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Abstract — Comet is a general-purpose, heavy-duty, vertical-lift assembly designed for flexibility in
conducting a variety of critical experiments. It is currently located at the National Criticality
Experiments Research Center (NCERC) in Nevada. In the past, Comet resided at Technical Area-18 in
Los Alamos, New Mexico, as part of the Los Alamos Critical Experiments Facility (LACEF). The Comet
assembly was relocated to NCERC in 2008 and became fully operational in June of 2011. The first critical
experiment performed on Comet at NCERC was a verification of one of the previous configurations of the
Zeus experiment series. Over the next 10 years, many additional experiments followed including other Zeus
configurations as well as completely new designs. This paper discusses the Comet vertical-lift assembly, the
transition from LACEF to NCERC, and a selection of experiments that have been performed on Comet
during its first 10 years of operation at NCERC.

Keywords — Criticality experiments, critical assembly machine,
Experiments Research Center, benchmark experiments.

reactivity, National Criticality

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Comet is a general-purpose, heavy-duty, vertical-lift
assembly machine used to conduct critical and subcritical
experiments, nuclear safety studies, and criticality safety
training.' The machine consists of a movable platen and
an upper, stationary platform. Operations are performed by

*E-mail: rgsanchez@lanl.gov

This is an Open Access article distributed under the terms of the
Creative Commons  Attribution-NonCommercial-NoDerivatives
License (http://creativecommons.org/licenses/by-nc-nd/4.0/), which
permits non-commercial re-use, distribution, and reproduction in
any medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way.

installing two subcritical configurations made up of fissile
material and reflectors on both platforms and then raising
the lower platen toward the stationary platform. When
fissile material is present, reactivity can be added by raising
the lower platen and decreasing the distance between the
two portions of the system or by inserting fissile material
into a reflector. Figure 1 shows the number of operational
days of the Comet assembly through the first 10 years of the
National Criticality Experiments Research Center
(NCERC). Among the device’s advantages is its operational
flexibility. Comet is able to accommodate a plethora of
configurations, from a 6500-kg Cu reflector for the Zeus
experiments (shown in Fig. 2) to the Kilowatt Reactor Using
Stirling TechnologY KRUSTY) space reactor for the joint
National Aeronautics and Space Administration (NASA)
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Fig. 1. Number of Comet operational days per year.
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Fig. 2. Photograph of Comet at TA-18 during the initial Zeus series.

SANS NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - SUPPLEMENT 1 - 2021



THE FIRST 10 YEARS OF COMET OPERATIONS AT NCERC - THOMPSON et al. ~ S19

and National Nuclear Security Administration (NNSA)
Kilopower Project, to a critical configuration of less than
300 g of **°U reflected by beryllium.?

The Comet assembly machine has a long and stor-
ied history of operations, beginning in the 1950s at the
Los Alamos Critical Experiments Facility (LACEF) at
Los Alamos National Laboratory (LANL). In 2004,
operations at LACEF ended, and Comet, along with
the other critical assembly machines Planet, Flattop,
and Godiva IV, was disassembled and moved to the
newly established NCERC at the Nevada National
Security Site' (NNSS). This transition from LACEF
to NCERC marked the end of an era of critical experi-
ments and the beginning of a new chapter of
experiments.”

Il. COMET HISTORY AT LACEF

The need for critical experiments at LANL arose
during the Manhattan Project. The first of these experi-
ments began in May of 1944 with the construction of the
first water-boiler reactor at the Omega Site. One year
later, in the aftermath of the death of physicist Harry
Daghlian in a criticality accident at the Omega Site,
critical experiments at the laboratory were moved to the
Pajarito Site, also known as Technical Area-18 (TA-18).
This would be the home of LACEF for decades to come.
Unfortunately, in the first year of operations at TA-18,
Louis Slotin, a Canadian physicist, well respected for his
expertise in critical experiments and work during the
Manbhattan Project, died as a result of a criticality acci-
dent. This incident led to the immediate cessation of all
hands-on experiments in which a critical configuration
could be achieved.*

Because of the great scientific value that critical-
ity experiments provided to LANL’s mission, it was
determined that the experiments would continue but
would require using safer and more reproducible
methods. To meet this criterion, experimenters consid-
ered using hot-cell-type manipulation of experiments
using thick walls to reduce dose in the case of an acci-
dent or using true remote control with a quarter-mile
separation between the operators and the experiment.
They also chose between using complex robots that
could duplicate human adaptability and dexterity and
using more conventional machines limited to simpler
motions. Ultimately, it was decided to continue operations
using remotely controlled simple machines that relied on
gravity as a fail-safe mechanism.’

Initial LACEF operations involved assisting the
nuclear weapons program to establish criticality safety
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guidance for workers handling, storing, transporting, and
assembling weapons in order to prevent criticality acci-
dents. Additional experiments provided data to aid in
reactor design. In the 1950s more experimental assem-
blies were constructed to broaden the capabilities at
LACEF including the focus of this paper: the Comet
assembly.

The Comet assembly was originally called Haley’s
Comet after its designer, Jano Haley.” The assembly
was initially used for safety tests for the weapons
program and used to provide critical mass data for
cylindrical geometries. A selection of interesting
experiments performed on Comet at LACEF are sum-
marized below.

ILLA. Jemima and Other Early Critical Experiments on
Comet

One of the earliest series of critical experiments per-
formed on Comet was the Jemima Critical Assemblies,
conducted in 1952. The fissile material involved in these
experiments was a set of thin, uranium cylindrical plates
called the Jemima plates, each weighing around 6 kg.
Plates of highly enriched uranium (HEU) and natural
uranium (NU) were interlaced to achieve average core
enrichments of 37.7 wt% and 53.6 wt%. Before the
Jemima series of experiments began, the experimenters
intended to create an assembly of only HEU plates;
however, because of an error during the approach to
critical, a super-prompt-critical excursion occurred.
There was no damage to the fuel or machine.” This
accidental excursion helped lead to prompt burst opera-
tions with the Lady Godiva assembly and eventually the
development of dedicated fast burst assemblies such as
Godiva IV.

In 1966, Comet achieved criticality with a mere
290 g of **°U by layering HEU foils with polyethy-
lene plates, all enclosed in a beryllium reflector. At
the time, this was the lowest amount of fissile mate-
rial used to achieve criticality and may still be to
this day.’

In 1979, Comet was used to evaluate 2*’Pu cross
sections and took measurements of various arrangements
of interest to criticality safety engineers.

In the 1980s, many experiments utilized the Thor
Core, a 9.8-kg **°Pu sphere in a thorium reflector.
There was much interest at the time in thorium as
a breeding material for ***U in place of uranium-to-
plutonium breeding.® The Thor Core is still used to
this day at NCERC (Ref. 7).
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I1.B. Little Boy Mock-Up

Also in the 1980s, Comet was used to reevaluate
ground doses from the Hiroshima bombing. A mock-up
of the Little Boy core was installed on Comet, and then,
fast neutron leakage was recorded at different angles to
better understand dose distribution from the weapon.®
The experiment involved bringing two fissile masses
closer together. It used movable detectors to measure
the angular distribution of the neutron flux being emitted
from the system. Figure 3 is a diagram of this experiment.

This experiment provided scientists the requisite data
without the need for a full-scale test, which could not
be performed due to the limited testing of the Partial Test
Ban Treaty of 1963 (Ref. 9).

I1.C. ZEUS EXPERIMENTS

In the 1990s, the increasing need for nuclear data in
the intermediate-energy range prompted the design of the
Zeus experiments. Achieving an intermediate-energy

®200cm
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Fig. 3. Diagram of the mock-up of Little Boy on Comet.
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spectrum is difficult, as hydrogenous moderating materi-
als such as polyethylene or Lucite tend to be too effective
at thermalizing neutrons. Large systems are required to
allow many scattering interactions, and materials with
a moderate-Z number are needed to moderate fission
neutrons without completely thermalizing them. To limit
the size of the core for Zeus, large copper reflectors were
designed to surround the assembly, reflecting neutrons
back to undergo further scattering. The Comet machine
had to be completely refurbished to support the signifi-
cant weight of the copper reflector and to lift the lower
stack of Jemima plates and interstitial materials. The
structure was strengthened, the lifting mechanisms were
replaced, and a new control system was installed.
Jemima plates were chosen for the fuel, and graphite
moderators were selected to create the initial intermediate
spectra. The name Zeus, after the Greek god who fre-
quently changed forms, was chosen to reflect the plan of
incorporating a wide range of materials to create varied
spectra, initially focusing on the intermediate-energy
spectra but later spanning from thermal to fast neutron
spectra. Figure 4 from HEU-MET-INTER-006 shows
a Zeus core with graphite moderator and copper reflec-
tors. Figure 5 shows a cutaway view of the reflector.
The initial Zeus campaign, which took place from
1999 through 2004, continued until the end of operations
at TA-18. Zeus maintains a notable legacy, as it is the
primary benchmark used in the validation of intermedi-
ate-energy nuclear data for **°U, and the experiment
design has heavily influenced later experiments at
NCERC targeting intermediate-energy spectra.'®'

[1l. MACHINE OVERVIEW

Comet was designed to perform accurate, reproduci-
ble configurations with a wide range of experimental
configurations and masses. The machine allows for
nuclear materials, moderators, and reflectors, separated
on an upper stationary platform and a lower movable
platform, to be brought together in a stepwise fashion to
achieve criticality. The weight limit on the lower movable
platform is 907 kg (2000 1b) while the upper platform can
support up to 9072 kg (20 000 Ib). This makes Comet the
heavy-duty machine, as opposed to the other smaller,
light-duty, vertical-lift machine at NCERC: Planet.

The movable portion of Comet consists of three
mechanisms that operate in a telescoping fashion. The
hand-crank table holds the lower portion of the experi-
ment. It is driven up and down by a manually operated
gear mechanism. This mechanism allows the assembly to
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be adjusted for configurations with different heights of
components on the lower stack. When all movable com-
ponents are fully inserted, the hand-crank mechanism
ensures the height of the lower stack is at the correct
position in relation to the upper stack. Below the hand-
crank table is the ram table. This table is supported by
back-to-back hydraulic rams, which extend simulta-
neously to provide the coarse movement for the machine,
as well as the required redundant safety shutdown
mechanism. The ram table is mounted on the platen
table. The platen table is driven by a stepper motor,
which provides the fine control for the lifting mechan-
ism. Control system interlocks ensure that the platen
table can be moved only after the ram table has been
fully inserted to its in-limit. The two hydraulic rams have
a maximum travel of 1.5 in. each, for a total of 3 in., and
the stepper motor has a maximum travel of 25 in.
Combined, this results in a total of 28 in. of vertical
travel. The insertion speed of the stepper motor can be
modified as a function of the separation distance, down
to 1 mil/s. This ensures that reactivity can be added at
a very slow speed, if desired for the experiment. A load
cell on the lower platform measures the weight on the
platen, which can be used to indicate when the lower
stack contacts the upper stack and the assembly is fully
closed if the core is not visible through the reflector
configuration.

Operations of Comet are performed using two meth-
ods. One involves installing fissile material on both the top
and the bottom platforms and then raising the lower platen
to decrease the distance between the two portions of the
system. The second method involves installing fissile
material on the lower platen and reflector material on the
upper platform (or vice versa) and then raising the lower
platen to insert fissile material into the reflector. When
loading materials for unknown configurations, experimen-
ters follow the 3/4 Rule and the Halfway Rule. The 3/4
Rule states that for hand-stacking operations, each stack
may comprise no more than 3/4 of the predicted critical
configuration. The Halfway Rule states that the number of
units added in any one step shall not exceed halfway
between the number of units currently on the stack and
the number of units predicted to reach critical. These rules
provide a margin of safety to prevent a system from
unintentionally going critical with experimenters present.

IV. STARTUP OF COMET AT NCERC

Comet was the second of the four critical assembly
machines to achieve criticality at NCERC with first

@ANS
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Fig. 4. Diagram of a Zeus core, featuring HEU, graphite (G), copper reflectors (R), alignment tube (AT), platen, and platen
adaptor plate (PAP).

critical in August of 2011. The first critical experiment on  activation foils and fission foils were included between
Comet at NCERC repeated the unmoderated Zeus con- the fuel layers near the center of the core and irradiated.'*
figuration previously performed at LACEF (Ref. 13). In  These foils, seen in Fig. 6, provide useful data such as
addition to providing a confirmatory measurement, spectral indices and fission product yield during
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Fig. 5. Diagram of a typical Zeus experiment with the movable platen retracted out of the reflector.

A

Fig. 6. Photograph of activation and fission foils loaded
on a sample plate for irradiation in a Zeus HEU core.

irradiations performed in 2011 and 2012 (Ref. 15). Foils
included HEU, depleted uranium, Pu, Ir, Au, Mo, W, Ti,
Sc, Ni, V, Ga, and Fe. Some foils were placed in cad-
mium covers. Rossi-alpha measurements were also per-
formed with *He tubes located in the alignment tube to
determine the prompt neutron decay constants of the
system.'®

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - SUPPLEMENT 1 - 2021

V. COMET OPERATIONS AT NCERC

V.A. Benchmark Experiments

Since restarting Comet operations at NCERC in
2011, several experiments have been performed that
serve as the basis for benchmarks in the International
Criticality ~Safety Benchmark Evaluation Project
(ICSBEP) handbook.'” This handbook is a compendium
of over five thousand evaluations of critical, near-critical,
and subcritical experiments. Data from these experiments
are used by criticality safety engineers around the world
to validate calculation techniques and establish subcritical
margins for fissionable material-handling operations. In
addition, these benchmark experiments are used for
nuclear data and computational methods validation.
Benchmarks performed on Comet are listed in Table I.

V.B. Japan Atomic Energy Agency Collaboration

A series of measurement campaigns took place
between 2015 and 2019 in a collaboration between
LANL and the Japan Atomic Energy Agency. This series
of experiments supported Japan’s research into designing
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TABLE I
ICSBEP Comet Benchmarks

Title

“Plutonium (5.1 wt% 2*°Pu) Metal Sphere with Beryllium,
Graphite, Aluminum, Iron, and Molybdenum Tampers and
Polyethylene Reflectors”

“Reflected Uranium Hydride Cylindrical Assemblies”

“The Initial Set of Zeus Experiments: Intermediate-Spectrum
Critical Assemblies with a Graphite-HEU Core”

“Zeus: Fast-Spectrum Critical Assemblies with an Iron-HEU
Core Surrounded by a Copper Reflector”

“The Unmoderated Zeus Experiment: A Cylindrical HEU Core
Surrounded by a Copper Reflector”

“KRUSTY: Beryllium-Oxide and Stainless-Steel Reflected
Cylinder of HEU Metal”

ICSBEP Identifier Measurement Year
PU-MET-FAST-044 1973
HEU-COMP-INTER-003 1987
HEU-MET-INTER-006 1999
HEU-MET-FAST-072 2002
HEU-MET-FAST-073 2002
HEU-MET-FAST-101 2021

an accelerator-driven transmutation system for spent
nuclear fuel.'"® The designers need nuclear data related
to lead because a lead-bismuth eutectic is expected to be
used as a coolant for the transmutation system. Lead-
bismuth eutectics are of great interest in fast reactor and
accelerator-driven subcritical systems because they have

and low neutron absorption cross section. Therefore,
additional data on lead void reactivity worth for uranium
and plutonium systems allow designers to perform an
accurate safety analysis. However, there are only
a small number of benchmarks in the ICSBEP handbook
that are sensitive to lead as shown by Fig. 7 (Ref. 19).

a low melting temperature, high volumetric heat capacity, = These experiments have already provided useful
pb-206 capture - -0 512
256
pb-207 capture - - 14
128
pb-208 capture - -0
S [
2 2
E pb-206 scatter - 15 % - 5
= S £
g §
—  pb-207 scatter -14 § -16 @
= > -
S g =
e = 2
2 y - r8 €
o  pb-208 scatter - 23 O S
8 2
-
o
2 4
pb-206 total 1 - 15
2
pb-207 total ‘ -22
1
pb-208 total - UI | 23 0
101 10 107® 107 10 10° 10% 103 1072 10! 10° 10!

Energy [MeV]

Fig. 7. The number of ICSBEP benchmarks sensitive to lead for different energies and isotopes.
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experimental information,”®>* and three separate

ICSBEP benchmarks based on the experiments are in
varying stages of submission to the ICSBEP
handbook.>>

Three different fuel combinations were investigated
as part of this campaign. The three systems designed used
HEU Jemima plates (designated as Zeus HEU/PDb), an
HEU Jemima plate and NU plate combination to form
an effective Intermediate Enriched Uranium (IEU) sys-
tem (designated as Zeus IEU/Pb), and Zero Power
Physics Reactor (ZPPR) Pu plates (designated as
Jupiter). All three of the core configurations were sur-
rounded by the thick copper reflectors used in the original
Zeus experiments.'® '

Both uranium cores included aluminum barrier sheets
that surrounded each lead plate in order to reduce cross
contamination between the fuel and lead. The plutonium
core also included aluminum sheets around the lead
components. Voids were introduced in the lead moderator
of these cores by substituting aluminum spacers for the
central portion of the lead and aluminum sheets in
a selected number of units within the core. The same
set of aluminum spacers, similar to that shown in
Fig. 8, was used in the Zeus IEU and HEU experiments.
A rectanglular spacer was designed for the Jupiter experi-
ment. Each aluminum spacer for the Zeus configurations
replaced two inner lead disks and their associated alumi-
num sheets. Each aluminum spacer for Jupiter replaced
one lead plate and its associated aluminum sheets. Both
types of spacers were designed such that the aluminum
mass in the core did not change when substituting the
spacer for lead. Figure 9 shows the change from the Zeus

Fig. 8. Photograph of an aluminum spacer used to intro-
duce voids in the lead moderators of the Zeus HEU and
IEU cores.

HEU reference case (no spacers) to the Zeus HEU 8V
case (eight spacers).

Early Zeus HEU/Pb experiments were conducted in
2015/2016, and Rossi-alpha measurements were
performed®’; however, the benchmark configuration was
executed in August 2018. Containing only HEU fuel, it
had an average uranium enrichment of 93.18 wt%. The
HEU/Pb base unit consists of one HEU layer and four
lead layers as shown in Fig. 10. There was a total of 16

2

Fig. 9. HEU/Pb core depicted in (a) the reference configuration and (b) the 8V configuration with voids introduced by the

replacement of lead with eight spacers.

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 195 - SUPPLEMENT 1 - 2021
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Fig. 10. Diagram of base unit of the Zeus HEU/Pb experiment.

units in the HEU configuration with small adjustments
made to the outermost units (e.g., replacing fuel with Al
disks/rings or reducing the number of lead layers) to
reach the desired excess reactivity.

The Zeus IEU benchmark configuration was exe-
cuted in January 2017 and had an average uranium
enrichment of 22.9 wt%. The base unit for this core
consisted of a single HEU layer, a single NU layer, and
two lead layers, and it follows the same rough pattern as
the HEU/Pb core, as shown in Fig. 11. There was a total
of 15 units in the Zeus IEU configuration. Because of
weight limits on the platen, the outer portions of the NU
layers were replaced with aluminum on the bottom stack.
Other adjustments were made to the outermost units to
reach the desired reactivity. As in the Zeus HEU config-
uration, Al spacers, shown in Fig. 8, were substituted for
lead within the core to measure void reactivity. In con-
trast to the HEU/Pb core, the IEU/Pb core had a positive
void coefficient. This was predicted by calculations due
to the effect of the increased 23U content on the neutron
spectrum.

A third core configuration, using plutonium rather
than uranium, was designed to continue the lead void
measurements. Because this experiment used different
fuel than the Zeus configurations, it was given a new

IA
|
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Al
Pb
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Al
Pb
Al
HEU == Unit
Al
Pb
Al
Al
Pb
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name: Jupiter. This design used small rectangular plates
originally from the ZPPR at Argonne National
Laboratory West (now Idaho National Laboratory).?® !
The core for the Jupiter experiments was made from
a base fuel unit of six Plutonium-Aluminum, No Nickel
(PANN) plates from the ZPPR experiments and two lead
plates contained in an aluminum box. A fuel unit can be
seen in Fig. 12, with aluminum spacer plates surrounding
each lead plate. A full Jupiter core consisted of 80 of
these fuel units in three layers, surrounded by the copper
reflectors as detailed in Fig. 13. As with the uranium
cores, the void worth was studied by replacing some of
these lead plates with specially designed aluminum
spacer frames to conserve aluminum mass.”> Later mea-
surements with this core, performed in 2019, substituted
higher ?*°Pu and **' Am content, Plutonium Aluminum,
High 240, no Nickel (PAHN) plates, in the central portion
of the core. Additional fuel units were added at the
periphery of the core to compensate for the decreased
reactivity.

V.C. Kilowatt Reactor Using Stirling Technology

The Kilopower Project, a jointly funded venture
between NNSA and NASA, demonstrated the technological

;I
»>

Lead plate

Lead plate
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Fig. 11. Diagram of one Zeus IEU/Pb unit.
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Fig. 12. Photograph of a fuel unit used in the Jupiter
experiment.

readiness of a small space fission power source for space
science and human exploration power needs. The culmina-
tion of this project was the KRUSTY tests.*> These tests
were split into four experimental phases, all performed at
NCERC utilizing the Comet assembly.

The Component Critical Experiments (Phase 1)
assessed the bias in neutron multiplication due to the
beryllium oxide neutron cross-section data. Figure 14 is
a diagram of the KRUSTY experiment on the Comet
assembly during the component critical measurements;
Fig. 15 is a photograph of the same. The experiment
consisted of a hollow, cylindrical uranium core (93 wt%

UPPER CORE

Upper Fuel Layer ~

LOWER CORE
Middle Fuel Layer —_|
Bottom Fuel Layer -

Fig. 13. Diagram of the core of the Jupiter experiment.
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235y, alloyed with 7.5 wt% molybdenum) weighing 32 kg
with an outer diameter of 11 ¢cm and a height of 25 cm.
Eight equally spaced grooves on the periphery of the
cylinder ran vertically down the length of the core.
Figure 16 shows the core being assembled. Later, these
grooves would be used to accommodate the heat pipes for
the system. The system uses a single boron carbide con-
trol rod inserted in the inner hole of the reactor core. Two
BeO axial reflectors were installed above and below the
core, and an AmBe neutron source was placed in the
center of the core to induce fission, allowing for easier
measurement of neutron multiplication. The fuel, reflec-
tor, control rod, and source configuration were loaded
onto Comet’s upper platform, and a radial BeO reflector
was loaded onto the lower movable platen. When the
platen was raised, the radial reflector would surround
the core and increase the reactivity of the system. Sixty
configurations were measured, changing variables such as
reflector height and control rod height.*?

Cold Critical Experiments (Phase 2) consisted of
a setup similar to Phase 1, with a few additions. To
simulate the reactor’s operating environment, the core
was placed in a vacuum chamber installed above the
stationary platform. The eight grooves were fitted with
sodium-filled heat pipes to remove heat from the core.
Two of these heat pipes each ran to a Stirling engine
provided by NASA. The remaining six heat pipes were
connected to thermal simulators, which used liquid nitro-
gen to remove heat, simulating the presence of Stirling

Outer Reflector

Inner Reflector
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Fig. 14. Cutaway diagram of the KRUSTY experiment
on the Comet assembly.

engines. Figure 17 is a photograph of the Stirling engines
and thermal simulators. All were contained within the
vacuum chamber. Using this more realistic setup, dozens
of configurations of the reflector and control rod position
were tested.***> Figure 18 shows the core of KRUSTY
with heat pipes attached. The prompt neutron decay con-
stant was also measured during this phase.*®

The Warm Critical Runs (Phase 3) included three
intermediate power runs with the same vacuum chamber
setup as in Phase 2 but with a single reflector configura-
tion and no control rod. These tests determined the para-
meters used to model the neutronic and thermal behavior
of the KRUSTY experiment. These parameters include
the temperature coefficient of the fuel due to Doppler
broadening of the **U cross section and thermal expan-
sion, an estimation of the impact of BeO cross sections,
and the heat transfer coefficients between the fuel and
heat pipes.”’

@ANS

Fig. 15. Photograph of the KRUSTY experiment on the
Comet assembly.

Phase 3 began with a 15 ¢ free run on March 7, 2018.
The BeO reflector was inserted into a previously determined
distance known to result in a 15 ¢ increase in reactivity. The
system operated as designed. Initially, the power increased
exponentially until the core heated, and then, excess reactiv-
ity decreased due to the negative temperature reactivity
coefficient of the system. This can be seen in Fig. 19,
which shows the response from three neutron detectors dur-
ing the free run. Linear Channels 1, 2, and 3 are mounted on
the wall of the building. Linear Channel 1 is located closest
to Comet. This negative feedback loop decreased the power
until the system was shut down. The operation resulted in
a maximum power of 3.07 £ 0.578 kW at 15 min into the
run and a maximum fuel temperature of 217°C 20 min into
the run.*’

The next day, March 8, 2018, a 30 ¢ run of KRUSTY
was performed on Comet. Unlike the previous run, the
reactivity was not inserted all at once. A 15 ¢ free run was
initiated followed by short insertions of reactivity to com-
pensate for the temperature increases keeping the power
constant at 2.5 kW. This continued until a total of 30 ¢ of
reactivity had been added to the system. At that point, no
additional reactivity was added, so the power began
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Fig. 16. Photograph of assembling the KRUSTY core.

Fig. 18. Photograph of the KRUSTY core after heat
pipes were attached.

decreasing due to the increase in fuel temperature.
A maximum power of 2.98 kW was reached 14 min into
the run, and a maximum temperature of 288°C was reached
at 32 min (Ref. 37). Data from this 30 ¢ run can be seen in

Fig. 20.
Fig. 17. Photograph of the Stirling engines and thermal Phase 3 testing concluded WiFh ?‘ 60 ¢ run of KRUSTY
simulators with the vacuum chamber removed. performed on March 14, 2018. Similar to the 30 ¢ run, the
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Fig. 19. Plot of linear channel neutron detector data during 15 ¢ free run of KRUSTY experiment.
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Fig. 20. Plot of linear channel neutron detector data during 30 ¢ run of KRUSTY experiment.

operation began with an immediate insertion of 15 ¢ fol-
lowed by small insertions of reactivity to maintain a power
level. After reaching a peak power of 3.07 kW, the power
decreased to 2.5 kW. Operators continued to add reactivity
for nearly 8 min until 60 ¢ had been added. At this point,
system power oscillated over the next several hours due to
the heating and cooling of the core. Data from this 60 ¢ run
can be seen in Fig. 21. The peak temperature was predicted

@ANS

to be 447°C, and the peak recorded temperature was mea-
sured to be 446°C, well within the 10% accuracy required
to allow the project to be approved to continue to the next
phase.3 7

KRUSTY testing at NCERC culminated with the
Nuclear System Test (Phase 4). This test investigated
the nuclear-powered performance of the fully integrated
KRUSTY reactor and its power conversion system. The
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Fig. 21. Plot of linear channel neutron detector data during 60 ¢ run of KRUSTY experiment.

powered run lasted 28 h and consisted of dozens of
reactivity transients to test the system in its entirety.

Startup was conducted with the same 15 ¢ insertion
performed during the previous phase. Once the power
began to level, reactivity was gradually added to offset
the increasing fuel temperature. This was done until the
temperature reached 800°C (Ref. 38). During the 800°C
measurement, a total of 1.41 $ of reactivity was added to
the system, with an estimated 2.16 $ of excess reactivity
available (at room temperature).

Once the temperature reached the desired level,
a number of transients were introduced into the system.
These included increasing and decreasing reactivity, increas-
ing and decreasing the heat removal via the Stirling engines
and thermal simulators, and even a test where the heat
removal was completely turned off. During all of these
tests, the reactor behaved as expected and due to negative
temperature coefficients of reactivity was able to self-
regulate and respond to increases or decreases in heat
removal from the core. These transients, along with the
reactor power and temperature responses, can be seen in
Fig. 22.

Much more detail about the KRUSTY experiment can
be found in the Nuclear Technology Special Issue on the
Kilopower Project, Kilowatt Reactor Using Stirling
TechnologY (KRUSTY) Test published in 2020 (Refs. 32,
33, 34, and 37-42). Five configurations from the
Component Critical Experiments (Phase 1) have been eval-
uated as KRUSTY: “Beryllium-Oxide and Stainless-Steel
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Reflected Cylinder of HEU Metal,” HEU-MET-FAST-101,
for submission to the ICSBEP handbook.*?

V.D. CURIE

In early 2020, the Critical Unresolved Region
Integral Experiment (CURIE) series began on Comet.
These experiments were based on the Zeus design, the
primary source of validation for the **°U intermediate-
energy region.** The objective of CURIE is to improve
the quality of integral nuclear data in the ***U unresolved
resonance region (URR).

The URR is a region within the intermediate neutron
energy range (0.7 eV to 100 keV). The resonance struc-
ture in neutron cross sections is a result of the discrete
energy levels of the compound nucleus, where isolated
resonances are characterized by resolved resonance para-
meters. At some point in energy, only partially resolved
structure is observed as the experimental resolution
becomes comparable to the average natural width of the
resonances. This transitional region, where the distinct
resonance structure of the target nuclide cannot be deter-
mined empirically, is referred to as the URR.

In the ENDF/B-VIIL.O and JEFF-3.3 nuclear data
libraries, the URR begins at 2.25 keV and continues
until 25 keV (Refs. 45 and 46). In this energy regime,
resonances are so close to one another that the structure
cannot be determined empirically. At present, there are
only a small number of intermediate neutron energy
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Fig. 22. Plot of fission power and temperature data during the 28-h high-temperature run of the KRUSTY experiment.

benchmarks available in the ICSBEP for 22°U, and there
are none that are highly sensitive to the URR. CURIE not
only is the first integral experiment with optimized sen-
sitivity to the U URR but also is the first time the Los
Alamos Critical Experiments Team utilized a machine
learning approach to design an integral experiment.
Designing a critical experiment in this energy regime
is difficult, as fast neutrons from fission must be slowed
down to intermediate energies, but not too much or they
will reach thermal energies. To accomplish this, experi-
menters used alternating thick layers of Teflon (C,F,) and
the HEU Jemima plates surrounded by the Zeus copper
reflector. The combination of fuel and reflector makes
this experiment a valuable extension of the Zeus series.
Figure 23 shows the lower portion of the core of the
CURIE experiment. The thicknesses of Teflon were care-
fully chosen to both bound and span the URR. They
range from 5/8 to 9/8 in. While the changes in thickness
between each of the five configurations are small, pre-
liminary results show they have significant differences in
sensitivities, thus pointing to successful optimization.
Rossi-alpha measurements were also taken for three of
the configurations, helping to better understand the neu-
tron spectrum across the range of configurations. These
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Fig. 23. Photograph of a portion of the CURIE experi-
ment on Comet.

supplemental measurements are an essential part of the
overall data sets. Despite operational slowdowns due to
COVID-19, measurements for this experiment concluded
in the summer of 2020 (Ref. 47). Evaluation of the
CURIE benchmark is in progress, and results will be
published in the ICSBEP handbook when complete.
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The results of the CURIE experiment not only will
provide improvements in nuclear data but also because of
their sensitivity to the URR will provide improvements
and validation to neutron transport codes. The codes use
varying approaches to address the URR, and all have
some level of approximation. As computations become
increasingly detailed and advanced, the codes use fewer
and fewer approximations. These changes lead to results
that are unvalidated. CURIE provides validation to the
new code methodologies that cannot be achieved without
an experiment specifically sensitive to the URR.

V.E. Thermal/Epithermal Experiments

Thermal/Epithermal eXperiments(TEX) is a series of
critical experiments at NCERC designed and executed as
a collaboration between LANL and Lawrence Livermore
National Laboratory. The TEX experiments address
nuclear data and validation needs for the criticality safety
and nuclear data communities by creating critical experi-
ments that span a wide range of fission energies, from
thermal to fast.

The TEX-HEU measurements used the Jemima
plates with various thicknesses of polyethylene modera-
tors to create a baseline set of critical configurations.*®
By using different thicknesses of polyethylene modera-
tors, the neutron energy spectrum of the experiment
changes from fast to thermal, including some mixed or
intermediate-energy spectra configurations. The thermal
and fast configurations are expected to closely match
calculated predictions, as the underlying nuclear data in
these areas are extensively measured, with relatively sim-
plistic data structure, and well validated with integral
experiments. Larger deviations from predictions are
expected for the intermediate and mixed configurations,
which have underlying data that are less well understood.
These baseline configurations were designed to later
incorporate additional materials of interest (diluents) to
generate integral benchmarks.

Five configurations were chosen to produce unique
neutron fission spectra. The baseline TEX-HEU experi-
ments consist of five configurations with varying
amounts of polyethylene moderator between each
Jemima plate, ranging from O in. of polyethylene to
1.5 in. of polyethylene. Figure 24 shows an example of
a TEX-HEU experiment with polyethylene moderators.
A 1-in. polyethylene reflector surrounded the stack of
Jemima plate—polyethylene units.

The baseline TEX-HEU experiments were performed
on Comet from February to June of 2020. Similar to
CURIE, these experiments were conducted despite
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Fig. 24. Photograph of the upper portion of the TEX-
HEU experiment on Comet with outer reflector removed.

operational slowdowns due to COVID-19. An additional
camera system was installed by NCERC personnel to
allow observers in the control room to see the crew
assembling the bare fuel. During high-power operations,
the cameras were removed; however, during low-power
operations, the cameras were left in place, and photo-
graphs of the display such as Fig. 25 were taken.
Benchmark evaluations of the TEX-HEU baseline experi-
ments are expected to be submitted to ICSBEP in Fall
2021. Future TEX-HEU configurations that include haf-
nium (Hf), chlorine, lithium, and other materials of inter-
est to the nuclear data or criticality safety communities
are planned and will be compared to the baseline
configurations.

Fig. 25. Photograph of the TEX-HEU experiment on
Comet viewed over new camera system.
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VI. CONCLUSION AND FUTURE WORK

The Comet vertical-lift machine has a long history of
versatility that has provided useful data for many pur-
poses. After moving from TA-18 to NCERC, Comet has
continued to play a role in the successful production of
useful data for ICSBEP benchmarks, proof-of-concept
testing for new reactor designs, and computational vali-
dation. The near-infinite experimental possibilities pro-
vided by the machine will continue to be vital, and further
experiments are being planned for execution in the near
future.

Future work includes the TEX-HEU-Hf experiment
and a critical experiment currently being designed to test
copper cross sections. Both are planned to be evaluated as
ICSBEP benchmarks. Adapters have also been con-
structed and tested to perform the Class Foils experiment
on Comet when Planet is being utilized for another
experiment. Last, an experiment under the Experiments
Underpinned by  Computational Learning  for
Improvements in nuclear Data (EUCLID) Laboratory
Directed Research and Development program may be
executed on Comet, with the goal of quick turnaround
on improvements to nuclear data and into users’
hands.**->°
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