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Neutron-induced fission cross section of 2**Cm: New results from data taken
at the time-of-flight facility n_TOF
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The neutron-induced fission cross section of > Cm was measured at n_TOF in a wide energy range and with
high resolution. The energy dependence, measured in a single measurement from 30 meV to 1 MeV neutron
energy, has been determined with 5% accuracy relative to the 2*U(n,f) cross section. In order to reduce the
uncertainty on the absolute value, the data have been normalized at thermal energy to recent measurements
performed at ILL and BR1. In the energy range of overlap, the results are in fair agreement with some previous
measurements and confirm, on average, the evaluated cross section in the ENDF/B-VIIL.O database, although
sizable differences are observed for some important resonances below 20 eV. A similar behavior is observed
relative to JENDL/AC-2008, a reactor-oriented database for actinides. The new results contribute to the overall
improvement of the databases needed for the design of advanced reactor systems and may lead to refinements of
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fission models for the actinides.
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I. INTRODUCTION

Transuranium elements (TRU) such as Np, Pu, Am, and
Cm are built up as a result of multiple neutron captures and
radioactive decays in all presently operating nuclear reactors
based on the U/Pu nuclear fuel cycle. Some highly radioactive
isotopes of these elements constitute the most important hazard
for nuclear waste management. Several proposals have been
made in recent years to reduce the radiotoxicity of nuclear
waste containing TRU. Clearly, any kind of system designed to
burn nuclear waste, critical or subcritical, thermal or fast, will
need to be loaded with fuel containing a large fraction of TRU.
The response of these systems (e.g., with respect to criticality)
in the presence of TRU is directly linked to the fission cross
sections of these isotopes. These fission cross sections are
therefore key elements in assessing the strategy to be followed
in detailed feasibility studies and in the engineering design of
nuclear waste transmutation systems, i.e., Generation IV fast
reactors or advanced nuclear waste burners [1].

As for most transuranium isotopes, the burnup of >43Cm
relies mostly on fission reactions. The competition with the
neutron capture channel determines also the further buildup
of the heavier curium isotopes and of heavier elements. In
this context, accurate fission cross sections are required from
thermal neutron energies to several MeV.

Besides these applications, the fission cross sections of
the Cm isotopes are also of interest for improving the
theoretical description of the fission process, particularly for
the systematics of fission barriers. Fission cross sections are
also needed as input for network calculations of r-process
nucleosynthesis, where the reaction flow may be terminated
by spontaneous, B-delayed, and neutron-induced fission of
very neutron-rich actinides. Such a recycling may have a
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strong influence on the final r-process abundances [2,3]. The
neutron-induced fission cross section of ?*Cm present large
uncertainties of up to 50% in some energy regions, whereas
sensitivity analyses for the most important advanced reactors
indicate that accuracies better than 10% are needed [4].

Due to the relatively high « activity, which is related
particularly to the unavoidable ***Cm contamination of the
sample material, only a few measurements of the >*Cm(n.f)
cross section have been performed so far. In 1969 Moore and
Keyworth [5] reported data from 20 eV to 3 MeV by using a
nuclear explosion as the neutron source. The measurement
of Browne et al. [6] in 1978 at the 100 MeV electron
linear accelerator at Lawrence Livermore National Laboratory
covered the neutron energy range between 0.01 and 35 eV.
The short flight path of 3.6 m resulted in a poor energy
resolution but permitted the use of a low sample mass of a few
micrograms to reduce the ¢-related background. Data taken by
White et al. [7] soon afterward at the same facility extended
the energy range up to 63.09 eV, with improved resolution.
In this measurement, a ***Cm sample with 99% enrichment
was used. In the region of overlap, the two data sets differ
significantly in various resonances. Recently, 2**Cm fission
cross sections in the neutron energy range between 0.03 eV
and 20 keV have been measured with a lead slowing-down
neutron spectrometer at the Institute for Nuclear Research
of the Russian Academy of Sciences [8]. Finally, the results
of a new measurement performed at the GELINA neutron
facility of Institute for Reference Materials and Measurements
(IRMM), Geel, Belgium, have just become available [9]. Using
a 2Cm sample with 98.5% enrichment and a pair of Si-Au
surface barrier detectors, high-quality data from thermal to
100 eV neutron energy were collected at the 9.3 m flight path,
and a new resonance analysis was performed.

The limited amount of data and the discrepancies between
them are reflected by the evaluations in the major cross-section
libraries, ENDF/B-VIL.O [10], JEFF-3.1 [11], and JENDL-3.3
[12]. The cross sections in these libraries are all essentially
based on the same evaluation [13], which relied on the
data of Browne et al. [6] up to 20 eV and on the data
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of Moore and Keyworth [5] at higher energy. A different
approach was used in JENDL-4 [14], as well as in the special
purpose file JENDL/AC-2008 [15], a specialized version of
JENDL containing only data on actinides needed for advanced
reactor technology (since the two files are equivalent for
actinides, in the following we will only refer to the latter).
In JENDL/AC-2008, the evaluation of the fission cross section
of 2Cm below 20 eV was modified to better reproduce
the thermal cross section and the results from time-of-flight
measurements including the data of White et al. [7], which
were not considered in Ref. [13].

The discrepancies between the various experimental results
and the evaluated cross sections are a major problem for
the new applications, which require uncertainties below 10%.
Further experimental data are therefore necessary to improve
the accuracy of the (n,f) cross section of >4Cm. To this purpose,
a measurement was performed at the neutron facility n_TOF at
CERN, taking advantage of the wide neutron energy range, of
the high resolution, and of the high instantaneous flux of this
spallation neutron source [16]. This last property makes the
n_TOF facility particularly convenient for measurements of
radioactive isotopes since it minimizes the background related
to the natural radioactivity of the samples.

The experimental setup used for the measurement is
described in Sec. II. The resulting cross sections, which were
obtained simultaneously from near thermal energies (30 meV)
up to 1 MeV, are presented in Sec. III, compared to previous
data and to major evaluated data libraries. In Sec. IV the
R-matrix analysis of the resonances is discussed, and the
results are compared with previous evaluations.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The experimental setup is based on the fission ionization
chamber described in Ref. [17]. The signals were recorded with
a flash analog-to-digital converter (ADC) [18] and analyzed to
extract the neutron time of flight as well as the energy deposited
by the fission fragments in the detector. The four curium
samples used in the experiment were provided by the Institute
of Physics and Power Engineering, Obninsk, and by the Joint
Institute of Nuclear Research, Dubna. Thin layers of CmO,
were prepared on 100-pum-thick Al backings by the painting
technique [19]. The masses and « activities are listed in Table I.
As for all other samples in the measurement, the diameter of
the Cm samples was 8 cm to match the diameter of the neutron
beam used in the fission program at n_TOF. The isotopic
composition was measured by « spectroscopy, showing a
6% contamination of >**Cm. Because of its short half-life of
18 yr, this isotope is responsible for the large sample activities
between 60 and 100 MBq. It also contributes significantly to
the fission background due to its more than 200 times higher
rate for spontaneous fission. Figure 1 shows the amplitude
distribution of the digitized signals. The a-particle and fission
background were determined in runs without the neutron
beam. The two large structures at low amplitude are due to
« particles from the natural radioactivity of the sample and to
their pileup, while the contribution of the spontaneous fission
of 2*#Cm is visible in the no-beam runs at all amplitudes.
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TABLE 1. Characteristics of the CmO, samples used in the
measurements discussed in this work. The overall activity of the
samples is mostly due to the >**Cm contamination.

Sample Mass (mg) Uncertainty (%) Activity (MBq)
1 0.367 1.3 66.1
2 0.538 1.2 96.9
3 0.407 1.3 73.3
4 0.399 1.3 71.9

Because of the large o background and « pileup a rather
high threshold had to be chosen for the pulse-height distri-
bution. The value that maximizes the fission-to-background
ratio was found around channel 80. Simulations of the
fission fragment energy deposition in the gas (for details, see
Ref. [20]) indicate that the detection efficiency obtained with
this threshold is approximately 50%.

Apart from the loss of statistics, the large background and
the high threshold prevent the determination of the detection
efficiency and other experimental effects (such as the dead-
time correction) with sufficient accuracy. For this reason, an
absolute normalization could not be performed for the present
data set. A different approach, described below, had to be
followed in order to extract accurate fission cross sections.

As illustrated in Fig. 1, even the high value of the threshold
is not sufficient to fully reject the «-particle background.
Furthermore, the background from spontaneous fission has
to be accurately determined. To minimize the statistical un-
certainties, this time-independent residual background, which
was measured without the neutron beam, was transformed
into lethargy scale and fitted with the exponential relation
e“tPE  with the parameter b being fixed to the value of
-1.15129 expected from the time-to-lethargy conversion. With
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FIG. 1. (Color online) Amplitude distribution of signals recorded
in the fission ionization chamber with the neutron beam [red (light
grey) solid line] and during background runs with no beam [red (light
grey) dashed line]. The structures at low amplitudes are produced by
« particles and by «-particle pileup. These backgrounds are missing
in the amplitude distribution of >*U (shown as a black solid line for
comparison). The vertical dashed line at channel 80 represents the
threshold used in the analysis.
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the parameter a determined by the fit, the above expression
was then used for background subtraction. A correction for the
dead time (related to the overlap of two consecutive signals
as defined in Ref. [17]) was applied to account for possible
distortions in the energy dependence of the measured cross
section. However, given the small count rate above the chosen
threshold, the corrections are less than 1% in the investigated
energy range.

The contribution of the >**Cm(x f) reaction to the measured
fission yield was not subtracted below 500 keV neutron
energy because it was estimated to be less than 1%. No
correction was applied for the self-shielding effect, which is
less than 0.1% even for the biggest resonances. Considering all
sources of systematic uncertainties, the absolute cross section
is characterized by uncertainties of ~5% in the investigated
energy range.

III. NORMALIZATION AND RESULTS

The cross section of the 243 Cm(n,f) reaction was determined
relative to the 2>U reference sample, which was mounted in
the same fission chamber. The procedure used in the analysis
of the reference sample is described in detail in Ref. [20].

As mentioned before, the high threshold applied on the
pulse-height distribution for the >*°Cm samples leads to a
detection efficiency which is substantially different from that
of the 23U reference sample. An attempt to determine the
difference by means of Monte Carlo simulations was aban-
doned because the correction factor depends on the amplitude-
to-energy calibration, which could not be accurately defined
due to the strong influence of the «-particle background.
Accordingly, the efficiency correction became too large to
meet the intended accuracy of less than 10%. The alternative
approach was to use the thermal cross section for normaliza-
tion. A thorough examination of the recommended thermal
cross sections showed that earlier experimental data differed
by up to 30%. The recommended value in ENDF/B-VII.O of
2142 bis based on the measurement of Browne et al. [6], which
agrees within uncertainties with the results of Refs. [21,22]
but is larger than reported in other measurements [23-25].
The JENDL/AC-2008 database recommends a lower thermal
cross section of 2054 b, which is based on the combined
experimental results of Refs. [6] and [24]. Although the
recommended values differ only by 5%, the large discrepancy
between the experimental results suggests that they are still
uncertain by more than 10%.

Therefore, the present data have been normalized to the
thermal cross section reported in two recent measurements
by Letourneau et al. [26], who obtained a value of 1943 +
65 b in a measurement at the Institut Laue-Langevin (ILL)
high-flux reactor, Grenoble, France, and by Popescu et al. [27],
who obtained 1951 £ 18%* + 81% b in a measurement at
the BRI reactor of the Studiecentrum voor Kernenergie -
Centre d’Etude de 1’énergie Nucléaire (SCK-CEN), Mol,
Belgium. In view of the excellent agreement between both
results, the weighted average of 1946 £ 51 b has been adopted
for normalization. Since the n_TOF data start at 30 meV and
do not extend down to 25 meV, an extrapolation has been used
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FIG. 2. (Color online) Energy-weighted neutron-induced fission
cross section of >*Cm from thermal energy to 1 eV. The n_TOF
results (black dots), normalized to recent thermal cross-section
measurements, are compared with previous data and with two
evaluated data sets.

below 40 meV, similar to the one described in Ref. [20]. We
note that the cross section determined in this way can easily
be scaled if an improved value of the thermal cross section
becomes available.

Figure 2 shows the energy-weighted cross section from
thermal energy up to 1 eV. The results of the present work
are compared with previous data and with the evaluated
cross sections in ENDF/B-VII.0 and JENDL/AC-2008. In this
region, the two previous measurements [6,7] show a different
trend, with the biggest difference of ~20% close to the thermal
energy. The n_-TOF data are intermediate between the two
measurements below 100 meV but are in reasonable agreement
with data of White ez al. [7] above that energy.

The comparison with evaluations shows some interesting
features. The present results are not well reproduced either by
ENDF/B-VIIL.0 or by JENDL/AC-2008 (which, by the way,
does not reproduce any of the previous results either). In
particular, the evaluated cross section in both databases shows
a similar energy dependence but differs in the absolute cross
section by approximately 20% up to 200 meV. Another point
to note is that both evaluations overestimate the importance of
the first resonance at 0.9 eV.

Figure 3 shows the n_TOF results in the range between
1 and 10 eV, compared with previous data and evaluations.
Previous results in this range show some discrepancies, with
a higher cross section generally observed in the data of White
et al. [7], particularly for the 7.5 eV resonance. The n_TOF
data are in reasonable agreement with this data set, except for
the two biggest resonances. The shoulder on the right wing
of the resonance at 2 eV, which does not seem evident in the
data of Browne et al. [6], is instead confirmed by the present
results.

Figure 4 shows the n_TOF results compared with previous
data and evaluations between 10 and 17 eV. In this region
the results of Browne et al. [6] suffer from the poor energy
resolution of that measurement. For the 11.5 eV resonance
the n_TOF data fall between the two previous measurements,
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FIG. 3. (Color online) The present ***Cm(n,f) cross sections of
this work compared with previous data and evaluations in the energy
range from 1 to 10 eV.

while the data of Ref. [6] are completely ruled out at higher
energies by the n_TOF results. Apart from a systematic shift
in the resonance energies, good agreement is observed again
with the results of White et al. [7].

The large discrepancy between previous results is clearly
reflected in the difference between the evaluations. In this
region, ENDF/B-VIL.0 strongly underestimates the resonance
strengths, while JENDL/AC-2008 overestimates them slightly.
Furthermore, the doublet in ENDF/B-VII.O data around 15 eV
is clearly excluded by the present results. A preliminary
resonance analysis shows that the n_TOF resonance strengths
are 14% lower than those in Ref. [7], on average.

For neutron energies above 20 eV, data from Moore
and Keyworth [5] are also available. In general, the n_ TOF
results are in very good agreement with this last data set,
which was obtained with a collimated neutron beam from a
nuclear explosion (Fig. 5). The agreement with the data of
White et al. [7] is also reasonable. In this energy range the
evaluated cross sections are essentially based on the results of
Moore and Keyworth [5]. Consequently, they generally
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T ornk ;
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FIG. 4. (Color online) The ***Cm(n,f) cross section of this work
between 10 and 17 eV neutron energy, compared with two previous
data sets and with evaluations.
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FIG. 5. (Color online) The **Cm(n f) cross section of this work
between 20 and 50 eV neutron energy compared with previous
measurements and with the ENDF/B-VII.O and JENDL/AC-2008
evaluations. There is almost perfect agreement between the present
results and the data of Ref. [5].

adequately reproduce the cross section measured at n-TOF
as well.

The good agreement between the n_TOF results and the
data in Ref. [5] is also confirmed at higher energy, as
illustrated in Fig. 6. Because of the similar energy resolution
the resonance structures are perfectly matched all the way
up to 1 keV. The evaluations follow the resonance structures
of the data below 100 eV, which can be considered as the
current limit of the resolved resonance region (RRR) in the
evaluated cross-section libraries. As discussed in Ref. [20]
for the 2*3U(n,f) reaction, the observed structures could be in
some cases multiplets of resonances, particularly for neutron
energies above a few hundred eV.

An important confirmation of the reliability of the present
results is provided by the comparison with the data recently
obtained by Serot et al. at GELINA [9], shown in Fig. 7 from
thermal to 100 eV neutron energy. Apart from the difference

300
. n_TOF
Moore and Keyworth 1971
250 —— ENDF/B-VIL.O
------ JENDL/AC-2008

o, (barn)
&
o

L AL LALLM LA L L L

0 [:.) vy ol -
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Neutron Energy (eV)

FIG. 6. (Color online) The ***Cm(n,f) cross section in the neutron
energy range from 70 to 120 eV. In this region, only one previous
data set was available.
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FIG. 7. (Color online) The present 2*Cm(n,f) cross section from
thermal to 100 eV neutron energy compared with recent results at
GELINA [9].

below 1 eV, which is still within the systematic uncertainty of
both data sets, and small discrepancies in the valleys of the first
few resonances, there is a good agreement for all resonances,
thus confirming the high level of confidence for the features
described above.

The present high-resolution data in combination with the
results of Serot et al. [9] and with the data of Moore and
Keyworth [5] may permit the extraction of new and more
accurate resonance (or pseudoresonance) parameters and the
extension of the resonance region well above the current limit
to roughly 300 eV (see Sec. IV). Such an improvement in
the knowledge of the resonant behavior of the cross section is
important for accurate calculations of self-shielding effects in
fuel elements, particularly in Generation IV fast reactors. At
the same time, the data could provide more information on the
average level density and other fundamental nuclear physics
properties, leading to refinements of fission models for the
actinides.

e n_TOF
Moore and Keyworth 1971
° Ivanin 1997
| u Fursov 1997
S ENDF/B-VIL.O
10 Pl L JENDL/AC-2008
—
f=
E
©
) L
=
6 r
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Neutron Energy (eV)
FIG. 8. (Color online) The >*’Cm(nf) cross section in the un-
resolved resonance region from 1 keV to 1 MeV neutron energy,

compared with the data of Refs. [5,28,29] and with the evaluated data
sets of ENDF/B-VII.0 and JENDL/AC-2008.
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In the unresolved resonance region (URR), the n_TOF data
are compared in Fig. 8 with those from Ref. [5] as well as
with data from Fursov et al. [28] and Ivanin et al. [29].
Up to 100 keV there is a fairly good agreement with all
data sets. Around 100 keV, however, the data of Moore and
Keyworth [5] show a kink, which from that point on gives rise
to systematically higher cross sections. This behavior is not
observed in the other two data sets, nor is it confirmed by the
n_TOF data, suggesting that it could be due to an experimental
artifact in the results of Ref. [5]. The cross section in the URR
are listed in Table II with statistical uncertainties.

The comparison with evaluations shows relatively good
agreement with ENDF/B-VIL.0 and JENDL/AC-2008 in the
unresolved energy range, with a slight preference for the
former. Because the evaluated cross sections are based up to
~200 keV on few data sets, the n_TOF results are certainly
useful for improving the evaluated data.

A more quantitative comparison between the n_TOF data,
previous results, and evaluations can be performed by means
of the resonance integral R:

E;, (E
Ru s =/ —G"”;; ) JE.
E

1

The calculated integrals for different energy regions are
summarized in Table III. Because only the present data cover
the entire energy range from thermal to 1 MeV, the comparison
with previous results is limited to restricted energy regions.
From thermal up to 500 meV, the integrated cross section of
the present work falls in between the values obtained from
previous results and evaluations. In the 0.5-20 eV range, the
cross sections measured at n_TOF are 5% and 13% lower
than those reported in Refs. [6] and [7], respectively. The first
difference is within the systematic uncertainty of the present
data, while the second is clearly larger. The difference between
the n_TOF results and those of Ref. [9] is 7%, still within the
quoted systematic uncertainties.

The best agreement is clearly between the integrated cross
sections obtained at n_TOF and the data of Ref. [5] all the way
from 20 eV to 1 MeV. It should be noted, however, that at
least for the 1 keV to 1 MeV neutron energy range, the good
agreement on the integrated cross section masks a slightly
different trend, with the data of Moore and Keyworth being
lower at lower energies and slightly higher above 100 keV (as
shown in Fig. 8).

Compared to the resonance integrals calculated from the
evaluated cross sections, the n_TOF values exhibit differences
of 6% and 10% below 20 eV with respect to ENDF/B-VII.0 and
JENDL/AC-2008, respectively. Above 20 eV, there is excellent
agreement between the present results and the evaluated cross
section from both databases. While a maximum deviation
of only 3% is observed with respect to ENDF/B-VILO, the
integrals obtained with the data of JENDL/AC-2008 differ
by more than 5% from the n_TOF results above 1 keV. In
summary, a revision of the evaluated nuclear data libraries for
the 2Cm(n f) reaction is required, particularly below 1 eV
and for the first few resonances.
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TABLE II. The fission cross section of >*Cm in the unresolved
resonance region and related statistical errors.

Neutron energy (eV) Cross section (b) Statistical error (b)

1063.66 13.93 0.45
1195.36 12.19 0.41
1287.85 10.58 0.38
1400.87 11.70 0.39
1570.50 9.74 0.36
1706.18 9.96 0.36
1923.46 8.58 0.35
2122.47 9.19 0.37
2342.46 7.50 0.35
2576.31 7.80 0.34
2795.27 6.74 0.31
3107.68 6.96 0.31
3501.25 7.41 0.33
3777.14 6.45 0.30
4232.62 5.78 0.29
4703.75 5.97 0.29
5162.61 6.32 0.29
5745.91 5.51 0.28
6324.99 5.80 0.28
6985.03 5.52 0.27
7847.29 4.83 0.26
8652.87 4.47 0.24
9575.98 4.92 0.25
10869.95 4.78 0.23
11708.53 3.84 0.20
12853.26 4.04 0.21
14430.83 3.55 0.20
15848.10 3.42 0.19
17900.63 3.82 0.20
19474.75 3.38 0.19
21583.58 3.35 0.17
23889.99 3.29 0.17
26342.24 3.20 0.17
29019.74 3.13 0.18
31773.03 333 0.17
35686.11 3.12 0.20
39475.11 2.96 0.16
43428.28 2.79 0.15
48006.45 2.68 0.14
53947.00 2.54 0.13
59648.49 2.45 0.13
66310.60 2.62 0.12
72698.75 2.18 0.11
80520.91 2.04 0.11
89155.20 2.25 0.13
99204.58 2.24 0.11
109248.50 2.29 0.11
120405.10 2.00 0.09
133804.00 2.17 0.09
147564.20 2.01 0.10
163490.77 1.95 0.09
178981.00 1.96 0.08
198498.80 1.99 0.08
219652.20 1.84 0.08
242099.91 2.02 0.07
266399.41 1.92 0.07
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TABLE II. (Continued.)

Neutron energy (eV) Cross section (b) Statistical error (b)

294989.00 1.82 0.07
319148.50 1.88 0.07
354762.69 1.70 0.06
388847.09 1.70 0.06
431067.00 1.68 0.07
469301.91 1.70 0.06
524493.50 1.67 0.05
566595.00 1.51 0.05
632016.81 1.47 0.05
702688.63 1.62 0.05
761827.88 1.53 0.04
841674.31 1.73 0.05
915319.13 1.54 0.06
971360.81 1.50 0.06

IV. R-MATRIX ANALYSIS

In all evaluated data libraries the resolved resonance region
extends up to 100 eV. In the ENDF/B-VII.0 evaluation, which
is based on the work by Maslov et al. [13], the resonance
parameters are extracted from the data by Browne er al. [6]
from 0.01 to 20 eV and by Moore and Keyworth [5] from 40 to
100 eV and from the combination of both data sets in between.
JEFF-3.1 and JENDL-3.3 use the ENDF/B-VIL.0 evaluation
and contain therefore identical resonance parameters. In
JENDL/AC-2008, the parameters of levels below 20 eV were
instead evaluated on the basis of all three previous data sets
(Refs. [5-7]) by using the multilevel Breit-Wigner formalism.
Above 21 eV, resonance energies and partial widths are
adopted from the evaluation of Maslov and are therefore
identical to the values in ENDF/B-VILO.

The present data indicate that ENDF/B-VIL.O and
JENDL/AC-2008 need some revision, particularly in the
thermal region and for the three major resonances below 20 eV.
Furthermore, the high resolution of the n_TOF beam allows
one to extend the resonance analysis above the upper limit of
the RRR in all current evaluations.

For these reasons an R-matrix analysis of the present data
has been performed with the Bayesian code SAMMY [30] in the
multilevel Breit-Wigner formalism. Corrections for the energy
resolution of the neutron beam and for Doppler broadening
due to the thermal motion of the target nuclei were taken into
account in the fit. The Doppler broadening was modeled by a
free gas at 300 K. The effect of the potential scattering was
considered by using a radius of 9.52 fm [13]. The background
was assumed to be zero, while the normalization was fixed
to 1. Following the choice in Refs. [5], [6], and [13], all
resonances were considered to be of s-wave type. We note
that, as claimed in both evaluations, the average level spacing
is too small to identify all individual resonances in the RRR and
that the observed structures could be individual levels as well
as aggregates of resonances (so-called pseudoresonances).
This is particularly the case for neutron energies above a
few tens of eV. In ENDF/B-VIL0, 88 positive and 3 negative
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TABLE III. The resonance integral (in barns) calculated for different energy regions from the n_TOF data, compared with the predictions
of two major databases and with previous results. The quoted uncertainties refer only to the statistical errors. For White et al. [7] uncertainties

are not available.

Neutron energy n_TOF JENDL/AC-2008 ENDF/B-VII.0O Browne et al. [6] White etal. [7] Moore and O. Serot et al. [9]
Keyworth [5]

0.025-0.5eV 23052 +2.2 2267 2447 2468.2+ 7.5 2163.6 2709.5 +10.8

0.5-20 eV 573.4+1.0 641 608 602.1 £3.6 651.2 6159+14

20-100 eV 1092+ 04 108 108 108.6 £ 0.3 103.3+0.5

0.1-1 keV 54.9+0.3 52 56 54.3+0.2 49 £ 0.5

1 keV to 1 MeV 28.34+0.2 26.5 27.7 27.84+0.2

05eVtol MeV 7658 +1.2 827 798

energy resonances were assumed, while in JENDL/AC-2008,
86 positive resonances were complemented with only one
resonance at negative energy.

The n_TOF data were fitted by leaving the resonance energy
and I't always free in the fit, while I';, was kept fixed due to its
negligible impact. Because the fit of a fission resonance alone
does not generally allow one to determine also the neutron
width, I, should be kept fixed, for each resonance, to the value
determined in previous evaluations. However, in several cases,
mostly below 20 eV, it was not possible to fit the resonance
without changing T},.

The resonance parameters in JENDL/AC-2008 were
adopted as initial values in the resonance fits below 100 eV.
Above this energy, arbitrarily chosen initial values for I'¢t and
'y, have been left free to vary in the fit. The same spin (J = 4)
was assigned to all new resonances. Therefore, the resonance
fits above 100 eV can only provide accurate values for the
fission kernels and not for the individual resonance parameters.

The SAMMY fits from thermal up to 100 eV are presented
in Figs. 9 and 10. The improvement relative to the most recent
evaluations in ENDF/B-VII.0 and JENDL/AC-2008 is evident,

1200

[ « n_TOF
1000 |- — SAMMY
800 |-

o, (barn)
[=2]
(=]
o
l

400

200

T

T

0 2 4 6 8 10 12 14 16
Neutron Energy (eV)

FIG. 9. (Color online) Fit of the n_TOF data up to 16 eV neutron
energy. The resonance parameters of JENDL/AC-2008 were assumed
as initial values. The fit was performed leaving E, and I'; free to vary.
For some resonances, I";, was also considered a free parameter, and a
few resonances were added in this energy range to improve the fit.

particularly for the strong resonances below 20 eV (see, for
comparison, Figs. 2-6). To reproduce the n_TOF data it was in
some cases necessary to add new resonances and/or to change
the resonance spins. For example, a new level at 3.5 eV (with
spin 4) was included to reproduce the tail of the 2 eV resonance.
In the present analysis, a total of 90 resonances (excluding the
negative one) were counted below 100 eV, corresponding to
an average level spacing of 1.11 eV.

The present R-matrix analysis demonstrates the need for
a revision of the current resonance parameters, particularly
below 20 eV. This is clearly demonstrated in Fig. 11 by the
ratio of the fission kernels obtained from the present data and
from the parameters given in the evaluated data libraries. While
the kernels agree within 5% above 30 eV, thanks to the high
accuracy of the nuclear explosion data of Moore and Keyworth
[5], discrepancies of up to 50% are seen at lower energies,
which need to be properly corrected.

The good energy resolution of the n_TOF neutron beam
allows one to observe resonances, or pseudoresonances, for
neutron energies even above 100 eV, the limit of current
evaluations. A preliminary analysis indicates that the range
could be reasonably extended up to around 300 eV with present
statistics. Figure 12 shows a tentative fit performed in the

600 [
r - n_TOF

500 - — SAMMY
400 [

T

S T

2

=

20 30 40 50 60 70 80 90 100
Neutron Energy (eV)

FIG. 10. (Color online) Fit of the n_TOF data from 20 to 100 eV
neutron energy. The strategy of the fit was the same as for the fits
shown in Fig. 9.
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FIG. 11. (Color online) Ratio of the resonance kernels determined
in this work and those determined from the resonance parameters
of the two most recent evaluations. Above 20 eV the resonance
parameters in ENDF/B-VIL.O and JEND/AC-2008 coincide, and so
does the ratio.

region between 100 and 200 eV neutron energy. In this range,
a total of 55 levels were found to be sufficient to reproduce the
observed resonance structures.

V. CONCLUSIONS

The neutron-induced fission cross section of *Cm has
been measured at n_.TOF from 30 meV to 1 MeV neutron
energy. Such a wide energy range is covered here in a single
measurement. The energy dependence of the cross section
could be determined with an uncertainty close to 3%. However,
it was not possible to obtain the absolute normalization with
comparable accuracy because of the high threshold needed
for reducing the large o background. Therefore, the data have
been renormalized to the weighted average of the thermal
cross section determined in two recent measurements. The
combination of the uncertainties for background subtraction,
normalization, and flux shape results in an overall systematic
uncertainty around 5% in the whole energy range. From
thermal energies to 0.1 eV the n_TOF data fall, on average, in
between the only two previous time-of-flight measurements,
while they clearly rule out one of these in the region above
10 eV. From 50 eV up to 10 keV, the present results are in
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5 + n_TOF
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FIG. 12. (Color online) Fit of the n_TOF data from 100 to 200 eV
neutron energy. In this energy range no resonance analysis existed
to date. The initial parameters for E,, Iy, I'r, and the spin were
arbitrarily chosen.

agreement with the only high-resolution data existing prior
to this work [5], while at higher energies a slightly different
energy dependence is observed relative to previous measure-
ments.

Compared to the evaluated cross sections in the data
libraries ENDF/B-VII.0 and JENDL/AC-2008, there is rea-
sonably good agreement, i.e., within £5%, for the resonance
integrals. However, large differences exist for some resonances
below 20 eV as well as for the trend in the unresolved
resonance region. A preliminary resonance analysis shows
that the resonance parameters could be substantially improved
and that the RRR could be extended to significantly higher
energies. Accordingly, a revision of the evaluated fission cross
section of >*Cm is required, particularly for the resolved
resonance region.
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