced the spread in fission-
fragment time of flight to an acceptably low value.
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The wide acceptance angle of the fission-fragment
detector, the 200-ug/cm? foil thickness of #*°U,
and the fast preamplifier used produced the broad
pulse-height distribution as shown in Fig. 4; how-
ever, all the fission-fragment events are safely
above the detector bias shown in the figure. The
effects of deterioration of the fission-fragment
detector by radiation damage were reduced to a
reasonably low level by cooling the detectors to
-30°C and replacing them when necessary.

The nonisotropic angular distribution of y rays
with respect to the direction of the fission-frag-
ment trajectories'*!® can also introduce an error
in the measurements. Calculations on the magni-
tude of these effects showed them to be negligible
for the conditions of the present experiment, i.e.,
for the 0.25-cm source-detector separation, and
with the normal to the fission-foil plane placed
about 60° to the line joining the foil and the y-ray
spectrometer.

The Nal y-ray spectrometer consisted of a 5.85-
cm-diam by 15.2-cm-long NaI(T1) crystal located
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FIG. 3. Typical raw Nal pulse-height distributions
used to parametrize the response functions. The 16y
data below ~2.75 MeV show the results after the 2/Na
v rays were subtracted.

(]

at the center of a 20.3-cm outside diameter by
30.5-cm-long NaI(T1) annulus. The annulus was
well shielded with lead and boron, and a thin layer
of 1°B,C (95% °B enrichment) was placed between
the center crystal and fission foil to reduce ther-
mal-neutron background counts to an acceptably
low level.

C. Electronics \

Figure 1 shows the block diagram of the elec-
tronics used to achieve the fast timing and repro-
ducible y-ray response matrix necessary for the
low background and accurate spectrum unfolding.
The fast signals from the center detector were
accepted if they occurred within 10 nsec of the
timing pulses from the fission-fragment detector.
The time slewing of the Nal detector was reduced
considerably by a method of slew correction®® in
which a portion of the linear signal from the single
delay-line amplifier (see Fig. 1) was added to the
time-to-amplitude converter (TAC) output; the
gain of this amplifier was adjusted to obtain sat-
urating pulses at higher pulse heights, where no
time-slewing correction was required. The TAC
start and stop signals were obtained from the fis-
sion-fragment detector and y-ray spectrometer
as shown in Fig. 1. Pulses from -10 to +10 nsec
were accepted in the measurements (see Fig. 2).
A spectrum stabilizer circuit kept the gain of the
analyzed pulses constant. The gain stability and
linearity of an ORTEC model-264 photomultiplier
base with the RCA-8575 photomultiplier tube had
to be improved for these experiments. This was
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FIG. 4. Pulse-height spectrum of 2%°U fission frag-
ments with uncollimated detector 0.25 cm from fission
foil. The discriminator bias was always below the height
of the smallest fission-fragment pulse.
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achieved with additional stabilizing capacitors
from ground to a previously unstabilized dynode
and focus grid, and with reducing the voltage-
divider resistors by a factor of 3. The response
functions for the spectrometer were kept constant
by operating the anti-Compton NaI(T1) sheath at a
low pulse-height bias of about 35 keV, where
small changes of bias produced very minor chang-
es in the suppressed Compton tail. At biases well
above 50 keV, the sensitivity to bias change was
unacceptably high. The Nal sheath was also im-
portant in eliminating single and double escape
peaks from pair production.

D. Background Problems

With the time-of-flight elimination of the dom-
inant source of background, that due to prompt-
fission-neutron counts, the remaining source is
due to chance coincidence events. These can be
seen to the left of the prompt-y-ray peak in the
time distribution of Fig. 2. The rate was one
count per 2000 true coincidences for 52Cf and one
per 200 for the #*°U and ***Pu measurements, This
background was disproportionately large at high
y-ray energies due to the thermal-neutron cap-
ture events in the material surrounding the fission
foil, and careful subtraction was required to ob-
tain good accuracy above ~6 MeV for the 2°°U and
23%py cases where the thermal neutron beam was
turned on. The chance coincidence background
was about 10% of the total counts in the 5.5-6.5-

100 T T T T T T T T T T
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0 1 TR T B S A A o | 1 11
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FIG. 5. Absolute photopeak efficiency of the Nal spec-
trometer for detecting y-ray events. The effect of the
present experimental geometry is included in these data.

MeV region and about 40% in the 6.5-7.5-MeV
region.
E. Detector Calibration

To obtain energy spectra, the measured pulse-
height distributions had to be unfolded with the use
of a matrix equation presented below. As input for
each unfolding operation, a response matrix con-
sisting of 200 response vectors for monoenergetic
v rays was required. These vectors were obtained
from calibrations with the following y-ray sources
with energies in MeV in parentheses; 57Co (0.122),
203Hg (0.279), *2Na (0.511, 1.275), ¥7Cs (0.662),
%¢Mn (0.835), %8y (0.90, 1.84), ?*Na (1.37, 2.75),
PuBe (4.44) with the use of paraffin and lead
shields, and '®N (6.13, 7.12). Three spectra are
shown in Fig. 3. When a source had two y rays,
the catalog of response vectors was built up as
composites with proper subtraction techniques.
For example, a ?2Na source gave an excellent
1.275-MeV y-ray response vector for energies
above the 0.511-MeV ??Na positron-decay y rays.
Below 0.511 MeV, the shape of the Compton edge
and source-backscatter peaks was obtained with
adequate accuracy from the two °Co y rays near
1.275 MeV. The '*N data of Fig. 3 show some y
rays at 7.12 and 6.13 MeV. Below ~2.75 MeV,
some **Na y rays were present; the parametrized
24Na responses were utilized to subtract these y
rays from the raw data and obtain the *N respons-
es shown. The response vectors were fitted with
analytic functions at all the available experiment
energies, and these functions were then used to
represent the 200 responses required to construct
the response matrix. The accuracy of the fit was
tested at many energies with both single and com-
posite y-ray lines, and with sources of known in-
tensity.

The efficiency versus energy for the total energy
peak, often called the photopeak, is shown in Fig.5
for our 5.85-cm-diamXx 15.2-cm-long Nal detector.
The photopeak efficiency versus y-ray energy was
obtained by three methods: (i) calibration up to
1.84 MeV with known standards obtained from sev-
eral sources,'” (ii) calibration at higher energies
by means of sources such as ?*Na in which two or
more y-ray lines of known relative intensity are
emitted, one of which has an energy low enough to
fall into the lower energy region previously eali-
brated, and (iii) cross calibration at 4.44, 6,13,
and 7.12 MeV against a standard size (5.48-cm-
diam by 5.48-cm-long) Nal(T1) detector calibrated

. by Jarczyk et al.™® A cross check against Jarczyk’s

calibration with our independent method using the
24Na 2.75- and 1.37-MeV lines gave an agreement
well within the 3% error on this point quoted by

Jarczyk et al. The error bars shown in Fig. 5 in-
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clude the errors quoted by Jarczyk et al., and the
statistical and estimated systematic errors con-
tributed by our cross-calibration procedure.

III. DATA AND ERROR ANALYSIS
TECHNIQUES

A. General Description

The pulse-height distribution for all y-ray events
occurring within 10 nsec of fission were measured,
and the chance coincidence background events were
measured well before the prompt-y-ray peak. The
het prompt-y- ray pulse-height dlstnbutlon (pulse-
height vector) ¥ and error vector A were calculat-
ed and entered as inputs to the LSMUN spectrum-
unfolding code described below. To improve the
accuracy of the low-energy data, a 200-channel
pulse-height vector ¥ was obtained for each of two
gain settings, and a double-unfold method was de-
vised to extend the range of the unfolding code to
lower energies. The errors on the unfolded spec-
trum E were derived separately, as described
below.

B. Unfolding Code

The response matrix G,, was calculated with a
response equation parametrized to fit calibration
line spectra, as described in Sec. Il E above. The
energy mesh of the response vectors in each case
corresponded to that of the input pulse-height data
¥ to be unfolded. The amplitude of each column
vector G; of G,, for a monoenergetic source of
energy E; was properly normalized to the mea-
sured photopeak efficiencies (see Fig. 5).

The pulse-height distribution vector ¥ is related
to the spectrum vector ¢ and the instrument re-
sponse matrix G by

Y=Go. (4)
However, the solution
$=G"% (5)

oscillates violently for most cases, and smooth-
ing of some sort must be utilized.

The LSMUN® of Carl Young’s code embodies the
method of Cook® to accomplish this. Utilizing the
calculus of variations, Eq. (4) takes the form

[C+x(G) W55 =Y, (6)
where (G)~! is the inverse of the transposed G ma-
trix, S is a smoothing matrix determined by a
structure function S(¢) which is arbitrary within
limits and is usually chosen as a function of the
slope or the curvature of the solution @, and X
is a Lagrangian multiplier. W is a diagonal ma-
trix with elements W,; =(1/Ay,)* and thus contains
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weighting factors which become small in the vicin-
ity of a y-ray peak in ¢;, so that the smoothing in
this region is nearly turned off. The Ay, are the
200 components of the input error vector A; which
represent the standard deviation of the input pulse-
height distribution y;.

An initial value of A is used as an input to LSMUN,
and the code is then used to obtain a solution to
Eq. (6) for @. This solution is then multiplied by
G, as in Eq. (4), and the energy spectrum 3 is
thus refolded to get the precise value of Y (refold)
that corresponds to the initial solution @. A ¥®
test is performed utilizing the difference (¥, - y,)
where y; corresponds to the refold of the solution
@, and y, to the input raw data in channel i. The
value of ) is varied in an iterative manner until
the value of x? approximately equals N, where N
is the number of channels of the input data, or al-
ternatively the dimension of the data vector Y.

The LSMUN code was tested for self-consistency
by determining the accuracy with which it could
unfold pulse-height distributions for single- and
multiple-line y-ray sources of known source
strength. The code was found to be self-consis-
tent at all energies within a few percent and the
error indicated in the self-consistency test was
always reasonable with respect to the error bars
on the efficiencies. At low channels, where the
full width at half maximum of the photopeak was
less than two channels wide, the LSMUN code pro-
duced normalization factor errors. These were
computed, and the corresponding correction fac-
tors were applied to the code. However, these
were mostly circumvented by a double-unfolding
technique we used.

C. Double Unfolding

The code normally covered the range from 0.3
to 10 MeV, whereas the lower energy limit of the
Nal pulse-height distribution was 0.07 MeV, as
determined by the discrimination setting for the
center detector. To overcome the resolution limit
of the unfolding code at the low-energy end and to
extend the range to lower energies, we made use
of an additional high-gain (low-energy) run and
double-unfolded the data. This low-energy unfold-
ing was accomplished by first unfolding the high-
energy data to obtain ¢ (0.3 -~ 10 MeV), and then
folding back in @ (1- 10 MeV) by having Eq. (4)
operate on the spectrum above 1 MeV. This folded-
in pulse-height distribution was then subtracted
from the high-gain (low-energy) raw data, yield-
ing the Nal pulse-height distribution that would
have resulted if all y rays above 1 MeV had been
absent. The net high-gain pulse-height distribu-
tion (below 1 MeV), along with the correct stan-
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dard deviations resulting from the Compton-tail
subtractions for y rays above 1 MeV, was then
used as input to the LSMUN code which provided
¢(E) with good energy resolution and reasonable
accuracy down to 140 keV. Below this, the ener-
gy spectrum was seen to drop rapidly for these
very prompt y rays, and the unfolding accuracy
rapidly deteriorated because of the rapid accumu-
lation of “Compton-tail subtraction” errors. This
accounts for our low-energy cut off of 140 keV.

To eliminate any oscillations in the unfolded re-
sults at low energies, the unfolding was done with
a reduced photopeak width in the response matrix
as compared to the actual experimental width with
out altering the photopeak efficiency. The resolu-
tion of the peak-like structure is slightly reduced
with negligible effect on the values for the energy
per fission and the number of y rays per fission.
This method of reducing oscillations is somewhat
akin to that first proposed by Brunfelter, Kockum,
and Zetterstrom.?

D. Experimental Errors

The most important sources of experimental
errors were counting statistics, detector-efficien-
cy calibration, generation of the response-matrix,
and unfolding the data.

The nearly singular response functions of our
detector and the rapidly falling spectrum with in-
creasing energy facilitated a reasonably straight-
forward calculation of the statistical error for the
unfolded spectrum, ’@(Ey). The fractional error
on Eﬁ(Ey) for each channel & was obtained by first
adding in quadrature the errors from the follow-
ing two quantities: (1) the raw data counts y, in
channel % and (2) the Compton-tail plus escape-
peak counts y; in channel & that are due to photons
for energy greater than E,. The square root of
this quantity divided by the “photopeak counts”
¥, gives the fractional error in the “photopeak
counts,” or equivalently, the fractional error in
@(E,) for each channel k. The value of y; is simply
Y. —Yr, Where y; is obtained by refolding that part
of the spectrum @(E,) that lies above E,.

To estimate the systematic errors associated
with response-function inaccuracies, a typical
low-gain spectrum was unfolded with the Compton-
tail portion intentionally increased by 20%. This
is considerably more than our fitting error for the
response functions. The difference in the spectral
shape Eﬁ(Ey) caused by the 20% increase was less
than the combined uncertainties due to counting
statistics and detector-efficiency measurements.
In addition, the total y-ray energy per fission
above 300 keV, E, ., changed by only 2% for this

test run. This insensitivity of E, ., to fractional

changes in the Compton tail indicates that any rea-
sonable errors in our measurements of the re-
sponse functions and the subsequent parametriza-
tion of these functions did not contribute signifi-
cantly to the over-all error in $(E,), E, o, and
Ey oy

Coding errors were found at low channel num-
bers due to finite channel widths, as mentioned
at the end of Sec. III B, but the appropriate cor-
rections were calculated in each case. This
source of error was thus reduced to a relative-
ly insignificant amount. The accuracy of the un-
folding code was always checked by carrying out
the refold of ¢(E) according to Eq. (1). This re-
fold was accurate because it utilized the direct
response matrix G without the conditioning terms
used in the unfolding matrix of Eq. (6). Thus, it
is reasonably certain that the dominant error on
the spectrum arises from detector-efficiency cali-
bration, except above 5 or 6 MeV, where @(E) is
small and the statistical errors large. It then fol-
lows that the dominant error on the integrated
quantities such as E, . is also limited by the ac-
curacy of the detector efficiency calibration. The
upper limit of the efficiency effects on the mea-
sured value of E, ., are about +3%. A conserva-
tive over-all error of 5% is suggested, or about
+0.3 MeV on E, ;,, for energies above 0.140 MeV
and emission times of 0-10 nsec after fission.

IV. RESULTS

In Fig. 6 is shown the Nal pulse-height distribu-
tion for prompt y rays from thermal -neutron fis-
sion of 25U, and below it the unfolded energy spec-
trum of y rays per fission event. At high energies
the data have been grouped, as indicated by the
spacing of the points in the figure. Below 0.7 MeV,
the high-gain (low-energy) Nal data and the results
of the double unfolding are shown. The high-gain
raw data agreed well with the low-gain data in the
overlap region of 0.2 to 1.0 MeV, with both sets
of data normalized to the same number of fission
events and the energy width of the analyzer chan-
nel. This good agreement was important in ob-
taining accurate spectra and good reproducibility.
The unfolded data were similarly checked in the
overlap region and were found to agree well. The
same structure that appears in the pulse-height
distribution ¥ below 1 MeV can also be seen in the
unfolded energy spectrum J(Ey) shown in Fig. 6.
Because the response function is nearly localized,
the slope at the unfolded data essentially agrees
with the raw data, except for the efficiency versus
energy. This similarity indicates that there is lit-
tle error propagated in the unfolding process. In
fact, most of the difference in the shape of the two
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curves is simply due to the shape of the efficiency
curve e€(E). At all points on the pulse-height dis-
tribution where the slope is negative and steep,
¢(E) is only slightly less than y,/e(E), where i is
proportional to E. This is because the Compton
and pair events from higher-energy y rays are
relatively weak in intensity, since they are sup-
pressed by the spectrometer. At high energies

the unfolded data appear smoother than the pulse-
height distribution because of the smoothing rou-
tine in the unfolding code, as explained in Sec.
III B above. The error bars shown in the figure

on the raw data, as well as the unfolded data, rep-
resent only the statistical uncertainties. In addi-
tion, there are systematic errors which are mostly
due to the efficiency calibration of the y-ray detec-
tor, as discussed above (see Fig. 5).

Figures 7 and 8 show y-ray pulse-height distribu-
tions and unfolded spectra for »°Pu(x, f) and 252Cf-
(s.f.). A comparison of our results for #5U(n, f),
B9pu(n, f), and #2Cf(s.f.) is given in Fig. 9.

In Table I the energy emitted per fission event in
the form of prompt-y radiation and the number of
v rays per fission are given for a number of ener-

104 . —r e 10%
3
12— 3
- '°r—[— 11
103 Eooa 8 8r 173 103
E S, = 3
F ~ ", 83 6f 11
F Ty - 1 —
s + 2 8
2L , S 2 410 &
10" E expanpeo : oe 1 E RS
F ENERGY | 25 Foge 3 5
- SCALE s 2% ] £
% o - L L - F)
z ' 8~ % 7 8 9 0] *
3ok 'y PHOTON ENERGY (Mev) |1 =
& Eoan N, i 3 8
[re [ LY 1 ] 7
> L N, "1;1 ] 2]
s k NaI PULSE-HEIGHT i
2 0% B DTRIBUTION 10° 3
< E 11/ (RIGHT SCALE) =
12} - -
z r 11 ] 3
o I &
= - i 4 =
2 I Jig' 3
a 10 E I ] ;l 3
F i E
c /;{{ ]
e ” i
107 SPECTRUM I 30
3 (LEFT SCALE) 3
10-3.7 —:'IO'3
E ]
0 o2o0406ll 2 3 4 5 6 7 8 9 10

PHOTON ENERGY (MeV)

FIG, 6. Nal pulse-height distribution from the thermal-
neutron fission of 23U, The insert shows the data at high
energies on a linear scale. Also shown is the unfolded
spectrum. The difference between the shapes of the two
curves is primarily due to the change in efficiency with
energy. The error bars are too small to show in the 0.7-
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gy intervals above 0.14 MeV; the over-all errors
are given in the caption, and the statistical errors
for the partial results are presented in Figs. 6-8.

The data of Table I lead to values of 0.97 +0.05,
0.94:0.05, and 0.88 +0.04 MeV /photon for y rays
above 0.14 MeV emitted within less than 10 nsec
after fission of #°U, #°pu, and #2Cf, respectively.
The errors include over-all systematic errors.
The relative errors that enter in con@paring the
results between the three different fission species
are estimated to be about one third as large.

V. OTHER MEASUREMENTS

No previous measurements have been published
on prompt-y rays from #°pu(n,f). The earliest
work of note on 2*5U(n, f) was the work of Peelle
and Maienschein® that postdates their early pre-
liminary results® that first appeared in 1958 and
are still sometimes found to be in use. Our re-
sults, which appeared first in informal report
form in 1969,% agree well in spectral shape with
their latest 1971 results,® as presented in Fig. 6
of their article, even though we used a single
Nal(Tl) spectrometer with anti-Compton sheath
and they used a single-crystal, a Compton-, and
a pair-spectrometer to cover the range of 0.01-10
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MeV. Both sets of data yield E, ,, =0.97 MeV/pho-
ton. Their value of E,, , for 0.14-10-MeV y rays
is 7.18 +0.26 MeV /fission for <69 nsec after fis-
sion. This compares with our value of 6.51+0.3
MeV /fission for 0.14-10 MeV photons at 0-10 nsec
after fission. Our recent measurements® on de-
layed v rays from fission indicate that only about
0.05 MeV/fission of photon energy is emitted be-
tween 10 and 70 nsec after fission. This leaves

a difference of 0.62 MeV/fission for E,, ,, as com-
pared to 0.56 MeV/fissions for the combined error
estimates, a reasonable agreement considering
the difference in measuring times of about ten
years and the difference in the measuring and data-
unscrambling techniques. They used time-of-
flight neutron separation at the lowest energies,
where the single-crystal spectrometer was used.
For the higher neutron energies, corrections were
made for neutron effects, whereas we positively
eliminated neutron effects over the entire energy
region by time of flight. The effect of their cor-
rections is discussed further two paragraphs be-
low.

No time-of-flight separation whatsoever was
used in the work of Rau® who reported a rather
high value of 9.5 +0.2 MeV /fission in 1963. This
is 3 MeV above our value, with combined error
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FIG. 8. Nal pulse-height distribution for prompt vy
rays from the spontaneous fission of ?*2Cf, Also shown
is the unfolded spectrum. The error bars are too small
to show in the 0.7~ to 2-MeV region.

of only 0.5 MeV. Their data were for 0.1-2.5
MeV photons at 0-220 nsec after fission, and
yield a value of E,, ,, =1.20 MeV/photon. The de-
layed y rays emitted between 10 and 220 nsec after
fission can account for no more than ~0.1 MeV/
fission, at most.® In addition to difficulties with
neutron effects, sophisticated spectrum-unscram-
bling methods were not available at the time of
their measurements.

Pleasonton, Ferguson, and Schmitt® have just
recently measured E,, ,, and E, ,, as a function
of fission-fragment mass by obtaining these quan-
tities indirectly from the y-ray pulse-height dis-
tribution with the use of a “weighting method” of
Maier-Liebnitz. They did not obtain the energy
spectrum in this way. Their values of E, ., =6.43
+0.3 MeV/fission and E,, ,,=0.99 MeV/photon were
obtained for 0.09-10-MeV photons with an over-all
time resolution of 5.3 nsec. They measured y
rays emitted at 0 and 180° with respect to the di-
rection of the fission fragments. To obtain the
value of E, o, averaged over all angles, they es-
timated that their results should be reduced by
~6%, yielding a value of ~6.06 MeV /fission. Their
results then compare with our values of 6.51+0.3
MeV/fission and 0.97 MeV /photon for 0.14-10-
MeV photons at 0-10 nsec after fission, and for a
time resolution of <4 nsec. For a direct compari-
son with our date, their result should be decreased
by ~0.07 MeV /fission because of the difference in
the lower energy limit, leaving a difference of
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FIG. 9. Unfolded prompt y-ray energy spectra for the
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folded data are indicated in Figs, 6—8.
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TABLE I. Energy emitted per fission in the form of prompt y rays and the number of y rays per fission for various
y-ray energy intervals, The uncertainties given in the table include only the statistical uncertainties and those due to
unfolding. The relative values for the total energy per fission, E, ., above 0.14 MeV for 235y, 289py, and %52Cf, are
known to an accuracy of about 0.1 MeV /fission, while the over-all error in absolute yield from 0.14 to 10 MeV is esti-

mated to be 0.3 MeV for Ey
s tot

, including systematic errors.

~ Photon energy

range Protons /Fission MeV/Fission

(MeV) 235U 239py 2820f 2357y 239py 2520f
0.14~0.3 0.833 1.267 1.270 0.181+0.005 0.275+0.007 0.282 +0.007
0.3-0.5 1.318 1.473 1.855 0.532:+:0.013 0.596+0.015 0.759 +0.019
0.5-0,7 1.182 1.219 1.613 0.709+0.028 0.737+0.019 0,963 +0,024
0.7-1.0 1,191 1.097 1.067 1.021+0,026 0.939+0.023 0.908 +0,023
1.0-1.5 1.072 0.998 0.838 1.337+0.034 1.241+0.031 1.044 +0.026
1.5-2.0 0.461 0.450 0.442 0.804+0.020 0,787+0.020 0.778 +£0.020
2.0-2.5 0.258 0,268 0.292 0.582+0.015 0.606+0.015 0.660 +0.017
2.5-3.0 0.158 0.175 0.183 0.434+0,012 0.482+0.014 0.503 +0,013
3.0—4.0 0.143 0.173 0.160 0.490+0,015 0.597+0.017 0.550 +0.014
4.0-5.0 0.050 0.0714 0.058 0.220+0,015 0.318+0.019 0.254 +0,010
5,0-6.0 0.021 0.0265 0.019 0.116+0.011 0.145+0.018 0,102 +0,009
6.0—7.0 0.0098 0.0104 0.0057 0.064+0.015 0.067+0.012 0.038 +0.005
7.0-10.0 0.0027 0.0015 0.0004 0.019+0.015 0.019+0.012 0.0019+0.0014
0.14-10.0 6.70 7.23 7.80 6.51 6.81 6.84

0.52 MeV with combined errors of 0.6 MeV. This
is reasonably good considering the differences in
experimental methods. They used time-of-flight
separation of neutrons from y rays, after having
first obtained some preliminary results?® without
time-of-flight separation. Since these preliminary
results gave an appreciably higher value of E, .,
they state?® that this suggests the experiments of
Peelle and Maienschein® “may also have included
detection of some neutrons, in spite of the pre-
cautions taken to exclude them.”

The lower value obtained by Pleasonton, Fergu-
son, and Schmitt as compared to our data cannot
be explained by inelastic scattering of the prompt
fission neutrons by the thicker **U foil and stain-
less-steel backing in our arrangement, as these
contribute a calculated upper limit of only about
0.0002 MeV /fission. The nearby fission-fragment
detector and surrounding structural material
viewed by the Nal detector can contribute no more
than about 0.05 MeV /fission. Also, the steady-
state backgrounds, and the near-steady-state back-
grounds such as delayed neutrons from fission and
neutron captures, were accurately removed in our
background measurements, as described in Sec. II.

Measurements have been made for prompt y rays
from #2Cf by Smith, Fields, and Friedman? and
also by Bowman and Thompson.?® In both cases,
the accuracy was limited by the y-ray spectrome-
try techniques at the time, including the lack of
accurate pulse-height unfolding codes, and by
prompt-fission-neutron interactions with the spec-

trometer. This probably accounts for values of
Ey, 1or Of 8.2 and 9.0 MeV/fission for the two re-
spective experimental groups; these values are
much higher than the value of 6.84 MeV/fission
reported in this paper for #2Cf.

VI. DISCUSSION OF RESULTS

In this section the present data are compared to
related theoretical predictions of E,, ,, the av-
erage _ghoton energy E, ., and the photon spec-
trum gp(Ey) for 25U thermal-neutron fission. In
addition, a comparison between the experimental
results for #%U(n,f), *°Pu(n,f), and 252Cf(s.f.) is
given along with some theoretical implications.

A. Comparison of >U Results
with Theory

To the present experimental results of E, .

6.51 MeV/fission should be added ~4% to include
photons below the 0.14-MeV low-energy cutoff?®

and all pre-B-decay photons emitted after the 0-10-
nsec time interval of the measurement.?~® This
yields a value of 6.77+0.4 MeV /fission.

As mentioned in the introduction, the earliest
calculational results®® are consistent with the pic-
ture that, following the neutron evaporation cas-
cade, each of the two fission fragments is left with
an excitation energy, emitted as photons, of about
half the binding energy for emitting the next neu-
tron, or E,, ,,,~E, <5 MeV. This is roughly 2
MeV less than the experimental results. It is there-



fore evident that the early calculations require the
addition of other effects that further inhibit the neu-
tron emission that is in competition with y-ray de-
excitation of the fission fragments. The statistical
theory calculation of Zommer, Saveliev, and Pro-
kofiev! was more comprehensive, in that they took
into account the possibility of y-ray emissions pre-
ceding the emission of the last neutron. With their
estimated values of E,, they obtained E,, ,,=6.2
MeV /fission, which included 0.3 MeV as pre-neu-
tron-emission photons. This upper limit would be
nearer the experimental value of 6.77 MeV/fission
if, as they stated, the calculation could have taken
into account the large nuclear level spacing near
ground state and the angular momentum barrier of
the fission fragments to neutron emission.

The calculations of Gordon and Aras'® included
an explicit pairing-energy correction 6 for level
densities as mentioned in the introduction. They
have assumed apparently too great a neutron-emis-
sion barrier in that their results of E,, o, 2 E,+
=7.66 MeV is nearly 1 MeV too high. For 6=0,
they obtain E,, ,,=5.03 MeV, or a difference of
2.63 MeV. It is interesting to note that if they had
reduced the effect of 6 by ~2/3, their calculation
would have lead to agreement with the experiment
reported here. This strongly suggests that their
assumption of no neutron emission for fission-
fragment excitation energies below (E,+8) is too
severe,

The calculations of Thomas and Grover*? do not
predict Ey, tot directly, but using a measured value
of E, . plus the binding and kinetic energies of
the cascade neutrons they first calculate the aver-
age total fission-fragment initial excitation energy
E*. Using this value of E*, they predict the parti-
tion of deexcitation energy between neutron and
photon emission. This was done only for the “aver-
age” light fission fragment, °®Sr, and the comple-
mentary heavy fragment, °Xe. In their original
calculations Thomas and Grover assumed a value
of 7.5 MeV /fission for Ey, 1o in order to determine
the initial fission-fragment excitation energy. The
predicted value of E, . for the 140/96 mass split
is then 7.1 MeV/fission, which is 0.4 MeV below
the value of E, ., used as input to the calculation.
This indicates that the calculation is somewhat in-
correct or that the wrong initial value was used for
E,, 1o~ We found that a more up to date value for
E,, 1o as input gives better agreement. We recal-
culated E,, ., using 6.77+0.3 MeV/fission as the
energy emitted by y-ray emission, because experi-
mental evidence? yields 0.3 MeV more energy for
the 140/96 mass split than for E,, \ averaged over
all fission fragments. We also used the Grover and
Thomas values for E,(light), E,(heavy), and E,
(kinetic energy). With these inputs, we obtained
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a predicted value of 6.9 MeV/fission for E,, .,
and 0.86 MeV/photon for E, ,,. The predicted
value of 6.9 MeV, after being reduced by 0.3 MeV,
yields 6.6 MeV which agrees well with our estimat-
ed value of 6.5x1.04=6.77+0.4 MeV fission for all
y rays preceding B-ray emission. The present ex-
perimental value of E, ,, =0.97+0.05 MeV is in
fair qualitative agreement with the value of 0.86
MeV /photon predicted by Thomas and Grover, con-
sidering that the present value does not include
photons below the 0.14-MeV cutoff of the measure-
ment and the relatively low-energy photons emitted
later than 10 nsec after fission.® This predicted
value is still somewhat low, as can be seen in a
comparison of the measured and calculated spectra
presented below. Nevertheless, the present mea-
surements are in reasonably good support of their
calculations, and of the preceding work by Grover
and Nagle!! on which the spin barrier to neutron
emission was based. This work!! was discussed

in the introductory remarks of this report.

The calculations of Thomas and Grover can be
used to predict E,, ,, as a function of neutron bom-
barding energy. The predicted values of E, ., con-
tributed by each fission fragment, when plotted
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FIG, 10, Present experimental results for 235U(x, f)
compared to the calculations of Zommer, Saveliev, and
Prokofiev (Ref. 1) and of Thomas and Grover (Refs, 12
and 13). The theoretical curves were slightly normal-
ized (<10%) to the measured results,
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against the initial excitation energy E* of each
fragment, show a slow rise with E* superposed on
an oscillation with a period of E, for the given frag-
ment.'? Values of about 9.5 and 8.0 MeV for E, .,
are predicted at neutron bombarding energies E,
of 12 and 14 MeV, respectively. An iterative cal-
culation was utilized, adjusting E* so that the total
energy was conserved. The energy taken off by
neutrons was calculated from the known values of
the prompt-neutron yield, v,, versus neutron bom-
barding energy. The partition of neutrons emitted
per fragment and initial excitation energy per frag-
ment were taken as constant with E,. Calculation
of the average kinetic energy of the cascade neu-
trons was carried out with prescriptions cited in
the Grover and Thomas reference.'? Values of E,
were obtained from a simple straight line extra-
polation between the values given for the *®Sr and
140¥e cases. It would be of interest to compare

the above predictions to experiments carried out
at a number of neutron energies.

A prediction of the y-ray spectrum for #5U(n,f)
was obtained from the calculation of Thomas and
Grover,!? but was not published. This spectrum
was graciously made available to us by J. R. Gro-
ver.'® It is shown in Fig. 10, along with that of
Zommer, Saveliev, and Prokofiev! and the present
experimental results. The spectrum of Thomas
and Grover fits the data well below 2 MeV, where
over 0.7 of E,, ,,, and over 0.9 of the total number
of photons are found.

The spectral prediction of Zommer, Saveliev,
and Prokofiev! on the other hand, is in better agree-
ment with the measured spectrum at higher ener-
gies. The two agree especially well between 1.5
and 4 MeV.

B. Intercomparison of 2*U(n,f), 2**Pu(n,f),
and 22Cf(s.f.) Results

The three y-ray spectra shown in Fig. 9 have
nearly the same over-all shape, and have nearly
all the y-ray peaks below 2 MeV in common. Ta-
ble I gives values of 6.51, 6.81, and 6.84 MeV /fis-
sion for E,, ., and 6.70, 7.23, and 7.80 photons per
fission for #5U(n, f), #°Pu(n,f), and 252Cf(s.f.),
respectively, for energies greater than 140 keV
and for 0-10 nsec after figssion. There is no defi-
nite tendency for E, ., to increase with the mass
of the fissionable nucleus, although the softness of
the spectrum, as represented by Ey a=E,, wor/
(photons/fission), does show a clear decrease with
mass.

It is interesting to speculate briefly on the pos-
sible effects of the initial spin on E,, ,, since the
initial spin of ®°U is I and that for *°Pu is . If
a higher initial spin of the pre-fission nucleus were
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to imply a higher initial spin for each of the two
fission fragments, on the average, then one would
expect to have a higher barrier for neutron emis-
sion from #°U than from #°Pu. However, °U ex-
hibits a smaller value of E,, ., than #®°Pu. These
data indicate there is little correlation between

the spin of the pre-fission nucleus and the average
spin of the fission fragment. This conclusion is
apparently not affected by the changg in the mass
or the fissionability parameter Z2/A between 23°U
and ®°Pu. The change in E,, ,,, With these parame-
ters is small as indicated by our identical values of
E,, . for ®°Pu and #2Cf.

C. Level-Density Arguments

for Differences in E"I, av

The difference in the shapes of the y-ray spectra,
as reflected in the E, ,, values of 0.97, 0.94, and
0.88 MeV/photon above 0.14 MeV for U, 2°py,
and 2%2Cf, respectively, show a much stronger de-
pendence on mass than did the values of E,, ., and
may possibly be explained by the following argu-
ments. The softer y-ray spectrum for 252Cf is prob-
ably related to the higher average level density of
the fission fragments for this case, or possibly to
the nature of the levels, and the manner in which
these parameters vary with the mass of the fission
fragments. In a study of K x-ray yields as a func-
tion of fission-fragment mass, Wehring and Wy-
man?® found that for #%U(n,f), the K x-ray yield
was large only at the upper end of the light-frag-
ment peak (at Z =40-42) of the fission-fragment
mass-yield curve. This is consistent with a higher
level density at this high-mass end of the low-mass
peak, and is a result of these nuclei being located
within the edge of the region where deformed nu-
clei are found. The higher level density increases
the probability of internal conversion, and thus in-
creases the probability of K x-rays. These x-ray
measurements, in fact, help define the boundary
of the distorted-nucleus region. For 252Cf, the
light-mass peak completely straddles the region
of distorted nuclei; according to Fig. 12 of Glen-
denin and Unik,3® so: that nearly all of the light-
fragment yield falls in-this region. This is con-
sistent with the x-ray yields observed for 22Cf by
Glendenin and Unik®® and Kapoor, Bowman, and
Thompson.?* At the heavy-mass peak of the mass-
yield curve, the same argument holds. For 2%2Cf,
the upper end of the heavy-fragment mass-yield
peak is further into the distorted-nucleus region,
since it is further from the Z.=50, N=82 stability
lines. For #°Puy, both the upper and lower peaks
of the mass-yield curve lie between the correspond-
ing peaks for 2*°U and 2)Cf, but nearer to the 2*°U
peaks. This is consistent with the relative values
of E, 4
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In addition to the greater level density in the dis-
torted-nucleus region, as mentioned above, the
presence of rotational spectra in this region may
provide a series of levels through which the ex-
cited nucleus may become preferentially deexcited
through a large over-all change in nuclear spin.
Since the level spacing for rotational spectra is
typically small, this type of deexcitation would be
consistent with the observation of a smaller value
of E,, ,, for *°Cf.
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