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Statistical study of the prompt-fission y-ray spectrum for >**U(n, f) in the fast-neutron region
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Prompt-fission y-ray spectra (PFGS) have been measured for the 23U(n, f) reaction using fast neutrons
produced by the LICORNE directional neutron source. Fission events were detected with an ionization chamber
containing actinide samples placed in the neutron beam, and the coincident prompt-fission y rays were measured
using a number of LaBrj scintillation detectors and a cluster of nine phoswich detectors from the PARIS array.
Prompt-fission y rays (PFGs) were discriminated from prompt-fission neutrons using the time-of-flight technique
over distances of around 35 cm. PFG emission spectra were measured at two incident neutron energies of 1.9 and
4.8 MeV for 28U(n, f) and also for 22Cf(sf) as a reference. Spectral characteristics of PFG emission, such as
mean y multiplicity and average total y-ray energy per fission, as well as the average y -ray energy, were extracted.
The sensitivity of these results to the width of the time window and the type of spectral unfolding procedure used to
correct for the detector responses was studied. Iteration methods were found to be more stable in low-statistics data
sets. The measured values at E, = 1.9 MeV were found to be the mean y multiplicity M, = 6.54 £ 0.19, total
released energy per fission E,, o« = 5.25 & 0.20 MeV, and the average y -ray energy €, = 0.80 &= 0.04 MeV. Under
similar conditions, the values at £, = 4.8 MeV were measured to be ﬁy =731£046, E,  =6.18£0.65

MeV, and €, = 0.84 £ 0.11 MeV.

DOI: 10.1103/PhysRevC.98.014612

I. INTRODUCTION

In recent years, the development of Generation IV reactors
revived the measurement of prompt-fission y-ray spectra
(PFGS), namely spectral characteristics such as y-ray multi-
plicity, total y-ray energy release, and average photon energy,
for different fissioning systems. These are crucial nuclear data
needed, e.g., as input for y heating calculations in reactor
physics. In some recent reactor experiments, y heating was
shown to be underestimated by up to 28% [1]. Moreover, for
three types of Generation IV reactor design neutrons of up to
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10 MeV can be important, and this is the region where the
PFGS characteristics are least studied.

Furthermore, new PFGS information will also be useful
from a fundamental physics point of view, where results can be
compared with theoretical predictions to refine fission models.
Prompt-fission y-ray spectra integrate a large amount of
information about the fission process. Measurements, namely,
allow further insight into angular momentum generation at
scission [2,3]. In addition, they are expected to lead to a
better understanding of the competition between neutron and y
emission [4-6], and thereby possibly contribute to investigate
the mechanism of excitation energy sorting between the two
fission partners [7-9].

While recent measurements have focused on thermal-
neutron-induced fission [10-12] and spontaneous fission

©2018 American Physical Society
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[13,14], very little PFG information exists for fast-neutron-
induced fission [15,16]. In this work PFGS and their average
characteristics for fast-neutron-induced fission on **U were
studied atenergies of 1.9 MeV and 4.8 MeV to gain information
on the possible energy dependence of PFG characteristics
below second chance fission at 6 MeV.

II. EXPERIMENTAL SETUP

PFGS from fast-neutron-induced fission on U were
measured at the Tandem accelerator of the ALTO facility at [PN
Orsay, using the LICORNE neutron source [17]. LICORNE
generates kinematically forward-focused neutrons using in-
verse kinematics reactions of p(7Li, n)'Be, and p(“B, n)!C.
This allows the placement of y detectors close to the measured
sample but still outside the neutron beam. Shielding from
source neutrons is thus unnecessary. Furthermore, the fast
and thermal neutron backgrounds in the experimental room
are very low. In this experiment the p(''B,n)''C reaction
was used for the first time to extend the energy range of
the LICORNE source up to around 7 MeV, which allowed
exploration of PFGS characteristics of >*3U at incident neu-
tron energy 4.8 MeV. Employing the more intense neutron-
producing reaction p(’Li, n)"Be at lower energies allowed the
same study at incident neutron energy 1.9 MeV.

The neutron spectra seen by the samples vary slightly as a
function of the solid angle covered due to the inverse kinemat-
ics of the reaction. The determination of the incident neutron
energy on the 23¥U samples thus relies on the simulation of
the inverse kinematics inside the hydrogen gas target, which
has been implemented in GEANT4, and a subsequent validation
using a neutron TOF measurement at 1.5 meters from the
LICORNE source. A cylindrical NE213 liquid scintillation
detector from the EDEN array [18] was used to perform
such measurements. The neutron spectra seen by the samples
were simulated for each inverse kinematics reaction and were
validated by a comparison between simulated and measured
TOF spectra, see Fig. 1. Averaged incident neutron energies
on the samples were thus deduced to be 1.9 £+ 0.27 MeV and
4.8 = 0.20 MeV, respectively. Two neutron peaks are present
in the TOF spectra due to the inverse kinematics (forward and
backward emission of neutrons in the center of mass frame).
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FIG. 1. Measured TOF spectra in the EDEN scintillation detec-
tor at zero degrees for the two neutron-producing reactions with
LICORNE using a pulsed primary beam of 400 ns period and 2 ns
width. The arrival of neutrons in the EDEN scintillation detector gives
the start signal and the beam pulsing signal provides the stop signal.

For the case of neutron-induced fission of 228U, the fission
threshold is around 1.4 MeV and thus the smaller satellite peak
has an insignificant contribution to the total fission rate because
it is below the fission threshold.

In order to detect fission fragments, two fission chambers
were constructed at CEA Bruyeres-le-Chatel and used to study
prompt emission in fission [19]. The first chamber contained
one cathode supporting a 25 mm diameter >>Cf sample. >>Cf
is a spontaneous fission source that has been widely studied,
and measured PFGS can be used as a reference to compare
with other results and validate the analysis procedure. The
second chamber contained 340 mg uranium samples in 72
deposits (© = 33 mm) with a compact geometry (see Fig. 2 for
a schematic view). The uranium was deposited on both sides of
each anode and cathode, except the first and last samples, which
were only coated on the internal side. The anodes are paired two
by two constituting nine channels for readout of fission frag-
ment detection information. The chambers have been designed
with thin aluminium walls to minimize scattering of prompt y
rays and neutrons emitted in fission and thus have minimum
distortion of the y and neutron spectra. The key characteristics
are the subnanosecond time resolution (732 ps) and excellent
discrimination between fission fragments and « particles.

Prompt-fission y rays emitted from fission fragments within
the chambers were measured using three types of fast scin-
tillation detectors: seven individual cerium-doped lanthanum
bromide LaBr;(Ce), a cluster of nine phoswich detectors from
the PARIS array [20], and a cluster of seven barium fluoride
BaF, from the Chateau de Cristal array [21]. The state-of-
the-art scintillation detectors made of LaBr;(Ce) (50.8 mm x
50.8 mm and 76.2 mm x 76.2 mm in diameter and length)
have excellent time resolution (300 ps for coincidence y-rays
from %°Co) and good energy resolution (3% at 661 keV).
These detectors were used in several recent measurements of
PFGS from different fissioning systems [10,11,13,14] and are
used in this work as the main reference detectors to facilitate
the comparison. The BaF, scintillators had a high detection
threshold at around 400 keV so results from these detectors
are excluded from the analysis and not presented in this work.
However, their presence had to be included in the simulations
of the experimental geometry from which y -ray responses for
all the other detectors were derived.

PARIS is an array of a new type of LaBr3(Ce)-Nal(Tl)
phoswich detectors. The inner shell is LaBr;(Ce) cubic crystals
(50.8 mm x 50.8 mm x 50.8 mm) and the outer shell consists
of Nal(Tl) rectangular crystals (50.8 mm x 50.8 mm X
152.4 mm). Both crystals are encapsulated in an aluminium
can, sharing one common photomultiplier tube. According to
the difference of the decay times of the phoswich material,
it is possible to apply pulse shape discrimination (PSD) to
differentiate events occurring in the two layers. In this way,
PARIS phoswich detectors benefit from superior energy and
time resolution of the LaBr3(Ce) part, and increased efficiency,
particularly at high energy, from the Nal(TI) part with lower
economical cost than pure LaBr3(Ce) of identical size.

Detector signals were processed using the digital acqui-
sition system FASTER [22] developed by LPC Caen. The
system provides QDC cards with 12 bits and a sampling rate
of 500 MS/s.
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FIG. 2. Schematic of the experimental setup. A cluster of nine
phoswich detectors PARIS on the left. A cluster of seven BaF,
detectors on the right. Seven LaBr;(Ce) detectors with two kinds of
size in the top and bottom. All these detectors are close to 90 degrees
with respect to the beam axis at a distance around 35 cm relative to
the ionization chamber.

III. DATA ANALYSIS
A. Fission events selection

Fission events were identified from the charge spectrum
of the ionization chamber. The separation between charge
distributions of fission fragments (ff) and « particles is ex-
cellent and hence a very low threshold can be set to select
the fission events. The threshold to select fission events from
a particles is set at the minimum of the valley between
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FIG. 3. The integrated charge spectrum taken with the CEA mul-
tisample ionization chamber depicted in linear scale; the inset shows
the same distribution in logarithmic scale. In both representations, the
separation between fission fragments and « particles is visible.

the two distributions, in this case at channel 36 x 10° in
the spectrum shown in Fig. 3. The number of « particles
in the selected fission fragment distribution is estimated by
extrapolation to be less than 0.5% and thus induces negligible
influence on the measured prompt-fission y-ray spectrum.
PFGS are then normalized to the total number of fissions to give
average spectral characteristics per fission. The total number
of fission events detected for fast-neutron-induced fission of
28U is 1.4 x 10° and 3.3 x 10’ fissions at neutron energies of
1.9 MeV and 4.8 MeV, respectively. This is one and two orders
of magnitude lower than the number of fissions detected in the
»2cf spontaneous fission measurement (3.7 x 107 fissions).

B. PFG selection

Prompt-fission y rays and prompt-fission neutrons are
discriminated using the TOF technique over each chamber-
detector distance of typically 35 cm, at which 10 MeV prompt
neutrons travel 8 ns. A two-dimensional plot of the TOF
between the ionization chamber and the y detector versus
detected y energy is shown in Fig. 4. The intense sharp
component corresponds to prompt-fission y rays, and defines
the zero time reference. The broad component at larger TOF
is associated with prompt-fission neutrons, which needs to
be in essence eliminated in the prompt y rays spectroscopy.
Delayed y lines starting from the prompt y peak can also be
seen, and are associated with isomeric decays of particular
fission fragments, e.g., 1769 keV y line with lifetime 54 ns
can be a candidate for “°Ce [23]. Other lines originate from
neutron inelastic scattering (n, n’y) on materials inside the
detectors, e.g., y-ray decay of the first excited states of '*La
(165.86 keV), "Br (217.07 keV), and 3'Br (275.99 keV), or
materials close to the y detectors and the ionization chamber,
e.g., y-ray decay of the first excited states of 2’ Al (843.76 keV)
and %Fe (846.78 keV). A continuous y background exists
along the whole axis associated with uncorrelated decays in
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FIG. 4. Correlation between the y-ray energy detected in one y
detector and the TOF, where the ionization chamber gives the start
signal and a y detector gives the stop signal. The inset shows the
same correlation in low-energy part. The time resolution, i.e., full
width half maximum (FWHM), of the prompt y peaks projected to
y axis is around 1.2 ns for each y detector. Gating with a proper
time window around zero time reference and applying background
subtraction gives the measured PFGS. The choice of the proper time
window is discussed in the text.

the experimental room, e.g., 1435.8 keV intrinsic y line from
the electron capture on *®La in LaBr; detectors. Gating on the
time window before the prompt y peak and after the prompt
neutron peak allows extraction of this averaged continuous
background, which must be normalized and subtracted from
the measured PFGS.

In comparison of PFG data with other experimental results
and model calculations, two conditions have to be considered
in the PFG selection: the size of the time window and the
energy range. The size of the time window used to select
PFG is crucial, as illustrated in Fig. 5 for the average y-ray
multiplicity. Since the time resolution is worse at low energies,
more stringent cuts disproportionately affect this part of the
spectrum and can have large effects on the extracted average
multiplicity. For comparison with other experimental results,
the time window in this work has been set to 5 ns corresponding
to 4 times the FWHM of the time resolution of the prompt
y peak. Also, it is sensitive to the energy threshold, since
the threshold effect and the massive x rays cannot be well
simulated for recovering the emission PFGS, that is going to
be discussed in the next section. On the other hand, the high-
energy cut is of little relevance to the spectral characteristics
due to the exponentially decreasing high-energy yield. As a
consequence, the energy range was set from 100 keV-6 MeV.
Based on these two conditions, the average number of fission-
y coincidences obtained in each detector is 3.1 x 10* and
7.0 x 103 for fast-neutron-induced fission of >**U at neutron
energies of 1.9 MeV and 4.8 MeV, which is one and two
orders of magnitude lower than the number detected in the

252G (sf)

©
)

LI L L L L L B L L L BB B

9.0

Multiplicity

8.5
8.0

7.5

o

7.0

6.5

o b b b b b b buny

T T Y A O Y B B
6'0345678910
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FIG. 5. y-ray multiplicity per fission as a function of the size of
the time window over which y rays are selected. The data refer to
spontaneous fission of 22Cf.

232Cf spontaneous fission measurement (5.1 x 10° fission-y
coincidences).

C. Unfolding procedure

In this section, information on the unfolding procedure
is given in some detail in order to understand any potential
systematic errors that it can introduce. This is especially
important for spectra with low statistics, which can be the
case for PFG measurements from fast-neutron-induced fission,
because cross sections are typically three orders of magnitude
lower than those for thermal-neutron-induced fission.

The true emitted PFGS is convoluted with the intrinsic
response of the y detectors, mainly due to Compton scattering,
photoelectric effect, and pair production. Therefore, the mea-
sured spectrum must first be deconvoluted from the detector
response to obtain the emission spectrum. Let f(y) to be the
unknown emission y-ray spectrum of the source, and R(x, y)
to be the response matrix. Then

gx) = [0 R(x,y) f(y)dy ey

is the measured spectrum. The challenge is to solve this linear
integral equation in order to obtain the emission spectrum f(y)
given the measured spectrum g(x) and simulated response
function R(x,y), from which the characteristics of each
fission event are extracted. This process is called unfolding
or deconvolution. It is well known for being an ill-posed
problem [24]. In this specific physical case of unfolding PFGS,
a detailed procedure is presented in the following sections.

1. Emission spectrum shape

In the case of PFGS, there is no functional form for
the emission spectrum due to the complexity of the process
producing the y rays. In its low-energy part (<1 MeV), the
spectrum is dominated by discrete (mainly E?2) transitions,
characteristics for the population of low-lying states in fission

014612-4
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FIG. 6. Averaged unfolded spectra with the time window =+ 2.5 ns
from 22Cf (sf) in logarithmic scale as obtained for two different types
of y detectors (see text for details). The error bar of PARIS is omitted
for better visibility. The inset shows the region below 900 keV in
linear scale.

fragments [25], see inset of Fig. 6. These low-energy y rays
sit on a continuous background of statistical y rays, which are
mainly E 1 transitions. The latter cover a wide range of energies
from a few tens keV up to 10 MeV. At even higher energies, the
deexcitation of giant resonance (GR) of the fragments may be
observed [26,27]. In the case of fast-neutron-induced fission,
where the cross section is three orders of magnitude lower than
thermal-neutron-induced fission, the limited statistics above
6 MeV constrain the study of high-energy y rays (see Fig. 6).
In a word, the unfolding task in this experiment cannot be based
on a priori functional form for the emission spectrum, but the
measured spectrum is unfolded directly with the help of the
response matrix R(x, y).

2. Response matrix construction

The response matrix itself is obtained from detailed GEANT4
simulations of the entire experimental setup using the PENE-
LOPE physics list [28]. In the low-energy part, the threshold
has been set at 100 keV to exclude the intense x rays, which
cannot be simulated very well. A full energy range up to
10 MeV is used to take into account the effect of Compton
scattered high-energy y rays appearing in the lower-energy
region of the spectrum. A validation of the response matrix was
performed using the detection efficiencies and comparisons
between simulated and experimental spectra from conventional
y sources, as depicted in Fig. 7.

3. Unfolding algorithms

Various unfolding algorithms for recovering the emission
PFGS have been developed over the last 50 years. However,
there is a lack of knowledge about what kind of systematic
effects the different unfolding algorithms have on the unfolded
spectrum, especially the spectral characteristics. In addition,

Z1ot(a) 80Co z L (b 152Ey
6] q . . S . .
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Energy (keV)

~§00°
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FIG. 7. Comparisons between simulation and experimental re-

sults in the case of (a) ®°Co and (b) "?Eu radioactive source for one
LaBr; detector.

the performance of the unfolding procedures needs to be
evaluated in low-statistics data sets, which is particularly
relevant for fast-neutron-induced fission PFG measurements.
By artificially reducing the number of events, the impact
of low statistics on the extracted average multiplicity has
been quantified for each unfolding algorithm, including matrix
inversion, bin by bin [29], Tikhonov regularization [30],
singular value decomposition (SVD) regularization [31], linear
and nonlinear iteration method [32,33]. The results, shown in
Fig. 8, demonstrate that the iteration method is the most stable
for spectra with the fewest counts. As a consequence, linear
iteration algorithm is used in this work.

4. Observables extraction

Once the unfolding is completed, the spectral characteristics
can then be extracted from the unfolded spectra, which are
normalized to the number of fissions. The average multiplicity
is deduced by integrating the unfolded spectrum. The multipli-
cation between the unfolded distribution and the y-ray energy
gives the total energy released. The average photon energy can

2 6@ Bin by bin 252‘ ]
% - Matrix inversion Cf(Sf) ]
% i Linear iteration ]
= 201Y  Non-linear iteration .

Regularization

15

—0—
Il Il ‘ Il Il

" S

24l v
5 | L -
107 fissions 106 fissions  10° fissions 10* fissions
(8.6x10%y)  (8:8x10%y)  (1.0x10%y)  (3.2x102y)

FIG. 8. Comparison of different unfolding techniques from the
spontaneous fission source 32Cf at different statistical configurations,
with the extracted property of y-ray multiplicity per fission.
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FIG. 9. Comparison of the unfolded y-ray spectra for (a) a
discrete y source ?Eu and (b) an exponentially distributed y source.
Each unfolded spectrum is compared to the emission spectrum, as
well as the measured spectrum (scaled for better visibility).

then be calculated from these two quantities,

M, = /Ny(Ey)dEy )
Ey o = / E, x N,(E,)dE, 3)
€y = E%tol/ﬁy' 4)

In order to validate the calculations, simulated data with
high statistics are used in case of a discrete (radioactive source
152E1) and a continuous (energy in exponential, multiplicity in
Gaussian) distribution, which are typical for PFGS. Figure 9
gives the comparison among measured spectrum, unfolded
spectrum, and emission spectrum. Even though the unfolded
spectrum cannot fully eliminate the energy shearing effect,

TABLE 1. Summary of the spectral characteristics for unfolded
spectrum and emission spectrum.

M, E, o MeV) €, (MeV)
'52Eu source unfolded 1.65+0.06 1.1640.02 0.70 & 0.03
emission 1.58 £0.01 1.11+£0.00 0.71 £ 0.01
exponential unfolded 7.28 £0.08 12.93 +0.07 1.77 +£0.02
emission 7.25+£0.02 12.86+0.00 1.77 &+ 0.00

which causes oscillation in the neighboring bins, the spectral
characteristics of the unfolded spectrum very well represent
those of the emission spectrum, as summarized in Table I.
The analysis also shows that, for one detector, aforementioned
linear-iteration unfolding procedures reasonably reproduce the
average multiplicity, the total energy released, as well as the
average photon energy, here applied to a high-statistics data
sets.

IV. RESULTS
A. B2Cf(sf) data

In order to validate the data analysis procedure, PFGS from
a »2Cf spontaneous fission source were measured since 2>Cf
has been extensively studied and is very useful as an evaluated
standard. The measured spectrum of each individual y detector
was unfolded separately, following the unfolding procedure
discussed in the preceding section. The spectral characteristics
are then extracted individually. The final values are obtained
from the weighted mean and associated uncertainties of spectra
from the multiple detectors in the experimental setup. The
values obtained are presented in Table II. Each individual
unfolded spectrum from multiple detectors was combined into
two averaged unfolded spectra for different detector types, i.e.,
LaBr; scintillation detector and PARIS phoswich detector, as
is plotted in Fig. 6.

The unfolded spectra (Fig. 6) from the LaBr3 scintillation
detectors and the PARIS phoswich detectors are in very good
agreement with each other despite the very different y-ray
responses. There is good agreement in terms of both the slope in
the high-energy region and the positions of the structures in the
low-energy region. There are some small differences observed
in the amplitude of the major peaks in the low-energy region,
but this may be due to the different energy resolutions of the
two detector types and are also within the uncertainties. The
spectral characteristics for the two types of the detectors agree

TABLE II. Summary of PFGS characteristics for the >>2Cf spon-
taneous fission source.

M, E, . MeV) €, (MeV)
This work: LaBr; 830+0.15 6.60+0.15 0.80 =+ 0.02
This work: PARIS 840+0.19 6.70+026 0.80 £ 0.02
Billnert et al. [29] 830+0.09 6.64+0.10 0.80=+0.01
Chyzh et al. [34] 8144040 7.65+0.55 094 +0.05
ENDEF/B-VIL1* [35] 7.79 6.70 0.86

“Energy range: 0.1-6.0 MeV.
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TABLE III. Summary of PFGS characteristics for the 2U(n, f)
reaction at different incident neutron energies.

E, (MeV) M, E,w MeV) €, (MeV)
LaBr; 19  638+£0.19 5.15+021 0.8140.04
48 7374049 6294069 0.85=+0.11
PARIS 19  6.69+0.19 535+0.19 0.80+0.04
48 7254042 6.06+060 0.8440.10
total 19  65440.19 5254020 0.804 0.04
48  731+£046 6.18+065 084=+0.11
Laborie 1.7 7054020 592+024 0.84+0.03
etal. [15] 52 7254035 573+£040 0.79 4 0.04

well within 1.5% and are within the error bars (see Table II).
This demonstrates a good performance of the PARIS phoswich
detectors in this experiment—in fact, the first time that these
detectors have been used in a real physics measurement.

Our results from 232Cf are also in very good agreement
with results from previous experiments [29,34] and evaluated
databases [35]. Comparisons are given in Table I1. We conclude
that our analysis procedure is validated and may now be applied
to the spectral data obtained in our measurements of PFG from
neutron-induced fission of 238U(n, f), as presented in the next
section.

B. 8U(n, f) data

In this section we present the experimental PFGS results
from fast-neutron-induced fission of 2**U at two different
incident energies (1.9 and 4.8 MeV) to examine any potential
energy dependence of spectral characteristics below second
chance fission. The >*®U ionization chamber used for the
measurement had an identical external geometry and was con-
structed of similar materials compared to the »>Cf chamber.
However, the samples in the >**U chamber were positioned
between 12 and 20 cm from the source covering slightly
different solid angles. For the 238U(n, f) case, the response
matrix for each y detector has to be simulated at nine different
positions (see Fig. 2) taking into account the corresponding
change in source geometry. The measured PFGS correspond-
ing to each fission position have been unfolded separately.
To obtain the final values for the spectral characteristics, i.e.,
average multiplicity, total energy release, and average photon
energy, each spectrum was analyzed independently and used
to extract weighted means for each of the relevant quantities,
see Table III. To obtain the final unfolded spectrum in Fig. 10,
all the separate unfolded spectra for each detector and each of
the nine source positions, were combined into two averaged
unfolded spectrum for different detector types.

A linear fit to the spectral characteristics for the two incident
neutron energies in this work has been performed. For example,
the trend of the total energy released per fission has a slope
0.32 £0.14 MeV/MeV and an intersection 4.64 + 0.32 MeV.
The experimental results reveal that the spectral characteristics
of PFGS, including the average multiplicity, the total energy
release as well as the average photon energy, have no significant
observable energy dependence when the beam energy is raised
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—— This work: PARIS Phoswich
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FIG. 10. Averaged unfolded spectra with the time widonw =+ 2.5
ns for the 2¥U(n, f) reaction in logarithmic scale, as obtained for two
different types of y detectors. The error bar of PARIS is omitted for
better visibility. The inset shows the region below 900 keV in linear
scale.

from 1.9 to 4.8 MeV (see Fig. 11). Also no significant
observable evolution in the shape of the spectrum is seen
(Fig. 10).

V. DISCUSSIONS

Changes in the PFG characteristics with incident neutron
energy can occur due to two different effects. The first is
through changes in the fission yields where the relative con-
tributions from each fission fragment depends on the incident
neutron energy. The second is from the extra total fragment
excitation energy (TXE) available for both neutron and y
emission.
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FIG. 11. Summary of the PFGS characteristics: (a) average multi-
plicity M, ; (b) average total energey E,, i; (c) average y-ray energy
€,, as function of neutron energy, for fast-neutron-induced fission
of Z*U.

According to the measured mass distributions for this
fissioning system [36], the yield of the standard 1 (S1) and
standard 2 (S2) modes do indeed change within the present
neutron-energy range (S1 decreases from 32.26% to 27.39%,
while S2 increases from 67.22% to 71.64%). Hence, it is
expected that the low-energy part of the y-ray spectrum, where
the contribution comes mainly from discrete transitions char-
acteristic of the populated fragments, changes with neutron
energy. However, due to the large variety of fragment isotopes
and their close-lying y lines, on one side, and the limited energy
resolution of scintillation detectors, on the other side, broad
structures (rather than sharp peaks) appear in the low-energy
part of the spectrum. These correspond to bunched groups of
close-lying y lines. Altogether, changes in these structures are
expected to be small over the studied neutron energy range,
and we are indeed unable to evidence them clearly with the
precision of the current measurement.

The change in incident neutron energy in this experiment
leads to an extra 2.90 MeV of excitation energy imparted to
the 2¥U* compound nucleus, which is shared between the
total kinetic energy (TKE) and TXE of fission fragments.
Previous measurements [37] have shown that the average TKE
is decreased by 1.33 MeV when the incident neutron energy
is increased from 1.9 to 4.8 MeV for this fissioning system.
Hence, an extra 4.23 MeV of TXE is available for neutron and
y emission based on the energy balance as follows:

TXE = in(gn + §n) + Ey,totv (5)

where v, is the average neutron multiplicity, €, is the average
neutron energy, and S, is the average neutron separation
energy. The average neutron multiplicity v, changes from
2.57 to 2.98 and the average neutron energy €, from 1.78
to 1.81 MeV according to the JEFF-3.3 evaluated library
[38] in this energy range. The average neutron separation
energy S, is estimated to change from 4.80 to 4.86 MeV,
when calculated using experimental masses [39] or theoretical
masses [40] and weighted by the fission yields obtained from
GEF [41]. According to the E,, i obtained from this work in
Table I1I, a TXE of 22.16 &+ 0.20 MeV and 26.06 £ 0.65 MeV
(only the uncertainty of E, ( is considered) are obtained for
E, =19 MeV and E, = 4.8 MeV, respectively. It gives rise
to an increase of 3.9 &£ 0.68 MeV in TXE, which is reasonably
well in agreement with the aforementioned 4.23 MeV of extra
TXE. This suggests that (76 & 13)% of the excess energy
is evacuated by neutron evaporation and (24 + 18)% for the
photon emission, which means that the majority of the extra
available TXE is dissipated by prompt-fission neutron (PFN)
emission. Despite the weaker increase of PFG emission relative
to PFN emission, our results suggest that the assumption that
neutron emission entirely precedes y emission, is not valid
and that competition of both play a considerable role during
the deexcitation of fission fragments [4-6].

Figure 11 contains—as a function of incident neutron
energy—the average values for each quantity from this work,
together with results from various fission models, including
PbP [42], GEF [41], and FREYA [43], as well as calculations
based on systematics [44]. The calculated observables of PFG
from GEF and FREYA have reasonable agreement with the
experimental results and also exhibit a slightly increasing
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FIG. 12. (a) and (b) Comparison between the unfolded PFGS of
this work (LaBr3) and the calculation from FREYA and GEF at two
incident neutron energies, respectively.

trend in terms of average y multiplicity and total energy per
fission. Some discrepancies are observed in the calculations
based on systematics for the 2®U(n, f) reaction. We report
much lower average y multiplicity per fission, slightly lower
total energy, and higher average energy per fission, compared
to the calculations based on systematics. A possible reason
for the discrepancies is that these calculations are based on
the assumption that the average total y-ray energy is linearly
depending on the neutron multiplicity. In addition it highly
relies on the fit with respect to the experimental PFG data to
get the coefficients, where the number of experimental PFG
data are still clearly insufficient.

A detailed comparison in terms of PFGS for our experi-
ment, FREYA, and GEF model calculations, is performed in
Fig. 12. Both model calculations, from GEF and FREYA, can
reasonably describe our experimental spectra and do not show
significant differences at the two incident neutron energies.

However, the enhanced yield above 3 MeV calculated with
the GEF code is not supported by our experimental results.
Even though the calculation for E, = 4.8 MeV is closer to
the experimental data, the spectral slope does not, despite the
larger statistical uncertainty, support the enhanced calculated
yield above E, =3 MeV.

Our observation of at most weak energy dependence of the
PFG characteristics in this energy range is, within uncertain-
ties, compatible with the results of Laborie ez al. [15]. It is also
of importance for nuclear applications, since y-ray heating
accounts for a major source of energy deposition in certain
reactor components, e.g., instrumentations and structural ma-
terials. In particular, the heating from y rays is two orders of
magnitude higher than neutron heating [45] in reactor reflectors
and shielding, and needs to be estimated to a reasonable
accuracy to avoid possible fracture and failure. The observed
results facilitate the design for the fast reactors in Generation
IV, which may not require significant changes in the modeling
of y heating transportation.

VI. CONCLUSIONS

Prompt-fission y-ray spectra have been measured for the
238U(n, f) reaction using fast neutrons of energies 1.9 MeV
and 4.8 MeV with the directional neutron generator LICORNE
using the p(’Li,n)’Be and p(''B,n)''C reactions. After
correction of the measured spectra for the detection system
response via an unfolding procedure, the emitted spectra could
be obtained and average spectral characteristics were extracted.
Different unfolding techniques were applied, demonstrating
the importance of a proper choice of the unfolding methods,
particularly in the case of low-statistics spectra. A validation
of the measurement was made by a corresponding reference
measurement of the PFGS characteristics for the spontaneous
fission of 22Cf, where results were in very good agreement
with previous experiments. It reinforces the study of the
28U (n, f) reaction with lower-statistics data sets. In unfolded
PFGS for the >®U(n, f) reaction at two incident neutron
energies, there is no evidence for a firm shape change of
the PFGS within the precision of the measurement. Addi-
tionally, no significant energy dependence for the spectral
characteristics of PFGS below the second chance fission has
been observed. Our results provide important information
on PFGS characteristics for fast-neutron-induced fission in
general, and belong to the first ever experimental data for the
fissioning system of 2*U*, complementing previous measure-
ments on thermal-neutron-induced fission and spontaneous
fission.
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