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Abstract — Accurate gas samples containing tritiated molecules are essential for the development of
tritium monitoring tools and to study tritium-induced reaction dynamics. We prepared gas samples that may
contain any of the six hydrogen isotopologues by manometrically mixing high-purity homonuclear iso-
topologues and forming the remaining isotopologues by chemical equilibration. In order to independently
verify the relative isotopologue concentrations to the manometrically derived composition and thus validate
the accuracy of the produced gas samples, we measured the effective speed of sound (SoS) in the gas
mixtures, which are highly sensitive to small deviations in the relative molar fractions due to the large
difference in the individual SoSs. We found that deviations between the manometrically derived and
measured SoSs are on a 0.1% level, demonstrating the accuracy of the sample production procedure and
the suitability of SoS measurements for inline composition monitoring in tritium applications.

Keywords — Tritium analytics, measurement and monitoring process control, accountancy, speed of

sound.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

The development and characterization of tritium
monitoring devices is of great importance in the diverse
field of tritium processing, e.g., process control and
accountancy. This includes applications like exhaust pro-
(11 and the operation of the
gaseous tritium source of the neutrino mass experiment
KATRIN.[?! For this purpose, highly accurate reference
gases containing well-defined admixtures of tritium are

cessing in future fusion plants

essential. At the Tritium Laboratory Karlsruhe, the
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TRIHYDE facility has been commissioned, capable of
fabricating gas samples that may contain any of the six
hydrogen isotopologues with subpercent accuracy of the
relative concentration.!)

The TRIHYDE facility produces these samples by
precise manometric gas mixing of the homonuclear iso-
topologues (T,, D,, and H;), and consequently, the sam-
ple accuracy is limited by the available purity of the
initial feed gases. The stable isotopologues are commer-
cially available as reference gases; however, no certified
isotopically pure tritium samples are available on
a technical scale. In addition, the heteronuclear isotopo-
logues HT and DT must be formed in situ because of their
inherent decomposition to the chemical equilibrium
ratio.l) In order to independently verify the accuracy of
the TRIHYDE-produced samples, the relative isotopic
ratio of individual samples was evaluated using inline
composition analyses based on speed of sound (SoS)
measurements.


http://orcid.org/0000-0001-5420-4533
http://orcid.org/0009-0006-5485-5436
https://crossmark.crossref.org/dialog/?doi=10.1080/15361055.2023.2209087&domain=pdf&date_stamp=2023-06-06

2 NIEMES and BRAUN - SPEED OF SOUND MEASUREMENT OF HYDROGEN ISOTOPOLOGUES

This method is especially sensitive due to the wide
range of the isotopologue SoSs (from ¢(T,) = 751 m/s to
¢(Hz) = 1305 m/s at room temperature) and is also respon-
sive to common impurities like helium, nitrogen, and
argon. Furthermore, this technique can be used in line,
offers real-time monitoring ( < 1 s), and is applicable in
a wide pressure regime starting around 100 hPa. It should
be noted, that because only a single property is measured,
i.e., SoS in a mixture, there is ambiguity in the derived
fractions if more than two constituents are present. In this
case, a priori knowledge of the constituents is required for
a correct composition analysis. Nonetheless, this technique
can be used for detecting changes in composition and to
cross check expected molar fractions in a gas sample.!

In this paper, we compare the measured to the
expected SoS in a gas mixture based on the isotope
ratio given by TRIHYDE and evaluate this technique as
a “quality flag” for the prepared reference gas samples
containing tritiated molecules.

Il. EXPERIMENT

ILA. Setup

All gas mixtures used in this study were prepared by
a manometric mixing principle using two volumes of
about 0.8 L. Figure 1 gives a general overview of the
mixing loop. Two vessels with accurately known volume
(oy =~ 0.25%), temperature (o7 =~ 0.2%), and pressure
(o, = 0.15%, MKS Baratron 627D) were filled with the
initial homonuclear isotopologues to the target pressure

| Gas supply |

volume 1 volume 2
circulation pump O
BGA BIXS LARA

Fig. 1. Sketch of the TRIHYDE facility for the produc-
tion of reference gas samples containing tritiated mole-
cules. For inline gas analysis, the loop includes a BGA,
a BIXS, and a LARA.
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ratio. The gas sample was subsequently produced by cir-
culating the gas using a metal bellows pump (MB601DC).
In addition to the SoS measurements [Stanford Research
Instruments binary gas analyzer (BGA)], various integrated
analytical tools like the laser Raman systems (LARAs)!*"]
and beta-induced X-ray spectrometry (BIXS)® enabled
in situ composition monitoring. A detailed overview of the
TRIHYDE setup as well as the gas sample production
procedure is described in Ref.l**

The SoS measurement was performed using
a binary gas analyzer (BGA244) based on resonance
frequencies in a temperature-stabilized cavity (40°C).
The device was integrated with VCR® connections.
All wetted materials, mainly electropolished 304 stain-
less steel, were tritium compatible. The transducers
were made from a 25-um-thick polymid (Kapton) foil,
which showed no degradation of performance, i.e.,
drifts or leaks, after tritium exposure to about 1 g during
the measurement campaigns. The stated measurement
accuracy is on the order of 0.5 m/s and is mainly
defined by the pressure sensor (Honeywell STP0030)
and temperature sensor (BGA244 internal). The SoS
was measured with a 4.4-Hz sampling rate, and the
measured velocity was internally normalized to normal
temperature and pressure (NTP) conditions (20°C and
1013.25 hPa).

11.B. Procedure

For all mixtures, the initial fill gases were in ortho-
para-equilibrium and filled to a combined pressure of
both mixing volumes to 500 hPa at room temperature.
Prior to circulating the gas volumes contained in the
mixing vessels, the remaining parts of the mixing loop
were evacuated to < 1072 hPa. For all mixtures, the
initial gas purities were measured using mass spectro-
metry and Raman spectroscopy. While circulating in the
loop, the constituents homogenized, and due to the beta-
enhanced self-equilibration process, the heteronuclear
isotopologues (HT, DT, and HD) started to form. This
first-order process continued until the molar fractions in
chemical equilibrium of the respective isotopologues
were formed. See Refs.!>* for more details on the equi-
libration process.

For calculating the final molar fractions, the initial
fill pressures of the mixing vessels, the measured initial
gas purities, and the chemical equilibrium constant from
Ref.!”) were used. The SoS was measured after chemical
equilibrium was reached and no composition change
was detectable (SoS variation < 0.1 %/h). In both
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campaigns, i.e., the preparation of the hydrogen-tritium
and deuterium-tritium mixtures, the mixtures with equi-
molar factions (50:50), for which the molar faction
uncertainty is highest, were performed twice to test for
repeatability.

I1l. RESULTS

The SoS for a single isotopologue can be derived
from the first law of thermodynamics assuming adia-
batic interaction between individual molecules shown
in Eq. (1), using the adiabatic index vy, the universal
gas constant R, the absolute temperature 7, and the
molecular weight M%)

-R-T
Csingle = YT . (1)

This was done for all six hydrogen isotopologues using the
measured temperature during the preparation procedure.
For a gas mixture of components N, the total molar
mass M is divided into a sum of the molar mass fractions of
each constituent, i.e., M = ).\ x; - M;, where x; repre-
sents the molar fraction as a number between zero and one,
and M, is the molar mass of each isotopologue. In addition,
the adiabatic index vy, for each constituent needs to be
considered in a similar way using Y=, yXi -V
However, assuming an ideal gas, the adiabatic coefficients
for the hydrogen isotopologues are identical, and one may
use a single y-value. In order to obtain the effective SoS of
such a mixture,!'"! one therefore needs to apply Eq. (2):

1300 A ideal gas
¢ BGA244 measurement
L 1200
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- 1100
c
=]
o
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—
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23 o0t :
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9.2 -051
(7]
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0.0 0.2 0.4 0.6 0.8 1.0
initial T, fraction

(a) Ho:T2:HT mixtures

Cmixture =

In Fig. 2, the ideal gas values based on Eq. (2) are com-
pared to the measured velocities. For both campaigns, the
measured values agree very well with the expected velo-
cities, with deviations on the order of 0.1% over the whole
concentration range. In conjunction with the LARA mea-
surements presented in Ref.*!] this agreement indepen-
dently shows the high accuracy, i.e., precision and
trueness, of the produced reference samples. The observed
minor deviations can have multiple causes: (1) uncertain-
ties in the initial gas purity, (2) drift in the pressure trans-
ducers, and (3) operator error during the sample
preparation. The latter is the most plausible cause for the
biggest deviation in Fig. 2b of around 30% initial T, frac-
tion, where likely some part of the loop volume was not
sufficiently evacuated. As a consequence, the “tainted”
sample was disregarded and not used in further analyses.

Due to the location of the BGA on the feed side of
the circulation pump, it was not possible to perform
measurements with the circulation pump running.
Although the BGA244 specifications state an operating
flow rate from 0 up to 5000 standard cubic centimeters, it
is likely that, due to the proximity, pump-associated
pressure fluctuations interfered with the resonance mea-
surements inside the cavity. As a consequence, only static
measurements have been performed, but the placement of
the BGA will be improved in the future.

In addition, one can use the measured SoS of
a mixture to derive the individual SoS in a single iso-
topologue. This measurement is straightforward for

925
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(b) D2:T2:DT mixtures

Fig. 2. Effective SoS measurement in equilibrated gas mixtures with varying T, content.
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TABLE I

Derived SoS for Pure Tritiated
Isotopologues at NTP Conditions*

SoS Ideal Gas Experimentally
Isotopologue (m/s) Derived SoS (m/s)
T, 751.1 754(22)
HT 923.3 929(35)
DT 825.7 838(43)

* The fundamental physical constants as well as the atomic
weights for calculating the SoS within the scope of an ideal gas
were taken from Refs.!'%!'?]

a single homonuclear isotopologue; however, the tritiated
heteronuclear isotopologues HT and DT cannot be indi-
vidually isolated due to the immediately commencing
decomposition into the respective chemical equilibrium
components. As a consequence, to our knowledge, no
experimental data have been published yet, although the-
oretical efforts are ongoing.!'*! Using Eq. (2) with the
molar fractions given by the sample preparation and
leaving the individual SoS as a free parameter in
a multivariant fit, we obtain the results stated in Table I.
In general, the derived experimental velocities agree with
the theoretical values for an ideal gas. The large uncer-
tainties, based on a bootstrap estimate, as described in
Ref.l'>) are dominated by the small number of data
points for the multivariant fit. However, this analysis
should be seen as a proof of principle and will improve
with additional measurements.

IV. CONCLUSION AND OUTLOOK

It was shown that SoS measurements are an easy-to-
implement and accurate quality flag to validate reference
gas samples containing tritiated molecules. The agreement
between manometrically derived and measured SoSs of the
gas mixtures also highlights the accuracy and repeatability
achievable with the TRIHYDE facility. The production of
well-defined tritiated gas samples in chemical equilibrium
also enabled first SoS measurements of tritiated isotopolo-
gues, which are in agreement with the theoretical data, but
the associated uncertainty is currently limited by statistics.
In general, the presented methodology can be expanded to
include other gas species of interest, e.g., helium and argon,
as well as the ortho-para ratio.!'® Therefore SoS measure-
ment is a promising tool to cover a wide range of tritium-
containing mixtures present in typical tritium processing
applications.['" ']
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