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The prompt fission γ-ray energy spectrum for cold-neutron induced fission of 235U was measured
in the energy range Eγ = 0.8–20 MeV, by gaining a factor of about 105 in statistics compared to the
measurements performed so far. The spectrum exhibits local bump structures at Eγ ∼4 MeV and
∼6 MeV, and also a broad one at ∼15 MeV. In order to understand the origins of these bumps, the
γ-ray spectra were calculated using a statistical Hauser-Feshbach model, taking into account the30

de-excitation of all the possible primary fission fragments. It is shown that the bump at ∼4 MeV is
created by the transitions between the discrete levels in the fragments around 132Sn, and the bump
at ∼6 MeV mostly comes from the complementary light fragments. It is also indicated that a limited
number of nuclides, which have high-spin states at low excitation energies, can contribute to the
bump structure around Eγ ∼15 MeV, induced by the transition feeding into the low-lying high-spin35

states.

Introduction. In recent years measurements of
prompt-fission γ-ray spectra (PFGS) in low-energy fis-
sion processes, such as spontaneous fission (sf) or ther-
mal neutron-induced fission (nth, f), experienced a resur-40

gence [1–6] after about forty-five years from the elab-
orated measurements reported in Refs. [7–10] (see also
Refs. [11–13]). This is partially due to the requirement
to give more precise data for the design of the Gen-IV
fast reactors and advanced light-water reactors [14].45

The PFGS carry information on the initial excitation

energy and angular momentum of the primary fission
fragments (FFs), important to understand the fission
process itself. In low-energy fission processes the aver-
age values of the excitation energy vary largely depend-50

ing on the FFs and are typically about Ēx = 5–25 MeV
[15]. The average angular momentum of FFs is consid-
ered to be j̄=6–8} [12, 16, 17]. Prompt neutrons are
dominantly emitted at the first stage of the de-excitation
of FFs releasing a large amount of excitation energy, fol-55

lowed by emission of several γ-rays which remove angu-



2

lar momentum. In this simple picture, the maximum
Eγ released is limited to about the neutron binding en-
ergy of FF (5∼7 MeV). On the other hand, prompt fis-
sion γ rays were observed up to energies far larger than60

Eγ ∼6 MeV. The energy reached is 9–10 MeV [2, 3, 18]
in low-energy (n,f) reactions and 252Cf(sf) [19–21], in-
dicating that competition between neutron and γ-ray
emissions is evident already at the initial stage of the
de-excitation. For 252Cf(sf), the PFGS were extended as65

high as Eγ ∼20 MeV [22–24], with a broad bump struc-
ture at Eγ ∼15 MeV.

In parallel to the renewal of experimental activities,
theoretical calculations of the PFGS using a statistical
model are active; see Refs. [25–37]. These calculations70

introduce de-excitation of individual FF, which is bench-
marked by the correlation measurement between FFs and
prompt neutrons and/or γ-rays. For the description of
n/γ emission, information on the structure of neutron-
rich FFs are necessary. Level density at the relatively75

high excitation energies and discrete levels at low exci-
tation energies are one of the key ingredients to calcu-
late the n/γ emission. In the measurement of 252Cf(sf),
for example, the PFGS originating from FFs with mass
A ∼132 exhibit bump structures at Eγ ∼4 MeV and80

6 MeV [19, 20], which were interpreted by the signifi-
cantly small level density parameters for FFs in the vicin-
ity of the shell closures at 132Sn, obtained from the corre-
lation measurement between FFs and prompt neutrons
for 252Cf(sf) [38]. Concerning the higher energy bump85

at Eγ ∼15 MeV, it was explained by the giant dipole
resonance (GDR) γ-ray emission [23, 24, 39]. Although
such a γ-ray emission is allowed only when transitions
between the states having similar spin values take place,
the calculations did not take into account the low-lying90

nuclear level structure of the neutron-rich FFs; thus the
relevance between the high-energy γ-ray emission and the
fission fragment nuclear structure was not argued so far.

In this work we extended the measurement of
the PFGS for cold-neutron induced fission of 235U,95

235U(nth, f), from Eγ=0.8 MeV to about 20 MeV, by
gaining a factor of about 105 in statistics compared to
the available data for cold/thermal neutron induced fis-
sions. We observed local bump structures at Eγ ∼4 MeV
and ∼6 MeV, and a broad one at ∼15 MeV, similar to100

252Cf(sf). We adopted the most-advanced statistical
model calculation [40], where the low-lying nuclear struc-
ture of neutron-rich FFs was introduced. Thus more
accurate analysis to deduce the origins of the observed
structures became possible.105

Finally we mention that the high-energy γ rays in fis-
sion could be used for the decommissioning of the dam-
aged Fukushima atomic power plants in Japan. As they
have far higher energies than the background γ rays pro-
duced in the β-decay of fission products in the debris,110

they are easily distinguished from the background γ rays,
thus might be used to monitor the fission rate for the crit-

icality surveillance.

Experimental methods and results. The measurement
of the PFGS for 235U(nth, f) was carried out at the115

PF1B cold-neutron beam facility [41] at the Institut
Laue-Langevin (ILL), Grenoble, France. Details of the
experimental setup and data analysis are explained in
Ref. [42], thus only the most pertinent information is
given here. A 235U target (99.93% isotopic enrichment)120

had 117 µg/cm2 in thickness and 30 mm in diameter,
evaporated on a 33 µg/cm2 polyimide backing coated by
45µg/cm2 Au. The neutron beam was collimated to ∼20
mm in diameter and the neutron capture flux adjusted
to 1.0×108 n/cm2/s at the target position. The exper-125

imental setup consists of two position-sensitive multi-
wire proportional counters (MWPCs) with active area
80×80 mm2, used to detect both FFs in coincidence, and
two large volume LaBr3(Ce) scintillators (101.6 mm in
diameter and 127.0 mm in length), located behind each130

MWPC. The distance between the target-center and the
front surface of the scintillator was 280 mm. Throughout
the 437 hour run, 5.1×1010 coincident FF events have
been acquired. The total number of observed γ-rays in
coincidence with FFs was 1.7 × 109.135

The masses of FFs were obtained event-by-event by
measuring the time-of-flight (TOF) difference for both
FFs to traverse from the target to each MWPC (the
minimum distance is 50 mm). Figure 1(a) shows the
fission-fragment mass distributions obtained in the ex-140

periment. The mass resolution was 27 amu (FWHM). In
order to separate the prompt γ rays from the prompt fis-
sion neutrons, we also measured the TOF (denoted as Tγ
hereafter) using the FF START signal from the MWPC
and the γ-ray STOP signal from the LaBr3(Ce) scintil-145

lator. Figure 1(b) and (c) show the recorded events on
the Tγ versus pulse height from the scintillator. The
spectrum (b) is obtained with a condition that light FFs
with mass of 97 ≤ AL ≤ 116

(
marked as the region

’A’ in Fig. 1(a)
)

are emitted toward one of the scintil-150

lators which generates the signal. Data of Fig. 1(c) is
the same as the spectrum (b), but for heavy FFs with
120 ≤ AH ≤ 139

(
region ’B’ in Fig. 1(a)

)
. One can

notice that the yields associated with prompt neutrons
are larger in the spectrum (b) than (c). This is explained155

by the larger (smaller) neutron multiplicity for the FFs
around AL ∼104 (AH ∼132), see for example Ref. [43]
and Fig. 4(a), and these neutrons are strongly focused
to the FF direction in the laboratory frame, where the
scintillator is placed. Prompt γ-ray events are obtained160

by applying the gate conditions on Tγ vs pulse-height
spectrum

(
indicated by the areas enclosed by the dashed

lines in Fig. 1(b) and (c)
)
. We also subtracted the time-

independent background events entering into the prompt
γ-ray gate. They are produced mostly by the capture165

of scattered neutrons with various materials around the
235U target, thus observed independently of the Tγ . An
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FIG. 1. (a) Fission-fragment mass distribution for
235U(nth,f) obtained from the measurement of the time-of-
flight difference. (b) Recorded events on the Tγ vs pulse
height plane from the LaBr3(Ce) scintillator under the con-
dition that fragments contained in the region ’A’ of the panel
(a) are moving to the scintillator of interest. (c) Same as (b),
but for the fragments in ’B’. The areas enclosed by the dashed
lines in (b) and (c) indicate the gate position used to select
the prompt γ-ray events.

TABLE I. Average total γ-ray multiplicity in fission M̄γ ,
average γ-ray energy ε̄γ , and average total γ-ray energy Ēγ,tot
for 235U(nth, f) in the energy range of 1 ≤ Eγ ≤ 6 MeV.

M̄γ ε̄γ Ēγ,tot
Present Expt. 2.29 ± 0.05 1.78 ± 0.05 4.07 ± 0.07
Peelle et al. [7] a 2.48 ± 0.04 1.82 ± 0.04 4.51 ± 0.07
Verbinski et al. [9] a 2.16 ± 0.03 1.84 ± 0.03 3.98 ± 0.05
Obersted et al. [4] 2.29 ± 0.05 1.86 ± 0.07 4.23 ± 0.08
Present Calc. CoH3 2.45 1.86 4.57

a The quoted uncertainties are statistical ones only.

energy calibration of the scintillator was made by refer-
ring to the γ rays from the 27Al(n, γ)28Al reaction (3.47,
3.59, 5.13, 6.10, 6.32, and 7.72 MeV) and the β-decay170

of 28Al (1.78 MeV) in the time-independent background
γ-ray spectrum. An extension of the calibration to the
higher energy region at 8 ≤ Eγ ≤ 20 MeV was given
by referring to the well established response of the scin-
tillator obtained from several γ rays (4.44, 8.72, 13.92,175

and 18.36 MeV) from the 11B(p, γ)12C reaction studied
at JAEA-Tokai tandem accelerator facility [42].

The final PFGS for 235U(nth, f) were deduced by the
spectrum unfolding method [42, 45]. Figure 2 shows the
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FIG. 2. Prompt γ-ray spectra obtained in the present study
(filled triangles) are compared to those by Peelle et al. (open
diamonds) [7], Verbinski et al. (filled circles) [9], and Ober-
sted et al. (open rectangles) [4]. The spectra are compared
with the calculation by the CoH3 code [44] (solid and dashed
lines); see text for details. Expansion of the spectra in the en-
ergy range Eγ = 1–7 MeV is shown in the inset (a). The inset
(b) shows the γ-ray spectra for 86Br, 102,103Nb, and 109Tc
with the CoH3 code [44] (dashed-dotted lines).

results of the PFGS. The present data significantly in-180

creased the statistics by a factor of ∼105 compared to the
literature data [4, 7, 9], and the data points are extended
to Eγ ∼ 20 MeV for the first time in cold/thermal neu-
tron induced fission. Uncertainties in the present data
contain statistical error and systematic errors coming185

from the detection efficiency of the scintillator as well
as the prompt γ-ray gate condition [42]. It is found that
the present data are in good agreement with the litera-
ture data up to Eγ ∼ 4.8 MeV. Beyond this energy, how-
ever, the data in Refs. [4, 7, 9] have large uncertainties.190

Gained statistics in the present study clearly revealed the
local bumps around Eγ =4.0 and 5.8 MeV as shown in
the inset (a) of Fig. 2. The observed average properties
of the γ-ray emission (average total γ-ray multiplicity in
fission M̄γ , average γ-ray energy ε̄γ , and average total195

γ-ray energy released in fission Ēγ,tot) are in fairly good
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FIG. 3. (a) PFGS obtained for fragment mass splits with
97 ≤ AL ≤ 116 or 120 ≤ AH ≤ 139 (filled triangles) and
81 ≤ AL ≤ 96 or 140 ≤ AH ≤ 155 (filled diamonds) are com-
pared to the corresponding CoH3 calculations (dashed-dotted
line and dashed line). Selected spectra from the calculation
having the largest contribution to the bump at Eγ=4.0 MeV
are shown (104Mo+132Sn, 103Mo+133Sn, 103Nb+133Sb, and
102Nb+134Sb). (b) Calculated γ-ray yield in the energy range
of 5.3 ≤ Eγ ≤ 6.5 MeV as a function of the fragment mass
(solid line). The mass yield distribution of Ref. [46] is given
by the dashed line.

agreement with those from literature data as summarized
in Table I. Above Eγ = 8 MeV the present PFGS exhibit
a broad bump centered around Eγ = 15 MeV, similar to
252Cf(sf) [23, 24].200

To facilitate understanding the origins of the local
bumps around Eγ =4.0 and 5.8 MeV, we obtained the
mass-gated PFGS. Filled triangles and filled diamonds
in Fig. 3(a) indicate the PFGS for the fragment mass
splits in the “near-symmetric region” (97 ≤ AL ≤ 116205

or 120 ≤ AH ≤ 139) and the “large-asymmetric region”
(81 ≤ AL ≤ 96 or 140 ≤ AH ≤ 155), respectively. The
PFGS for the near-symmetric region show the more pro-
nounced local bumps around Eγ = 4.0 and 5.8 MeV, thus
the region should include the FFs causing such struc-210

tures. The smaller bumps at the same location for the
large-asymmetric region must be due to the limitted mass
resolution (FWHM ∼27 amu). Similar structures were
observed in 252Cf(sf) where their origin was assigned to
the heavy FFs in the vicinity of A ∼ 132 [20].215

Discussion. In order to understand the origins of the
bump structures observed in the PFGS, the statistical
Hauser-Feshbach model calculation was carried out us-
ing the code CoH3 [40, 44]. In this model, γ-ray emis-
sion from all the possible primary FFs are introduced,220

which are aggregated over the yield distribution of the
FFs given as a function of mass (A), charge (Z), total

kinetic energy (TKE), spin (J), and parity (π). For de-
tails, see Refs. [29, 40, 47]. Instead of using the Monte
Carlo technique, we adopted a deterministic method in225

order to see the spectra with small yield. For the dis-
tribution of the primary FFs on A, Z, and TKE, we
used experimental data [46] complemented by the Wahl
systematics for the Z distribution [48]. Sharing of the to-
tal excitation energy, obtained by subtracting the TKE230

from the Q-value of the fission reaction, between the FFs
was determined by an anisothermal parameter defined as
RT = TL/TH using the initial light (TL) and heavy (TH)
FF temperatures [49–51]. The J and π distributions are
given by235

R(J, π) =
J + 1/2

2f2σ2(U)
exp

{
− (J + 1/2)2

2f2σ2(U)

}
, (1)

where the π distribution is equally probable for even and
odd parities [40]. σ2(U) is the spin cut-off parameter
as a function of the effective excitation energy U deter-
mined by fragment excitation energy Ex and pairing en-240

ergy ∆ via U = Ex − ∆. The variable f is a scaling
factor to adjust the spin distribution of the primary FFs.
We used the parameters RT = 1.3 and f = 2.5, which
can reproduce average prompt neutron multiplicity and
its fragment-mass dependence ν̄(A) [40, 47], as shown245

in Fig. 4(a). The neutron transmission coefficients are
given by the global optical potential of Koning and De-
laroche [52]. For E1 γ rays, the γ-ray transmission co-
efficients are calculated with the E1 GDR [53] with the
parameters in Ref. [54]. In addition, we include the γ-250

ray multipolarities of M1, E2, M2, and E3. We also con-
sider the M1 scissors mode for deformed nuclei [55]. We
use phenomenological level density formula of Gilbert-
Cameron [56] with an updated parameterization [57]. It
has the same functional form as the J distribution of255

the primary FFs as in Eq. (1), and the σ2 parameter
characterizes the spin distribution of the level density.
At low excitation energies, γ-ray transitions between the
discrete levels are included. The discrete level data are
taken from the Reference Input Parameter Library RIPL-260

3 database [58]. Figure 4(b) shows the average γ-ray
multiplicity from each FF, M̄γ(A), as a function of the
fragment mass. A relatively good agreement with the
literature data [8, 59] was obtained.

The solid lines in Fig. 2 indicate the calculated265

PFGS using the σ2 parameters obtained from the spin-
distribution analysis of the low-lying levels available in
the RIPL-3 [58]. For nuclei whose levels are not compiled
in the RIPL-3 [58], the parameter following the system-
atics was adopted. The spectrum agrees well with the270

present data at Eγ < 12 MeV. In addition, the calculated
average properties of the γ-ray emission fairly agree with
the measured ones as summarized in Table I.

Concerning the high-energy γ-ray transition of Eγ >275

10 MeV, such a transition is allowed only when the initial
and final states have similar spin values. If the primary
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FIG. 4. Average prompt neutron multiplicity ν̄(A) (a) and
γ-ray multiplicity M̄γ(A) (b) for 235U(nth, f) from each FF
calculated by the CoH3 code (solid lines). The ν̄(A) are
compared with the experimental data by Maslin et al. (cir-
cles) [60], Nishio et al. (rectangles) [43], and Batenkovet al.
(triangles) [61]. The M̄γ(A) are compared with those by Al-
binsson et al. (circles) [59] and Pleasonton et al. (rectan-
gles) [8].

FFs are created with large angular momentum as men-
tioned above (j̄=6–8}), the transition must feed into the
high-spin state at low energy. We found that dominant280

contributions to the spectrum at Eγ > 10 MeV are given
only by specific FFs, such as 86Br, 102,103Nb, and 109Tc,
as shown in the inset (b) of Fig. 2. In 86Br, for exam-
ple, high-spin states up to J = 7 are known at Ex ≤
2 MeV [58], which are attributed to the configurations285

involving high-j proton orbitals [62]. On the other hand,
the maximum spin value reported in 85Br was J = 7/2 at
Ex ≤ 4 MeV [58], thus neutron emission from 86Br is hin-
dered. Such an individual feature on the low-lying states
would be smeared out when one uses the systematics for290

the σ2 parameter through all the possible FFs, obscuring
the effects of high-spin states for particular FFs. This
is demonstrated in Fig. 2, where the PFGS calculated
using the systematics (dashed lines) become softer than
the original calculation (solid lines). A better agreement295

for the high-energy part of the PFGS would be reached,
if one unveils high-spin states at low excitation energies
for some specific FFs, not observed so far. For example,
a sudden onset of deformation, as observed in the Z ∼40,
N ∼60 and Z ∼64, N ∼90 regions [63], would increase300

the density of high-spin states due to the appearance of
collective bands.

To understand the origin of the local bumps around
Eγ = 4.0 and 5.8 MeV, we also calculated the mass-gated
PFGS using the CoH3 code as shown in Fig. 3(a). Here,305

the experimental mass resolution was taken into account.
The calculations agree well with the measured spectra.
In the analysis it was found that FFs in the vicinity

of the shell closures, 132,133Sn and 133,134Sb, contribute
to the bump at Eγ = 4.0 MeV. This is associated with310

the transition between the discrete levels in 132Sn (Eγ
= 4.0 and 4.4 MeV) and 133Sb (4.2, 4.3, and 4.6 MeV).
Interestingly, the complementary light FFs with A ∼100,
such as 101,102Zr, mostly contribute to the bump at Eγ
= 5.8 MeV as shown in Fig. 3(b). We found that this315

is attributed to the transition in the residual nuclei left
after one-neutron evaporation. Such a transition is al-
lowed only when the primary FF has an excitation en-
ergy higher than ∼13 MeV, i.e., the sum of the energy
released by neutron (6∼8 MeV) and γ ray (∼6 MeV). We320

note that in 252Cf(sf) [20] the PFGS obtained in the mass
region AL ≤ 114 do not show any local structures. This
is because the FFs with AL ∼100 for 252Cf(sf) have lower
excitation energy of Ēx ∼12 MeV [15].

Conclusion. In summary, we have measured the325

PFGS for 235U(nth, f) up to energies of about 20 MeV.
Our measurement extended the currently known γ-ray
spectrum limit to higher energies by approximately a
factor of two by gaining a factor of about 105 in statis-
tics compared to the measurements so far. The statisti-330

cal Hauser-Feshbach model was applied to calculate the
PFGS by considering the competition between neutron
and γ-ray emissions for each FF. The calculated results
showed that a limited number of light FFs, such as 109Tc,
can emit high-energy γ-rays of Eγ > 10 MeV. Still the335

calculation underestimates the spectrum in this high-
energy region. The reason might be the insufficient data
for high-spin states at low excitation energies for some
other FFs, required to allow the high-energy γ-ray tran-
sition from the primary FFs. It was also found that the340

bump structure at Eγ=4.0 MeV is created by the heavy
FFs in the vicinity of the shell closures at Z = 50 and N
= 82. On the contrary, the 5.8-MeV bump was suggested
to originate mostly from the light FFs with A ∼ 100.
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