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The event-by-event fission model FREYA is employed to study photon observables in spontaneous
fission and fission induced by thermal neutrons. Comparison with available data is made as far as

possible, including some recent correlation studies.

I. INTRODUCTION

Prompt photon emission in fission, particularly in con-
junction with neutrons, is important for understanding
the fission process. Photons are more sensitive to the an-
gular momenta of the fission fragments than neutrons are
and so they provide an additional means for elucidating
the fission process.

The prompt photons, moving at light speed, arrive at
detectors before the neutrons and can thus be separated
from those by means of sufficiently fast detectors. Their
contribution to the total energy deposition in fission is
not well known, with only sparse information in data
compilations such as ENDF-B/VIL.O [1]. However, this
information is very important for applications.

Applications that go beyond simply recording the pho-
ton energy deposition include identifying special nuclear
materials by various detection techniques. To make use
of photon signals from fission in such applications, it is
important to have a good phenomenological understand-
ing of prompt photon emission from fission.

Previously, we discussed neutron observables from
spontaneous and neutron-induced fission [2]. In this
paper, we study photon emission with the event-by-
event fission model FREYA. We focus on fissile isotopes
where data already exist, in particular 23°U(ng,,f) and
Z2(Cf(sf). First, in Sect. II, we discuss the existing data.
We then describe the implementation of photon emission
into FREYA in Sect. III and compare our calculations to
the data in Sect. IV. Next, we briefly address possible
applications and finally, in Sect. VI, make our concluding
remarks.

II. AVAILABLE PHOTON DATA

The data on prompt photon fission observables are
rather sparse and some are relatively old. Some of the
available differential data are shown in Figs. 1 and 2.
Nifenecker et al. [3] and Nardi et al. [4] reported results
with a 252Cf source, while Pleasonton et al. [5] employed
thermal neutrons on U in their experiment. There
are inconsistencies between the two above-mentioned Cf
data sets, both taken in the early 1970’s. We will briefly
describe these three measurements before discussing two
more recent Cf measurements.

We begin with the 235U(ng,,f) photon measurement
by Pleasonton et al. [5] who reported the average num-
ber of photons, va and the total energy carried away
by photons, F’w as functions of fragment mass A and to-
tal kinetic energy, TKE. In each event they obtained the
kinetic energies of the two fragments in addition to the
total photon energy, E,. They used the time between the
fragment arrival and the photon pulse to eliminate de-
layed fission photons and neutrons. They made two con-
trol measurements. One measured the correlated kinetic
energies of the fragments alone to control for changes in
the fragment detector resolution. The other moved the
target upstream of the center of the detector and rotated
the detector about the center to put a limit on the num-
ber of photons originating from fragments stopped in the
detectors.

The experiment was designed to make use of the fact
that the isotropy of the angular distribution of pho-
tons in the center of mass frame of the fission event,
Wo(6) = Wy (6 + ), is destroyed by the boost to the lab
frame, W(6) # W (0 + «). They aligned the photon and
fragment detectors coaxially to determine the number
of photons emitted from individual fragments separately.
The measured fragment masses and kinetic energies were
corrected for prompt neutron emission to obtain the pre-
neutron emission values of A and TKE using a smoothed
version of the Apalin 23°U(n,f) measurement of the av-
erage neutron multiplicity as a function of A, 7(A) [6],
assumed to be independent of TKE. Since they collected
their data on paper tape, they had to correct for the dead
time of the paper-tape punch. They used the data from
the control experiment, which measured fragments alone,
to count the number of fissions. Using this unsmoothed
fragment distribution in the analysis of N., and E., intro-
duces additional statistical fluctuations into their data,
shown in Figs. 1 and 2.

Pleasonton et al. found that F,Y and N'y depend on
fragment mass, as shown in Fig. 1(a) and Fig. 12, re-
spectively. They observe a sawtooth shape similar to
that seen in 7(A). The average values of N., and E., for
the light and heavy fragments are (N, ) = 3.63 £ 0.4,
(Nym) = 2.88+03, (E,r) = 3.78 £ 0.4 MeV, and
(E, ) = 2.66 & 0.3 MeV. The measured values of E.,,
larger than those obtained from early statistical model
calculations, were taken to be an indication of the im-
portance of neutron-photon competition in reducing the
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FIG. 1: (Color online) The average total emitted photon en-
ergy is shown as a function of the fragment mass, A (a) and
light fragment mass, Az (b). The data on 23U(ng,,f) are
from Ref. [5] (m), while the data on 2*2Cf(sf) are from Refs.
[3] (o) and [4] (*). The data in (a) are combined pairwise to
facilitate comparison with the results of Ref. [3] as a function
of AL .

fragment excitation energy. They proposed that, because
photon emission is the most important means of reducing
initial fragment angular momentum, S, the lower value
of (E, ) indicates that the heavy fragment is created
with greater initial angular momentum [5].

Because Pleasonton et al. measured both multiplicity
and energy, they also studied the ratio e = E.,/N,,
as a function of heavy fragment mass, see Fig. 13 in
Sec IVB2. There is a broad and shallow minimum in
€ at Ag = 145 (due to a maximum in N,) which per-
sists until Ay ~ 132 where N, is minimal because of the
reduced deformation of the doubly-magic value of Ay .

Pleasonton et al. estimated the fragment angular mo-
mentum assuming that all the measured prompt photon
emission was due to quadrupole transitions after neutron
emission has ceased. The mass dependence of the frag-
ment spin was taken to be proportional to the photon
multiplicity, S(A) ~ 2N, (A)h. Then S ~ (0 — 2)h near

magic values of A and = (8 — 10)A for deformed frag-
ments, giving an average of S & 6.4% (see Fig. 12 for
these data). Their data exhibit a slow decrease of E.
with TKE, as shown in Fig. 2(a). Higher TKE is asso-
ciated with lower deformations at scission, hence lower
total excitation energy TXE. This is also consistent with
the light fragment being more deformed with higher S for
low kinetic energy than with high. (The reverse holds for
the heavy fragment.)

Nifenecker et al. measured both neutrons and photons
to study the competition between neutron and photon
emission near the neutron separation energy [3]. They
placed their Cf source and fragment detectors in the cen-
ter of a spherical gadolinium-loaded liquid scintillator
tank 1 m in diameter. The neutrons were distinguished
from photons by timing: the photon pulse came first, fol-
lowed several microseconds later by neutrons, captured
by the gadolinium in the tank after slowing down. The
neutrons were detected through the 8.2 MeV photon cap-
ture line. Because the prompt photon pulse includes
contributions from recoil protons produced by neutrons
emitted from the fragments and interacting in the ma-
terial, this background had to be subtracted to obtain
the photon signal. The pre-neutron emission mass and
kinetic energy of each fragment was deduced and the
prompt energy release, the fission () value, was deter-
mined from their data set. Their extracted experimental
Q@ value was 1-2 MeV higher than the tabulated values
of Q(A) in Ref. [7].

They reported the average combined photon energy
from both fragments as a function of the light fragment
mass, E~(Ap), shown in Fig. 1(b), and total fragment
kinetic energy, TKE, shown in Fig. 2(a). The total pho-
ton energy measured by Nifenecker et al. [3] increases
almost linearly with Ay for Ap > 100, attributed to an
increased dependence of photon emission on the total ini-
tial fragment excitation energy. There is an enhancement
in the symmetric region, A; — 126. Nifenecker’s data
as a function of Ay is compared to the data shown in
Fig. 1(a) as a function of individual fragment mass, A.
The energies of the fragment pairs that combine to give
A =236 [5] and A = 252 [4] are summed and their un-
certainties added for direct comparison to the A = 252
data from Ref. [3] in Fig. 1(b).

The strong linear decrease in E., with TKE observed
by Nifenecker [3], shown in Fig. 2(a), was attributed to
neutron-photon competition. The other measurements
[4, 5] we discuss show a weaker decrease in E., with TKE.

Nifenecker et al. suggest that their results can be ex-
plained by the assumption that the fragment angular mo-
mentum increases linearly with its excitation energy E*,
S(E*) = aE* + Sy, where the ground state spin, S, is
A dependent. The linear behavior of S(E*) can then ac-
count for the sawtooth-like behavior of E,(A) shown in
Fig. 1(a). The average total photon energy as a function
of neutron multiplicity from the two fragments, shown in
Fig. 2(b), is E, = (0.757 4+ 4) MeV [3], a rather striking
positive correlation.
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FIG. 2: (Color online) (a) The average total emitted pho-
ton energy as a function of total fragment kinetic energy for
25U (n4n,f) [5](m), while the data on 2°2Cf(sf) are from Refs.
[3] (o) and [4] (%). (b) The average total emitted photon
energy as a function of the average neutron multiplicity for

BLCf(st) [3] (o).

The above proportionality of E., to 7 was verified by
Fréhaut [8] in measurements of neutron-induced fission
of 232Th, 235U and 2"Np relative to 2°2Cf(sf) as a func-
tion of incident neutron energy, F,, for F, < 15 MeV.
He also concluded that the number of photons stayed
relatively constant with 7(FE,,), while the average energy
per photon increased. In this situation, the fragment
angular momentum would not increase with excitation
energy. For S to increase with E*, NnY would also have
to increase.

Previous calculations of the angular momentum ac-
quired by fragments through mutual Coulomb excitation
at scission found that, for a given fragment deformation,
the angular momenta increase rapidly with TKE [9]. An
increase of S with TKE is not consistent with an increase
in S with E*. However, since Ref. [9] also suggested that
the fragment angular momentum increases with defor-
mation energy, Nifenecker et al. concluded that fragment

deformation is the dominant effect on its angular momen-
tum. Since only part of the fragment excitation energy
is due to its rotational energy, it is not at all clear that
the effect is as dominant as suggested in Ref. [3].

The measurements of Nardi et al., shown in Figs. 1
and 2(a), used plastic scintillators. The photon energy
absorbed by the scintillator is proportional to the total
incident photon energy. They assume that the fraction of
photon energy absorbed in the detector is independent of
the energy of the prompt photons. A thin Cf source was
placed inside a vacuum chamber with fragment detec-
tors on both sides, also in the chamber. The scintillators
were placed 60 cm from the source, behind the fragment
detectors and outside the chamber. They separated pho-
tons from neutrons using time-of-flight techniques. They
measured the total energy release due to photon emission
from individual fragments instead of total E., for only a
single fragment, as reported by Nifenecker. Thus Nardi
reported E.,(A), while Nifenecker reported E(Apr).

Although the average total photon energy obtained by
Nardi [4], E,= 6.7 + 0.4 MeV is similar to Nifenecker’s
result, the behavior is different as a function of A. The
shape of E(A) is similar to the sawtooth in 7(A4). This
result is similar to Pleasonton’s 23°U(n,f) measurement
albeit a weaker function of A, as we now discuss.

Figure 3 compares the shapes of 7(A) and E., for both
Z52Cf(sf) and 235U (n,f) (and also N, for 2°U(n,f)). Both
of the F, sets and the N, set are rescaled to facilitate
comparison with 7(A). The trends of the neutron and
photon data as a function of fragment mass are rather
similar, with the top and bottom edges of the ‘sawtooth’
in the same place. The Nardi E,?52Cf(sf) data follow a
trend similar to the 7(A) data albeit with a weaker A
dependence. Except for the point at A = 126, the slope
of E., on the light fragment side is weak function of A.
On the heavy fragment side, 7(A) and E., have opposite
curvature for A > 150. On the other hand, the 2°U N,
result appears to be a somewhat stronger function of A
than both 7(A) and E.,, although the large uncertainties
of the Pleasonton data do not allow firm conclusions.

Nardi et al. reported Ew NnY and € = EW/NW, see
Fig. 13. They noted that the highest values of € are near
the doubly-closed shell A &~ 132. This result, also noted
by Pleasonton et al. [5], might suggest that the smaller
deformation of the heavy fragment, which reduces the
probability for neutron emission, also allows fewer pho-
tons to be emitted without substantially changing their
total energy.

Nardi et al. suggested that the behavior of E.(A)
(Fig. 1) and E.(TKE) (Fig. 2) is due to the variation
of neutron binding energy in the fragments. They con-
cluded this after finding good agreement between their
results and a simulation of statistical neutron emission
which assumed that the fragment S was unchanged by
neutron emission. If the fragment spin is unaffected by
neutron emission, there can be no strong correlation be-
tween the fragment angular momentum and TKE (and
thus TXE). The Fréhaut data do not directly address this
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FIG. 3: (Color online) (a) The average total emitted photon
energy as a function of fragment mass number A from Ref. [4]
(¥) for 22Cf(sf) compared to the 7(A) data from Shengyao
et al. [10] (o), Vorobiev et al. [11] (1), and Zakharova et al.
[12] (0). (b) The same for 25U (n¢n,f) where the E., (m) and
'N., (O) data [5] are compared to the 7(A) data from Maslin
et al. [13] (o) and Nishio et al. [14].

point since the fission fragments are not measured.

Using the tabulated reaction @ values [7], they found
that every emitted neutron increases the neutron sepa-
ration energy in the daughter fragment by ~ 0.26 MeV
assuming that Z(A) is independent of TKE. Since E, is
about half the separation energy, £, increases by ~ 0.13
MeV. Earlier measurements indicated that decreasing
TKE by ~7MeV increases the average neutron multi-
plicity by 1 [15]. Thus their empirical estimate of the
change in E, with TKE is 0F,/0TKE = 0.13/7 =~ 0.02
compared to the value of 0.036+0.03 obtained from their
data [4]. The difference between their result and the
phenomenological estimate places an upper limit on the
magnitude of the effect of fragment angular momentum.
This result is compatible with both the earlier Cf result
of Wilhelmy et al. [16] and the 23°U(ny,,f) result of Plea-
sonton et al. [5] which found S to be independent of TKE
to within one unit.
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FIG. 4: (Color online) The unfolded prompt photon mul-
tiplicity distribution for 22Cf(sf) measured by DANCE (m)
[17] and the semi-empirical distribution of Brunson (a) [21].

Given the differences between the previous data sets, a
new measurement of the same observables, with modern
detectors, would be worthwhile.

Such new measurements are becoming available. Two
results on 2°2Cf(sf), from the DANCE Collaboration [18]
taking data at Los Alamos and the LiBerACE Collabo-
ration [19] making measurements at Lawrence Berkeley
National Laboratory, were recently published. Both are
discussed briefly below.

The prompt photon energy and multiplicity distribu-
tions from 2°2Cf(sf) have been measured using a highly
segmented 47 photon calorimeter, the Detector for Ad-
vanced Neutron Capture Experiments (DANCE) [18], to-
gether with a compact gas-filled parallel-plate avalanche
counter [20]. Both the energy and multiplicity distribu-
tions were unfolded by simulating the detector response,
employing a model validated by the photon calibration
sources. The unfolded photon multiplicity distribution
[17] is shown in Fig. 4, together with the semi-empirical
distribution by Brunson [21]. They agree reasonably well
although the Brunson distribution is somewhat narrower.

The Livermore-Berkeley Array for Collaborative Ex-
periments (LiBerACE) uses 252Cf(sf) to study photon
multiplicity relative to neutron emission. They sur-
rounded the Cf source with high purity germanium de-
tectors enclosed in bismuth-germanate detectors. The
geometry of the detector array provided good solid angle
coverage. Room background, as well as photons from cos-
mic rays, were subtracted by counting photons with no
source present. They made two separate analyses, one
of the overall photon multiplicity and the other of the
photon multiplicity correlated with neutron multiplicity.

Because the background from photons emitted by
beta-decays of fission products (delayed photons) at low
multiplicities was indistinguishable from prompt fission
photons, only detected photon multiplicities greater than
seven were used in the analysis of the overall photon
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FIG. 5: (Color online) Normalized prompt photon multiplic-
ity detected for v = 2 () and v = 4 (o) for the Mo+Ba fission
channel resulting from spontaneous fission of 2*2Cf [19].

multiplicity. They compared their measured multiplic-
ity distributions to both the Brunson distribution [21] in
Fig. 4 and a Monte Carlo including statistical emission
of photons [22]. For N, > 7 the measured distribution
dropped off less rapidly than Refs. [21, 22] with the Monte
Carlo result [22] dropping faster with multiplicity than
the Brunson determination [21].

In the second analysis, they exploited the observation
of discrete energy photons coming from known transi-
tions in identified fission products, after neutron emis-
sion, to study neutron-photon correlations. This result
was based on the fact that discrete photons can be sep-
arated from the background of statistical decays to the
continuum and Compton scattering of high energy pho-
tons. Monte Carlo calculations [2, 22] predict an anti-
correlation between photons and neutrons, i.e. the aver-
age photon multiplicity decreases with increasing neutron
multiplicity by conservation arguments. The average
E., increases with incident neutron energy for neutron-
induced fission [8], as does 7, but this does not provide
information about correlations between neutron and pho-
ton emission for a given FE, or from a spontaneously-
fissioning nucleus.

The LiBerACE Collaboration studied two deformed
even-even product pairs: °°Mo+144Ba, associated with
two emitted neutrons, v = 2, and %Mo+!*?Ba with
v = 4. They then compared the photon multiplicity dis-
tributions from these product pairs with each other and
with Monte Carlo predictions [22]. If there is an anti-
correlation between neutrons and photons, a backward
shift in the centroid of the photon multiplicity distribu-
tion for four neutrons relative to two neutrons should
be observed. If there is a positive correlation, the cen-
troid for four-neutron emission should be at higher pho-
ton multiplicity than for two-neutron emission. They
observed no difference in the location of the centroids for
the selected Mo+Ba ratios within their significant sta-

tistical uncertainties, corresponding to no correlation be-
tween neutron and photon emission, see Fig. 5. However,
those Monte Carlo results were obtained by averaging
over emission from all possible fragment pairs, not merely
the specific photon transitions in the selected pairs.

Unfortunately neither experiment measured fission
fragments and thus could not address the photon yields
as a function of A or TKE, as in the earlier measurements
[3-5]. A comprehensive experimental program that mea-
sures fission fragments, neutrons and photons would be
important. In the subsequent sections, we compare our
calculations to all these data.

IIT. PHOTONS IN FREYA

Because the number of photons emitted as well as
their spectral distributions are somewhat sensitive to the
amount of angular momentum of the fission fragments,
we have augmented the FREYA model [2, 23] to include
fragment angular momentum.

In the scenarios considered, the initial nucleus is either
in its ground state (for spontaneous fission) or it has been
prepared by the absorption of a low energy neutron so it
is assumed that the resulting compound nucleus has no
appreciable angular momentum. Accordingly, we ignore
any angular-momentum effects prior to scission, as has
been the case until now.

We assume that the two fission fragments acquire some
amount of angular momentum at the time of scission, Sy,
and Sg. We further assume that the angular momenta of
the fragments are perpendicular to the line joining their
centers, thus ignoring twisting and tilting modes which
are harder to excite and carry less angular momentum,
so that Sy = (Sf4,Sfy,0) for f = L, H. Treating the
angular momenta classically for now, we sample each of
the four angular-momentum components from a thermal
distribution of temperature Ts, which is taken to be an
adjustable parameter. This amounts to sampling .S ]% from
an exponential distribution, '

P(S%) ~ e Si/?iTs (1)
where Z¢ is the moment of inertia of the fragment f.
Ref. [24] considered both a deformed rigid body, Zyigia =
0.4AmyR% (1 + 0.318 + 0.448% + --+), and an irrota-
tional fluid, Zior = (9/87)AmyR% 3% where 8 ~ 0.3
but adopted an intermediate value of Z ~ 0.5Zgq4.
We make a similar choice and use half the rigid value,
Iy = %mNT§A5/3.

Once the angular momenta have been selected, the as-
sociated amount of rotational energy is readily obtained,

1252
21y,

1252
= (2)
2Ty

Erot =

and the energy available for statistical excitation of the
fragment is reduced correspondingly.



The modified FREYA procedure is then as follows. The
fragment masses and charges, (A, Zr) and (Ag, Zm),
are sampled as before and the corresponding available
energy Q1 g is then obtained. This energy comprises not
only the translational kinetic energies of the fragments
and their statistical excitation energies, but now also
their rotational energies. (Possible fragment distortions
are not considered explicitly but their effect is included
by means of a subsequent energy redistribution governed
by the model parameter x.) Thus, once the average total
fragment kinetic energy, TKE, has been sampled as be-
fore, the average combined statistical excitation energy
of the fragments follows from energy conservation,

TXE = E,+Ey = Q—TKE — E,or . (3)

The first relation indicates that the total statistical ex-
citation, TXE, is partitioned between the two frag-
ments. As is common, we assume that the fragment
level densities are of simple Fermi-gas form, pf(E}) ~

exp(2y/asUy), where Uy is the effective statistical energy
in the fragment and ay is the level-density parameter. We
follow the prescription of Ref. [25] with the value of the
asymptotic level density parameter ey obtained from the
239Py evaluation, assuming it to be universal.

If the two fragments are in mutual thermal equilib-
rium, their temperatures are equal, T, =Ty, and their
statistical energy will be proportional to the level-density
parameters, i.e. F; ~ ay. FREYA first assigns tentative
average excitations based on such an equipartition,

b — af(E;)
ar(Ey) +au(Ey)

where E% = (A;/Ag)TXE. Subsequently, because the
observed neutron multiplicities suggest that the light
fragments tends to be disproportionately excited (proba-
bly in large part because they tend to be distorted more
at scission), the average values are adjusted in favor of
the light fragment,

TXE, f=L,H. (4

E;, =zE; , E;, =TKE—-E, , (5)

where x is an adjustable model parameter expected be
larger than unity.

After the mean excitation energies have been as-
signed, FREYA considers the effect of thermal fluctua-
tions. The fragment temperature 7T is obtained from
Uy = Uy(E}) = agT7, where U(E*) = E* in the simple
(unshifted) scenario. The associated variance in the ex-
citation E;Z is then 0’]2c = QU;Tf. Therefore, for each of
the two fragments, we sample a thermal energy fluctua-
tion 0F% from a normal distribution of variance ¢ and
modify the fragment excitations accordingly, so that

E} = E;+6E;, f=L,H. (6)

Energy conservation causes a compensating opposite
fluctuation in the total kinetic energy leading to TKE =
TKE — 0E; — dE3; [25].

The subsequent neutron evaporation occurs after the
fragments have reached their asymptotic velocities and is
performed as earlier: For a given fragment of statistical
excitation F*, the maximum temperature in its evapora-
tion daughter, Tiyay, is obtained from aT2,, = E* — S,
where S,, is the neutron separation energy, and the neu-
tron kinetic energy FE is then sampled from

1L dN,
N, dFE

fu(E) = ~ Ee B/ (7)

as is easily done by letting E = —Tiax In(n172), where
7; are random numbers distributed uniformly within the
unit interval (0,1]. It is assumed that the emitted neu-
tron carries no angular momentum, so the fragment an-
gular momentum remains unaffected during the evapo-
ration chain. For each of the two fragments, the evapo-
ration procedure is repeated as long as the @) value for
neutron emission exceeds a specified value, E,, cut, which
governs where photon emission takes over from neutron
evaporation (see below).

After neutron evaporation has ceased, the residual
product nucleus has a statistical excitation energy of
E* < 5, + B, cut- It now proceeds to de-excite by se-
quential photon emission which is assumed to occur in
two stages: first the statistical excitation energy is radi-
ated away by sequential photon emission, leaving a cold
but rotating product nucleus which then completes its
de-excitation by photon emission along the yrast line.

The statistical photon emission is treated in a manner
analogous to neutron evaporation, but there are two im-
portant technical differences: there is no separation en-
ergy for photons and, because they are massless, there is
no obvious end to the photon emission chain. We there-
fore introduce an infrared cut-off value. Furthermore,
whereas the neutrons may be treated by non-relativistic
kinematics, the photons are ultra-relativistic and, conse-
quently, their phase space has an extra energy factor,

1 dN,

_ &Ny 2 —E/T

1B) = g ~ BT (8)
Here T is the nuclear temperature prior to emission which
is equal to the maximum possible temperature after emis-
sion (corresponding to the emission of an extremely soft
photon). The photon energy is sampled according to
E = —Tln(mn2ns), where 7; are random numbers dis-
tributed uniformly within the unit interval (0,1]. The
photons are emitted isotropically in the frame of the
emitter nucleus and the appropriate Lorentz boosts are
then performed.

The above procedure is repeated until the available
statistical excitation energy has been exhausted. We
then dispose of the angular momentum by simulating a
stretched E2 cascade. Thus, as long as S > 2, the angu-
lar momentum will be reduced by two units and a pho-
ton is emitted with energy F = $[S? — (S — 2)?|a?/T =
2(S—1)h?/Z. At the end of the cascade, when S < 2, the
remaining excitation energy is carried away by a single



Ts (MeV)
Sy ()

0.20 0.35 0.75 1.35 2.75
297 3.93 5.76 7.72 11.0

TABLE I: The average magnitude of the fragment angular
momentum obtained with the values of T's employed here as-
suming Z = 0.5Zigiq.-

final photon. This approximate procedure can clearly be
refined, but we prefer to first explore its utility before
complicating the treatment.

IV. COMPARISON TO PHOTON DATA

The photon observables are sensitive not only to the
existing FREYA parameters: dTKE, ey, and x employed
in our previous work [2, 23, 25], but also to the frag-
ment “spin temperature”, Ts. the energy at which pho-
ton emission begins to dominate over neutron emission,
E,, cut, and the photon detection threshold, Eqes.

The parameter Ts governs the magnitude of the frag-
ment angular momentum, (S7) = 2Z;Ts = gfc. Table I

shows the mean magnitudes, S ¢, averaged over the frag-
ment mass distribution, obtained for the values of Tg
employed in this study.

We have set the detection threshold in our calculations
to 150 keV, the threshold given in the recent photon mul-
tiplicity measurement in Ref. [17]. Because raising or
lowering E4e¢ decreases or increases the number of soft
photons registered, modifying Fge; strongly affects the
photon multiplicity but has only a modest effect on the
total photon energy.

Since the competition between photons and neutrons
has been approximated by changing the ratio T, /(T,, +
I',) from one to zero abruptly at E, ¢y, we vary the rel-
ative neutron to photon dominance by adjusting E,, cut.
We use a default minimum FE,, ¢y value of 0.01 MeV (to
avoid numerical problems with very low kinetic energy
neutrons) and study the effect of increasing F, ¢y on
both neutron and photon observables.

We keep eg and z fixed to the values of our previous
results, eg &~ 10 MeV and x = 1.3 for 252Cf(sf) (z = 1.2
for 235U (n4p,f)) and study the sensitivity of the photon
observables to E, .yt and T's. The shift in total fragment
kinetic energy, dTKE, is adjusted to maintain agreement
with the average neutron multiplicity for the values of
E,.cat and Ts employed. We note that the value of
dTKE necessary to recover 7 decreases with increasing
Ts to compensate for the inclusion of E,o in TXE. In-
deed, dTKE = 0 for 2°2Cf with Ts = 1.35 MeV.

In the remainder of this section, we compare our results
to the data discussed in Section II. We then go on to
discuss photon-neutron correlations and the sensitivity
of the neutron results to the photon parameters.

A. Average photon multiplicity

We begin by comparing our FREYA calculations to the
recent DANCE prompt photon multiplicity distribution
reported in Ref. [17]. The top panel of Fig. 6 compares
the DANCE result to a FREYA calculation using the value
Ts = 0.35 MeV which yields the best agreement with the
measured average photon multiplicity, (N.,) = 8.14 [17].
While the average multiplicity is the same in the two
cases, the calculated multiplicity dispersion, oN, R 9.5,
is smaller than the measured value of 11.1. For reference,
we also show the Poisson distribution having the same
mean multiplicity as the calculation. It is evident that
both the calculated and the measured distributions are
broader than a Poisson, the opposite of the situation for
the neutron multiplicity distribution. The semi-empirical
result of Brunson [21], shown in Fig. 4, is shifted to lower
multiplicity and has a narrower width compared to the
DANCE data. While the narrower width agrees better
with the FREYA simulation, it would be difficult to realize
a lower multiplicity that is consistent with the relatively
large average angular momenta obtained in earlier exper-
iments [3, 4, 16].

While the calculation gives the right average photon
multiplicity, the average angular momentum obtained
with Ts = 0.35 MeV, namely S = 3.9A, is consider-
ably smaller than that reported in earlier measurements.
Therefore, we studied the sensitivity of the calculated
multiplicity distribution to both the value of Ts and the
neutron energy at which photon emission should begin
to dominate, E, cut. As stated previously, the default
value of E, cut is 0.01 MeV. An increase of Ej, oy will
reduce the neutron emission while enhancing the photon
emission, with regard to both multiplicity and energy, as
discussed later.

The middle panel of Fig. 6 shows the effect of varying
Ts while keeping E,, cut fixed. The lowest value of T,
0.20 MeV, while underestimating the total multiplicity,
agrees best with the low-N, part of the distribution. In-
creasing T's essentially increases the maximum average
fragment angular momentum from 2.9% with Ts = 0.20
MeV to 11.4A4 for Ts = 2.75 MeV, see Table I. The corre-
sponding average photon multiplicity increases from 7.76
to 8.78, see Table II. Keeping E,, ¢yt fixed while varying
Ts leaves the neutron observables unchanged as long as
the parameter dTKE is adjusted to maintain agreement
with 7. The additional energy that goes into rotational
energy for larger values of Ts increases both NnY and Ew-
Thus, as we show shortly, though the agreement with the
more recent multiplicity measurement is degraded, the
increased average photon energy is in better agreement
with the earlier measurements.

In the bottom panel of Fig. 6, Ts is kept fixed while
E, cut is increased from 0.01 MeV to 1.00 MeV. We have
chosen the low value of Ts = 0.20 MeV for the compari-
son because it was already seen that larger values of Tg
would increase the photon multiplicity beyond that re-
ported in Ref. [17]. While such a large value of E,, cyt
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FIG. 6: (Color online) The photon multiplicity data from
DANCE [18] (e) are compared to FREYA calculations. (a)
Calculations with Ey, cut = 0.01 MeV and Ts = 0.35 MeV (¢)
are compared to a Poisson distribution with the same value of
(N,) (<). (b) Results for fixed E, cur = 0.01 MeV are shown
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Results with fixed Ts = 0.20 MeV are shown for E,, ¢t = 0.01
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can still be brought to agree with 7 by adjusting dTKE,
the neutron observables are affected by the higher Tg
value (see Sect. IVE).

Finally, to test the sensitivity of the results to the mo-
ment of inertia, we take 7 = Zigiq instead of 0.5Zigiq.
In this case, the best agreement with the DANCE mul-
tiplicity, N, =~ 8.17, is obtained with Ts = 0.5 MeV
which corresponds to an angular momentum of 6.64. By
the time Ts has been increased to 1.35 MeV, we obtain
S ~ 11h and N, ~ 8.6. Using the larger moment of in-
ertia does not change the value of dTKE needed to give
the correct value of the average neutron multiplicity, only
the angular momentum. In addition, increasing the value
of 7 does not increase the average total photon energy
emitted.

Ts (MeV) Encn (MeV) (N5) o
252Cf(sf)
0.20 1.00 9.219 8.553
0.20 0.01 7.760 9.525
0.35 0.01 8.143 9.496
0.75 0.01 8.494 9.358
1.35 0.01 8.655 9.223
2.75 0.01 8.779  9.162
235U(nth7f)
0.20 1.00 8.758  7.886
0.35 0.01 7.752 8.721
2.75 0.01 8.388 8.345

TABLE II: The average photon multiplicity, <W,y>7 and the
width of the multiplicity distribution, ox_, for the values

of Fyncut and Ts considered. Results are shown for both
B2Cf(sf) and U (nen,f).

B. Photon energy and number distributions

We now consider the dependence of the 252Cf(sf) and
235U (n4p,f) observables on fragment mass and total ki-
netic energy. We first focus on spontaneous fission and
then turn to neutron-induced fission.

1. Spontancous fission: 22 Cf(sf)

We first compare our FREYA results to the measured
mass dependence of the average total photon energy re-
leased in the spontaneous fission of 2°2Cf. In general, we
find that the values of T's that lead to agreement with the
recent measurement of NV, with a correspondingly low
average fragment angular momentum, are not in good
agreement with the earlier measurements of the photon
energy observables.

This is illustrated in Fig. 7 which compares the FREYA
results to the Nardi data [4]. There is a sharp drop in the
measured average photon energy at symmetry, A = 126,
that is not reproduced by the calculations.

While the statistics are rather poor, we see that the
results for Ts = 0.35 and 0.75 MeV are, on average,
too low to reproduce the trends of the data, whereas the
other three calculations come closer. We note that while
the results for Ty = 2.75 and Ts = 0.2 MeV are rather
similar for the light fragment, they differ for the heavy
fragment. This is likely due to the use of x = 1.3 which
gives more of the excitation energy to the light fragment
and correspondingly less to the heavy fragment. The use
of B, cut = 1 MeV therefore effectively returns some of
the excitation energy to the heavy fragment, allowing it
to give proportionally more of its excitation energy to
photon emission.

On the other hand, when the E.(A) data are com-
bined to present the results as a function of light frag-
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FIG. 7: (Color online) The average total photon energy as
a function of fragment mass A compared to data (x) from
Ref. [4]. The calculations are Fp cut = 1 MeV, Ts = 0.20 MeV
(A) and, with Encut = 0.01 MeV, Ts = 0.35 MeV (o),
0.75 MeV (v7), 1.35 MeV (0), and 2.75 MeV ().

ment mass, evidence of the structure of E.,(A) is lost and
the Nardi data [4] appear to be practically independent
of Ay, within the large uncertainties, with the excep-
tion of the symmetric point, off the scale of the y-axis in
Fig. 8. This behavior is, as already noted, in contrast to
the more gradual increase in E, with Ay for A;, > 108
reported by Nifenecker [3].

The FREYA results are relatively independent of A, ex-
cept in the range 112 < Ay, < 120, corresponding to the
dip near the closed shell in Fig. 7. Again the larger val-
ues of Tg for fixed E,, cut give better agreement with the
trend of the data. Note that the two sets of data are not
consistent with each other as symmetry is approached,
even within the large uncertainties of Ref. [4].

The conflict between the T values required to repro-
duce the DANCE average photon multiplicity and the
earlier data on E.(A) is not easily reconciled. A pos-
sible calculational solution of increasing the parameter
eo from =10 to ~14 MeV (and thereby increasing the
fragment temperature) actually results in a significantly
narrower multiplicity distribution, opposite the trend of
the DANCE measurement, although taking Ts = 2.75
MeV with both values of eg gives a lower average NV for
the higher eg, closer to the measured average.

The TKE dependencies of the different data sets are
also difficult to reconcile. Although data sets show a
decrease of EnY with TKE, the trend is weaker in the
Nardi data [4] which starts out lower and becomes almost
independent of TKE for TKE > 180 MeV. The FREYA
result with E, ¢yt = 0.01 MeV and Tg = 2.75 MeV is
in relatively good agreement with the Nardi data in this
region of TKE. But the linear decrease of the Nifenecker
data [3] over the range of TKE agrees with neither the
Nardi data nor FREYA. A new measurement of E.(A)

and FV(TKE) would be very helpful for resolving this
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FIG. 8: (Color online) The average total photon energy as a
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MeV, Ts = 0.20 MeV (4A) and, with Ep cot = 0.01 MeV,
Ts = 0.35 MeV (o), 0.75 MeV (v), 1.35 MeV (O), and 2.75
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FIG. 9: (Color online) The average total photon energy emit-
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The measured average neutron multiplicity also de-
creases almost linearly with TKE, as shown in Fig. 10.
In this case, FREYA agrees very well with the Budtz-
Jorgensen data [26] which is averaged both over fragment
yield as well as energy, while the Bowman data [27] are
only averaged over energy. (They did not report mass
yields.) If the photon behavior follows that of the neu-
trons, as suggested by Nifenecker [3], then the behavior
of the photon data in Fig. 9 would be similar to this re-



sult. However, if there is an anti-correlation between the
neutron and photon multiplicity for a given E,, or no
correlation at all, as suggested by the LiBerACE data,
then there is no reason to expect E.(TKE) to have the
same behavior as 7(TKE).

1 \ \ \
8 A A —
FREYA
FIFRELIN
Budtz-Jorgensen

Bowman

e oo

Neutron mutliplicity v

940 150 160 170 180 190 200 210 220
Total Kinetic Energy (MeV)

FIG. 10: (Color online) The average neutron multiplicity as a
function of fragment total kinetic energy in the spontaneous
fission of 2*2Cf measured by Budtz-Jgrgensen [26] (e) and
Bowman [27] (A) compared to the FIFRELIN Monte Carlo re-
sults [24] ({J) and the present FREYA calculations (¢), for which
the vertical bars show the calculated width of the multiplicity
distribution, 7 £+ o,.

2. Neutron-induced fission: 23° U(nn,f)

Using the same FREYA parameter values as for the
above analysis of data on spontaneous fission, we now
consider the Pleasonton data on 23°U(ng,, f) [5]. Thus we
use Tg = 0.35 MeV or 2.75 MeV with E,, ¢yt = 0.01 MeV
to bracket the range of values that agree with the pho-
ton multiplicity distribution and the photon energy ob-
servables, respectively. We also use Ts = 0.2 MeV with
Epcut =1 MeV.

The results for E,(A) and N.,(A) are shown with the
Pleasonton data in Figs. 11 and 12. The trends of the
E. and N, data are similar: There is a general increase
for 80 < A < 110 and also for 126 < A < 155, although
N, (A) appears to a have a somewhat more linear de-
pendence. The values of N, and E, (in MeV) are also
very similar. (See also Fig. 3.) The averages reported in
Ref. [5] are listed in Table III together with the calculated
results for the three cases displayed in Figs. 11-14.

It appears that the differences between the calculated
results and the data for the total photon energy and the
photon multiplicity are larger than the reported error
bars could accommodate. However, our calculated en-
ergy and multiplicity distributions are rather broad (their
dispersions are shown in Table IIT), much broader than
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the corresponding neutron distributions [2]. The ratio
(E,)/(N,), where the average is taken over all masses,
is reported as 0.98 MeV [5], while the calculated ratio
is &~ 0.65 for Tg = 0.35 MeV and ~ 0.75 for the other
two cases using our value of F4qet = 0.15 MeV. In addi-
tion, the calculated average energies are almost the same
for the light and heavy fragments, while Ref. [5] reports
(E,)u/(E,)r = 0.70. The calculated average photon
multiplicities exhibit the same feature, while experimen-
tally (Ny)u/(N~)r = 0.78 [5].

8 \ \ " \
[ = Pleasonton 35U(nth,f)

Uy AE,_,=1.00MeV, T¢ = 0.20 MeV
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FIG. 11: (Color online) The average total photon energy as a
function of fragment mass compared to the data on thermal
neutron-induced fission of 2*3U [5] (m). The calculations are
Eneut = 1 MeV, Ts = 0.20 MeV (A) and, with Ey, cur = 0.01
MeV, Ts = 0.35 MeV (¢) and 2.75 MeV (&>).

Because of the change in slope near the closed shell at
Ap = 132, two values of (F.,)y are shown in Table IIL
The first, 126 < Ay < 156, matches the range of the
data, while the second, 136 < Ay < 156, excludes the
region with the change of slope. Taking the narrower

definition of Ay does not have a large effect on (E,) g,
but results in (E,) g /(E,)r < 1.

The calculated N (A) is almost constant which is very
different from the trend exhibited by the data. The
changes in N,,(A) for different values of T's and E,, cut
are smaller than those in E.,(A).

In these calculations, we have used the same detec-
tor threshold, Eqet = 0.15 MeV, as the DANCE detec-
tor. As stated previously, changing Fg4.t does not have
a significant effect on EnY because Fger < (Eﬁ How-
ever, a change in Ege; has a stronger effect on <N7> For
example, changing Eger from 0.15 MeV to 0.2 MeV re-

duces (F,) by ~ 4% while reducing (N,) by ~ 12% for
Ts = 0.35 MeV. As noted already, (E,) ~ (N.) MeV for
Faet = 0.3 MeV, so the calculated balance between N,,
and FV is sensitive to the employed cutoff.

A changi of FEget _does not significantly affect the
shapes of N,(A) or E,(A), only their magnitudes, as
shown as a function of heavy-fragment mass number in
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Ts (MeV) Eneur (MeV) (Byz) (MeV) (Nyz) (Bym) MeV) (Nym) (B2) (MeV) (N.)

Ref. [5] 3.78+04 363+04 266+03 288+0.3 644+04 6.56+0.3

0.20 1.00 3.3+24 44+19 3.4+ 2.6 4.6 +2.0 6.4+5.5 8.6 £2.8
3.2+25

0.35 0.01 26+1.9 3.94+2.0 2.7+2.0 4.0+ 2.1 5.1+4.4 7.8 +2.9
2.5+2.0

2.75 0.01 3.3+ 2.6 42+20 3.3+2.5 4.4+ 2.0 6.2+5.4 8.3 +2.8
3.0£24

TABLE III: The average photon multiplicity and total energy emitted as photons in the light and heavy fragments as well as
from both fragments combined. The first line shows the results extracted from the data on 23U(n, f) [5]. The calculated
result for an observable X is given as (X) + ox, where dispersion ox is the width of the distribution of X (not the numerical
error which is negligible). The values of (E,r) and (N.,r) were extracted for the measured range, 80 < Ar < 110, while
(N,r) was extracted for the measured range 126 < Ay < 156. However, (E,u) is given for both the full reported range,

126 < Ay < 156, and 136 < Ay < 156 (see text).
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FIG. 12: (Color online) The average total photon multiplicity
as a function of fragment mass compared to data from thermal
neutron-induced fission of #*3U [5] (m). The calculations are
Encut =1 MeV, Ts = 0.20 MeV (A) and, with Ej, cut = 0.01
MeV, Ts = 0.35 MeV (o) and 2.75 MeV (&>).

Fig. 13 to facilitate comparison to the results in Fig. 6
of Ref. [5]. The uncertainties in the N., and E. data
are omitted for clarity. The FREYA calculation with
Eycut = 0.01 MeV and Tg = 2.75 MeV is shown with
both our default value of Eger = 0.150 MeV (open sym-
bols) and a value of 0.275 MeV (filled symbols), obtained
by adjusting Fg4et to match the average NnY reported in
Ref. [5]. The change in E., as a function of Ay is very
small while Wv is considerably reduced. With the higher
value of Fge, the ratio E,/N., in Fig. 13(a) is well re-
produced.

Finally we show the dependence of the photon energy
on the fragment TKE for 23°U(ngy,,f) in Fig. 14. Again
the calculations with Ts = 0.35 MeV lie significantly be-
low the data, while the agreement with the other two
calculations is considerably better. There is some charac-
teristic curvature of the calculated Fv with TKE that is
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FIG. 13: (Color online) The ratio E./N. (a) and the in-
dividual N, (b) and E, (c) are shown as a function of the
heavy fragment mass number. The thermal neutron-induced
fission data [5] (m) are compared to FREYA calculations with
Encuty = 0.01MeV, Ts = 2.75MeV employing two different
detector cuts: Fger = 0.150 () and 0.275 MeV (> ). The av-
erage N, and E, are indicated by the dashed lines in (b) and
(c) respectively.

absent in the spontaneous fission results shown in Fig. 9.

C. Components of the fragment excitation energy

The measured photon observables exhibit an A de-
pendence that is strikingly similar to 7(A4), as shown in
Fig. 3. However, the calculated photon results are almost
independent of both A and TKE, unlike the calculated
7(A) which displays a pronounced sawtooth. Such an
independence is intuitively expected for statistical neu-
tron and photon emission because after the last neutron
has been evaporated (i.e. when the excitation energy has
fallen below the separation energy), the product nucleus
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FIG. 14: (Color online) The average total photon energy emit-
ted in a fission event as a function of the total fragment kinetic
energy compared to the data on thermal neutron induced fis-
sion of 235U [5] (m). The calculations use Fn cur = 1 MeV with
Ts = 0.20 MeV (A) or Ep cut = 0.01 MeV with Ts = 0.35 (©)
and 2.75 () MeV.

is left with an excitation that tends to be fairly indepen-
dent of the initial fragment excitation.

This is illustrated in Fig. 15 which shows how the sta-
tistical excitation of the initial fragment, E*, is being
used up in the course of the neutron evaporation cas-
cade. The largest energy expenditure is the cost of re-
moving the evaporated neutrons from the emitting nu-
cleus, >0 S,(Z, A—i+1), where S,,(Z, A) denotes the
neutron separation energy in the nucleus 4Z and v is
the neutron multiplicity (which varies from one event to
another). As is evident from the figure, the average cu-
mulative loss of binding energy has a sawtooth form very
similar to the initial excitation.

Each evaporated neutron carries away a kinetic energy
€ that is equal to twice the maximum temperature in the
daughter, on average, which is several times smaller than
the separation energy. Consequently, the total kinetic
energy carried away by the neutrons, "7, €;, is less sig-
nificant but its average also exhibits a distinct sawtooth
form.

The amount of statistical excitation energy left over in
the residual product nucleus after the evaporation cas-
cade is then given by E* — "7 | [S,(Z,A— i+ 1) + €]
(apart from insignificant recoil effects). It is apparent
from Fig. 15 that this quantity does not have any notice-
able sawtooth structure. Consequently, neither will the
resulting statistical photon energy.

After all the statistical excitation energy in the prod-
uct nucleus has been radiated away, only the rotational
excitation energy remains. As explained in Sect. III, it
is assumed that the average rotational energy given to
the fragments at scission depends smoothly on the mass
partition. As a consequence, the average yrast energy of
the product also depends smoothly on A, as shown in
Fig. 15, and so will the resulting average multiplicity of
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the yrast photons.

When one assumes that photon emission occurs only
after neutron emission, the maximum possible E,Y per
fragment cannot significantly exceed S, for that fragment
unless more rotational energy is given to the fragment.
Such an increase in E,Y does not have a strong effect
on N., because increasing E,o; increases N., only by the
number of yrast photons, increasing NnY by ~ 1—2. Thus,
the shape of FV (A) arises from momentum and energy
conservation.

30¢

Energies (MeV)
& 3 &

=
o

%0790 100 110 120 130 140 150 160 170
Fragment mass number A

FIG. 15: (Color online) The ways in which the initial statisti-
cal fragment excitation energy (E™) is being expended during
the deexcitation process: The combined cost of separating the
evaporated neutrons from the emitting nucleus (X.5,), their
combined kinetic energy (Xe, ), and the statistical excitation
energy of the resulting product nucleus (E* — XS, — Xen),
which will be radiated away by the statistical photons, leav-
ing a cold rotating product nucleus whose rotational energy
(FErot) will be carried off by quadrupole radiation. The ensem-
ble averaged quantities are shown as functions of the fragment
mass number A for spontaneous fission of 2°2Cf.

As is apparent from the above analysis, event-by-event
Monte Carlo calculations, such as those in Ref. [22] and
presented here, generally have difficulties reproducing the
structure in the reported photon data. Because the pho-
tons appear as the end result of a complicated process, it
is not straightforward to “tune” the resulting A depen-
dence in such treatments while still maintaining agree-
ment with other data and conserving the energy and mo-
mentum in each individual event.

Other methods of excitation energy partition based on
fragment temperature can reproduce 7(A) more closely
[24, 28]. However, this does not necessarily guarantee
good agreement with the prior photon results [3—5] unless
neutron and photon competition is handled differently.

Calculations that partition the excitation energy based
on ratios of neutron multiplicities for measured fragment
pairs can reproduce the trend of the v(A) and E,(A)
data [29]. These results use average values of the neutron
separation energies to eliminate shell effects and assume
only a limited number of fission fragment pairs [30] and



are thus not event-by-event calculations in the spirit of
Refs. [22-24]. The calculation assumes that (E,) « 7,
obtained as a function of F, [8]. In Ref. [8], Fré haut
converts the similarity of E.(E,) and 7(E,,) into a more
general relation between E., and ¥ which Refs. [29, 30]
assume holds also for E,(A) and v(A). In thier en-
hanced average fission model approach such relations can
be hardwired in, not possible in an event-by-event ap-
proach.

In future work, we will address neutron-photon com-
petitionin more detail. The aim of this work is to show
what can be done with minimal assumptions.

D. Photon spectrum

Figure 16 shows the calculated spectral distribution of
individual prompt photons emitted during the sponta-
neous fission of 2°2Cf for several of the cases considered
above. Figure 16 does not show all the cases we have
studied because the high-energy behavior is the same for
all values of T's with Ej, cys = 0.01 MeV.

The only significant differences for fixed E,, ¢y occur
for low photon energies, E;, < 2 MeV. Here, increas-
ing Ts enhances the photon yield because the additional
photon yield comes from yrast emission. The yrast pho-
ton yield increases by ~ 1.0 for fixed E, cu+ between
Ts = 0.20 MeV and 2.75 MeV, while the statistical pho-
ton yield remains fixed. Since the yrast photons are emit-
ted after the statistical emission of photons is complete
in FREYA, the yrast photons are predominantly of low en-
ergy, causing the differences in the spectra highlighted in
the inset of Fig. 16. We note, however, that an increase
of Ts also increases the energy of the yrast photons by
~ 1.3 MeV over the range of T studied.

On the other hand, increasing E), ¢t increases the sta-
tistical photon yield by ~ 1.5 for fixed Ts in addition to
increasing the average energy of the emitted photons by
~ 1.7 MeV. This results in the overall ‘hotter’ photon en-
ergy spectrum shown by the solid curve in Fig. 16. The
shape of the unfolded distribution from Ref. [17] agrees
better with the higher value of E,, cyut.

Table IV shows the average single photon energies and
their dispersion as well as the average energy and asso-
ciated dispersion for the combined photon emission in a
given event, both for 2°2Cf(sf) and 22°U(nyy,,f). These av-
erages are taken over all fission events, without any cuts
on fragment mass or kinetic energy. Thus the average to-
tal energy given in Table IV may not be identical to that
obtained in Table III by averaging over regions of A or
TKE. The relative width of the energy distribution is also
smaller. In addition to providing the results for the to-
tal photon multiplicity, we show the average energies for
three photon multiplicity ranges: 1 <N, <5; 6 <NV, <8;
and 9 < N, <16. The dispersions on the single-photon
energies are quite large. Furthermore, because the peak
in the photon multiplicity occurs at (N,) ~ 7—9, the rel-
ative dispersions in F;, and E, are largest in the lowest
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FIG. 16: (Color online) The calculated prompt fission pho-
ton spectrum from 2°2Cf(sf) as a function of emitted single
photon energy. The results are normalized to the total av-
erage multiplicity, as is the data from Ref. [17]. The calcu-
lations show Fn.cot = 1 MeV, Ts = 0.20 MeV (solid) and,
with Encwte = 0.01 MeV, Ts = 0.35 MeV (dashed), 0.75
MeV (dot-short-dashed), and 2.75 MeV (dot-long-dashed).
The inset shows the difference between the calculations for
0.5< E, <2 MeV.

N, bin.

E. Neutron-photon correlations

As discussed in Sect. II, the LiBerACE Collabora-
tion studied the ratio of discrete photon lines emitted
from two identified deformed even-even product pairs:
106\[o+144Ba, with neutron multiplicity, v, of two, and
106Mo+142Ba, with v=4. They searched for a systematic
shift of the centroids of the two corresponding photon
multiplicity distributions indicative of either a correlation
(forward shift) or anticorrelation (backward shift) of neu-
tron and photon emission. Due to statistical uncertain-
ties, their data were unable to determine any measurable
shift of the photon multiplicity or energy distribution for
v=4 relative to v=2.

Previously, Nifenecker et al. [3] extracted a positive
correlation between neutron and photon multiplicities,
shown in Fig. 2(b) and seen in Ref. [8] for a range of
E,. While the LiBerACE data do not support this
conclusion for 252Cf(sf), neither do they support the
relatively strong anti-correlation predicted by the early
Monte Carlo calculation of Ref. [22]. Our result, shown
in Fig. 17, also exhibits an anticorrelation, albeit not as
strong as in Ref. [22]. Indeed, for every increase in v
for a given fission event, the average photon multiplicity,
<N7), decreases due to energy-momentum conservation.
This anticorrelation is independent of E,, ¢+ and T's, but
it weakens for higher photon multiplicities. In addition,
the neutron-gated photon multiplicity distributions are
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Ts (MeV) Epcut (MeV) N, bin  (Ei) (MeV) OB, (MeV) (E,) (MeV) op., (MeV)
52 Of(sf)
0.20 1.00 all 0.734 0.711 6.768 2.718
1<N, <5 0.812 0.843 3.560 1.875
6 <N, <8 0.773 0.769 5.520 2.108
9< N, <16 0.717 0.681 8.010 2.364
0.20 0.01 all 0.658 0.630 5.117 2.535
1< N, <5 0.662 0.693 2.588 1.613
6 <N, <8 0.678 0.659 4.763 1.798
9< N, <16 0.646 0.597 7.002 2.041
0.35 0.01 all 0.650 0.619 5.298 2.550
1< N, <5 0.635 0.668 2.542 1.555
6 <N, <8 0.668 0.651 4.710 1.780
9< N, <16 0.644 0.593 7.051 2.066
0.75 0.01 all 0.659 0.603 5.596 2.563
1< Ny, <5 0.637 0.632 2.612 1.494
6<N, <8 0.675 0.634 4.775 1.756
9< N, <16 0.655 0.586 7.230 2.092
1.35 0.01 all 0.683 0.599 5.915 2.584
1< N, <5 0.675 0.616 2.804 1.474
6<N, <8 0.704 0.629 4.988 1.766
9< N, <16 0.677 0.586 7.489 2.122
2.75 0.01 all 0.733 0.613 6.432 2.628
1<N, <5 0.769 0.634 3.229 1.512
6<N, <8 0.763 0.641 5.415 1.812
9< N, <16 0.718 0.599 7.970 2.176
235U(nth7f)
0.20 1.00 all 0.739 0.721 6.476 2.653
1<N, <5 0.818 0.845 3.567 1.868
6<N, <8 0.774 0.770 5.505 2.074
9< N, <16 0.717 0.685 7.838 2.311
0.35 0.01 all 0.652 0.622 5.058 2.474
1<N, <5 0.645 0.671 2.576 1.546
6 <N, <8 0.667 0.647 4.689 1.754
9< N, <16 0.644 0.595 6.913 2.029
2.75 0.01 all 0.752 0.629 6.306 2.559
1< N, <5 0.807 0.660 3.394 1.542
6 <N, <8 0.783 0.655 5.539 1.814
9< N, <16 0.730 0.611 7.931 2.137

TABLE IV: The average single photon energy, (E;,), and variance, 0, a8 well as the average total photon energy, (E.), and

variance, °F, for the values of E, cut and Ts considered. Results are shown for both 252Cf(sf) and 235U(mmf).

shifted to higher N, as shown in Fig. 17(a).

The LiBerACE data are compared to our calcula-
tions with Eyp eyt = 1 MeV, Ts = 0.20 MeV and with
Epcut = 0.01 MeV, Tg = 2.75 MeV in Fig. 17(b). The
anticorrelation is weakest with the larger E,, cut, giving
only a small shift between v = 2 and 4. While there is a
larger shift for £, ¢yt = 0.01 MeV and Ts = 2.75 MeV,
both calculations are in qualitative agreement with the
data. We note that the data does seem to exclude the

lower value of Ts which is shifted to lower photon mul-
tiplicities, (N,) ~ 8 instead of ~ 9. It is interesting
that there thus seems to be some incompatibility of these
data with the DANCE measurement [17]. However, it
should be recalled that our results, as well as those of
Ref. [22], are an average of many fragment pairs, not
only the Mo+Ba channels. It would be worth trying
to design follow-up measurements that can either accu-

mulate higher statistics for the Mo+Ba splits or study
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FIG. 17: (Color online) The photon multiplicity distribution
gated on neutron multiplicity for 22Cf(sf). The results, aver-
aged over all fragment masses, are shown in (a) for Fp cut = 1
MeV, Ts = 0.20 MeV (A) and with Fpcut = 0.01 MeV,
Ts = 0.35 MeV (¢) and 2.75 MeV (r>). Panel (b) shows
the LiBerACE [19] data together with results calculated with
Encut =1 MeV, Ts = 0.20 MeV (A) and with Ej cut = 0.01
MeV, Ts = 2.75 MeV (&>). In both panels the neutron mul-
tiplicities are indicated by dashed curves with filled symbols
(v=2) and solid curves with open symbols (v=4), e.g. (») and
() respectively for Ej, cut = 0..01 MeV and Ts = 2.75 MeV.

multiple lines with the same number of neutrons emitted
(multiple fission fragment pairs with v = 2 and v = 4)
for a more direct comparison.

Figure 18 shows the angular correlation between two
neutrons emitted from spontaneous fission of 252Cf for
neutrons with kinetic energies above a threshold of E =
0.5, 1 or 1.5 MeV. The angular modulation grows some-
what more pronounced as the threshold is raised (while
the statistics are correspondingly reduced).

There is a significant forward-backward correlation, as
discussed in detail in Ref. [2] before including the rota-
tional component of the excitation energy. After adding
Eot, we find that the neutron correlations are unchanged
for our low value of E), cys. The peak at 612 = 0 is due
to both neutrons being emitted from the same fragment.
The stronger correlation at 612 = 0 for larger threshold
energies is due to the greater contribution to the correla-

15

tion from the emission of higher velocity neutrons from
the light fragment. The peak at 612 = 180, due to the
relative motion of the two fragments moving away from
each other, arises when one neutron is emitted from each
fragment. It is thus unaffected by the neutron energy
threshold when E,, ¢, is negligible relative to the neu-
tron threshold E. We present results for only one value
of Ts in the top panel of Fig. 18 because the neutron
correlation is essentially independent of T.

However, as Ey, ¢yt becomes comparable to E, the two-
neutron correlation weakens. The effect is similar to that
of increasing the average neutron multiplicity, e.g. for
neutron-induced fission with incident energies above a
few MeV: the correlation is reduced because it becomes
more likely to emit more than one neutron from a single
fragment. In this case, however, the increased value of
E,, cut causes fragments with relatively low excitation en-
ergies to de-excite by photon emission rather than emit
another neutron. Even if the two neutrons are emitted
from different fragments, they are both affected equally
by Ej . cut 50 that the correlation at 612 = 0 is similar to
that at 912 = 180.

There is no corresponding angular correlation between
two photons because their high speed makes the effect of
the Lorentz boosts imperceptible.

V. APPLICATIONS

Most of the measurements discussed have only studied
gross features of photon emission, such as multiplicity
and total energy. Modern detectors used to track and
identify materials, however, would be better served by
more sophisticated methods to better, more completely,
characterize the materials of interest. In these, photons
may be studied either in conjunction with neutron ob-
servables or alone, exploiting correlations, if possible.

The characteristic arrival of neutrons after photons in
coincidence detectors can be a signature of fission in a
material. Thus, fast detectors that can count and sepa-
rate the prompt neutrons from prompt photon emission
with typical energies of a few MeV could identify fissile
material from the background. For example, the statisti-
cal distributions of neutrons are sensitive to the presence
of fission chains in nuclear material [31, 32]. In prin-
ciple, the photon multiplicity distribution encodes simi-
lar information [33]. However, the higher photon back-
grounds make this information difficult to obtain in prac-
tice. Photon-neutron correlations may be the most likely
place to look for such signatures. The new features of
FREYA described here may make it possible to determine
the conditions under which such signals can be extracted.

VI. CONCLUDING REMARKS

We have extended the event-by-event model of fission,
FREYA, to photon emission and compared our calcula-
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FIG. 18: (Color online) The angular correlation between two
neutrons emitted in spontaneous fission of 22Cf as a func-
tion of the opening angle between the two neutrons, 612. (a)
Representative results for Ey cut = 0.01 MeV, with Ts = 0.35
MeV. (b) The result for E, cuts = 1 MeV and Ts = 0.20 MeV.
The cuts on the neutron kinetic energy are £ > 0.5 MeV
(solid black), 1 MeV (dashed red), and 1.5 MeV (dot-dashed
green).

tions to the sometimes sparse available data on prompt
fission photons. The data from the early 1970’s yield-
ing photon multiplicity and photon energy as functions
of fragment mass and kinetic energy exhibit some incon-
sistencies. The previous analyses are based on differ-
ent assumptions regarding the relation between fragment
excitation energy, deformation, and angular momentum.
Data taken in the last few years have focused more on
multiplicity distributions or spectra so that only the av-
erage multiplicity can be directly compared to the pre-
vious data and these appear to be somewhat higher on
average than the previous results suggest. Clearly more
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data, taken with modern photon detectors, are needed.
In particular, differential data with photon energy and
multiplicity as a function of fragment mass and kinetic
energy would be especially useful to make direct compar-
ison to the earlier data of Refs. [3-5].

Our calculations can rather successfully reproduce the
recent DANCE measurement of the photon multiplicity
distribution [18] albeit with a somewhat lower average
angular momentum than suggested previously [16]. How-
ever, FREYA underestimates the previously reported mea-
surements [3-5] of the average total energy of the emit-
ted photons. Indeed, the earlier measurements obtained
E,/N. =~1MeV, while we find E,/N, ~ 0.7 MeV. We
have used the same detector threshold, F4.t = 0.15 MeV,
as in Ref. [17] for all our comparison calculations and the
multiplicity is very sensitive to Fqet, as shown in Fig. 13.

We have tested the sensitivity of our results to the
energy cutoft E, .., below which photon emission domi-
nates neutron emission; the choice of the spin tempera-
ture Ts governing the rotational energy; and the nuclear
moment of inertia. We find that there is little sensitivity
of the neutron observables to any of these parameters,
provided that the parameter dTKE modulating the to-
tal kinetic energy shift is adjusted, except in cases where
E, cut is on the order of 1 MeV or larger. A change of
Ts has a larger effect on the total photon energy than on
the photon multiplicity, while the effect of modifying the
fragment moment of inertia is small.

Finally, so far our calculations have assumed that there
is essentially no competition between neutron and pho-
ton emission: neutron emission effectively ceases before
photon emission begins. This lack of competition may
be responsible for the failure to reproduce the sawtooth
shape of the photon multiplicity and total energy as func-
tions of fragment mass. Furthermore, only a single value
of the spin temperature Ts was used, instead of an A
dependent value. In a future study, we plan to investi-
gate how a neutron-photon competition may affect the
results.
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