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Abstract.
We have measured the γ-rays following neutron capture on 240Pu and 244Cm at the n_TOF facility at CERN
with the Total Absorption Calorimeter (TAC) and with C6D6 organic scintillators. The TAC is made of 40 BaF2

crystals operating in coincidence and covering almost the entire solid angle. This allows to obtain information
concerning the energy spectra and the multiplicity of the measured capture γ-ray cascades. Additional informa-
tion is also obtained from the C6D6 detectors. We have analyzed the measured data in order to draw conclusions
about the Photon Strength Functions (PSFs) of 241Pu and 245Cm below their neutron separation energies. The
analysis has been performed by fitting the PSFs to the experimental results, using the differential evolution
method, in order to find neutron capture cascades capable of reproducing at the same time a great variety of
deposited energy spectra.

1 Introduction

We have measured the 240Pu and 244Cm neutron capture
cross sections at the n_TOF facility at CERN [1]. Both
isotopes were present in the same sample, containing ∼0.4
mg 240Pu and ∼0.8 mg 244Cm. The measurement was
performed in the two n_TOF experimental areas. In the
Experimental Area 1 (EAR-1) [1] we used the BaF2 To-
tal Absorption Calorimeter (TAC) [2] for detecting the γ-
rays emitted after neutron capture, and in the Experimental
Area 2 (EAR-2) [3] we used three C6D6 liquid scintilla-
tors. Details of the experimental setup can be found in [4].

The main goal of the measurement was to obtain the
neutron capture cross section of 244Cm. However, as an
additional result, the data are also useful for studying the
γ-ray cascades following the 240Pu(n,γ) and 244Cm(n,γ)
reactions. This has been already done for other actinides in
previous studies from measurements performed at n_TOF
with the TAC [5–10] and with C6D6 detectors [11], and
from measurements performed at LANSCE [12] with the
BaF2 Detector for Advanced Neutron Capture Experi-
ments (DANCE) [13–15].

All these studies use a similar methodology. The elec-
tromagnetic cascades following neutron capture are ob-
tained from the DICEBOX [16] or the DEGEN [17] codes.
Then, the transport of these cascades through the detectors
are simulated with detailed Geant4 [18] models to account
for the detector response [19, 20]. Finally, the results of
the simulations are compared with the experimental data.
Both DICEBOX and DEGEN codes reconstruct the full
level scheme and branching ratios of the compound nu-
cleus for generating the cascades. They use the experi-
mental data available in ENSDF [21] at low excitation en-
ergies, and statistical models to generate the rest of the
level scheme and branching ratios. These models use level
density formulas and Photon Strength Functions (PSFs),
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which are varied until the simulations reproduce the ex-
perimental results. Electron conversion processes are in-
cluded as well.

The adjustment of the PSFs to reproduce the experi-
mental results has been done in all the works mentioned
above by hand. That is, starting with values obtained in
a previous work or with theoretical values normally taken
from the RIPL-3 library [22], and modifying them little by
little until satisfactory results are achieved. For the study
of the cascades following the 240Pu(n,γ) and 244Cm(n,γ)
reactions, i.e. the study of the 241Pu and 245Cm PSFs, we
have investigated a different methodology. Instead of ad-
justing the PSFs by hand what we have done is to fit them,
with a minimization algorithm, to reproduce the experi-
mental data.

2 Description of the methodology

We have addressed the problem of finding PSFs that re-
produce the experimental data as a minimization prob-
lem. The idea is to parameterize the PSFs, so PS Fs =
PS Fs(λ1, λ2, ..., λn), where λ1, λ2, ..., λn are the n param-
eters which define the PSFs, and build from these pa-
rameters a scalar function of n variables indicating how
well the experimental data are reproduced. The lower
the values of this function, hereafter referred as FOM =
FOM(λ1, λ2, ..., λn), referring to Figure Of Merit, the bet-
ter the experimental results are reproduced. The problem
is therefore reduced to fit the λ-parameters to minimize the
FOM function.

In order to obtain the value of the FOM function for
a given set of parameters (λ1, λ2, ..., λn) it is necessary to:
(i) generate the cascades according to the corresponding
PSFs; (ii) transport them through the detector geometry;
(iii) reconstruct the simulated data in the same way as in
the real experiment; and (iv) compare them with the ex-
perimental results.
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Figure 1. Comparison between experimental and simulated deposited energy spectra in the TAC for 244Cm(n,γ) cascades. We show
spectra of three different types: the experimental ones (Exp), the simulated ones with the RIPL-3 PSFs (RIPL), and the simulated ones
after fitting the PSFs (Fit). The panels at the top correspond to total deposited energy spectra, i.e. the sum of the energies deposited
in the detectors in coindence (Esum). The panels in the middle and at the bottom correspond to the deposited energy spectra in the
individual BaF2 crystals (not in coincidence). In the panels in the middle, only detector signals contributing to events with total energy
between 4.75 and 5.75 MeV have been considered. In all the cases there is also a condition in the crystal multiplicity (mcr), ranging
from mcr = 1 (left, only one detector in coincidence) to mcr = 5 (right, rfive detectors in coincidence).

Instead of DICEBOX or DEGEN, we have used
NuDEX [23] for the generation of the capture cascades.
This code, which has been developed recently, works in
a very similar way as the aforementioned codes do. We
have used the experimental data from the TAC to perform
the fit since we assumed that its response function is more
sensitive to the shape of the cascade than the ones from
the C6D6s. We have used the same Geant4 application as
in previous works [19]. For the comparison with the ex-
perimental results, we have evaluated at the same time the
reduced chi-squared of several different deposited energy
spectra. The FOM has been defined as a linear combina-
tion of the resulting values.

For the fitting process, we have used the differential
evolution algorithm [24–26], which presents numerous ad-
vantages for the problem we want to solve: it does not use
derivatives, it is robust, easy to implement, and it can be
easily used in parallel computing.

3 Results

Due to the small sample mass only the strongest reso-
nances of 240Pu (at 1.06 eV) and 244Cm (at 7.67 eV) gave

rise to deposited energy spectra with sufficient statistics
for the study of the cascades.

For the moment, we have used basically two types of
parametrizations. One is similar to those used in previous
works, which consists of parameterizing the PSFs accord-
ing to a sum of resonances, usually of the Lorentzian-type.
The parameters are in this case the ones defining the reso-
nances (energy, width and intensity). The other is to define
them as point-to-point functions, so that the parameters are
the values of the PSFs at certain fixed points.

As an example, we present the results of a fit in Fig-
ure 1. There we show different deposited energy spec-
tra in the TAC for 244Cm(n,γ) cascades. In the TAC the
individual signals are grouped into events using a coinci-
dence window. Each event is characterized by its time-of-
flight, total deposited energy (Esum) and crystal multiplic-
ity (mcr), which is the number of detectors contributing
to an event. The five panels at the top (Total Edep) show
the total deposited energy spectra, where the sum peak
corresponds to the neutron separation energy in 245Cm;
the five panels in the middle (Gated Edep) show the in-
dividual crystal energy spectra obtained by gating on the
4.75< Esum <5.75 MeV region; and the five panels at the
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bottom (Single Edep) show the individual crystal energy
spectra obtained without any gating. In all these cases the
spectra correspond to mcr ranging from one (left) to five
(right). The simulations have been normalized to the total
energy (Esum) experimental spectra (no cuts in mcr) be-
tween 2 and 6 MeV.
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Figure 2. PSFs for 245Cm used in the simulations shown in Fig-
ure 1.
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Figure 3. Deposited energy spectra in the C6D6 detectors from
244Cm(n,γ) cascades. The experimental spectrum (Exp) is com-
pared with the simulated spectrum obtained with the RIPL-3
PSFs (RIPL) and with the fitted PSF presented in Figures 1 and 2
(Fit).

In this case we have varied the M1 strength function
only, by adding two resonances to the RIPL-3 M1-PSF. In

this way, six parameters have been fitted: three for each
resonance (energy, width and intensity). The RIPL E1-
PSF was modelled with two resonances using the modi-
fied Lorentzian model (MLO1 in [22]); and the RIPL-3
M1 and E2 PSFs with one resonance each, using the Stan-
dard Lorentzian model (SLO in [22]). The recommenda-
tions descibed in [22] were used to calculate the parame-
ters of all these resonances. The FOM has been defined
as the weighted sum of the 15 reduced chi-squared values
obtained from the 15 spectra in Figure 1. The reduced chi-
squared values of the total deposited energy spectra (the
five at the top) have been weighted by a factor of 0.1, and
the rest by a factor of 0.05. Figure 2 shows the results of
the fit, in which the fitted M1-PSF is two order of magni-
tude larger than the one from RIPL-3. This PSF probably
does not correspond to reality, since it is expected that E1
transitions dominate over M1 transitions, and also because
it will lead to a too large Γγ, but it allows reproducing
a large number of deposited experimental spectra. More
work will be done in the future to study whether there are
other solutions capable of reproducing the experimental
spectra.

The same electromagnetic cascades fitted with the
TAC spectra have been simulated in the C6D6 experimen-
tal setup. The comparison with the experimental data is
presented in Figure 3. There we see how the cascades
fitted to reproduce the TAC response to 244Cm(n,γ) cas-
cades perfectly reproduce the deposited energy spectra in
the C6D6 detectors as well.
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Figure 4. Evolution of the FOM as a function of the generation.
The figure shows the highest and lowest FOM values for each
generation together with the average value of all agents.

Concerning the convergence of the fitting process, dif-
ferential evolution is a fitting method in which there are a
number of candidate solutions, called agents, that are im-
proving iteratively (more details in [24–26]). We show an
example of evolution of the FOM as a function of the iter-
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Figure 3. Deposited energy spectra in the C6D6 detectors from
244Cm(n,γ) cascades. The experimental spectrum (Exp) is com-
pared with the simulated spectrum obtained with the RIPL-3
PSFs (RIPL) and with the fitted PSF presented in Figures 1 and 2
(Fit).

In this case we have varied the M1 strength function
only, by adding two resonances to the RIPL-3 M1-PSF. In

this way, six parameters have been fitted: three for each
resonance (energy, width and intensity). The RIPL E1-
PSF was modelled with two resonances using the modi-
fied Lorentzian model (MLO1 in [22]); and the RIPL-3
M1 and E2 PSFs with one resonance each, using the Stan-
dard Lorentzian model (SLO in [22]). The recommenda-
tions descibed in [22] were used to calculate the parame-
ters of all these resonances. The FOM has been defined
as the weighted sum of the 15 reduced chi-squared values
obtained from the 15 spectra in Figure 1. The reduced chi-
squared values of the total deposited energy spectra (the
five at the top) have been weighted by a factor of 0.1, and
the rest by a factor of 0.05. Figure 2 shows the results of
the fit, in which the fitted M1-PSF is two order of magni-
tude larger than the one from RIPL-3. This PSF probably
does not correspond to reality, since it is expected that E1
transitions dominate over M1 transitions, and also because
it will lead to a too large Γγ, but it allows reproducing
a large number of deposited experimental spectra. More
work will be done in the future to study whether there are
other solutions capable of reproducing the experimental
spectra.

The same electromagnetic cascades fitted with the
TAC spectra have been simulated in the C6D6 experimen-
tal setup. The comparison with the experimental data is
presented in Figure 3. There we see how the cascades
fitted to reproduce the TAC response to 244Cm(n,γ) cas-
cades perfectly reproduce the deposited energy spectra in
the C6D6 detectors as well.
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Figure 4. Evolution of the FOM as a function of the generation.
The figure shows the highest and lowest FOM values for each
generation together with the average value of all agents.

Concerning the convergence of the fitting process, dif-
ferential evolution is a fitting method in which there are a
number of candidate solutions, called agents, that are im-
proving iteratively (more details in [24–26]). We show an
example of evolution of the FOM as a function of the iter-
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Figure 5. Comparison between experimental and simulated deposited energy spectra in the TAC (left) and in the C6D6s (right) for
240Pu(n,γ) cascades.

ation number (generation) in Figure 4. This fit is the one
we have taken as an example in this section, and therefore
has 6 free parameters. We have always used a number of
agents which is ten times the number of free parameters,
so in this case we have used 60 agents. The convergence
is quite fast up to generation 100-200, and then the candi-
date solutions improve much more slowly. With more free
parameters, the method takes longer to converge.

We have also found with this fitting method 240Pu(n,γ)
cascades that reproduce the experimental results quite
well, although they are not yet at the level of those of
244Cm(n,γ). We show the result of a fit as an example in
Figure 5. As in the previous case, the PSFs have been fitted
to reproduce the TAC data and the resulting cascades have
been simulated in the C6D6 experimental setup. Again, we
have modified the M1-PSF and the fit has converged to a
solution much larger than the one proposed by RIPL-3, as
in the previous case.

4 Conclusions

We have used the differential evolution fitting method to
find neutron capture cascades capable of reproducing at
the same time a great variety of deposited energy spec-
tra. This methodology has been successfully applied to the
specific cases of the 240Pu(n,γ) and 244Cm(n,γ) reactions.
The knowledge of these cascades are fundamental for the
analysis of capture cross section measurements, since it
allows to calculate the detection efficiency by means of
Monte Carlo simulations [6–9], or to make important cor-
rections when applying the Pulse Height Weighting Tech-
nique [11]. Beyond these needs for analyzing the data, the
study of PSFs is a field of research in itself and additional
work is planned.

5 Future work

Regarding the knowledge of the PSFs, there is still work to
be done. We are investigating the best way to parameter-
ize the PSFs. From there, we must find solutions that are
physically acceptable, define confidence intervals in our
results, and see if the solutions we find are unique or not.

There is also an additional difficulty to consider.
We have defined our function to minimize as FOM =

FOM(λ1, λ2, ..., λn), implicitly assuming that each set of
PSFs give rise to some specific cascades. Actually this is
not so, since from the same level densities and PSFs differ-
ent realizations of the same nucleus can be generated [16].
Thus, different cascades can be obtained for the same set
of PSFs. For the moment, what we have done in our stud-
ies is to control the random number generators so that a
certain set of λ-parameters always gives the same FOM,
i.e., they always generate the same realization of the nu-
cleus. However, this effect has to be considered in the
future. We have verified that, for values close to the op-
timum, the variation in the value of the FOM with the re-
alization is distributed similarly to a Gaussian with a stan-
dard deviation of 6-7%.
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