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ARTICLE INFO ABSTRACT
Keywords: Small molecules serve as valuable benchmarks for testing quantum chemical theories. Ultra-high-resolution
Tritium

spectroscopy currently offers the capability of measuring molecular hydrogen energy levels with a relative
accuracy on the order of 107'°. Expanding such investigations to encompass different isotopologues of
molecular hydrogen has emerged as a promising avenue for examining mass-dependent contributions to the
full description of molecular structure in the framework of relativistic quantum electrodynamics. However,
the delicate nature of handling radioactive tritium in a high-resolution spectroscopy environment poses
significant technological challenges, thereby limiting the extension of these studies to include T,, DT and HT
isotopologues. In this work, we present the experimental setup of the very sensitive, Doppler-free technique of
Noise-Immune Cavity-Enhanced Optical Heterodyne Molecular Spectroscopy (NICE-OHMS), used to measure
rovibrational transitions in the HT molecule. The NICE-OHMS measurements were performed in a closed
cavity system without connection to an actively pumped vacuum system. For this reason, a new method for
tritium storage and pressure regulation within 0.05-1Pa based on a temperature-controlled mini-getter system
is employed using less activity than the tritium exemption limit (1 GBq). Non-Evaporable Getters of the type
SAES St171 were used for this purpose exploiting their property that hydrogen is released upon heating, while
other gases remain being pumped. Prior to the NICE-OHMS experiment, the reversible sorption properties of
the getter for hydrogen isotopes were investigated. We show measurements of the equilibrium (hydrogen)
pressure for all three pure isotopes and for a H,:HT:T, mixture (with H:T = 1:1) as a function of temperature
for a system of defined volume and amount of gas. For the read-out of the temperature, a method using the
resistance of the getter in combination with a pyrometric calibration has been implemented. We discuss the
experiences from practical use of the tritium getter and show results obtained with the NICE-OHMS setup
leading to frequency calibration of near-infrared transitions in HT at an accuracy, surpassing previous studies
by nearly three orders of magnitude.

Radioactive gas handling
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Cavity enhanced spectroscopy

1. Introduction

Molecular hydrogen is a benchmark system for precision tests of
quantum chemical calculations. A comparison of high-precision spec-
troscopic measurements of transitions in these systems against their
theoretical predictions can validate the theory of quantum electro-
dynamics (QED) in molecules. Recent high-precision measurements
for benchmarking the dissociation and ionization energies of non-
radioactive isotopologues, H, [1], HD [2], and D, [3] agree with theory
at the 1 MHz level. The theoretical description includes a 4-particle vari-
ational approach to the non-relativistic Schrodinger equation, added
with computation of relativistic and QED effects up to ma® [4-6].
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For species as light as hydrogen a test of QED can be considered a
test of the Standard Model of physics, since the effects of the weak
and strong force are negligibly small. The precision tests in hydrogen
can be interpreted to pose constraints on fifth forces [7] and higher
dimensions [8], as well as to probe aspects of beyond the Standard
Model physics [9].

By including tritium to the palette of targeted species, the number
of molecular test species is doubled by adding T,, HT, and DT. The
strong mass effects of the heavier isotopes may provide insight in the
contributions of (non)-relativistic and various orders of QED terms to
level energies and transition frequencies. However, the number of high-
precision studies on these radioactive molecular hydrogen species is
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relatively small, which is due to limited access and radiation-safety
issues. Outside of licensed laboratories, radioactive substances are re-
stricted to an exemption limit by European law — in the case of the
radioactive hydrogen isotope, tritium, this limit is the amount equiva-
lent to an activity of A = 1 GBq. This can be translated into a material
content of pV = 1159 Pacm? (at 20°C) of tritium in its molecular form
T,. For performing high-resolution spectroscopy on tritiated molecules,
either the technological challenge of safe confinement and processing
with this little amount of material must be overcome in a dedicated
laser-based laboratory, or the spectroscopy including high-accurate and
stable frequency standards must be moved inside a licensed tritium
laboratory. Here the strategic choice was made for the former option.

This choice for small amounts of gases imposes challenges for
laboratories in which high-resolution spectroscopic measurements are
to be carried out. In many studies the technique of molecular beams is
applied, requiring high-pressure sources as well as continuous pumping
of connected vacuum chambers delivering large gas loads to an exhaust
line. This is incompatible with the restriction to small gas samples. The
nature of tritium as a high-energy g-emitter is also a limiting factor. In
many experiments on molecules action spectroscopy, like multi-photon
ionization, is employed for sensitive detection. For tritium-containing
samples, intrinsically producing large amounts of energetic electrons,
such methods are not viable in view of the large background signals
swamping the ion detectors. Such constraints then leave possibilities to
perform measurements on static gas samples, preferably combined with
optical detection of the spectroscopic signal.

As an example, we performed Coherent Anti-Stokes Raman Spec-
troscopy (CARS) of the tritiated molecular hydrogen species HT, DT
and T, (D = ?H, T = *H) [10-13] by moving a sealed-off tritium
sample in an optical cell from the Tritium Laboratory Karlsruhe (TLK)
to LaserLaB Amsterdam. Fundamental vibrational transitions (v = 1 «
0) have been determined to accuracies of 10 MHz. Compared to previous
state-of-the-art spectroscopic accuracy [14,15] this entailed a factor of
100 improvement. Limiting factors of this technique were in the use
of pulsed lasers for the generation of CARS signals at the prevailing
pressures of up to 250 Pa in cells of volume 4 cm?, where the resolution
was limited by Doppler broadening.

In parallel, developments in cavity-enhanced spectroscopy [16]
have led to the direct absorption measurement of very weak (v =2 « 0)
overtone rovibrational transitions in HD, in combination with accurate
frequency-comb calibration of their center frequencies. Precision mea-
surements in the Doppler-broadened regime [17-19] were superseded
by intracavity saturation experiments at Doppler-free resolution [20,
21]. Although still some not-understood phenomena of intracavity non-
linear optical spectroscopy persist [22-25], the frequencies for a variety
of lines in the (2-0) band of HD have now been determined at an
accuracy better than 100 kHz. In these studies it was found that the
resonance frequencies undergo collisional shifts, prompting the need
to perform measurements at low and well-controlled pressures.

The NICE-OHMS-technique, that was applied for the sensitive and
ultra-high resolution measurements on the HD isotopologue at the
Amsterdam LaserLaB [21,22,24], was adopted as a technique of choice
to extend measurements to the radioactive molecular hydrogen iso-
topologue HT. For this purpose a dedicated cavity was constructed to
perform laser spectroscopic measurements at variable density of the
target species (HT), and with very low residual background pressure,
outside of a licensed tritium laboratory using less than 1 GBq activity. A
key component is the non-evaporable metal getter (NEG) (SAES St171)
that allows provisioning of HT samples at different and well-controlled
pressures in a closed setup through its ability to reversibly absorb
hydrogen when heated.

The ability to trap and release hydrogen was tested prior to the
spectroscopy campaign in a sorption study. The range of parameters
(amount of gas, volume, and pressure range) is chosen to fulfill require-
ments of the targeted NICE-OHMS measurement campaign or those of
comparable future experiments. The results for gases H,, D,, T, and
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a H,:HT:T, mixture (with H:T = 1:1) are presented and compared
to discuss a potential isotope effect. As sorption properties for this
getter are temperature dependent, an in situ temperature read-out is
developed.

In this report, we present the experiences of the ~ 300 h operation
time of the getter system for NICE-OHMS on HT including over 150
sample production cycles with tritium. The first spectroscopic results
at sub-Doppler precision, presented in a separate publication [26],
underline the success of this approach.

2. High-resolution spectroscopy on molecular tritium using NICE-
OHMS

2.1. Concept of NICE-OHMS

Noise-Immune Cavity-Enhanced Optical Heterodyne Molecular Spec-
troscopy (NICE-OHMS) is a sensitive absorption-based spectroscopy
technique that unites the methods of cavity enhancement and fre-
quency modulation spectroscopy (FMS). The technique was invented
by Ye and Hall [27], and some important development steps were
attained by the group at Umead university [28-30]. The tuneable laser at
frequency f is phase-locked to the optical high-finesse cavity, leading
to a lowering of its noise at short times. At longer time scales the drift
of the cavity is piezo-electrically corrected for by the lock of the spec-
troscopy laser to a frequency comb laser. The high finesse of the cavity
yields an enhancement of the interaction path length of the light beam
through the sample. This leads to a high absorption sensitivity that
allows spectroscopic measurement of very weak vibrational transitions
in heteronuclear hydrogen isotopologues like HD, even for the (2-0)
overtone band (dipole moment of ~ 2 x 10~ D [31]). By modulating
the laser frequency f with a frequency equal to the free spectral range
(FSR) of the cavity frgg two opposite-phase sidebands with frequencies
f + fpsg are generated such that FMS can be performed within the
cavity. This allows for a much more sensitive dispersion measurement
with near shot-noise limited performance. Furthermore, the presence
of high-intensity counter-propagating beams inside the cavity forms
the condition to observe Lamb dips, enabling spectroscopy in the sub-
Doppler regime [30]. NICE-OHMS combines high sensitivity and high
accuracy, which renders it therefore an ideal method to investigate
ro-vibrational transitions of molecular hydrogen isotopologues. For
achieving high accuracy on the quantum level splittings in the molecule
it is of importance to perform measurement at low and controlled
pressures, without background gases. This is accomplished by the use of
Non-Evaporable Getters (NEG) as is documented in the present study.

2.2. Requirements to NICE-OHMS with tritium

The tritium activity stored in the spectroscopy cell transferred from
the TLK to LaserLaB Amsterdam is legally constrained to A < 1 GBgq.

Tritium exhibits significant radiochemical activity as a result of the
production of molecular, ionic, and radical species resulting from its g
decay. These highly reactive components can initiate secondary reac-
tions when other species, such as hydrocarbons, are present [32,33]. In
particular, it is crucial to avoid halogen-containing components as their
radiation-induced decomposition can lead to the formation of chemi-
cally aggressive halogen hydrides/tritrides (e.g., TF, TCl, etc.) [34-36].
NICE-OHMS is a sensitive method and its performance deteriorates due
to absorption by impurities in the sample or degradation of the highly
reflective mirrors. To prevent such impurity generation in the sample
and maintain the integrity of structural materials, especially highly
reflective mirrors, it is necessary to construct a cavity that is free of
plastics, rubber, oil, and similar organic materials.

Pressure affects the linewidth of the targeted spectral resonances,
while the center frequency of the absorption features undergoes a
pressure-induced shift [21,37]. These phenomena hold for the partial
pressure of the hydrogen isotopologues under investigation as well
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as for that of background gases. For spectroscopy at the sub-Doppler
level, a quantitative attribution of pressure effects is mandatory [24].
Therefore, measurements at different sample pressures are necessary so
that an extrapolation to p = 0 Pa can be performed. Pressure regulation
is usually implemented by leaking gas from a container and removing
it via conventional pumps. However, for operation with tritium in a
sealed-off environment other solutions have to be found.

Here, a method has been developed allowing for spectroscopic mea-
surements on HT samples in an optical resonator at different pressures,
where the configuration combines the possibility of evacuation with the
restriction of a small reservoir with the limited amount of tritium. For
a proper quantification during spectroscopy, the composition of the gas
sample must be stable during the measurement campaign.

The preferred method involves the use of Non-Evaporable Getters
(NEG) and their capability to reversibly absorb hydrogen isotopologues.
Upon activation through heating in a vacuum, NEGs dissociatively
absorb non-noble gas molecules into their bulk. With the exception
of hydrogen isotopes, all other atomic species remain permanently
trapped. In the case of hydrogen, an equilibrium pressure is established
above the getter surface, as a function of the quantity absorbed and the
temperature of the getter.

The application of NEGs in tritium technology is not entirely un-
precedented. James et al. explored the utilization of NEGs for tritium
recovery from molecules, such as ammonia, that dissociate in the getter
subsequent after their absorption [38]. For tritium extraction from
breeding blankets in fusion reactors, helium is intended to be employed
as a purge gas wherein tritium accumulates. Substantial quantities of
NEGs will thus be utilized to remove the tritium in a semi-continuous
process, enabling its return to the fusion chamber [39]. Santucci et al.
further evaluated this capability to eliminate tritium impurities as well
from the helium coolant of breeding blankets in fusion reactors, where
it permeates in trace amounts, but should be as free as possible from
tritium [40].

In addition to their extensive application in fusion-related activities,
NEGs have been utilized for the precise dosing of small quantities of
tritium and/or deuterium gas. Specifically, the Project8 experiment em-
ployed similar types of getters to introduce minute amounts of tritium
into a measurement cell [41], while Das et al. [42] and Yamamoto
et al. [43] used NEGs to supply fusion-based neutron sources with D,
and T,:DT:D,, respectively.

In this work a special NEG, a St171 getter type from SAES, which
will be used in NICE-OHMS to set the partial pressure of the target
molecule HT in the range 0.05 Pa to 1 Pa within the volume of the optical
resonator.

2.3. Concept of sample production and measurement using NEGs

Key component of the sample storage and release element is the
NEG by SAES of St171 LHI/1,5-7 type welded onto a CF16 electrical
feedthrough as displayed in Fig. 1. The NEG has a cylindrical shape
(¢ = Tmm, d = 1.5mm) and contains 31.5mg zirconium powder as
active material which is sintered with graphite powder around a 0.2 mm
thick molybdenum wire acting as a heater. After thermal activation at
T =900°C, this NEG type can absorb non-noble gases from a vacuum
system through a reactive surface into the bulk when applying high
temperatures 7 > 450 °C.

Unlike its effect on other non-noble gases, St171 does not form
chemical compounds with hydrogen even for very high hydrogen con-
centrations of 10-20 LTorr/g. Instead, the hydrogen diffuses into the
bulk forming a solution following Sievert’s law for this type of getter:

log(P) = 3.6 + 2 log(C) — @ &)
Eq. (1) describes the relation between the hydrogen concentration
inside of the bulk (C in LTorr/g) of the getter and the hydrogen
partial pressure outside of it (P in Torr) which is highly temperature-
dependent (7" in K). At room temperature, the partial pressure is very
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Fig. 1. Top: The St171 LHI/1,5-7 getter from SAES welded on an electrical CF16-
feedthrough. Middle: View from location of the optical pyrometer during operation at
900 °C. Bottom: Getter installed in a small CF16-cell with a valve.

low, 1 x 1071° Torr, which allows the use as a hydrogen pump. The
material parameters in Eq. (1) are given by SAES.!

The concept of sample generation and measurement can be divided
in three main aspects: (a) tritium filling and shipment, (b) sample
provision at target pressure, and (c) maintenance procedures that are
implemented to guarantee stability and reproducibility of the samples:

(a) Filling and shipment of the tritium: The loading of the getter,
encapsulated in a small CF16-cell with a valve (see Fig. 1(c) for
connection to vacuum systems), is performed at the TLK tritium gas-
mixture infrastructure TRIHYDE [44]. A defined amount of H,:HT:T,
mixture (with H:T = 1:1) equivalent to 1 GBq activity is filled into the
cell with the getter. The activated cold getter material absorbs the gas
and traps it inside the bulk. After closing the valve and disconnecting

1 SAES St171 and St172 - Sintered Porous Getters, https://www.saesgetters.
com/industrial/solution/non-evaporable- getters-neg/.
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Fig. 2. Schematical layout of the NICE-OHMS experimental setup: On the left a diode laser is locked to a frequency comb laser (OFC) which itself is connected to a Cs atomic
clock for determining the absolute frequency f. In the electro-optic modulator (EOM) sideband frequencies are generated for locking the cavity (via a Pound-Drever—Hall scheme —
PDH) and for modulating the laser frequency with at f + frgzx needed for the NICE-OHMS detection scheme. The 37 cm-long cavity is formed by two high-reflective mirrors setting
up the high-finesse resonator. One of the mirrors is mounted on a piezo-electric crystal (green) for feedback and keeping the TM,, optical cavity mode to the input frequency
during scanning. Vacuum of the cavity is maintained by slightly angled windows sealed by indium wires (indicated as blue dots). Connected to the cavity, there is a small getter
(G1) containing the tritium-hydrogen mixture, a larger getter (G2) acting as vacuum pump, a process-monitoring pressure gauge (PG) and a connection to a pumping system which
is sealed off before first tritium exposure. The entire cavity assembly is housed in a secondary, evacuated enclosure. Photodiodes (PD) are used to monitor the PDH-cavity locking
signal, and for detecting the optical transmission signals to be demodulated and analyzed in a lock-in amplifier and further stored in a computer.

Table 1

Overview of the sources of systematic uncertainties resulting from each measurement device. As for the calibration several measurements have
been combined some uncertainties may contribute several times to the results. Contributions can depend on the value (val.) as well as on the

full scale (F.S.) of the device.

Device Phys. quantity Symbol Description lo uncertainty
Pfeiffer CMR 365 Pressure Sp Uncertainty 5x 1073 val.
Resolution 3% 1075 F.S.
Effect temp. on zero point 2x107* F.S.
Effect temp. on range 3x 107 val.
Pfeiffer TPG 362 Pressure bp Measurement gain error 1x107™* F.S.
Offset 1x10* F.S.
Resolution A/D converter 1x107 F.S.
Optris CTLaser 1ML Temperature o1 Uncertainty 3x 1073 val. +2°C
Transmission window 2°C
Emissivity getter 2°C
Fluke 117 Current <6 A & Uncertainty 0.01 val. +3x 1073 A
Fluke 117 Current > 6 A 8 Uncertainty 0.01 val. +3x 1072 A
Fluke 114 Voltage 5y Uncertainty 5% 1073 val. +2x 1073V

from the infrastructure, the outer surface of the cell is decontaminated
and shipped to LaserLaB Amsterdam where it is connected to the NICE-
OHMS setup. A leak test and a cleaning cycle before shutting the setup
guarantee the integrity of the system and allow the first tritium release.

(b) Sample preparation: To release the gas mixture and generate
HT samples at specific pressure according to Sievert’s law the getter
material needs to be heated to a specific temperature. This is achieved
by applying a DC current on the getter’s wire heater. The temperature
is read-out in-situ from the electrical resistance of the getter which has
been previously calibrated against a pyrometer prior to the loading with
tritium. The temperature range is from 500 to 900 °C. Sievert’s law and
material dependent parameters — describing the relation between the
equilibrium pressure of the desorbed hydrogen above the getter surface
and the temperature — is provided from SAES only for pure hydrogen.
Therefore, a sorption study on this getter including all isotopes H,, D,
and T, and a H,:HT:T, mixture (with H:T = 1:1) has been performed.
A detailed description and results of this study are presented in the
following section.

(c) Procedures maintaining sample integrity: (i) For optimal
measuring conditions, high stability of the sample pressure and of the
temperature of the cavity are required. The measurement can take
several hours, and continuous heating of the getter is not advised as
it would be detrimental to both stability criteria. A valve is used to
decouple the getter from the cavity after setting the target conditions.

The getter can then be turned off and the thermal perturbation is re-
duced to a minimum. After measurement, opening the valve is sufficient
for the sample gas to be reabsorbed by the tritium getter. Any tritium-
hydrogen mixture that touches the getter material when cold will
be absorbed. An accurate pressure read-out connected to the sample
volume serves as the process monitor. (ii) Outgassing of hydrogen
and residual water from the inner walls of a vacuum system can be
a challenge, especially when the tritium vacuum system is decoupled
from any exterior vacuum system due to radiation protection measures.
Therefore, a getter of the same type as the tritium getter but with
ten times more getter material is used as a vacuum pump to remove
other species from the cell volume. This getter is separated with a valve
from the sample volume to not interfere with sample production and
is only used after measurement breaks of several hours. The pressure
sensor connected to the sample volume serves as a process monitor. It
should be noted that this vacuum getter is implemented to not burden
the capacity of the tritium getter with outgassing residual gases. A
change in the capacity of latter can alter its performance and, therefore,
hamper the reproducibility of the sample production.

(iii) Despite these procedures, the production of (tritiated) water
during measurements, possibly enhanced by the radiochemistry of
tritium, cannot be excluded. To avoid any impact on measurement
performance by absorption from (tritiated) water species, a cryo-trap
cooled by LN, is implemented to freeze out any produced water or
other species during measurements.
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All procedures on preparation of samples of HT gas, filling getters,
transport to LaserLaB Amsterdam, evacuating the entire setup, were
tested and spectroscopic measurements on HD spectral lines in its (2-0)
band were performed in the same cell [45].

2.4. Experimental setup

The experimental setup for performing NICE-OHMS on HT gas in a
radiation safe environment is depicted in Fig. 2. It consists of a fully
custom-built cavity made with indium-sealed windows at each end.
The cavity is machined out of solid aluminium so that the surfaces in
contact with the hydrogen/tritium gas are less prone to wall-adsorption
of the hydrogen molecules, compared to some glass materials (ULE) or
stainless steel. The 37 cm long cavity is hemispherical with a curved
mirror at a radius of curvature of 2m. A triple-stack piezo-actuator at
one of the mirrors allows for small-scale adaptation of the cavity length.
A stainless steel tubing connection from the cavity grants access to
a Pfeiffer 365CMR pressure gauge, a (larger volume) non-evaporable
getter SAES St171 HI/7,5-7 acts as a vacuum pump and a (smaller
volume) non-evaporable getter SAES St171 LHI/1,5-7 loaded with a
H,:HT:T, mixture (with H:T ratio = 1:1) equivalent to activity 1 GBq for
the provision and removal of the HT sample from/to the volume of the
laser-gas interaction. A connection to a pumping system was used prior
to the first exposure to tritium to evacuate the system. Furthermore, an
LN,-cooled cryotrap is included to capture any potentially generated
(tritiated) water or other species. This part of the system exposed to
tritium has a volume of ~ 140cm?® and has been tested for leaks to the
detection limit of 1 x 10~ PaLs™!.

To isolate the cavity from acoustic and thermal disturbances, it
is surrounded by a secondary enclosure evacuated below 1 x 10~2 Pa.
The valves between the attachments of the cavity assembly can be
operated from outside of the secondary enclosure through rotational
feedthroughs.

The laser beam, optics, photodetectors, electro-optic modulator
(EOM), and further instrumentation are installed into another thermally
isolated enclosure, flushed with dry nitrogen. Within this enclosure,
NICE-OHMS relevant procedures as the locking of the laser to the
cavity and generation and locking of the frequency-sidebands are
implemented. Positioned behind the cavity, a fast-readout photodiode
(New Focus 1611FS-AC) housed in a thermally isolated box records the
signal. In a high-speed lock-in amplifier (Zurich Instruments HF2LI) both
the high frequency phase modulation of the EOM and the low frequency
dither on the piezo in the cavity are simultaneously demodulated. For
the treatment of NICE-OHMS detection and demodulation schemes we
refer to Refs. [21,22,24].

3. Sorption study with NEG tritium getters

For the NICE-OHMS experiment on HT, reversible tritium storage
using the NEG St171 from SAES is a crucial asset, as it offers repet-
itive measurements with tritium at different pressures, although it
is restricted to small activity. The performance of this component is
depends upon the sorption characteristics of hydrogen isotopologues.
The isotopic dependence on getter rates and equilibrium pressures
has been previously examined for various getter materials (see [46,
471). Although studies involving tritium are available (e.g. [43,48]),
the detailed analysis of the behavior of this radioactive gas remains
limited. Consistent findings indicate isotopic effects, notably manifest-
ing as increased equilibrium gas pressure with larger atomic masses.
Moreover, the significance of these isotopic effects varies markedly
across different materials, emphasizing the necessity of conducting
absorption/desorption studies on the selected getter material.

To determine these properties, a study on the SAES St171 getter
using H,, D,, T, and a mixture of H,, HT, and T, (with H:T = 1:1)
has been performed in the Tritium Laboratory Karlsruhe (TLK) prior
to implementation into the NICE-OHMS experiment. This study is
presented in the following.
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Fig. 3. (a) Calibration system: The SAES St171 LHI/1,5-7 getter (G) powered with
current (/) and voltage (V) readout. A pyrometer Optris CTLaser 1ML (T) measures the
temperature through a glass window. The vacuum cell (VC/a) is evacuated through a
pumping system; (b) Tritium system: Consisting of vacuum cell of the getter (VC/b),
reference volume (RV), a Pfeiffer CMR 365 pressure sensor (P) and valves (HV1&2)
to separate vessels and the reference volume from the Tritium Laboratory Karlsruhe
infrastructure TRIHYDE [44] providing tritium-gas mixtures and a pumping system.

3.1. Setup of the tritium sorption study

In the calibration procedure, we use one calibration system for the
measurement of the current-temperature dependence, I(T), and an-
other, the tritium system, for the resistance-current, R(I), dependence as
part of the calibration process and for the actual sorption measurements
including tritium. A schematic layout of both setups is presented in
Fig. 3. The contributions of systematic effects by all measurement
devices are listed in Table 1.

3.1.1. Calibration system

The Calibration system, displayed schematically in Fig. 3(a), consists
of the welded getter mounted inside a vacuum cell (VC/a) and is faced
by an optical pyrometer Optris CTLaser 1ML for measuring its temper-
ature through a glass window. A connection to a pumping system is
used to create and maintain vacuum conditions. The inner volume of
the Calibration system is 30 mL.

3.1.2. Tritium system

The Tritium setup, displayed schematically in Fig. 3(b), reuses the
same getter-feedthrough assembly as for the calibration to preserve
the thermoelectrical properties. The vacuum cell (VC/b) is identical to
the Calibration system, but with a blind flange replacing the pyrometer
window. Using mostly the same parts as for the calibration, from the
perspective of the getter the direct environment is identical within a
99.5 % of solid angle. Note that the geometry of the surrounding vessels
affects the power balance of thermal radiation by a different fraction of
losses and reflections. A reference volume (RV) combined with a Pfeiffer
CMR 365 pressure sensor is connected by valves on either of the two
sides to the getter cell (VC/b) and the tritium gas-mixture infrastructure
TRIHYDE [44], respectively. The inner volume of the Tritium setup is
61.8(4) mL.

3.2. Procedure of getter temperature measurement and control

Hydrogen sorption by the St171 getter is temperature-dependent,
cf. Eq. (1), thus reliable in-situ temperature measurement is mandatory.
This can be performed using a pyrometric measurement approach.
For the final getter assembly, incorporating such a sensor is very
challenging due to experimental restrictions in (a) the tritium glove
systems and (b) the NICE-OHMS setup.

The method of choice is to read the temperature from the electrical
resistance of the getter heater itself, previously calibrated against the
pyrometric standard. Note that the temperature of the getter material
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Fig. 4. The calibration and measurement procedure for the SAES getter hydrogen mixtures sorption study. Top left: Optical pyrometry together with a measurement of the
operation current of the getter in a dedicated calibration system provide the relation I(T). Top right: At the final location of the getter in the tritium system, the relation of
resistance to heating current curve R(/) are calibrated. Bottom left: In addition, in this system the pressure is measured with a pressure gauge as a function of the resistance
P(R). These functional dependencies are put together in order to obtain a relation of pressure and temperature in the actual sorption measurement, P(T). The contributions to the
systematic uncertainties have been indicated for each step in green with the symbol of the physical quantity. Values can be found in Table 1.

is not homogeneous throughout its surface. Differences of up to 20K
have been observed, which are taken into account when discussing
the accuracy of temperature measurements or temperature-dependent
effects.

The measurements are performed according to the concept depicted
above in Fig. 4 with (i) measurements for the calibration of the tem-
perature measurement and (ii) the sorption measurements for hydrogen
mixtures.

3.2.1. Calibration of temperature measurement

The getter-feedthrough assembling is calibrated in a two-step pro-
cess. First, the surface temperature (7') is measured in the Calibration
system with an optical pyrometer as a function of the heating different
currents (/) in steps of Al = 0.1 A between 54 A and 7.0A at high
vacuum conditions (< 4 x 1072 Pa). The upper limit for the temperature
is Ty = 900°C which is recommended from the manufacturer SAES.
In a second step, the getter-feedthrough assembly is installed inside the
Tritium system at the tritium gas-mixture infrastructure TRIHYDE [44]
of TLK. Under high vacuum conditions the electrical resistance (R) is
measured for the same operation parameter as used in the calibration
setup. Using the current-temperature relation I(T) from the first (cali-
bration) step and resistance-current relation R(I) from the second step,

we obtain a functional relation of R(T") during a measurement of the
sorption at different operation powers.

3.2.2. Sorption measurements of hydrogen mixtures

Initially, the getter material is activated by operation for 10 min
in a high vacuum at 900°C. The necessary current to achieve that
temperature is taken from the calibration process, here 7.0 A. For the
comparability of sorption measurements of the different hydrogen mix-
tures, the amount of the investigated gas mixture has to be well defined.
For that purpose, a reference volume (RV) with a capacitance pressure
sensor (P), connected with a valve (HV1) to the cell (VC/b) with the
getter (G), is filled with a defined amount of gas. The subsequent
loading to the getter is then performed by opening valve HV1.

After opening the valve (HV1) to the getter cell the defined amount
of hydrogen is absorbed by the getter, recorded by the drop in pressure
below the lower range of the pressure sensor of < 4x10~2 Pa (except for
tritium loadings where *He is remaining). During the measurements,
the pressure of the desorbed gas, the electric current (I), and the voltage
(V) applied to the heater of the getter are recorded for operating
currents between 5.4 A and 7.0 A in steps of 0.1 A. For each current
setpoint, a certain amount of time, typically about 5-10 min, has been
spent to allow the stabilization of the system to be visible as the plateau
of the pressure value.
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Fig. 5. Equilibrium pressures of the desorbed gas from a SAES St171 LHI/1,5-7 getter for almost equal H,, D,, T, and H,:HT:T, mixture (with H:T = 1:1) loadings, and for

operations between 5.4 and 7.0 A.

The unloading of the getter is performed by operation at 900°C
while evacuating for 30 min. Note that the duration of the unloading
process depends on the loaded amount, pumping speed of the system,
and the temperature of the getter. For the D, and H, measurements,
the amount of 2.20(2)PaL is loaded at room temperature. For repro-
ducibility proof, the H, measurement is repeated with equal amounts
of gas.

The tritium gas available for the experiments contained about 2%
of the tritium decay product *He, which is not absorbed by the getter.
For that reason, the loading of T, and of a H,:HT:T, mixture (with
H:T ratio = 1:1) is performed with an additional step replacing the
quantity of 3He left over after the first loading by the same amount
of %Tz. The loaded gas amounts in this work are 2.22(2) PaL for T, and
2.21(2) PaL for H,:HT:T,. The amount of gas corresponds for a mixture
of H,:HT:T, (with H:T = 1:1) to a total activity of 1 GBq the maximum
target condition for the NICE-OHMS experiment.

3.3. Results of the tritium sorption study

3.3.1. Calibration

The calibration is performed as described in the concept section
and the procedure is sketched in Fig. 4. In the range of 5.4 to 7.0A
34 temperature/current data points are recorded with the Calibration
System to obtain the operating current-temperature function /(7)) by
a second order polynomial fit. With the Tritium system, 25 data sets
of applied voltage and current are measured from 5.4 to 7.0 A. The
function R([) resulting from a third order polynomial fit of the voltage—
current measurement and the function I(T) are then combined to
the calibration function R(T). The systematic uncertainties resulting
from the pyrometer, ampere meter, and voltage meter are taken into
account, as well as the statistical uncertainties. In Fig. 4 the con-
tributions are indicated in green with the symbol of the associated
physical quantity. In Table 1 the individual contributions from each
measurement device are shown. When propagating the calibration from
the pyrometer to the resistance/temperature dependence of the getter,

these uncertainties lead to a rather high systematic uncertainty in
the absolute temperature (4, Tealibration & S0K). This will affect the
sorption curves of all species. The calibration fit parameters can be
found in the Supplemental Material.

3.3.2. Sorption measurements

In Fig. 5, for four different gas samples, the recorded pressure is
plotted as a function of the electrical resistance of the getter obtained
from the voltage and current measurement. Note that the change of
the electrical resistance is assumed to depend on the temperature of
the getter. The four gas samples cover a pressure range from 3Pa
down to the lower range of the pressure sensor of 4 x 1072 Pa. For H,,
both measurements show no significant differences, thus demonstrating
the reproducibility of the method. For each of the four samples, an
exponential fit has been performed, showing a slightly different offset
for each cycle in the electrical resistance. This offset is independent
of the pressure in the cell and was found to increase during the
measurement campaign. The data and the exponential fits are corrected
by these systematic offsets using the mean value of the resistance of all
measurements in operation at lowest pressure. Due to small differences
in the offset of the resistance for each cycle, there is, in addition to the
systematic uncertainty of the calibration, a second smaller systematic
uncertainty (A, Tineasurement < 7 K) that affects the curves individually.

The temperature reading of the getter via the resistance of the getter
has a rather high absolute uncertainty of AT, = 50K and a relative
uncertainty of AT, = 7K. Considering a gradient of AT,y = 20K
over the getter material, these high uncertainties might be acceptable
and the method suitable for this application.

Fig. 6 shows a comparison of the pressure of the desorbed gases as
a function of the getter temperature for the four samples, for which
the parameters can be found in Table 2. Note that the parameters are
presented with covariance matrix elements. The uncertainties stated
to these parameters were found with Monte-Carlo to be in accordance
with the statistical uncertainties.
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Fig. 6. Comparison of results of the sorption measurements for H,, D,, T, and the
H,:HT:T, mixture (with H:T = 1:1) shown for the selected temperature operation
range. The temperature was obtained from the measured electrical resistance translated
using the temperature calibration method described. As the systematic uncertainty
of the calibration affects all curves equally, while the systematic uncertainty of the
measurements may be different for different measurements, the sources of systematic
uncertainty have to be considered separately. Differences in the sorption for the
different gas species can thereby be extracted. The expected pressures taking loaded
amount, volume and getter properties from SAES are plotted for comparison.

Table 2

Obtained parameters for the desorbed hydrogen samples H,, D,, T, and HT with
(almost) equal loadings in the sorption experiment. The fit function for the pressure is
given with: P = Axexp (B X (T — 770))+C in units of Pa and for temperatures (T) in °C.
The measured electrical resistance has been obtained from the desorption measurement
and is converted to a temperature using the calibration process described in the text.
Note that these relations are only valid for the analyzed range. Uncertainties were
derived using a Monte-Carlo approach. Covariance matrix elements Cov;; are provided
as well.

Gas species H, D, T, HT
Parameter Value 2¢ Value 2¢ Value 20 Value 20
Ax1 1.2 0.4 1.2 0.4 1.6 0.7) 1.3 (0.3)
Bx 10° 6 (€] 6 (€] 5 2) 6 m
Ccx 10! -4 4 -5 (@) -7 6 -5 3
Cov,p X 104 =2 -2 -4 -1

Cov,e x 102 -4 -4 -1 -3

Covye X 104 2 2 3 1

In addition, a calculated curve using loaded amount, volume of the
system and getter properties from the manufacturer is included showing
that the measured desorption is below expectations but in accordance
for a systematic underestimation of the getter temperature by AT,,.

Taking into account the statistical and individual systematic un-
certainties Ag Tieasuremen> there are no significant differences in the
desorption of the various hydrogen species at a temperature greater
than 850°C. For T, however, an overall higher pressure can be ob-
served for temperatures below 850 °C. The curves for H, and D, in the
measurement do agree on the level of the stated uncertainties. For the
H,:HT:T, mixture, the curve lies between those of H, and T,, which
implies that there are hints for different sorption properties for the
isotopes.
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Fig. 7. The estimated composition of the desorbed gas from a St171 getter loaded
with a H,:HT:T, mixture (with H:T = 1:1) based on the desorption results for the pure
H, and T, gases. The equilibrium composition is calculated for the temperature of the
getter and at 20°C using the temperature dependent equilibrium constants from [49].

However, measured differences in desorption can affect the com-
position of the desorbed gas for isotope mixtures like the one here
for the mixture H,:HT:T,. Based on pure T, and H, measurements, an
estimation of the composition of the desorbed gas can be made using
the following assumptions:

» Even at 900 °C more than 90% of the gas is solved in the getter
material. Although the pressure outside of the material shows to
be different for tritium and protium at the same temperature, the
difference of concentration of hydrogen inside of the getter at
each temperature can be neglected and is assumed to be same
for H and T (difference of concentration < 1.5%)

The different isotopes have very limited influence on each other
inside of the bulk. This assumption may be justified in the given
cases as the ratio of gas atoms to getter atoms is less than 6 ppm.

The recorded desorption pressures of H, and T, together with the
temperature-dependent equilibrium constants for H,:HT:T, mixtures
[49], the gas composition for a sample of a H,:HT:T, mixture (with H:T
=1:1) as a function of temperature can be estimated, as shown in Fig. 7.
During desorption the gas temperature is significantly higher than after
isolating it at room temperature which is the measurement condition in
NICE-OHMS. The impact on the equilibrium constant leads to a shift in
the composition as indicated in the figure. Throughout the operation
range, the composition remains stable (change of concentration from
peak to peak for HT < 0.7%).

4. Results of the NICE-OHMS experiment
4.1. Operation with tritium

The time between the loading of the getter with tritium at TLK and
first NICE-OHMS experiments at LaserLaB Amsterdam was 176 days
including the decontamination, shipment, installation and procedural
steps and associated delays. The decay of tritium into *He has an impact
on the experiment as was noticed after opening the tritium getter to
the NICE-OHMS system. An increase of the pressure by 0.085Pa was
observed, which was attributed to He. As a noble gas, it cannot be
pumped by the getter, and remains present as constant pressure offset
inside the optical cavity. Using tritium’s half life of ~ 4500 days [50]
and the available volume of ~ 140cm? this released amount corre-
sponds to about ~ 20% of the total >He generated from f-decay over
the entire time span since the loading with tritium. It is well known,
that 3He can be trapped in metal after -decay of tritium solved in the
bulk (see e.g. [51]). The porous morphology of the getter implies a
large surface that is favorable for its pumping speed but with solved
tritium also leads to a comparably high helium release.

Long-term operation of the getters appeared to lead to instability
of the cavity due to a minute thermal expansion. For that reason, an
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alternative procedure for sample preparation has been employed. The
tritium getter operates at a current corresponding to 850 °C with closed
valve, and the pressure in the optical measurement cavity is set by
controlled opening of the valve. The in situ temperature measurement
has therefore only been included for monitoring the operation of the
getter.

To return the tritium back to the getter, the valve to the getter-cell
needs to be opened without heating the getter. Usually, after measuring
a sample for several hours, it was necessary to reactivate the getter
material by operating it at 850°C with a closed valve for 2min to
restore pump performance.

The cryotrap was tested once for accumulated residual gases. Achiev-
ing temperatures down to 78 K no pressure reduction is observed.
The residual gas is absorbed down to the *He pressure level by the
cold vacuum getter and is therefore identified as mainly hydrogen.
Thus, opening the valve to the vacuum getter without heating, as a
cleaning procedure before the measurements, is often sufficient. Only
after several cycles is a degradation of the pumping speed of the
getter noticeable, a sign that the surface of the getter is blocked by
nonhydrogen residuals. Then, an operation at a current corresponding
to 850°C is performed for less than 15 min.

During ~ 300h of measurement and about 120 of sample provi-
sions, no degradation of the getter/sample production performance is
observed.

4.2. Spectroscopy performance of the system

Before actual HT measurements can be performed, adjustment and
calibration of different parameters essential for the NICE-OHMS opera-
tion have to be prepared. Settings of the optical modulators, locking of
the laser and its sidebands to the cavity and frequency comb, as well as
phase settings of the lock-in amplifier, are typically tuned on a water
line close to the frequency of the HT target line. For this procedure,
the little amount of water vapor remaining after the cleaning cycles
is sufficient. The water content decreased with repeated operations
throughout the measurement campaign. An example of a single scan
of the (J, K4, K¢ = 643 — 5;4) transition in the (000) — (200) band
of H,O is given in Fig. 8 showing the Doppler-free Lamb dip feature
recognizable in its Lorentzian profile.

The optical cavity is built from two mirrors custom-produced by
Layertec with a reflectivity of R = 99.996% for the wavelength of the
laser (TOPTICA DL Pro) of 1430nm < A < 1520nm. The finesse of the
cavity amounts to F = 80000 and is approximately the same in the
wavelength range 1460-1510 nm in which the spectroscopic experi-
ments are performed. This leads to an average circulating intracavity
power of P =400W, although for some measurements the power level
is set lower. Over the course of the measurement campaign no tritium-
induced degradation of the finesse, and hence the mirror coatings, was
observed.

In total, three lines in the v = 0 — 2 overtone band of HT are
measured in the wavelength range 1460-1510 nm. Results of spectral
recordings of the R(0), R(1) and P(1) lines are displayed in Fig. 8.
Observed signal levels are proportional to the sample pressure and
are reproducible throughout the campaign. While the spectroscopic
analysis and the context of a comparison to results of QED calculations
is presented in a previous report [26], some features are discussed here.
Similarly as in the study of the HD (2-0) overtone transitions, again
dispersive lineshapes are observed for the R(0) and R(1) transitions.
This behavior has been observed in HD before [22,23,25,45,52] and
is considered an unexplained conundrum. However, there occurs a
marked difference between the spectra of HT and HD in that the HT
isotopologue exhibits a single isolated hyperfine component in the
R(0) and R(1) lines, allowing to determine the rovibrational transition
frequency to an accuracy of 20 kHz. As a result vibrational level
splittings can now be determined at the kHz level, where previous
state-of-the-art only reached MHz accuracy [12,13].
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Fig. 8. Top: Spectral recordings of the R(0) (/ =0 - 1), R(1) (J/ =1 - 2) and P(1)
(J =1 - 0) transitions in the of v = 0 — 2 overtone band of HT. Sample pressures
relative to the constant 3He background are indicated, as well as the intracavity
circulating laser powers. The frequency scale is shifted for comparison of the lines.
The weak resonance features inside the gray-shaded areas are connected to the isolated
hyperfine components (see text). Bottom: Example of a single scan of a saturated water
line used for adjustment and calibration of essential parameters. f,, is an arbitrary
frequency to shift the presented lines relative to each other. The line positions are
presented in [26].

Similarly as in HD, the signal of the P(1) line appeared as a Lamb
peak instead of a Lamb dip, for which some rationale was produced in
the study of HD [24]. Again, for the P(1) line in HT, a single isolated hy-
perfine component was observed allowing to extract the rovibrational
level energy. For further details on the NICE-OHMS spectroscopy of HT
we refer to a previous Letter [26].

5. Conclusions

In this work, we present requirements, technical solutions and expe-
riences of a NICE-OHMS setup developed to measure transitions in the
radioactive molecular hydrogen isotopologue HT at different pressures,
while keeping the background pressure low. Key component is the SAES
St171 getter that enables reproducible provision of HT samples at dif-
ferent pressures in a closed setup through the temperature-dependent
release of hydrogen isotopologues. In combination with a second getter,
acting as a vacuum pump, the setup can be used under radiation-safe
conditions using a tritiated hydrogen gas sample limited to an activity
of 1 GBq.
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In a dedicated study of the getter material it is demonstrated that
the reversible ab- and desorption of H,, D,, T, and a H,:HT:T, mixture
(with H:T = 1:1) using a SAES St171 getter is possible. In this study a
similar volume and the same H,:HT:T, mixture is used as for the NICE-
OHMS experiment, and it is shown that pressures of desorbed hydrogen
up to 2.4 Pa are achievable. Some indications of isotope effects in the
getter response are observed, but their influence on the composition of
a gas mixture is found to be negligibly small.

During the ~ 300 h duration of the measurement campaign, focusing
on the spectroscopic study of three transitions in HT about 120 gas sam-
ples were produced and no degradation of the getter/sample production
performance is observed. Therefore, this experiment and the use of
these getters can serve as a blueprint for similar experiments when
small amounts of tritium (mixtures) at different pressures must be mea-
sured outside of licensed laboratories. While the spectroscopic study
focused on the HT isotopologue, a similar study could be performed
on the DT species that has equally strong dipole transitions. However
the optics for the NICE-OHMS setup and lasers should be moved to
a wavelength of 1825-1873 nm. With the recent observation of the
overtone quadrupole transitions in the homonuclear H, molecule [53]
it may be envisioned to extend the NICE-OHMS spectroscopy to T, at
wavelengths in the range 2015-2065 nm.
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