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A single, unifying measurement of the **Pu capture cross section from 1 keV to 1.3 MeV has
been performed for the first time using the Detector for Advanced Neutron Capture Experiments
(DANCE) at the Los Alamos Neutron Science Center (LANSCE). The experimental method com-
bines a prior experiment’s characterization of prompt fission ~-rays in conjunction with a fission
tagging detector with a separate experiment using a thick 2*Pu sample to extract the neutron
capture cross section in ratio to 239Pu(n,f). We have made new predictions of the capture cross
section taking into account recent results for the M1 scissors mode present in other actinides. The
results show deviations from current evaluations which are 30% higher at the highest energies, and
will be used to improve calculations relevant for several applications.

Neutron capture on 2**Pu above 1 keV was first pub-
lished six decades ago and remeasured a number of times
since [1-7], yet experimental constraints on this quan-
tity are still inadequate for the needs of modern appli-
cation in nuclear technology and discrepancies exist be-
tween the major nuclear data evaluations [8-10]. This is
largely caused by the difficulty of separating fission decay
~-rays from capture y-rays on fissile nuclei combined with
239Pu’s unique challenges as a spontaneous a-emitter and
a small capture to fission ratio above 100 keV. Data
points reported by prior work are relatively sparse and
widely discrepant, and uncertainties across the entire re-
gion need to be reduced to meet the needs of advanced
reactor design studies as well as transmutation in the
actinides [11, 12].

A new method of determining capture cross sections on
fissile nuclei has been developed using the Detector for
Advanced Neutron Capture Experiments (DANCE) at
LANSCE [13, 14] and successfully demonstrated on ?3°U
[15]. The method uses a set of three different measure-
ments to extract the final capture cross section. First,
a thin sample (~1 mg) of the fissile nucleus is measured
inside a fission tagging Parallel Plate Avalanche Counter
(PPAC) to characterize the prompt fission v-ray spec-
trum. In the 23°Pu case we also extracted a capture cross
section from the thin target dataset below 1 keV which
was published previously [16]. Second, a measurement on
a thick target (50 mg total mass in this case) is conducted
to achieve sufficient counting statistics at high energies.
Finally, scattered neutron background from the thick tar-
get is characterized using a 2°®Pb sample - in this case
Ni foils were added to each side of the 2°®Pb to repre-
sent thick (200 mg/cm?) cladding which surrounded the
Z39Pu. Figure 1 (a) and (b) illustrate the 23?Pu thick tar-
get and background target geometries respectively. The
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239Py isotopic purity was unknown, so incident neutron
energies below 100 eV were analyzed to determine the
presence of isotopic contaminants by observing charac-
teristic resonances which are sensitive to contamination
at the sub-percent level. We did not observe any reso-
nances from other Plutonium isotopes which limited any
contamination to a negligible level.

The thick target did not have explicit fission tagging,
so the prompt fission v shape was measured with the thin
target and used to define a fission background line shape
for the thick target dataset. Using the fission y-ray pro-
file to characterize the amount of background within our
capture gate required a normalization to set its ampli-
tude. Neutron induced fission emits many more 7y-rays
than capture, so a region of high multiplicity in DANCE
has been used to provide a clean fission normalization.
The fission spectrum can then be subtracted from the
capture region and remove what is the most dominant
background in measurements with no explicit fission tag.
Observed ~-rays are grouped into physics events by a
software-defined coincidence gate, and a clusterization
algorithm is used to group ~-rays which scatter between
adjacent detectors into one “cluster”. In the following,
we use crystal multiplicity Me,ys to define the number
of crystals which participate in a given event, and clus-
ter multiplicity M) to define the number of participating
clusters.

The clean fission region is also used to define a fission
yield which makes the measurement of capture relative to
fission possible. This serves to remove systematic uncer-
tainties associated with target mass and spatial distribu-
tion, as well as neutron flux related uncertainties from the
measurement. A detailed description of DANCE and the
ratio-to-fission technique can be found elsewhere [15-21],
and details unique to or important for the current work
on 23Pu are reported below.

Certain aspects of the analysis differed from [15] due
to the unique challenges facing the 239Pu experiment.
One such detail is shown in Figure 2, which shows the
time AT.,ent between the first and last v-ray signal in
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FIG. 1. Schematic of target geometry for (a) the ?**Pu sample
and (b) the 2°*Pb/Ni background.
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FIG. 2. Time separation between the first and last y-ray
participating in DANCE events.

a DANCE event for neutron kinetic energies > 100 keV.
The thin target analysis reported in [16] used a gate of
M > 8 to identify fission events for the purposes of
PPAC characterization (solid black line). It is clear that
most events lie below an event width of 6 ns, but the
dashed gray curve showing the same spectrum for the
present work indicates a significantly larger fraction of
events which are too wide. This was caused by the high
instantaneous event rate for early in the beam pulse. The
target mass was chosen to achieve reasonable capture
counting rates at the highest energies where the cross
section is small, and the much larger fission cross section
was able to produce non-negligible pile-up. The fission
multiplicity distribution for M. > 8 rapidly decreases,
emphasizing the background due to pile-up. The dotted
black curve represents the distribution which only uses
Mq = 7,8 for a fission tag, significantly reducing the
fraction of wide events. Therefore, only M. = 7,8 were
used in the fission tag and the coincidence window was
required to be 6 ns.

The fission tagging cut came closer to the (n,y) part of
the energy / multiplicity distribution in DANCE than the
work of [16], so we investigated the possibility of cross-
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FIG. 3. Relative strength of fission, capture in M. 6-8 re-
gion. Using M. = 6 in addition to M 7,8 raises the capture
contamination of fission signals from 0.3% to 3.6%.
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FIG. 4. Consistency of fission y-ray spectrum between thin
and thick target in M 7,8 region and neutron energies 10 keV
to 1 MeV. Spectra are normalized to equal area for compari-
son.

talk between capture and fission channels. Figure 3 shows
a diagnostic for cross-talk between capture and fission as
a function of multiplicity, where solid, dashed, and dot-
ted lines represent M. = 6,7, 8 respectively. The black
curves represent the spectrum for PPAC tagged data,
while the gray lines show fission-subtracted spectra. The
capture contribution at M. = 6 is noticeable and would
result in a contamination of 3.6% to the fission normal-
ization. Using only M. = 7, 8 results in a contamination
of <0.3% which is much smaller than other sources of
uncertainty and therefore negligible.

Performing a ratio measurement with the massive tar-
get required a fission tag resulting from ~-rays rather
than fission fragments, so the consistency of the fission
~-ray spectrum between the thin and thick targets was
an important check on the robustness of the analysis
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FIG. 5. Total y-ray spectrum for incident neutrons between
200 eV and 10 keV and M = 4 illustrating the background
subtraction process. See text for details.

method. Figure 4 shows the thick target spectrum for
M. = 7,8 in solid black and the thin target in dashed
gray for neutron energies of 10 keV to 1 MeV. The two
spectra are consistent with each other which indicates
that our fission tagging procedure is robust.

The capture yield was obtained by gating on M. =4
and total v-ray energy (Esum) 5.7 - 6.7 MeV and sub-
tracting backgrounds. The background subtraction pro-
cedure proceeded in the manner described in Ref. [15, 16],
with a brief description provided below. Figure 5 shows
the procedure in terms of the Egun spectrum. The solid
black curve represents the yield of events which passed
a M. = 4 gate and contains capture events mixed with
fission and scattered neutron background. The dashed
gray line indicates the background prompt fission spec-
trum, where the spectral shape was defined by the work
reported in Ref. [16] and normalized at M 7,8 as dis-
cussed above. Since there was no explicit fission tag, this
background comes in at a level ~3x that of Ref. [16] and
represents the most significant background.

Neutron induced fission populates a broad distribution
of unstable nuclei which S-decay back toward stability
with lifetimes much longer than the DANCE coincidence
window. Partial feeding to excited states result in y-rays
which cause an additional fission-related source of back-
ground with a decay time of ~ 40 min. The lineshape
of this background comes from data taken between beam
pulses, and its normalization was calculated from the rel-
ative time width of each neutron energy bin relative to
the background bin as discussed in [16]. The effect is
shown as the move from the dashed black line to the
gray dash-dotted line (S-decay sub) in Figure 5 and con-
tributes most heavily below 5 MeV.

Finally, scattered neutron and ~-ray backgrounds
were characterized by loading a Ni-Pb-Ni sample into
DANCE. This resulted in the dot-dashed black line. The
primary background results from neutrons moderating in
and capturing on Barium in the DANCE crystals. The
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FIG. 6. DANCE ?**Pu(n,y) cross section compared to model
predictions, historical data, and evaluation in the 1 keV to
1 MeV region.

shaded region from 8 to 10 MeV is populated cleanly by
capture on Barium in DANCE and serves as a reference
point to normalize the scattered background from the
fission subtracted spectrum. The result is shown as the
solid gray line which should be representative of the ra-
diative capture spectrum. The background subtraction
procedure appears to work well above 3 MeV, and the
239py capture Q-value is 6.5 MeV. Below 3 MeV, the
backgrounds appear to be under subtracted. This does
not affect the capture cross section measurement in any
way.

The Q-value gate used in this analysis was narrower
than what was reported in [16] (5.7 to 6.7 MeV vs. 5.0 to
6.7 MeV). Several Q-value gates were evaluated, and the
narrower gate achieved the most favorable signal-to-noise
levels at high incident neutron energy. The driving con-
sideration was the dominance of the fission background
above 100 keV, where the capture cross section rapidly
decreases while fission remains comparatively flat. The
analysis assumed a constant capture detection efficiency
for all incident neutron energies, justified by analyzing
the background subtracted capture total y-ray energy
spectrum as a function of neutron energy. The ratio of
events within the gate to the total events in the spec-
trum did not change in a significant way as a function of
neutron energy.

We also performed a theoretical model calculation us-
ing the statistical Hauser-Feshbach code, CoHs, where
the M1 scissors mode contribution was estimated from
our previous study on 238U [22]. The optical potential
of Soukhovitskii [23] was employed, and the first 7 levels
in the rotational band were coupled. The Engelbrecht-
Weidenmiiller transformation [24] was applied to cor-
rectly take the direct reaction mechanism into account
in the Hauser-Feshbach formalism. The fission barrier
parameters were adjusted to reproduce the evaluated fis-
sion cross sections in the energy range of experiment.

Figure 6 shows the quantity vE X ¢ vs. neutron en-



ergy to most clearly see differences between the DANCE
result, our new model predictions, and historical data
and evaluation. At all incident neutron energies, system-
atic uncertainty from the background subtraction is the
dominant uncertainty. As described in [15, 16], the cap-
ture cross section was measured relative to the ENDF/B-
VII.1 fission cross section and a region must be chosen
to normalize the capture to fission ratio. In this case,
the region was 37 - 100 eV, and the code SAMMY was
used to broaden the evaluated cross sections according
to the known resolution function [25, 26]. This work
is consistent with results already reported below 1 keV
in [16]. Since the calculated fission and capture cross
sections are very sensitive to the fission barrier parame-
ters, together with the fact that the fission model in the
Hauser-Feshbach code is still rather crude, it is imperfect
to reproduce the evaluated fission cross section in this en-
ergy range, hence the calculated capture cross section is
influenced by the fission channel.

From 10 to 30 keV our experimental results are consis-
tently lower than both ENDF/B-VII.1 and JENDL eval-
uations and are consistent with CoHs calculations, while
in the region from 40 keV to 200 keV we are in general
agreement with the evaluations and lower than predic-
tions. Our measured and predicted cross sections above
400 keV are on the low side of the Hopkins confidence in-
terval, and support a cross section roll-off between the ex-
tremes of ENDF /B-VII.1 and JENDL. Indeed, the newly
released ENDF /B-VIIL.O uses our predicted cross section
above 400 keV to achieve consistency with benchmark
calculations [27].

Our measurement considerably improves the con-
straints on the 239Pu capture cross section in the regions
important for nuclear technology applications. Neverthe-
less, improvements at the highest incident neutron ener-
gies (above 700 keV) are still desirable. Future work us-
ing DANCE for this purpose would need to consider the

three limiting factors for this measurement. First, the
fission background yield inside this work’s capture gate
at 1 MeV incident neutron energy was approximately 4
times larger than the capture yield, so that even with de-
tailed background subtraction the uncertainty associated
with the fission channel became large. A new mechanism
for tagging fission events in the presence of a massive tar-
get would remove fission events from the spectrum and
reduce the total fission background uncertainty.

Second, the target mass could be optimized to lower
the instantaneous rate on the DANCE crystals. A neu-
tron source redesign effort which is currently underway
would significantly alter the neutron beam flux above
1 keV and provide the necessary room to optimize in this
area. Finally, the 200 mg/cm? Ni plating which served as
containment for the 239Pu sample could be made thinner
to reduce the scattered neutron background. This would
be particularly important if the fission background were
reduced through fission tagging, as scattered neutrons
would become the dominant background.

We have measured the 239Pu cross section from 1 keV
to 1.3 MeV and performed theoretical calculations which
unify the entire region with a single measurement with
improved uncertainties, confirm prior work in many
cases, and extend the measurement to higher energies.
The results have already impacted upcoming nuclear
data evaluation, will significantly improve future calcu-
lations for nuclear applications, and will provide insight
for future experiments seeking to address uncertainties
above 700 keV.
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by Lawrence Livermore National Security, LLC under
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