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Abstract — The literature on the experimentally verified material properties of tritium is sparse, but
information about this is crucial in fusion for pellet production (magnetic confinement fusion), target
fueling (inertial confinement fusion), and cryogenic distillation, as well as in astroparticle physics for
neutrino experiments and the search for rare physics.

To improve on this, the ToApIR (Tritium Absorption InfraRed Spectroscopy 2) experiment, designed and
built at the Tritium Laboratory Karlsruhe, is in its scientific commissioning phase. The main focus of this
experiment is to enable the investigation of the properties of all six hydrogen isotopologues and their
mixtures in the gaseous, liquid, and solid phases, as well as the dynamics of their phase changes. In
addition, mixtures with noble gases, such as xenon and neon, can be investigated.

This is achieved using a cryogenic setup capable of reaching less than 10 K in a measurement cell that
allows for optical access for infrared absorption spectroscopy, Raman spectroscopy, and a polariscope
setup, as well as temperature and pressure measurements. Scientific commissioning measurements using the
inactive hydrogen isotpologues (H,, HD, and D,) have demonstrated these analytical capabilities prior to
tritium commissioning of the apparatus.

Keywords — Tritium Laboratory Karlsruhe, cryogenic tritium, thermodynamical properties of hydrogen

isotopologues, Raman spectroscopy, infrared spectroscopy.

I. INTRODUCTION

Tritium (T and T,), the radioactive isotope of hydro-
gen, is of particular interest as an electron source for
neutrino mass measurements [1-5] as a natural back-
ground and as a calibration source for dark matter search
[6—10]. Tritium is also the most promising fuel in fusion
for power generation [11].

CONTACT Alexander Marsteller € alexander.marsteller@kit.edu
This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.
org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is
properly cited. The terms on which this article has been published
allow the posting of the Accepted Manuscript in a repository by the
author(s) or with their consent.

In the former case, detailed knowledge of the properties
of tritium is necessary to accurately determine the uncer-
tainties of the neutrino mass measurement and the design of
the tritium electron source. In the latter case, material prop-
erties [12] inform the design and feasibility of fuel cycle
concepts, including processes such as cryogenic distillation,
production of pellets for magnetic confined fusion or targets
for laser fusion, and finally, for the development of analytic
systems and concepts for monitoring and accountancy.

In general, cold hydrogen isotopologues are of inter-
est in wide fields of research from ortho/para-conversion
[13] for hydrogen liquefaction to the production of ultra-
cold neutrons and tests of fundamental interactions, like
ultra-cold neutrons scattering on cold deuterium [14].

Current research at the Tritium Laboratory Karlsruhe
(TLK) focuses on the thermodynamic properties of high-
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purity H-D-T mixtures [12,15-17] and the development of
analytical tools [18-22] for target production, pellet produc-
tion, cryogenic pumping and cryogenic distillation, and
water detritiation [23] for inertial and magnetic confined
fusion.

In cryogenic distillation for isotope separation, the six
hydrogen isotopologues (Q,=T,, DT, D,, HT, HD, and
H,) are separated in a cryogenic distillation column by
differences in their vapor pressures at a given temperature.
As the highest boiling isotopologue, with a boiling point of
2499 K at 1 bar [24], tritium (T,) accumulates at the
bottom of the column in the liquid phase. To monitor the
concentration of T,, as well as the residual amounts of HT
and DT, a measurement system is required.

Offline methods to measure this concentration, such as
gas chromatography, do not allow for a real-time monitor-
ing of a process on the scale of seconds or minutes,
requiring measurement times on the many minutes
to hour scale with additional sample and waste processing,
as well as frequent recalibration [25,26]. At the TLK,
infrared (IR) absorption spectroscopy, which is under
investigation as an online and inline monitoring tool, has
been successfully calibrated for the inactive isotopologues
with an accuracy of better than 5% absolute [27,28].

The production of fuel targets for inertial confined
fusion for a commercial fusion power plant requires a fast
rate (10 Hz [29]) of target production in order to achieve
the desired output power while keeping the overall tri-
tium inventory low [30]. A key step in this process is
loading targets with a deuterium-tritium mixture and fix-
ing it, for example, via freezing out the tritium.

In order to address these open questions, an experi-
mental setup to calibrate the spectroscopic methods,
study the thermodynamic properties, and investigate the
dynamic phase-space behavior of all six hydrogen isoto-
pologues Q, at cryogenic temperatures at high density is
necessary. Such a setup should allow for investigating all
six hydrogen isotopologues Q, in different phases, mix-
tures, pressures, and ortho/para states, and at the triple
point using IR and Raman spectroscopy, as well as opti-
cal analysis. Based on previous experience with the inac-
tive hydrogen isotopologues (H,, HD, and D) [27,31] the
Tritium Absorption InfraRed Spectroscopy 2 (T,ApIR)
experiment [32] has been set up and commissioned at
the TLK.

In this work, the commissioning results for the
dynamic processes for the inactive hydrogen isotopolo-
gues (H,, HD, and D,) in the T,ApIR setup are presented.
These measurements demonstrate the second-to-minute
scale real-time performance of the analytic systems in
T,ApIR.
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Il. EXPERIMENTAL SETUP

The setup of the T,ApIR experiment, with a focus on
its construction and design decisions, is described in
detail in Refs. [32] and [33]. In order to ensure safe
operation with tritium, the entire setup is enclosed by
a glove box and connected to the TLK closed tritium-
loop infrastructure [34].

T,ApIR consists of a cryogenic sample cell with two
sapphire windows for optical access in a transmission
configuration. This access can be used for transmission
absorption IR spectroscopy, Raman spectroscopy, and
backlight photography (with white light, monochrome
light, polarized and nonpolarized). A motorized stage
enables an automated change between measurement
methods, allowing for the quasi-simultaneous measure-
ment of the IR spectra, Raman spectra, and photographs
of the cell contents. A schematic depiction of these opti-
cal beam paths in the T,ApIR setup is shown in Fig. 1.

IR spectroscopy is performed using a commercially
available Bruker Vertex 70 Fourier-transform infrared
(FTIR) spectrometer. Due to the sapphire windows of
the cryogenic sample cell, the lower limit of the wave-
number range of the IR spectrum is around 2100 cm .
The built-in optical components of the spectrometer result
in an upper limit of 9000 cm '. To remove background
from atmospheric water, the IR beam path is continuously
flushed with nitrogen and further dried with silica gel.
The IR interferogram is directed through the cell via
mirrors, allowing for both the spectrometer and its detec-
tor to reside outside of the glove box, preventing
contamination.

For the throughpass Raman spectroscopy system,
a TLK-developed micro Raman (uRa) system [18] is
used in a forward Raman configuration. The excitation
laser light is produced by a rgb lasersystems Lambda
Beam 532-nm diode—pumped, solid-state laser with
a power of 200 mW. The produced Raman light is ana-
lyzed by one of several exchangeable Ocean Insight
QePro spectrometers, which allow for the investigation
of either the Sy-branch (rotational) or the Q;-branch (ro-
vibrational) of the hydrogen isotopologues.

Control of the laser and spectrometer, as well as the real-
time data analysis of the Raman spectra on a subsecond
timescale, is handled by the uRa control software [18].
Both the excitation and the Raman light are guided into/out
of the glove box using optical fibers, allowing for both the
laser and the spectrometer to reside outside of the glove box,
preventing contamination.

Inside of the glove box, a laser cleanup filter before
the cell removes excitations from the connecting fiber,
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Fig. 1. Experimental idea including the IR system, the throughpass laser Raman system, and photography in a measurement cell.
The sample cell is included in the figure multiple times to illustrate the photography and Raman beam path. Only one cell at

a fixed position is present in the setup.

while a long-pass filter with a cut-on at 534.4 nm after
the cell removes the 532-nm excitation laser light.

For optical investigations, a Canon EOS R system cam-
era with a 100-mm F/2.8 L IS USM macro lens is used to
take images and videos of the cryogenic measurement cell.

Additionally, linear polarizers mounted on motor-
ized rotation stages can be inserted on both sides of the
measurement cell. This allows for polarization-
dependent spectroscopic measurements, as well as for
photographic polariscopy. Polariscopy makes it possi-
ble to investigate stress inside the solid cell contents
via color changes when using white light back-
illumination [35] and enhances the contrast of the
density fluctuations in the liquid phase.

A short overview of the key cryogenic and spectro-
scopic performance parameters is given in Table 1.

[1l. RESULTS

In the following, the first results obtained with the T,
ApIR experiment are presented. First, the optical investi-
gations into the phase change behavior with a focus on
crystallization is provided, followed by spectral data with
a focus on the dynamic processes.

lILLA. Photography-Based Optical Observations of
Phase Change

The cryogenic measurement cell of the T,ApIR
experiment can reach the temperatures required to cause
hydrogen to liquefy and crystallize. Via the optical win-
dows of the cell, this phase change can be observed with

TABLE 1
Key Performance Parameters of the T,ApIR Setup
Parameter Quantity Value

Temperature Stability 0.1 K

Pressure Maximum 2.5 bar

FTIR Wavenumber range 2100 to 9000 cm '
Resolution 0.5 cm™!

Raman Raman shift range 50 to 2950 cm™'/1000 to 5000 cm '
Resolution (full width at half maximum) 9.8 cm '/16.0 cm ™!
Acquisition time 0.5 to 3600 s

@ANS
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imaging optics, such as a camera using back-illumination
from the opposite side of the cell.

An example photograph of the cell filled with a system
of solid, liquid, and gaseous protium (H,) is shown in
Fig. 2. The interface between the gaseous phase at the top
of the cell and the liquid phase in the middle (region within
the cyan dotted line) is visible as a pronounced dark menis-
cus, which is the result of the light of the back-illumination
being refracted away from the optical axis of the camera.

The phase boundary between liquid and solid (region
within the red dotted line) is visible as a dark ridge as
well due to the boundary not being perpendicular to the
cell windows, again refracting light away. In the solid
phase, several hairline surface features are visible, with
the best contrast close to the phase boundary. The solid is
frozen asymmetrically, most likely due to the differences
in the thermal resistance between the measurement cell
and the cryocooler across the interface between them,
which causes a slight temperature gradient across the cell.

HLA.1. Slow Crystal Growth

For a slow crystal growth, two methods were tested
and established for H, and D,. One method was the
growth via the liquid phase, and the other was

Fig. 2. Photograph of the T,ApIR measurement cell
content. The cell is filled with a system of all three
phases of protium (H,). The cyan dotted line shows the
meniscus of the liquid-gas phase boundary. The red
dotted line shows the saddle shaped liquid-solid bound-
ary region.

@ANS

desublimation. The latter uses the direct transition from
the gaseous to the solid phase. To grow a hydrogen
crystal from the liquid, the cell temperature is initially
set to a temperature slightly above the triple point of the
used hydrogen isotopologue. By condensation, the cell
fills up with liquid until the desired fill level is reached.
Subsequently, the temperature is reduced slightly below
the corresponding triple point. The crystallization then
starts at the bottom of the cell, and the crystal grows
slowly to the top until the whole liquid is transformed
into the solid phase, as can be seen in Fig. 3.

This method results in a directly transparent hydro-
gen crystal that can then be analyzed, e.g., by IR spectro-
scopy. However, if the temperature is reduced too far
below the triple point, the initially slow crystal growth
goes over into a different behavior, as described in
Sec. III.A.2. Therefore, the temperature is a very crucial
parameter for this method of crystal growth.

To grow a crystal via desublimation, the sample cell
is coupled with a buffer vessel filled with the desired
hydrogen isotopologue. The initial pressure in this con-
figuration is set to a value below 100 mbar. The exact
value is chosen according to the isotopologue’s phase
diagram. During the process, a slowly growing crystal
layer at the lower part of the cell can be observed,
which then grows to a crystal filling out the whole
sample cell.

During this process, the pressure inside the cell and
buffer vessel decreases due to the material deposited in
the crystal. The amount of hydrogen in the buffer vessel,
however, is large enough to produce a cell-filling crystal.
In principle, keeping the pressure constant during the
growth process is possible by buffering the buffer vessel
directly from the gas supply line. A subsequent annealing
phase, therefore, is required before IR spectroscopy is
possible.

For both methods, the influence of the pressure and
temperature parameters, as well as the corresponding
gradients, needs further investigation. So far, both proce-
dures have been performed multiple times with reprodu-
cible results.

IILA.2. Rapid Crystal Growth

When deuterium D; is cooled down quickly below its
freezing point, a different behavior can be seen, as shown
in Fig. 4. At first, a spontaneous formation of small
nucleation sites along the interfaces of the liquid and
the windows can be seen (see e.g., t = 06s in the figure).
These nucleation sites appear to lose their sharply defined
shape quickly (see e.g., t = 14 s). Shortly afterward, the
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Fig. 3. Slow freezing of liquid H2. The cell was approximately 90% filled at the beginning of the shown process. The
temperature of the cell during freezing was slightly below ~14 K with the pressure gradually decreasing to 0.074 bar. Images
are sequentially from left to right, then top to bottom. The entire sequence of images depicts a time span of =100 min.

formation of a crystal structure in the bulk liquid can be
seen (starting at ¢ = 18 s), which continues until the
entire liquid phase is crystallized.

After remaining in this state for a short period of time,
the formation of what appear to be fronts of phase change
traveling across the solid can be observed (starting at
t = 24 s). These fronts rapidly fill the solid with interfaces,
refracting light away from the camera. This process, which
happens on the timescale of several seconds, can leave the
resulting solid behind as an opaque structure due to the
multitude of internal surfaces. This phenomenon is likely to
include a phase change to the gas phase, as it can lead to
a large volume increase of the final solid, which is likely

from gas-filled bubbles. This behavior has been observed in
rapidly freezing H, as well as D,.

IIlLA.3. Crystal Annealing

The processes of fast crystallization and crystal
growth by desublimation leave behind an opaque
solid. In both cases, a subsequent annealing of the
opaque crystal was observed, resulting in a fully trans-
parent solid. Usually, the clearing starts at the bottom
of the crystal and goes upward, as shown in Fig. 5.
The timescale for this process for the samples in the

@ANS
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Fig. 4. Rapid freezing of liquid D,. The cell was approximately 30% filled at the beginning of the shown process. The
temperature of the cell was rapidly dropped to 14 K, and the pressure in the cell fell to 0.03 bar. The images are sequential
from left to right and then top to bottom. The entire sequence of images depicts a time span of =30 s. Some of the processes
depicted here happened very quickly, requiring several images of the cell within the span of a single second to capture the change.

T,ApIR measurement cell was on the order of 1 day.
Therefore, the annealing process not only influences
the transparency of the crystal, but also its shape.

When the opaque crystal does not fill out the cell com-
pletely, the annealing leaves behind a drop-shaped clear
crystal. For a homogeneous but opaque, cell-filling crystal,
this shape transition is not possible. As the crystal becomes
transparent only during the annealing process, the effects on
the surface structure have not yet been well observed.

The parameters that influence the annealing process
in the T,ApIR measurement cell require more investiga-
tion. Presumably, the temperature in the cell, the thermal
radiation through the cell windows, and the inflowing gas
if the cell is still connected to the buffer vessel of the

@ANS

setup, have an effect. Also internal processes, like the
natural ortho/para conversion in H, and D,, might con-
tribute to the annealing process.

111.B. Polariscopy to Study Stresses in Q, Crystals

Using back-illumination, solid Q, can be imaged as
shown in Fig. 6. The liquid and solid phases can only be
distinguished by the presence of a dark region across the
phase boundary, as well as tiny imperfections in the solid.
With diffused, white back-illumination from a LED, these
imperfections, which consist mainly of cracks, are only
faintly visible. They can be imaged much more clearly
when using collimated laser light as illumination, as the
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Fig. 5. Freezing and annealing of solid H,. The cell was approximately 90% filled at the beginning of the shown process. The
temperature of the cell during annealing was =12.5 K, and the pressure was ~0.025 bar. The images are sequential from left to
right and then top to bottom. The focus was readjusted between the second and third row. The entire sequence of images depicts

a time span of ~1 day.

stronger directionality of the light causes refractions of
the light to cause a much stronger contrast.

This can be seen by comparing Figs. 6a and 6b,
which show the same solid H,, and identifying the

(a) LED illumination

(b) Collimated 532 nm laser illumination

Fig. 6. Solid H, with different back-illumination. The
phase boundary at the top right, as well as the cracks in
the solid, slightly refract light, appearing as dark lines.

pronounced black lines in the laser-illuminated image
with the much fainter lines in the white light image.
However, both of these methods provide only insights
into the large-scale defects of the crystal.

The inclusion of linear polarization filters in front of
and behind the cryogenic measurement cell allows for
a deeper insight into the crystal structure of the solid Q,
to be obtained. Light transmitted through the solid Q,,
which experiences anisotropic stress, becomes optically
active and causes a wavelength-dependent rotation of the
polarization plane via circular birefringence [35].

For white light illumination, this rotation of the
polarization plane causes areas of different stress to
appear as a different color, which can be seen in
Figs. 7a and 7b, where the same H, crystal as in Fig. 6
is shown with two different relative orientations of the
polarizers around the cell. Distinct regions with sharp
borders can be identified, potentially indicating
a polycrystalline structure of the solid.

@ANS
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(a) LED illumination
Polarization filter setting 1

(b) LED illumination
Polarization filter setting 2

(c) Diffuse laser illumination
Polarization filter setting 2

Fig. 7. The same solid H, as shown in Fig. 6 but with polarization filters inserted before and after the measurement cell.

For maximal contrast, monochromatic laser back-
illumination can be used; in our case, with a 532-nm
diode—pumped, solid-state laser, which is shown in
Fig. 7c, allowing for an easier assignment of different
zones in the crystal compared to the color images.

While some features are visible in both the simple
back-illuminated and polariscopy images, the latter show
the internal structures of the crystal that could not be seen
previously. A further feature of measurements using
polarized light is the possibility to exclude the liquid
phase to a large degree by setting the polarizers to be
perpendicular, blocking all light that has not experienced
circular birefringence in the solid. This can be seen in the
upper right corner of Fig. 7a, where the light passing
through the liquid H, and adjacent solid H, is strongly
suppressed.

I1I.C. IR Spectroscopy of Isomer Change and
Molecular Interactions

Due to the symmetry of the hydrogen molecule, its
intrinsic dipole moment, as well as higher-order
moments, are negligible on the scale of the T,ApIR
setup. For IR spectroscopy in the gaseous phase, much
longer absorption paths are required. However, with the
high densities in the liquid and solid phases, intermole-
cular interactions can induce transition dipole moments,
enabling IR spectroscopy even with short absorption path
lengths [36,37].

With regard to the interactions mentioned, three main
contributions have been identified: molecule collisions,
formation of Van Der Waals dimers (London dispersion
interactions between polarizable molecules), and phonons
due to the long-range interactions in the liquid and solid
phases. Based on these interactions, a compact set of
descriptors for the IR spectra is given in Ref. [38].
Since the IR spectra are driven by intermolecular

@ANS

interactions, the changes in intensity with density and
composition (including ortho/para ratios) are highly non-
linear. Therefore, to use IR spectroscopy for quantitative
analysis, an extensive calibration of the spectra is
required [27,28].

In Fig. 8, IR absorption spectra taken over a time span
of about 120 h of the same liquid H, sample are shown.
Displayed is the first vibrational band. Most peaks are
a superposition of multiple ro-vibrational excitations of
molecules or dimers, respectively. During the spectra
acquisition, the temperature in the measurement cell was
kept constant, and therefore, the sample underwent no
density changes or phase transitions. The variations in
the intensities in the spectra, therefore, result only from
the natural ortho/para conversion of the H,. Starting from
the room temperature equilibrium of 75% ortho-H, and
25% para-H, (first spectrum), the temperature-related
ortho/para conversion shifts the corresponding ratio toward
the para molecule.

From the spectra, it is clear that this conversion
influences all the peaks with respect to intensity, line
shape, and position. This applies even to the phonon
peak QOp.;, which seems to be ortho dominated, as its
intensity decreases with the decreasing ortho-H, propor-
tion. The same holds for the collision peak Q;(0), O1(1)
and the dimer peak of the transitions So(1)Q;(1) and
So(1)01(0). On the other hand, the Sy(0)0;(1)
+50(0)0;(0) peak and the Sp(0)S;(0) peak are para
dominated, and their intensity increases with the increas-
ing amount of para-H, in the sample.

Most of the peaks are actually the superposition of
multiple ro-vibrational transitions of the molecules and
dimers [39]. One peak where the mentioned nonlinearity
becomes directly visible is the collision-induced mono-
mer peaks Q;(0) and Q;(1) (around v = 4150cm™").
Here, ;(0) is the contribution from para-H, and
0:(1) from ortho-H,. Due to the natural ortho/para
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Fig. 8. IR absorption spectra of liquid H,. Shown is the time evolution of the first vibrational band over about 120 h due to the

natural ortho/para conversion. The line positions were taken from Ref. [38]. The spectra are taken with a resolution of 6.0 cm .

1

Each spectrum is composed of 64 scans adding up to an acquisition time of nearly 40 s.

conversion, the corresponding ratio is shifting toward
the para molecule.

While the sum of the occupational numbers of the
rotational states J=0 and J=1 is constant during the
ortho-para conversion, the total intensity decreases due
to differences in the molecular interaction potential. This
peak is then followed by a phonon transition around
v =4250 cm~! (labeled Qp.;). All the spectral features
from v = 5000 to 4400 cm~! are then based on dimer
transitions.

Forming a comprehensive model of the line positions
and intensities as a function of the isotopic and isomeric
compositions is one of the core objectives of the T,ApIR
experiment. This is accomplished by referencing the
composition of the cell content in situ against Raman
spectroscopy, which has a well known and linear
response to the different hydrogen isotopologues and
isomers.

111.D. Raman Spectroscopy of Isotopic and Isomer
Composition

The Raman setup of the T,ApIR experiment allows
for the spectroscopy of the cryogenic cell contents. As
mentioned in Sec. II, two different spectrometers can be
connected to the collection side, which allows for the
investigation of either the Sy-branch (rotational) or the
Q:-branch (ro-vibrational) of the hydrogen isotopologues.

For the Sy-branch, the range of the wavenumbers that
needs to be covered spans between the Sy(0) peak of T,

at 120 cm™ ' on the lower end up to at least the Sy(4) peak
of H, at 1246 cm™'. Higher rotational states J are not
significantly occupied at temperatures that can be reached
with T,ApIR.

For the Q;-branch, the range of the wavenumbers
that needs to be covered spans between the Q;(0) peak of
T, at 2464 cm ™' on the lower end up to at least the Q;(0)
peak of H, at 4161 cm™'. Example spectra for both cases
are shown in Fig. 9.

In the Sy-branch shown in Fig. 9a, one can clearly see
both the S;(0) line originating from para-H, at 354 cm '
and the Sy(1) line from ortho-H, at 587 cm™'. Besides
these lines, some additional Raman lines at 417 cm™ ' and
751 cm™' resulting from the sapphire windows [40] are
visible. As these lines are comparatively low and constant
in intensity, they can be subtracted.

In the Q;-branch shown in Fig. 9b, an overlapping line
from the H, Q;(0) and Q; (1) lines is visible at <4160 cm™'.
Furthermore, the S;(0) line of the S)-branch at 4498 cm ™'
can be seen in between a multitude of other lines. These
background lines are not Raman lines, but photolumines-
cence of the chromium impurities in the sapphire windows,
which get excited by the incident laser light.

The photoluminescence lines do not not interfere
significantly with the Q;-branch of H,, which has the
highest Raman shift of all isotopologues. However, as
they can cause detector saturation and limit the maximal
acquisition time, these lines will be removed using
a short-pass filter in the future when necessary.

Due to the much higher densities at low tempera-
tures, and especially in the liquid phase or solid phase,
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Fig. 9. Sample Raman spectra of liquid H,. Some background peaks are labeled for reference.

a much stronger Raman signal than in the gas phase at
room temperature was observed. As a result, the measure-
ment times can be drastically decreased, providing access
to dynamic processes on the timescale of seconds.

An example of this is the condensation of liquid H, into
the measurement cell, which is shown in Fig. 10. At first,
only the signal of H, in the gas phase is visible, which
increases in density as the gas cools down. Then condensa-
tion happens, and at around the 350-s mark, the level of the
condensed liquid rises into the laser beam path. Up until
around 490 s, the filling level of the cell rises, until all
available gas down to the saturation curve has been

condensed. In this example the filling level never covered
the entire laser beam cross section.

Based on the different Sy-branch Raman lines of the
hydrogen isotopologues, a monitoring of the ortho/para
spin isomer state is possible. This is done by integrating
the peak areas for all the Sy(J) peaks individually, weight-
ing these areas with the transition matrix elements of the
different transitions, and then summing up the even J peaks
for the para and the odd J peaks for the ortho state.

At the temperatures where hydrogen is in the liquid
phase, states with J > 2 are not significantly occupied
(<107° at 33 K), therefore only the S;(0) and Sp(1) peaks
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Fig. 10. Raman spectra and line intensity as function of time for H, condensing into the measurement cell. The spectra were

acquired with an integration time of 1 s each.
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are present (as can be seen in Fig. 9a), and monitoring
them is sufficient in order to determine the ortho/para
ratio. An example of this is shown in Fig. 11, where H,
with a room temperature equilibrium ortho/para ratio of
~~ 75/25 was condensed into the measurement cell. The
high densities in the liquid phase caused a gradual con-
version from the ortho to the para state, which is the
preferred state at low temperatures, at much higher rates
than in the gas phase.

The ortho/para ratio measured in the cell will be cali-
brated against an external reference laser Raman system at
room temperature to ensure accurate measurements of the
chemical and spin isomer composition. However, being
able to monitor the ortho/para ratio in situ will allow for
a direct cross calibration of the IR spectra of the liquid or
solid phases without the need to evaporate the sample into
a room temperature measurement setup.

In particular, for layered mixtures of liquids or solids
where the effects of diffusion can be of interest, this has
the crucial advantage of preserving the layered structure
as the Raman spectrum measurement is performed.

IV. CONCLUSION AND OUTLOOK

The T,ApIR experiment aims to investigate the prop-
erties of all six hydrogen isotopologues, their spin iso-
mers, and their mixtures in the gaseous, liquid, and solid
phases, as well as the dynamics of their phase changes.
These investigations will be primarily performed using
optical methods, including polariscopy as well as IR and
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Raman spectroscopy. Commissioning measurements have
been performed to verify the different methods.

In this paper, it has been demonstrated that both IR
and Raman spectroscopy can be used to obtain in situ
information about the isotopic and isomer concentrations
of hydrogen isotpologues in the T,ApIR setup. The
higher density in the liquid phase compared to the gas
phase allows for short acquisition times, enabling real-
time monitoring of the compositions, showing the poten-
tial of both of the spectroscopic methods.

In addition to the spectroscopic methods, the option
to image the cell contents allows for the unambiguous
attribution of spectroscopic information to different
phases, ensuring the correct interpretation of spectral
data. The performed polariscopy measurements have
demonstrated the capability to reveal additional informa-
tion regarding the crystallization of H, and D,.

Based on the experience obtained during the scienti-
fic commissioning phase with the inactive hydrogen iso-
topologues, further research will cover several different
topics.

With further development, the spectroscopic methods
will be refined into useful tools for process optimization and
monitoring in applications using liquid hydrogen, such as
the fundamental experimental physics, the hydrogen econ-
omy, or the fusion fuel cycle. A key factor for this, and
a focus of the upcoming activities of the T,ApIR experi-
ment, will be calibrating these in situ measurement methods
against each other and against an external reference.

Based on the observations obtained for the crystal
formation, different procedures to grow crystals of

__i_ _______________________
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Fig. 11. Evolution of ortho fraction of liquid H,, condensed from the room temperature equilibrium ortho/para ratio, due to
natural conversion in the liquid phase. Shown are calculated from raw data using only background subtraction and theoretical line
strengths. The spectra used for this calculation were acquired with an integration time of 60 s each.
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hydrogen isotopologues and their mixtures will be inves-
tigated, with the aim to find a scalable, repeatable, and
fast way of creating homogeneous crystals, which will be
needed for the production of fuel pellets for magnetic
confinement fusion or targets for inertial confinement
fusion.

Combining both imaging and spectroscopic measure-
ments will allow for the investigation of effects such as
the diffusion of hydrogen isotopologues or isomers into
each other in layered systems.

After successfully commissioning the analytical sys-
tems with the inactive hydrogen isotopologues, T,ApIR
will be transitioned to tritium operations. Following
a measurement phase focusing on burn-in effects during
commissioning, measurement phases focusing on the spec-
troscopy of the hydrogen isotopologues in different phases,
as well as on the crystallization behavior of pure tritium
and tritium-containing mixtures, will follow.

On a longer timescale, an upgrade of the IR detection
system is planned, replacing the single-pixel detector
with a two-dimensional focal plane array to achieve
hyperspectral imaging in the IR range. Such an analytic
system can potentially be used to investigate the isotopic
distribution of deuterium and tritium within fuel pellets or
inertial fusion targets.
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