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Abstract The 246Cm(n,γ ) and 248Cm(n,γ ) cross-sections
have been measured at the Experimental Area 2 (EAR2) of
the n_TOF facility at CERN with three C6D6 detectors. This
measurement is part of a collective effort to improve the cap-
ture cross-section data for Minor Actinides (MAs), which
are required to estimate the production and transmutation
rates of these isotopes in light water reactors and innova-
tive reactor systems. In particular, the neutron capture in
246Cm and 248Cm open the path for the formation of other
Cm isotopes and heavier elements such as Bk and Cf and
the knowledge of (n,γ ) cross-sections of these Cm isotopes
plays an important role in the transport, transmutation and
storage of the spent nuclear fuel. The reactions 246Cm(n,γ )
and 248Cm(n,γ ) have been the two first capture measure-
ments analyzed at n_TOF EAR2. Until this experiment and
two recent measurements performed at J-PARC, there was
only one set of data of the capture cross-sections of 246Cm
and 248Cm, that was obtained in 1969 in an underground
nuclear explosion experiment. In the measurement at n_TOF
a total of 13 resonances of 246Cm between 4 and 400 eV and
5 of 248Cm between 7 and 100 eV have been identified and
fitted. The radiative kernels obtained for 246Cm are compati-
ble with JENDL-5, but some of them are not with JENDL-4,
which has been adopted by JEFF-3.3 and ENDF/B-VIII.0.
The radiative kernels obtained for the first three 248Cm res-
onances are compatible with JENDL-5, however, the other
two are not compatible with any other evaluation and are 20
and 60% larger than JENDL-5.

a e-mail: victor.alcayne@ciemat.es (corresponding author)

1 Introduction

Accurate neutron capture cross-section data for Minor
Actinides (MAs) are required for accurate neutronic calcu-
lations of nuclear systems (light water reactors, fast reactors,
and accelerator-driven systems) and for determining quanti-
ties relevant to the transport, transmutation, and storage of
the nuclear fuel, such as the radiotoxicity, the decay heat, or
the neutron emission rates. In particular, the capture cross-
sections of 246Cm and 248Cm are important for determining
the content of these isotopes in the spent nuclear fuel and
because they open the path for the formation of heavier Cm
isotopes and elements such as Bk and Cf. In addition, 246Cm
is important since it is one of the main neutron emitters after
300 years of cooling down [1].

The neutron capture cross-sections of 246Cm and 248Cm
(246,248Cm) have been measured at n_TOF Experimental
Area 2 (EAR2) [2,3] with three C6D6 detectors [4] and a ded-
icated sample. In addition to the 246,248Cm sample, another
one was measured in the same experimental campaign at
n_TOF to obtain the capture cross-section of 244Cm [5–7].
In this case, the measurement was performed in two areas
of the n_TOF facility: Experimental Area 1 (EAR1) [8] and
EAR2. The final results of the 244Cm measurements will
be published in a future article. The samples used in the
experiments were provided by Japan Atomic Energy Agency
(JAEA), which used material from the same batch to perform
another two capture measurements with the ANNRI setup
at J-PARC [9,10]. The only other previous capture measure-
ments of these isotopes were performed in 1969 with the neu-
trons produced by an underground nuclear explosion [11].
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In this paper, the experimental setup is described in Sect. 2,
the procedure for obtaining the experimental capture yields
is presented in Sect. 3, the analysis of the yields for retriev-
ing the capture cross-sections is detailed in Sect. 4 and the
conclusions are presented in Sect. 5.

2 Experimental setup

2.1 n_TOF EAR2

Neutrons at n_TOF are produced by spallation reactions with
a 20 GeV/c pulsed proton beam that impinges on a lead block.
The pulses have a nominal intensity of 7 × 1012 protons and
a time spread of 7 ns Root Mean Square (RMS) [8]. There
are two experimental areas at n_TOF: the EAR1 located at
∼185 m [8] in the horizontal direction, and the EAR2 [2],
located at ∼20 m in the vertical direction.

The neutron fluence in EAR2 is ∼40 times larger than in
EAR1 [3]. In addition, EAR2 is ∼10 times closer to the target
than EAR1, so the signal-to-background ratio produced by
the natural radioactivity of the samples is improved by more
than two orders of magnitude compared to EAR1. These
features have made possible new measurements with shorter
half-lives isotopes (i.e. highly radioactive), smaller capture
cross-sections and/or smaller samples [12–15].

2.2 Detection setup

The prompt γ -rays emitted in the (n,γ ) reactions were
detected with three BICRON detectors filled with C6D6 liq-
uid, whose front face is located at 5 cm from the center of the
sample. Detailed information of the detectors can be found in
reference [4], where they are named as ”original BICRON”.
A general view of the experimental setup is shown in the top
panel of Fig. 1. C6D6 detectors have been used since 2006 for
many capture measurements at the n_TOF facility [16–18],
including also measurements of actinides [19–23]. The main
advantages of these detectors are the low neutron sensitivity
and good time resolution, with pulses of ∼10 ns Full Width
Half Maximum.

Two additional detectors have been used to monitor the
neutron beam. A wall current monitor detector measures the
proton current in each pulse before impinging on the lead
block. The other detector is a silicon monitor (SiMon2) [25]
used to measure the neutron fluence at EAR2. It consists of
four silicon pad detectors with a surface of 3 × 3 cm2 and a
thickness of 300 µm. The four detectors are placed outside
the beam looking to an in-beam 6LiF foil for detecting the
products of the 6Li(n,t) reaction. The cross-section for this
reaction is standard from thermal to 1 MeV [26].

The signals from all the individual detectors have been
recorded by the n_TOF Digital Acquisition System (DAQ)

Fig. 1 At the top panel, a picture of the experimental setup used in the
measurement consisting of three C6D6 detectors. In the bottom panel,
the geometry implemented in Geant4 [24] to simulate the detection
system response

[27], based on SPDevices ADQ412DC-3 G cards with 1 GHz
sampling rate and 14-bit resolution. The data from the sili-
con monitor and the C6D6 detectors are analyzed using a
pulse shape routine to extract the amplitude and time of the
signals [28,29]. This information and the detector numbers
have been stored in ROOT files [30] for their posterior anal-
ysis.

2.3 Cm sample

The Cm sample used in the experiment was acquired by the
JAEA from the Russia Research Institute of Atomic Research
in 2007. The sample consists of a Cm oxide pellet of dimen-
sions 2.5 mm (radius) × 0.5 mm (height) enclosed in an
aluminum casing of dimensions 4.5 mm (radius) × 1.2 mm
(height). Pellets created with the same batch material were
used in the Kimura et al. [9] and Kawase et al. [10] experi-
ments.

The pellet contains approximately 1.1 mg of 246Cm and
0.2 mg of 248Cm. The absolute masses of the different iso-
topes are not accurately known. However, their relative frac-
tions are precisely determined since molar isotopic enrich-
ment was well-established in 2010 by thermal ionization
mass spectrometry and α-particle spectrometry using a small
amount of the same batch used to prepare the samples [9]. The
mole fractions of the isotopes at the time when the n_TOF
measurement was performed (summer 2017) are presented
in Table 1. These values have been obtained from the iso-
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Table 1 Isotopic abundances in the sample, at the time of the measure-
ment at n_TOF (summer 2017)

Isotope Mole fraction (%)

240Pu 9.2 ± 0.2
243Am 1.2 ± 0.2
244Cm 20.1 ± 0.4
245Cm 1.0 ± 0.3
246Cm 57.0 ± 1.3
247Cm 2.8 ± 0.4
248Cm 8.7 ± 0.2

Fig. 2 Picture including the Cm sample (Al case), the Kapton strip
(Kapton), the Mylar foil (Mylar) and the outside aluminum ring (Al
ring). The Al ring inner diameter of 7 cm is considerably larger than the
beam diameter, which is less than 6 cm

topic evolution of the values measured in 2010, taking into
account the radioactive decays.

As can be seen in Table 1, there is also a significant amount
of 244Cm in the sample. As mentioned above, the results for
this isotope will be presented in a future work, which would
also include measurements performed with another sample
performed at EAR1 and EAR2 [5–7].

Together with Cm isotopes, the sample contains also
240Pu, which is the daughter of 244Cm (T1/2 (244Cm): 18.11
years [31]). As explained in detail in Sect. 4.1.1 240Pu is used
for the normalization of the capture cross-sections of 246Cm
and 248Cm.

In order to reduce the in-beam material the Cm sample
was placed in the center of the beam using a ring made with
aluminum, Mylar and Kapton (Fig. 2).

Fig. 3 Simulated detector responses (dashed lines with different col-
ors) compared to measured spectra from calibration sources (in black)

3 Data analysis

3.1 Data reduction

The energy calibration and energy resolution of each C6D6

detector were determined by comparing the detector response
to several γ -ray sources obtained experimentally and via
Monte Carlo simulations. The detailed geometry imple-
mented in Geant4 [24] for the simulations is shown in Fig. 1.
After the calibration and energy resolution determination, the
detector response to the six γ -ray sources is accurately repro-
duced with the simulations as shown in Fig. 3. The calibration
procedure was repeated every week during the 3 months of
the experiment to monitor and correct the small gain shifts
(less than 7% along the entire experiment).

After a careful analysis, we noticed that the detectors
exhibit changes in gain as a function of the time-of-flight (i.e.
neutron energy (En)), requiring a correction of the energy
calibration. More details concerning this effect are provided
in [32]. We attribute the origin of the gain shifts to the effect
of the EAR2 particle flash (consisting of relativistic charged
particles, high-energy neutrons, and prompt γ -rays with very
short time-of-flight, less than 1 μs) on the C6D6 photomulti-
pliers. The gain of the detectors suddenly changes just after
the particle flash and it takes about 10 ms to recover the val-
ues obtained with the calibration sources. These 10 ms cor-
responds, approximately, to time-of-flight neutron energies
of ∼0.02 eV.

The gain shift effect has been characterized for each detec-
tor as a function of the neutron energy using an 88Y γ -ray
source placed close to the detectors in measurements with
the neutron beam, as shown in Fig. 4. The obtained shift val-
ues have been then fitted with a logarithmic function, shown
in Fig. 4, which was used to correct the energy calibration
of each detector as a function of the neutron energy. As
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Fig. 4 Experimental gain shift for each detector (Exp.) obtained with
the 88Y measurement as a function of the neutron energy, i.e. time-of-
flight. The dashed lines are the fits of each detector response with a
logarithmic function

described in detail in references [32,33] these gain shifts can
not be attributed to pile-up effects.

The DAQ system used at n_TOF records all the signals.
However, the analysis routine may fail when fitting two con-
secutive pulses located very close one to another. To correct
for these pile-up effects, the paralyzable method described
in [34] has been used, with a constant dead-time (τ ) of 20
ns. The maximum corrections applied to the yields due to the
pile-up effects are smaller than 2%.

3.2 Background

The background is defined as the events detected in the C6D6

detectors originated from reactions other than (n,γ ) in 246Cm
or 248Cm. The background can be divided into various com-
ponents:

(i) Beam-off background produced by the activity of the
sample. As presented in Fig. 5, the beam-off back-
ground is considerably low compared to other back-
ground sources, due to the high instantaneous fluence
of the EAR2.

(ii) Beam-on background determined with a Dummy sam-
ple identical to the one of Cm but without any actinide
(Fig. 5). The characterization of the complete back-
ground not related to reactions on the actinides is
obtained with this measurement. The subtraction of this
background is one of the main sources of uncertainty
in this experiment. To address this, we meticulously
examined regions between resonances, where actinide
influence on the time-of-flight spectrum is minimal. We
ensured compatibility of counts between the dummy
and sample after subtracting the beam-off background
in these regions. The resulting average scaling factor of

Fig. 5 Top panel: Measured counting rate (0.12 < Edep < 6.0 MeV) as
a function of the neutron energy for the Cm sample (Total), together with
the beam-on and beam-off backgrounds (see the text for details). The
units are counts per pulse and per unit lethargy (�LnE, which means
that the bin contents have been divided by the natural logarithm of the
ratio between the upper and lower bin limits). Bottom panel: measured
deposited energy spectra for the first resonance of 246Cm, between 4.2
and 4.35 eV, together with the beam-on and beam-off backgrounds

1.0035(40) was utilized to scale the background appro-
priately.

(iii) Regarding the background due to the interaction of the
neutron beam with the actinides in the sample the dif-
ferent reactions have been separated:

(a) Capture: in most cases, the resonances of 240Pu,
243Am, 244Cm, 245Cm, and 247Cm present in the
sample (see Table 1), are sufficiently separated
from those of 246Cm and 248Cm, so they do not
have any significant impact to the analysis of the
Resonance Parameters (RP) in the Resolved Res-
onance Region (RRR). In any case, uncertainties
in the RP parameters due to the presence of these
resonances are negligible.
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Fig. 6 Experimental yield (Exp) of the Cm sample together with the
partial contribution of the different isotopes (243Am, 246Cm and 247Cm)
calculated with JENDL-4.0. The contribution of the 247Cm fission yield
has been re-scaled to fit the experimental data, thus obtaining ε f is . The
black line (Sum) is the sum of the contributions of the different yields

(b) Elastic scattering: this component is negligible in
the analyzed region, due to the low neutron sensi-
tivity of the detectors [4] and the capture to elastic
scattering cross-section ratio of the actinides in the
sample.

(c) Fission: the background due to fission reactions has
been subtracted from the capture yield in the reso-
nance analysis, as described in Sect. 4. This back-
ground component has been determined from the
fission detection efficiency (ε f is) and the fission
cross-section present in the JENDL-4.0 evaluation.
The JEFF-3.3 [35], JENDL-5 [36] and ENDF/B-
VIII.0 [37] libraries have adopted the JENDL-4.0
for the fission of these isotopes. The value of ε f is

has been determined by comparing the experimen-
tal yield for the first (2.94 eV) and second (3.17
eV) resonances of 247Cm, which has a significant
fission reaction channel, and the evaluated cross-
section from JENDL-4.0. It has been then assumed
that the ε f is values are the same for all the Cm iso-
topes. The fit to the two 247Cm resonances to obtain
ε f is is presented in Fig. 6. The derived value of ε f is

is 0.085(22), which is about three times larger than
the capture detection efficiency of the actinides of
the measurement (Table 3).
The uncertainty in the determination of the fission
detection efficiency (25%) has been estimated by
considering 20 % uncertainty due to the 247Cm
fission cross-section in JENDL-4.0, a 15% uncer-
tainty due to the uncertainty in the abundance of
247Cm in the sample (Table 1), and a 5% uncer-
tainty due to counting statistics.

3.3 Pulse height weighting technique (PHWT)

The efficiency to detect a capture cascade (εc) depends in
principle on the γ -cascade deexcitation pattern that may also
depend on the neutron energy. To avoid this dependency, the
spectra from C6D6 detectors have been traditionally analyzed
with the Pulse Height Weighting Technique (PHWT) [38–
40]. That is mainly based on the fulfillment of these two
conditions:

(i) The individual detector γ -ray efficiency (εγ ) has to be
much smaller than one (εγ � 1), so that at most one of
the γ -rays of the cascade is detected in each detector.

(ii) εγ has to be proportional to the energy of the γ -ray
(Eγ ), εγ = k · Eγ .

Assuming these conditions, εc becomes almost proportional
to the sum energy of the γ -rays of the cascade (Ec), so it is
independent of the deexcitation pattern:

εc = 1 −
∏

j

(1 − εγ j ) ≈
∑

j

εγ j ≈ k · Ec (1)

In this expression the j index loops through all the γ -rays of
the cascade. For the actinides measured in this experiment,
the neutron separation energies (Sn) are of the order of 6 MeV,
which is more than four orders of magnitude larger than the
maximum incident neutron analyzed energy of ∼ 400 eV.
Therefore, the sum energy of the resulting capture cascade
can be approximated as the neutron separation energy of the
isotope (Ec = Sn + En ∼= Sn).

The detector itself does not satisfy condition (ii) of the
PHWT. Therefore, a mathematical manipulation of the detec-
tor response is performed to establish a proportional relation-
ship between the detection efficiency and the energy of the
γ -rays. The counts registered at each deposited energy are
weighted by a factor depending on its energy (pulse height),
given by the so-called Weighting Function (WF).

Following the same procedure as in [39], the WF for the
detection setup was calculated by simulating the detector
response to 30 monoenergetic γ -rays from 0.1 to 10 MeV
using Geant4. For practical purposes, the WF was assumed
to have the polynomial dependence (of 5th degree) on the
deposited energy and its final version was obtained from fit-
ting individual points with such a polynomial. Applying the
obtained WF to the detector response, the proportionality
condition between the weighted counts and Eγ is satisfied
with an RMS deviation better than 0.5% for γ -rays with Eγ

between 0.1 and 10 MeV.
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3.4 Corrections to the PHWT

In practice, there are different experimental effects, which
may disturb the straightforward application of the PHWT
technique. In our case, they are:

(i) The 0.12 MeV threshold set in each detector, which
makes condition (ii) of the PHWT technique unfulfilled
for low energy γ -rays.

(ii) Effect of γ -ray summing, produced when two or more
γ -rays are detected in one detector simultaneously.

(iii) The internal electron conversion, leading to the emis-
sion of non-detectable electrons instead of γ -rays.

To account for the deviations produced by these effects,
correction factors (FPHWT) are calculated for each isotope by
performing Monte Carlo simulations of the detection of (n,γ )
cascades. The (n,γ ) cascades of 240Pu, 246Cm and 248Cm
necessary to determine the FPHWT have been obtained with
the NuDEX code [40]. This code generates the full level
scheme of the nucleus, together with the branching ratios
of each level, to compute the (n,γ ) cascades using models
of photon strength functions (PSFs) and level density (LD).
The data are taken from the RIPL-3 [41] and ENSDF [42]
databases, among others.

The (n,γ ) cascades for 240Pu and 246Cm have been firstly
obtained with the default PSF and LD values given by
NuDEX. As can be seen in Fig. 7 the simulation of the
detector response with the default NuDEX cascades does not
exactly reproduce the experimental spectra obtained for this
reaction. Therefore adjusted PSF and LD have been obtained
and used for the cascades of 240Pu and 246Cm. The adjusted
cascades of 240Pu have been obtained reproducing the exper-
imental data obtained with the Total Absorption Calorimeter
(TAC) [43], the process is described in detail in [33,44]. The
(n,γ ) cascades of 246Cm have been obtained by fitting the
PSF and LD to the deposited energy spectrum obtained for
the first resonance at 4.3 eV. As shown in Fig. 7, the adjusted
cascades for 240Pu and 246Cm reproduce the experimental
data significantly more accurately than the default cascades
generated by NuDEX.

Unfortunately, we were unable to extract any spectrum
for 248 due to the lack of statistics, so the default NuDEX
cascades are used for this isotope. As shown in Fig. 8, the
shapes of the simulated deposited energy spectra of the three
cascades are similar.

The adopted (n,γ ) cascades have been used to calculate the
FPHWT parameters for each isotope. It could be that for other
resonances of the same isotope, we had different cascades.
However, according to the values obtained in Table 3 of [40]
the change in FPHWT for other resonances are of the order of
0.5% for all the nuclei of this work.

Fig. 7 Comparison of experimental and simulated deposited energy
spectra of 240Pu(n,γ ) (0.9 < En < 1.1 eV) (top) and 246Cm(n,γ ) (4.2 <

En < 4.35 eV) (bottom). The experimental spectra (Exp) are compared
with the simulated spectra obtained with the default NuDEX cascades
(Default NuDEX) and with the cascades obtained after adjusting the PSF
parameters to reproduce the experimental spectra (Adjusted). This plot
shows data only for one of the detectors, hereafter the same procedure
would be followed for simplicity

Fig. 8 Comparison between the simulated deposited energy spectra in
the detector due to 240Pu(n,γ ), 246Cm(n,γ ) and 248Cm (n,γ ) cascades.
These cascades were used in the analysis

123



246 Page 8 of 20 Eur. Phys. J. A (2024) 60 :246

Table 2 FPHWT values and ratios between them for different detection thresholds, and the ratios between them. The uncertainties in the table are
due to counting statistics in the Monte Carlo simulations

0.1 MeV 0.12 MeV 0.15 MeV

240Pu 1.0925(4) 1.0977(4) 1.1056(4)
246Cm 1.1641(4) 1.1705(4) 1.1805(4)
248Cm 1.0831(4) 1.0886(4) 1.0971(4)
240Pu/246Cm 0.9385(5) 0.9378(5) 0.9365(5)
240Pu/248Cm 1.0087(5) 1.0084(5) 1.0078(5)

The yields of Cm have been normalized to the strongest
resonance of 240Pu at 1.056 eV. In consequence, the cal-
culated Cm cross-sections will depend not on the individ-
ual FPHWT values, but on the FPHWT(246Cm)/FPHWT(240Pu)
and FPHWT(248Cm)/FPHWT(240Pu) ratios. Table 2 shows the
FPHWT values and their ratios for different thresholds. In the
analysis a threshold of 0.12 MeV is used, however, there
could be some uncertainty in the exact threshold value used
due to the detector calibration. Nevertheless, the differences
in the ratios for detection thresholds varying between 0.10
and 0.15 MeV are less than 0.3%.

In practice, it is necesary to propagate the uncertainties
in the cascades to the FPHWT values. If we compare the
FPHWT(246Cm)/FPHWT(240Pu) ratio obtained with the fitted
cascades and with the default NuDEX cascade the difference
is lower than 1.5% [33]. Taking this into account, in addition
to the uncertainties in the Geant4 simulations, we have esti-
mated the uncertainty in the FPHWT(246Cm)/FPHWT(240Pu)
ratio at 1% and in the FPHWT(248Cm)/FPHWT(240Pu) ratio
at 2%. The second is higher due to not having adjusted the
cascades of 248Cm.

3.5 Capture yield

The theoretical neutron capture yield of an isotope i , Yi (En),
is defined as the fraction of incident neutrons that induce
(n,γ ) reaction in the sample in that isotope. The yield is
related to the capture cross-section of the isotope (σγ i ) with:

Yi (En) = Fm(En)
(

1 − e−n·σtot (En)
)

· Ai · σγ i (En)

σtot (En)
(2)

where n is the sample areal density, Ai is the atom fraction of
that isotope, σtot is the sum of the total cross-sections of all
the isotopes present in the sample, weighted by their isotopic
abundances, and Fm is a factor to correct for the multiple
interactions. The calculation of Fm is described in Sect. 4.
This theoretical yield is then compared with the experimen-
tal yield to obtain the capture cross-section of the isotope.
The experimental yield can be determined after applying the

PHWT, described in Sect. 3.3, as follows:

YPHWT,exp,i = FPHWT,i
Cw − Bw

Sn,i · φn
(3)

where Cw is the total weighted counting rate, Bw is the back-
ground weighted counting rate, Sn,i is the total energy of the
cascade for the isotope i and φn is the number of neutrons
impinging on the sample per unit time.

As a consequence of the pulse-height weighting proce-
dure, the statistical fluctuations obtained in the weighted
yield are larger than with the standard counting technique,
i.e. the uncertainties due to counting statistics are larger. It
was then proposed in [23,40,45] to obtain the yield without
weighting the counts and then to normalize this yield to the
weighted yield obtained with the PHWT. By doing so the
uncertainties can be reduced. To use this approach, the effi-
ciency to detect the cascades (εc,i ) must be equal for all the
measured resonances in the respective isotope. The actinides
of the sample (240Pu, 246Cm and 248Cm) are 0+ heavy nuclei
with more than a million levels below the neutron separation
energy. Therefore, as calculated in [40], the relative vari-
ation in detection efficiency between each resonance is to
be at most ∼1% for these isotopes. This 1% relative uncer-
tainty in efficiency is significantly smaller than the increase
of the counting statistics uncertainty due to the pulse-height
weighting procedure. We thus analyzed the data without the
application of pulse-height weights, then the yield is calcu-
lated as:

Yexp,i = C − B

εc,i · φn
(4)

where C is the total counting rate and B is the background
counting rate. The counting rate was calculated with an
energy deposited threshold of 0.12 MeV and an upper limit
of 6 MeV.

The number of neutrons impinging on the sample per unit
time (φn) has been calculated multiplying the total fluence
by the fraction of neutrons intercepted by the sample (Beam
Intersection Factor, BIF). The BIF is not expected to change
significantly in the energy range of this measurement. The
energy dependence of the total fluence during the experi-
ment has been obtained with the SiMon2 neutron detector
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[25]. This fluence is in excellent agreement with the evalu-
ated fluence [3], which was obtained with a combination of
various measurements with different detectors in 2015 and
2016. Therefore, the SiMon2 fluence has been used for the
analysis with a 1% uncertainty in its energy dependence. The
BIF of the Cm sample has been obtained by using the satu-
rated resonance method [46,47] with the first resonance of
197Au at 4.9 eV. For this purpose, a gold sample with the same
radius as the Cm pellet has been measured obtaining a BIF
of 0.0314(7). For the time-to-energy conversion, the time-
of-flight effective distance was calculated to reproduce the
energies of the resonances of 197Au in the JEFF-3.3 library
until 400 eV. The distance obtained was 19.425(1) m.

The detection efficiency (εc,i ) has to be calculated to deter-
mine the non-weighted yield (Yexp,i ). The efficiency val-
ues of each isotope have been calculated normalizing to the
weighted yield by comparing the yield integrals of the reso-
nances with weight (YPHWT,exp,i ) and without (Yexp,i ). The
capture efficiency values obtained doing the weighted aver-
age over all the resonances for each isotope are presented in
Table 3.

The areas of the resonances obtained with the weighted
yield (YPHWT,exp,i ) and non-weighted yield (Yexp,i ) are
compatible as presented in Fig. 9.

Table 3 Efficiency to detect the capture cascades for one detector. The
uncertainties in the table are only due to counting statistics

240Pu 246Cm 248Cm

εc 0.03023(2) 0.02898(18) 0.02685(50)

Fig. 9 Ratio between the areas of the resonances of the yields obtained
with and without the PHWT (i.e. from Eqs. 3 and 4) for 246Cm and
248Cm resonances. The uncertainties of the data are only due to counting
statistics

3.6 Uncertainties

The uncertainties considered in the yield calculation, in addi-
tion to those due to counting statistics, are the following:

1. Uncertainty in the normalization. The capture yield has
been normalized to the first resonance of 240Pu at 1.056
eV, as described in Sect. 4.1.1. The uncertainties associ-
ated with the normalization procedure are presented in
Table 4. In addition to these uncertainties, the 2.75%
uncertainty in the capture cross-section of 240Pu at ∼1
eV in JEFF-3.3 should be considered.

2. Uncertainty in the gain shift correction of the energy
calibration. The uncertainty in the correction has been
estimated in 2–4%, depending on the energy range. This
uncertainty is propagated to a different value in each res-
onance that goes from 2 to 6%.

3. Uncertainty in the shape of the neutron fluence, which is
1%.

4. Uncertainty in the beam-on background subtraction. The
uncertainty due to systematic effects in the determination
of the background has been estimated to be 0.4%. The
propagation of this uncertainty is presented in Figs. 12
and 14.

5. Uncertainty in the fission background produced by the
actinides in the sample. The estimated uncertainty in
the determination of the fission detection efficiency is
25%. The propagation of this uncertainty to the reso-
nance depends on the ratio of the capture and fission cross-
sections and goes from 2 to 15%.

4 Resonance analysis

4.1 Methodology

The capture yields in the range of 1–400 eV (where indi-
vidual resonances can be well resolved in our experiment)
have been analyzed with the SAMMY code [48] using the
Reich-Moore approximation to the R-matrix theory [49].
The different effects of the experimental yield have been
taken into account with models implemented in the SAMMY
code: multiple interactions, Doppler broadening, and resolu-
tion broadening.

The resolution broadening is a consequence of the fact that
neutrons arriving at the sample at a certain time do not have
all the same energy. The time-to-energy distribution of the
neutrons is given by the so-called Resolution Function (RF).
At the EAR2, contrary to the EAR1 [50], the RF depends on
the sample position and its dimensions [51]. This is due to
the non-optimized geometry of the spallation target.

The RF at n_TOF is normally calculated using simula-
tions performed with FLUKA [50,52]. In fact, at EAR2 this

123



246 Page 10 of 20 Eur. Phys. J. A (2024) 60 :246

Fig. 10 Experimental 197Au capture yield near the 78.3 eV (Exp) for a
2.5 mm radius sample compared with two theoretical yields. Both have
been obtained with the resonance parameters of JEFF-3.3 with two
different RF. The first yield has been calculated with the RF obtained
from Monte Carlo calculations (JEFF-3.3 MC), and the second (JEFF-
3.3-Adj) uses the RF obtained after the adjustment. In the bottom panel
of the figure, the residuals (Res) defined as the differences between the
experimental data points and the theoretical JEFF-3.3 yield divided by
the statistical uncertainties of the data points are plotted

method works for samples covering all the neutron beam
[51]. However, as shown in Fig. 10, the code is not able to
reproduce the shape of the yield for small samples. For this
reason, the RF for the Cm campaign has been obtained by
performing an adjustment. The parameters have been fitted
to match the well-established resonances of 197Au measured
in the range from 4 to 400 eV for a sample with the same
dimensions (2.5 mm radius) as the Cm sample [33]. Fig-
ure 10 shows that this RF reproduces the capture yield much
more accurately than the RF obtained from Monte Carlo cal-
culations with FLUKA. The resonance of Au presented in
Fig. 10 has a neutron energy of 78.27 eV and in the plot,
the center of the resonance is at around 77.8 eV, this shift is
due to the fact that the RF apart from changing the shape of
the resonances also shifts its position. The uncertainties in
the obtained RF have been quantified and propagated to the
resonance analysis [33].

At n_TOF EAR2 due to the considerable uncertainty in
the RF, we are mostly sensitive to the area of the resonances
and not to their shape. For this reason in the fit, we fitted
only the neutron width (	n), which for the resonances of
the experiment is usually the most sensitive to the resonance
area. Therefore for radiation and fission widths, respectively
	γ and 	 f , the values from JENDL-4.0 have been taken.
The libraries JEFF-3.3 and ENDF/B-VIII.0 report the same
RP for these isotopes. The energy of the resonances (E0) has
been also obtained on the fits.

All the resonances have been assumed to be s-wave with
Jπ = 1/2+ since no p-wave resonances should be observ-

Fig. 11 240Pu experimental capture yield (Exp) in the energy range of
the strongest resonance compared to the yield obtained with the JEFF-
3.3 resonance parameters (JEFF-3.3) used to perform the normalization.
The background (BKG) is also included in the plot. In the bottom panel,
the residuals are presented

Table 4 Uncertainties (in %) in the normalization. In the last row, the
uncertainties are added quadratically to obtain the total normalization
uncertainty

Uncertainty 246Cm 248Cm

Abundance 240Pu/246−248Cm 2.7 3.3

FPHWT,246−248Cm/FPHWT,240Pu 1.0 2.0

εc,240Pu/εc,246−248Cm 1.1 2.0

Total quadratic sum 3.0 4.3

able in our experiment below 400 eV. The resonances of
240Pu and 244Cm have been also analyzed, but the results
will be reported in a stand-alone publication, together with
the results obtained from other measured Cm samples [7].
In the SAMMY analysis, the isotopes 27Al and 16O, also
mixed with Cm in the sample, have been included to prop-
erly account for their contributions to the self-shielding and
multiple interactions corrections. The detection efficiencies
for these two isotopes have been set to zero, as their contribu-
tions have already been subtracted with the dummy sample.
The results of the fits are shown in Figs. 16, 17, 18, 19 and
20.

The background resulting from fission reactions has been
calculated using the fission detection efficiency (ε f ) and the
fission yield of each isotope. As the fission yields depend
on the RP, in particular in the fitted parameters E0 and 	n , a
recursive approach has been employed. This method involves
initially subtracting the fission background estimated using
the resonance parameters from the previous fitting iteration,
followed by fitting the resonance parameters (E0 and 	n).
These two steps are iteratively repeated until convergence is
reached.
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4.1.1 Normalization to 240Pu

As already mentioned, the capture yield, and thus the capture
cross-sections of 246Cm and 248Cm, have been normalized
to the first resonance of 240Pu at 1.056 eV using the JEFF-
3.3 resonance parameters. The experimental yield and the
SAMMY fit of the Pu resonance are presented in Fig. 11.
The uncertainties in the normalization, described in Table 4,
are 3 and 4.3% for 246Cm and 248Cm, respectively. The mass
of 240Pu in the sample which has been obtained from the
fit is 0.159(4) mg (the uncertainty does not account for the
uncertainty in the JEFF-3.3 cross-section).

4.2 Uncertainties in the resonance parameters

The uncertainties in the yield have been propagated to the E0

and 	n resonance parameters. In particular, the uncertain-
ties due to counting statistics in the experimental yield have
been propagated by the SAMMY code. However, the uncer-
tainties due to systematic effects in the yield, summarized in
Sect. 3.6, have been propagated to the parameters with the
method described in the following paragraphs.

The different uncertainties have been divided into two
groups, those that are considered to be fully uncorrelated
between the fitted 	n values of the resonances and those
that are considered fully correlated. The uncertainties due to
counting statistics, the resolution function, the fluence shape
and the gain shifts of the deposited energy calibration have
been considered as fully uncorrelated. On the other hand,
the uncertainties due to the fission background, the beam-on
background and the normalization have been considered as
fully correlated.

Each of the uncertainties due to systematic effects have
been propagated to E0 and 	n parameters by using two
additional yields. If the nominal yield is described with a
set of data points (E j ,Yexp, j ), with E j the neutron energy
and Yexp, j the capture yield at the point j , then the two
new yields have been constructed as (E j ,Yexp, j + σk, j ) and
(E j ,Yexp, j −σk, j ), where σk, j is the yield uncertainty due to
the k-type of uncertainty at point j . The fitting process has
been repeated for both yields, and two new sets of E0 and
	n parameters have been obtained for each k-type of uncer-
tainty and for each resonance. The uncertainties in the fitted
quantities have been obtained as half of the differences, in
absolute value, between the two values obtained in the fits.
The obtained uncertainties are given in Tables 5 and 7, also
in the tables the fully uncorrelated (U) and fully correlated
(C) uncertainties were summed in squares.

4.3 Resonance parameters of 246Cm

A total of 13 resonances of 246Cm have been fit, from 4 to
400 eV, as presented in Table 5. The total uncertainties in the

calculation of the 	n parameters for the first four resonances
are 4–6% mainly due to the uncertainty in the normaliza-
tion. The uncertainties at higher energies are dominated by
the subtraction of the beam-on background and by count-
ing statistics. The contribution of individual sources to the
uncertainty in 	n is presented in Fig. 12.

In the fits the 	n and the energy of the resonances have
been fit whereas 	γ and 	 f were fixed. In order to compare
our results with previous measurements obtained with differ-
ent 	γ and 	 f parameters the radiative kernels have been cal-
culated with this formula Rk = gJ	γ 	n/	, where 	 is the
total width. The radiative kernels, that are proportional to the
area of the resonance, are compared with previous measure-
ments in Fig. 13. The JENDL-4.0 values are obtained from
the Maslov et al. evaluation [53]. This evaluation, performed
in 1996, is based on transmission measurements [54–57] and
on the capture measurement by Moore et al. [11]. Details
of all the measurements are in Table 6. The JEFF-3.3 and
ENDF/B-VIII.0 [37] libraries have adopted the JENDL-4.0
values for this isotope. There are two other recent capture
measurements by Kimura et al. [9] and Kawase et al. [10]
performed at J-PARC with germanium detectors [58], these
measurements are also normalized to the first resonance of
240Pu. The latest JENDL-5 evaluation [36] directly used the
resonance parameters of the Kawase et al. measurement.

Discrepancies have been found between the results obtained
in this measurement and some of the previous ones. The
observed resonance at 306.8 eV, assigned to 246Cm, was not
present in JENDL-4. This assignment is based on the mea-
surement with another Cm sample that contains a different
ratio of 244Cm to 246Cm, more information on this sample
can be found in [5–7]. In addition, this resonance is too big to
be associated with 248Cm. This resonance was also observed
in the recent measurement by Kawase et al. with a neutron
width of 34.6(31) meV, the value obtained in our measure-
ment is 49(11) meV.

Furthermore, the resonance-like structure of 246Cm at
360.8 eV was not properly fitted with a radiative width of 34.7
meV, this value has been used to fit the rest of the resonances
of 246Cm above 20 eV because these values were reported in
JENDL-4.0. In order to correctly fit this resonance we had
to use a value of at least 60 meV for 	γ . The reported radia-
tive widths of all resonances were always between 25 and 35
meV and only fluctuations of a few percent for these values
are expected. For this reason, we think that this structure is a
doublet with a separation between the resonance of 2–3 eV.
In the previous measurement by Moore et al. the resonance
was also considered as a doublet. In the Kawase et al. mea-
surement, the resonance is fitted with a radiative width of
34.7 meV.

In addition, in the JENDL-4.0 library the RP for three
weak resonances at 32.95, 47 and 131 eV were given. As
shown in Fig. 19, our data are not compatible with the exis-
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Table 5 	n and E0 parameters of 246Cm obtained in this work. The
different uncertainties for 	n presented in the table are due to counting
statistics (Stat), subtraction of the background produced by the fission
events (Fis), subtraction of the beam-on background (Dummy), correc-
tion for the gain shifts of the energy calibration (Gain), determination
of the RF (RF) and normalization (Norm). The uncertainty in the cap-

ture cross-section of 240Pu (2.75%, according to JEFF-3.3) has not been
included in the table. The different uncertainties are considered to be
fully correlated (C) or fully uncorrelated (U) between the resonances.
The quadratic sum of the different uncertainties has been also included.
In addition, the radiative kernels with their uncertainties are also in the
table

E0 (eV) 	n (meV) 	n uncertainty (meV) Rk (meV)

Sta (U) Fis (C) Dummy (C) Gain (U) RF (U) Norm (C) Sum (C) Sum (U) Total Total (%) Value Uncer.

4.3129(2) 0.324 0.001 0.009 0.001 0.003 0.005 0.009 0.013 0.006 0.015 4.5 0.315 0.016

15.310(1) 0.541 0.006 0.009 0.009 0.004 0.015 0.015 0.020 0.017 0.026 4.8 0.524 0.029

84.576(5) 23.4 0.4 0.8 0.5 0.3 0.4 0.7 1.1 0.7 1.3 5.6 13.82 0.52

91.945(8) 13.6 0.3 0.2 0.4 0.1 0.3 0.4 0.6 0.5 0.7 5.5 9.72 0.43

158.41(2) 39.9 2.1 1.5 2.9 0.6 0.6 1.1 3.5 2.2 4.1 10 18.39 0.93

193.85(5) 17.7 1.4 0.1 1.6 0.2 0.1 0.5 1.7 1.4 2.2 13 11.7 1.0

232.5(2) 4.3 1.0 0.1 1.9 0.2 0.1 0.1 1.9 1.0 2.2 51 3.8 1.7

250.8(1) 18.4 2.2 0.3 2.7 0.3 0.7 0.5 2.8 2.3 3.6 20 11.9 1.6

278.1(1) 31.6 4.2 1.9 4.9 0.7 1.4 0.9 5.3 4.4 6.9 22 16.2 1.9

287.9(2) 17.0 2.7 0.3 3.3 0.2 0.9 0.5 3.4 2.9 4.5 26 11.3 2.0

306.8(2) 49.1 8.5 0.5 11.2 2.6 2.4 1.4 11.3 9.1 14.5 30 20.3 2.5

316.6(1) 24.2 4.6 0.3 5.9 1.2 0.9 0.7 5.9 4.8 7.6 31 14.2 2.6

381.1(2) 59.9 18.5 2.9 28.0 1.6 3.6 1.7 28.2 18.9 34.0 57 21.9 4.6

Fig. 12 Total uncertainties (in
percentage) of the 	n
parameters of 246Cm obtained in
this work (Total). The
uncertainties due to counting
statistics (Stat), due to the
subtraction of the beam-on
background (Dummy) and the
rest of the uncertainties (Other)
are also presented for
comparison

Table 6 Transmission (Transm.) and capture 246Cm and 248Cm measurements available in EXFOR in the RRR. Some of the measured yields
extend up to higher energies, but the resonance parameters are only reported up to the energies presented in the table

Experiment Type Energy range
246Cm 248Cm

Cote et al. [54] Tra. 4–27 eV –

Moore et al. [11] Cap. 80–380 eV 26 eV

Berreth et al. [55] Tra. 4–16 eV –

Benjamin et al. [56] Tra. 4–160 eV 7–3000 eV

Belanova et al. [57] Tra. 4–160 eV 7–100 eV

Kimura et al. [9] Cap. 4–16 eV 7–27 eV

Kawase et al. [10] Cap. 4–550 eV 7–100 eV
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Table 7 Same as Table 5 but for the 248Cm resonances

E0 (eV) 	n (meV) 	n uncertainty (meV) Rk (meV)

Sta (U) Fis (C) Dummy (C) Gain (U) RF (U) Nor (C) Sum (C) Sum (U) Total Total (%) Value Uncer.

7.246(1) 1.94 0.01 0.05 0.02 0.02 0.11 0.08 0.10 0.11 0.15 7.8 1.79 0.14

26.90(1) 18.2 0.3 0.2 0.5 0.2 1.0 0.8 0.9 1.0 1.4 7.7 11.56 0.60

35.01(1) 9.8 0.3 1.2 0.5 0.3 1.0 0.4 1.3 1.1 1.8 18 7.4 1.0

76.07(2) 268 59 61 46 7 31 11 77 67 102 36 23.37 0.91

98.84(4) 371 85 23 142 10 3 16 145 86 169 45 36.1 1.6

Fig. 13 Ratio between the 246Cm Rk values obtained in different
experiments, including this work, and JENDL-4.0

tence of the resonances with the areas given. The neutron
width allowed by our data would need to be smaller by a fac-
tor of 3 to 10 depending on the resonance. Note that these res-
onances were included in the Maslov et al. evaluation without
being observed in any previous measurement.

The Rk values obtained for the first three resonances at
4.31, 15.31 and 84.58 eV are compatible with the previ-
ous measurements and with JENDL-4.0 and JENDL-5. The

remaining resonances are within one standard deviation not
compatible with JENDL-4.0, but are compatible with the
Kawase et al. experiment, and thus with JENDL-5. For neu-
tron energies below 160 eV, n_TOF provided Rk values with
uncertainties smaller than 5%, which are similar to those of
Kawase et al. and considerably smaller than in the previous
capture and transmission measurements. The uncertainties
at higher energies are between 10 and 20% for all but one
resonance.

4.4 Resonance parameters of 248Cm

A total of 5 resonances of 248Cm have been observed and
fitted in the analysis from 7 to 100 eV, as presented in Table
7. The uncertainties in the calculation of the 	n parameters
for the first two resonances are below 10% and for the other
three are below 50%, as shown in Fig. 14.

The JENDL-4.0, JEFF-3.3, ENDF/B-VIII.0 and JENDL-
5 libraries adopt the same evaluation for this isotope, which
is the one performed by Kikuchi et al. [59]. This evaluation
considers only the transmission data of Benjamin et al. [56]
and the capture data of Moore et al. [11].

The values of the Rk obtained for the first three resonances
are compatible with the previous measurements and evalu-
ations (Fig. 15). However, the values obtained for the other
two resonances at 76 and 98.8 eV are 20 and 65% larger than
the Kikuchi et al. evaluation and are not compatible within
one sigma with any other previous measurement. The uncer-
tainties in the Rk for the 248Cm resonances in this work are
below 15%.

5 Summary and conclusions

The capture cross-sections of 246Cm and 248Cm have been
measured at the EAR2 of the n_TOF facility with three C6D6

detectors. This work is the first analysis of a capture measure-
ment at n_TOF EAR2, profiting from the high instantaneous
fluence in this area to measure a sample with a very low mass
(∼1 mg of 246Cm and ∼0.2 mg of 248Cm ) and high radioac-
tivity (∼2 GBq). A total of 13 resonances of 246Cm between
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Fig. 14 Total uncertainties of the 	n parameters of 248Cm obtained in
this work in percentage (Total). The uncertainties due to counting statis-
tics (Stat), due to the subtraction of the beam-on background (Dummy)
and the rest of the uncertainties (Other) are also presented for compar-
ison

Fig. 15 Ratio between the 248Cm Rk values obtained in different
experiments, including this work, and JENDL-4.0

4 and 400 eV and 5 resonances of 248Cm between 7 and 100
eV have been observed and analyzed. The radiative kernels
of 246Cm have been obtained with an uncertainty of less than
5% at energies below 160 eV. At higher energies, the uncer-
tainties are between 10 and 20% for the majority of the reso-
nances. For 248Cm, the uncertainties in radiative kernels are
around 10% as a result of the increase of the uncertainties due
to counting statistics. The radiative kernels of the first three
resonances of 246Cm obtained in this work are compatible
with all the previous measurements and evaluations. For the
remaining 246Cm resonances, the radiative kernels are only
compatible within one sigma with the recent measurement by
Kawase et al. In the case of 248Cm also the radiative kernels
of the first three resonances are compatible with all previous
measurements and evaluations, for the other two resonances
the radiative kernels obtained are considerably higher than
evaluations and previous experiments.
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Fig. 16 Experimental capture yield measured in EAR2 for the Cm
sample compared with the fitted yields. The experimental capture yield
(Exp) includes the uncertainties due to counting statistics only. The
green, blue and cyan lines correspond to the capture yield for each iso-
tope. The orange line (BKG) corresponds to the background due to

fission and capture events in the actinides. The red line (Sum) corre-
sponds to the sum of all the capture and fission yields. It is important
to notice that the resonances in the figures are shifted in energy due to
the RF, see Sect. 4.1 for more details
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Fig. 17 Experimental 246Cm capture yields close to the first six res-
onances (black) compared with the yield obtained with the fit (green)
and with the JENDL-4.0 data (red). The evaluation in JENDL-4.0 has
also been used in JEFF-3.3 and ENDF/B-VIII.0. In blue, the calcula-

tion of the background due to the other actinides and in pink the fission
background. It is important to notice that the resonances in the figures
are shifted in energy due to the RF, see Sect. 4.1 for more details
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Fig. 18 Same as Fig. 17 but for the resonances between 230 and 400 eV
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Fig. 19 Same as Fig. 17 but for the resonances at 32.95, 47 and 131 eV
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Fig. 20 Same as Fig. 17 but for the resonances of 248Cm
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