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1. INTRODUCTION

1.1 Motivation

Along with advanced generations of reactors quickly becoming reality, the need for instrumentation to pro-
vide reliable information for their safety and operation is also becoming relevant. Instrumentation-wise,
molten salt reactors (MSRs) represent an especially challenging case in which detectors must survive ex-
treme temperatures, high amounts of radiation, and a highly corrosive coolant. Adding to the complexity,
tight material control and accounting must be maintained with any special nuclear material (SNM), a prac-
tice made more difficult by the nature of a loop of flowing fuel.

Alpha spectroscopy offers a unique window into investigating the isotopic concentrations of actinides within
just such a molten salt environment. The characteristic @ emissions of specific actinide isotopes in the salt
enable quantification of their concentrations. Semiconductor devices based on wide bandgap materials such
as silicon carbide and gallium oxide can withstand the extreme temperatures within MSRs and offer good
chemical stability with the corrosive salt. Collaborators at The Ohio State University are fabricating and
testing a 8 gallium oxide « particle sensor that could identify actinide concentrations within the fuel salt to
help improve the material control and accounting required for complicated system inherent to MSRs.

1.2 Potential Users

Several reactor developers will benefit from development of this detector. FLiBe Energy, Kairos Power,
and Alpha Technologies are all developing MSRs that require instrumentation for salt species tracking. A
comprehensive understanding of the thermophysical and thermochemical properties, species tracking, and
monitoring corrosion development will directly impact the performance of an MSR.

1.3 Effects of Radiation on Electronics

Alpha spectroscopy signals typically occur on the order of ~10 nA. These small signals are easily lost in
lengthy cabling, and the electronics required to support alpha detectors must be placed in close proximity to
their supporting electronics to have an adequate signal-to-noise ratio (SNR).

Semiconducting electronic devices degrade as a result of high temperature and radiation. Neutron radiation
has multiple damaging effects that will impact the performance of electronics. Neutrons displace the atoms
within the lattice structure, creating defects, increasing resistivity, reducing carrier lifetimes, and activat-
ing the material through neutron capture. In the case of silicon, § decay post neutron capture will create
phosphorus, thus increasing the dopant profile of the material while also releasing S particles and vy rays.

Ionizing radiation generates electron hole pairs along its incident path. This creates charge trapping centers
in the insulating materials and overlays of semiconducting devices, thus influencing their operation through
changes in threshold voltages and leakage currents. Single-event upsets are introduced through the rapid
accumulation of charges and currents in devices, thus creating transient errors flipping the Boolean logic



states of digital systems. Wide bandgap semiconducting materials such as silicon carbide (SiC) and gal-
lium nitride (GaN) have been of particular interest in the radiation-hardened electronics community because
of (1) the higher energy required to excite electrons from the valence band to the conduction bands and
(2) the increased voltage breakdowns. These factors support the impetus for increased semiconductor dop-
ing. SiC-based metal-oxide-semiconductor field-effect transistors (MOSFETSs) and junction-gate field-effect
transistors (JFETs) have been shown to increase their resistance to neutron fluence by an order of magnitude
over silicon (Si)-based devices [1]. However, SiC-based power MOSFETSs have decreased neutron ratings as
a result of associated single-event burnouts from ionization trails [2—6]. GaN-based high electron mobility
transistors (HEMTs) have been shown to tolerate roughly twice the total ionizing dose (TID) of comparable
Si devices [7-11].



2. MSR ENVIRONMENT

A detailed neutronics model of a conceptual design of a MSBR was recently completed to analyze the
biological neutron dose rate in the reactor cell [12]. This model represents one of the best estimates for the
expected neutron flux values for instrumentation and electronics and is the assumed reactor model for this
report. Figures 1 and 2 show the MSBR cell and heat exchangers [12].
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Figure 1. MSBR cell area with heat exchangers and salt pumps.

Figure 2. Radial view of MCNP model of MSBR cell. Region 1 shows the fuel salt exiting the pump,
Region 2 shows the homogenized mixture of fuel and coolant within the heat exchanger, and Regions
3 and 4 show the hot and cold legs of the coolant salt.

The modeling process determined the expected neutron flux and biological dose rates in and around the
reactor cell. The values of the neutron flux for the gallium oxide « sensor and electronics were obtained
from the edge of one of the heat exchangers, as shown in Figure 3 [12].
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Figure 3. Neutron flux (n/ cm? - 5) at core center plane.

These values range from ~10°—10° depending on the exact placement within the heat exchanger. The gal-
lium oxide sensors themselves will be in contact with the fuel salt for measurement purposes, thus it is
assumed that the device will experience the greatest flux value of 10° n/(cm?-s).

In general, if it is assumed that the damage in gallium oxide is approximately equal to the damage in SiC,
then the devices will reach 10'4 n/cm? in ~1 day and 10'6 n/cm? in ~230 days.

In addition to neutrons, the detector will also be experiencing high levels of y, @, and S radiation. The
relative fluxes experienced by the device will be influenced by the fission products within the fuel salt as
well as the detector’s placement. Argonne National Laboratory is currently conducting a detailed analysis
for vy rays similar to that conducted for neutronics modeling. The a flux will contribute some to the device’s
radiation damage, depending on the flux, but it will also impact the device’s sensor performance. Semicon-
ductor detectors require a refractory period after an event during which charges move out of the depletion
region in the device. If a second pulse arrives before the end of this period, the detector will not be able to
differentiate between events resulting in an effect called pile-up. As most acquisition systems reject pile-up
events whenever possible so as not to create erroneous peaks in the spectrum, this results in detector dead
time. Therefore, if the @ flux is too high then the device will experience significant dead time and pulse pile
up that will degrade the sensor’s resolution and ability to determine isotopic concentration.



3. PATH TO TEMPERATURE AND RADIATION-HARDENED FRONT END ELECTRONICS

3.1 Radiation Effects on Electronics

Both ionizing radiation and neutron bombardment influence material conductivity, leading to variations in
electronic component parameters and parasitics. lonizing radiation increases the conductivity of materials
through free carrier production. Increased conductivity leads to increased leakage currents across dielectric
(insulating) materials, which in turn leads to decreases of SNR across lengthy cables and second-order
changes in the dielectric constant of capacitors. Through the displacement of atoms in a material’s lattice
structure, neutrons decrease the conductivity of the material. Decreased conductivity (increased resistivity)
results in power losses in lengthy cables.

In general, passive components are relatively resistant to radiation effects. Resistors may have minor varia-
tions in conductivity as a result of radiation, but these are typically within the standard device’s tolerances.
v heating has a greater effect on the performance of passive components. Capacitors with large temperature
coefficients can have large variations in capacitance when thermal expansion changes their geometry. Of
passive devices, capacitors are the most sensitive to radiation effects and have been shown to vary by greater
than 20% for a 1 MGy TID [13].

Modern electronics applications do not rely on passive devices alone: they also require amplifiers, switches,
and nonlinear devices. These basic electronic devices are built from solid-state semiconductors. Semicon-
ductors are the prominent point-of-failure in irradiated electronics circuits. An electronics engineer must
consider semiconductor physics and radiological effects, susceptibilities, and the limits of semiconductors
respective of the intended radiological environment. In brief, Table 1 provides an overview of the neutron
degradation of selected discrete active devices through the associated device fluence limits and the dis-
placement damage effects on the present state-of-the-art (SoA) devices. Similarly, Table 2 summarizes the
y-accumulated dose effects on devices and their respective TID limits. The information in these tables ad-
dresses the maximum limits of these devices: not all devices in a category will survive these limits, and not
all will be useful for every application. More information on device physics, radiation failure mechanisms,
and limits can be found in the literature [14, 15].

Table 1. Neutron displacement damage on Si device technologies [14]

Max fluence

Type Displacement effects

(n/em?)
Diodes 1013 — 101 Increased leakage currents, increased forward voltage threshold
LEDs 102 - 10" Reduced light intensity
BJTs 1013 Current gain degradation
JFETs 104 Increased channel resistivity, decreased carrier mobilities
MOSFETs 1013 Increased channel resistivity, decreased carrier mobilities
CMOS 101 Increased channel resistivity, decreased carrier mobilities




Table 2. Gamma TID damage on Si device technologies [14]

Type TID (Gy) TID Effects

Photodiodes 10* - 10° Increased photocurrents

LEDs 10°-10°  0.25 dB attenuation

BITs 10° - 10° Current gain degradation and increased leakage currents
JFETs >10° Minimal observable effects

MOSFETs 10* Increasing threshold voltage and leakage currents
CMOS 109 Variations in threshold voltage and leakage currents

3.2 Pathways to Rad-Hard Electronic Systems

The roadmap (see Figure 4) for radiation-hardened (rad-hard) uses in reactor environments has three possible
paths: use of space-rated electronics, component-wise design through the use of commercial-off-the-shelf
(COTS) components without a radiation rating but with good chances for survival (such as JFETSs), or
development of fully custom rad-hard application-specific integrated circuit (ASIC) design.

Space-rated components have high technology readiness levels (TRLs) and are commercially available,
but they are typically irradiated to 3—10 kGy (Si) and rarely have any rated neutron limits. Because of
their availability, the design time and associated costs are relatively low. However, the device behavior
under irradiation, which is particularly critical for analog circuitry, may be omitted from their data sheets.
Performance of the necessary irradiation and associated verification procedures will result in significant
increases in system development costs.

Component-wise systems are developed by using COTS components with intrinsic radiation-resistant prop-
erties. For instant, JFETs, which do not have gate insulation, have withstood >1 MGy (Si) [1, 16,17]. In-
trinsically radiation-resistant components can be leveraged to develop a lower cost solution with a radiation
tolerance that is orders of magnitude greater than space-rated solutions. The design time required for these
systems and the associated costs can be low. However, the systems will require multiple irradiation evalu-
ations at the device and circuit levels, and the physical dimensions of the solution can be quite large. This
may result in multiple design iterations to locate suitable components or to compensate for radiation effects.

Designing fully custom rad-hard electronic integrated circuits (ICs), ranging from small-scale to very
large-scale integrated (VLSI) circuits, yields the greatest radiation (and temperature) tolerance for electronic
systems by using radiation-hardening by design (RHBD) and radiation-hardening by process (RHBP) tech-
niques. RHBD techniques consist of design principles on the architectural, circuit, and layout levels, and
they may incorporate redundancy and voting schemes such as triple-modular redundancy (TMR) or error
correction codes to reduce soft (recoverable) errors typically caused by large transient radiation [18-20].

RHBP focuses on device construction and the materials used in the fabrication process that increase radiation
resistance. Gate oxides, shallow-trench-isolation islands, and spacing oxides are susceptible to charge trap-
ping [21] and must be avoided in rad-hard electronics processes. Small feature size complementary metal
oxide semiconductor (CMOS) processes have led to an increase in the TID of Si semiconductors and ICs to
10 MGy [21]. Wide bandgap (WBG) semiconducting materials have been shown to withstand TIDs similar
to that of Si JFETs, with an increase of neutron fluence rating of 1-2 orders of magnitude [1,7,9,10,22-24].
This pathway is has the highest costs for design time and prototyping because it starts from a foundation-



ally low TRL. However, this design approach can produce circuits and systems with very high radiation
resistance at a low fabrication cost for reasonable volume production.
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Figure 4. Pathways to develop radiation-hardened electronic systems [25].



4. SCHOTTKY ALPHA DETECTOR

4.1 Principles of Operation

Semiconductor detectors, sometimes referred to as solid state detectors, generate most of their signal from
ionization events that create electron-hole pairs along the path of incident radiation [26]. These electron-
hole pairs are swept to contacts where they are collected by the internal and external applied electric fields.
Schottky radiation detectors are composed of several effective layers, as shown in Figure 5 [27]. The deple-
tion region (green) is the active detection region of the device. Its width is controlled by the bias voltage
denoted by Vy;.s. Diode detectors operate in the same manner as Schottky diodes, with a depletion region
formed by the exchange of charge carriers created by the differences in doping concentration within the
semiconductor.

(Vi)

Epitaxial
And

Bulk Regions

Figure 5. Diagram of a Schottky semiconductor detector outlining the effective regions in the device.
The depletion region (green) is the device’s active detection region, the width of which is controlled
by Vbias°

The depletion region acts as the effective sensing volume of the detector; therefore, all of the radiation energy
should ideally be deposited within this region for detection. Some small amounts of diffusion current outside
this region can be collected, but the charge diffusion lengths can vary for each device based on the material
and defect concentrations. The depletion region should be maximized to ensure that the incident « particles
are completely stopped within the region and that the metal contacts are minimized to reduce attenuation
of the @ particles. Because a particles are positively charged, they are highly interactive with the electron
clouds surrounding atoms and therefore have a very short path length through matter. For gallium oxide,
the expected range of a 5.486 MeV a-particle is approximately 14 microns, whereas the range of the same
energy « in SiC is 18.9 microns [27]. The implication is a thin detector will be highly efficient with a
minimum probability of « particle escape.



4.2 Options for Implementation

The short range of @ particles presents a challenge with the implementation of an « detector in a molten salt
environment. An « particle sensor must be exposed directly to the salt to perform actinide measurements.
As such, appropriate feedthroughs will be required to position the device so that the sensor face is immersed
in the salt. These types of devices have shown success in operation at elevated temperatures (500 °C) and
while immersed in molten salt [28,29]. The high linear energy transfer coefficient of « particles also results
in strong self-shielding effects. The self-shielding causes a significant broadening in the observed energy
spectrum. A broadened spectrum makes it difficult or impossible to resolve between « particles of different
energies, compromising the detectors ability to determine the isotopic concentration of molten salt. One
possible solution is to use a small salt channel off the side of the main molten salt pipe, which would serve
to greatly reduce the source thickness. Additional system longevity could be achieved if the smaller salt
channel were used alongside shielded electronics.

To increase the efficiency of any end detector, the volume of the detection region must be maximized. Should
more detection efficiency be required, a pixelated detector array could be used to increase the effective
detection area of the sensor, as shown in Figure 6.

D1 D2 D3
D4 D5 D6
D7 D8 D9

Figure 6. Diagram of a pixelated Schottky semiconductor detector: D1, D2, etc., depict individual
diodes.

Semiconductor detectors such as Schottky diodes are not only sensitive to @ radiation. They are also sen-
sitive to x-ray, B, ¥, and neutron radiation, all of which will be present in varying magnitudes in an MSR
environment. These other forms of ionizing radiation could impact the deadtime and noise floor of the
sensor, depending on the magnitude of the other radiation sources. Possible solutions to this dilemma take
advantage of the short penetration depth of @ particles. One method is to have a purposefully thin detector
and tune the depleted region’s depth to « particles specifically. Because the other forms of radiation out-
lined above are more penetrating, many of them will not be fully stopped within the active region of the
detector. A second option is to use multiple diodes, perhaps in the similar tiled configuration as shown in
Figure 6, with some of the diodes coated in a medium to block « radiation while still being permissive to
other radiation types. These blocked diodes could then be used as background subtraction.

If device background proves to be problematic and high event rates are troublesome, pixelated detectors
could be combined with background subtraction tiles with other y ray detectors. If this composite detector
is placed in a ring around the beam pipe, then it could be used to detect @-y coincidences as a form of active



background rejection. Of course, the @ detection portion of the detector would need to be in contact with
the molten salt, but the y detection portion would not have such a requirement.

4.3 Detector Location

A suitable location for the detector system could be on the cold leg of the molten salt loop, on the cold side
of the heat exchanger. Temperatures would be slightly lower there, thus boosting system longevity, and dose
rates would also be lower on the periphery away from the core. For lithium-fluoride beryllium-fluoride salt
(FLiBe) specifically, this temperature would be int he range of 400-500 °C, which is a significant decrease
from 800 °C.
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5.  ACQUISITION ELECTRONICS

5.1 Conventional Acquisition Systems

Detectors meant for spectroscopy are traditionally read out by a fast charge sensitive pre-amplifier, the basic
diagram of which is shown in Figure 7. This serves to amplify and convert the signal from a current pulse
to a voltage pulse and to boost SNR. If the acquisition is analog, then the signal is then shaped with a
shaping amplifier which produces an output voltage pulse with a height proportional to the area of the input
voltage pulse. This will also improve the SNR by removing high-frequency noise at the cost of significantly
increased instrument dead-time and consequentially missed events. The signal may then be read in by
a multi-channel analyzer (MCA). If digital acquisition is preferred, then the signal is sent directly from
the pre-amplifier to a digitizer, which is composed of an analog-to-digital converters (ADCs) and a field
programmable gate array (FPGA). The signal is then shaped within the FPGA with a trapezoidal filter.
Digital shaping serves the same purpose as with a shaping amplifier, providing an ADC value proportional
to the area underneath the incoming pulse. Digital acquisition has the benefit of being more a compact,
lower dead-time system capable of reading in and time correlating many channels simultaneously.

Ve
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Figure 7. Circuit diagram of a charge sensitive preamplifier.

5.2 Recommendations
5.2.1 Acquisition Layout/Location

Because of the short distance « particles travel through matter, the o detector itself must be in contact with
the molten salt. SiC detectors have shown success with immersion of a 550 °C molten salt environment,
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successfully operating as an a detector after being withdrawn from the environment [28,29]. The output of
the detector will pass through a feed-through in the side of the pipe to a shielded box a short distance away.
The shielded box will host JFET-based pre-amplifiers and possibly high voltage power supplies for each
detector channel. The pre-amplified signal from the detector will then be sent to a digital acquisition system
located some safe distance away in a low-radiation low-temperature area.

Close placement of the pre-amplifier electronics to the « detector diode is critical. The charge from the
detector would easily be lost in the noise of a lengthy cable as a result of electromagnetic interference (EMI)
and capacitive cable parasitics. However, the pre-amplifier noise will increase with increasing temperature,
radiation dose, and dose rate. Better radiation modeling of electronics to the radiation profile of the reactor
location is required to determine the optimum placement of the pre-amplifier electronics.

5.2.2 Pre-amplifier Specifications

For minimum signal fidelity, a charge-sensitive pre-amplifier must have pole-zero correction, a gain of at
least 90 mV/MeV, and a rise time of less than 50 ns [27]. Given the speed of semiconductor detectors, pos-
sible length of cabling, and the desire to have multiple channels, more amplification and digital acquisition
is highly recommended.

Because of the number of « particles produced in fueled salt and the refractory period that semiconductor
detectors require to reform the depletion region, the event rate of the detectors might be very high. In this
case, a large amount of pile-up events that are indistinguishable from one another would occur, thus resulting
a poor « spectrum. If this proves to be the case, then it could be beneficial to include y ray detectors in the
system. The detector array would then be examining the molten salt for @-y coincidences. Therefore, the
rate could be reduced through a hardware coincidence requiring an « channel and a y channel to collect an
event within a small window of time to send data to the digitizer.

5.2.3 Diode Biasing Circuitry

Diode bias voltage not only sets the width of the sensitive region of the device, but it also sets the gain.
The result from the perspective of the measured spectrum is that bias voltage sets calibration. Therefore,
changes to bias voltage such as drift or ripple will have the highly undesirable effect of changing calibration
coeflicients mid measurement. Power supply ripple in particular would degrade the spectrum, thus resulting
in broadened peaks and consequent loss of detector resolution. Standard bias voltages for devices of this
type range from 60-200 V, with 2-20 mV from peak to peak of ripple. Current draw ranges from from
20-300 pA [27]. Bias voltage is usually adjustable to optimize the SNR, to occupy as much of the bit-depth
of the ADC as possible, and/or to set a desired calibration.

Power electronics used to supply power to the detector diode may be more susceptible to neutrons than to
ionizing radiation. Recent research has shown that SiC power transistors (typically MOSFETs or JFETSs
because of their low “on” resistance and rapid switching speeds) suffer from neutron single-event burnouts
(SEBs) limiting their fluence to < 10°-10° n/cm? [2-5]. SEBs are believed to occur from currents induced
by recoil ionization trails from neutron absorption in the semiconductor [6]. Placement of these power
electronics must consider the sensitivity of the power electronic architecture to the radiation profile. When
using Si- or SiC-based electronics such as a boost converter with low ripple voltage (or followed by a linear
regulator with high power supply rejection ratio (PSRR)), a location with lower neutron fluence is required.

12



6. CONCLUSIONS AND FUTURE WORK

Reactor operation stability requires accurate, reliable instrumentation that is strategically placed to obtain
the maximum information for safe controls. Radiation detection in molten salt reactors for species tracking
is required throughout the system. However, sensor longevity and performance are limited because of cor-
rosion, high temperatures, and high radiation. The @ sensor and electronics discussed herein represent one
proposed solution for species tracking on the cold leg of the molten salt loop. This location was selected
because of the lower temperature (400-500 °C) with the presence of radiation. Although this temperature
is significantly decreased from the expected reactor core temperatures, it is still extreme for commercially
available electronics. The recommendation presented here is to couple radiation-hardening-by-design tech-
niques with wide bandgap materials to enable installation of readout electronics very close to the @ sensor.
Conventional data acquisition systems for & sensors require a charge-sensitive pre-amplifier that can be built
using JFETS and diodes.

Fabrication and demonstration of this system would require additional funding but would be impactful,
surpassing one of the current limitations for nuclear instrumentation in advanced reactors.
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