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The neutron-induced reaction cross sections of 24> Am were measured at the Los Alamos Neutron
Science Center using the Detector for Advanced Neutron-Capture Experiments array along with a
compact parallel-plate avalanche counter for fission-fragment detection. A new neutron-capture
cross section was determined, and the absolute scale was set according to a concurrent measurement
of the well-known 2™ Am(n,f) cross section. The (n,y) cross section was measured from thermal
to an incident energy of 1 eV at which point the data quality was limited by the reaction yield in
the laboratory. Our new 2**™Am fission cross section was normalized to ENDF/B-VIL.1 to set the
absolute scale, and it agreed well with the (n,f) cross section reported by Browne et al. from thermal
energy to 1 keV. The average absolute capture-to-fission ratio was determined from thermal to E,
= 0.1 eV, and it was found to be 26(4)% as opposed to the ratio of 19% from the ENDF/B-VII.1

evaluation.

I. INTRODUCTION

The actinide 24>™Am has unique attributes that make
it suitable for numerous energy-related applications. Pro-
duced by 24! Am neutron capture, 2#2™Am is a metastable
isomer of americium-242 and features the highest mea-
sured thermal-fission cross section of any known nucleus
[1, 2]—mearly an order of magnitude greater than the
25U and 239Pu thermal-fission cross sections. The high
amplitude of the 2*2™Am thermal-fission cross section
is attributed to a low-energy 242Am(n,f) resonance, at
E,r = 0.178 ¢V [3], with a large neutron width [4]. With
a half-life of t,/, = 141(2) years [5], the properties of
242m Ay make it an appealing nuclear fuel. Applications,
including a space reactor [6-15], a nuclear engine [16], a
small-core reactor [17, 18], and a fission battery [19-25],
have been proposed.

The 242™Am fission channel has been well studied by
accelerator-based [4, 26-28] and detonation-based [29, 30]
experiments despite some discrepancies among the re-
sults [31]. For instance, the measured thermal-fission
cross sections differ by ~ 10% with quoted uncertain-
ties of &~ 3—5% for the experiments performed by Dabbs
et al. [27) and Browne et al. [4]. These two measure-
ments were the first experiments performed with high-
purity 242 Am samples (>99%). Table I (top) lists these
242m Ay thermal-fission cross sections along with others
from the literature. In the ENDF/B-VII.1 evaluation
[32], the 242™ Am(n,f) cross section relies on analysis per-
formed by Ref. [33]. Due to their relatively high preci-
sion, data from Browne et al. [4] and Fursov et al. [28]
dominate the evaluated cross section [32, 33]. The elec-
tromagnetic properties of low-lying states in 242Am were
studied recently by Coulomb excitation in Ref. [34].
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TABLE I. *2™Am thermal-fission (top) and thermal-capture
(bottom) cross sections reported in the literature.

Reference own(n,f) (b)
Hulet et al. [1]° 63904500
Wolfsberg et al. [2]* 72004300
Bowman et al. [26]° 66004300

Wolfsberg and Ford [35]* 76004300

Zhuravlev et al. [36] 6080+500
Dabbs et al. [27] 69504250
Browne et al. [4] 6328+320

Kai et al. [37] 5850-:250

Bringer et al. [38]°

Reference

6855.97+657

oen(n,7) (b)
Street Jr. et al. [39] 20004300
Bringer et al. [38]° 1161+111

I Corrected to 60104500 by Ref. [26].

2 Corrected to 68304300 by Ref. [26].

3 Weighted mean of reanalyzed cross sec-
tions from Refs. [1, 2].

4 Reanalysis of Ref. [2].

5 The Mini-INCA project.

The neutron-capture cross section is not well mea-
sured, and only a few values at thermal neutron energy—
25.3 meV—have been reported (see Tab. I). These mea-
surements differ by nearly a factor of two with quoted
uncertainties of about 10 to 15%. The 24?™Am(n,y)
cross section is valuable for the calculation of heavy ac-
tinide concentrations in nuclear fuel [40], actinide waste
recycling, and heavy isotope production [4, 41]. Also, as
pointed out by Rubbia [13], the 242 Am neutron-capture
cross section is important for 242 Am-based propulsion
and energy systems.

In this work, the 242™Am(n,f) and 4*™Am(n,y) cross
sections were measured concurrently at the Los Alamos
Neutron Science Center (LANSCE) using the Detector
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for Advanced Neutron-Capture Experiments (DANCE)
array [42] in combination with a parallel-plate avalanche
counter (PPAC) [43]. The fission cross section was mea-
sured from thermal to an incident neutron energy (E,,) of
1 keV, and the capture cross section was measured from
thermal to E, = 1 eV. Our ?*?™Am(n,f) cross section
was normalized to the ENDF/B-VIL.1 [32] fission cross
section, and the 242™Am(n,y) cross section is reported
with respect to our fission cross section. Details of the
experiment, the analysis, and results are described in the
sections below.

II. EXPERIMENT

Cross sections of neutron-induced reactions on 242™Am
were measured at the LANSCE Lujan Neutron Scatter-
ing Center [44] with DANCE. The DANCE array consists
of 160 equal-volume, equal-solid-angle BaFs crystals ar-
ranged in a 47 geometry. DANCE has been used to
measure neutron-induced reactions on actinides includ-
ing 23"Np [45], 24! Am [46], 23°U [47], 2%®Pu [48], 2*Pu
[49], 238U [50], and 2**Pu [51]. The detector array is
located at the end of a flight path 20.25 m from the neu-
tron source. Spallation neutrons are produced at the
source by bombarding a tungsten target with 800-MeV
protons at a 20 Hz repetition rate; the neutrons are then
thermalized with a water moderator [52]. The incident
neutron energy spectrum produced, determined by the
time-of-flight difference between event detection and the
beam pulse, spans an energy range from thermal to sev-
eral hundred keV. The experiment was fielded over 11
days with a PPAC containing a 24>™Am target installed
within DANCE. It is necessary that backgrounds induced
by scattered neutrons be measured and subtracted from
data collected in the inclusive data acquisition mode (re-
ferred to as the inclusive mode in this paper). The back-
ground measurement in the inclusive mode was fielded
with one day of beam incident upon a blank target in a
duplicate PPAC.

The electroplating cell described in Ref. [53] was used
at Lawrence Livermore National Laboratory (LLNL) to
fabricate a double-sided, electroplated ?42™Am target
with a mass of ~0.140 mg, an enrichment of 99.1%, and
an ~1.0 cm diameter active area. The 24! Am contamina-
tion in the sample was measured with the mass spectrom-
eter at LLNL and was found to be 0.92(23)%. Curium-
242 builds up as 242™Am decays to 2428 Am—Dby isomeric
transition—that subsequently S-decays [4]. It is neces-
sary to remove 242Cm from the sample before target fab-
rication because the a-decay rate (t;/, = 163 days) can
overwhelm the PPAC. Because of this, it is important to
minimize delays between target production and the ex-
periment. Figure 1 shows a schematic of the production
and destruction reaction chains for 242 Am [33].

After preparation, our target was installed within the
PPAC by sandwiching it between two 1.8 pm thick alu-
minum foils—the PPAC anode. Additional 1.8 pym thick

7364(22) yr

242p,

FIG. 1. The nuclear reaction chain for isotopes of americium
[5, 33, 55, 56]. “CN” is an abbreviation of “compound nu-
cleus.”

aluminum foils—the PPAC cathodes—were mounted on
either side of the target with 3 mm gaps between the
anode and the cathodes. The PPAC’s entrance and
exit windows are 13 pm thick Kapton foils. A similar
PPAC design was used in several previous experiments
conducted with DANCE including a 2°2Cf spontaneous
fission measurement [54] and the recent 2*?Pu neutron-
capture cross section measurement [51]. The PPAC was
operated with =4 Torr of isobutane stabilized by a gas-
handling system, and it was biased up to ~400 V. The
typical pulse height for fission events is several hundred
mV.

III. ANALYSIS

In this work, the determination of the fission cross sec-
tion is dependent upon the PPAC—DANCE coincidence
condition and the associated ~-ray spectra. Meanwhile,
deriving the neutron-capture cross section depends upon
the total v-ray energy (Egum) spectrum and the cluster
multiplicity (M.;) measured with the DANCE array in
the inclusive mode. The ~-ray cluster multiplicity re-
quires that v rays detected with adjacent BaFy crys-
tals triggered are grouped together, within a given tim-
ing window, to minimize over-counting the ~-ray mul-
tiplicity due to Compton scattering. Appropriate gates
were set on all of these quantities to optimize the true-
to-background ratio and improve the precision of the
measurement. As a result, detector efficiencies due to
the gating are required to extract the cross section from
the data. Efficiencies for both the PPAC (e.p,) and



DANCE (€p, e ) are described in the subsections below.

During the first day of data acquisition (DAQ), data
were collected with a 10 ms timing window in order to
probe the incident neutron energy down to thermal en-
ergy. Over the remainder of the experiment, this timing
window was narrowed to 2 ms (corresponding to E, >
0.5 eV) in order to lower the data acquisition rate to a
sustainable level. In this paper, analysis performed at
thermal energy corresponds to spectra that cover inci-
dent neutron energies from thermal to several hundred
keV collected during the first period of data acquisition
(referred to as the first period in this work). Analysis
corresponding to incident neutron energies above 0.5 eV
includes data collected with both the 10 ms and 2 ms
timing windows and is referred to as the entire period of
data acquisition in this text.

A. PPAC efficiency

The 242m Am(n,f) reaction was measured with parallel-
plate avalanche counter events in coincidence with the
detection of DANCE ~ rays emitted by fission fragments.
The relative fission cross section was determined and then
normalized to the ENDF/B-VIL.1 [32] fission cross sec-
tion to obtain the absolute scale. In order to derive
this cross section, the PPAC efficiency was established
by comparing prompt fission y-ray spectra collected ei-
ther with or without a PPAC coincidence requirement.
Gates on the PPAC pulse height and PPAC-DANCE
coincident timing spectrum, shown in Fig. 2, allowed
a sample of the v rays associated with the fission frag-
ments to be isolated from inclusive DANCE ~-ray spec-
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FIG. 2. The time difference between 7 rays detected by the
DANCE array and charged particles detected by the PPAC
for the 2*™Am(n,f) reaction. The timing resolution is ~1.5
ns for the peak at ~-5 ns. A 6-ns gate was placed around this
peak. The discontinuity at 0 ns is an artifact of the timing
algorithm.
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FIG. 3. The measured cluster multiplicity versus total ~y-

ray energy for the gated PPAC. The dashed box indicates the
high-multiplicity (Mea > 8) region of the spectrum attributed
to neutron-induced fission of *>™Am in the inclusive mode.

tra. An = 1.5 ns timing resolution was observed in the
PPAC—DANCE coincident timing spectrum, and a 6-ns
coincidence gate was set around the timing peak. Figure
3 shows the y-ray cluster multiplicity versus summed ~-
ray energy spectrum produced by this gating condition.
In DANCE, fission is characterized by high-multiplicity,
high-v-ray-energy events, and the dashed rectangle in the
figure emphasizes the v rays associated with the fission
fragments in the inclusive spectrum—events with cluster
multiplicity M¢ > 8. The same multiplicity constraint
was placed on inclusive DANCE spectra, and the effi-
ciency of the PPAC was determined from the ratio be-
tween inclusive mode events and events in coincidence
with the PPAC (see Fig. 4). The weighted mean of
PPAC efficiencies over several incident neutron energy
bins was found to be 32.9(10)% for the first period. The
PPAC efficiency dropped over the course of the exper-
iment, and it was found to be 26.0(11)% for the entire
period. The efficiency degradation can be prevented in
future experiments by refreshing the isobutane gas in the
counter regularly. The PPAC absolute efficiency was low
in this experiment—almost a factor of two lower than
previous measurements—because the threshold on the
PPAC was set too high.

B. DANCE efficiency

The DANCE efficiency depends on the gates placed
on the cluster multiplicity and the summed ~-ray en-
ergy in the inclusive mode, and it is the product of their
respective gating efficiencies. During the first stage of
data analysis, vy-ray energies deposited in DANCE were
summed over a 200-ns coincident timing window, and
then “time alignment” was applied to the 160 BaF5 scin-
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FIG. 4. The Esum spectrum collected in the inclusive mode
(black) with the multiplicity condition M¢ > 8 is compared
to the PPAC Egum (red) with the PPAC—DANCE coincident
timing constraint and the same multiplicity threshold. These
spectra were derived from the first period data with incident
neutron energy bin E, = 0.5—1 eV.

tillation crystals. A reference crystal was selected for the
alignment, and the timing for each subsequent crystal
was corrected for each run, based on the time difference
relative to the reference crystal [46, 51]. After alignment,
~-ray energies were summed over a narrow, 6-ns coinci-
dent time window. The analysis that follows was also
performed with the coincident time window set to 10 ns
to estimate systematic uncertainties. Standard ~-ray cal-
ibration sources (*2Na and %°Co) and the ??Ra a-decay
inherent to the BaF, crystals were used to energy-align
the DANCE ~-ray spectra. During the experiment, the
Li(n,a) reaction rate was measured downstream from
the DANCE array to monitor the neutron flux.

The inclusive Egum spectrum must undergo several
background subtractions to isolate the 24*™Am(n,y) re-
action channel. Figure 5 outlines the procedure for ex-
tracting the 24?™Am(n,y) signal from the inclusive data;
the incident neutron energy bin E, = 0.1-0.5 eV with
cluster multiplicity M. = 4 is shown as an example.
The first step involved scaling the fission Eg,, spectrum
by the PPAC efficiency and subtracting it from the in-
clusive Egum spectrum for each cluster multiplicity (see
Fig. b5a). Next, a scaled presampled Egu, spectrum
was subtracted (see Fig. 5b). Presampled spectra cor-
respond to data collected before the proton-beam time-
reference signal and rely upon the look-back window of
the DAQ digitizers—see Ref. [49] for more information.
These spectra arise from long-lived fission fragments that
build up in the sample. The presampled Eg,m, spec-
tra were scaled by the ratio of the time width of the
neutron energy bin and the look-back window [49] for
each cluster multiplicity and each neutron energy bin.
Finally, the scaled environmental background was sub-
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FIG. 5. Background subtractions of the scaled (a) fission,
(b) presampled, and (c) environmental components were sub-
tracted from inclusive Equm spectra to isolate the (n,y) chan-
nel, shown in (¢). Only Egqum spectra for cluster multiplicity
M = 4 and incident neutron energy bin E, = 0.1-0.5 eV
are shown. The 2*™Am(n,y) Q value is 6365 keV [3, 57].

tracted (see Fig. 5¢). Environmental background spectra
were collected with neutron beam incident upon a dupli-
cate PPAC setup that contained a blank target. These
spectra were normalized to the inclusive Eg.., spectra
that remained after the first two subtractions. The area
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FIG. 6. The background-subtracted Esuym spectrum for

MImAm(ny) at En = 0.1—0.5 eV. Only cluster multiplici-
ties 4 and 5 are shown, and the Egym = 5.0—6.0 MeV region,
representing the peak area, is shaded.

selected for this normalization, Eg,n = 7—8 MeV, cor-
responds to v rays produced by barium isotopes, in the
BaF; crystals, capturing scattered neutrons [58].

In Fig. 5c, the background-subtracted Eg,p, spectrum
(black) exhibits the typical characteristics of the (n,y)
channel—see Fig. 4a in Ref. [51] as an example. Back-
ground subtraction was effective for cluster multiplicities
Mg = (4,5), and Fig. 6 shows the (n,y) Equm for inci-
dent neutron energy bin E, = 0.1—-0.5 eV. The Egup, ef-
ficiency is the ratio between the peak area (5.0—6.0 MeV
in this case) and the total area. The weighted mean of
Esum efficiencies over many incident neutron energy bins
was found to be 33.0(8)% for cluster multiplicities M
= (4,5). The derived Eg,y, efficiency for events with Mg
= (3,4) was 29% and is considered less reliable because
backgrounds dominated the M. = 3 events.

The quality of the data deteriorated for the
242m Am(n,y) channel at higher incident neutron ener-
gies, and it became difficult to isolate the (n,y) signal af-
ter subtracting the backgrounds. Figure 7 shows the E,
= 10—100 eV bin with cluster multiplicity M = 4. The
inclusive spectrum (red) and the scaled backgrounds—
fission (blue), presampled (green), and environmental
(purple)—are shown. The final (n,y) signal (orange) is
weak, and the Eg,,, efficiency cannot be extracted reli-
ably. In general, conclusions about the neutron-capture
cross section cannot be drawn above E,, = 1 eV.

Following the steps described in the sections above, the
(n,7) Egum spectrum was produced for each cluster mul-
tiplicity from 2 to 9. These background subtracted Egum
spectra were integrated from Eg,, = 2.25—7.25 MeV,
and the integrands were then used to calculate the cluster
multiplicity efficiencies for each incident neutron energy
bin. Cluster multiplicities 0 and 1 could not be derived
from the data and were estimated using a Poisson dis-

tribution (an analytical approximation of the measured
shape) that was fit to Mg = 2—9. The events with clus-
ter multiplicities 0 and 1 were estimated to be ~4% of
the total. Figure 8 shows the cluster multiplicity distri-
bution for the incident neutron energy bin E, = 0.05—0.1
eV. The Poisson distribution is shown as a solid line and
was fit to M = 2—9. Multiplicity efficiencies were cal-
culated for different incident neutron energy bins below
1 eV, and the weighted mean was adopted as the detec-
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FIG. 7. The Esum spectrum for the 242““Am(n,'y) reaction
channel, shown in orange, after the subtraction of scaled fis-
sion (blue), presampled (green), and environmental (purple)
backgrounds from the inclusive (red) spectrum. Only the in-
cident neutron energy bin E,, = 10—100 eV with cluster multi-
plicity 4 is shown. The >**™Am(n,y) signal deteriorates above
E, =1¢eV.
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tor multiplicity efficiency. For cluster multiplicities M
= (4,5), the efficiency was 30(2)%, and for cluster mul-
tiplicities M¢ = (3,4), it was 61%. The DANCE array
efficiency is the product of the M. and Egy, efficiencies;
for Mg = (4,5), €paner = 10.0(7)%, and for M = (3,4),
€pance = 18%. The €, vop value of 10.0(7)% with M =
(4,5) is considered to be the more reliable value and was
used to derive the 242™ Am(n,7) cross section.

IV. RESULTS

To improve the precision of extracted neutron-induced
reaction cross sections on 24?™Am, it was necessary to
gate on observables, such as the Eg,m, M, and the co-
incident time window between DANCE and PPAC. The
impact on the efficiency of both detector systems due
to this gating requirement was addressed in the sections
above. From the derived €..,, and €, op, both the
neutron-induced fission and neutron-capture cross sec-
tions can be determined and are presented in the subsec-
tions below.

A. Absolute capture-to-fission cross section ratio

For neutron-induced reactions on 2™ Am, the abso-
lute ratio of capture-to-fission cross sections can be de-
termined directly from the data since both reactions
were measured concurrently in this experiment. Af-
ter corrections for the detector efficiencies, the relative
242m Am(n,f) cross section was determined for E, from
thermal to about 1 keV, and the relative 242™Am(n,y)
cross section was established for E, from thermal to
about 1 eV. The (n,f) cross section for E, from ther-
mal to 0.5 eV was derived from events collected in the
first period, and above 0.5 eV, the cross section was de-
termined from events collected during the entire period.
The (n,y) cross section was derived solely from the first
period data. The average absolute ratio of capture-to-
fission cross sections was measured to be 26(4)% for E,
from thermal to about 0.1 eV. This value was determined
from the events with M. = (4,5) and is consistent with
the value of 25% from the events with M. = (3,4). For
comparison, the values reported by ENDF/B-VIIL.1 [32]
and Ref. [38] were 19% and 16.9(23)%, respectively, at
thermal energy.

B. (n,y) and (n,f) cross sections

The absolute 242™Am(n,f) cross section scale was ob-
tained by normalizing the relative fission cross section to
the evaluated cross section [32] for E, from thermal to
about 100 eV. Our absolute fission cross section is shown
in Fig. 9 along with the Browne et al. [4] cross section.
Note that the 5% systematic uncertainty from Ref. [4] is
included in the figure. The two measurements agree well,
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FIG. 9. The 2**™Am(n,f) cross section (open black circles)
is plotted alongside the Browne et al. [4] (red squares) data
for incident neutron energy ranges of (a) thermal to 2.0 eV
and (b) 1.0 eV to 1.0 keV. The absolute neutron-capture cross
section (filled black circles) is plotted for E, from thermal to
1eV.

but above E,, ~ 300 eV, our data are ~ 8% lower; how-
ever, the measurements still agree within one standard
deviation. Our thermal fission cross section, oy, (n,f) =
6200 +£ 200 b, is the same as the evaluated value reported
by Mughabghab [3]. The absolute neutron-capture cross
section was obtained with respect to our absolute fission
cross section and is shown in Fig. 9a from thermal to 1
eV. The cross section at thermal energy, o, (n,y) = 1720
4+ 190 b, is higher than the value of 1161 + 111 b re-
ported by the Mini-INCA project [38] but agrees with the
Mughabghab [3] evaluation and the Street Jr. et al. [39]
measurement within uncertainty. The new 242 Am(n,7)
cross sections in Fig. 9 are tabulated in Tab. II.



TABLE II. 242 Am neutron-capture cross sections. The un-
certainty on the neutron energy represents the bin width.

Neutron energy (eV) Cross section (b)

0.023(3) 1800(200)
0.028(3) 1720(190)
0.036(4) 1590(180)
0.045(5) 1430(160)
0.057(6) 1330(150)
0.071(8) 1230(150)
0.090(10) 1180(150)
0.12(2) 1140(170)
0.17(3) 1000(200)
0.210(10) 900(200)
0.230(10) 800(200)
0.252(11) 700(190)
0.276(13) 630(170)
0.303(14) 520(160)
0.332(15) 420(140)
0.364(17) 390(130)
0.399(18) 300(120)
0.44(2) 240(110)
0.48(2) 290(110)
0.53(2) 320(110)
0.58(3) 340(110)
0.63(3) 330(110)
0.69(3) 220(100)
0.76(4) 180(90)
0.83(4) 180(80)
0.92(4) 130(70)
0.98(2) 120(70)

V. SUMMARY

The neutron-induced reactions on ?*2™Am have been
studied using the DANCE array together with a compact

PPAC for fission-fragment detection at the LANSCE Lu-
jan Neutron Scattering Center. The 24?2mAm(n,f) cross
section was derived for E, from thermal to about 1 keV
and agrees with the Browne et al. [4] results. The abso-
lute 242" Am(n,y) cross section was obtained, for E,, from
thermal to about 1 eV, with respect to our measured fis-
sion cross section. Our results represent the first direct
measurement of the 242™Am(n,y) reaction above ther-
mal energy. At thermal energy, the (n,y) cross section
is about 30% higher than the most recently measured
value from the Mini-INCA project [38], but it agrees
with the evaluated value [3] and one other measurement
[39] within uncertainty. Despite the limited range of
the incident neutron energy for the measured (n,y) cross
section, the definite (n,v)/(n,f) cross section ratio will
have important consequences on the simulations of many
242m Am-based applications, such as propulsion and en-
ergy systems. However, extending the measurement into
the resonance region would further improve model cal-
culations and simulations of applications. As a result,
the neutron-induced reactions on ?4?™Am warrant fur-
ther study.
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