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Abstract─The liquid-salt-cooled very high temperature reactor, also called the Advanced High-Temperature 
Reactor (AHTR), is a new large high-temperature reactor concept that combines in a novel way four established 

technologies:  (1) coated-particle graphite-matrix nuclear fuels, (2) Brayton power cycles, (3) passive safety systems and 
plant designs previously developed for liquid-metal-cooled fast reactors, and (4) low-pressure liquid-salt coolants.  The 

AHTR will require refueling, in-service inspection, and maintenance (RIM) with supporting instrumentation systems.  The 
fluoride salts that are being evaluated as potential reactor coolants have melting points between 350 and 500°C, values that 

imply minimum RIM temperatures between 400 and 550°C.  These salts are transparent over a wider range of the light 
spectrum than is water.  The high temperatures, the optical characteristics of the coolant, and advances in metrology may 
enable the use of lasers to create three-dimensional images of the reactor interior to assist refueling, monitor vibrations in 
components, map fluid flow, and enable inspections of internal reactor components.  A description of the reactor and an 

initial evaluation of the use of optical techniques for AHTR instrumentation are provided. 
 
 

I.  INTRODUCTION 
 
 For over 50 years, the only efficient method to 
convert heat to electricity has been the steam turbine.  
Because of boiler corrosion and other challenges, the peak 
temperatures in steam cycles have been near 550ºC.  In 
the last decade, efficient utility Brayton power cycles 
have been developed that can operate at higher 
temperatures.  However, there are no commercially 
available low-pressure heat-transfer fluids for moving 
high-temperature heat from a heat source to a power 
conversion system or hydrogen production plant.  The 
highest-temperature commercially available heat transfer 
fluids are the nitrate molten salts that decompose near 
600ºC.  With the development of higher-temperature 
power cycles, growing interest has arisen in higher-
temperature, low-pressure heat-transfer fluids. 
 
 The primary candidates1 for higher-temperature, low-
pressure heat-transfer fluids are the liquid fluoride salts 
that are being proposed as coolants in high-temperature 
reactors, fast reactors, fusion machines, and solar power 
towers.  The Advanced High-Temperature Reactor 
(AHTR) is the concept that has progressed the furthest in 
its development.  An initial assessment was conducted to 
evaluate the feasibility of using optical techniques to 
provide refueling, in-service inspection, and maintenance 
(RIM) instrumentation for the AHTR.  This paper 

describes the AHTR, defines the instrumentation 
requirements, and describes optical instrumentation 
options.  The technologies being considered are 
potentially applicable to other liquid salt systems. 
 

II.  AHTR BASELINE DESCRIPTION 
 
 A schematic of the AHTR2, 3 is shown in Fig. 1.  The 
reactor may be used for the production of either electricity 
or hydrogen, or both.  Figure 2 shows the reactor cross 
section for a 2400-MW(t) AHTR.  This reactor uses 
graphite-matrix coated-particle fuels and a liquid-
fluoride-salt coolant.  The fuel is the same type that has 
been successfully used in high-temperature gas-cooled 
reactors such as the Fort St. Vrain reactor.  The optically 
transparent liquid-salt coolant is a mixture of fluoride 
salts with freezing points near 400°C and atmospheric 
boiling points of ~1400°C.  Several different salts can be 
used as the primary coolant,4, 5 including lithium-
beryllium and sodium-zirconium fluoride salts.  The 
reactor operates at near-atmospheric pressure, and at 
operating conditions, the liquid-salt heat-transfer 
properties are similar to those of water. 
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Fig. 1.  Schematic of the AHTR.  DRACS = direct reactor auxiliary cooling system; 
PRACS = pool reactor auxiliary cooling system. 

 
 
 
 
 
 Heat is transferred from the reactor core by the 
primary liquid-salt coolant to an intermediate heat-
transfer loop.  The intermediate heat-transfer loop uses a 
secondary liquid-salt coolant to move the heat to a 
thermochemical hydrogen production facility or to a 
turbine hall to produce electricity.  If electricity is 
produced, a multi-reheat nitrogen or helium Brayton 
power cycle (with or without a bottoming steam cycle) is 
used.  For electricity production, the peak coolant 
temperatures will be near 750ºC, whereas for hydrogen 
production, the peak coolant temperatures will be near 
950ºC.  The different temperatures reflect different 
requirements 6 for electricity versus hydrogen production. 
 
 Sodium-cooled fast reactors are liquid-cooled low-
pressure, high-temperature reactors.  The AHTR is a 
liquid-cooled low-pressure, higher-temperature reactor.  
Because of these similarities, the AHTR plant designs 
have many features in common with those for sodium-
cooled reactors, including many components in the 
passive decay-heat-removal systems.7  However, some 
differences follow from the higher operating 
temperatures. 

 In terms of passive decay-heat-removal systems, 
major differences exist between the liquid-cooled AHTR 
and gas-cooled high-temperature reactors.  The AHTR 
can be built in large sizes [>2400 MW(t)] because the 
liquid coolant with natural circulation can move large 
quantities of decay heat from the hottest fuel to the vessel 
wall with a small coolant-temperature difference, which 
then allows other passive decay heat systems to dump the 
decay heat to the environment.  Unfortunately, in a gas-
cooled reactor—under accident conditions when the 
reactor is depressurized—the natural circulation of gases 
cannot efficiently transport heat from the fuel to the 
reactor vessel.  The heat must be conducted through the 
fuel to the vessel wall.  This inefficient heat-transport 
process limits the size of the reactor to ~600 MW(t) to 
ensure that the fuel in the hottest location in the reactor 
core does not overheat and fail under accident conditions.  
However, the heat removal efficiency of the AHTR 
makes it possible to achieve the goals of (1) being a large 
high-temperature reactor with the potential economics of 
scale and (2) using passive safety systems.  This 
difference in capabilities separates the potential markets 
and goals6 of the AHTR from those for modular high-
temperature gas-cooled reactors.



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Fig. 2.  Elevation view of the AHTR [2400 MW(t)] with metallic internals (AHTR-MI) for 
normal operation (left) and refueling (right) modes.  IHX = intermediate heat exchanger; 

DHX = decay heat exchanger; PHX = pool heat exchanger. 
 
 
 
 
 Because the AHTR uses the same basic fuel type and 
the liquid-salt coolant has a low neutron-absorption cross 
section, the reactor core physics and fuel cycle options are 
generally similar to those for helium-cooled high-
temperature reactors.  Reactor power is limited by a 
negative temperature coefficient, control rods, and other 
emergency shutdown systems. 
 
 Several liquid fluoride salts with different molar 
compositions [7LiBe (67–33), NaBe (57–43), 7LiNaZr 
(26–37–37), NaZr (59.5–40.5), and NaRbZr  
(33–23.5–43.5)] but somewhat similar properties are 

being evaluated to determine the optimum coolant salt. 4, 5  
In the 1950s and 1960s, several programs examined and 
built two molten salt reactors in which the fuel was 
dissolved in the coolant.8  These programs provide the 
technical foundation for the salt coolant technology. 
 

III.   INSTRUMENTATION REQUIREMENTS 
 
 Experience with other power reactors provides a 
basis for defining RIM instrumentation requirements.  
The AHTR requirements most closely resemble those of 
sodium-cooled reactors9 because, in both reactors, RIM 



 

 

operations must be conducted at high temperatures to 
prevent the freezing of the coolant.  A preliminary study10 
conducted of AHTR refueling operations has defined 
several critical issues.  The AHTR RIM operations differ 
from those for sodium-cooled reactors in two important 
aspects:  (1) the temperatures are higher and (2) the 
coolant is transparent.  The transparency of the coolant 
enables the use of optical instrumentation.  Advances in 
optical instrumentation within the last decade have 
created new reactor instrumentation options that exceed 
the capabilities of current light-water reactor 
instrumentation. 
 

IV.  OPTICAL ACCESS TO THE REACTOR 
 
 Optical instrumentation methods are viable because 
the liquid-salt coolants are transparent between 200 and 
2500 nm (50,000 to 4000 wave numbers).  This includes 
the UV, visible, and near-infrared, with some 
transparency into the infrared from 2500 to 5000 nm 
(4000 to 2000 wave numbers).  In other words, these salts 
are transparent over a wider range of the spectrum than is 
water.  Depending upon its composition and activation, 
the liquid salt provides some radiation shielding for the 
optical systems.  The signal-to-noise ratio of a laser or 
other light signal can be maximized by (1) choosing the 
frequency of the light, (2) using polarized light, and 
(3) adjusting the power level of the laser.  These 
techniques avoid the infrared thermal signals from the 
high-temperature components. 
 
 Optical instrumentation methods require that optical 
signals be transmitted into the reactor vessel and the 
signals returned to the instrumentation systems at room 
temperature environments with low radiation levels 
outside the reactor.  Several options exist for transmission 
and receipt of optical signals.  Laser signals into the 
reactor vessel and return signals can be transmitted by the 
use of mirrors placed either in a periscope with a diamond 
or other window or directly in the liquid salt (Fig. 3).  
Polished noble-metal mirrors can be immersed in the salt.  
Because these fluoride salts are fluxing agents, the 
mirrors are expected to remain clean (something that 
would not occur in water or in most other fluids).  The 
alternative to using mirrors to transmit light signals is the 
use of fiber optics.  Currently available fiber optic 
systems11 for industrial spectroscopy systems to monitor 
chemical plant operations are rated up to 650ºC—
significantly above RIM operating temperatures. 
 

V.  PRECISION METROLOGY 
 
 Precision metrology is the use of multiple laser range 
finders at defined locations with appropriate software 
systems to map three-dimensional environments.  This 

technology is used today to map everything from 
chemical refineries to railroad right-of-way clearances to 
the inside of fusion energy machines. 12, 13  Multiple lasers 
at well-defined locations measure the direction and range 
to each object.  The laser frequency and power levels are 
chosen by the designer or, in high-end systems, selected 
by the operator.  A massive industrial experience base 
exists for this technology and multiple commercial 
suppliers are available for a variety of applications.  
However, the technology has not been developed for 
liquid-salt systems and development would be required 
for this specific application.  Operational frequencies 
would be selected for the best transmission of light 
through the salt where there is not significant light 
emissions from the reactor systems (such as from thermal 
radiation).  Polarized light can be used to further boost the 
signal-to-noise ratio.  Software programs can create a 
three-dimensional model of the environment, and identify 
changes in the dimensions of the components and surfaces 
with high precision (due to corrosion and other 
mechanisms) if measurements are repeated over time.  In 
the computerized displays, locations where the changes in 
component and surface dimensions have occurred can be 
highlighted with artificial colors. 
 
For systems measuring a few tens of meters in scale, 
experience with nonsalt systems indicates that visible 
surfaces can be mapped to a resolution as small as 
0.1 mm.  Figure 4 shows an example image of a dime 
obtained by laser scanning of the surface from a distance 
of 4.2 m.  The x and y axis scales in the figure are only to 
identify locations while the shaded scale at the right 
measures distance to the dime.  The technology in a 
commercial form has become possible only within the last 
decade, with the availability of low-cost computers that 
allow rapid creation of three-dimensional images with a 
precision of ~5 mm.  Special systems are designed for 
much higher resolution and more-challenging conditions.  
Systems for fusion experiments are being designed and 
tested for radiation levels of 106 rad/h under vacuum 
conditions and 6-T magnetic fields.  Computers and 
associated electronics are located outside, while the laser 
scan is deployed in a hostile environment. 
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Fig. 3.  Mirror system for transmitting signals into and out of the reactor vessel. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4.  Image of a dime obtained by laser scanning of the surface 
from a distance of 4.2 m.



 

 

 Precision metrology has multiple potential 
applications for an AHTR.  
 
• Refueling.  Precision metrology will allow operators 

to see operations and provide the refueling machine 
with information concerning the location of all 
components with high resolution.  Modern robotic 
systems, including refueling machines, have control 
systems to prevent collisions with solid objects.  
Precision metrology creates three-dimensional maps 
to provide the input to these systems. 

 
• Vibration analysis.  The system detects component 

vibrations that may indicate potential problems. 
 
• Inspection.  Regular scans of the reactor interior can 

confirm that no significant unplanned changes in 
geometry have occurred.  This includes finding loose 
parts and conducting inspections to see that no 
significant changes in surfaces have occurred—
similar to the application in fusion devices.  The 
high-precision systems being developed for fusion 
applications are designed to find cracks and other 
damage on the interior surfaces of fusion machines, 
as shown in Fig. 5. 

 
• Fluid flow.  If small nanoparticles are present in the 

fluid, the liquid-salt flow velocities can be measured 
by laser Doppler velocimetry or digital particle 
imaging velocimetry.  These techniques are used in 
the laboratory and in parts of the chemical industry.  
However, fundamental viability questions are 
associated with the application of this technology to 
the AHTR.  The operation of a reactor with graphite-
based fuels will generate very small particles of 
graphite in the coolant salt.  But, the number density 
and optical properties of these particles have not been 
measured to determine if the characteristics of the 
particles would allow reliable fluid flow 
measurement in the reactor. 

 
 Precision metrology is applicable for all operations 
when the reactor is shut down.  It may also be applicable 
for monitoring during power operations; however, there 
would be significant additional challenges.  The 
temperatures will be higher as will the neutron and 
gamma radiation levels.  However, the liquid-salt coolant 
provides radiation shielding for the system optics 
(mirrors) and other components.  Online monitoring, if 
proven feasible, would provide an extraordinary and 
unique diagnostic tool. 
 
 
 

 
 
 
 
 

Fig. 5.  Precision metrology surface inspection of the 
first-wall component of a fusion reactor: photograph 

and metrology scan of the surface. 
 
 
 
 
 



 

 

VI.  SPECTROSCOPY 
 
 Spectroscopy is the measurement of light intensity 
versus frequency.  If metrology systems are deployed, the 
metrology system can be augmented to include 
spectroscopy. Remote high-temperature measurement 
systems often use some form of spectroscopy to measure 
temperatures.  In the laboratory, high-temperature salt 
properties (purity, composition, etc.) are measured by 
spectroscopy.  This is a standard technique used in the 
chemical industry11 for online monitoring of the chemical 
composition of flowing streams in chemical plants.  
Properties that can be measured include the following. 
 
• Temperature.  Remote high-temperature 

measurement systems traditionally use some form of 
spectroscopy to determine temperature. 

 
• Salt purity, density, chemical composition, and other 

properties.  In the laboratory, high-temperature salt 
properties are measured by spectroscopy.  Laser or 
other light is sent through the salt, and the 
transmission of the light is measured as a function of 
frequency.  In more sophisticated systems, secondary 
emission lines are measured.  Salt impurities that can 
be measured to very low concentrations include 
uranium, the actinides, iron, chromium, and nickel.  
The chemical valence state can also be measured.  
Spectroscopy is likely to be the preferred method for 
monitoring the concentration of impurities and the 
redox potential of the salt─and thus the performance 
of the salt cleanup systems.  Such technology is the 
functional equivalent of the instrumentation used to 
monitor water chemistry in a light-water reactor. 

 
• Radiation decay.  In some salts, neutron activation5, 6 

of the salt leads to a radioactive decay process that 
creates high-energy electrons.  As the electrons in the 
salt slow down, photons are emitted that peak in the 
blue part of the visible spectrum.  Because this part of 
the spectrum is far from the thermal infrared signal 
caused by the high temperatures, it will be detectable.  
Depending upon half-lives of the activated nuclides 
and flow velocities, this phenomenon may allow 
mapping of salt flow patterns above the reactor core. 

 
VII.  TELEVISION 

 
 Television (TV) cameras have been developed for a 
wide variety of hostile environments and are applicable to 
refueling.  Although they represent an alternative optical 
method, they can not provide the clarity of view of 
precision metrology.  Specialized TV cameras such as 
 

fiberscopes have been developed with high radiation 
resistance and enable the electronics to be positioned in 
cooled low-radiation zones. 
 

VIII. CONCLUSIONS 
 
 The AHTR is a new reactor concept with potentially 
unique capabilities.  The optically clear high-temperature 
coolant, combined with advances in optical 
instrumentation, creates the potential for advanced reactor 
instrumentation with capabilities significantly beyond 
those of existing reactor RIM instrumentation systems.  
Significant work and experiments are required to 
determine which options are the most viable for 
implementation, and a major development program would 
be required for implementation. 
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