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Abstract

In the last decade, 97% of the worldwide commercial nuclear reactors connected to the grid were Light Water Reactors
(LWRs). LWRs are expected to stay the dominant type of nuclear reactors for the next few decades. Reliable and
redundant safety systems are required in nuclear reactors to ensure safe operation and shutdown in abnormal
conditions. These safety systems are actuated by the signals obtained from several sensors and instrumentation in and
out of the reactor core. Research and Development (R&D) in advanced sensors and instrumentation has gained extra
attention, particularly following the accident at the Three Mile Island Unit-2 (TMI-2). In LWRs, these sensors and
instrumentation have shown a high level of maturity with long operating experience. Ensuring the compatibility of
these sensors and instrumentation with advanced nuclear reactors (Generation 1V) is necessary, particularly with the
expected expansion of the nuclear industry in the next few decades. Nuclear Sensor and instrumentation technologies
used in the current generation of LWRs were investigated. The compatibility of these technologies with advanced
reactors was assessed by comparing the advanced reactors' environments with those of the currently operating reactors.
In addition to that, the needed R&D for such technologies was highlighted. In comparison with the LWRs
environment, it was shown that advanced reactor environments are expected to experience elevated temperatures, a
fast neutron spectrum, and a harsh corrosion environment. It was demonstrated that R&D is required mainly for fixed
in-core nuclear sensors and instrumentation, while it is not a priority for ex-core nuclear sensors and instrumentation.

1. Introduction

According to the Power Reactors Information System (PRIS) developed by the International Atomic Energy
Agency (IAEA) [1], Light Water Reactors (LWRs) share 84% of the nuclear reactors in operation
worldwide. 85% of these reactors are Pressurized Water Reactors (PWRs), whereas the remaining 15% are
Boiling Water Reactors (BWRs). The remaining reactors in operation worldwide are Pressurized Heavy
Water Reactors (PHWRS), Light Water Graphite-moderated Reactors (LWGRs), Gas-Cooled Reactors,
Fast Breeder Reactors (FBRs), and High-Temperature Gas-cooled Reactors (HTGRs). A pie chart showing
the currently operating reactors classified by their type is shown in Figure 1.
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Figure 1. The number of currently operating reactors by type.



Sixty-eight commercial nuclear reactors have been connected to the grid worldwide in the last decade.
Sixty-four of these reactors were LWRs (PWRs). In the previous five years, construction was started in 30
nuclear reactors, 29 of them were also LWRs (PWRs). A pie chart showing the nuclear reactors under
construction in the last five years classified by their type is shown in Figure 2.
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Figure 2. The number of reactors under construction by type.

In 2016, the first Generation I11+ reactor was connected to the grid. Generation 111+ reactors have been
dominating the newly constructed reactors. It is anticipated that they will be leading for the next few
decades. Generation IV reactors are expected to be deployed commercially within at least two decades [2].
With this trend of domination of LWRs, specifically PWRs, improvement, and development have to be
continued for such types of reactors. On the other hand, the technological advancement in the next
generation of reactors requires parallel progress in the R&D efforts for all needed components for their
operation.

A nuclear reactor requires various redundant sensors and instrumentation systems to operate safely and
reliably. These sensors and instrumentation vary in function and the degree of precision necessary to fulfill
their purpose. The information gained from these sensors and instrumentation is used as input for the
reactor's control and to indicate transients and deviations [3]. Thus, in addition to their role as control
systems, sensors and instrumentation play a role as safety systems.

Since the first experiment with a nuclear reactor (Chicago Pile-1), sensors and instrumentation were
required to monitor and ensure the safe operation of the reactor. Afterward, the number of sensors and
instrumentation needed for all nuclear reactors constructed tended to increase. This increment was mainly
to improve the safety of the newly operated reactors. Research and Development (R&D) in sensors and
instrumentation have gained extra attention following the accident at the Three Mile Island Unit-2 (TMI-
2). Investigations were performed by several National Laboratories, private companies, and consultants for
the Department of Energy (DOE) to assess the instrumentation and electric components' ability to
accomplish their design function [4]. The accident provided an opportunity to evaluate sensors and
instrumentation performance in severe conditions [5].

In LWRs, sensors and instrumentation passed a long way of R&D until they reached a high level of
maturity. However, the advanced reactor designs pose new challenges to these sensors and instrumentation,
mainly due to the differences in the operating environments of the reactors. Some sensors and
instrumentation, particularly in-core sensors and instrumentation, will operate in conditions significantly
different from those in the current generation of nuclear reactors. High-temperature and corrosive
environments can impose significant challenges to the design of sensors and instrumentation. In addition
to that, these operating conditions could also impact sensors and instrumentations' reliability and accuracy.
As a result of these factors, R&D programs are emerging, intending to commercially obtain sensors and
instrumentation specifically designed for these types of reactors.



Advanced reactor designs are experiencing rapid technological advances. For this reason, R&D in sensors
and instrumentation technologies must be initiated. The United States Nuclear Regulatory Commission
(U.S.NRC) addressed Congress that research is heeded to develop and assess the performance of new types
of sensors and instrumentation for advanced reactors [6]. The Department of Energy, Office of Nuclear
Energy (DOE-NE) has established several projects to accelerate R&D in sensors and instrumentation
technologies in the United States. One of these programs is the Light Water Reactor Sustainability (LWRS)
program. The program focuses on improving the economics and reliability and sustaining the safety of the
U.S.'s fleet of Nuclear Power Plants (NPPs) [7]. Modernization of instrumentation technology is one of the
technical areas of R&D of the program.

Another program is the Nuclear Energy Enabling Technologies (NEET) program. Advanced Sensors and
Instrumentation (ASI) is one of its elements [8]. ASI focuses on research to develop new types of sensors
and instrumentation systems that will likely be used in existing and advanced reactors. The program began
in 2011. R&D activities have been effectively supported through directed research and competitive awards,
enabling significant advancements in the field.

Nuclear sensors and instrumentation are one of the main types of reactor sensors and instrumentation
required to operate the reactor safely and efficiently. Various detectors measure neutron flux and reactor
power in the currently operating reactors. It is expected that a new generation of such types of detectors is
required to be able to work in advanced reactors environments. Thus, R&D has to be continued to modify
and improve the currently available set of sensors and instrumentation and to develop the next generation
of such technologies.

The first step toward developing new types of nuclear sensors and instrumentation is to assess the maturity
of the currently available sensors and instrumentation. Identifying the compatibility of the currently used
sensors and instrumentation with the advanced reactors environment and analyzing the technological gaps
and the needed improvements in the available technology will help to guide the R&D toward the most
crucial areas. Such an assessment can help to meet the requirements of a new NPP license. For these
reasons, an approach was developed to assess the R&D needs in nuclear sensors and instrumentation
technologies tailored to future designs of nuclear reactors.

2. Nuclear Reactor Environments

Many reactor designs have been proposed since the first critical reactor, Chicago Pile 1. However, not all
of them could achieve the stage of commercial operation. Few designs have reached the experimental stage,
while many stayed as concepts. Differences in nuclear reactor designs led to significant differences in the
operating environments. Thus, adopting a new reactor design into commercial operation faces many
challenges, mainly due to the lack of operating experience with the new reactor environment.
Understanding the differences in the operating conditions between the commercially available nuclear
reactors and the proposed advanced reactor types will help to analyze the problems that sensors and
instrumentation would face in advanced reactor environments.

2.1. Current and Advanced Reactor Designs

In this study, the proposed Generation IV reactors provided by the Generation IV International Forum were
adapted for comparison with the currently available LWRs [9]. These are the Supercritical Water Reactor
(SCWR), the Very High-Temperature gas-cooled Reactor (VHTR), the Sodium-cooled Fast Reactor (SFR),
the Lead-cooled Fast Reactor (LFR), the Gas-cooled Fast Reactor (GFR), and the Molten Salt reactor
(MSR). This study did not include a comparison of the operating conditions of the currently operational
PHWR and LWGR designs.



2.1.1. Pressurized Water Reactor

LWRs are thermal neutron spectrum reactors. They have gained their name since light "ordinary" water is
used as a coolant and moderator [10]. Huge experience has been achieved in operating LWRs, including
Pressurized Water Reactors (PWRs) and Boiling Water Reactors (BWRs). In the United States, all currently
operating 93 reactors are LWRs. Sixty-two of them are PWRs, and 31 are BWRs [11]. This operating
experience has given enough maturity to nearly all components required for a reactor operation.

Since the first PWR "Shippingport” constructed by Westinghouse [12], PWRs have dominated the
worldwide nuclear reactors market. For this reason, PWRs have been considered a reference "Benchmark"
in developing new reactor designs. In general, newly proposed advanced reactor designs are compared with
PWRs to assess their advantages and benefits. In addition, most of the proposed LWR designs for the future
technology of Small Modular Reactors (SMRs) are PWRs [13]. Several vendors of PWRs are available
worldwide. AP1000 reactor design is selected to be a reference for the operating environment for PWRs
[14]. All other PWRs designs have quite similar operational parameters.

2.1.2. Boiling Water Reactor

Unlike PWRs, light water in BWRs is permitted to boil within the reactor core. The steam from this boiling
process is sent directly to the turbine without passing through a heat exchanger. Thus, BWRs operate at a
lower pressure than PWRs (around 7 MPa). The maximum coolant temperature in the reactor core is around
288 °C. In addition to that, the reactor has lower power density in comparison with PWRs.

Future designs for BWRs are significantly fewer than PWRs. In the United States, two BWR designs have
been approved by the U.S.NRC [15]. These are the Advanced Boiling Water Reactor (ABWR) and the
Economic Simplified Boiling Water Reactor (ESBWR). Furthermore, BWRs are considered for small
modular reactor designs (SMR), such as the BWRX-300 design by GE Hitachi in the United States [16].
The development of these advanced BWRs resulted from many years of design improvements, drawing
from the valuable experience gained through early reactor designs. For operating parameters comparison,
the ABWR design was selected.

2.1.3. Supercritical Water Reactor

Supercritical Water-Cooled Reactor (SCWR) is a high-temperature, high-pressure, light water-cooled
reactor that operates above the thermodynamic critical point of water (374°C, 22.1 MPa) [17]. Even though
it uses light water as a coolant, SCWR is considered an evolution of both PWRs and BWRs. It is one of the
proposed advanced reactor designs by the Generation 1V International Forum (GIF). Unlike LWRs, SCWRs
have designs to operate with a fast-neutron spectrum [18]. The United States is interested in SCWRs with
a thermal neutron spectrum.

Currently, there is no SCWR under construction. The reactor is still in the phase of pre-conceptual design.
Several reactor designs have been proposed worldwide. However, this type of reactor is expected to have
meager chances for commercial development compared to other advanced reactor types. However, the share
of research papers published on this type of reactor during 20042018 among different reactor types was
around 9% [19]. The reactor parameters of the proposed U.S. thermal-spectrum SCWR are used as a
reference for this study for comparison purposes [20].

2.1.4. Very High-Temperature gas-cooled Reactor



Various experimental and commercial gas-cooled reactor designs have been developed around the world.
These designs are Dragon (United Kingdom), Peach Bottom (United States), Arbeitsgemeinschaft
Versuchsreaktor - AVR (Germany), Fort St. Vrain (United States), Thorium High-Temperature Reactor -
THTR (Germany), High-Temperature Engineering Test Reactor - HTTR (Japan), High-Temperature
Reactor - HTR-10 (China), and the Advanced Gas-cooled Reactor - AGR (United Kingdom). This operating
experience has given enough maturity to nearly all components required for reactor operation. However,
advanced gas-cooled reactors would exhibit more challenging operating environments.

VHTR is an evolutionary proposed design of the previously mentioned reactors. It would have operating
temperatures of around 1000 °C. It uses helium as a coolant, with the fuel being tiny, coated fuel particles
embedded in a graphite matrix [21]. Compared with LWRSs, the reactor power density is significantly lower,
while the coolant temperature is much higher. This type of reactor got attention since the produced heat can
be used for other industrial purposes. In addition to that, the operating pressure considered for the VHTRs
is comparable to BWRs.

2.1.5. Sodium-cooled Fast Reactor

In SFR, the molten sodium metal is used as the reactor coolant enabling the reactor to have a fast neutron
spectrum. Many safety and economic features were the reason for selecting this reactor design as one of the
proposed generation IV nuclear reactors. Several SFR has been built around the world. Currently, two
reactors in operation in Russia are SFR. TerraPower plans to construct the Traveling Wave Reactor (TWR),
a sodium-cooled reactor in the United States.

The technology for sodium-cooled fast reactors (SFRs) has mainly been established through previous fast
reactor programs. SFR is one of the most promising reactor technologies to close the nuclear fuel cycle.
The design of the SFR will be used as a breeding/burning uranium-plutonium fuel cycle [22]. The proposed
Generation IV SFR was used as a reference to be compared with other reactor operating conditions [23]. It
can be observed that the main feature of such a reactor is the reactor's high-power density in comparison
with the conventional LWRs. In addition, sodium's high boiling point allows the reactor to operate at
atmospheric pressure.

2.1.6. Lead-cooled Fast Reactor

A fast-neutron spectrum with lead or lead/bismuth as the coolant characterizes the LFR. Lead as a coolant
has several advantages compared to other reactor coolants. The coolant's high boiling point provides a large
margin for safety in preventing coolant boiling and maintaining core integrity during accidents. Thus, many
simplifications in the reactor design improved the overall economic performance. Compared with LWRs,
the reactor operates at atmospheric pressure, and the molten lead coolant is at higher temperatures.

Several countries, including China, Russia, the United States, Sweden, Korea, and Japan, actively develop
various LFR concepts. The LFR system may be the first Reactor of Generation IV to be deployed. The first
lead-cooled reactor construction started in 2021.

2.1.7. Gas-cooled Fast Reactor

The GFR features a fast-neutron spectrum with helium as the coolant [24]. Thus, in addition to the increased
operating temperature in such reactors as the (VHTR), it has a fast neutron spectrum like (SFR). The GFR
design aims to operate safely and reliably, achieving sustainability, economic competitiveness, and
enhanced proliferation resistance and security [25]. In addition, being a fast reactor will allow the usage of
recycled plutonium, which will play a crucial role in the long-term strategy for nuclear power development
[26].



The proposed Generation IV GFR design is a 2400 MWy, plant operating with a coolant outlet temperature
of 850 °C. The power density of the core is comparable to that in PWRs, while the coolant pressure is
comparable to the BWRs. GFR technology is still in the R&D stage. Moreover, the design represents a
significant step toward developing large-scale, high-temperature gas-cooled fast-spectrum reactors.

2.1.8. Molten Salt Reactor

Molten Salt Reactors (MSRs) come in two distinct designs regarding fuel geometry. The first design is
when the fuel and the coolant are mixed in one homogeneous fluid. In the second one, the fuel is confined
to traditional fuel rods. These two designs have some differences in the operating environment. This study
uses the salt-fueled design as a reference for the comparison. The fuel movement, salt chemistry, higher
power density, and elevated temperatures significantly differ from the currently operating reactors.

In the United States, liquid fuel nuclear reactors got an attraction in the 1950s by initiating the Molten Salt
Reactor Program (MSPR) at Oak Ridge National Laboratory (ORNL). Two MSRs were built and operated:
the Aircraft Reactor Experiment (ARE) and the Molten Salt Reactor Experiment (MSRE) [27], [28]. The
ARE was successfully operated for over four days, while the MSRE was for 4.5 years [29]. Nevertheless,
no commercial deployment of this reactor type was achieved.

In the United States, research is conducted on molten salt reactor development and deployment efforts.
Construction is underway for a Molten Salt Research Reactor (MSRR) located on the Abilene Christian
University (ACU) campus in Texas. The primary purpose of the Reactor will be to facilitate research and
provide training opportunities within the Molten Salt Reactor (MSR) environment.

2.2. Comparison of Reactor Environments

Coolant temperature and pressure, neutron spectrum, and corrosive environment are the most important
parameters regarding the compatibility of new sensors and instrumentation technologies with an advanced
reactor environment. Although sensors and instrumentation that would be placed in-core may exhibit
slightly higher temperatures than coolant outlet temperatures, this temperature can indicate the temperature
range in which the sensors and instrumentation should be able to operate. The operating pressure
measurement is necessary to prevent instrumentation failures, damage, or compromised performance. The
knowledge of the type of neutron spectrum in a particular reactor indicates the radiation damage and
material degradation with time. The coolant material describes the corrosion environment that may face the
sensors and instrumentation. A summary of the operating parameters that may make challenges to the
currently available sensors and instrumentation in current and advanced reactors is listed in Table 1.

Table 1. Comparison of operating parameters for different types of reactors.

e | N | conope | SO [ e (ura) | s
PWR (AP1000) Thermal Light water 330 15.5 98
BWR (ABWR) Thermal Light water 288 7.07 49.2

SCWR" Thermal Light water 500 25 97.6

VHTR" Thermal Helium 1000 7 6
SFR” Fast Sodium 550 0.1 (Ambient) 350
LFR" Fast Lead 480 0.1 (Ambient) 69




GFR” Fast Helium 850 7 100

MSR" Fast Sodium 700 0.1 (Ambient) 500
*Designs provided by the Generation IV International Forum.

The above table shows that advanced nuclear reactors will operate at temperatures higher than what sensors
and instrumentation have experienced serving in currently available nuclear reactors. In addition, higher
levels of power density, fast neutron spectrum, and the corrosive environment in these reactors may pose a
challenge for the available sensors and instrumentation.

In terms of neutron flux, the overall neutron flux level will be comparable for all reactor designs. However,
only the type of neutron spectrum and the activation of the coolant material and the associated gamma-ray
field may play a role in the compatibility of the sensors and instrumentation. Studying each parameter's
impact on the compatibility of the sensors and instrumentation can indicate the effect of this parameter on
all advanced reactor designs. The proposed advanced reactor types are compared with LWRs in terms of
the operating parameters that may affect the sensors and instrumentations. This comparison is shown in
Table 2.

Table 2. Advanced reactors environments in comparison with LWRSs.

Operating parameters (In comparison with LWRs)

Reactor type

High temperature Co_rroswe High pressure Fast spectrum
environment
SCWR v X v x*
VHTR v X X X
SFR v v x v
LFR v v x v
GFR v X x v
MSR v v x v

*Some SCWRs are available with fast spectrum design.

It can be concluded that advanced reactors environments will differ from the currently available LWRs by
the increase in the operating temperature (from the range of 300-350 °C up to around 1000 °C in VHTR),
the harsh chemical environment caused by the usage of molten salts and liquid sodium and lead, and the
exposure to fast neutrons in fast reactors. In addition, it can be demonstrated that high pressure is not a
significant concern in advanced reactor designs. Only the SCWR design has an elevated operating pressure
than the currently available reactor designs.

3. Assessment Methodology

The previous section discussed the main differences in the operating environment of several nuclear
reactors. Commercially available nuclear reactors have attained enough operating experience with various
sensors and instrumentations. Thus, the first step to discovering the problems that sensors and
instrumentation would face in advanced reactors is to study the differences in the operational environments
between the commercially available reactors and the proposed advanced reactor.



An approach was adopted to investigate nuclear sensor and instrumentation technology's R&D needs. This
approach analyzed the available nuclear sensors and instrumentation used in current reactor designs. The
technological gaps and the needed improvements were highlighted. Then, the compatibility of these sensors
and instrumentation with the advanced reactor environments was investigated.

Sensors and instrumentation that would not face any problem in the advanced reactor environment and are
commercially available can be used in advanced reactor designs. Thus, the instrumentation technology can
be assessed as mature. Therefore, R&D is not a priority. If the sensor and instrumentation technology is
compatible with the advanced reactor environment but is not commercially available, an R&D program is
essential to commercialize the technology. Commercial availability of several types of sensors and
instrumentation can be investigated by searching for the availability of the technology within companies of
the Nuclear Suppliers Association (NSA). NSA comprises approximately 73 companies specializing in
manufacturing and distributing services and products for nuclear energy users [30].

Sensors and instrumentation facing problems in the advanced reactor environment require significant R&D
programs to fill the technological gaps. In either case, where R&D is needed based on the defined approach,
the availability of initiated research projects on the sensor and instrumentation technology was further
investigated. The investigation was based on the availability of research projects supported by the DOE
NEET ASI program. Although the availability of funded projects on a particular type of technology does
not mean that the technology is mature, it indicates that sensors and instrumentation with no current research
projects have priority for future R&D programs. The adopted approach for determining the need for R&D
programs for specific instrumentation is summarized in Figure 3.
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Figure 3. Sensors and instrumentation maturity assessment approach.

In the future development of this approach, the Technology Readiness Levels (TRLS) approach can be used
to assess the maturity of a particular instrumentation technology. NASA first proposed the TRL in the
1980s. The TRLs are divided into nine technology readiness levels starting from TRL 1 (The lowest where
the basic principles for a specific technology are observed and reported) and ending in TRL 9 (The highest
where the existing system was proven to be successful for mission operations) [31].

4. Nuclear Sensors and Instrumentation

Various sensors and instrumentation are required in a nuclear reactor to operate it safely and efficiently.
These sensors and instrumentations represent the information suppliers to the reactor operators about the
reactor status. Based on their deployment location, they are needed for the reactor core or other nuclear
reactor components. These include nuclear instrumentation required to monitor the neutron flux and the
associated reactor power, process instrumentation to measure non-nuclear processes such as temperature
distribution in the core, pressure and flow measurements of the coolant, radiation instrumentation systems
for radiation monitoring and dose levels measurements, and some other specific instrumentation for specific
purposes [32]. A summary of nuclear reactor sensors and instrumentation groups is shown in Figure 4.
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Figure 4. Sensors and instrumentation groups of a nuclear reactor.

Process instrumentation is crucial in monitoring and controlling various parameters within a nuclear reactor.
It involves using sensors, detectors, and other measurement devices to gather data and provide real-time
information about the reactor's temperature, pressure, flow, and other essential parameters. Radiation
instrumentation systems include the sensors and instrumentation required to monitor the site radiation level
(area radiation monitoring), gas effluents, and main steam pipes. These instrumentation systems are
essential to protect personnel from radiation exposure, and they can indicate abnormal reactor conditions.
Special instrumentation systems are reactor-type targeted. Based on the reactor type, such as the boric acid
concentration instrumentation in PWRs, these sensors and instrumentation are required.

Nuclear sensors and instrumentation play a significant role in reactor control and safety. They measure the
neutron flux and the associated reactor power level during various reactor conditions. These are: during the
approach to criticality and reactor startup, intermediate power operation, and full-power reactor operation
[33]. In the Advanced Pressurized water-cooled reactor (AP1000) designed by Westinghouse Electric
Company, several types of neutron detectors are used to monitor the neutron flux from zero to 120 percent
of full power [34].

In the currently operating reactors, various neutron detection systems are being used. These sensors and
instrumentation can be installed inside the reactor core (in-core) or outside the reactor core (ex-core) based
on their design purpose. They provide diversity and redundancy in the obtained information about the
reactor status. Fission chambers, lonization chambers, gamma thermometers, proportional counters, and
self-powered neutron detectors (SPNDs) are among this nuclear instrumentation [35]. Furthermore, other
nuclear instrumentation systems are used in specific reactor types, such as the aeroball measurement system
used in EPR reactors. In addition, research is ongoing to apply new reactor flux and power measurement
methods, such as the Cerenkov monitoring systems for in-core power measurement. The typical flux ranges
covered by nuclear instrumentations in LWRs are illustrated in Figure 5 [33]. Note that the nuclear
instrumentations should be able to overlap between the operating flux ranges.
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Figure 5. The covered typical flux ranges by nuclear instrumentation systems in LWRSs.

A group of fixed in-core and ex-core neutron detectors in nuclear reactors monitors the neutron flux and
reactor power. In AP1000 reactors, fixed in-core and ex-core neutron detectors are used to monitor the
neutron flux and reactor power [36]. The choice of detector location is made based on the detector's purpose
and ability to withstand the harsh environment in the reactor core. These in-core and ex-core nuclear
instruments should be able to measure the neutron flux over the entire range from the source start-up range
up to the full power range.

In-core instrumentation should be able to operate at the operating conditions of the nuclear reactor. Ex-core
instrumentation would be exposed to lower temperature, pressure, and neutron and gamma flux values. In
commercial nuclear reactors, self-powered neutron detectors and gamma thermometers are the in-core
nuclear instrumentation. lonization chambers and proportional counters are the ex-core nuclear
instrumentation. Fission chambers are used as both in-core or ex-core nuclear instrumentation.
Classification of nuclear instrumentation based on their location regarding the reactor core is shown in
Figure 6.
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Figure 6. Classification of nuclear instrumentation by deployment location.
Regarding the movability of the installed nuclear sensors and instrumentation, they can be fixed in the
reactor core or movable on-demand systems. The aeroball measurement system is an example of a system
used as on-demand in-core nuclear instrumentation.

4.1. Self-Powered Neutron Detectors

Self-Powered Neutron Detectors (SPNDs) are the most common detectors used in commercial nuclear
power plants [37]. These detectors attained this wide usage due to their advantages over other detector types



in the reactor operating environments. Simple structure, tiny volume, no need for a power supply, and high
temperature and radiation resistance are among the advantages of this type of detector [38].

In a nuclear reactor, several SPNDs are located axially within a channel in several channels inside the core.
Thus, SPNDs can continuously measure the neutron flux in fixed positions inside the reactor core from low
power level up to full power. However, they are unsuitable for startup range measurements. A SPND
comprises four main components: emitter, insulator, collector (sheath), and lead wire [39]. A schematic
drawing of a SPND is shown in Figure 7.

)

L~ Emitter

|~ Insulator
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L/ Collector
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Figure 7. Schematic drawing of a SPND.

The emitter material is selected to have a high neutron absorption cross section that undergoes betas decay
directly or indirectly following the neutron absorption. The insulator's function is to provide temperature
and electric resistance. It must have an optimized thickness so that the produced electrons in the emitter can
reach the sheath (collector). The sheath works as a collector of the electrons from the emitter. The lead
wire's function is to transmit the electrical current. A current meter will read the current value, which will
be proportional to the emitted electrons from the emitter material. After equilibrium, the registered electric
current will be proportional to the incident neutron flux from the reactor core. Thus, the reactor power is
measured by measuring the output current in the SPND induced by the decay resulting from the neutron
capture reactions [40].

The selection of the emitter material determines the response of the SPND. The response of a SPND is
dependent on the radioactive decay of the radionuclide resulting from the neutron capture by the emitter
material. SPNDs can be classified as prompt response and delayed response SPNDs. The emitter material
can produce electrons directly following the neutron absorption reaction, such as in the case of rhodium
(}%Rh) and vanadium (*V) emitters. The disadvantage of using such emitters is that these materials decay
with characteristic half-lives (0.7 and 3.76 minutes, respectively) [41]. Thus, the registered neutron flux is
delayed; they are named delayed-response SPNDs.

Prompt SPNDs were designed to overcome this delay issue and obtain an instantaneous measurement of
the neutron flux in the reactor core. Following the absorption of a neutron, the emitter nucleus will emit
gamma rays which will interact with the emitter material to produce electrons. The time from the neutron
absorption until the emission of electrons is extremely short. Thus, a prompt measurement of the neutron
flux is obtained with such materials. Cobalt and cadmium are the main types of emitter materials in prompt
SPNDs.



The selection of the emitter material for a SPND has been an important research topic. The half-life of the
resulted radionuclide and thus the response required, the neutron absorption cross section and therefore the
burnup of the emitter material in the reactor core, the natural abundance of the isotope of interest and the
ease in manufacturing it, and their adaptively to the high-temperature environment are the critical factors
in the selection process.

From the above description of the main components of the SPND, it is clear that the SPND has several
components that must be designed to operate in advanced reactors. One of the issues with the SPNDs is
that they have a lifetime. This lifetime is affected by the degradation of the insulator material, to a lesser
extent, the burnup of the emitter material with time. In addition, one of the issues is that the housing material
should be compatible with the reactor coolant, which does not undergo corrosion.

The maximum working temperature for the SPNDs depends on the emitter material and the housing
material properties. Typically, it is around 550°C [42]. SPNDs have not been used in high-temperature
reactor environments or fast reactors (beyond light water reactors environments). However, deploying
SPND in advanced reactors can improve the accuracy of power distribution measurements and hence the
core operating LOCA and DNBR margin values [43]. The commercially available technology for LWRs is
expected to have no problem in a high-pressure environment. However, a further study on the effects of the
high-pressure environment on SPNDs is required.

The commercially available SPNDs cannot be used in fast reactors [44]. This problem can be explained by
the drop in the absorption cross section of the emitter material at higher neutron energies (absorption cross
section decreases with the increase in the incident neutron energy). For this reason, research is ongoing to
select a proper material for the emitter to get good results in fast reactors [45], [46]. In molten salts, SPNDs
require modifications in the housing material (exterior sheath) to be compatible with the salt [47].

Several funded projects by the NEET ASI program recently initiated the development of SPNDs for High-
Temperature environments. However, R&D projects are needed to modify the external housing material
for the SPNDs if they are used in a chemically corrosive environment. In addition to that, the possibility of
deployment of SPNDs in fast reactors is shown to be high. R&D programs can accelerate these efforts.

4.2. Gamma Thermometers

Reactor power measurement sensors are based on detecting neutrons, gammas, or both. Gamma
thermometers measure the reactor power by measuring the gamma-ray flux in the reactor core. In addition
to that, gamma thermometers can be used to get information about core cooling in nearby channels.
Furthermore, they can be used outside the reactor vessel.

The start of deployment of gamma thermometers goes back to the beginning of the 1950s in heavy water-
moderated reactors. They were used because they are simple in design, very rugged, and insensitive to
neutron fluence. They have the advantage over SPNDs that they do not deplete with time. Thus, they can
operate longer than SPNDs and other in-core neutron detectors. Gamma thermometers are not suitable for
startup or low power levels. At intermediate power level and up to full power, the gamma-ray flux is
proportional to the reactor power level, and thus gamma thermometers can be used.

The design structure of gamma thermometers is similar to the thermocouples used in temperature
measurement. A gamma thermometer is composed of a rod material, gap, and sheath [48]. The rod (inner
body) is usually made of stainless steel. A gap filled with gas surrounding the inner body is used for heat
insulation. The gas is selected with proper thermal conductivity, depending on the level of gamma-ray
heating inside the core. For low levels of gamma-ray heating (< 2 W/g), xenon is a proper gap material.



Argon is used for intermediate gamma-ray heating levels (~ 10 W/g), while helium is used for high levels
of gamma-ray heating (~20 W/g) [49].

When inserted in the reactor core, incident gamma-ray flux heats the rod, which is transferred along the
sensor axis. The gap filled with the gas will interrupt the heat flow. Two thermocouples measure the
difference between the sheath and the steel rod regions. This difference is proportional to the gamma flux
incident on the sheath and, thus, the power of nearby fuel rods. Several thermocouples can be used along
the gamma thermometer to get the axial power distribution. Using gamma thermometers in several channels
provides the radial power distribution. A simple schematic drawing of a gamma thermometer is shown in
Figure 8.
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Figure 8. Schematic drawing of a gamma thermometer.

Gamma thermometers have yet to achieve widespread, long-term deployment within U.S. commercial
nuclear power plants [50]. In-plant tests as part of a joint research program were initiated to use gamma
thermometers at commercial nuclear power plants in the U.S. and Japan [51]. In the U.S., research supported
by the NEET ASI program is ongoing to develop an optical fiber-based gamma thermometer [52].
Deployment of gamma thermometers in nuclear power plants can enhance safety and core monitoring while
reducing other systems' operational and maintenance costs. In the Economic Simplified Boiling Water
Reactor (ESBWR), gamma thermometers as in-core monitoring sensors are considered an essential feature
over the previous BWRs [53].

Gamma thermometers have not been demonstrated at the higher temperatures of VHTRs. A significant
redesign is needed to function at higher temperatures [54]. However, with their simplicity in design, it is
promising that they would perform well at higher temperatures. For MSRs, customization effort would be
required to develop a version suitable for the reactor environment. High pressure can exert mechanical
stress on the components of gamma thermometers. This stress may cause deformation, cracking, or failure
of structural elements. Thus, this high pressure may reduce the lifetime of such components. R&D programs
must be initiated to study the effect of a high-pressure environment on gamma thermometers.

4.3. Fission Chambers

Fission chambers are a type of ionization chamber. Unlike SPNDs, fission chambers require the application
of an electric voltage between the cathode and the anode. The chamber is filled with a gas (commonly



argon) at high pressure. Fission chambers can be used as in-core or ex-core nuclear instrumentation. A
schematic drawing of a fission chamber is shown in Figure 9.
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Figure 9. Schematic drawing of a fission chamber.

™ Anode

By placing a fission chamber in a neutron field, incident neutrons will be absorbed by the fissile material
lined on the fission chamber housing. Usually, the housing material is steel or aluminum, while the fissile
material is uranium highly enriched in a °U isotope. Using highly enriched uranium increases the fission
reaction rate and thus enhances the ionization current.

Upon 2*U fission, two ionized fission products will be produced with a total kinetic energy of around 160
MeV. These two fission fragments will travel in opposite directions. One of the two fission fragments will
be traveling into the gas chamber. For this reason, the thickness of the fissile material should be optimized
to allow the fission fragment to reach the gas without affecting the fission rate [55]. The fission fragment
will ionize the fill gas atoms along its path, producing positive ions and negative electrons. An external
voltage is applied to the cathode and anode, causing the positive ions to move toward the cathode while the
electrons are collected on the anode. The current produced from this process is proportional to the fission
rate in the fissile material and, thus, to the reactor core's neutron flux [56].

The depletion of the fissile material is the leading cause of the limited operating time for fission chambers
as in-core nuclear instrumentation. The sensitivity of a fission chamber decreases with time because of the
neutron fluence. Combining fissile and fertile materials can be a solution to such a problem.

Commercial fission chambers are available for the operating environment of LWRs. However, no
commercial fission chamber is available for high-temperature reactors environment (above 550 °C).
Locating the chambers ex-core will reduce the temperature to those that commercially available fission
chambers can withstand. The housing material and the internal gas pressure determine the operating
temperatures of fission chambers [57].

High pressure may affect the sealing and containment of a fission chamber. The fission chamber must be
appropriately sealed to prevent pressure leakage, which could compromise its functionality. Specialized
sealing materials and techniques capable of withstanding high-pressure differentials may be required. There
is no available research on the effect of a high-pressure environment on fission chambers.



A fission chamber that would operate at high temperatures of 550 °C and beyond is named High-
Temperature Fission Chamber (HTFC). Previous research programs have developed such chambers that
run up to 800 °C. However, these chambers are not commercially available. Developing HTFCs and
demonstrating their sensitivity and mechanical and thermal robustness in the high-temperature environment
will pave the way for developing high-temperature reactors. Several DOE NEET ASI projects have been
initiated to design, fabricate, and demonstrate High-Temperature Fission Chambers (HTFCs). They aim to
provide HTFC for HTRs, MSRs, and fast reactors.

Micro-pocket fission chambers are pancake-style, highly miniaturized fission chambers that employ sealed
alumina plates as their structural backings and coatings of uranium or thorium as their neutron-sensitive
element [58]. Micro-pocket fission chambers are a promising technology used in a high-temperature
environment. The technology has yet to be commercially available. Several funded projects by DOE NEET
ASI were initiated to develop it.

4.4. lonization Chambers

In PWRs, the core power density distribution can be measured using ex-core detectors. These detectors can
be installed outside the reactor vessel in several axial locations. The measured neutron flux in these
detectors is then used to get the axial power distribution in the reactor core.

lonization chambers are neutron detectors that can be used outside the reactor vessel for neutron flux
measurements. They are gas-filled radiation detectors that can be designed to measure several types of
ionizing radiation. The principle of operation is similar to fission chambers. Compared to fission chambers,
ionization chambers use *He or °B nuclides as the filling gas instead of 2*U to produce the charged
particles. A schematic drawing of an ionization chamber is shown in Figure 10.

T
/

— Fill gas

Vg Cathode

b
L

™~ Anodc

Figure 10. Schematic drawing of an ionization chamber.
Compensated and uncompensated ionization chambers are used as ex-core nuclear instrumentation.
Uncompensated ionization chambers are used as a power-range monitoring system. Compensated
ionization chambers are used for intermediate power range. The compensated ionization chamber comprises
two distinct chambers: one is coated with boron, while the other is uncoated. The coated chamber exhibits
sensitivity to gamma and neutrons, whereas the uncoated chamber only detects gamma rays. The detector
output is the difference between the two currents generated from the chambers. This difference in current
represents the neutron response of the compensated ionization chamber. Therefore, the compensated
ionization chamber cancels the current resulting from the gamma rays' interaction. This compensation



technique proves valuable in the intermediate power range, ensuring that the detector response is only due
to neutron flux.

Several types of compensated and uncompensated ionization chambers are used in LWRs and high-
temperature reactors. Thus, no significant challenge is expected in deploying the currently available
technology in the advanced high-temperature reactors environment. In a fast reactor environment, ex-core
moderation is required to achieve better sensitivities in the measurements or to use more giant ionization
chambers.

In MSRs, ionization chambers are expected to be compatible and thus have no problem deploying such
detectors [59]. This compatibility can be explained by the fact that these detectors will be used as ex-core
nuclear instrumentation. In fact, in the only two MSRs built, no neutron instrumentation was employed in
the core. Only ex-core detectors were used. However, for the proposed advanced MSRs, employing in-core
neutron detectors that can withstand their harsh environment is necessary for high-sensitivity
measurements.

4.5. Proportional Counters

Proportional counters are gas-filled detectors used as a source-range neutron flux monitoring system. They
are used as ex-core nuclear instrumentation during the first criticality or for start-up after a very long
shutdown. Their principal mode of operation is quite similar to the ionization chamber. However, the
applied voltage to the cathode and anode is higher than in ionization chambers.

Some proportional counters are based on the (n, o) reaction with 1°B in the boron trifluoride gas (BF3) filled
in the detector's chamber. Boron-lined proportional counters have been used in High-Temperature
Engineering Test Reactor (HTTR) for temperatures up to 600 °C. In gas-cooled reactors, proportional
counters have been used as neutron sensors [60]. Thus, no temperature problem is expected to arise in high-
temperature reactor environments. Therefore, commercially available proportional counters technology is
mature enough, and R&D is not a priority for such a type of detector.

Proportional counters can be used to detect thermal neutrons or fast neutrons. For fast-spectrum reactors,
proportional counters are less efficient due to the 1°B capture cross-section drop with increased neutron
energy. Using more giant detectors can solve this problem to compensate for this drop in cross section. In
addition to that, helium or a gas with a low atomic number can be used in the chamber to moderate the
neutrons. In molten salt reactors, proportional counters are expected to operate with no problem since they
are deployed out of the corrosive environment of the reactor core.

4.6 On-Demand Nuclear Instrumentation

Some nuclear instrumentation systems are on-demand operation. That is, the system is not in a continuous
mode of operation and may not be installed in fixed core positions [61]. One of the examples of such a
system is the Aeroball Measurement System (AMS) used in the Evolutionary Power Reactor (EPR). The
system measures the neutron flux in predetermined three-dimensional positions in the reactor core. In
addition to that, AMS is used to calibrate SPNDs and predict power density distribution in the reactor core
[62].

The AMS is composed of several steel balls that contain vanadium. These balls move in specific vertical
tubes in the reactor core by a nitrogen gas driving mechanism. The aeroballs enter the reactor core using
nitrogen gas pressure. In the reactor core, the thermal neutron flux will irradiate the aeroballs, and many of
the 1V atoms will capture neutrons resulting in 52V in an excited state with a half-life of 3.74 minutes. 2V
will undergo beta decay with the emission of about 1.43 MeV gamma-ray.



After irradiation, the aeroballs are transported to waiting positions before they are transported to a
measuring system. The measuring system consists of several planar silicon detectors that measure the
gamma-ray intensity resulting from the decay of the activated atoms. Information about the relative neutron
flux values in the reactor core and, thus, power distribution can be calculated using software using these
measured intensities from the aeroballs [63]. Because of the short half-life of the produced %2V, this
measurement process can be repeated every 15 minutes allowing for the reuse of the aeroballs [64].

Even though such on-demand nuclear instrumentation systems may be installed in the reactor core, they
will face a different reactor operation environment than other in-core nuclear sensors and instrumentation.
This results from the fact that they will not be exposed to the harsh in-core environment for the same
duration. Therefore, they may be treated like ex-core nuclear sensors and instrumentation. In addition,
unlike fission chambers or gamma thermometers, such systems are mainly used in certain reactors and not
widely used in other reactor designs. For these reasons, the on-demand nuclear instrumentation systems are
not discussed further.

5. Overall Assessment

The compatibility of the nuclear sensors and instrumentation with the advanced reactors environments was
assessed. For in-core nuclear instrumentation, it is clear that some of the nuclear sensors and
instrumentation technologies used in current LWRs may not be suitable for the advanced reactors
environment. SPNDs are expected to have issues operating in a fast-spectrum environment, high
temperature, and corrosive environment. Gamma thermometers are not ready to be used in high-temperature
or corrosive environments. Fission chambers are compatible with the fast spectrum environment and high-
temperature environment. However, the technology is not commercially available at high temperatures. The
housing material must be modified to operate in a corrosive environment.

Overall, it can be demonstrated that the ex-core nuclear instrumentation is expected to have no issue when
deployed in advanced nuclear reactors. This fact is mainly because, outside the reactor core, the neutron
flux, temperature, and corrosion environment are several folds lower than that in the reactor core. Thus, the
ex-core environment in the advanced reactors will be the same as in the currently operating reactors. Using
ex-core nuclear instrumentation may be sufficient for reactor operation and safety. On the other hand,
deploying in-core nuclear sensors and instrumentation may increase the sensitivity of the measurements
and, thus, the overall safety. A cost/benefit analysis is required to assess the need to deploy the nuclear
sensors and instrumentation in the in-core advanced reactor environments to decide whether an R&D is
necessary to deploy the technology.

The compatibility of the above-discussed in-core and ex-core nuclear sensors and instrumentation with

various reactor environments is summarized in Tables 3 and 4, respectively. Since LWRs have a long
operating experience, the comparison was performed with the environment in LWRs.

Table 3. Compatibility of the in-core nuclear instrumentation with various reactor environments.

In-core nuclear instrumentation
Reactor

Environment

SPNDs Gamma thermometers Fission chambers

Compatible
Have been used since the
1950s.

Compatible
Have been widely used.

Compatible

LWR They have been used in



Fast spectrum

High temperature

Molten salts

High pressure

thermal nuclear reactors for
more than 60 years.

Incompatible
The emitter material should
be replaced.

Incompatible
A maximum working
temperature is around 550
°C.
Incompatible
The housing material should
be modified for salt
compatibility.

Compatible
The effect of high pressure
on its lifetime and structural
integrity should be studied.

Compatible
Insensitive to neutron
fluence.

Incompatible
A significant redesign is
required to function at
higher temperatures.
Incompatible
A version suitable for the
reactor environment is
required.

Compatible
The effect of high pressure
on its lifetime and structural
integrity should be studied.

Compatible
Larger size detectors are
used.

Compatible
These chambers are not
commercially available.

Incompatible

The housing material should

be modified for salt

compatibility.
Compatible

The effect of high pressure

on its sealing and
containment should be
studied.

Table 4. Compatibility of the ex-core nuclear instrumentation with various reactor environments.

Reactor
Environment

Ex-core nuclear instrumentation

Fission chambers

lonization Chambers

Proportional Counters

LWR

Fast spectrum

High temperature

Molten salts

High pressure

Compatible
Several types are being used
worldwide.

Compatible
Larger size detectors are
usually used.

Compatible
Ex-core reactor environment
would be the same as in
LWRs.

Compatible
They were used as ex-core
nuclear instrumentation.

Compatible
Ex-core reactor environment
would be the same as in
LWRs.

Compatible
Compensated and
uncompensated types are
being widely used.

Compatible
Larger size detectors are
usually used.

Compatible
They have been used in
several gas-cooled reactors.

Compatible
They were used as ex-core
nuclear instrumentation.

Compatible
Ex-core reactor environment
would be the same as in
LWRs.

Compatible
They are being used.

Compatible
Larger size detectors are
usually used.

Compatible
The commercially available
counters can be used.

Compatible
They were used as ex-core
nuclear instrumentation.

Compatible
Ex-core reactor environment
would be the same as in
LWRs.

Although in-core nuclear instrumentation is expected to function at high pressure, the high-pressure
environment may impact the in-core nuclear instrumentation. This influence can be by affecting the
structural integrity of the instrumentation caused by the mechanical stresses applied by the high pressure.
This stress may cause deformation, cracking, or failure of structural elements of the nuclear instrumentation



over the operating time. Additionally, the high pressure may affect the sealing and containment of
instrumentation filled with gasses. Thus, instruments must be appropriately sealed to prevent pressure
leakage, which could compromise their functionality. Furthermore, the high pressure may influence the
calibration standards used for pressure-sensitive instruments. For these reasons, the compatibility and
durability of nuclear sensors and instrumentation with high-pressure reactor environments such as SCWR
must be investigated.

Table 5 summarizes the technology gaps, commercial availability, and the R&D needs for the above-
discussed in-core nuclear instrumentation in currently operating PWRs, BWRs, and generation IV reactors.

Table 5. Summary of in-core nuclear instrumentation R&D needs in current and advanced reactors.

In-core nuclear instrumentation
Reactor

Environment

SPNDs Gamma thermometers Fission chambers

The technology is mature.

The technology is mature.

The technology is mature.

PWR - . Have been widely used and Have been widely used and
Commercially available. . . . . . )
is commercially available. is commercially available.
. The technology is mature.  The technology is mature.
BWR The techno_logy IS ”."'at“re- Have been widely used and Have been widely used and
Commercially available. . . . . . )
is commercially available. is commercially available.
Requires R&D
SCWR The commercially available technology is expected to function well in a high-pressure
environment. However, the durability and structural integrity may need to be studied in a
high-pressure environment.
Requires R&D to operate at Requires R&D to operate at  Requires R&D to operate at
VHTR high temperatures. Not high temperatures. Not high temperatures. Not
commercially available. commercially available. commercially available.
Requires R&D to operate at .
high temperatures with the Requires R&D Req_mres R&D to operate at
SFR . . . high temperatures. Not
fast spectrum environment.  Not commercially available. : .
. . commercially available.
Not commercially available.
Requires R&D to operate in R&D is not a priority R&D is not a priority
LFR the fast spectrum Commercially available Commercially available
environment. technology can be used. technology can be used.
R&D is required to operate  Requires R&D to operate at Requires R&D to operate at
GFR in a fast-spectrum high temperatures. Not high temperatures. Not
environment. commercially available. commercially available.
R&D is r_equwed to m_odlfy R&D is reqmr_ed to Requires R&D to operate at
the emitter and housing function at high hiah temperatures. Housin
MSR materials and to operate ina  temperatures and to be salt 9 P ' g

fast-spectrum environment.
Not commercially available.

compatible. Not
commercially available.

material should be modified.
Not commercially available.

To assess the priorities in future research projects, the availability of funded research projects by the DOE
NEET ASI program in advanced nuclear sensors and instrumentation was investigated [65]-[70]. An
overview of the DOE NEET ASI program-funded projects on nuclear sensors and instrumentation is listed
in Table 6.



Table 6. DOE NEET ASI program-funded research projects.

Nuclear Project .
instrumentation Description Project year(s)
Nuclear Instrumentation - Neutron Flux Sensors

Demonstration and qualification of Self-Powered Neutron Detectors 2020
(SPNDs).
Self-Powered Flux Measurement
Neutron Calibration processes were developed, focusing on their performance 2020-2021
Detector at high temperatures.

Irradiation Testing of Neutron Flux Sensors in the Advanced
Test Reactor Critical Facility 2020-2021
The aim is to test neutron flux in a variety of reactor environments.

Micro Pocket Fission Detectors

Development of Micro Pocket Fission Detectors. 2012-2014

High-Temperature Fission Chamber
Fabricate and test a high-temperature fission chamber for 2012-2014
- temperatures up to 800 °C.
Fission
Chambers Enhanced Micro-Pocket Fission Detector for High-Temperature
Reactors
Demonstrate and deploy a high-temperature micro-pocket fission
chamber for temperatures up to 800°C.

Flux Measurement
Calibration processes are being developed, focusing on their 2020-2021
performance at high temperatures.

2014-2017

Development of an Optical Fiber-Based Gamma Thermometer
Build an optical fiber-based gamma thermometer (OFBGT) and test 2018-2021
it in two research reactors.

Gamma
Thermometers

It can be observed that all nuclear sensors and instrumentation-funded projects were in-core sensors and
instrumentation. This trend supports the conclusions of the study that R&D priorities are for the in-core
nuclear reactor sensors and instrumentation. It is shown that nearly all research projects were focused on
the high-temperature environment. Thus, R&D projects are required to study in-core nuclear
instrumentation in fast-spectrum, high-pressure, and corrosive environments.

6. Summary

Advanced nuclear reactors (Generation IV) will have differences in operating environments from the
currently operating nuclear reactors. These differences are mainly the higher operating temperature and
pressure, the corrosive environment, and the fast neutron spectrum. Developing sensors and instrumentation
systems capable of operating in these advanced reactors will play a significant role in their licensing and
demonstration efforts.

It was demonstrated that the in-core reactor sensors and instrumentation are prioritized in future R&D
projects. R&D is required mainly for SPNDs, gamma thermometers, and fission chambers. SPNDs have to
be able to operate at higher temperatures, with a fast neutron spectrum, and in a molten salt reactor
environment. Gamma thermometers require R&D projects to work in a fast neutron spectrum reactor and



with a molten salt environment. Fission chambers that would be employed as in-core reactor
instrumentation require R&D to commercialize the available technology of fission chambers to operate in
a high-temperature reactor environment. In addition to that, they need R&D if they will be used in a molten
salt environment. The durability and structural integrity of all these in-core instrumentation has to be further
investigated in a high-pressure environment.

Ex-core nuclear instrumentation is expected to face the same operational environments as those in currently
operating LWRs. Thus, R&D for ex-core nuclear instrumentation is not a priority. On-demand in-core
nuclear instrumentation must be evaluated based on operating time in the reactor environment. In addition,
some types of nuclear instrumentation are not used in the in-core reactor environment. Employment of such
sensors and instrumentation in advanced reactors may increase the accuracy of the measurement and, thus,
the reactor's safety. However, cost/benefit analysis is necessary for such R&D projects.

In the United States, the Department of Energy established many research programs to fill the technological
gaps and assess the advanced reactor needs of a new generation of sensors and instrumentation. Many R&D
projects have been initiated and supported by the NEET ASI program in the last few years. For this reason,
where R&D is required based on the defined approach, the availability of initiated research projects on the
sensor and instrumentation technology was further investigated. It was shown that the funded projects in
the last few years were focused on in-core nuclear sensors and instrumentation. However, R&D projects
for gamma thermometers at high temperatures are required. In addition, if SPNDs are planned to be used
in MSRs, then R&D projects are necessary to design SPNDs compatible with the corrosive environment.

The assessment guides the most prior R&D needs in nuclear sensors and instrumentation technologies.
Filling the gaps in the technology will enable advanced reactors to follow the proven safe and operational
path of previously operated nuclear reactors.
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