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Giant dipole resonance photofission and photoneutron reactions in 238U and 232Th
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New measurements of photofission and photoneutron reactions on 238U and 232Th in the giant dipole resonance
(GDR) energy region were performed at the laser Compton-scattering γ -ray source of the NewSUBARU
synchrotron radiation facility using a high-and-flat efficiency moderated 3He detection array. The neutron-
multiplicity sorting of high-multiplicity fission neutron coincidence events was performed using a dedicated
energy dependent, multiple firing statistical treatment. The photoneutron reactions (γ , in) with i = 1–3 and
photofission reaction (γ , F ) were discriminated by considering a Gaussian distribution of prompt-fission neutron
(PFN) multiplicities predicted by the theory of evaporation in sequential neutron emission from excited fission
fragments. We report experimental (γ , n), (γ , 2n), (γ , 3n), and (γ , F ) cross sections, average energies of
PFNs and of (γ , in) photoneutrons, as well as the mean number of PFNs per fission and the width of the
PFN multiplicity distribution. Based on these primary experimental results and combined with reasonable
assumptions, we extract also the first- and second-chance fission contributions. The new experimental results
are compared with statistical-model calculations performed with the EMPIRE 3.2 Malta and TALYS 1.964 codes
on the present data and with prompt fission emission calculations obtained with the Los Alamos model in the
frame of the most probable fragmentation approach with and without sequential emission.
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I. INTRODUCTION

Electromagnetic probes are among the first tools to have
been used for investigating the atomic nucleus. Such studies
at high ≈10–20 MeV incident γ energy give insight into the
properties of nuclear matter under the extreme conditions of
out-of-phase oscillation of the protons against the neutrons,
known as the isovector giant dipole resonance [1–3] and here
referred to as GDR. The GDR excitation function reveals im-
portant nuclear quantities, such as the quadrupole deformation
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parameter, the symmetry energy and its energy dependence,
the electric dipole polarizability [4], and the γ -ray strength
function (γ SF) [5] which, under the Brink hypothesis [6,7], is
used to describe the γ -ray cascades in nuclear reactions [8,9].

For medium and high atomic number target nuclei, the
charged-particle emission from the GDR excited states is
highly suppressed by the large Coulomb barrier. Thus, with
the exception of a few proton rich nuclei, the photoabsorption
cross section above the neutron separation energy is well
approximated by the sum of (γ , inx) reactions with i neutrons
in the final state, where i = 1–4.

For actinides, where the photofission reaction also occurs,
additional information related to the shape of the multiple
fission barrier and properties of the nucleus in hyper- and
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superdeformed states can be extracted [10], complementing
the picture obtained with hadronic probes [11]. For example,
considering the limited options in the types of actinide iso-
topic targets, the properties listed previously can be extracted
in photonuclear reactions for nuclei that appear as a second
chance in the neutron-induced fission reaction on the same
target, as it is well known that the fission barrier properties
can be extracted with better accuracy for the main compound
nucleus in the fission chain as compared to the subsequent
ones.

Most of the existing GDR photofission and photoneu-
tron cross sections have been measured using quasi-
monochromatic γ -ray beams obtained by positron in flight
annihilation at the Saclay [12] and Livermore [13] facili-
ties. The limited available photon fluxes hindered thin-target
experiments with direct fission fragment detection. Instead,
high-efficiency neutron detection systems were used for
pulsed γ -ray beam neutron coincidence detection experiments
[14].

Phenomenological descriptions for the prompt fission neu-
tron multiplicity distribution have been employed in the
associated neutron multiplicity sorting techniques [15] in
order to discriminate neutron contributions from the pho-
toneutron and photofission reactions. The Saclay group made
use of prompt fission neutron emission multiplicities extracted
from the neutron-induced fission study of Soleilhac et al. [16],
while the Livermore group used the formalism introduced in
Terrell’s theory of evaporation in sequential neutron emission
from excited fission fragments [17]. However, discrepant re-
sults have been obtained for the 237Np, 238U, and 232Th nuclei
measured at the two facilities [18–20], with both photofission
and photoabsorption cross sections systematically higher at
Livermore than at Saclay.

Recently, the IAEA launched a Coordinated Research
Project (CRP) on Photonuclear Data and Photon Strength
Functions (Code F41032; 2016–2019) [5,21–23] which had
as one of its main objectives to solve such long-standing
discrepancies between Saclay and Livermore data through
new photonuclear measurements. In the IAEA CRP, GDR
photoneutron cross sections for 11 nuclei from 9Be to 209Bi
[23,24] were measured at the laser Compton-scattering (LCS)
γ -ray beam line at the NewSUBARU synchrotron radia-
tion facility [25,26] of SPring8, Japan. The use of a new
high-and-flat efficiency neutron detection system and as-
sociated multiplicity sorting techniques [27,28] along with
low-background and energy-variable quasimonochromatic
LCS γ -ray beams helped to resolve part of the long-standing
discrepancy between the Livermore and Saclay data of partial
and total photoneutron cross sections.

In the present work, we report experimental results of
238U and 232Th photoneutron and photofission measurements
performed at NewSUBARU following the IAEA CRP. In
Sec. II, the experimental method is described. The data anal-
ysis method, consisting of neutron multiplicity sorting and
energy unfolding of raw experimental data, as well as the
assumptions and procedures applied for discriminating the
first- and second-chance fission contributions are described
in Sec. III. Results are discussed and compared with pre-
ceding data and theoretical predictions in Sec. IV. These

include prompt neutron emission results, i.e., mean numbers
of prompt-fission neutrons (PFNs), width of PFN multiplicity
distribution and average energies of PFNs, and their compar-
ison with Los Alamos model predictions. Photoneutron and
photofission cross sections and average energies of neutrons
emitted in (γ , in) reactions are also compared with statistical
model calculations. More details on the statistical model cal-
culation are given in Sec. V. Finally, a summary is given in
Sec. VI.

II. EXPERIMENTAL METHOD

The measurements were carried out in the experimental
hutch GACKO (Gamma collaboration hutch of Konan Uni-
versity) of the laser-Compton scattering γ -ray beamline at
the NewSUBARU synchrotron radiation facility. A schematic
diagram of the experimental setup is shown in Fig. 1(a). The
LCS γ -ray beams irradiated the targets placed at the center of
a moderated 3He flat efficiency neutron detection array shown
in Fig. 1(b). A large volume NaI detector placed downstream
of the flat efficiency neutron detector (FED) was used for in-
beam monitoring of the LCS γ -ray beam flux. The data were
recorded in a triggerless list mode, using an eight-parameter
25 MHz digital data acquisition (DAQ) system. The system
collected the time and energy signals of the NaI detector,
the arrival time of neutrons recorded by the 3He counters,
and the clock signals which triggered the laser beam. Event
mode structured data files were constructed offline using the
clock signals as time reference. The energy spectra of the
incident photon beams were recorded between irradiations by
a LaBr3:Ce detector.

A. Gamma-ray beams

Quasimonochromatic γ -ray beams were generated at en-
ergies from 5.87 to 20.14 MeV in the inverse Compton
scattering of 1064 nm photons from the Navigator II solid
state laser with relativistic electrons in the NewSUBARU stor-
age ring. A system of double 10 cm thick Pb collimators with
C1 = 3 mm and C2 = 2 mm diameter was used to limit the γ -
ray beam spot size and define the energy resolution. Electron
beam energies were tuned at 40 energy values between 589.89
and 1071.78 MeV. The electron beam energy was calibrated
with the accuracy on the order of 10−5 and is reproduced by
an automated control of the beam-optics parameters in both
deceleration down to 0.5 GeV and acceleration up to 1.5 GeV
after every injection of an electron beam at the nominal energy
974 MeV from a linear accelerator [29]. After injection, the
electron beam current slowly dropped from 300 to ≈100 mA,
with a typical beam lifetime of 8 h.

The Navigator II laser was operated in Q-switch mode at
1 kHz frequency, corresponding to 1 ms interval between tens
of ns wide laser pulses. The NewSUBARU electron beam
bunches have a 500 MHz frequency and 60 ps width. Thus,
the LCS γ -ray beam time structure follows the slow laser and
the fast electron time structure, with LCS γ rays generated
in bunches corresponding to each laser light pulse. For back-
ground subtraction, the laser had also a slow, 10 Hz frequency
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FIG. 1. (a) LCS γ -ray beam line BL01 and the GACKO experimental hutch at the NewSUBARU synchrotron radiation facility. (b) Dia-
gram showing the 3He counters layout in the flat efficiency neutron detector (FED).

pulsed macrotime structure of 80 ms beam on followed by
20 ms beam off.

Given the large number of electron-laser photon interac-
tions and the small Compton scattering cross section, the
number of γ -ray photons in each pulse follows a Pois-
son probability distribution. During irradiations, the NaI(Tl)
detector of 8 in. diameter and 12 in. length recorded multi-
photons from the same γ -ray bunch, generating multiphoton
(pileup) spectra. The multiphoton spectra were processed
through the pileup/Poisson fitting method [30,31] to deter-
mine the incident photon flux. During the experiment, the
mean number of photons per pulse varied between 5 and
15, corresponding to incident photon fluxes of (4–12) × 103

photons per second.
Single-photon spectra of the LCS γ -ray beams were mea-

sured in between irradiations with a 3.5 in. diameter × 4.0
in. length LaBr3:Ce detector in a continuous wave (CW)
mode of the Navigator II laser and at a reduced laser power.
The stability of the LCS γ -ray beam spectral distribution
over several hours of irradiation was checked by repeated
LaBr3:Ce monitor measurements. The experimental spectra
for each irradiation energy were reproduced using the ded-
icated ELILABR LCS γ -ray source simulation code [32–34]
implemented using the GEANT4 package [35]. The simulated
incident energy distributions of the LCS γ -ray beams are
shown in Fig. 2. The central black lines are the results of
simulations obtained with parameters that best reproduce the
experimental LaBr3:Ce spectra. The blue band shows the un-
certainty of the simulation and was obtained using sets of
parameters different from the optimal ones but which satis-
factorily reproduce the response of the LaBr3:Ce detector.

B. Targets

Nuclear fuel materials of 8.62 g ThO2 and 4.06 g U3O8

shielded in pure-aluminum cylindrical containers of 8 mm
inner diameters were irradiated with LCS γ -ray beams. The
target and thus the FED alignment to the LCS γ -ray beam
was done by monitoring the visible synchrotron radiation as
a guide. Measurements with a MiniPIX X-ray camera [36,37]
reproduced by Monte Carlo ELILABR simulations show that,
for the present collimation configuration, the beam spot on
target is 4 mm in diameter [38], which is sufficiently smaller
than the 8 mm diameter of the irradiated samples.

An empty Al container was used at energies above 1n
threshold for 27Al at 13.06 MeV to measure contributions
from Al to neutron events. Contributions from oxygen nuclei

to neutron events were measured at energies above neutron
threshold at 15.66 MeV for 16O by using a 10 cm H2O target
in an Al cylinder of 14 mm inner diameter with entrance and
exit windows of 25.4 µm Kapton foils. Contributions from
the Kapton foils were also checked with an empty cylinder.
Table I lists the properties of the Th, U, Al, and H2O targets
used in this work.

The amount of neutron multiplication through neutron-
induced fission reactions occurring in the target materials
as photoneutrons exit the actinide samples was investigated
by GEANT4.11 neutron transport simulations performed for
realistic Maxwell PFN spectra and typical PFNs mean mul-
tiplicities. It follows from the simulation that, due to the small
amount of target material, such effects are negligible.
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FIG. 2. The spectral distributions of the 40 incident LCS γ -ray
beams used in the present experiment, as obtained by Monte Carlo
simulations with the ELILABR code [32–34]. The energy spread in
full width at half maximum varies between 120 and 750 keV for
the 5.87 and the 20.14 MeV LCS γ -ray beams, respectively. The
blue band shows the energy spectra uncertainty. Each curve is offset
along the vertical axis by 1 arbitrary unit for clarity. The inset shows
the magnified spectrum for the 14.08 MeV maximum energy beam.
The 410 keV FWHM is shown by the red arrow.
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TABLE I. Targets used in the experiment: areal density and
photon transmission through the samples (T ) at the minimum and
maximum γ -ray energies investigated. All targets have natural iso-
topic abundances.

Target U3O8 ThO2 Al H2O

Areal density (g/cm2) 8.08 17.15 1.08 5.38
TEγ =6 MeV (%) 71.5 48.5 97.2 82.2a

TEγ =20 MeV (%) 64.6 38.2 97.7 83.1

aFor Eγ = 16 MeV.

C. Flat efficiency neutron detector (FED)

The targets were placed in the center of a flat efficiency
moderated neutron detection array of 31 identical 3He coun-
ters (10 atm., 2.5 cm diameter × 45 cm active volume) [27].
The array consists of three concentric rings of 4, 9, and 18 3He
counters embedded in a polyethylene moderator at 5.5, 13.0,
and 16.0 cm respectively from the γ -ray beam axis, as shown
in Fig. 1(b).

Figure 3(a) shows MCNP simulations for the total neutron
detection efficiency along with efficiencies for the inner ring
of counters and for the sum of the two outer rings. In the simu-
lations, we considered Maxwell neutron spectra characteristic
for PFNs (black lines), as well as neutron evaporation spectra
described by the Weisskopf-Ewing function [39] (blue lines).
The simulation results are represented at the corresponding
average neutron emission energies. An experimental calibra-
tion with a 252Cf source of known activity is also shown in
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FIG. 3. (a) Neutron detection efficiency obtained by MCNP simu-
lations for Maxwell (black) and neutron evaporation spectra (blue)
compared with the experimental 252Cf calibration result. (b) The
average neutron energy as function of the inner-ring/outer-rings de-
tection efficiency ratio.

Fig. 3(a). The total detection efficiency varies within 5% from
38.1% (37.8%) at 10 keV to 33.1% (32.9%) at 5 MeV for
Maxwell (evaporation) neutron spectra. The good agreement
between the two curves demonstrates a robust flatness of the
total neutron detection efficiency, and thus a good insensitivity
of the extracted cross sections as a function of the specific
neutron emission spectrum.

Instead, the partial detection efficiency of the inner ring
and that of the summed two outer rings depend on the average
neutron energy. Figure 3(b) shows that the fRR ratio between
the two of them decreases with the neutron energy, a feature
which is used through the ring ratio (RR) method to extract
the average neutron energy. As described in Refs. [14,28], the
neutron energy is obtained by evaluating the simulated fRR

function at the experimental ratio between the numbers of
neutrons recorded in the inner and outer rings of counters. We
note that, unlike the total detection efficiency, the fRR func-
tions computed for Maxwell and neutron evaporation spectra
diverge for neutron energies above ≈1 MeV, which is the
region of interest for PFN average energies. This indicates that
the RR extracted average neutron energies are in fact sensitive
to the choice of the simulated neutron emission spectra.

Thus, the accuracy of the efficiency simulations performed
by modeling the PFN spectra by Maxwell functions was tested
using dedicated predictions for PFN spectra emitted in the
photofission reactions on 232Th and 238U [40]. Predictions
of PFN spectra and multiplicities were obtained through cal-
culations in the frame of the most probable fragmentation
approach with the Los Alamos (LA) model without [41]
and with [42] sequential emission, using input parameters
provided by the recent systematic of Ref. [43] and fission
chance probabilities based on present EMPIRE statistical model
calculations. Throughout this work, we will refer to them as
LA model predictions. Good agreement was obtained between
the simulations performed by sampling neutrons from the so
obtained spectra predictions and by using Maxwell spectra.

The radial arrangement of the 3He counters allowed the
investigation of the azimuthal asymmetry of PFN emission
through individual scaler monitoring of the detection rate for
each counter. Such measurements were recently made at the
HIγ S LCS γ -ray source to extract polarization asymmetries
in sub-barrier fission [44,45]. However, azimuthal asymme-
tries were not observed in the present GDR measurements
due to the cumulative effect of the overlap between PFNs and
(γ , xn) photoneutron ones, and the fact that the number of
possible values of the (J,�) quantum numbers characterizing
transition states increases with the increase in the excitation
energy.

D. Multineutron coincidence data

For the actinide 232Th and 238U targets irradiated in the
present experiment, the neutrons were emitted in both pho-
toneutron and photofission reactions. In Table II, we give
neutron emission thresholds values and, as a reference, we
also list the BF (γ , f ) first- and BF (γ , n f ) second-chance
fission thresholds extracted from preceding photofission and
neutron induced fission experiments (see Ref. [20] and refer-
ences therein). The first- and second-chance fission thresholds
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TABLE II. Separation energies for one (Sn), two (S2n), and three
(S3n) neutrons and BF (γ , f ) first-chance and BF (γ , n f ) second-
chance fission thresholds for 232Th and 238U. BF (γ , f ) is the fission
barrier for the main compound nucleus and the BF (γ , n f ) values are
obtained by adding Sn to the BF (γ , f ) for the (N − 1) nucleus. All
values are given in MeV with ±0.2 MeV uncertainty.

Target Sn S2n S3n BF (γ , f ) BF (γ , n f )

232Th 6.44 11.56 18.35 6.0 12.6
238U 6.15 11.28 17.82 5.8 12.3

determined in the present experiment (see Sec. IV D) agree,
within the experimental limits, with those given in Table II.

While the x maximum neutron emission multiplicity in
photoneutron reactions varied between 0 and 3, depending
on the incident photon energy and the characteristic i neu-
tron separation energies Sin, the photofission reactions emit
up to ≈9 PFNs per fission. The primary experimental infor-
mation from which the competing (γ , in) and (γ , F ) cross
sections are extracted through neutron-multiplicity sorting are
the neutron coincidence events.

Here, an event is defined as an i-fold coincidence when
i neutrons are recorded in the 1 ms interval between two
consecutive γ pulses. The 1 ms interval was chosen based
on the neutron die-away time inside the FED [24,27,28]. We
note that, in single-firing conditions, no more than one nuclear
reaction is induced by each photon beam pulse, and thus
all recorded neutron coincidence events with multiplicities
greater than x can be assigned to photofission reactions. In
the present experiment, the incidence of multiple-firing events
was reasonably minimized, but not eliminated, by using γ -ray
beams of limited 5 to 15 mean photon multiplicities per bunch.

Figure 4 shows the histogram of the neutron arrival time
for (a) one-, (b) two-, . . . , (g) sevenfold coincidence events
in the photon induced reactions on 238U at 18.67 MeV, above
S3n = 17.82 MeV. The histograms were built for an irradiation
of 2 hours, the typical duration of a measurement in this
experiment. The black histograms correspond to the beam-on
data and the blues ones to the beam-off data normalized by a
factor of 4 = (80 ms)/(20 ms). The background subtraction
procedure, which relies on fitting the time distribution with
a sum of exponentials plus a flat background, is discussed in
Refs. [24,27,28]. We note that the background component de-
rived from the fitting procedure reproduces the experimental
beam-off background level.

Multineutron coincidence events were also discriminated
by the firing ring in order to apply the ring ratio method and
determine the average energies of neutrons detected in i-fold
coincidences. Figure 5 shows the histogram of the neutron de-
tection time by the inner ring and, respectively, by the summed
two outer rings in (a,b) onefold, (c,d) twofold, (e,f) threefold,
and (g,h) greater than threefold neutron coincidence events
for the 18.67 MeV γ -ray beam incident on 238U. Consider-
ing that Eγ < S4n and that the experiment was conducted in
conditions close to single firing, a good approximation for the
average energy of the total PFN spectrum can be determined
by applying the RR method to the summed up ring data for
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FIG. 4. Arrival-time distributions of neutrons recorded by the
FED in the photoneutron and photofission reactions on 238U at 18.67
MeV. The experimental neutron counts recorded during beam on
(black) and beam off (blue) are displayed for (a) onefold, (b) twofold,
(c) threefold, (d) fourfold, (e) fivefold, (f) sixfold, and (g) sevenfold
neutron events. The red lines show least-squares fits to the experi-
mental distributions obtained using a sum of two exponentials and a
constant background component.

multiplicities higher than 3 shown in Figs. 5(g) and 5(h). Thus,
for each incident energy, we have summed up the arrival time
histograms in the inner andouter rings for neutrons recorded
in events of multiplicities higher than the maximum (γ , in)
photoneutron multiplicity x.

III. DATA REDUCTION AND ANALYSIS

A. Key experimental observables: i-fold neutron cross
sections and average energies

a. Ni: i-fold neutron cross sections. We define Ni, expressed
in cross section units (mb), as the number of i-fold neutron
coincidence events recorded per incident photon and target
nucleus:

Ni =
∑

t ni[t]/i

Nγ nT ξ
, (1)

where ni[t] is the background subtracted arrival time his-
togram for neutrons recorded in i-fold events. nT is the
concentration of target nuclei, Nγ is the incident photon
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FIG. 5. Same as Fig. 4, where the experimental neutron counts
recorded by the inner ring counters (left column) and by the counters
in the two outer rings (right column) are displayed for (a,b) onefold,
(c,d) twofold, (e,f) threefold, and (g,h) four- to sevenfold neutron
events.

number for the total irradiation time, and ξ = [1 −
exp(−μL)]/μ is a thick-target correction factor given by the
target thickness L and attenuation coefficient μ.

Figure 6 shows the experimental (black empty dots) i-fold
neutron cross sections for [(a)–(g)] 238U and for [(h)–(n)]
232Th. From the analysis of the empty Al container and H2O

target data we found that small single-neutron contributions
had to be subtracted from the U3O8 and the ThO2 data,
following the normalization procedure described in Ap-
pendix A. The values displayed by red empty dots in Fig. 6
represent the total subtracted contribution for each experi-
mental onefold point. Although the aluminum and oxygen
contributions were low, we were able to extract the 27Al(γ , n)
and the 16O(γ , n) cross sections from the empty Al container
and H2O target data, as shown in Appendix A.

Because of the nonunity detection efficiency of ≈37%,
we notice in Fig. 6 that the counting statistics of high multi-
plicity neutron coincidence events becomes increasingly poor
with increasing neutron multiplicity. Depending on the (γ , F )
reaction cross section and PFN multiplicity distribution, the
maximum neutron multiplicities observed experimentally in
the present study varied between 3 and 7. Table III sum-
marizes the maximum recorded neutron multiplicities, as
observed in Fig. 6.

In general, we note that the maximum recorded multiplicity
at the same excitation energy is lower for 232Th than for
238U. In particular, for 232Th, the two lowest energy points,
at 5.87 and 6.16 MeV excitation energy, have a maximum
recorded neutron multiplicity of 3, which is the minimum
value obtained in the present experiment. However, these two
points are below Sn, and in fact all recorded neutrons originate
from (γ , F ) reactions only, which significantly simplifies the
neutron-multiplicity sorting procedure and lowers the require-
ments on the observed neutron multiplicity, as described in
Appendix B.

b. Ei: i-fold average neutron energies. Ei is the aver-
age energy of neutrons recorded in i-fold events and was
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FIG. 6. Experimental (Ni, empty black dots) and best fit (NMF
i , blue crosses) i-fold cross sections, defined in Eq. (1) as the number of i-fold

neutron events recorded per incident photon and target nucleus, for the photoneutron and photofission reactions on 238U (a)–(g) and 232Th
(h)–(n). The empty red dots show the total subtracted background contribution N1 from the aluminum container and from the oxygen nuclei in
the U3O8 and the ThO2 molecules. The error bars are statistical only.

044602-6



GIANT DIPOLE RESONANCE PHOTOFISSION AND … PHYSICAL REVIEW C 109, 044602 (2024)

TABLE III. Maximum neutron multiplicity N∗ observed for 232Th
and 238U for energy regions defined by the Sxn separation energies
in each isotope, where x = 1 to 3. Most common values are given
together with exceptions listed in brackets, as a summary of the data
shown in Fig. 6.

Eγ <Sn Sn <Eγ <S2n S2n <Eγ <S3n S3n <Eγ

N∗
232Th

3 4, (3, 5) 5, (4, 6, 7) 5, 6

N∗
238U

4 4, 5, (6, 7) 6, 7, (5) 7, (6)

x+3 3 4 5 6

experimentally determined by the RR method as

Ei = fRR

(∑
t

nin
i [t]

/∑
t

nout
i [t]

)
, (2)

where nin
i [t] and nout

i [t] are the background subtracted arrival
time histograms for neutrons detected in i-fold events by the
inner ring and by the summed two outer rings, respectively.

Figure 7 shows the experimental (black empty dots) av-
erage energies Ei of neutrons recorded in (a,e) onefold, (b,f)
twofold, (c,g) threefold, and (d,h) > x-fold coincidence events
for (top) 238U and (bottom) 232Th, where x is again the
maximum (γ , in) photoneutron multiplicity for each incident
energy. Thus, E1, E2, and E3 were determined only for inci-
dent photon energies above Sn, S2n, and S3n respectively. For
example, for the two lowest 232Th points, which are below Sn,
x = 0 and thus the RR-method was applied on the total inner
and outer ring data to obtain the average energy of the PFN
spectrum.

B. Neutron multiplicity sorting

Considering a photon beam of energy Eγ incident on an
actinide target, where Sxn < Eγ < S(x+1)n, the following com-
petitive reactions can be induced:

(i) Photoneutron (γ , in) reactions of cross sections σγ ,in

and average neutron emission energies Eγ ,in, where i
takes values from 1 to x;

(ii) Photofission (γ , F ) reactions with emission of i PFNs
of average energy Eγ ,F and described by a ρi multi-
plicity distribution for which the

∑
i ρi = 1 condition

is generally reasonably met for maximum PFN emis-
sion multiplicities N ≈ 8–9. We can express the total
photofission cross section σγ ,F in terms of the partial
cross sections σγ , f in for photofission with emission of
i PFNs:

σγ ,F =
N∑

i=0

σγ , f in. (3)

In order to extract the contributing photoneutron and
photofission reactions cross sections and average neutron
energies, a neutron multiplicity sorting procedure must be
applied on the direct experimental observables i-fold cross
sections Ni and average energies Ei, which were discussed in
the previous section. By considering scenarios of increasingly
realistic experimental conditions, we here define the problem
and introduce the necessary assumptions for solving it:

a. Assuming ideal single-firing conditions and unity
neutron detection efficiency ε, one would experimentally de-
termine the i-fold cross sections N1 to NN, which would

FIG. 7. Average energies in monochromatic approximation of photoneutron and PFNs for (a)–(d) 238U and (e)–(h) 232Th: average energies
of neutrons recorded in i-fold coincidence events (experimental: empty black dots; best fit: blue crosses), and multiple firing neutron
multiplicity sorting results for the average energies Eγ ,xn of (γ , xn) photoneutrons and Eγ ,F of PFNs (full black dots). The error bars for
the average energies of i-fold coincidence events represent the statistical component and a 3% systematic component accounting for the
uncertainty in the neutron detection efficiency calibration.
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directly relate to the photoneutron and photofission cross sec-
tions as

Ni = σγ ,in + σγ , f in, (4)

where of course the photoneutron cross sections σγ ,in are zero
for i > x. As one would have an underdetermined system
of N equations and x + N variables, it would not be possible
to discriminate the cross sections σγ ,in and σγ , f in for low
emission multiplicities up to i = x.

In order to limit the number of independent variables, we
made use of Terrell’s theory of evaporation in sequential neu-
tron emission from excited fission fragments [17], employed
also by the Livermore group [46], and which demonstrates
that the ρi multiplicity distribution of PFNs can be approxi-
mated with a Gaussian function:

i∑
j=0

ρ j = 1

2
+ 1

2
f

(
i − ν p + 1/2 + b

σ

)
, (5)

with

f (v) = 1√
2π

∫ v

−v

exp

(−t2

2

)
dt (6)

and

b � 0.01 ≈ 1

2
− 1

2
f

(
ν p + 1/2

σ

)
. (7)

This reduces the number of photofission related variables
from N ≈ 8–9 to only three independent parameters: the total
cross section σγ ,F , the mean number of PFNs per fission, ν p,
and a width parameter σ ,

σγ , f in = σγ ,F · ρi(ν p, σ ). (8)

Thus, in ideal conditions of unit detection efficiency ε,
Eqs. (4) would be an overdetermined system of N equa-
tions and x + 3 variables.

b. Still in single-firing conditions, but considering a re-
alistic energy independent nonunity ε neutron detection
efficiency, the experimental i-fold cross sections Ni are now
expressed as

Ni =
N∑

x=i

(σγ ,xn + σγ , f xn) · xCiε
i(1 − ε)x−i, (9)

where xCi are the binomial coefficients and, again, for sim-
plicity of notation, we cycled σγ ,xn up to N with zero cross
section values for x > x.

However, as shown in Sec. III A, because of the non-unity
detection efficiency of ∼37%, the N∗ maximum neutron mul-
tiplicities observed experimentally were generally lower than
the expected highest PFN emission multiplicity N = 8–9. We
notice in Table III that, for 238U, the number of experimen-
tally observed multiplicities N∗ is either equal to or slightly
greater than the x + 3 number of unknown parameters. For
232Th, however, as lower maximum multiplicities were ex-
perimentally observed, N∗ is sometimes lower than x + 3.
In order to account for the limited statistics in registering
high-multiplicity neutron events, we found it necessary to
constrain the σ width parameter of the PFN multiplicity dis-
tribution, which is generally known to show a slow average

increase with the excitation energy, both for photon- and
neutron-induced fission. As shown in Sec. IV A, the width
parameter was constrained to the linearly dependent average
of the present σ experimental results.

In single-firing and flat efficiency conditions, we can also
express the average energies of neutrons recorded in i-fold
coincidences as

Ei =
N∑

x=i

(Eγ ,xnσγ ,xn + Eγ ,F σγ , f xn) xCiε
i(1 − ε)x−i/Ni. (10)

By averaging the above expressions for i > x, one obtains
the natural result that the average PFN energy Eγ ,F is equal
to the average energies of neutrons recorded in multiplicities
higher than the maximum photoneutron emission multiplicity
x: Eγ ,F = E>x. Thus, the system of x + 1 equations (10) can
be solved to obtain the single-firing approximation values for
the energies Eγ ,in and Eγ ,F .

c. Moving closer to reality, the situation is further com-
plicated by considering the small probability of more than
one reaction being induced in the target by the same photon
bunch. Following probabilities given by partial cross sections,
target areal density, and number of incident photons per pulse,
all combinations of energetically available reactions can be
induced by each beam pulse. Thus, one can no longer assume
that all coincident neutrons recorded in a given 1 ms event
originated from the same reaction and, for example, one can
no longer assign all neutron events of multiplicities higher
than x to photofission reactions. Thus, we have extended the
multiple-firing statistical method [28], originally developed
for photoneutron reactions only, by additionally implementing
the photofission reaction channels. Although the addition of
(γ , f xn) reaction channels is quite straightforward, we give
the complete method in Appendix B.

In the procedure, N was equal to 9, the highest
significant PFN emission multiplicity which verifies the∑N

x=1 ρx(ν p, σ ) = 1 condition. We considered (rx fx ) com-
binations of (γ , xn) and (γ , f xn) reactions, as defined in
Eq. (B4), where each individual reaction could be induced for
a maximum of 2 times in a given combination, while the max-
imum total number of reactions induced in each combination
was 3. Using the notations given in Appendix B, the rx and fx

indices in Eq. (B4) cycled from 0 to 2, while their sum r given
in Eq. (B5) took values up to 3.

We used the CERN MINUIT package to perform a χ2

minimization procedure and determine the set of input pa-
rameters σγ ,in, Eγ ,in, σγ ,F , ν p, σ , and Eγ ,F for which the
calculated i-fold cross sections NMF

i and energies EMF
i repro-

duced best the experimental Ni and Ei values. We defined the
χ2 as

χ2 =
N∗∑

i=1

(
Ni − NMF

i

)2

σ 2
Ni

+
x+1∑
i=1

(
Ei − EMF

i

)2

σ 2
Ei

, (11)

A preliminary, single-firing and energy independent mini-
mization procedure is performed to obtain starting values for
the input parameters in the minimization procedure.

The best-fit calculated i-fold cross sections NMF
i (blue

crosses) are shown in Fig. 6 in comparison with the
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experimental ones. The cross sections for the i-fold multi-
plicities N1 to N6 are well reproduced by the minimization
procedure. Instead, we notice that calculations underestimate
the experimental N7 values, especially at excitation energies
below ≈15 MeV. The best-fit calculated i-fold average neu-
tron energies EMF

i (blue crosses) shown in Fig. 7 reproduce
well the experimental values in the entire excitation energy
range and for all neutron multiplicities. We notice the sharp
energy drop in E2 at S2n for both 238U and 232Th, given by the
low neutron energy contribution of the newly opened (γ , 2n)
channel.

C. Energy unfolding

The measured quantities discussed above are referred to
as monochromatic approximations and represent in fact the
folding between the true, energy dependent quantities and the
spectral distribution of the incident photon beams. Explicitly,
the measured cross sections are the folding of the excitation
function and the beam spectral distribution:

σ fold
γ , kn(Em) = 1

ξ

∫ Em

0
L(Eγ , Em)σγ ,kn(Eγ ) dEγ . (12)

The measured average energies and mean numbers of PFNs
per fission are the folding between (i) the incident energy Eγ

dependent functions Eγ ,kn(Eγ ), Eγ ,F (Eγ ), and ν p(Eγ ), (ii) the
L(Eγ , Em) beam spectral distribution, and (iii) the excitation
functions of the photoneutron and respectively photofission
cross sections:

E fold
γ ,kn(Em) =

∫ Em

0 Eγ ,kn(Eγ )L(Eγ , Em)σγ ,kn(Eγ )dEγ

σ fold
γ ,kn(Em)ξ

, (13)

E fold
γ ,F (Em) =

∫ Em

0 Eγ ,F (Eγ )L(Eγ , Em)σγ ,F (Eγ )dEγ

σ fold
γ ,F (Em)ξ

, (14)

νfold
p (Em) =

∫ Em

0 ν p(Eγ )L(Eγ , Em)σγ ,F (Eγ )dEγ

σ fold
γ ,F (Em)ξ

. (15)

In the above equations, L(Eγ , Em) distributions are defined
as the average path length per unit energy traveled through
the target by a Eγ photon in an LCS γ -ray beam of Em

maximum energy. As described in Ref. [33], the L(Eγ , Em)
distributions account for the γ -beam self-attenuation in the
target and for the secondary radiation generated by electro-
magnetic interaction of the γ -beam with the target, which can
have sufficiently high energies to induce nuclear reactions in
the target. We have found that, given the limited target areal
density and reduced maximum energies of up to 20 MeV
employed in the present experiment, the secondary photons
had a low contribution to the total spectrum. Nevertheless, it
was taken into account.

Having defined in Eqs. (12)–(15) the measured folded
quantities, we further apply an iterative energy unfolding
procedure described in Refs. [47,48]. Figure 8 shows the
experimental results in monochromatic approximation, thus
before the energy unfolding procedure (empty symbols), and
the energy unfolded ones (full symbols) for the (a) (γ , n), (b)
(γ , 2n) and (γ , 3n), and (c) (γ , F ) reactions cross sections,

FIG. 8. Present (left) 238U and (right) 232Th results before (open
symbols) and after energy unfolding (full symbols): (a) (γ , n),
(b) (γ , 2n) and (γ , 3n), and (c) (γ , F ) cross sections, (d) mean
PFN numbers per fission, (e) (γ , n), (γ , 2n), and (γ , 3n) average
photoneutron energies, and (f) average PFN energies. The error bars
account for the statistical uncertainty and for the uncertainties in
the neutron detection efficiency, photon flux, target thickness, and
incident photon spectra.

(d) mean numbers of PFNs per fission, and the average ener-
gies of (e) (γ , n), (γ , 2n), (γ , 3n) photoneutrons and of (f)
PFNs. The unfolding procedure was applied independently
on each of the dependencies in Fig. 8. Naturally, the folding
with the beam spectral distribution has a greater effect when
the energy dependent quantity varies quickly and significantly
within the energy spread of the interogating photon beam.
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This is observed by the large differences between the folded
and unfolded cross sections in their corresponding peaks
vicinities and also on the E1 average energy in the 12 to 14
MeV excitation energy range, where it shows a fast increase
for both nuclei. We note that the energy unfolding procedure
was not applied on the PFN multiplicity distribution width σ ,
which shows a slow variation with the increase in excitation
energy.

The error bars for the energy unfolded results account for
the statistical uncertainties in the neutron detection, for un-
certainties of 3% for the neutron detection efficiency [24,27],
3% for the photon flux determination, and 0.25% for the target
thickness, and for the incident photon spectra uncertainty. The
uncertainty in the incident photon spectra, shown by the blue
bands in Fig. 2, was propagated by applying the unfolding
procedure separately for the upper and lower limits of the
incident spectra.

D. Separation of first and second fission chances

The total photofission cross sections σγ ,F can be expressed
in terms of the first- and second-chance fission components
σγ , f and σγ ,n f :

σγ ,F = σγ , f + σγ ,n f . (16)

In order to describe the relative contributions of both fission
chances, we will use the first-chance probability p defined as
the ratio of the first-chance photofission cross section and the
total photofission cross section:

p = σγ , f /σγ ,F . (17)

From Eqs. (16) and (17) it follows that the total number ν p

of PFNs is given by

ν p = pνγ , f + (1 − p)(1 + νγ ,n f ), (18)

and the average energy Eγ ,F of the total PFN spectrum is given
by

Eγ ,F ν p = pEγ , f νγ , f + (1 − p)[Eprefiss + νγ ,n f Eγ ,n f ], (19)

where Eγ , f and νγ , f are respectively the average energy of
PFNs and the mean number of PFNs emitted in the first-
chance photofission reactions, Eγ ,n f and νγ ,n f are the same
but for the second-chance photofission, while Eprefiss is the
average energy of the prefission neutron emitted before the
second-chance fission.

We note that Eq. (19) is strictly valid for the neutron
emission spectrum. However, in the flat efficiency approx-
imation in which prefission neutrons of low-energy Eprefiss

are recorded with equal probability as the first- and second-
chance PFNs, Eq. (19) is also a good approximation for the
recorded neutron spectrum.

In order to solve Eqs. (18) and (19) and obtain experimen-
tal estimations for the first- and second-chance photofission
contributions, we follow the technique employed by the Liver-
more group [49] and make use of the following assumptions:

a. For the first fission chance, there is a linear depen-
dence with the excitation energy for the average energy
Eγ , f of PFNs and for the mean number νγ , f of PFNs
emitted per fission. Thus, the Eγ , f and νγ , f values at

excitation energies above the Bn f second-chance fission
threshold are obtained by linear extrapolation of their values
below Bn f .

b. The average energy of the PFN spectrum is related to the
mean number of PFNs as

Eγ ,(xn) f = A0 + A1 · (1 + νγ ,(xn) f )0.5, (20)

where Eγ ,(xn) f and νγ ,(xn) f are the average energy and mean
number of PFNs emitted in the (x + 1)-chance photofission
reaction and which do not include the prefission neutron com-
ponent. Thus, the A0 and A1 coefficients are determined from
the least-squares fit to the first-chance photofission Eγ , f and
νγ , f experimental results. Then, the average energy Eγ ,n f of
second-chance prompt photofission neutrons from Eq. (19)
can be expressed in terms of the mean number νγ ,n f of
second-chance photofission neutrons:

Eγ ,n f = f (νγ ,n f ). (21)

c. The energy Eprefiss of the prefission neutron can be
estimated from the experimental average energies Eγ ,n of
photoneutrons at low excitation energies.

Following the steps described above for determination of
νγ , f , Eγ , f , and Eprefiss at excitation energies above Bn f and
by expressing Eγ ,n f as a function of νγ ,n f , the system of
Eqs. (18) and (19) can be numerically solved in order to
extract the remaining two variables, which are the probability
p of the first-chance photofission reaction and the average
number νγ ,n f of PFNs emitted in the second-chance photofis-
sion reaction. The results are discussed in Sec. IV D.

IV. RESULTS AND DISCUSSION

A. Prompt fission neutron multiplicities

Figure 9 shows the present (a) 238U and (b) 232Th results
for the PFN multiplicity distribution width σ compared with
all existing data. For both actinide targets, the present values
show a slow increase as functions of the excitation energy.
This is also observed in the results of Caldwell et al. for
238U, but not for 232Th, for which a constant value σ = 1.183
independent of the excitation energy was obtained. The least-
squares fit to the present data given in Table IV and plotted
as a black line in Fig. 9 is well reproduced by LA model
predictions [40] shown by the blue line in Fig. 9. The recent
low-energy data of Silano and Karwowski, however, do not
confirm the energy increase in σ .

Figure 10 shows the present experimental mean num-
bers of PFNs per fission for photofission reactions on (a)
238U and (b) 232Th compared with existing data, evalua-
tions, and predictions. The present data confirm the previous
general observations [20,57] that ν p increases with increas-
ing incident energy and that, at the same excitation energy,
the ν p values are higher for 238U than for 232Th because
of the increase in the mass and charge of the fissioning
system.

For 238U, there is a generally good agreement between all
data sets. For excitation energies below 9 MeV, the present
ν p are slightly lower than the previous results of Caldwell
et al. [20], which connect well to the sub-barrier data of
Silano and Karwowski [45]. However, the present data are
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FIG. 9. Dependence on incident photon energy for the σ spread
of PFN multiplicity distributions in the photofission reactions on
(a) 238U and (b) 232Th. Present results (full black dots) are compared
with LA model predictions [40] (full blue lines), recent HIγ S LCS γ -
ray beam data of Silano and Karwowski [45] (full purple diamonds),
and Livermore positron in-flight annihilation data [20] (full red dots).
A linear fit to the present data is shown by the full black line.

in good consistency with the Livermore ones in the higher
excitation energy region. The experimental results are well
reproduced by the IAEA Photonuclear Data (PD) 2019 [23]
and the ENDF/B-VIII.0 [58] evaluations and by the LA model
predictions [40]. The predictions obtained from the neutron
induced fission experiments of Soleilhac et al. [16] show an
energy increase steeper than the experimental data.

For 232Th, a more complex relationship between ν p and the
excitation energy is observed in both the present data and the
previous results of Caldwell et al. [20]. Although there is good
agreement between the overall increase slope and magnitude
of the present and the Livermore results, the two data sets
do not agree in describing the individual resonant structures
observed in the ν p energy dependency. We notice that the ν p

TABLE IV. Prompt fission neutrons multiplicity width parameter σ

Target nucleus Least-squares fit to present data

238U σ = 0.995 + 0.0157 · Eγ
232Th σ = 0.956 + 0.0144 · Eγ
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FIG. 10. Dependence on incident photon energy for the mean
PFN multiplicities in the photofission reactions on (a) 238U and
(b) 232Th. The present results (full black dots) are compared with
recent HIγ S LCS γ -ray beam data of Silano and Karwowski [45]
(full purple diamonds), Livermore positron in flight annihilation data
[20] (full red dots), capture γ -ray data [50] (brown empty squares),
bremsstrahlung data of Ref. [51] (gray open triangles), and indirect
determinations from bremsstrahlung studies of fission product yield
distributions of Refs. [52–57] (half full blue diamonds). The green
dashed-dotted lines show the systematic linear dependences deduced
from neutron-induced fission experiments by Soleilhac et al. [16] and
used by the Saclay group [19] in the data reduction. The full blue
lines are LA model predictions [40]. The IAEA PD 2019 [23] and
the ENDF/B-VIII.0 [58] evaluations are shown in dotted black and
respectively solid red lines.

error bars are larger for 232Th than for 238U in both the present
and the Livermore data sets. The increased uncertainty in the
determination of fission related parameters for 232Th origi-
nates from the poor statistics owing to the small size of σγ ,F in
232Th, which follows from the low fissility parameter ∼Z2/A.
Considering the large error bars of the experimental data, one
can consider that the IAEA PD 2019 [23] and the ENDF/B-
VIII.0 [58] evaluations and also the LA model predictions [40]
reproduce well the experimental ν p values in the 232Th(γ F )
reaction. However, the Soleilhac et al. [16] systematic which
was used in the neutron multiplicity sorting procedure applied
by the Saclay group [19] overestimates both the present and
the Livermore [20] experimental data for excitation energies
above ≈7 MeV.
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FIG. 11. Average energies of neutrons emitted in photon induced reactions on (a) 238U and (b) 232Th. Average energy Eγ ,n of neutrons
emitted in (γ , n) reactions (green dots), Eγ ,2n for (γ , 2n) neutrons (blue triangles), and Eγ ,3n for (γ , 3n) neutrons (black triangles) are compared
with results of present EMPIRE statistical model calculations (solid lines in corresponding color for each reaction). Present PFN energies Eγ ,F

(black dots) are compared to the ENDF/B-VIII.0 evaluation [58] (dashed blue lines) and LA model predictions [40] (red lines), and, for 238U,
also to the results of Caldwell et al. [20] (empty red dots).

B. Average energies of photoneutrons and PFNs

Figure 11 shows the average energies of neutrons emitted
in photoneutron (γ , 1n–3n) reactions and of PFNs emitted
in photofission reactions on (a) 238U and (b) 232Th. For both
nuclei, the average energy of (γ , n) neutrons shows a slow rise
above Sn followed by a sharp increase above S2n and then a
slow decrease above incident energies of 14 MeV. The EMPIRE

calculations describe well the increasing Eγ ,n behavior but do
not follow the slow decrease above 14 MeV excitation energy.
The average energy of (γ , 2n) neutrons rises slowly above
the S2n up to stable value of ≈1 MeV and then continues to
increase at excitation energies above S3n. Both the Eγ ,2n and
Eγ ,3n experimental values are reasonably well reproduced by
the EMPIRE calculations.

The average energy Eγ ,F of the PFNs shows a slow rise
with increasing excitation energies above the fission barrier. A
drop in the average energy at S2n is observed for both nuclei,
but is more pronounced for 232Th. Eγ ,F continues to rise
slowly above S2n. The experimental data are well reproduced
by the LA model predictions [40] (red lines). The ENDF/B-
VIII.0 evaluation [58] (blue lines) strongly underestimates the
experimental Eγ ,F values.

C. Photoneutron and photofission cross sections

Present cross section results for 238U (top) and 232Th (bot-
tom) are shown in Fig. 12 in comparison with existing data,
the ENDF/B-VIII.0 evaluation [58], as well as statistical cal-
culations. All available literature data sets are plotted for the
photoneutron cross sections σγ ,n and σγ ,2n, while the for the
photofission reaction we have plotted only the data sets which
extend into the GDR region.

1. (γ, in) and (γ, F ) reactions in 238U

The present photoneutron σγ ,n cross section results for
238U plotted in Fig. 12(a1) show good agreement in the peak

energy region with the Saclay data of Veyssiere et al. [19]
and underestimate by ≈20% the Livermore data of Caldwell
et al. [20]. At high excitation energies above ≈14 MeV, the
present σγ ,n cross sections show a rather slow decrease and
above 17 MeV stabilize at ≈50 mb, which is higher than both
the Livermore and Saclay results, which show a steeper slope
and stabilize close to zero.

The present cross sections σγ ,2n for 238U shown in
Fig. 12(b1) are also below the Livermore results of Caldwell
et al. [20] and are in generally good agreement with the Saclay
results, especially on the rising slope just above S2n, while in
the peak energy region and above we obtain slightly lower
values. At ≈20 MeV excitation energy, above S3n, the present
σγ ,2n stabilizes at ≈33 mb.

Figure 12(c1) shows an overall good agreement between
the present and the existing experimental photofission cross
sections for 238U. In consistency with the photoneutron chan-
nels, the present 238U(γ , F ) reaction cross sections are also
in better agreement with the Saclay results than with Liv-
ermore ones. However, we obtained lower and higher cross
sections for the first and second peaks respectively. A more
pronounced peak separation is observed in the present data
compared with the existing positron in-flight annihilation
ones, which is also present in the bremsstrahlung monochro-
mator data of Wilke and coworkers [64]. At high excitation
energies of ≈20 MeV, the present cross sections stabilize to
≈50 mb.

2. (γ, in) and (γ, F ) reactions in 232Th

The present cross sections σγ ,n for 232Th plotted in
Fig. 12(a2) are in overall good agreement with both the
Saclay and Livermore cross sections. In the low energy region,
they are below the bremsstrahlung monochromator data of
Dickey et al. [63] and above the capture γ -ray data of Mafra
et al. [66], situation observed also in the 238U(γ , n) cross
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FIG. 12. Present cross sections (black dots) for the (a) (γ , n), (b) (γ , 2n) and (γ , 3n), and (c) (γ , F ) reactions on (upper row) 238U
and (lower row) 232Th compared with existing data obtained with positron in flight annihilation beams at Saclay [19] (blue full diamonds),
Livermore [20] (red full dots), Giessen [59] (cyan empty dots), and Moscow [60] (cyan empty square), bremsstrahlung beams [61,62] (gray
symbols), bremsstrahlung monochromators [63–65] (orange symbols), and capture γ rays [50,66,67] (brown symbols). Present EMPIRE and
TALYS statistical model calculations and the 238U ones of Ref. [11] are shown by the black, green, and red solid lines, respectively.

sections. Above 14 MeV excitation energy, the present cross
section shows a slow decrease and stabilizes at ≈35 mb.

The present 232Th(γ , 2n) cross sections plotted in
Fig. 12(b2) are in good agreement with the Livermore data
on the rising slope above S2n. For excitation energies above
14 MeV, present σγ ,2n are systematically lower than the
Livermore cross sections and show a continuous decrease
without stabilizing on a constant plateau. The present results
do not confirm the sharp increase observed at ≈15 MeV in the
Saclay data.

Present 232Th(γ , F ) cross sections shown in Fig. 12(c2)
are generally higher than the Saclay results of Veyssiere et al.
[19]. The present data are in good agreement with the Liver-
more results of Caldwell et al. [20], except for the high energy
peak region of 13 to 15 MeV excitation energy where they
are higher than the Livermore data. The present σγ ,F show a
steep drop from the high energy peak and stabilize to ≈17−18
mb at excitation energies above 17 MeV. As observed also in
the case of ν p, the relative uncertainties of the 232Th(γ , F )
cross sections are higher than the 238U ones, because of the
low counting statistics associated to the low photofission cross
sections in 232Th.

We notice that the IAEA PD 2019 [23] and the
ENDF/B-VIII.0 [58] evaluations reproduced the Livermore
photonuclear reaction cross sections on both 238U and

232Th actinides. Thus, they overestimate the present 238U
photoneutron results while describing reasonably well the
photofission channel. For 232Th, the two recommendations
overestimate the (γ , 2n) cross section and underestimate the
photofission one.

3. Photofission cross section in the vicinity of Sn

Figure 13 shows the photofission cross sections on (a)
238U and (b) 232Th in log-log scale for good visualization
of the region spanning from sub-barrier up to several MeV
above Sn. A wealth of experimental data are present in this
low energy region, obtained with bremsstrahlung [51,69–79],
bremsstrahlung monochromator [63,80], and capture γ rays
[50,81–88]. The positron in-flight annihilation data of Cald-
well et al. [20] also extend to energies as low as 5.3 MeV. Two
investigations with monochromatic LCS γ -ray beams have
been performed at the HIγ S facility: by Csige et al. [68] on
238U using a stack of 40 thin metallic actinide targets and a
fission chamber and, more recently, by Silano and Karwowski
[45] on both 238U and 232Th using a moderated array of 3He
counters.

The present results are in overall good agreement with the
existing data. We reproduce the hump at 6 MeV in 238U and at
6.5 MeV in 232Th. On the left side of the 6 MeV hump, there is
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FIG. 13. Present photofission cross sections (black full dots) for (a) 238U and (b) 232Th compared in the low energy region to present EMPIRE

and TALYS statistical model calculations (black and green lines, respectively), the 238U ones of Ref. [11] (red line), and to existing data: recent
LCS γ -ray beam data obtained at HIγ S by Csige et al. [68] (blue half empty dots) using a fission chamber and by Silano and Karwowski [45]
(full purple diamonds) using a moderated 3He detection array, the Saclay [19] (blue full diamonds) and Livermore [20] (red full dots) positron
in flight annihilation data, bremsstrahlung data [51,69–79] (gray symbols), bremsstrahlung monochromator data [63,80] (orange symbols), and
capture γ -ray data [50,81–88] (brown symbols).

good overlap between the present results on 238U photofission
cross sections and the LCS γ -ray beam ones of Csige et al.
[68] and of Silano and Karwowski [45]. For 232Th, the two
lowest energy points of the present data connect nicely with
the highest energy points of the Silano and Karwowski [45]
data set.

4. Total photoabsorption cross sections

Figure 14 shows the photoabsorption cross sections for
(a) 238U and (b) 232Th. The present photoabsorption cross
sections are obtained as the sum of the partial photoneutron
and photofission cross sections. For 238U, they are in good
agreement with the Saclay results of Veyssiere et al. [19] and
with the bremsstrahlung data of Gurevich et al. [89]. The
IAEA PD 2019 [23] evaluation reproduced the Livermore re-
sults of Caldwell et al. [20], and thus overestimate the present
results. The statistical model calculations of Sin et al. [11]
reproduce well the present data in the low energy and GDR
peak regions, but underestimate the cross sections in the high
energy region above 17 MeV. The present 232Th(γ , abs) cross
sections are in good agreement with the ones of Caldwell et al.
[20] and thus well reproduced by the IAEA PD 2019 [23] and
ENDF/B-VIII.0 [58] evaluations.

D. Separation of fission chances

The average energies of PFNs emitted in photofission re-
actions at excitation energies below Bn f are shown in Fig. 15,
plotted as a function of ν p. The ν p and Eγ , f values were
discussed in Secs. IV A and IV B and were shown as functions
of the excitation energy in Figs. 10 and 11. In Fig. 15, the
results for each of the actinide targets are shown with separate
colors: black for 238U and blue for 232Th. A range in ν p from
1.6 to 3.0 PFNs per fission is covered for 232Th and from 2.2
to 3.5 for 238U. The thin solid lines are least-squares fits to
the experimental data for each nucleus performed using the
function given in Eq. (20). The thick solid lines represent LA
model predictions [40] for each fissioning system. The green
dotted line is the evaporation-model prediction of Terrell [90].
The empty dots are the experimental results of Caldwell et al.
retrieved from Fig. 1 of Ref. [20]. For 232Th, we obtain a faster
rise in the average PFN energy with the mean multiplicity
when compared to the 238U results and to the prediction of
Terrell, which is in agreement with the Livermore results.

The total mean number ν p of PFNs per fission is com-
pared in Fig. 16 with the contributions of the first- and
second-chance fissions for (a) 238U and (b) 232Th. The
experimental results (full dots) are compared with LA
model predictions [40] weighted with the present EMPIRE
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FIG. 14. Present photoabsorption cross sections for (a) 238U and (b) 232Th compared to existing data obtained with positron in-flight
annihilation beams at Saclay [19] (blue full diamonds) and at Livermore [20] (red full dots) and to bremsstrahlung beam data [89] (gray). The
SMLO curves correspond to fits to the present data using the simple modified Lorentzian function described in Ref. [93]. We also show the
Sin et al. [11] photoabsorption cross section (red line) and the ENDF-VIII (solid blue lines) and PD2019 (dotted blue lines) evaluations.

calculations for fission chance probabilities. In the depen-
dence of the total mean number of PFNs with the incident
photon energy, we observe an inflection corresponding to the
opening of the second chance. This behavior, also observed
by Caldwell et al. [20] in 238U, appears as a consequence of
the weighted sum of the two fission chances’ contributions.

The p ratio of the first-chance photofission cross sec-
tion σγ , f to the total photofission cross section σγ ,F = σγ , f +
σγ ,n f is shown in Figs. 17(a) and 17(b) for 238U and 232Th,
respectively. The present results for 238U are compared with
the data of Caldwell et al. [20,49]. The present 238U data
confirm the 12.3 MeV value for the Bn f , while the Caldwell
data indicated a lower value for the second-chance fission
barrier in 238U. The statistical model calculations shown by
the solid lines in Fig. 17 reproduce well the average decrease
slope of p in both nuclei, but cannot describe the structures at
13.5 and 17 MeV in 238U and the one at 15.8 MeV in 232Th.

FIG. 15. Average energy of PFNs emitted in first-chance
photofission reactions on 238U (black) and 232Th (blue) vs the mean
number ν p of PFNs. Present experimental results are shown by full
dots and their least-squares fit by thin solid lines. LA model predic-
tions [40] are given in thick solid lines and the general approximation
given by Terrell [90] is shown by the green dashed-dotted line.

We notice that the probability for the first-chance photofission
reaction in 238U shows a slow decrease with the increase
in the excitation energy and retains significant values above
≈40% on the entire Bn f −S3n energy region. On the other
hand, the present 232Th indicate a Bn f value slightly lower
than the 12.6 MeV one listed in Table II. Also, the first-chance
photofission probability in 232Th falls sharply above Bn f and
reaches ≈10% at excitation energies close to S3n.

Figure 18 shows the first-chance (blue) and second-chance
(red) photofission cross sections for (a) 238U and (b) 232Th
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FIG. 16. Dependence with incident photon energy for the mean
PFNs multiplicities in the photofission reactions on (a) 238U and
(b) 232Th. The present results for the total mean number ν p of PFNs
per fission (black dots) and for the first chance (blue dots) and second
chance contribution including the prefission neutron (red dots) are
compared with the corresponding LA model predictions [40].
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FIG. 17. Ratios of the first-chance photofission cross section to
the total photofission cross section given by the sum of first- and
second-chance photofission cross sections σγ , f and σγ ,n f for (a) 238U
and (b) 232Th. Present data (full black dots) are compared with the
results of Caldwell et al. [20] (red empty dots) and to present EMPIRE

(black lines), TALYS (green lines), and Sin et al. [11] (red line)
statistical model calculations.
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FIG. 19. Neutron to fission branching ratio �n/� f as a function
of the excitation energy for (a) 238U and (b) 232Th. Present data (black
dots) are compared to the results of Caldwell et al. [20] (red dots)
and of Veyssiere et al. [19] (blue diamonds), and to statistical model
calculations: present EMPIRE (black lines) and TALYS (green lines)
calculations and the ones of Sin et al. [11] (red line).

as obtained from the total photofission cross section plotted
in Figs. 12(c1) and 12(c2) and again in Fig. 18 (black) and
from the first-chance fission probabilities p. We note that the
pronounced second hump observed in the present first-chance
photofission cross section on 238U is not confirmed by the
existing data of Caldwell et al. [20] and is not reproduced by
the present EMPIRE and TALYS statistical model calculations
nor by the ones of Sin et al. [11].

The decomposition of the total photofission cross sec-
tion into the first- and second-chance contributions enables us
to extract the neutron to fission branching ratio �n/� f in an
energy range extended above Bn f . At low excitation energies
below Bn f , �n/� f can be directly determined from σγ ,n/σγ ,F .
Above Bn f , �n/� f is determined from the ratio of the total
photoneutron cross section to the first-chance fission one:

�n/� f = σγ ,n + σγ ,2n + σγ ,n f

σγ , f
. (22)

The results of this analysis are shown in Fig. 19 for (a)
238U and (b) 232Th, where we can see the formation of a
plateau up to the energy at which the contribution of the
second-chance fission begins to be significant. Its presence
suggests that there is a constant proportionality factor between
the transition states density in the saddle point and the fun-
damental deformation level density in the residual nucleus
following neutron emission. This observation is in agreement
with Bohr’s picture [91], according to which the transition
states density in the saddle point is similar to the level density
of permanently deformed nuclei at fundamental deformation.
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TABLE V. EMPIRE GDR parameters for 232Th and 238U obtained
by fitting the present photoabsorption results with a SMLO function
described in Ref. [93].

E(1) �(1) σ (1) E(2) �(2) σ (2)
CN (MeV) (MeV) (mb) (MeV) (MeV) (mb) QD

232Th 11.45 3.92 373.6 14.10 3.75 359.9 1
238U 10.91 2.93 308.1 14.03 4.50 359.3 3

V. COMPARISON WITH STATISTICAL MODEL
CALCULATIONS

The new experimental data are now compared with sta-
tistical model calculations obtained by the EMPIRE [9] and
TALYS [8] codes. Since the entrance channel plays a funda-
mental role for an accurate description of the various reaction
channels, the fit to experimental photoabsorption cross sec-
tions was tested with several Lorentzian-type closed forms
(SLO, MLO1, SMLO) plus the quasideuteron contribution
for the E1 γ -ray strength functions [92,93]. For both 238U
and 232Th, we found that the SMLO model reproduces best
the experimental data, especially in the low-energy region.
Table V gives for each nucleus the fit values of the two
Lorentzian centroids, widths and peak cross sections and the
normalization factor for the quasideuteron photoabsorption
cross section used within the EMPIRE code. In contrast, the
TALYS code uses the SMLO E1 and M1 photon strength func-
tions in tabulated format [5,94]. In particular, with respect to
the original tables, correction factors to the overall strength
amplitude fσ , centroid energy �E , and width f� are applied.
For 238U and 232Th, these correction factors amount to fσ =
0.87 and 1.22, �E = −0.07 and 0.13 MeV, and f� = 0.90 and
0.93, respectively.

Specific optical model (OM) potentials for 238U (RIPL ID
2413) and 232Th (RIPL ID 2412) [92] were used in both codes
to obtain the transmission coefficients for neutron emission.
The level densities, both at the equilibrium deformation and
at the saddle points, were described with the enhanced gen-
eralized superfluid model [9] in EMPIRE code and with the
Hartree-Fock-Bogolyubov (HFB) plus combinatorial model
[95] in TALYS code. In both approaches, the level densities
at fundamental deformation were adjusted to reproduce the
low-lying discrete level scheme and the s-wave resonance
spacing at the neutron separation energy. However, since no
such constraint exists on the level densities at the saddle

points, the corresponding predictions are adjusted directly to
optimize the present experimental fission cross sections.

Within the EMPIRE code, the fission probabilities were com-
puted in the frame of the optical model for fission (OMF)
[96,97], which models the coupling between the states at
fundamental deformation with the super- and hyperdeformed
states as well as the vibrational states damping with the in-
crease in the excitation energy. The fission barriers’ heights
and widths for the first compound nuclei 238U and 232Th were
fixed by reproducing the existing fission cross sections in the
sub-barrier region, as shown in Fig. 13. The properties of the
1− and 0− discrete transition states were obtained with EMPIRE

by reproducing the sub-barrier fission resonances. For both
nuclei, we increased in EMPIRE the first neutron emission pree-
quilibrium contribution computed within the PCROSS model
[98] in order to reproduce the present (γ , n) cross sections at
excitation energies above ≈14 MeV. Finally we tuned the
fission barrier parameters for the second compound nuclei
237U and 231Th in order to reproduce the interplay between
σγ ,in with i = 1–3 and σγ ,F . The fission barrier parameters
used in the present EMPIRE calculations are listed in Table VI.
We note small differences between the present fission barrier
parameters for the U isotopes and the ones obtained by Sin
et al. in Ref. [11] by following the Saclay and bremsstrahlung
data.

In contrast, TALYS makes use of the full HFB fission paths
obtained with the BSk14 Skyrme interaction [92,99]. In this
approach, the probability to penetrate the fission barrier is
obtained using the WKB approximation applied to the full
HFB fission path, as described in Refs. [100,101]. To optimize
the description of the fission cross sections, the HFB fission
paths can be globally renormalized without modifying their
topology, simply by scaling the potential energy curve by a
given factor fB. The scaling factors obtained for 238U and 237U
amount to fB = 0.80 and 0.91, respectively, and for 232Th
and 231Th to fB = 0.83 and 0.98, respectively. The resulting
topology of the fission path remains relatively different than
the one used in EMPIRE with the parameters given in Table VI.
Additionally, two free parameters associated with energy shift
and a scaling factor of the entropy, are introduced to adjust the
HFB plus combinatorial nuclear level densities at both saddle
points in both U and Th isotopes.

As shown in Figs. 12–18, both EMPIRE and TALYS in-
gredients could be adjusted to reproduce satisfactorily the
various cross sections obtained experimentally in the present
study despite relatively different descriptions, in particular, of
nuclear level densities and fission transmission coefficients.

TABLE VI. Fission barrier parameters used in present EMPIRE calculations. V1(h̄ω1), V2(h̄ω2), and V3(h̄ω3) are the fission barrier heights
(curvatures). VII (h̄ωII ) and VIII (h̄ωIII ) are second and third well heights (curvatures) at super- and hyperdeformations. All values are given in
MeV.

Nucleus V1 h̄ω1 VII h̄ωII V2 h̄ω2 VIII h̄ωIII V3 h̄ω3

238U 6.25 1.00 1.30 1.00 5.70 0.60
237U 5.35 0.50 2.30 1.00 5.85 1.50 5.57 1.00 5.85 1.50
232Th 5.80 0.70 4.75 0.30 6.00 1.70 5.20 0.90 6.00 1.70
231Th 6.05 0.70 3.00 1.00 6.20 1.50
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The major weakness probably lies in the prediction of the
238U first chance fission (Fig. 18) for which the peak cross
section around 14 MeV is significantly underestimated, while
the second-chance fission is overestimated. A similar pattern,
though less pronounced, is found for 232Th.

Concerning the neutron to fission branching ratio (Fig. 19),
the present results show structures at energies above Bn f , sug-
gesting a fluctuation around a constant value. The statistical
model calculations show a strong increase in favor of the
neutron channel, which may indicate an issue in the level den-
sities used in the statistical model calculations. The difference
between the present and the Sin et al. [11] �n/� f results may
originate from the fact that, in the present EMPIRE calculations,
the pre-equilibrium contribution for the first neutron emission
was increased in order to reproduce the present σγ ,n above the
GDR peak, which are higher than the Veyssiere et al. [19] ones
followed by Sin et al. [11].

VI. SUMMARY AND OUTLOOK

New measurements of photoneutron and photofission reac-
tions on 238U and 232Th were performed in the GDR energy
region using 5.87–20.14 MeV quasimonochromatic laser
Compton scattering γ -ray beams of the NewSUBARU syn-
chrotron radiation facility. A high-and-flat efficiency (FED)
moderated 3He detection array together with an associated
neutron-multiplicity sorting method detailed in Sec. III B were
employed.

We obtained the cross sections for the (γ , n), (γ , 2n),
(γ , 3n) photoneutron reactions and for the photofission reac-
tion, as well as prompt-fission-neutron quantities, i.e., mean
numbers of PFNs, width of PFN multiplicity distribution,
and average energies of PFNs. The experimental data were
interpreted under reasonable assumptions in order to extract
first- and second-chance fission contributions. This made pos-
sible the determination of the neutron to fission branching
ratio �n/� f (Fig. 19). We show that the present PFN data
are well reproduced by Los Alamos calculations. The pho-
toneutron and the photofission experimental results were well
reproduced with both EMPIRE and TALYS calculations by slight
adjustments of model parameters.

The present LCS γ -ray beam data obtained with a neu-
tron detector of Livermore type together with the Saclay and
Livermore positron in flight annihilation data represent the
only monochromatic γ -ray beam measurements on 238U and
232Th in the GDR energy range. We obtained a good agree-
ment with the Saclay results for 238U and with the Livermore
ones for 232Th. This is contradictory to the idea of finding a
systematic solution to the discrepancies between the Saclay
and Livermore data and points to the need to remeasure
the photoneutron cross sections over a wide range of nuclei
and incident energies using quasimonochromatic γ -ray beams
such as the ones currently available at the SLEGS [102] and
HIγ S [103] LCS facilities.

An interpretation of the present experimental measure-
ments based on a Bayesian statistics approach with no
assumptions on the shape of the PFNs multiplicity distribu-
tions is currently ongoing [104]. The analysis aims to provide

independent cross sections of emission of 1, 2, 3, . . . prompt
neutrons in photofission reaction.

All the experimental results obtained in the present paper
are available in numerical format in the Supplemental Mate-
rial [105].
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APPENDIX A: BACKGROUND REACTION RATES
FROM Al CONTAINER AND O

We observed nonzero net counts of single-neutron events
in the empty Al container and water target measurements.
The present 27Al(γ , n) and 16O(γ , n) cross sections computed
based on the these background measurements are shown in
Fig. 20. There is reasonable agreement between present and
the preceding results obtained with bremsstrahlung beams
[113,114] and with positron in-flight annihilation photon
beams at Saclay [106], Livermore [107–111], and Giessen
[112].

In order to subtract the corresponding �n contributions to
the actinide targets measurements, we sum the background
contributions following a normalization for the number of
incident photons and surface concentrations of aluminum and
oxygen nuclei:

�n = nw · Nγ t

Nγw

NOt

NOw

+ na · Nγ t

Nγ a
. (A1)

Here, na and nw are the net numbers of single-neutron events
recorded for the Al and water target measurements, respec-
tively. Nγ t , Nγ a, and Nγw are the numbers of incident photons
for the actinide target, empty Al container and respectively
water target measurements. NOt and NOw are the surface con-
centrations of oxygen nuclei in the actinide and water targets
respectively. Their ratio NOt/NOw is equal to 0.139 for the
U3O8 target and 0.235 for the ThO2 target. A normalization
for the number of Al nuclei was not necessary, as identical Al
containers were used for the actinide target encapsulation and
for the empty container measurements. The �n estimated sum
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FIG. 20. Present photoneutron cross sections (full black dots) for
(a) 27Al and (b) 16O compared with positron in flight annihilation data
taken at Saclay [106] (full blue diamonds), at Livermore [107–111]
(red symbols) and at Giessen [112] (full yellow dots), and with
bremsstrahlung data [113,114] (gray symbols).

background contribution from aluminum and oxygen nuclei
is computed separately for each actinide target, for the inner
ring and summed outer rings and for each experimental point
at incident energies above the 27Al and 16O neutron separation
energies, at 13.1 and 15.7 MeV respectively.

APPENDIX B: STATISTICAL TREATMENT
OF MULTIPLE FIRING PHOTONEUTRON

AND PHOTOFISSION REACTIONS

The statistical treatment of multiple firing of competi-
tive (γ , in) photoneutron reactions originally described in
Ref. [24] is here updated to account also for photofission
reactions.

The probability for an incident LCS γ -ray pulse to induce
any combination of r � 1 photoneutron and/or photofission
reactions is defined as

P(r) =
kmax∑
k=1

P (μk, r) · pw(k), (B1)

where k is the time interval index introduced in Sec. 1.1 of
Ref. [28] and pw(k) is the corresponding weight factor given
by Eq. (3) of Ref. [28]. As described in Refs. [28,31], in order
to account for the electron beam current exponential decay
with time, the total irradiation is divided into kmax shorter time
intervals, each with an approximately constant 〈Nγ (k)〉 mean
number of Poisson distributed photons per pulse. Thus, for a
given time interval k, the number of reactions induced by a
γ -ray pulse also follows a Poisson distribution P (μk, r) with

mean value given by

μk = P · 〈Nγ (k)〉, (B2)

where P is the probability of each photon inducing a pho-
toneutron or a photofission reaction:

P =
N∑

x=1

(σγ ,xn + σγ , f xn)nT ξ . (B3)

For simplicity of notation, we have cycled σγ ,xn up to the
highest significant PFN emission multiplicity N with zero
values for x higher than the maximum photoneutron multi-
plicity energetically allowed x. The cross section σγ , f xn for
photofission with emission of x PFNs is related in Eq. (8) to
the total photofission cross section σγ ,F .

Let us consider the

(rx fx ) = (r1, r2, . . . , rN, f1, f2, . . . , fN) (B4)

combination of reactions, which sum up to

r =
N∑

x=1

(rx + fx ), (B5)

where rx is the number of (γ , xn) reactions and fx the number
of (γ , f xn) reactions. Given that r reactions were induced by
an incident γ -ray pulse, the conditional probability for firing
the given (rx fx ) combination is

R
(

(rx fx )

∣∣∣∣∣r =
N∑

x=1

(rx + fx )

)
= r!

N∏
x=1

Prx
x F fx

x

rx! fx!
, (B6)

where Px is the (γ , xn) branching ratio given by

Px = σγ ,xn

/
N∑

x=1

(σγ ,xn + σγ , f xn) (B7)

and Fx is the (γ , f xn) branching ratio,

Fx = σγ , f xn

/
N∑

x=1

(σγ ,xn + σγ , f xn). (B8)

Then, the unconditional probability for a γ -ray pulse to
induce the sequence of (rx fx ) reactions is

R((rx fx )) = R
(

(rx fx )

∣∣∣∣∣r =
N∑

x=1

(rx + fx )

)
· P(r) (B9)

Assuming that (rx fx ) reactions were fired, the conditional
probability of detecting the (drxd f x ) combination of drx neu-
trons emitted in (γ , xn) reactions and d f x neutrons emitted in
(γ , f xn) reactions, where x takes values from 1 to N, is given
by

D((drxd f x )|(rx fx )) =
N∏

x=1

x·rxCdrx εdrx
γ ,xn(1 − εγ ,xn)x·rx−drx

× x· fxCd f x ε
d f x

γ , f (1 − εγ , f )x· fx−d f x .

(B10)

εγ ,xn = ε(Eγ ,xn) is the efficiency of detecting (γ , xn) pho-
toneutrons of average energy Eγ ,xn. εγ , f = ε(Eγ , f ) is the
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efficiency of detecting neutrons emitted in the (γ , f xn)
photofission reactions, where we have assumed a constant
average energy of PFNs, regardless of the PFN emission mul-
tiplicity x.

Now we can define the unconditional probability of one
γ -ray pulse inducing the (rx fx ) sequence of reactions and the
(drxd f x ) combination of neutrons being recorded:

D((rx fx ); (drxd f x )) = R((rx fx )) · D((drxd f x )|(rx fx )). (B11)

However, D((rx fx ); (drxd f x )) must be linked to the experi-
mentally observed Di probability of recording i-fold neutron
events, regardless of the precise (rx fx ) firing and (drxd f x )
detection configurations:

Di =
∑

∑N
x=1(drx+d f x )=i

D((rx fx ); (drxd f x )). (B12)

Finally, we obtain the multiple firing scenario calculated val-
ues for the

(i) i-fold cross sections NMF
i , obtained as

NMF
i = Di/nT ξ ; (B13)

(ii) average energy EMF
i of neutrons recorded in i-fold

events, expressed as

EMF
i =

∑∑
(drx+d f x )=i D((rx fx ); (drxd f x ))E ((drxd f x ))

Di
,

(B14)
where

E ((drxd f x )) =
∑N

x=1 drxEγ ,xn + d f xEγ , f∑N
x=1 drx + d f x

(B15)

is the average energy for the (drxd f x ) combination of
detected neutrons.
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