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Summary

Molten salt reactors (MSRs) represent a powerful opportunity to meet the growing energy needs
in the United States while offering improved efficiency and safety as compared to the existing
fleet. To better enable and support industry efforts in these areas, national laboratories can
advance key technologies to support the deployment and operation of these reactors. A key
example of this is advancing the off-gas management systems.

Advancement and integration of on-line monitoring tools can be particularly beneficial as it can
support needs at multiple stages. For example, integration of probes and sensors that can provide
in situ and real-time characterization of the off-gas line and enable more efficient and informed
development and optimization of treatment systems. On-line monitoring tools can also support
scale up and ultimately cost-effective deployment of treatment systems.

PNNL has been developing and demonstrating Raman-based monitoring sensors that can identify
and quantify multiple polyatomic species simultaneously. Examples include various iodine
species, multiple hydrogen isotopologues, and contaminants such as O, and N.. Efforts have
involved advancing gas sensor flow cells to improve sensitivity for key analytical targets,
developing automated data-science tools for real-time translation of Raman spectra to analyte
concentrations, and validation of sensor performance on real flow loops. Progress in FY25 has
been notable, with the key highlights of:

1) In collaboration with ORNL, PNNL integrated 4 Raman sensors onto the Facility to
Alleviate Salt Technology Risks (FASTR) loop at ORNL. This was a coordinated effort to
integrate multiple complementary sensors onto the loop and provided a valuable
demonstration of interlab collaboration and comprehensive characterization of off-gas
streams.

2) The Raman sensor flow cell was further optimized to improve sensitivity for target analytes
while eliminating non-beneficial components to improve simplicity of installation. Improved
performance as compared to standard gas probes was demonstrated on the ORNL
FASTR loop. Off-loop H2 and D, measurements demonstrated a lower limit of detection
(LOD) than previous measurements on standard Raman probes.

Overall results demonstrate the development and maturation of technologies that can directly
support the advancement and deployment of molten salt reactor off-gas treatment systems.
Furthermore, results suggest that expansion of connected and complimentary sensor
measurements can provide the comprehensive level of information needed by both researchers
and operators to support MSR needs. Submission of this report meets milestone M3AT-
25PN0702061: “Complete demonstration of flow cell design on representative gas stream.”
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1.0 Introduction

MSRs have been recognized as a key next generation nuclear reactor technology that can safely
and efficiently provide energy. Several reactor designers are advancing this technology, with
some in the process of building test reactors (e.g. TerraPower) or pursuing NRC licensing
(Kairos). Notably, MRSs can come in a variety of forms with a general commonality being off-gas
treatment systems. These treatment systems and the need they fill have been covered in detail
elsewhere.’?

A key item to note is the benefit of including on-line monitoring tools through the design,
optimization, scale up, and deployment of these off-gas treatment systems. On-line monitoring,
or the integration of sensors directly on process lines to support in situ and real-time process
characterization, can drastically accelerate and reduce costs of deployment. For the development
of off-gas treatment systems starting at lower technology readiness levels (TRLs), on-line
monitoring can provide researchers with real-time feedback regarding system modifications and
optimizations. When pushing to higher TRLs, a key example being going through the scale up
process, on-line monitoring can provide insight that allows engineers to more efficiently modify
the system while reaching performance targets. At high TRLs (deployment of treatment systems)
on-line monitoring offers operators a powerful tool for real-time process control. Ultimately, this
can reduce grab sample costs, avoid upsets, and maintain optimal operational conditions.

For MSR off-gas treatment systems where chemical constituency is complex and the
measurement environment is damaging towards sensor equipment (e.g. through corrosivity or
radiation), there are often no sensors commercially available that can be readily deployed. This
is true from both a material performance standpoint (i.e. sensors on the market are not designed
from materials hardened for radiation or chemical corrosivity) or from an automated data analysis
standpoint (i.e. there are no plug and play tools that can allow sensors to translate raw data into
useful information for operators within these complex chemical environments). To enable the
MSR industry to realize the benefits of on-line monitoring, it is essential that these tools be
developed and advanced in TRL along with gas treatment technology.

Many sensors could ultimately be valuable in off-gas treatment systems, but a key component
will need to be optical sensors due to their unique ability to provide detailed insight into chemical
compositions and concentrations. Furthermore, for comprehensive characterization, integrating
multiple types of probes will allow for characterization of the full suite of target analytes of interest.
Key examples of applicable optical tools for MSR off-gas include Raman* % and laser-induced
breakdown spectroscopy (LIBS).6® These tools provide highly complementary information, where
Raman can characterize molecular species and LIBS can characterize elemental species.

Under DOE-NE funding, Raman and LIBS tools have been advanced for MSR off-gas
applications. This has been a collaborative effort between Pacific Northwest National Laboratory
(PNNL), and Oak Ridge National Laboratory (ORNL), where PNNL has focused on Raman and
ORNL has focused on LIBS. Under previous work, PNNL has demonstrated Raman applicability
to various off-gas species of interest, including iodine species and hydrogen isotopologues.®'
Most notably this previous work highlights efforts to both optimize sensors for off-gas systems as
well as develop automated, data-science based tools for real-time data analysis.

In addition to being able to simultaneously identify and quantify a wide range of molecular species
of interest within off-gas treatment systems, Raman has demonstrated a number of other benefits
of application. Probes and sensor flow cells can be fabricated out of materials that can withstand
the corrosive environment and do not contain electronics, making them ideal for applications
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within radioactive environments. Additionally, probes connect to instrumentation via fiber optics
which can be 100’s m long,'? meaning all the sensitive components can be well outside of the
process hazard zone. Raman is also a highly mature technology, where instrumentation is widely
commercially available. A key note, while historically it has been difficult to procure probe
components needed for off-gas systems commercial off the shelf, PNNL's work with small
business partners has resulted in off-gas-applicable sensors now being more easily available.

Recent work has been focused on addressing challenges in two key areas:

1) Improving sensitivity for low concentration species (tritium is a key example of an
important analytical target)

2) Demonstrating Raman performance and ability to be integrated into operating off-gas
loops

a. With akey aspect being demonstrating complimentary and simultaneous operation
with additional sensors (e.g. LIBS) for comprehensive gas characterization

This report will cover the results of FY25 efforts to address points 1 and 2 above. Specifically, the
design and testing of new, optimized Raman flow cells for gas analysis will be discussed. Results
indicate improved performance, and the more streamlined flow cell footprint lends itself to easier
installation. Additionally, efforts to complete an on-site demonstration of Raman on an active salt
loop at ORNL will be discussed. This highly successful deployment was completed through close
collaboration with the ORNL team and results indicate not only good performance of Raman, but
highly beneficial connection between multiple sensors simultaneously operating on the loop.

Overall, Raman continues to demonstrate that it is a key component of a complete on-line
monitoring portfolio to support development and deployment of MSR off-gas treatment systems.
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2.0 Instrumentation and sensor development

Gas-phase measurements performed in previous FYs have utilized existing instrumentation and
sensors which were not specifically designed for gas-phase measurements. A key aspect of this
work was procuring instrumentation and sensors with specifications designed to improve signal
for gas-phase species.

2.1 Improving instrumentation

A new Raman instrument (Spectra Solutions) was purchased for this work and includes
specifications for gas-phase measurements. Previous work has demonstrated that lower
wavelength, higher energy excitation lasers provide increased signal." Based on this previous
experience, the new instrument was designed to include 60 mW 406 nm (blue) lasers and a back
iluminated charge-coupled device (CCD) detector with a usable range up to 5000 cm™' to cover
the range of all hydrogen isotopologues (up to 4160 cm™ for H,). The new instrument is also a
6-track instrument, meaning that signal from 6 collection ports can be collected simultaneously.
This allows for 6 different measurement locations. Each track has its own excitation laser
excitation, and the laser light is transmitted to the sensor via fiber optic cables. The scattered light
will be transmitted back to the corresponding detector track. Figure 1 shows a photo of the new
Raman instrument with fiber optical cables attached to several of the excitation and collection
ports. These fiber optic cables can be manufactured to be very long (up to hundreds of meters'?)
and therefore allow the instrument and operators to reside far away from the sensor. This not only
adds convenience for instrument placement but also improves safety by adding distance from
high temperature or radiation environments.

Figure 1. Photo of new Raman instrument on a cart with a laptop to operate the instrument.

Instrumentation and sensor development



211 Initial aqueous testing of instrumentation

Initial testing of the new instrument was done in aqueous systems for ease of sample preparation
and measurement. A series of aqueous solutions were prepared to compare the performance of
the existing 405 nm Raman system to the new 406 nm Raman system. Thirty-five samples with
various concentrations of sodium nitrate, sodium chloride, and nitric acid were prepared to
evaluate the change in the nitrate peak from two different nitrate sources. Adding sodium chloride
was used to evaluate the ionic strength effect on the nitrate peak. The samples were measured
in a 1 cm pathlength glass cuvette with a cuvette holder capable of aligning the Raman probe.
The samples were measured on both the old 405 nm and new 406 nm Raman systems at an
integration time of 0.2 s. An example of the aqueous testing results is shown in Figure 2 for
solutions of NaNOs. The NOs™ peak intensity at 1050 cm™ was compared between both the old
and new Raman instrument and the LOD was calculated for each instrument. The equation used
to calculate the limit of detection is shown in Equation 1, where s is the standard deviation of a
blank measurement (water), and m is the slope of the calibration curve.

LOD = 3s/m (1)

New Instrument Old Instrument

. 6
A =0 ‘LOD=0.978 mM \ B 20 [Lop=374mm
5 5
60 | . 60 .
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E 40 g g 40 >
2 2
20 20 !
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Figure 2. Comparison of Raman signal and LODs for solutions of 0 — 6 M NaNOs for the A) new
instrument and B) old instrument along with the C) corresponding calibration curves.
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The LOD of nitrate on the new instrument was more than 3 times lower than the LOD of the old
instrument and the new instrument had more than 5 times higher signal than the old instrument.
While these aqueous results may not translate exactly to gas-phase measurements, as detector
sensitivity varies across the spectrum, these are very promising results and indicate that the new
instrument is more sensitive than the old instrument.

2.2 Improving sensor design

Another aspect of ongoing work is improving the design of the Raman sensors. Traditional Raman
probes consist of a probe body connected to fiber optic cables and a probe barrel with a focusing
lens. These barrels can be manufactured at various lengths, with different focal lengths, and
constructed out of different materials. Two probes with different barrel sizes are shown in Figure
3. This Raman probe design is commercial off the shelf (COTS), customizable, and can be easily
incorporated into a process by either shining the laser through an optically transparent window or
by immersing the end of the barrel directly into the process line. While there are advantages to
using these COTS probes, new designs of gas measurement cells were explored with the goal of
improving sensitivity and LODs.

Fiber Optics Probe Body Probe Barrel
| ! L
—

Figure 3. Raman probe with A) a short barrel and B) a long barrel.

In FY24, a new gas cell was designed which consisted of a Raman probe body attached to a cell
with 3 additional collection ports. This design improved the Raman signal over the single barrel
design. Figure 4 shows a photo and schematic of the FY24 gas cell design. This cell was tested
in air by following the peak intensity of N2. This test was done where only one collection fiber was
attached at a time, and the Raman signal of N> was measured. The results are shown in Figure
4A where it was determined that a majority of the Raman signal was collected on the fiber
attached directly to the Raman probe and the one that was 180° from the Raman probe. This
inspired a new design in FY25.

Instrumentation and sensor development
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Figure 4. A) N2 Raman measurement in air of each collection port of the FY24 gas cell. B)
Schematic of FY24 gas cell showing location of 4 collection ports. C) Photo of FY24
gas cell.

The FY25 gas flow cell was designed to take advantage of the increased signal from the FY24
design but in a simpler form. Instead of a second collection port opposite the Raman probe, a
mirror was added to reflect the signal back to the Raman probe body. A schematic and photo of
the gas flow cell are shown in Figure 5. With this design, only one collection port on the probe
body is required, which would allow for multiple gas flow cells to be used simultaneously. The
new Raman instrument would be capable of collecting data on up to 6 gas flow cells if desired.
Results using the FY25 gas cell are reported in Section 3.

(T

Figure 5. A) Schematic of FY25 gas flow cell. B) Photo of FY25 gas flow cell.
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3.0 Demonstration at ORNL

PNNL has maintained an ongoing collaboration with ORNL. This has involved sensor testing
during previous FASTR and liquid salt test loop (LSTL) runs as well as preparation and finally
completing a demo of combined sensors on FASTR. This demo was a unique opportunity for the
deployment of multiple sensors on a salt loop. The teams were able to measure Raman in tandem
with residual gas analyzer (RGA) and LIBS for a demonstration of the benefits and needs for
online monitoring in multiple forms.

During previous runs on FASTR and LSTL, PNNL shipped Raman probe barrels to ORNL to
incorporate into the loops. These barrels were inserted into the loops to test the survivability of
the sensors. The results were presented in the FY24 report.’ Most of the probes did survive the
testing with only minor discoloration due to heat exposure.

3.1 Onsite demo at ORNL

3.1.1 Instrumentation

The newly acquired PNNL Raman spectrometer described in Section 2.1 was shipped to ORNL
for the demonstration on the salt loop. Fiber optic cables (15 — 20 m length) connected this
instrument to 4 Raman sensors incorporated into the loop. These sensors included 3 traditional
Raman probes and the newly designed gas flow cell.

The ORNL instrumentation included RGA and LIBS. For these experiments, an RGA sampling
line was attached in line with Raman and LIBS to provide tandem mass spectrometry results of
the gas phase. The LIBS sensor for monitoring aerosol/gas phases setup for this study used a
mobile LIBS platform with a modular design, allowing various sample stream configurations and
spectrometers.’ > Two spectrometers were used: a multichannel spectrometer with broad
elemental coverage (6-channel 4096CL, Avantes) and a high-resolution spectrometer with narrow
bandwidth (~2 nm) but capable of resolving isotopic shifts (DEMON, Lasertechnik Berlin). Both
the DEMON spectrometer and LIBS platform were outfitted on separate carts for transportation
between laboratories.

3.1.2 Demo results

In August 2025, three members of the PNNL team (Paulina Guerrero-Almaraz, Heather Felmy,
and Sam Bryan) traveled to ORNL for a weeklong demonstration at ORNL. During this demo, the
PNNL Raman system was able to collect data from 3 Raman probes similar to the one pictured
in Figure 3B, as well as the newly acquired FY25 gas flow cell pictured in Figure 5B. The PNNL
and ORNL team members participating in the demo are pictured in Figure 6A and Figure 6B
shows some of the LIBS and PNNL team members operating the instrumentation next to the
FASTR loop.

Demonstration at ORNL
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Figure 6. A) PNNL and ORNL team members who participated in the demo at ORNL. B) LIBS
and Raman team members collecting measurements.

Initial studies were conducted outside of the salt loop for comparison of Raman sensors. Figure
7 shows a gas line with a Raman probe and gas flow cell attached to the same gas space. This
gas line was filled with 4% D- in Ar and the probe signals were compared.

= - R <
"

Gas Vacuum
Flow Cell Line

Figure 7. D, measurement setup for comparison of Raman probe and gas flow cell.
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Figure 8 shows the results of the gas flow cell and Raman probe measurements of 4% D5 in Ar.
The data shown includes two different integration times. The integration time, or the time that
Raman signal is collected for a single spectrum, can be optimized for each experiment. The longer
the integration time, the higher the signal, but longer integration times mean fewer spectra can be
collected over a given period of time and quicker reactions can be missed. From Figure 8, the gas
flow cell produced a much higher signal than the Raman probe. All additional experiments utilized
an integration time of 20 seconds in order to monitor for faster changes in the system. Additional
post-processing of data including spectral averaging was performed on the measurements to
improve signal for both the Raman probe data and the gas flow cell data.

1200

1200

A 20 sec Raman Probe B 60 sec Raman Probe
1000 + Gas Flow Cell - 1000 - Gas Flow Cell 4
800 800
> > D
— -—
g 600 - g 600 - 2 1
L 0 D L 40
= 2 IS
200 - 1 200 -
0 05
2920 2940 2960 2980 3000 3020 3040 3060 2920 2940 2960 2980 3000 3020 3040 3060

1

1

Raman Shift, cm~ Raman Shift, cm~

Figure 8. Raman measurement of 4% D- in Ar comparing a traditional Raman probe to the gas
flow cell collected at A) 20 second integration and B) 60 second integration time.

Estimated calibration curves for Raman were developed for D> and H2 measured on the gas flow
cell. Raman, RGA, and LIBS were measured simultaneously and will be compared in future work.
The concentration range was limited to up to 4% Hz or D2 in Ar for safety requirements. The results
are shown in Figure 9. For these measurements, 0 — 20 psig (0 — 41 Torr) D, or H, was flowed
through the Raman gas flow cell. The pressures were measured at the tank, not the measurement
location, so exact gas pressures in the measurement cell are expected to be slightly different.
Despite this, there was a noticeable trend of peak intensity versus gas pressure. From this, an
estimated LOD was calculated as 5 Torr for D, and 3.8 Torr for H,. These were lower LODs than
previously measured on the older Raman system with a traditional Raman probe which were 10.0
Torr for D2 and 13.1 Torr for H,."" Additional calibration measurements are planned to get a better
LOD determination.

Demonstration at ORNL
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Figure 9. Raman calibration measurements of 0 — 20 psig (0 — 41 Torr) of A) D, and B) Hz along
with the corresponding calibration curves and LODs for C) D2 and D) Ha.

For the Raman measurements performed on the FASTR loop, Raman probes were attached in 3
locations which are shown in Figure 10 in both a schematic of the loop and photos of the probe
locations. These locations were chosen to encompass much of the gas phase portions of the
loop. These probes were installed at the start of the demo and collected data for much of the
weeklong experiment. These probes will be shipped back to PNNL after the end of the salt loop
run for characterization and to determine if any damage was sustained from heat or corrosion.

Demonstration at ORNL
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Figure 10. A) Schematic of FASTR adapted from a previous report'® with Raman probe
locations indicated in orange (not to scale). Photos of locations where Raman
probes were incorporated into the FASTR loop are shown in B) salt storage tank,
C) pump tank, D) top of the manifold.

The first experiment performed involved sparging the salt storage tank with 4% H. in Ar followed
by 4% D2 in Ar. In this experiment, a Raman probe was inserted above the salt storage tank
(Figure 10B) on a gas outlet line and the results are shown in Figure 11. Throughout this
experiment, H, and D, were alternated with Ar gas at increasing sparging gas flow rates shown
in Figure 11E. The Raman probe was able to detect H, and then D, with peak intensities

Demonstration at ORNL 11



increasing with gas flow rates as gas concentration in the headspace of the salt storage tank
increased. The Raman region where HD would be expected (3630 cm™) is plotted but no
discernable signal was observed. It is important to note that with this probe, there was a peak at
~3650 cm™' that was present in all spectra. This signal could be caused by probe materials or gas
line materials but its presence in all spectra indicates that it is not a gas phase analyte peak.
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Figure 11. Top-down surface plots of Raman spectra measured on the Raman probe above

the salt storage tank highlighting the A) D2 region, B) HD region, and C) Hz region.
D) Peak intensities for D2, HD, and Hz. E) Flow rates of H, and D, gas sparging.
Spectra were averaged using a moving mean of 19 points.

The second experiment incorporated the gas flow cell in addition to the Raman probe above the
salt storage tank to measure gas from the headspace above the salt storage tank. A gas sampling
tube was inserted into the headspace of the salt storage tank. The Raman, LIBS, and RGA
sampled gas from this line in tandem. Photos of the instrumentation and measurement cells are
shown in Figure 12.

Demonstration at ORNL
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Figure 12. A) LIBS, RGA, and Raman instrumentation arranged for simultaneous
measurements. B) Sampling of gas line from salt storage tank for simultaneous
RGA, Raman, and LIBS measurements.
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The results of this second experiment are shown in Figure 13 for the Raman probe (pictured in
Figure 10B) and in Figure 14 for the gas flow cell (pictured in Figure 12B). For measurements
collected at each location, D2 and H2 were both detected after the start of each gas flow and the
flow rate correlates to the peak intensity. This is especially seen in Figure 13D-E and Figure 14D-
E between hours 6 and 7 where the H, gas pressure was lowered and then increased. The H»
peak intensity also drops with the decrease in gas flow rate and increases when the gas flow rate
increases. Both Raman sensors also appeared to detect the formation of HD. There was a slight
increase in a peak around 3630 cm™ consistent with the location of HD."” This peak appeared at
the point where the gases were switched between D> and Hz and would be at the time with the
highest concentration of both gases in the system.

Demonstration at ORNL
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Figure 13. Top-down surface plots of Raman spectra collected on the Raman probe above

the salt storage tank highlighting the A) D2 region, B) HD region, and C) Hz region.
D) Peak intensities for D,, HD, and Hz. E) Flow rates of H2 and D2 gas sparging.
Spectra were averaged using a moving mean of 19 points.
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Figure 14. Top-down surface plots of Raman spectra collected on the gas flow cell

highlighting the A) D region, B) HD region, and C) Hz region. D) Peak intensities
for D2, HD, and H2. E) Flow rates of Hz and D, gas sparging. Spectra were
averaged using a moving mean of 19 points.

Throughout these experiments, LIBS was able to measure H and D peaks and monitor the peak
intensities as a function of gas flow rate. LIBS will be more sensitive to the concentration of H and
D than the Raman system used in this work, but as an elemental measurement, LIBS will be
unable to differentiate between molecular species. The H and D peaks also overlap in LIBS and
require a high-resolution instrument to differentiate between the two isotopes. RGA was also able
to detect Hz, D2, and HD during these experiments, though without higher resolution, the RGA
would be unable to differentiate between molecules of similar masses such as HD and tritium.
Raman can distinguish between all molecular hydrogen isotopologues but is limited by the
sensitivity of the measurements. This is why combining multiple sensors is so valuable.
Combining Raman, LIBS, and RGA, allows for not only the quantification of species present, but
also the determination of molecular speciation. Data analysis and collaboration between the
PNNL and ORNL teams will continue to compare and correlate the results of all systems.

Demonstration at ORNL
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4.0 Conclusions and recommendations
The PNNL focus for FY25 was to demonstrate two key advancements:
1) Optimization of a Raman sensor flow cell for low concentration gas-phase applications

2) Collaborative demonstration of Raman integration on operating salt loop to collect data in
concert with other sensors

In the case of optimizing flow cells, the PNNL team optimized the sensor design to improve limits
of detection, particularly in connection with optimized instrumentation while streamlining the
footprint of the sensor. Results show desired improvements in sensitivity; a key item of note was
the testing and demonstration of the novel sensor design on the active salt loop at ORNL.

In the case of collaborative demonstration, PNNL worked closely with ORNL to complete an on-
site integration of Raman sensors onto an operating salt loop. PNNL provided 4 sensors (3
traditional Raman probes and the gas flow cell) which were integrated into the loop by the ORNL
team. Data was collected simultaneously on multiple Raman probes while LIBS and RGA sensors
were also operating on the loop. Gas composition was modified through the introduction of H;
and D into the loop. Results indicated good Raman performance and complementary output
between the various sensors. Next steps include returning probes to PNNL for analysis of
materials degradation and teams are considering collaborative sharing of information.

Moving forward, extended demonstration of sensor performance on active salt loops as well as
extension to include and integrate additional sensing modalities is needed. Tools such as data
fusion may be a pathway to build out highly robust and automated approaches to characterizing
off-gas streams.

Conclusions and recommendations
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