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Micro-Pocket Fission Detectors (MPFDs) are under development for in-core neutron flux measurements
at the Transient REActor Test facility (TREAT) and in other experiments at Idaho National Laboratory
(INL). The sensitivity of MPFDs to the energy dependent neutron flux at TREAT has been determined
for 0.0300-um thick active material coatings of 24*Pu, 232Th, natural uranium, and 93% enriched 23°U.

Self-shielding effects in the active material of the MPFD was also confirmed to be negligible. Finally, fis-
sion fragment energy deposition was found to be in conformance with previously reported results.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

First operated in 1959, the Transient REActor Test facility
(TREAT) at Idaho National Laboratory (INL) is capable of executing
reactor pulses up to 20 GWth (Imel, 1996; Campell, 2016). The
TREAT reactor has an air-cooled reactor core comprised of 329 reg-
ular fuel assemblies, each with a 1.2 m fueled region containing a
dilute graphite/UO, fuel mixture (Imel, 1996). Test ports within
the core can be used to subject experimental test assemblies to a
wide range of conditions, most significantly to extreme transient
conditions similar to those experienced during an accidental posi-
tive reactivity excursion at a nuclear power facility (Campell,
2016). The effort to develop accident tolerant fuel has increased
interest in restarting the TREAT facility which ceased operations
in 1994. Experiments are already being designed to utilize the
TREAT facility following the restart. A determination of the neutron
flux during transient experiments is necessary to properly charac-
terize nuclear fuel and materials for advanced reactor designs. Self-
Powered Neutron Detectors (SPNDs) have been previously
deployed for the high thermal neutron flux (up to 10’ ncm2s™ ')
during transient experiments at TREAT (Imel, 1996), however
alternative methods for neutron detection using an advanced fis-
sion chamber design are under investigation.

Micro-Pocket Fission Detectors (MPFDs) have been constructed
and tested at other nuclear research facilities in the past, success-
fully tracking neutron flux as high as 10'> n cm~2 s~! during power
transients (Reichenberger et al., 2015). Continued development
and validation of MPFDs at nuclear reactor test facilities (including
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TREAT) is an important enhancement of advanced reactor testing
(Unruh et al,, 2013). Gamma-ray discrimination, small size, and
minimal neutron field perturbation are the primary advantages
of MPFDs (Reichenberger et al., 2016). In contrast to most other
in-core instruments designed for high-neutron-flux operation,
MPFDs can operate in pulse-mode, allowing for the contribution
from non-neutron-induced events to be easily discriminated
against (Reichenberger et al., 2016). Their small size also enables
MPFDs to be assembled into arrays with multiple detectors in close
proximity. This feature is of particular interest for a transient test-
ing experimental design that is under development, called the
Multi-Static Environment Rodlet Transient Test Apparatus
(SERTTA) (Woolstenhulme et al., 2016).

Testing of experimental fuel under accident conditions is an
important step in qualifying new reactor fuels and validating oper-
ating conditions for advanced reactor designs (Jensen et al., 2016).
MPFDs will be deployed along with other advanced instrumenta-
tion in the Multi-SERTTA vehicle in the central test channel in
the TREAT reactor as shown in Fig. 1.

The objective of this study was to determine the expected neu-
tron sensitivity and subsequent detection efficiency for MPFDs
deployed in the Multi-SERTTA test at TREAT. The maximum
expected operating frequency for pulse-mode electronics is esti-
mated to be approximately 250 kHz. If the interaction rate of neu-
trons in an MPFD during a TREAT pulse exceeds the maximum
operating frequency dead-time will degrade detector operation,
possibly even paralyzing the sensor. The expected detector sensi-
tivity can be calculated by determining the fission rate in the active
detector region by Eq. (1). The detector efficiency € is obtained by
dividing the fission rate, i.e., the product of the total fission cross
section >y and energy dependent neutron flux ¢ integrated over


http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2017.02.017&domain=pdf
http://dx.doi.org/10.1016/j.anucene.2017.02.017
mailto:mar89@ksu.edu
http://dx.doi.org/10.1016/j.anucene.2017.02.017
http://www.sciencedirect.com/science/journal/03064549
http://www.elsevier.com/locate/anucene

192 V.K. Patel et al./Annals of Nuclear Energy 104 (2017) 191-196

TREAT Core

Experiment Side View

Experiment Top View

+ MPFD

Fueled
Experiment

Experiment
Pressure
Vessel

Fig. 1. Multi-SERTTA and included MPFD assembly will be deployed within the central test channel at TREAT.

all energies and active detector volumes by the total flux, i.e., the
energy-integrated neutron flux as

Jev > _@dEdV

f

In order to numerically perform the integrations in Eq. (1), the
energy-dependent neutron flux and fission cross sections must be
determined for the experiment under consideration. MCNP6 was
used to determine the energy-dependent neutron flux and to deter-
mine the fission rate within the MPFD. ENDF/BVII.1 cross-section
libraries at 300 K were used for transport.

Table 1
Dimensions and materials for the MPFD model were determined by the most current
MPFD design.

Description Label Type Dimension (cm)
Alumina Casing D2 Alumina 0.47

T2 0.15
Wire D1 Alumel 0.041

R1 0.1675
Sheath H2 Inconel-625 2.06

T1 0.03
Ionization chamber D3 Ar gas 0.2

T3 0.2
Window H1 Ar gas 0.1

Wi 0.1
Titanium layer T6 Ti 5.00E-07
Platinum layer T5 Pt 5.00E-06
Active layer T4 Varies Varies

2. Material and methods

Dimensions for the MPFD array were determined based on esti-
mates from the evolving design as described Table 1, and depicted
in Fig. 2. The MPFD design consists of neutron sensitive material
which is deposited onto thin Ti/Pt substrates within the sensor
gas volume. Along both sides of the gas chamber run parallel elec-
trodes which are used to measure the ionization within the gas
chamber from fission fragments (Reichenberger et al., 2016). The
bulk of the MPFD is constructed from insulating alumina (Al,03),
which is chosen for its radiation hardness and high-temperature
stability. The MPFDs are stacked, with the electrode wires for each
detector off-set from one-another by 45° to allow readout of 4 sen-
sors simultaneously. The MPFD array is encapsulated within an
Inconel-625 sheath, and connected to custom-made extension
cable (not modeled) of similar materials. The MPFD model was
developed in MCNP and inserted within the Multi-SERTTA model
depicted in Fig. 1.

The problem was ran in source mode (NPS) to decrease compu-
tation time and increase statistical accuracy when performing
parametric calculations of various MPFD properties. The neutron
source distribution within the TREAT core was determined using
the surface source write (SSW) feature in MCNP with an eigenvalue
(KCODE) calculation to determine energy dependent angular flux
in the experiment region. In order to verify that the flux generated
by the KCODE was correct, an NPS calculation was performed using
the KCODE surface flux and the flux in the water surrounding the
experiment was tallied. The values calculated by MCNP are nor-
malized per source particle with the source particles being fission
neutrons. The tally results were multiplied by a scaling factor to
correlate with physical values. The scaling factor used for flux
and fission rate tallies was
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Fig. 2. The MPFD array model was developed for MCNP with dimensions determined by the most current MPFD design.
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where Power was the reactor power in watts and the number of
neutrons per fission determined from MCNP simulation results.

The fission-rate within the active volume of the sensor is not
the only factor that affects the detector sensitivity, ion energy
deposition must also be considered. No fission fragments are
expected to deposit their full energy into the ionization gas
because of the small size of MPFDs (McGregor et al., 2005). Thick
active material layers will also reduce the likelihood that fission
fragments will reach the gas. As with all fission chambers, thick
conversion material layers decrease detector sensitivity by attenu-
ating reaction products (Knoll, 2010). A previous methodology was
adapted to transport fission fragments in MCNP in order to deter-
mine the energy deposition in the MPFD chamber (Borella et al.,
2013). An additional MCNP model of a single MPFD with a fission
source in place of the active layer of the sensor as illustrated in
Fig. 3.

Although multiple active layers may be used for MPFDs, only a
single layer was modeled for the simulation. The MCNP source
sampled single fission products from the appropriate fission yield,
and with associated total initial energies, emitted isotropically in a
uniform spatial distribution within the active layer. Rather than
generating fission fragment pairs, MCNP6 only samples individual
fission fragments. By sampling single fission fragments, the total
energy of each fission event is not conserved in the simulation. Fis-
sion fragment yields for thermal (0.0253 eV) fission of 23°U were
taken from the ENDF/B-VII.1 database (Young et al., 2011). There

2.437neutrons
taHYfactor =

fission ) « Power(W)

= 7.60517610( > « Power(W) (2)

Fig. 3. An MCNP model of a single MPFD was used for the ion-transport simulation.

are 998 fission products in the ENDF data, but not all of these are
available to transport in the set of 2235 heavy ions that can be
transported in MCNP. The intersection of the two ion sets allows
for a total of 694 fission product ions to be tracked in MCNP, and
represents 97.8% of the total fission yield. A small bias could exist
if the 2.2% of untracked ions are not randomly disturbed, however
the untracked ions have a similar energy distribution to the trans-
ported ions and can be safely neglected. Simple relations for fission
fragment energy do not exist, however the total kinetic energy
model (TKE(A)) as shown in Fig. 4 can be used to approximate
the energy distribution of fission fragments based on their mass
number (AliAdili, 2013).
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Fig. 4. Fission fragment energy varies with mass number of the fission fragment
(AliAdili, 2013).

An MCNP F8 pulse height tally was used to determine the
energy spectrum expected to be measured in the working gas
and an MCNP xF8 tally was used to determine the total energy
deposited into the gas by fission fragments. The total number of
fission fragments entering into the gas region as a function of
active layer thickness was also recorded. For normalization pur-
poses, the fission rate (heavy ion production rate) within the active
layer was taken from previous source mode calculations.

3. Results and discussion

The results of the KCODE and NPS comparison of neutron-flux
energy profiles in the water surrounding the experiment are
depicted in Fig. 5. The two results agree very well except in the
ultra-cold neutron energy region where statistics were poor,
though this region is less important for the present work. The
NPS method was used for the remaining simulations due to the
speed of execution. As a comparison, the KCODE simulation
required 25 h to execute on 480 cores whereas the NPS simulation
executes in 11 h on 120 cores to achieve less than 3% statistical
uncertainty in the fission rates in the MPFD active layer, and 1 h
on 120-cores to achieve less than 10% uncertainty for parametric
runs.
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Fig. 5. The flux profiles calculated using KCODE and NPS simulations agree.

The NPS flux profile was next used to determine the fission rate
in MPFDs with different active material compositions and thick-
nesses. First, the fission rate of MPFDs with a uniform active layer
thickness of 300 A were compared. Four fissile coatings were con-
sidered: 24?Pu, 232Th, Natural uranium, and 93% enriched 2>°U. The
neutron fission cross sections for each of these materials are
depicted in Fig. 6. The fission cross-section for 23U is much higher
in the thermal region than the other three isotopes. Thorium has a
fission cut off energy of 2-MeV, below which no fission occurs. For
fast-neutron sensitivity, 23?Th and 2%?Pu were considered.
Although 2*2Pu has a very small fission cross section in the thermal
energy range, 232Th has a negligible fission cross section below
2 MeV. Thermal neutron sensitivity was of interest for both natural
and enriched uranium. Natural uranium is less regulated and sim-
plifies the MPFD manufacturing process while enriched 23°U has a
very large fission cross section for thermal neutrons. Natural ura-
nium is currently being used for MPFD design and preliminary
testing, however a comparison of sensitivities was necessary to
determine if enriched 23U is necessary for the experiment. The
neutron energy spectrum for the TREAT core was determined with
MCNP where the fast to thermal flux ratio was found to be 0.5 as
shown in Fig. 5. The calculated sensitivities for each material were
determined using MCNP and are summarized in Table 2. Specifi-
cally, the 24?Pu and 232Th were modeled as pure materials, whereas
the natural uranium was 0.72 a% 23°U with the balance being 233U
and enriched uranium was 93 a% 23>U with the balance being 238U.
The simulated sensitivities are the same magnitude as the approx-
imate analytical values and the simulated sensitivities were all
smaller than the analytical values.

Next, the correlation between active material layer thickness
and detector sensitivity was studied. Active layer thicknesses were
observed to linearly increase MPFD sensitivity between 300 A and
10,000 A suggesting that there is no self-shielding effects for
MPFDs, corroborating previous results (Reichenberger et al,
2016; Filiatre et al., 2008). The observed linearity is expected
because the sensitivity directly increases with mass which is lin-
early correlated to the volume of the active material. The sensitiv-
ity of an MPFD is sufficiently low to neglect self-shielding effects in
the TREAT core.

The effects of various Ti and Pt layer thicknesses were also
determined. The expected thicknesses of these two layers are very
thin, and should not affect the neutron flux in any meaningful way.
In order to verify this assumption, the fission rate in MPFDs for thin
layers (10 A Ti/300 A Pt) and thick layers (200 A Ti/1000 A Pt) were
compared. No statistical difference in fission rate was observed.

Finally, the energy deposition of fission fragments into the ion-
ization chamber of the MPFD was studied. Although increased
fission-rate can be achieved with thicker active material layers,
the effect of active material thickness on fission fragment penetra-
tion into the ion chamber must be considered. Fission fragments
have very high specific energy deposition after birth from fission
(Reichenberger et al., 2016). Penetration depth for fission frag-
ments is commonly <10,000 A in most solids, however fission frag-
ments can travel several centimeters in gases (Reichenberger et al.,
2016). The MPFD ionization chamber should be sufficiently large to
allow for the deposition of >3.5 MeV of energy (on average) by
fission-fragments, while suppressing the energy deposition from
other radiation in the core (Reichenberger et al., 2016). Both the
number of fission fragments entering into the ionization chamber
and the energy deposition of the fission fragments were investi-
gated by simulation in MCNP. The variation of the rate of fission
fragments into the ionization chamber with different active mate-
rial thicknesses is depicted in Fig. 7. Increasing active material
thickness reduces the likelihood that a fission fragment born
within the layer is able to escape into the MPFD ionization cham-
ber. However, this reduction in surface flux is counter-acted by the
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Fig. 6. Different materials were considered for fast-neutron and slow-neutron sensitivities.

Table 2
MPFD sensitivities in the TREAT core for 0.030 um thick
active layer.

Material

242Pu

232Th

Natural uranium
93% enriched 233U

Simulated sensitivity (cm?)

7.69E-10+2.31E-11
1.68E—11 £6.93E-13
2.85E-09 +4.49E-11
4.05E—-07 + 5.42E-09
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Fig. 7. The active material thickness has very little effect on the MPFD sensitivity
for thicknesses <2500 A.

increasing sensitivity of the sensor. Normalizing the crossing rate
with fragment production rate shows that there is very little
decrease in the sensitivity of the detector with active material lay-
ers <2500 A in thickness as illustrated in Fig. 7. The active material
thickness also affects the average ionization energy deposited by
fission fragments as depicted in Fig. 8. As the active material thick-
ness increases, the fission fragments, on average, travel through
more material before entering into the ionization chamber, losing
energy long the way. Once again however, this effect is insignifi-
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Fig. 8. The active material thickness has very little effect on the fission fragment
ionization in the gas chamber for thicknesses <2500 A.

cant for thicknesses <2500 A. The energy deposited into the cham-
ber gas per fission fragment as a function of energy bins is shown
in Fig. 9.

4. Conclusions

The current MPFD design for tests at the TREAT facility was
modeled in MCNP and tested in the neutron flux profile expected
for that reactor. The MPFD sensitivities for 2#?Pu, 232Th, natural
uranium, and 93% enriched 23°U were calculated and reported for
the TREAT neutron flux profile. Compound sensors have been pro-
posed which utilize both natural uranium and thorium coating in
MPFDs(Unruh et al., 2013). In the TREAT reactor, the expected sen-
sitivity of an MPFD with a 300-A thick natural uranium fissile layer
is 2.85E—-09 + 4.49E—11. Similarly, the expected sensitivity of an
MPFD coated with a 300-A thick 232Th layer is 1.68E—11%
6.93E—13. These results indicate that the expected interaction rate
of the fissile coating of an MPFD during peak flux levels of a TREAT
pulse will exceed the operational range of traditional pulse-mode
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Fig. 9. Energy deposition in counting gas from fission fragments which escape the
fissile coating layer into the ionization chamber for a 300 A active layer thicknesses.

operation. Subsequently, current-mode electronics are being
developed for transient testing of MPFDs. The variation of electrode
thickness, active material thickness, and material were all
examined.
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