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Micro-Pocket Fission Detectors (MPFDs) can be used to monitor a neutron flux within the core of a
nuclear reactor. When assembled into an array, MPFDs can be used to simultaneously monitor the neu-
tron flux at multiple locations within the reactor. One permutation of the MPFD is designed to be
deployed into an iron wire flux port, typical for most research and commercial reactors. A single
5-node MPFD array was fabricated at deployed into a dry flux port within the central thimble of the
Kansas State University TRIGA MKk. Il research nuclear reactor. The sensitivity of each MPFD node at oper-
ating voltages of +50 V, +100 V, and +200 V was observed and an optimal operating voltage of +100 V was
identified. No cross-talk was observed between instrument channels during real-time neutron flux mea-
surement. Linear power tracking and real-time response to reactor power were both observed between
10 kWth and 100 kWth reactor power.

© 2017 Published by Elsevier Ltd.

1. Introduction

Research nuclear reactors commonly utilize neutron-sensitive
radiation detectors located external to the reactor core to monitor
reactor power (Duderstadt and Hamilton, 1967; Knoll, 2010).
Advancements in nuclear reactor core modeling and computa-
tional capability have encouraged further development of in-core
neutron sensors. Measurement of the neutron-flux distribution
within the reactor core provides a more complete understanding
of the operating conditions in the reactor than ex-core sensors.
Solutions presently exist to monitor the neutron fluence during
reactor experiments; however, information regarding minute vari-
ations in flux due to local fuel burnup, control-rod motion, and
experimental effects are not captured. Testing and qualification
of new reactor materials would greatly benefit from a well-
defined experimental environment.

Small, accurate, and robust neutron-flux sensors are an impor-
tant development for the enhancement of advanced nuclear fuel
testing (Unruh et al., 2013). The environment within a nuclear
reactor core is not ideal for the operation of many types of radia-
tion detectors. The high-radiation fields of neutrons, gamma rays,
and beta particles quickly overwhelm most conventional radiation
detectors. Even specially developed neutron detectors (such as
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Self-Powered Neutron Detectors (SPNDs) and sub-miniature neu-
tron detectors) must make corrections to the measured data to
compensate for the significant burnup induced by neutron expo-
sure (Knoll, 2010; Imel, 1996; Blandin et al., 2003). Conventional
in-core sensors often utilize neutron-sensitive coatings with large
neutron absorption cross sections, whose presence can drastically
perturb neutron-flux near the sensor, skewing the results of the
experiment. Micro-Pocket Fission Detectors (MPFDs) possessed
advantages over conventional in-core neutron flux sensors due to
their size and low sensitivity. Pulse-mode discrimination of non-
neutron events in MPFDs is possible because of the small ioniza-
tion chamber size, and the extremely low sensitivity of the detec-
tors delays appreciable burnup effects until very high fluences. The
availability of small, robust neutron sensors capable of real-time
neutron flux measurements in the harsh environment of the
nuclear reactor will close the gap between experimental and theo-
retical nuclear engineering (Unruh et al., 2013).

Multi-nodal MPFD arrays are of particular interest for deploy-
ment into iron wire flux ports. In the past, only single-node sensors
were constructed and tested for this purpose (Reichenberger et al.,
2015). Advances in MPFD fabrication methods enabled the fabrica-
tion of a 5-node MPFD array which was subsequently tested in the
central thimble of the KSU TRIGA Mk. II research nuclear reactor.
Increasing the number of sensor nodes complicated the fabrication
process but improved the rigidity of the array. Neutron induced
pulses were observed on all five MPFD channels. Stability testing
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suggested that the detector response was sensitive to changes in
operating bias. Dynamic range testing was conducted to determine
if the array responded linearly to reactor power. During dynamic
ranging testing, linearity was only observed for power levels
<100 kWth, in contrast to previous detectors which operated lin-
early up to 750 kWth (Reichenberger et al., 2015). After the array
was removed from the reactor, post-irradiation examination
revealed that the array had been constructed using disks with elec-
trodes located too close to the anode and cathode wires, enabling
electrical current to flow at high ionization rates, producing non-
linear response at high reactor power.

2. Material and methods

Similar to other MPFD designs, the individual sensors which
constitute each of the five nodes for the flux wire array were con-
structed from two disks and one spacer (Reichenberger et al., 2015,
2016a, 2017). Each of the machined alumina disks measured
0.080-in. long x 0.040-in. wide and were fabricated with a pol-
ished face by NUCFIL, llc dba NFT® (NucFil, 2017). The faces of
the disks were polished using an extra fine grit diamond polishing
paste applied to a smooth surface for hand lapping. The two holes
in the disks were 0.020-in. diameter, large enough for the 26 AWG
nickel common cathode wire. Individual 32 AWG anode wires were
used for each node, providing a read-out electrode corresponding
to that node. An electron beam evaporator was used to evaporate
a 50 A titanium adhesion layer followed by a 500 A platinum,
0.020-in. wide, electrode onto one disk for each MPFD node, shown
in Fig. 1. A 0.020-in. thick alumina spacer was used to separate the
MPFD disks from one another producing a gas pocket for the ion-
ization chamber.

Each of five MPFD disks were electrodeposited using cyclic
voltammetry with 250 potential sweeps (Reichenberger et al.,
2016b). Alpha particle spectrometry was used to measure the mass
of uranium deposited on each sample, summarized in Table 1. The
variation in surface area for each electrode caused variations in the
amount of deposited material between samples.

Array fabrication began by straightening and cleaning each of
the five anode wires with acetone, isopropyl alcohol, and deionized
water. Afterward, silica insulation was threaded onto each anode
wire. The cathode wire was straightened and cleaned in a similar
manner and secured at one end to the 20-foot long assembly plat-

Fig. 1. Each MPFD node was composed of two disks (right) and one spacer (left).
Natural uranium was electrodeposited onto one of the disks.

Table 1
Alpha spectrometry was used to measure the activity of each sample and
subsiquently to calculate the mass of natural uranium deposited on each sample.

Node Uranium Mass (ug) Mass Error (tug)
1 (bottom of array) 0.09 0.006
2 0.05 0.005
3 0.07 0.006
4 0.12 0.007
5 (top of array) 0.09 0.006

form. Several 1-in. long sections of alumina insulation were
threaded onto the end of the cathode wire to provide spacing at
the bottom of the array, securing the location of the first MPFD
node one inch above the bottom of the array. The first MPFD was
assembled onto the cathode, shown in Fig. 2. The anode wire was
terminated using a 4-hole alumina spacer, threading the excess
portion of anode wire past the MPFD into one hole of the 4-hole
spacer and back through a second hole in the 4-hole spacer. Excess
anode wire was removed from the end of the 4-hole spacer to
reduce the likelihood of shorting with the flux well wall.

Four additional MPFD nodes were added in a similar fashion,
separated by one inch of alumina insulation on the common cath-
ode wire. An additional half inch of cap material for the flux well
was between the bottom of the central thimble and the bottom
of the MPFD array. Accounting for the additional cap material,
the MPFD nodes were located at positions 1.5in, 2.5in, 3.5in,
4.5in, and 5.5 in above core center when inserted into the central
thimble of the KSU TRIGA Mk. II research nuclear reactor. The lin-
ear array of MPFD sensors, shown in Fig. 3, was inserted into the
central thimble of the TRIGA MKk. II research nuclear reactor. The
array was distributed over only the top half of the reactor core
because the central thimble terminates halfway into the reactor
core.

The anode and cathode wires were left unbraided during the
MPFD fabrication process. After all five nodes had been assembled,
the remainder of the array was braided to improve the rigidness of
the array and reduce the likelihood of kinking or bending in the
individual anode wires during insertion. The ‘maypole’ braiding
method used to braid the MPFD array helps to reduce the inductive
coupling between the anode wires and the cathode wire while also
relying on the thicker cathode wire for structural integrity, shown
in Fig. 4. A thin quartz tube was added around the MPFD sensor
region of the array as an additional precaution to prevent shorting
between the terminated anode wires and the flux well wall, shown
in Fig. 5. Sufficient space remained at the top and bottom of the
quartz tube to allow for gas to flow into and out of the MPFD sen-
sors while creating an additional insulating layer between any pro-
truding anode wires.

Fig. 2. Each MPFD node was fabricated in-line with a common cathode design.
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MPFDs

Fig. 3. Five MPFD nodes were constructed in a linear array at the end of the
assembly.
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Fig. 4. Braiding the anodes around the cathode wire adds regidity to the array while
still allowing the array to bend through flux well tubes.

A vacuum purge/gas fill assembly was then added to the array
and the electrical feedthrough was assembled and connected to a
10-foot long extension cable, shown in Fig. 6. Additional tinned-
copper overbraid was added to the assembly, covering the elec-
tronic feedthrough to reduce RF interference. The flux well was
grounded to the preamplifier input ground through the cable
shield which was connected to the gas purge/fill system.

A three-way valve was used to connect a rough vacuum pump
and ultra-high purity Ar tank to the vacuum purge/gas fill system.

Quartz Tube

Extension Cable

Fig. 6. The electronic feedthrough and vacuum/gas fill pre-assembly were added to
the array along with a 10-ft extension cable before deployment.

Prior to array insertion, the flux well located within the central
thimble of the KSU TRIGA Mk. Il research nuclear reactor was evac-
uated with a rough vacuum pump and back-filled with ultra-high
purity Ar. Afterward, the array was inserted into the flux well as
shown in Fig. 7. The one-hour long vacuum purge and back-fill
with ultra-high purity Ar was repeated three times after insertion.

An MPR-16 preamplifier was set to 20 MeV mode and con-
nected to the MPFD emulator (Reichenberger et al., 2016c). The
shield of the cable connecting the MPFD array to the preamplifier
was connected to the input ground terminal on the MPR-16. The
MPR-16 output was connected to the MSCF-16 shaping amplifier
via 34-pin ribbon cable. The MPFD emulator was used to set
MSCF-16 parameters before connecting the MPFD array
(Reichenberger et al., 2016c). The MSCF-16 gain was set to 14,
shaping time set to 0.25 ps, and discriminator threshold set to
40, producing an emulated test pulse amplitude of 500 mV. Four
channels of operation were observed on an oscilloscope using the
analog output from the MSCF-16. The MSCF-16 ECL output was
connected to the Philips Scientific 726 signal translator. The NIM
output from the signal translator was connected to the NIMbox.
Custom LabView software was used to count digital pulses
received by the NIMbox. An MHV-4 high-voltage power supply
was connected to the MPR-16, providing a +200 V operating bias
to each MPFD node. The reactor power was increased to 10 kWth
and neutron induced pulses were observed, shown in Fig. 8. The
signal-to-noise ratio of 8 was recorded for the test configuration.
The amplitude of neutron-induced pulses varied but was typically
between 100 mV and 200 mV with pulse rise times of approxi-
mately 200 ns.

The analog output of the MSCF-16 was used to monitor MPFD
channels simultaneously on a 4-channel oscilloscope. Cross-talk
between channels can occur if the signal on one anode wire
induces a pulse on subsequent channels. After triggering the oscil-
loscope on a neutron-induced signal on one channel, all other
channels should be clear of any pulses in the immediate time vicin-
ity of the triggered pulse as shown in Fig. 9. Cross-talk testing was
conducted at 10 kWth reducing the possibility for coincident inter-

MPFDs

Fig. 5. A small quartz tube was added to the MPFD region of the array to reduce the liklihood of shorting between the anode terminations and the flux port wall.
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Pulse Rod
Drive

Fig. 7. The MPFD array was deployed into the central thimble of the KSU TRIGA Mk. II research nuclear reactor and a three-way valve was used to control the vacuum and

back-fill of UHPAT.
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Fig. 8. Neutron-induced pulses were observed above the electronic noise.

actions in multiple chambers which increases at higher reactor
powers. No cross-talk was observed.

After conducting preliminary observation of neutron-induced
pulses and checking for cross-talk at 10 kWth, reactor power was
increased to measure the change in detector response. Criticality
was established at 500 kWth and excessive current flow through
the HVPS was observed. Current flows from the HVPS as the oper-
ating bias is maintained in the sensor due to the motion of ioniza-

tion in the detector chamber. Typically HVPS current <1 pA was
observed for all reactor power levels. Excessive current flow
induces significant electronic noise in the system along the channel
through which the current is flowing, shown in Fig. 10. Both chan-
nels 1 (top) and 2 (second from top) in Fig. 10 exhibited noise from
current flow. The amplitude of the noise in both channels was suf-
ficient to exceed the discriminator setting, exaggerating the detec-
tor response. The current was most problematic when operating at
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Fig. 9. No cross-talk was observed between MPFD channels.
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Fig. 10. Two detector channels exhibited more noise than the other channels. In the oscilloscope trace depicted, channel 1 (yellow) and channel 2 (cyan) exhibited noise from

current flow in the sensor.

applied biases >100V, and increased in magnitude as reactor
power increased.

Subsequent analysis of the disks used to fabricate the 5-node
array suggests that the platinum electrodeposition substrate,
shown in Fig. 1, was located close enough to the anode and cathode
wires to provide a path for current to flow in the presence of high
amounts of ionization which that at elevated reactor power levels.
However, further testing was still possible by operating the detec-
tors at a lower applied bias by neglecting the noisiest of the detec-

tor channels and operating at reactor power levels at or below
100 kWth.

3. Results and discussion
Although lower biases reduced the HVPS current, the fifth MPFD

channel was still too noisy to produce relevant data. Therefore,
only data for the first four MPFD channels are presented here.
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Fig. 11. Detector response was not stable with only +50V applied bias. Measure-
ment error is depicted in the shaded region for each data set.
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Fig. 12. Using +200V applied bias caused a linear increase in detector response

with time on channels 1-3 and caused instability in channel 4. Measurement error
is depicted in the shaded region for each data set.
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Fig. 13. A stable response at constant power was observed with +100 V applied bias
over 25 min at 100 kWth reactor power. Measurement error is depicted in the
shaded region for each data set.
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Fig. 14. Increasing power transients were observed at reactor powers of 10, 25, 50,
100 kWth. Measurement error is depicted in the shaded region for each data set.
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Fig. 15. Four of the five MPFD node exhibited linear response rates with reactor
power, however the slope of the nodes differed.

The MPFD array was tested in a constant reactor power of
100 kWth with applied biases of +50, +100, and +200 V to deter-
mine which operating bias produced a stable detector response.
When a +50V applied bias was used, the detector response was
unstable, increasing in three channels, and decreasing on one chan-
nel over a 30-min measurement, shown in Fig. 11.

Next, the operating bias was increased to +200V and reactor
power was maintained at 100 kWth. The detector response was
not stable; all channels increased response rate over a 30-min
measurement period. Channel 4 exhibited a discontinuity in the
detector response during the measurement while channels 1-3
increased linearly throughout the measurement as shown in
Fig. 12.

Finally, the applied bias was decreased to +100 V while reactor
power was maintained at 100 kWth, yielding a stable response on
all 4 channels, shown in Fig. 13. An operating bias of +100 V was
utilized for the remaining test procedures. Detector response was
measured at reactor powers of 10 kWth, 25 kWth, 50 kWth, and
100 kWth in sequence. Reactor power was maintained for 5 min
at each power level. Real-time MPFD response for four channels
during the experiment, including all four reactor power levels,
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show power tracking between steady-state conditions, shown in
Fig. 14. Power overshoot and temperature feedback were both
observed when the reactor power was increased to 100 kWth.
The counts from each five-minute measurement were summed
to determine the average detector response rate for each detector
channel at each power level. A linear detector response to reactor
power between 10 kWth and 100 kWth was observed, shown in
Fig. 15.

4. Conclusions

The development of MPFDs which can be inserted into an iron
wire flux port makes possible the deployment of MPFD arrays at
numerous other nuclear research facilities. Ongoing work includes
the deployment and testing of MPFDs at such research nuclear
reactor facilities. Presently, a single array was deployed for prelim-
inary testing of the insertion mechanism and electronic support
system. Sensitivity to operating voltage was observed for the test
MPEFD array and a preferred operating voltage of +100 V was deter-
mined. Steady-state operation and linear response to reactor
power were tested for the test MPFD array deployed in the central
thimble of the KSU TRIGA MKk. Il research nuclear reactor. Real-time
operation of the MPFD array tracked changes in reactor power, and
exhibited temperature feedback characteristics expected for a
TRIGA reactor.

Fabrication defects were identified which reduced the capabili-
ties of the test MPFD array to operate at elevated reactor powers.
Further attention to the fabrication process will continue to
improve the reliability and versatility of MPFDs. Advances in the
electronic support system and MPFD fabrication methods have
already enhanced the deployment capabilities of MPFD arrays into
small flux ports. Continued research and development will
improve the reliability of the instrumentation systems and reduce
the challenge of procuring and testing such experimental devices
at nuclear reactor facilities.

Acknowledgements

MPFDs were fabricated at the Kansas State University Semicon-
ductor Materials and Radiological Technologies laboratory (Man-
hattan, KS) and tested at the Kansas State University TRIGA Mk.
Il research nuclear reactor facility (Manhattan, KS).

References

Blandin, C., Breaud, S., Vermeeren, L., Webber, M., 2003. Development of new sub-
miniature fission chambers: modelling and experimental tests. Prog. Nucl.
Energy 43, 349-355.

Duderstadet, J., Hamilton, L., 1967. Nuclear Reactor Analysis. Wiley.

Imel, G., 1996. Performance of Hafnium and Gadolinium self powered neutron
detectors in the TREAT reactor. Nucl. Instrum. Methods Phys. Res., Sect. B 111,
325-336.

Knoll, G., 2010. Radiation Detection and Measurement. Wiley.

NuckFil, LLC dba NFT, “NFT,” NucFil, LLC, 2017. [Online]. <http://www.nftinc.com/>
(Accessed 19 1 2017).

Reichenberger, M., George, T., Fronk, R., Ugorowski, P., Geuther, ]., Roberts, ., Ito, T.,
Vo-Le, H., Stevenson, S., Nichols, D., McGregor, D., 2015. “Advances in the
Development and Testing of Micro-Pocket Fission Detectors (MPFDs).” In: IAEA
International Conference on Research Reactors: Safe Management and Effective
utilization, Vienna, Austria.

Reichenberger, M.A., Unruh, T.C., Ugorowski, P.B., Ito, T., Roberts, ].A., Stevenson, S.
R., Nichols, D.M., McGregor, D.S., 2016a. Micro-pocket fission detectors (MPFDs)
for in-core neutron detection. Ann. Nucl. Energy 87, 318-323.

Reichenberger, M.A,, Ito, T., Ugorowski, P.B., Montag, B.W., Stevenson, S.R., Nichols,
D.M., McGregor, D.S., 2016b. Electrodeposition of uranium and thorium onto
small platinum electrodes. Nucl. Instrum. Methods Phys. Res., Sect. A 812, 12—
16.

Reichenberger, M.A., Unruh, T.C., Geuther, J.A., Nichols, D.M., Sobering, T.]., Roberts,
J.A., Ugorowski, P.B., McGregor, D.S., 2016. “Electronic Support System
Enchnacements for Micro-Pocket Fission Detectors (MPFDs).” In: Conf. Proc.
IEEE Nucl. Sci. Symp., Strassbourg, FR.

Reichenberger, M.A., Nichols, D.M., Stevenson, S.R., Swope, T.M., Hilger, CW.,
Roberts, J.A., Unruh, T.C., McGregor, D.S., 2017. Fabrication and testing of a 4-
node micro-pocket fission detector array for the Kansas State University TRIGA
Mk. II research nuclear reactor. Nucl. Instrum. Methods Phys. Res., Sect. A.
Submitted.

Unruh, T., Remp, J., McGregor, D., Ugorowski, P., Reichenberger, M., 2013. “NEET
Micro-Pocket Fission Detector - FY 2013 Status Report.” Idaho national
Laboratory.


http://refhub.elsevier.com/S0306-4549(17)30237-2/h0005
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0005
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0005
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0010
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0015
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0015
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0015
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0020
http://www.nftinc.com/
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0035
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0035
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0035
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0040
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0040
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0040
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0040
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0050
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0050
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0050
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0050
http://refhub.elsevier.com/S0306-4549(17)30237-2/h0050

	Fabrication and testing of a 5-node micro-pocket fission detector array for real-time, spatial, iron-wire port neutron-flux monitoring
	1 Introduction
	2 Material and methods
	3 Results and discussion
	4 Conclusions
	Acknowledgements
	References


