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Communicated by D. Pierroutsakou

Abstract. The neutron-induced fission cross-section of ?** Am has been measured relative to the standard
fission cross-section of 23°U between 0.5 and 20 MeV. The experiment was performed at the CERN n_TOF
facility. Fission fragments were detected by a fast ionization chamber by discriminating against the a-
particles from the high radioactivity of the samples. The high instantaneous neutron flux and the low
background of the n_TOF facility enabled us to obtain uncertainties of ~ 5%. With the present results it
was possible to resolve discrepancies between previous data sets and to confirm current evaluations, thus
providing important information for design studies of future reactors with improved fuel burn-up.

1 Introduction

The growth in world energy consumption implies pressing
problems that humanity has to face in the next decades.
On the one hand, it is mandatory to balance the energy
demand between developed Countries and the majority of
the world population, on the other side the environmental
impact of the extensive use of fossil fuels must be strongly
reduced. Recent analyses have also shown that the tipping
point of oil production is very close or could have already
passed [1]. In this scenario nuclear energy may play an
important role in the future as a part of the global en-
ergy mix. Moreover, the energy from nuclear reactors, in
conjunction with renewable energy sources, may make it
possible to achieve a reduction of COs emission responsi-
ble for the greenhouse effect.

However, nuclear safety and non-proliferation are still
of concern for the public acceptance of this energy source.
In particular, the long-term hazard of nuclear waste needs
a clear solution. High-level radioactive waste remains for
thousands of years and must be kept reliably isolated from
the biosphere. Although the geological disposal could be a
possible solution, alternative chances arise from the real-
ization of Advanced Generation-IV reactors based on fast
neutron spectra [2]. In this case the production of Minor
Actinides (MA) can be significantly reduced via neutron-
induced fission. Other solutions depend on the use of ded-
icated systems for spent fuel reprocessing, partitioning,
and incineration of MAs. The development of such re-
actors requires an accurate and consistent knowledge of
neutron-induced fission cross-sections of heavy nuclei over
a wide energy range.

The neutron-induced fission cross-section of the MA
isotope 2*'Am plays an important role in the study of
reactors such as the ADvanced Minor Actinide Burner
(ADMAB) or the Sodium-cooled Fast Reactor (SFR).
Sensitivity studies for innovative systems [3-5] showed
that the fission cross-section of 24'Am is required with
accuracies of 1.5-5% in the energy range between 1 and
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20 MeV for the design of ADMAB reactors, while there are
less restrictive requests of 6-7% accuracy for the SFR case.

The fission cross-section of 2 Am has been repeatedly
investigated [6-15], but so far these data exhibit severe dis-
crepancies with respect to the absolute value of the cross-
section as well as to the exact energy position of the fission
threshold. Systematic uncertainties are mostly dominated
by the high « activity of ' Am and by isotopic impurities
in the samples. Accordingly, the evaluated cross-sections
in the data libraries suffer from the limited experimental
accuracy as well.

In view of this unsatisfactory situation, an extensive
measurement campaign for reducing the uncertainties of
the fission cross-section of 4! Am has been carried out at
the neutron time-of-flight facility n_ TOF at CERN, which
is unique for its very high instantaneous neutron flux and
extremely low duty cycle. These features are instrumen-
tal for reducing the o background from the activity of the
sample. Moreover, the good energy resolution at n_ TOF is
essential for a reliable determination of the fission thresh-
old of 2! Am near 0.5 MeV.

Experimental set-up and data analysis procedures are
described in sects. 2 and 3, respectively. The results are
compared in sect. 4 to previous cross-section data in the
energy range from 500 keV to 20 MeV.

2 The experimental set-up

The spallation neutron time-of-flight n_ TOF facility [16]
is using the pulsed beam from the CERN Proton Syn-
chrotron (PS) accelerator, which is directed onto a mas-
sive lead target surrounded by a water layer as coolant and
moderator of the neutron spectrum. The features of the
n_TOF neutron beam are determined by the characteris-
tics of the PS accelerator, i.e. the high energy of 20 GeV,
the low duty cycle (1 pulse every 2.4s), and an extremely
high peak current of 7 x 10'2 protons per bunch within a
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Table 1. Characteristics of the samples used in the
241 Am(n, f) measurement; the ***U sample has been used as
reference.

Sample Chemical form Mass Thickness Uncertainty
(mg)  (pg/cm®) (%)
241 Am AmO, 0.234 4.65 1.2
241 Am AmO, 0.230 4.57 1.2
21 Am AmO, 0.280 5.57 1.2
241 Am AmO, 0.279 5.56 1.2
241 Am AmO, 0.304 6.04 1.2
241 Am AmO, 0.336 6.69 1.2
21 Am AmO, 0.321 6.38 1.2
241 Am AmO, 0.277 5.52 1.2
B5U U30s 15.2 303 1.4
25U U30g 16.6 330 1.3

short pulse width of 6 nsrms. With these parameters, an
instantaneous flux of 10° neutrons/cm?/pulse is reached
at the sample position 187m downstream of the spalla-
tion target. Especially the extremely low duty factor of
the n_TOF facility is crucial for reducing the high « back-
ground from the activity of the 24! Am sample.

The evacuated neutron beam line between the spal-
lation target and the experimental area is equipped with
two collimators at 135 and 175 m, a 1.5 T sweeping magnet
for removing relativistic charged particles, and thick iron
and concrete shielding walls [17] for background reduction.
The beam line is extended 12m beyond the experimental
area to minimize the effect of back-scattered neutrons.

The measurement has been performed with a stack of
fast ionization chambers in a common housing; this set-
up allowed the simultaneous measurement on several iso-
topes [21]. Each chamber consists of a central Al cath-
ode 100 pum in thickness plated on both sides with sample
material, and two 15 pum thick Al anodes at a distance
of 5mm from the cathode for the definition of the elec-
tric field. The electrodes are 12 cm in diameter, while the
8 cm diameter of the sample deposit matches the size of
the neutron beam. The detector set-up is operated with
a gas mixture of 90% Ar and 10% CF4 at a pressure of
720 mbar.

The samples were prepared at the Institute of Physics
and Power Engineering in Obninsk (Russia) by means of
the painting technique. This coating technique was cho-
sen to keep losses of material in the production process
at a minimum. Moreover, repeated painting of the sub-
strate using low concentration painting solutions ensures
a good uniformity (5-10%) of the sample thickness. The
eight 24! AmO, samples with a total mass of 2.261 mg con-
sisted of material with a 2*!Am/Am enrichment higher
than 96%, whereas the two 23°U reference samples were
isotopically pure (99.992%). The specific « activity of the
241AmO, samples was 112 MBq/mg. More informations
on the samples used in the present measurement are given
in table 1.
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The data acquisition system was based on fast digi-
tizers operating at 108 samples/s [18]. The data from the
digitizers were reduced by a zero-suppression routine and
the remaining signals were stored for off-line analysis of
the deposited energy in the detectors and the respective
time of flight (TOF).

3 Data analysis

Fission events were identified by detection of fission frag-
ments, which deposited part of their energy in the gas of
the detector and the corresponding neutron energy was
obtained from the respective TOF along flight path be-
tween the spallation target and the experimental area. In
this way, each fission event was characterized by the en-
ergy deposited in the detector and the associated TOF.

The neutron energy was determined by means of
the TOF-energy relation provided by the calibration of
ref. [19], which is based on the neutron production mech-
anism in the spallation target and the subsequent modera-
tion process [17], where the effective flight path is obtained
via the well-known 23U resonances.

Major difficulties in data analysis were related to en-
ergy losses in the samples and to pile-up signals produced
by the high background of a-particles from the decay of
241 Am, which were investigated by realistic FLUKA [20]
Monte Carlo simulations of the detector response [21]. In
these simulations, kinetic energies and fragment masses
were randomly generated according to the respective dis-
tributions [22] to evaluate the corrections for absorption
losses in the samples and for the threshold effect imposed
by the a activity (see fig. 1 of ref. [23]). With a threshold
of 50 MeV in the deposited energy spectrum the o com-
ponent could be completely separated from the measured
fission yields, but at the expense of a reduction in detec-
tion efficiency of 50%. Moreover, the effect of o pile-up
was removed by means of off-line analysis routines of the
charge and amplitude signals, by which spurious events
could be separated from « or fission fragment signals [24].

The ?**Am(n, f) cross-section has been extracted rel-
ative to the 2*U(n, f) cross-section, which is an estab-
lished standard in the neutron energy range from 150 keV
to 200 MeV [25]. Compared to a direct measurement, the
ratio method has the advantage that systematic uncertain-
ties are strongly reduced, especially with respect to the de-
termination of the neutron flux. In this work, all samples
were exposed to the same neutron flux and were measured
with nearly identical detectors showing very similar signal
shapes.

The 24 Am(n, f) cross-section has been obtained as

Nag1  mass  Aga
Noss moa1  Aoszs

0241(n,f) = C(En) '0235(7% f) :

Here ¢(E,) is a correction factor that takes into ac-
count the dead-time effects, and oo35(n, f) is the tabulated
ENDF/B-VILO0 version of the 23°U(n, f) cross-section that
was used as a standard [26]. N denotes the number of de-
tected fission events, m the sample masses, and A the mass
numbers of the investigated isotopes.
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The data acquisition system used at n_TOF is based
on flash ADCs [18] with the advantage that dead-time
problems are strongly reduced. In this work the signal re-
construction routine was operated with a resolution time
of 270ns. The dead-time correction has been evaluated
by means of a non-paralyzable model, where the instan-
taneous count rate was determined for each sample as a
function of neutron energy, resulting in average dead-time
corrections of ~ 6%.

The detection efficiency depends on the sample thick-
ness and on the 50 MeV threshold adopted in the analy-
sis for the deposited energy. From the performed Monte
Carlo simulations [21] the efficiencies were found to be
50.7% and 45.3% for 2*' Am and 23°U, respectively. The
resulting efficiency correction is 5.4%.

The uncertainties of the present 2*'Am(n, f) cross-
section are determined by contributions related to the
sample masses, the 233U(n, f) reference cross-section,
counting statistics, dead-time corrections, detection
efficiency, and, predominantly, the high « activity of the
sample.

The determination of the sample masses by «a spec-
troscopy led to an uncertainty of 1.8% with contributions
of 1.2% and 1.35% from ?*'Am and ?3°U, respectively.
The only impurity that could affect the results in the
fission threshold region is a trace of 0.15% of 239Pu; in
particular, this impurity can bring a contribution to the
cross-section of 1.5% at the lowest energy value consid-
ered in the present analysis (500keV) and smaller than
1% above 700keV. The uncertainty of the 235U reference
cross-section is & 2% in the energy region of this analysis.

The uncertainty in neutron energy results from the
time resolution of the initial proton beam and increases
from about 0.1% at 0.5 MeV to 0.6% at 20 MeV [17]. The
data are given with a variable bin resolution per energy
decade so as to reduce the statistical uncertainty per bin to
~ 2%. The dead-time and detection efficiency corrections
contribute an uncertainty of the order of 1% each.

The largest systematic uncertainty of 4% results from
the high a activity of the sample, which clearly dominates
the ~ 5% uncertainty of the present 2! Am(n, f) cross-
section data.

4 Results

The neutron-induced fission cross-section of ?*!Am was
determined with the ratio method in the energy range be-
tween 0.5 and 20 MeV. The measured cross-section ratios
o241, (0, f)/02355(m, f) and the corresponding values for
the 2*'Am fission cross-section are listed in table 2 to-
gether with the total uncertainties.

The present results are compared with previous data
and evaluations in figs. 1, 2 and 3 and in table 3, where
energy-integrated cross-sections in the region of overlap
with the various data sets are reported. Because of the
limited counting statistics the data have to be given on a
rather coarse neutron energy grid.
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Table 2. The cross-section ratio o(***Am)/o(***U) and the
deduced 2*'Am(n, f) cross-section. Results are given with a
resolution of 20 bins per energy decade up to 1 MeV; above
this value the bin resolution has been fixed in order to keep

the statistical uncertainty below 2%.

Energy bin 2 Am(n, £)/*°U(n, f) 2 Am(n, f)
(MeV) (b)
0.501-0.562 0.17+0.02 0.194+0.02
0.562-0.631 0.19+0.02 0.21+0.02
0.631-0.708 0.31+0.02 0.354+0.02
0.708-0.794 0.55+0.03 0.61%0.03
0.794-0.891 0.78+0.03 0.87%0.04
0.891-1.03 1.07£0.04 1.2540.04
1.03-1.26 1.39+0.03 1.66+£0.03
1.26-1.63 1.514+0.03 1.854+0.03
1.63-2.24 1.4440.02 1.834+0.03
2.24-3.16 1.46+0.02 1.82+0.03
3.16—4.47 1.58+0.04 1.83+0.04
4.47-6.31 1.68+0.05 1.79£0.05
6.31-9.17 1.45+0.04 2.5140.07
9.17-15.40 1.31+£0.04 2.314+0.06
15.40-31.62 1.11+0.02 2.39+0.05
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Fig. 1. (Color online) Comparison of the present cross-section
ratios o(***Am) /o (**3U) with previous measurements [7,11-
14].

4.1 Comparison with previous measurements

The comparison with the most significant cross-section
data from past measurements has been made preferen-
tially for the 2'Am(n, f)/**3U(n, f) ratio to avoid sys-
tematic effects in the determination of the 2*!Am(n, f)
cross-section due the choice of the 23°U(n, f) reference
cross-section. Good agreement has been found with previ-
ous data [7,11-14] in the energy range around the fission
threshold (upper panel of fig. 1). In the region of the first
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Fig. 2. (Color online) The present fission cross-section of
241 Am (full squares) compared with previous measurements [6,
8,10,15]. For the data reported in refs. [6,10] information on
related uncertainties are not available.

fission plateau the present results are in good agreement
with some of the data [11,14] while discrepancies of ~10%
are found with respect to the cross-section ratios reported
by [7,12] (lower panel of fig. 1).

The absolute fission cross-sections of 2*'Am derived
from the n_TOF results using the ?*U(n, f) cross-section
from ENDF/B-VIIL.0 are presented in fig. 2 with previ-
ous data from [6,8,10,15], which had been obtained with
different techniques. Fair agreement is found with [8,15],
while the results of refs. [6,10] appear to deviate signifi-
cantly.

Above 5MeV only two measurements have been per-
formed, but they are in disagreement [12,14]. In particu-
lar data from ref.[12] are approximately 10% higher than
those in ref.[14]. In spite of the broad bin width the present
data are supporting the results of Dabbs et al. [14].

For the more complete data sets available for the cross-
section, the average differences to previous measurements
are summarized in table 3 by comparison of the energy-
integrated cross-sections over the energy range of overlap.

4.2 Evaluated data and EMPIRE calculations

The comparison of the present results with the most recent
evaluation of the fission cross-section of 2! Am from the
ENDF/B-VIIL.1 data library [27,28] in fig. 3 shows good
agreement over the entire energy range. This evaluation
is based on a theoretical analysis optimized on available
experimental data up to 8 MeV; above this energy only
theoretical values have been used. The agreement of the
present data with those of ref. [14] confirms the reliability
of this evaluation in the high neutron energy range.
Figure 3 presents also a calculation of the fission cross-
section of ?*!Am with the Arcole version of the EM-
PIRE code, which complements the analysis of Am iso-
topes inside the EMPIRE framework; previous results
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Fig. 3. Comparison of the present cross-section results (full
squares) with the most recent ENDF/B-VII.1 evaluation [27]
and with a calculation using the EMPIRE code [29].

Table 3. Differences between the present and previous energy-
integrated cross-sections in the energy range of overlap.

Authors Ref. Energy range Difference

(MeV) (%)

Nobles et al. 6]  0.5-7.34 +22.4
Fomushkin and Gutnikova  [7] 0.5-3.62 +0.9
Shpak et al. 8] 0.5-3.3 +1.1
Knitter et al. [11] 0.5-2.65 -3.9
Behrens and Browne [12] 0.5-20. —9.7
Dabbs et al. [14] 0.5-18.7 -1.8

Table 4. Heights (V;) and curvatures (fiw;) of the two-humped
fission barriers used in the simulation with the EMPIRE
code [29] for the three nuclei of interest. Indices A and B refer
to the inner and outer barrier and I to intermediate isomeric
well. Heights and curvatures are in MeV.

Compound nucleus Vi  hwa Vi hwr VB  hwp
22Am 6.39 0.57 1.39 0.55 5.78 0.45
241 Am 6.17 0.77 1.33 0.54 5.82 0.57
240Am 5.65 0.75 1.12 0.53 5.45 0.50

have been presented in the study of the fission cross-
section of 243Am [23]. The nuclear reaction model code
EMPIRE [29] describes the penetrability of fission barri-
ers with the optical model for fission, allowing for a par-
tial damping of the resonances in the second well. For
the description of the (n, f) cross-section of 2!Am up
to 20MeV, the contributions of the (n, f), (n,n'f), and
(n,2nf) channels were taken into account. Table 4 shows
heights, V;, and curvatures, hw;, of the two-humped fission
barriers for the three fissioning compound nuclei 242Am,
241 Am and 2*°Am, respectively.
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It was found that the barrier parameters of 241:242Am
compare well with the nominal values of the EMPIRE
code [30]; the inner peak of the fission barrier of 24°Am
is about 89% of the arithmetic mean of the literature val-
ues quoted in ref. [30], while the outer peak is in very
good agreement with the corresponding mean value. The
additional ingredients of the fission calculation, i.e. the
discrete transition states at the barriers and the corre-
sponding level densities were taken from the EMPIRE
library. The present results are equally well reproduced
by the ENDF/B-VIL1 evaluation and by the EMPIRE
calculation.

5 Conclusions

The fission cross-section of 2! Am has been measured at
the CERN n_TOF facility relative to that of 23°U in the
energy range between 0.5 and 20 MeV with uncertainties
of ~ 5%. This experiment took advantage of the unique
duty cycle of the n_ TOF facility. The low repetition rate
of only 0.4 Hz in combination with a digitized data acqui-
sition system allowed for an unprecedented suppression of
the a background from the sample activity. The coarse
energy grid of the present results, which depends on lim-
ited counting statistics, is expected to be significantly im-
proved in measurements at the new, future n_TOF flight
path at only 20m from the spallation target.

The results are found in good agreement with the data
reported from several previous measurements as well as
with the most recent evaluations. The latter point suggests
that these evaluations were based on a proper selection of
the data in the literature.

This work was supported by the EC under contract FIKW-
CT-2000-00107 and by the funding agencies of the partici-
pating institutes. The research leading to these results has
received funding from European Union’s Seventh Framework
Programme under the ANDES project, Grant Agreement n.
249671.
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