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INTRODUCTION

The Measurement of Uranium Subcritical and Critical
(MUSIC) experiment was carried out from December 2020
through April 2021 at the National Criticality Experiments
Research Center (NCERC). This measurement campaign fea-
tured bare configurations of the Rocky Flats highly-enriched
uranium (HEU) shells, with each configuration having differ-
ent numbers of these shells. The goal of the experiment was to
test multiple neutron multiplicity detectors and measurement
methods for a large range of neutron multiplication values,
to see when the combination of detectors and methods break
down as the configurations reach the delayed supercritical
window [1, 2].

Adding subcritical integral benchmarks gives additional
validation to nuclear data. These benchmarks provide addi-
tional parameters against which to validate the data. While
critical benchmarks have just a single value, k¢, subcritical
benchmarks can be used to infer multiple parameters. As an
example, recent subcritical benchmarks utilizing the Hage-
Cifarelli formalism have three quantities of interest (R;, Ry,
and My). This gives nuclear data evaluators additional data to
use when performing their evaluations, and allows for these
benchmarks to be useful for additional types of nuclear data.

CONFIGURATIONS

The Rocky Flats shells are a set of nesting HEU hem-
ishells that can be used in any number of different ways de-
pending on the experiment [3]. These shells have already been
used in International Criticality Safety Benchmark Evaluation
Project ICSBEP) benchmarks, including at Los Alamos [4].
Table I lists the reported initial composition of the Rocky Flats
shells. Figure 1 also shows a picture of a subset of these shells.
These shells were placed into two separate stacks on the Planet
vertical lift machine, where final assembly was done remotely
[5]. Figure 2 depicts a configuration of this experiment on
Planet. All configurations were measured three times: once
with a 232Cf source, once with no external source, and finally
with a D-T neutron generator.

Fig. 1. A Subset of the Rocky Flats Shells.

TABLE I. Rocky Flats Shells Reported Composition

Uranium Isotope ~ Weight Percent
234 1.02
235 93.16
236 0.47
238 5.35

Fig. 2. A Subcritical Configuration Fully Separated on Planet.

Eight total subcritical configurations of the Rocky Flats
shells were measured as part of this campaign, along with two
critical configurations. The difference between the subcritical
configurations were the number of shells that were used and
consequently, the neutron multiplication. Table II summarizes
the configurations. The space inside the innermost Rocky Flat
shell is filled with aluminum, and the very center included a
source holder for the 32Cf.

DETECTOR SYSTEMS

Seven separate detector systems were in place for the
experiment. The focus of this summary is the Neutron Mul-
tiplicity Array Detector (NoMAD) used in the experiment.
The placement of this detector and the other detector systems
around Planet for the campaign is shown in Figure 3. Two of
these systems, the so-called "linears" and "log-N’s" are current
mode boron-lined compensated ion-chambers that monitor the
neutron population. While the log-N’s are purely for shutting
down the machine if the population reaches a certain level, the
linears are used to ascertain the reactor period in a supercritical



TABLE II. MUSIC Subcritical Configurations

Configuration Rocky Flats Shells Mass (kg)
1 3-24 13.0428
2 3-30 21.6432
3 3-34 29.0415
4 3-38 37.9617
5 3-40 42.9722
6 3-42 48.4099
7 3-44 54.2785
10 9-46 59.2075

Fig. 3. The Placement of the Detector Systems Around Planet.

system, and find delayed critical if desired as part of the ex-
periment. While these detectors were useful for the approach
to critical and for the supercritical configurations, no data
from either of these systems will be analyzed for subcritical
configurations.

Three of the other detector systems rely on *He. The
"startups" are a set of four tubes that monitor the neutron
population at low power levels, used for the approach to critical
and measuring the reactor period at very low power levels.
A second 3He based detection system is the NoMAD, one
of the main multiplicity detectors for the experiment. This
system consists of 15 tubes embedded within a high-density
polyethylene (HDPE) matrix. This is the same detector system
that has been used for previous NCERC subcritical neutron
multiplication benchmarks [6, 7, 8]. The output of this detector
is a list-mode data file, meaning it has a list of detection events
along with their associated times. Figure 4 shows a picture
of one of these systems. There was approximately 41.1 cm
between the center of the assembly and the front face of the
container for the NoMAD.

A third *He based detection system is a series of four
much smaller tubes. Since these tubes are smaller, they have
a much decreased efficiency, meaning that at higher powers

k

Fig. 4. The NoMAD system.

when the NoMAD or other systems are saturated data col-
lection is still possible. These tubes are primarily used for
measuring the Rossi-a of a system near delayed critical. The
tubes were placed 40.6 cm away from the center of the assem-
bly

Two organic scintillator arrays were also used for the ex-
periment. One, the OSCAR system, was operated by students
from the University of Michigan and consists of a set of trans-
stilbene scintillators [9]. The OSCAR was behind the small
3He tubes, 137.5 cm away from the center of the assembly
The second set of scintillators is a set of eight EJ-309 liquid
scintillators known as RAM-RODD [10]. These detectors
were placed in banks of two at the four corners of the top
plate of Planet, with the front faces of the scintillators approx-
imately 46.7 cm away from the center of the assembly. The
data from these are presented in other summaries submitted to
this conference [11, 12].

METHOD

One data analysis technique that can be used on the sub-
critical data is the Hage-Cifarelli [13] formalism of the Feyn-
man Variance-to-Mean method [14]. This method first creates
a Feynman histogram, which involves creating time gates in
the measurement and seeing how many neutrons are detected
in those gates. The histogram is then made by counting how
many times a certain number of neutrons are counted within
the bins. The moments of these histograms are then computed
for a number of different gate lengths (7) as shown in Eqs. 1-2
[15].
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In the previous equations, 7 is the number of neutrons in a
gate, and C,, is the number of instances of n neutrons being in
a gate. Once these moments are computed, they are then used



to infer the count rates R; and R,, which are also known as the
"singles" and "doubles" rate. The equations for determining
these are given in Egs. 3-5. In these equations, A is the inverse
neutron lifetime.
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These count rates are also defined as the rate at which
one (R;) or two (R,) neutrons are detected from the same
fission chain, and the equations governing that definition are
given in Egs. 6-9. Here, Fs is the spontaneous fission rate,
¢ is the absolute detector efficiency, vs, and vy, are the nth
reduced factorial moments of the spontaneous and induced
fission multiplicity distribution, respectively. The leakage
multiplication of the system, defined as the average number of
neutrons that leak out of the system for every starter neutron, is
in these equations as M. It is because of these equations that
the leakage multiplication can be inferred from the measured
data.
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The data from the list mode detector systems can also be

analysed with the Rossi-@ and other analysis methods, but that
is outside the scope of this summary.
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PRELIMINARY RESULTS

The results from the NoMAD detector system using the
Hage-Cifarelli formalism are shown in Table III. It should be
noted that these are preliminary results, and further analysis
will be done as part of submission to the ICSBEP handbook.

It can be seen that as the mass of the configuration in-
creases, naturally the intrinsic source strength increases, lead-
ing to a higher count rate and better statistics. The addition
of the 22Cf source is extremely beneficial to reducing the
statistical error in the results, especially for the low mass con-
figurations.

CONCLUSIONS

The limits of the Hage-Cifarelli formalism are tested
through low intrinsic source configurations such as those pre-
sented in MUSIC, especially when the mass of the nuclear
material is relatively low. Adding an external neutron source
makes analysis of these systems much easier, significantly
reducing the magnitude of the error.

In the future, the data from the NoMAD detector systems
used in this experiment will be analyzed with additional multi-
plicity analysis methods. This will help determine where the
detector systems perform most optimally and identify regimes
where different analysis methods may perform better than oth-
ers. Additionally, a full benchmark analysis of both the critical
and subcritical data for this experiment will be submitted to the
ICSBEP handbook, beginning with the critical configuration.
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