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Measurement of the 241Am(n,γ) cross 
section at low energies at EAR2 
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Abstract
The neutron capture cross section of 241Am is an important quantity for nuclear

technology applications. At n TOF, two measurements have already been performed
in EAR1 in 2010, one with the BaF2 calorimeter, and one with C6D6 gamma-
ray detectors. The obtained results allowed among others to extend substantially
the resolved resonance region. Nevertheless, the data acquisition system in use
at that time could not completely cover the thermal energy region. In addition,
the low neutron energy range su↵ered from a considerable background due to the
high radioactivity of the 241Am sample, and consequently had a large systematic
uncertainty. At near-thermal energies, this background is about 90% of the signal.
We propose to measure the 241Am(n,�) cross section in EAR2, taking full advantage
of the much more favorable signal to noise (due to radioactivity) ratio, while also
extending the low energy limit to include the full thermal peak.

Requested protons: 1.6⇥ 1018 protons on target
Experimental Area: EAR2
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Previous measurement at n_TOF: 
 
• Two measurements performed at n_TOF (EAR1) in 2010 
     - one with BaF2 TAC 
     - one with C6D6 

• Same sample was used for both capture setups 

• About 3 GBq activity, mainly, but not only, 60 keV γ,  
  high background from radioactivity (90% near thermal)  

• Broken dummy sample containing Sm (high thermal cross section) 

• Thermal energy point (25.3 meV) not covered 

 

Proposal: 
 
• Measure now same sample in EAR2 
    – extended DAQ time-range, fully covers thermal region 
    – highly improved signal to (radioactive) noise ratio 

241Am(n,γ) at n_TOF 
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241Am samples 

@JRC-Geel: (n,2n) 
  
@n_TOF-CERN: (n,γ) 

Sample preparation: 
ORNL à CEA(Marcoule/Cadarache) à JRC-ITU 
1 sample AmO2 in Y2O3      (300 mg) 
9 samples AmO2 in Al2O3  (30-40 mg) 

ß Sage et al. PRC81 (2010) 064604 

ß Fraval et al. PRC89 (2014) 044609 
ß Mendoza et al. ND2016 

241Am sample 
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241Am samples Radioactive background 241Am sample 
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241Am samples Spectra 241Am(n,γ) n_TOF C6D6 
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Figure 1: The previously measured 241Am counting spectrum from the C6D6 measure-
ment in EAR1 together with the various measured and calculated scaled background
components. The count rate is expressed in a width-independent logarithmic equidistant
binning. Figure from ref. [3].

1 Introduction

Following an earlier proposal [1], the INTC has approved the measurement of the neutron
capture cross section of 241Am. This reaction is of importance for nuclear technology
applications and the 241Am measurement was part of the EC-FP7 ANDES project [2].
Following this proposal, two neutron capture measurements were performed at EAR1
of the n TOF facility: one measurement with C6D6 detectors [3] and another one with
the BaF2 total asborption calorimeter (TAC) [4]. The two detector systems are used
frequently at n TOF for capture measurements and have each their own characteristics.
The C6D6 gamma-ray detectors benefit from a very low sensitivity to scattered neutrons
and use the total energy technique to access the capture yield. The BaF2 TAC is used
with the total absorption technique. These two detector systems are expected to give
consistent results as has been demonstrated for the capture cross section of 197Au [5, 6].

2 Results from previous n TOF measurements

While the results of the two EAR1 measurements, using the same sample, seem to be
in agreement within the quoted uncertainties, both measurements su↵er from a large
systematic uncertainty at low neutron energy. This is caused by the large background
component due to the radioactivity of 241Am, greatly limiting the final obtained accuracy.
The radioactivity of the sample was about 3 GBq, dominated by 60 keV �-rays, but also
including for example 662 and 722 keV �-rays following the alpha decay of 241Am, and a

2
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241Am samples Spectra 241Am(n,γ) n_TOF C6D6 

PRC 89 (2014) 044609 

MEASUREMENT AND ANALYSIS OF THE 241Am(n, . . . PHYSICAL REVIEW C 89, 044609 (2014)
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FIG. 12. (Color online) The resolved resonance range analyzed in this work. The blue points are the experimental data, and the red line is
the fit performed with SAMMY. The first panel has 500 bins per decade, whereas the following have 5000 bins per decade.

certain threshold xt as

N (xt ) = N0

∫ ∞

xt

√
2

πx

1
2
e−x/2dx = N0[1 − erf(

√
xt/2)]

(9)

with N0 the expected total number of s waves in the set.
Assuming that all the resonances are observed above a certain
threshold xt , one can fit this function to the experimental
distribution in order to get N0 and ⟨g"0

n⟩ (Fig. 13).
From the fitted values N0 and ⟨g"0

n⟩ the quantities D0 and
S0 were extracted as

D0 = N0

#E
, S0 =

〈
g"0

n

〉

D0
. (10)

In the resolved energy range up to 320 eV this procedure
yields D0 = 0.52 ± 0.03 eV and 10−4S0 = 1.20 ± 0.01, with
a correlation coefficient of −0.90. The uncertainties associated
to these results come from the relative stability of the analysis
with respect to variations of the g"n threshold which was

varied in order to include a fraction of the observed resonances
ranging from 1/2 up to 4/5.

D. Unresolved resonance region (URR)

Above 320 eV neutron energy, the resonances were over-
lapping and no satisfactory fit of individual resonances could
be performed. Therefore this region was considered the start
of the unresolved resonance range. The upper limit for this
analysis was chosen at 150 keV as a consequence of the
recovery time of the C6D6 detectors after the gamma flash.
At 150 keV, the fission cross section is 70 times lower than
the capture cross section in all evaluations (around 18 mb
against 1.25 b) and is expected not to contribute significantly
to the background. Also, inelastic scattering is not an issue,
because of the 300-keV effective threshold used for the event
selection. In order to get the unresolved capture yield, the data
were binned in 40 bins per energy decade to average most of
the resonance structure, while still keeping the sensitivity to
the global energy dependence.

044609-9
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Previous measurement at n_TOF: 
 
• Resolved resonance analysis up to 320 eV (limit was 150 eV) 

• 362 resonances of which 172 new ones 

• Statistical analysis of levels (level density) 

• Estimated thermal cross section (25.3 meV) has 10% uncertainty 

• Unresolved resonance analysis up to 150 keV 

241Am(n,γ) Results from previous measurement 
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241Am(n,γ) thermal cross section K. FRAVAL et al. PHYSICAL REVIEW C 89, 044609 (2014)

500 600 700 800 900

thermal capture cross section (b)

 628.5 +- 35.0   Pomerance et al. (1955) [11] 

 740.0 +- 60.0   Bak et al. (1967) [12] 

 654.0 +- 104.0   Dovbenko et al. (1969) [13]

 612.0 +- 25.0   Harbour et al. (1973) [14]

 853.0 +- 52.0   Gavrilov et al. (1976) [15]

 625.0 +- 30.0   Kalebin et al. (1976) [24]

 854.0 +- 58.0   Shinohara et al. (1997) [16]

 696.0 +- 48.0   Fioni et al. (2001) [4]

 672.0 +- 10.0   Maidana et al. (2001) [17]

 705.0 +- 23.0   Bringer et al. (2007) [19]

 702.0 +- 25.0   Nakamura et al. (2007) [18]

 665.0 +- 33.0   Jandel et al. (2008) [27]

 603.0 +- 36.0   Belgya et al. (2012) [20]

 725.4 +- 34.4   Genreith et al. (2013) [21]

 711.1 +- 28.2   Genreith et al. (2013) [21]

 750.0 +- 35.0   Lampoudis et al. (2013) [28]

 678.0 +- 68.0   this work

FIG. 11. (Color online) An overview of the experimental ther-
mal total neutron capture cross section values as extracted from
experimental data library EXFOR. The larger gray band indicates
the average and standard deviation of the central values (698.5 and
72.7 b). The smaller gray band corresponds to the weighted mean
and its uncertainty, excluding values without uncertainty (679.5 and
6.5 b).

0.995. The adopted uncertainty of 10% is based on the spread
observed in Fig. 10 below the 500-keV threshold. In Fig. 11
this thermal value is plotted together with previously reported
values. It should be mentioned that the present experiment was
not optimized for the thermal region, but for the resonance
region.

B. Resolved resonance region (RRR)

The obtained yield with 300-keV threshold was used
for a resonance shape analysis using the R-matrix code
SAMMY [51] in the Reich-Moore approximation. The analysis
included multiple scattering and self-shielding corrections,
and used the free gas model for Doppler broadening with an
effective temperature of 296 K. The n_TOF phase-I resolution
function as given in SAMMY [51] was used in the analysis
and the neutron energy calibration was adjusted to the 4.9-eV
resonance in Au using parameters from JEFF-3.1.2 [31], re-
sulting in an effective flight path length of L = 184.21 ± 0.06
m. Resonances were fitted individually whenever possible,
and overlapping resonances forming multiplets were fitted
together. The γ partial width "γ was let free for the first
three large resonances, where it is expected to be sensitive to
small variations of the parameters (see Table III).

For the remaining set of states the value of "γ was fixed
to the average value "γ = 45.79 meV of the first three
resonances. The fission widths and the spins for the existing
resonances were taken from JEFF-3.1.2 [31]; for the negative
resonance the same spin as the first positive resonance was
chosen. For new resonances a spin of either J = 2 or J = 3
was arbitrarily chosen according to a 2J + 1 distribution, as
well as an average fission width of "f = 0.3597 meV. In the
energy range up to 150 eV, the upper limit of all present
evaluations, a number of 15 new resonances were found. From
150 to 320 eV, for which currently no resonances are present

TABLE III. The resonance parameters for the first three reso-
nances. Only uncertainties due to counting statistics have been used
in the data, and the uncertainties resulting from the fit correspond
to the square root of the diagonal terms only. The correlation factor
between "n and "γ from the fit was lower than 0.25.

Energy J "n "γ

(eV) (!) µeV (meV)

−0.306 3 275.3 ± 2.0 45.79
0.306 3 49.1 ± 0.1 45.35 ± 0.3
0.575 2 116.7 ± 0.3 44.41 ± 0.5
1.272 3 290.0 ± 0.9 47.16 ± 0.3

in evaluations, a total number of 157 new resonances were
found and analyzed. Figure 12 shows the full range of resolved
resonance data together with the fitted resonances. Table IV
gives the full list of resonance parameters obtained in this
analysis. New resonances as compared to JEFF-3.1.2 [31] are
marked with a ∗.

The resonance integral

I =
∫ ∞

Ec

σn,γ (E) × dE

E
(8)

was calculated with Ec = 0.5 eV. With the new resonance
parameters this gave I = 1425.0 b. It should be noted that the
traditional choice of 0.5 eV for the lower bound of the integral
is, in the case of 241Am, a source of uncertainty, since the first
resonance is at 0.3 eV and the second one at 0.57 eV. This
means that a very slight change in the resonance parameters
will have a very significant effect on the resonance integral, if
the lower bound is chosen at 0.5 eV. For further discussion,
see Lampoudis et al. [28].

C. Statistical analysis

The newly fitted resonance parameters were used to perform
a statistical analysis of this new set of states. First, the
resonances were all checked to be s waves, i.e., carrying ℓ = 0
angular momentum in the entrance channel. This test is carried
out by a statistical approach, based on Bayesian probabilities,
inspired by the work of Bollinger and Thomas [53] on 238U and
more recently applied to 99Tc [54], 232Th [48], and 241Am [28].
The quantity of interest is the probability of a resonance being
a p wave, given the observed scattering width g"n. It can
be expressed using Bayes’ theorem, and the assumption that
only s and p waves are present in the observed set of states.
The detailed mathematical treatment has been discussed by
Gyulassy et al. [55], and is based on a weighted combination
of Porter-Thomas distributions with one or two degrees of
freedom, respectively for ℓ = 0 and ℓ = 1 states. Taking
neutron strength functions from Ref. [56], this analysis yields
no p-wave resonance in the observed set of 241Am resonances,
i.e., all resonances have P (ℓ = 1|g"n) = 0.

The average spacing D0 and strength function S0 were
extracted from the present set of s-wave resonances. To that
end, the Porter-Thomas distribution was used again, expressing
the number of ℓ = 0 states N (xt ) with x = g"0

n

⟨g"0
n⟩

larger than a

044609-8
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241Am (n,γ) resonances, 
cumulative Porter-Thomas distribution 
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241Am samples 241Am(n,γ) reactions/bin in EAR2 
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241Am samples 241Am(n,γ) reactions/ns in EAR2 
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241Am samples 
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241Am samples Conclusion 

Table 1: Tentative distribution of protons. Note that most of the beamtime will be
allocated to background and normalization measurements.

sample protons ⇥1018
241Am 0.5

dummy 0.2
empty can 0.1

natC 0.1
197Au, natAg, natU 0.4

neutron filters 0.2
contingency 0.1

—————— ——————
total 1.6

of three di↵erent isotopes will be used with samples of 197Au, natAg, natU. In addition
calibrations and radioactive background measurements will be taken without beam. The
gamma rays will be detected with a set of 4 C6D6 detectors, each of them shielded by
2 mm of lead, like in the case of the previous measurement in EAR1, to reduce the high
current in the photomultiplier due to the high rate of the 60 keV gamma rays. Depending
on the final experimental configuration, this reduction may also be achieved by increasing
the geometrical distance to the sample, in this way also reducing the e�ciency of the
setup. Upstream the permanent neutron flux monitor SiMon2 will measure the energy
dependence of the neutron flux in parallel. The expected number of (n,�) reactions for
the 241Am sample in EAR2 is shown in figure 3 on a binning of 1000 bins per energy
decade, together with the number of reactions integrated over each resolved resonance.
The resolution of EAR2 is not included in this plot. The e�ciency of the final capture
setup is assumed to be in the range of 3%, depending on the needed shielding and covered
solid angle. The new measurement in EAR2 would be much less sensitive to the high
radioactive background. In addition the energy range can now be extended to the full
thermal region.
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5

Improvements over 2010 measurement in EAR1: 
    • less impact in EAR2 from huge radioactive background 
    • extended DAQ range in time (down to subthermal energies) 
 
Beam time request (EAR2): 
    • focus on low energy region 
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