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Abstract: The Karlsruhe Tritium Neutrino (KATRIN) experiment aims at measuring the e ective
electron neutrino mass with a sensitivity of 0.2 eV/c?, i.e., improving on previous measurements by
an order of magnitude. Neutrino mass data taking with KATRIN commenced in early 2019, and after
only a few weeks of data recording, analysis of these data showed the success of KATRIN, improving
on the known neutrino mass limit by a factor of about two. This success very much could be ascribed
to the fact that most of the system components met, or even surpassed, the required speci cations
during long-term operation. Here, we report on the performance of the laser Raman (LARA)
monitoring system which provides continuous high-precision information on the gas composition
injected into the experiment’s windowless gaseous tritium source (WGTS), speci cally on its isotopic
purity of tritium one of the key parameters required in the derivation of the electron neutrino
mass. The concentrations ¢y for all six hydrogen isotopologues were monitored simultaneously,
with a measurement precision for individual components of the order 10 2 or better throughout the
complete KATRIN data taking campaigns to date. From these, the tritium purity, ", is derived with
precision of <10 2 and trueness of <3 10 2, being within and surpassing the actual requirements for
KATRIN, respectively.

Keywords: Raman spectroscopy; tritium; gas composition monitoring; KATRIN

1. Introduction

The (electron) neutrino was postulated and theoretically described in the early 1930s to explain
the conservation of energy, momentum, and angular momentum (spin) during -decay [1,2]. However,
it took about a quarter of a century, until 1956, to con rm experimentally that neutrinos exist [3].
The chargeless neutrino, , and its antiparticle (the antineutrino), —, belong to the lepton family of
particles which form part of the very successful Standard Model of particle physics. The Standard
Model was developed in the mid-1970s, and then based on the 20 years of experimental work since
the neutrino discovery its construct assumed that (i) corresponding to the charged leptons (e, ,
and ), there were three neutrino avors ( ¢, ,and ), and their antiparticles); (ii) all neutrinos are
left-handed (spin 1/2), and all antineutrinos are right-handed (spin +1/2); and (iii) the neutrino mass
is zero [4]. The latter did not stand up to full scrutiny: with the discovery of neutrino oscillations in the
1990s, earlier suspicions and predictions that the neutrino indeed had mass, albeit extremely small,
were experimentally underpinned [5].

However, while these results con rm that neutrinos have mass, their absolute mass scale was,
and is, rather elusive: this is because neutrino oscillations are sensitive only to the di erence in the
squares of the masses (for a recent survey, see, e.g., Reference [6]). However, the knowledge of absolute
values for the neutrino mass is of high importance for many aspects in particle physics, astrophysics,
and cosmology (see, e.g., Reference [7]).

Of the various experimental approaches for determining the neutrino mass (for a recent survey
see, e.g., Reference [8]), currently the most sensitive direct and model-independent method is the
investigation of the electron energy spectrum of the tritium  -decay, 3H ¥ 3He™ +e + . The lowest
upper limit for the electron neutrino mass from this type of experiments is that determined in the
Mainz and Troitsk experiments. These were conducted independently and more or less in parallel
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during the 1990s up to the early 2000s, nearly contemporary to the aforementioned neutrino oscillation
measurements. In both experiments, molecular tritium (T,) sources were utilized, namely condensed
and gaseous tritium sources, respectively; and in both, the analysis of the tritium -decay spectrum
near the endpoint Eg = 18.6 keV was performed using a so-called MAC-E energy lter [9]. After some
re-analyses, taking into account some initially omitted e ects and all measurement data, the two
groups reported  nal bounds for the electron neutrino mass (with 95% con dence limit) of m()
< 2.3 eV/c? [10] and m(~) < 2.05 eV/c? [11], respectively. However, it was already clear then,
from cosmological observations and calculations, that the mass limit was expected to be quite a bit
lower. Thus, already during the latter stages of the Mainz and Troitsk experiments, a collaborative
follow-up experiment the Karlsruhe Tritium Neutrino experiment, KATRIN, to be hosted at the
Tritium Laboratory Karlsruhe (TLK) was proposed, and initiated, that should exhibit substantially
improved measurement sensitivity.

2. Concepts of the KATRIN Experiment

The KATRIN experiment is designed to increase the sensitivity for measuring the neutrino mass
by an order of magnitude to 0.2 eV/c? [12,13]. The full setup of the KATRIN experiment, with overall
length of 70 m, consists of a set of main component groups [13]; these comprise (i) the windowless
gaseous tritium source ' WGTS; (ii) calibration and monitoring systems to the rear of the WGTS the

rear wall section; (iii) the transport section for tritium ow reduction, ion removal, and adiabatic

-electron guidance; (iv) the spectrometer system made up by a pre-spectrometer energy Iter and
the MAC-E type main spectrometer; and (v) the focal plane electron detector a segmented-pixel
device, optimized for best spatial resolution.

The core component of KATRIN the -electron source (WGTS) is designed to run at a total
activity of the source (i.e., the number of -electrons per second leaving it) of up to 10'* Bg. Note that
the active volume within the WGTS source is associated with the sensitive magnetic ux tube that
connects the decay volume with the detector at the downstream end of the setup. It is de ned by
the con nement through the enclosing superconducting magnets [14]. The -electrons are guided
adiabatically (by means of magnetic elds) to the MAC-E type spectrometer for energy analysis, as in
the previous experiments. For details of the overall instrument construction and design requirements,
see Reference [13].

In order to manage (and minimize) the in uence of statistics and systematics on the derivation of
the neutrino mass, operating parameters need to be kept within very narrow margins [15]. In particular,
the so-called column density d (see Section 4.3) is one of the experimental and theoretical key
parameters in the evaluation of the KATRIN data. Besides this global parameter, the composition of
the gas injected into the WGTS needs to be known with high accuracy. This latter aspect is one of the
most important factors contributing to the KATRIN neutrino mass systematics. It is associated with
the fact that the injected gas is not isotopically pure, meaning that it not only contains T,, but all other
hydrogen isotopologues (DT, Dy, HT, HD, and Hy) are present as well, albeit mostly at relatively low
concentrations. Particularly cumbersome for the determination of the neutrino mass is the presence of
the tritiated isotopologues DT and HT, since these undergo radioactive -decay as well:

To/DT/HT ¥ 3HeT*/3HeD* /3HeH* + e + . (1)

The isotopic mass di erences in uence the kinetics of the decay (resulting in di erent recoil
energy; and di erent initial and nal state energy distributions of the parent and daughter molecules,
respectively), and thus the energy partitioned to the -electron [16]. Any small change of the
tritium gas composition will manifest itself in non-negligible e ects on the KATRIN neutrino mass
evaluation [17]. This is because after the -decay of any tritium isotopologue, according to Equation (1),
the daughter molecule can end up in an electronic ground or excited state, each of them broadened
by rotational and vibrational excitations; this gives rise to an isotopologue-dependent nal state
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distribution. The excitation energy of the daughter molecule reduces the kinetic energy available for
the -electron, and thus the end point of the -decay spectrum. As a consequence, one arrives at a
composite superposition of spectra from all possible nal states. Each individual spectrum has to be
weighted by the probability to decay into a particular nal state, with its spectral endpoint reduced
by the corresponding nal state energy. Therefore, it is of the utmost importance that gas purity and
composition are monitored reliably, at all times.

Laser Raman spectroscopy LARA has been selected as the method of choice for this monitoring
process, since it constitutes (i) a non-invasive and fast in-line measurement technique; and (ii)
with suitable calibration, it provides quantitative concentration data, simultaneous for all gas
constituents, speci cally:

<

the (relative) concentration of hydrogen isotopologue x, cx = Nyx/ i N;. 2

Here, the index x indicates a speci ¢ hydrogen isotopologue, with Ny being the number of
molecules of any of the isotopologues within the WGTS (indices i and x 2 T,, DT, Dy, HT, HD, H,).
Any sudden or severe changes in these concentration values can be signs of potential operational
problems, in which case countermeasures can be implemented by KATRIN operation control.

Note that besides the concentrations, two derived parameters may be utilized during the neutrino
mass evaluation, namely

X
.. . 1
the tritium purity, "r = N, + E(NHT +Npt) 7/ iNi; and (3)

the HT/DT ratio, = NHT/NDT- (4)

With the aid of "1 and , the fractional activity for each of the tritium-carrying isotopologues
can be parameterized (see, e.g., Reference [17]) for convenient incorporation into the neutrino mass
analysis procedures. Note that the parameter "'y is utilized when determining the total source activity.
Experimentally, the count rate of -electrons from the source, SweTs (as measured by activity detectors),
is related to the column density and scales as (see, e.g., Reference [13]):

Swers =Fs N =Fs "t dA. ()

Here, Fg is a proportionality function which includes amongst others the measurement
properties of any speci c¢ electron detection method; N is the total number of molecules in the source
volume; d is the column density; and A is the cross-sectional area of the source ux tube. The KATRIN
experiment incorporates two activity monitoring systems (for details see [13] and references therein).
One is situated in backward direction to the source, measuring current-induced Bremsstrahlung when
the -electrons impact on the rear wall using -induced X-ray spectroscopy (BIXS) [18]. The other
is situated in forward direction and can monitor the -electrons directly inside the ux tube the
forward beam monitor (FBM), based on a PIN-diode design [19].

In this context, it should be noted that the column density determines the scattering probability of
electrons in the WGTS [20]. Unaccounted variations in the column density, d, as well as in the tritium
concentration, "', and the relative concentration of the active gas isotopologues (T,, HT, and DT),
can introduce distortions of the shape of the -spectrum. As such, they contribute to the systematic
error in the determination of the neutrino mass.

After the inception of the KATRIN experiment at the beginning of the 2000s, it took about
a decade to construct, followed by a period of commissioning and testing. After long years of
anticipation, KATRIN was inaugurated in June 2018, and the experiment is fully operational now.
Initially, it was run at greatly reduced tritium content in the WGTS [21], thus keeping radioactive loads
at a minimum, to allow for potential repairs and system modi cations. Full KATRIN data taking
commenced, after tritium ramp-up, during the rst quarter of 2019. Results from this early neutrino
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mass measurement campaign have now been published, yielding an upper bound for the electron
neutrino mass of m(7) < 1.1 eV/c? (90% con dence limit) [22].

Here, we report on the performance of the LARA gas monitoring system, comparing pre-KATRIN
results and those from actual KATRIN data-recording campaigns (which needed precise real-time
analysis), and ascertaining whether all KATRIN requirementsaree ectively met. Inaddition, we discuss
various in-line chemical reaction processes which alter the circulating gas composition, and which
might therefore adversely impact the neutrino mass result.

3. Setup and Methods

It is beyond the scope of this publication to describe all system components in detail; here,
emphasis will be on WGTS operation and, speci cally, on the monitoring of its tritium gas composition.

3.1. Gas Circulation within the WGTS Loop

The WGTS the tritium -electron source may be seen as the core component of the KATRIN
experiment. Tritium gas (predominantly in the form of molecular T,) is continuously injected at the
center of the 10 m WGTS beam tube and pumped out through its ends, maintaining a constant pressure
pro le between the inlet and the outlet(s). Because of the gas ow nature of the tritium source, and for
tritium recuperation, the WGTS is incorporated into a loop system. This loop system is subdivided
into two conceptual parts, the inner and outer loops. Here, only the inner loop part is described in
more detail, to facilitate the discussion of various gas composition and circulation issues, which impact
on the reliability of the KATRIN experiment.

Note that the components of the outer loop are not directly related to KATRIN, but, by and large,
form part of the TLK infrastructure, including, as the most important unit, exhaust gas cleanup; isotope
separation; and isotope storage and transfer, but also incorporating the capabilities for tritium analytics
and accountancy [23].

The concept of the inner loop, together with the WGTS itself, is shown in Figure 1a (see also
Reference [24]). From a reservoir (bu er vessel at a pressure of the order 200 mbar) the gas

ows through the laser Raman (LARA) cell to a pressure- and temperature-controlled bu er vessel
(pressure <20 mbar), from which it passes through a transfer tube and capillary to the WGTS injection
chamber. Note that the WGTS beam tube is kept at cryogenic temperature of about 30 K, using an
ultra-high stability two-phase neon cooling system [25]. For special measurements, it can also be
operated at higher temperatures, using nitrogen (80 K) or argon (100 K), respectively. The WGTS tube
is also imbedded into a superconducting magnet system, generating elds of up to 3.6 Tesla on the
beam tube axis. The gas is extracted at both ends of the beam tube via di erential pumping ports
(for clarity, not all pumps and vacuum lines for all ports are drawn in the Figure), and is transported
back to the reservoir bu er vessel (using a compressing circulation pump arrangement). On its way,
the gas traverses a palladium membrane permeator [26]. The role of this permeator is to remove all
impurities from the circulating gas to allow only the hydrogen isotopologues to pass through.

About 1% of the gas ow is bled o into the outer loop system for cleanup and tritium recovery;
of course, to maintain a constant pressure and ow structure in the loop, cleaned pure T, (>95%) is
added at the same rate from the outer loop structure into the reservoir bu er vessel.

When inspecting the inner loop including the WGTS more closely, it becomes clear that the
analysis of the gas composition and ux are rather challenging. In Figure 1b, the loop segment from
the LARA cell to the WGTS injection chamber is shown. Evidently, one encounters a huge variation in
pressures, ux conditions (associated with pressure, diameter, and length of tubing) and temperatures,
with the typical numerical values included in the Figure.

The main di culty in determining the KATRIN-required parameters cy, and the derived "1 and
(see Equations (2) (4)) is that the associated LARA measurement is localized far away from the tritium
column within the WGTS beam tube. Furthermore, the pressure, ow, and temperature conditions are
very di erent at the measurement site and inside the WGTS, ranging from ~200 mbar, viscous ow
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and ~300 K; to ~10 3 mbar (or less), molecular ow and ~30 K, respectively. However, the Raman
measurements cannot easily be carried out at any desirable location within the complete loop system,
speci cally inside the WGTS beam tube where one would like to determine the ¢y, "', and . First,
the low pressures within the WGTS (and, therefore, low molecular number densities) make it next to
impossible to directly measure the gas composition (with relative partial pressures of the constituents
varying over two to three orders of magnitude). Second, Raman measurement components e.g.,
a cell would block the line of sight of the beam tube and thus impede the proper functioning of
the WGTS. Although, with the advancement of Raman measurement equipment, it is now within
the realm of feasibility to overcome the former problem, the second impediment would still persist,
and therefore render continuous measurement during KATRIN operation impossible.

(@)

=) | — | (=) =
rear transport
— ey and
section analysis
I l T~30K
== ! sl I
B~36T
Differential
pumping
ports
Circulation Pd-membrane Buffer vessel
pump permeator Flow
control
7 £ | ~99% L1
Raman
cell
! ~1% ~1% Pressure-controlled
buffer vessel
“waste” “pure” T,
OUTER Loor recovery, isotope separation, storage
(b) Raman Pressure-controlled WGTS injection
cell buffer vessel chamber
p~200 mbar p=~1...20 mbar p~10-3mbar
T~300K T~300 K T~30K

to
from buffer pumps m e
vessel ,"' f
i :l_\ “: T — T to

Flow i Injection ! pumps
control ! capillary !
fe— Lr2m —i —— Lx12m — = Lx5m =
ID~4mm ID~25mm ID~2.1mm

Figure 1. Concept of the gas circulation through the WGTS. (a) Schematic simpli ed diagram of
the inner loop, incorporating the WGTS component group; note that, for clarity, not all di erential
pump port connections to the loop are drawn. The link to the outer loop of the TLK infrastructure
for recovery, isotope separation, and storage is included conceptually. (b) Selected technical details of
the loop segment from the Raman cell to the WGTS injection chamber; relevant numerical values for
dimensions L and ID (=inner diameter) and operating parameters pand T are indicated.

However, it has been demonstrated during the test phases for the Raman equipment and the
gas circulation loops, as well as during the rst KATRIN data taking campaign, that the derived
parameter values associated with the LARA measurement data, recorded at the current location
in the loop seem to be adequate for the determination of the neutrino mass, in reference to recent
modeling of the gas ow conditions in the WGTS [27].
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3.2. The Laser Raman System

The concept of the laser Raman (LARA) monitoring system is shown in Figure 2. The setup follows
closely that originally proposed in the KATRIN Design Report [13]; its capabilities were successfully
demonstrated in 2008 during the TILO (Test of Inner LOop) experiment [28], to ascertain that the
inner loop functioned correctly and ful lled all design speci cations. It should be noted that those
tests were performed without the WGTS, which was still under construction at that time. Since then,
a number of technical and procedural improvements have been incorporated which have augmented
the sensitivity and precision of the LARA measurements.

Tritium Raman cell SRM2242 calibration cell

H retract
insert

Fluorescence

interchange standard

gas in - [—— gas out to KATRIN data base
Glove box enclosure f
I_I cylerlx
|
DPSS laser H Optical isolator Reflection
Fi i ti i
532nm / 3W ocussing optics optics LABVIEW-
l CONTROLLED
Y DATA ACQUISITION

Power & beam

walk monitors Raman light
\ collection optics
Fiber bundle
| |

Raman spectral| | Spectrometer Raman detector

filtering "+ CCD detector control / readout

AND EVALUATION

Laser monitoring
Laser control

Figure 2. Concept of the laser Raman (LARA) monitoring setup. The LARA cell is positioned within
the secondary glove box enclosure (for tritium safety); it is accessible for laser excitation and Raman
light collection through anti-re ection (AR) coated windows. For in situ absolute spectral sensitivity
calibration, the LARA cell can be replaced with a uorescence standard assembly. For further details,
see text.

While already the rst LARA setup, dating from 2005/6, provided satisfactory results,
improvements since then a orded that the KATRIN requirements could be met and, in some cases,
exceeded. These improvements include (i) the upgrade with improved components speci cally
the excitation laser and the CCD array light detector; (ii) the implementation of a double-pass
con guration nearly doubling the available Raman excitation laser intensity; (iii) fully quantitative
Raman light intensity calibration see, e.g., Reference [29] and Section 3.3; and (iv) the development of
a bespoke data acquisition and evaluation software package for its concepts, see Reference [30] and
Section 3.4). The equipment components of the actual KATRIN LARA setup used in this study are
summarized in Table 1.

The Raman gas cell itself is a tritium-compatible component, which was designed and used in the
very rst attempts of Raman spectroscopy of hydrogen at TLK [31]. In particular, the cell needs to be
compliant with tritium radioactivity requirements (e.g., gas leakage), and the optical windows and
their coatings need to be as resistant as possible against -radiation damage.
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Table 1. Equipment modules used in the KATRIN LARA setup, and their speci cations.

Device Model Manufacturer Speci cations
Nd:YVO, 2" harmonic (TEMqg);
Laser Finesse Laser Quantum, UK L =532 nm;
PL=5W (CW)

T>0.97 for Raman > 537.nm;

Raman Iter RazorEdge LP03-532RU Semrock, USA T<10 bfor | =532 nm

48 individual bers, core =100 m;
Bundle height =6 mm
f =85 mm, with f/#=1.38;
Spectrometer HTS P1 Acton, USA range = 500 750 nm ( xed);
D 1nm (forslit=100 m)

Back illuminated;
Princeton Instruments, 2048 512 pixel (27.6 6.9 mm);

Fiber bundle Custom slit-to-slit CeramOptec, Germany

CCD array detector Pixis 2KB USA Tech-chip 70 C:
Dark noise 10 3e s ! pixel 1
Device control,
Acquisition software LARAsoft TLK in-house Data acquisition;

Spectrum analysis
(written in LabVIEW)

The cell is mounted in-line in the inner loop for tritium circulation, between the two main bu er
vessels of the loop (see Figure 1). As a consequence, the cell is situated within the secondary (glove
box) enclosure; access for laser radiation and Raman light is through anti-re ection coated windows
in a bespoke appendix extension of the glove box. Note that the Raman cell can be temporarily
exchanged with a calibration assembly (see the top-right in Figure 2), which incorporates a Raman
intensity standard (NIST, SRM 2242), for in situ absolute light intensity calibration; for a more detailed
description, see Section 3.3 below.

A continuous wave (CW) green ( | =532 nm) DPSS Nd:YVO, laser (Laser Quantum, Finesse),
operated at an output power level of P =2 3 W, is utilized in the current setup. The laser radiation
is guided, Itered, and focused into the Raman gas cell by a long focal-length lens, generating an
elongated, near-cylindrical interaction volume of about 6 mm in length and a beam waist of ~100 m.
In variation to the original design, now the laser beam is back-re ected through the cell, using a
combination of a lens (with the same focal lens as utilized for the input coupling) and a dielectric
mirror. This replicates the primary excitation volume, approximately doubling the Raman response
probability. Note that the back-re ected laser light is directed out of the beam axis by the optical
Faraday isolator; this re ection is bene cially used to monitor the laser power and potential laser beam
walk during long-term operation.

The Raman light from the elongated excitation volume is collected at a right angle to the laser
excitation axis (i.e., 90 scattering geometry), and is focused onto a slit-to-slit shaped optical ber
bundle (for its dimension, see Table 1). Note that a set of two plano-convex lenses is used to provide
1:1 imaging of the Raman interaction volume onto the entrance of the ber bundle, with an acceptance
angle matched to the numerical aperture of the ber. Prior to entering the spectrometer (Pl Acton, HTS,
with f# = 1.8) for spectral analysis, the collected light is cleaned for any residual laser radiation by a
long-pass lter (Semrock, RazorEdge 532nm). The spectrometer’s range and resolution are set so that all
six hydrogen molecule isotopologues are resolved and recorded simultaneously by the high-sensitivity
CCD array detector with 512 2018 pixels (Princeton Instruments, Pixis 2k).

As indicated in the lower right of Figure 2 system control, recording of operating parameters,
Raman spectrum acquisition, and real-time data treatment and analysis are under the control of an
integrated, dedicated LabVIEW program (for a brief outline, see Section 3.4). The numerical values for
Ci, "t,and are extracted from the spectra and transmitted to the KATRIN database, synchronous with
the scan protocol.
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3.3. Aspects of Calibration

As just stated, the numerical values for ¢y, "t and are all derived from the analysis of the Raman
signals. As in all spectroscopic methods, the information about the analyte is provided in the form
of the observed (measured) spectral light intensity, as a function of wavelength (or wavenumber).
The measured Raman response of a probed molecule to the laser light stimulus is given by the
(simpli ed) expression:

Ro (M) =k 1 ¢* () F(D ;3% N(T) I, (6)

with:

k = unit normalization constant
L = laser wavelength
s = Raman line wavelength
( s) = spectral sensitivity of the LARA system at the Raman line position
F(D ;J ) = transition probability function for Raman line, for initial rotational level J
Nx(T) = number of molecules, in their initial energy state, at gas temperature T
I = incident laser power density

Note that for the KATRIN analysis, at present, only lines for the vibrational transitionD = +1are
included, i.e., values for the Raman response Ry (3%) for the respective O;(J )-, Q:(J )-,and S;(J )-branch
lines are required. In order to quantify the contributions from the individual isotopologue mixture
constituents, (i) exact absolute calibration in wavelength and light intensity response is required,
and (ii) a quantitative link between the observed Raman signals and the (unknown) molecular number
densities needs to be established.

3.3.1. Wavelength Calibration for

Since the spectrometer con guration for the KATRIN LARA system is chosen to cover the complete
range of spectral contribution from all six hydrogen isotopologues (=570 710 nm), the spectrometer
wavelength setting can be  xed , i.e., no grating motion is required any longer, in principle, after the
initial setup. Then, well-known emission lines from hollow-cathode calibration lamps are recorded,
from which the association of each pixel with wavelength can be determined once and be xed for all
future measurements. However, it seems always prudent to carry out occasional validity rechecks.

3.3.2. Spectral Intensity Response Function, ( s)

On its way from the Raman excitation volume to the CCD array detector, the light passes through

a substantial number of optical components, including various lenses, the Raman edge Iter, the optical

ber bundle, and the spectrometer grating, to name but the most prominent elements. All exhibit
their individual, wavelength-dependent transmission/response functions. In addition, the CCD
detector itself possesses wavelength-dependent photon sensitivity. Overall, this means that the relation
between the signal from the excitation volume and the actually recorded signal incorporates a complex
convolution of response functions, complicated even further by the fact that the Raman signals
themselves and light propagation through certain optical components are polarization-dependent
as well. Unfortunately, in most cases, only generic response functions are provided by instrument
manufacturers; individual items may substantially deviate from those functions.

The most sensible solution for this conundrum is to place a calibrated emission standard at
the position of the Raman excitation location and experimentally measure the overall response;
this is the only way to determine an absolute response function ( ) of percent-level correctness.
In the case of the KATRIN LARA system, such a task proved to be extremely di cult, in particular
because of the restricted access to the Raman cell location within the secondary-enclosure glove box.
The method selected in the end is based on a uorescence calibration standard (NIST, SRM2242),
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which is incorporated into a mock-up assembly for direct replacement of the actual Raman cell
(see the top-right in Figure 2). In brief, the SRM standard is lowered into the laser beam path so
that uorescence is generated at exactly the same position as the ordinary Raman excitation in the
gas. The uorescence from this same-size volume passes through the Raman light collection system.
The recorded uorescence spectrum is then compared to the NIST SRM2242 reference data, thus
providing an absolute intensity calibration including the full optical detection system. Details of the
calibration setup and procedure can be found in references [29,32].

3.3.3. Linking the Measured Raman signal to the Particle Density

With the majority of parameters in Equation (6) known either measured directly (i.e., s, |,
and I ) or derived in a calibration measurement (i.e., ( s)) itcan be reduced to the form

Rp =+1(") = Fknown F(D = +1;3%) Ni(T), ©)

in which all known quantities are subsumed into the global correspondence factor Fynown- This leaves
the Raman transition probability function and the particle density as the unknowns . There are
two conceptual approaches of how to gain access to the desired isotopologue concentrations using
Equation (7); ideally, one should apply both, if possible, which would provide a consistency test.
However, neither of the two methodologies is easy to implement a priori.

In the rst approach, one derives the transition probabilities for the respective ro-vibrational
Raman lines from theoretical (ab initio) calculations. However, the relevant transition probabilities
may not have been published, nor is it in general straightforward for an experimentalist to carry out
the required calculations, even if some basic code were available. For the hydrogen isotopologues
discussed in this paper, the values for all individual Raman lines have been kindly calculated by
R.J. LeRoy [33].

In principle, one also might be able to gain access to the Raman transition probabilities
experimentally, making use of the so-called method of Raman depolarization (see, e.g., reference [34]).
We have done this for a substantial number of the required Raman lines [35], and the values are in very
good agreement with LeRoy’s theoretical values (in most cases, much better than 5%). For the results
presented here, this methodology has been applied; example data are given for relevant, observed
Raman transition lines in Section 4.3 below.

It also should be noted that for the determination of concentrations from spectral features (here,
the Q-branches of the relevant isotopologues), care has to be taken to appropriately treat potential line
overlaps originating from di erent molecular species. This aspect is discussed in detail in Section 4.2.

The second approach is akin to the well-known analytical method of dilution chemometrics;
from exactly known relative concentration mixtures, calibration curves are constructed, associating a
known reference concentration with the recorded signal. This has been done for the non-radioactive
isotopologues of hydrogen H,, HD,and D, inameasurement setup at TLK, dubbed HyDe [36,37].
In brief, for the calibration of LARA data against known concentration data, two combined datasets
are necessary, namely (i) a binary dataset with only the initial isotopologues not in thermal
equilibrium; and (ii) a tertiary dataset with all three corresponding isotopologues in thermal equilibrium.
The agreement between the two methods was excellent, mostly <3% for the Q1-branch signals.

The approach is much more complex when adding the isotopologues with radioactive decay,
i.e.,, T, DT, and HT, since the mixing ratios may not remain constant over the measurement period.
On one hand, this is caused by the -decay of tritium (resulting in a loss of about 1% over the period
of one month). On the other hand, tritium-mediated reactions at the steel walls of the loop (see
Section 4.5 for relevant details) may introduce measurable, but uncontrolled amounts of reaction
products, which therefore a ect the initial concentration of the parent molecule(s) on the time scales
required to generate full calibration curves. A tritium-compatible mixing system has now been
constructed conveniently named TriHyDe  with which all six hydrogen isotopologues can be
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tackled [38]. In spite of the aforementioned complications, the rst results look rather promising.
Foremost, the HyDe calibration for H,:D, mixtures could be replicated, yielding agreement to within
2 3%. Measurements of binary and tertiary mixtures containing tritium are now almost complete,
and evaluation of the data is ongoing. Just as an example, for the binary mixture D,:T», the calibration
factors are accurate to less than 2%. The description of the related TriHyDe system setup and results
from the full calibration sets of all six isotopologues will be subject to a forthcoming publication.

3.4. Automated Data Processing

For the recording of the spectral data and the evaluation of the raw data towards the desired
parameters, to be transferred in near real-time to the KATRIN control, a bespoke suite of modular
software routines is used (LARAsoft, written in LabVIEW 2014 for exibility and conformity with
industry-standard control of the LARA instrumentation). The current second-generation software
package has evolved from the earlier, integrated procedure described in reference [30]. The software
suite now comprises four hierarchical control and evaluation modules; the sequence and purpose of
the various program steps/modules is shown in the conceptual diagram Figure 3.

Experimental Data Software Modules Input / Output Data
2\ laser operating values
Mlaser gizlim IC,Z\‘ghllfI\'LRIéALﬂON spectrometer values
CCD detector values
DA SYSTEM MONITORING binning instructions
equipment 9
F “raw” detector data array
K l:> [DATA STORAGE ]—>| fenticiing, data |
Readout of CCD detector

{} I| cosmic ray threshold Scg, |
[Coswc RAY REMOVAL ] e
i intensity
<j [INTENSlTY CALIBRATION ]4— calibration
array

[ASTIGMATISM CORRECTION ]<—|_ :
| astigmatism function A, (%)

[SUMMING OF BINS

[BACKGROUND REMOVAL ]4—

parameters for
Rolling-Circle Filter (RCF)

[OVERLAP ELIMINATION ]<—| ShapeFit and @, (overlap) |

<:] [EXTRACTION oF N, ]<—| matrix @ (Av=1;AJ=0,+2) |

[CALCULATION OF ¢;/ &7/ x]—>| running display of ¢;/ ¢/ k |

=

Transfer to
KATRIN data base

A 4

KATRIN
control &
data base

J| {3 (KATRIN Run Tacs )
I:> [KATRIN ANALYSIS ]

Figure 3. Concept of LARA system control and Raman data processing, based on the bespoke, modular
LabVIEW suite LARAsoft. Note that the KATRIN control and data storage routines are not part of
LARASsoft. For further details, see text.
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3.4.1. LARA System Control

As stated earlier, the operation and monitoring of the majority of the LARA equipment is under
the control of LARAsoft, including (i) setting up and monitoring the Raman excitation laser, as is
monitoring the laser power passing through the Raman cell, and potential beam walk; and (ii) setting
up and pretreating the spectral data accumulated by the 2D CCD detector of the spectrometer (some
issues associated with the timing of spectra recording and evaluation of Raman data, with reference to
KATRIN run-time tags, are discussed in Section 4.4).

3.4.2. Detector Readout, Sensitivity Calibration and Spectrum Generation

The raw light signal data accumulated on the 2D CCD chip undergo partial on-chip pixel
binning prior to readout (in the non-dispersive direction of the detector chip), in order to accelerate
readout and to reduce the contribution from readout noise. For the measurements reported here 20 bins
of 20 pixels each were utilized. These binned spectral data sets are then treated for a variety of e ects,
to improve the quality of the nal Raman spectrum. These include, as described in reference [30],
(i) the removal of cosmic rays (to avoid potential false feature identi cation; note that for this procedure
at least two subsequent Raman data sets are required); (ii) spectral intensity correction (utilizing a 2D
calibration map generated from supplemental SRM2242 measurements); (iii) spectrometer astigmatism
correction (shifting the aforementioned binned chip segments to line up in the non-dispersive direction);
(iv) summing up all bin segments (to generate the total-signal Raman spectrum); and (v) the removal
of any background (mostly uorescence induced by the excitation laser in optical elements) note that
the removal procedure is based on the rolling-circle Iter methodology (see, e.g., [39,40]).

3.4.3. Spectrum Evaluation

For the quantitative evaluation of any spectrum, its datasetis rst linked to an accurate wavelength
scale, using a generic pixel vs. wavelength reference function; this has been generated o ine from
recorded spectra of atomic emission line sources. However, normally the wavelength calibration is
only utilized for feature identi cation and visualization; all numerical procedures described here are
carried out on pixels. The KATRIN-required parameter values are extracted from the spectra utilizing
the Qq-branch signals of the six hydrogen isotopologues. The preparation and evaluation of these six
components is carried out in two steps.

First, any interfering overlap contributions need to be eliminated. This is because the S;(J )-
and/or O,(J )-lines whose intensities in general are a factor 20 100 smaller than the Q;(J )-lines ofa
highly abundant isotopologue may still be intense enough to contribute measurably to the Q;-branch
of a minor isotopologue, if the features coincide spectrally. The underlying procedure is outlined in
more detail in Section 4.2.

Second, the total intensity of the various Q-branches (whose rotational lines are unresolved when
using the KATRIN LARA instrumentation) is calculated. For this, appropriate spectral intervals are
set so that the entire range of contributing Q,(J )-lines is covered; then the intensity contributions are
integrated over the respective, individual intervals and stored for further evaluation (using a bespoke
routine ShapeFit [30]).

3.4.4. Calculation of Parameter Values for the KATRIN Experiment

From said integral Q;-branch intensities the KATRIN parameters are calculated, combining
Equations (2) (4), and (7). The input to the latter is the Raman transition probability F from [33];
the probabilities are stored in a call up table. In addition, for all parameter values error propagation
is carried out as well, following the procedures outlined in reference [32]; important aspects of the
parameter uncertainties and results relevant to KATRIN are summarized in Section 4.4. Finally,
all calculated parameter values and associated uncertainties are transferred to the KATRIN database;
these are linked to the time-tags of the advancement step within a particular KATRIN data taking run,
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to be used in the neutrino mass analysis procedure. Note also that in addition to the ADEI data, all raw
(but binned) spectral data from the detector chip readout are stored o ine, enabling full re-analysis if
necessary, in the case that some aspects of the KATRIN analysis may be revised over the lifetime of
the experiment.

4. Results

As stated earlier, the KATRIN experiment has been fully operational since early 2019, and a wealth
of data has been collected, both for system performance measurements as well as for rst, actual
neutrino mass data recording. The aforementioned tritium-related parameter values rely on Raman
spectroscopy measurements, in which all hydrogen isotopologues circulating in the loop are monitored.

Up until the commencement of the rst neutrino mass campaign in the rst half of 2019 (KATRIN

KNM1 ), the gas composition inside the WGTS was kept tritium-lean ("t 1 %), meaning that it

was extremely di erent from the conditions for standard KATRIN operation [13]. Nevertheless, those

rst tritium (FT) measurements provided valuable information as well, since important aspects of
changes in gas composition could be studied, while keeping radioactivity at a minimum.

Thus, in the following discussion of results, both scenarios low-tritium and nearly-pure-tritium
content are contrasted. In addition, the KATRIN system results are compared to earlier LOOPINO
measurements [41], in which the circulating gas loop was operated without the WGTS and without
the permeator unit (although operating conditions were kept as close as possible to the later KATRIN
measurements). The speci ¢ operating conditions for the three cases are summarized in Table 2.

Table 2. Settings of key operating parameters for (i) LOOPINO-3 loop test measurements (without
WGTS; unpublished results); (ii) FT  rst tritium campaign, with reduced tritium content [21];
and (iii) KNM1  rst KATRIN neutrino mass data taking [22].

Parameter/Setting Units LOOPINO FT KNM1
Pressure in LARA Cell, prc mbar 149 190 190

Tritium content in the gas mixture, "'t ~0.93 ~5 103 >0.97
Column density, d (fraction of nominal dmax) % n/a ~100 25
Laser power, P W 15 4.0 3.0
Spectral line resolution (FWHM), P nm L1s L15 L15
De em 1 28.2 28.2 28.2
CCD acquisition time (single spectrum), tsg S 58.5 58.5 58.5

4.1. Spectra for the Di erent T, Circulation Scenarios

As was just pointed out, three overall di erent operating conditions for tritium gas compositions
were measured and studied in detail, namely KATRIN KNM1 and LOOPINO for high-tritium
content (>95%) and FT for low-tritium content (<1%). A set of typical Raman spectra is shown in
Figure 4. Note that all measurements described here were carried out for a total gas pressure within
the LARA cell of prc 150 200 mbar; this is the customary pressure at which the supply bu er vessel
is kept under normal KATRIN operating conditions.
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Figure 4. Spectra from selected pre-KATRIN and KATRIN gas circulation campaigns. (a) LOOPINO

12/2014: Raman spectra from the first day of circulation (trace 1) and after 55 days of circulation (trace 2,
offset by +0.2); the two spectra are o set to each other for clarity. (b) First tritium (FT) 05/2018: Raman
spectrum of the gas mixture after two days of circulation. (c) KATRIN ramp-up (KNM1) 03/2019:
Raman spectrum recorded after ve days of circulation, during the second ramp-up step. For all
spectra, relevant features are annotated; for further detail, see text. Note the split intensity scales to
visualize both strong and weak spectral features.

4.1.1. LOOPINO Spectra

With reference to Figure 1a and the setup sketch in [29], the loop tubing from the pressure-controlled
bu er vessel was directly coupled to the circulation pump, and the permeator was bypassed. Note that
the WGTS was not yet on site, and not all of the outer loop infrastructure was completed at the time of
the LOOPINO measurements; also, in contrast to the actual KATRIN setup, the complete loop was at
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room temperature. This simpli ed con guration was bene cial for the understanding of some of the
chemical processes occurring within the inner loop system.

For the long-term functionality tests, the LOOPINO system was lled once with an initially pure
high-T, gas mixture (for the composition of the reservoir gas prior to injection see Table 3). In Figure 4a,
two snapshot spectra are shown, recorded at the beginning of the run (during day 1) and towards
the end of the run (after 55 days), respectively; the spectral traces represent averages over 20 individual
CCD data accumulations of 60s duration each. The following observations can be made.

Table 3. Nominal hydrogen isotopologue concentrations (in percent) of the reservoir gas supplies used
during the di erent measurement campaigns.

cx for T, DT D, HT HD H,
LOOPINO W 89.4 5.4 <0.1 5.0 <0.1 <0.1
FT @ <0.1 1.2 97.6 <0.1 0.9 <0.1
KNM1 @ 96.8 16 <0.1 1.2 <0.1 0.1

@ pre-transfer analysis using gas chromatography (GC). @ Pre-transfer analysis using dedicated laser Raman system.

First asexpected the spectrum is dominated by features of T,, with the strongest being the
(unresolved) ro-vibrational Raman band Q;(J ), but with (resolved) O;(J )- and S;(J )-lines visible
as well.

Second asexpected substantial amounts of HT are generated (increasing from ~4.5% to ~6.5%),
associated with the aforementioned surface-mediated reactions of tritium with H,O on and hydrogen
in the steel walls.

Third, over the 55-day period of the measurement, the amount of DT does not noticeably change
(within the measurement accuracy) because of the lack of an additional D/D, source.

Fourth, over the measurement period, a signi cant accumulation of tritium-substituted methane
compounds is observed; the most pronounced vibrational Raman bands are annotated in the Figure.
These molecules are also due to surface-mediated reactions, namely of tritium with carbon atoms
liberated from the steel walls (predominantly by -electron bombardment); see Section 4.5 for details.

Normally, these contaminants would not be visible above the detection threshold of our LARA
system, because they would be removed from circulation by the permeator. But due to its absence in
the LOOPINO loop, any generated chemical compound can accumulate. The two surface-mediated
reactions, i.e., the extraction of hydrogen and carbon, will be discussed in Section 4.5.

4.1.2. First Tritium (FT) Spectra

For the very rst full operation of the KATRIN experiment with tritium, the pre-determined gas
mixture admitted into the inner loop (including WGTS and permeator) only contained a small amount
of tritium (for the reservoir gas composition prior to injection see Table 3). Thus, the observed Raman
spectra are signi cantly di erent from the high-T, spectra.

A typical snapshot spectrum for this operating scenario, recorded after two days of operation,
is shown in Figure 4b; note that the same data recording times and spectra-averaging procedures were
used as during the LOOPINO runs. The following features can be identi ed in the spectrum.

First, in line with the gas composition, the features of D, dominate, with the expected intensity
ratios between the Q1(J ) branch and the O;(J ) and S;(J ) lines.

Second, because of the action of the permeator, the ratios between D,, DT and T, approach
equilibrium very quickly, with the latter nearly absent, due to the dynamic chemical equilibration.

Third, as in the previous case, hydrogen is liberated from the system’s steel walls, and as a
consequence, a steadily increasing amount of HD is observed over the measurement period. Because
of the very much lower content of tritium, the also expected HT is not detectable above the noise level.
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Fourth, no isotope-substituted methanes are observed; in contrast to the LOOPINO test experiment,
here, the permeator removes them e ciently from the loop, so that they cannot accumulate to
measurable amounts.

Finally, it should be noted that the weak spectral feature observed just below 580 nm can be
attributed to Raman scattering in the fused silica window(s) of the cell. However, it also should be
noted that contributions from this (unwanted) Raman and uorescence background from the cell
windows strongly depend on the alignment of the cell within the laser beam path. The magnitude of
this background changes substantially with only minutely di erent orientation of the cell, or when
changing the cell in between measurement runs, and thus may be observable, or not.

4.1.3. KATRIN (KNMZ1) Spectra

During the rst full KATRIN neutrino mass run (denoted KNM1) during the rst half of 2019,
the gas mixture admitted into the system was, as prescribed, of high-T, content (for the reservoir gas
composition prior to injection, see Table 3). Once more, the spectra shown here are averages over 20
individual accumulations; see Figure 4c.

As expected from a tritium-rich mixture (which, in fact, is very similar in its initial composition to
the LOOPINO gas supply), the spectra from the LOOPINO and KNM1 measurements closely resemble
each other. All hydrogen isotopologues are observed; based on the initial concentrations in the feed
and the estimated liberation of hydrogen from the steel walls, they exhibit roughly the expected relative
Raman intensities.

The maindi erence is the lack of spectral features from methane; this is hardly surprising since as
in the FT and KNM1 campaign scenario the permeator prevents them from accumulating in the loop
over time, but rather extracts them from the circulating gas, and, in addition, methane condenses in
the injection capillary (held at ~30 K). It should be noted that, when comparing the temporal evolution
of the individual isotopologue compositions for the LOOPINO and KATRIN scenarios, di erent rates
are observed for the two. Again, this is not unexpected, since LOOPINO comprised a closed loop
without gas exchange, while for KNM1, the bleeding-out from the permeator and feeding-in into the
reservoir vessel (balanced for constant pressure and ow) constitutes an open loop. The evolution of
concentrations over time is discussed in more detail in Section 4.3.

4.2. Disentangling Spectral Overlap Features

Before the isotopologue concentrations can be extracted (based on the quantitative analysis of the
integral Q;-branch intensities), one particular issue needs to be addressed: overlapping features in the
spectra can interfere with the determination of the true concentration values.

When inspecting the spectral traces in Figure 4, speci cally those from the LOOPINO and KNM1
measurements, the wavelength region near ~623 nm (equivalent to a Raman shift of ~2730 cm 1)
commands particular attention. Here, the S;(J = 2) line of T, coincides with the Qq-branch region of
DT; given the resolution of our spectrometer, these cannot be separated.

Because of its very high T, concentration, its Raman lines dominate in the spectra; even its S;-
and O;-branch lines with low transition probability (a factor 50 100 less than the Q;-branch lines)
have su ciently high intensity to be clearly visible in the spectra. This means that they are, or can
be, of similar intensity to that of the Q;-branch of DT, with a relative concentration only in the
percent regime in comparison to T,. Hence, in order to quantitatively extract the concentration for DT,
said spectral overlap needs to be disentangled into the contributions from T, and DT.

It should be noted that, while there are quite a few similar overlap regions in the spectra containing
all hydrogen isotopologues, for the three relative concentration scenarios covered here (with very high
and very low T, content), only the aforementioned overlap plays a signi cant role for the KATRIN
experiment and therefore needs to be dealt with.

The procedure applied here is straightforward in principle but requires a number of analytical
steps. In addition, several theoretical and experimental parameter values need to be known in order to
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apply the line intensity Equation (6) for quantitative analysis. The procedural steps of how to separate
the interfering Raman signals are shown in Figure 5.
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Figure 5. Deconvolution of spectral overlapping, exempli ed for the determination of exact T,/DT
concentrations in the KNM1 gas mixture. Top-left segment of the spectrum in Figure 3c (the scale is
split, to visualize all spectral features; center-left theoretical O;(J )/S;(J ) lines for T,, overlaid on
the experimental spectrum, with the individual Raman lines annotated; bottom-left spectrum with
the O;(J )/S1(J ) lines subtracted, leaving only the Q;(J )-branches to evaluate species concentrations.
Top-right experimental line pro le function, derived using ShapeFit; center-right theoretical Raman
line strengths ”ij for the O1(J )/Q:(J )/S1(J ) lines of T, and DT, calculated for a gas temperature of
T =298 2 K. Note that the values for the O;(J )/S;(J ) lines of T, are scaled by 20, to emphasize the
overlap between T, S1(2) and DT Q1(J ).

In the

rst step, (ideally all) resolved and isolated S;(J ) and O;1(J ) lines of T, in the recorded

LARA spectrum (top-left data panel) are tted using the appropriate ShapeFit line pro les. Note that
for these near-symmetric S;(J ), O1(J ) lines, the spectrometer resolution pro le based on the slit
width and the intensity pro le from the ber bundle may alternatively be used (see the top-right
panel in Figure 5). The so determined line intensities are then compared with the theoretical Raman
transition line strengths (center-right data panel in the Figure), in conjunction with the thermal level
populationat T=298 2 K, which best ts the experimental line intensities. Note that this temperature
is consistent with the gas temperature Tgy =299 301 K, measured at the loop bu er vessel about 80 cm
upstream from the LARA cell.
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Based on these tresults, the unknown experimental intensity of the overlapping S;(J =2) line can
be calculated. Thus, a complete Raman spectrum for the DJ = 2 branches can be modeled (center-left
data panel in the Figure), which then is subtracted from the original LARA spectrum. The result of this
operation is that only the Qq-branches for T, and DT remain (bottom-left data panel in the Figure).
Finally, the integral branch intensity is determined from which actual concentrations can be calculated
exploiting Equation (6). Related numerical data are collated in Table 4.

Table 4. Comparison of the Raman line strengths Sij, and the experimental and theoretical signal
amplitudes  ARrs theory aNd Ars exp, respectively for the T, S;(J ) Raman lines of Figure 5.

T, Raman Line S1(0) S1(2) S1(2) S1(3) S1(4) S1(5)
S; W 0.00889  0.03990 0.01302 0.02841 0.00540  0.00737

ARs theory @ 0.241 1.094 0.355 0.785 0.151 0.209

ARs.exp 0.253 1.094 0.770 0.154 0.200

(@ Raman line strengths Sij based on the transition probability function F(D ;J ), calculated by LeRoy [33].
@ The theoretical signal amplitudes, derived from Sij, are normalized to the S; (1) line amplitude.

It should be noted that the principle of the disentanglement example described here is applicable
to all other spectral overlaps potentially encountered in Raman spectra of di erent relative hydrogen
isotopologue composition. An example would be  rst tritium gas mixture, with its dominant D,
concentration, whose spectrum is included in Figure 4. There the O1(J = 3) line of D, interferes with
the Q;-branch of DT, and the S;(J = 4) line of D, interferes with the Q,-branch of HT. However, in this
speci c case, the full procedure described above is not required, since the features are partially resolved
and simple ShapeFit application did su ce to remove the D, interference.

A full list of potential interferences for all hydrogen isotopologues, and parameter values necessary
for their e cient removal, can be obtained from the authors.

4.3. Temporal Evolution of the Concentrations of To/DT/HT

As has been pointed out a few times already, one expects that the gas composition circulating
in the loop may change over time. Of course, the time constants for each of the three scenarios
(LOOPINO, FT, and KNMZ1) will be di erent because the operating conditions are very di erent for
each of them. In the rst case, a closed loop without permeator allows for the accumulation of any

contaminant generated during the circulation. In the latter two cases, the loop is open, i.e., a small
fraction of the circulating gas is extracted from the permeator unit for cleanup, while the same amount
of cleaned gas is reinjected into the bu er vessel of the loop (see Figure 1a). However, in all three
scenarios, one encounters sinks and sources for any of the isotopologues, as well as additional
chemical compounds which might be generated during circulation (like the aforementioned methanes).

While, in principle, it would be feasible to calculate said time constants in the concentration
evolution of the di erent gas components, in practice, this is rather complex, in particular for the full
KATRIN loop, including WGTS and permeator. For example, the removal and injection rates from the
permeator and into the bu er vessel are preset, as well as the ow rate. Any extraction of hydrogen
and carbon from the walls and deposit of tritium although known in principle would require full
modeling of the loop, including the varying pressure, ow, and temperature conditions. This has not
been done for the data presented here, but only conceptual arguments have been utilized.

In this section, we only address the variation of the gas composition for the ramp-up phase for
KNML1 (about two weeks in duration). On one hand, it is the neutrino mass measurement mode which
is of highest interest and importance (i.e., long, stable operating conditions); however, on the other
hand, during the ramp-up phase, drastic changes in the ow rate, and thus column density in the
WGTS, allow one to appreciate the temporal reaction of the loop system to sudden variations in
operating conditions and how long it may take until the system has quieted down again. In addition,
one can evaluate whether the precise knowledge about the gas composition and its variation are
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still meeting the KATRIN requirements for utilizing the associated neutrino mass measurement data.
This is of utmost importance since the abundance of the individual tritium isotopologues T,, DT,
and HT, as well as the associated parameters "t and , are required for accurate and reliable evaluation
of the measurement data (a detailed discussion of the in uence of individual isotopologues and their
state distribution onto the neutrino mass can be found, e.g., in reference [17]).

For an appreciation of the relative abundance data for the individual tritium isotopologues, shown
in Figure 6, it is worthwhile to brie y contemplate the ow rates encountered during KNM1 and any
future KATRIN measurements. With reference to Figure 1b, the actual ow of gas into the WGTS is
determined at the pressure-controlled bu er vessel from where the gas mixture travels through the
tubing system, for injection at the center of the WGTS. This ow rate changes when the column density,

d, inside the WGTS is chosen at any desired value in the full range 0% < d < 100%. For example,
the ow rate at full nominal column density ( d 100%) was measured at 89.2 sccm; for a column
density of only d = 25%, this value reduced to 13.3 sccm (note that for KNM1, for long periods,
the system was run at d = 25%, for operational reasons).

Figure 6. Temporal change of relative isotopologue concentrations of the tritium gas mixture circulating
through the WGTS, during the rst ramp-up to full KATRIN operation during 4 15 March 2019.
Top panels: relative concentrations for the three radioactive isotopologues T,, DT, and HT. During the
time period indicated by the symbol F, no data were available (caused by an intermittent data transfer
failure); during the ramp-up change periods (indicated by the dashed vertical lines), the system response
does not tend to equilibrium these data are excluded from the long-term analysis. Bottom panel:
monitoring data for the pressure-controlled bu er vessel (PC-BV) during the ramp-up the related,
nominal d values for the WGTS are indicated. For further details, see text.

Taking into account the bu er vessel volumes and the ow rate values, one full circulation of the
KATRIN gas volume through the loop system exhibits characteristic times of ~8 min (for d =100%)



Sensors 2020, 20, 4827 21 of 29

and ~37 min (for d = 25%), and even longer for the lower column densities utilized during the initial
ramp-up phase. If one also considers the fact that during each circulation, 1% of the gas volume is
exchanged to/from the outer loop reservoir, one expects time constants of the order of hours until the
loop has reached a new equilibrium again, following a sudden change. This behavior is clearly visible
in the plots for the temporal evolution of the molecular concentrations.

The system response to the (sudden) ramp-up changes, of the order 30 60 min, clearly re ects the
contribution to the apparent concentrations from sinks and sources . For example, at the rst step
from the gas being static to the ow for a relative column density of d = 5%, the concentration rst
decreases rapidly, approximately replicating an exp( x/ ;) behavior, and then undergoes recovery ,
exhibiting a functional dependence of the approximate form (1 exp( x/ ,)), with adi erenttime
constant. The inverse, mirror-like behavior is observed for the concentration of HT.

To a certain extent, this con rms the interdependence of the two isotopologues T, and HT in
the loop circulation, where the latter is generated by the extraction of hydrogen from the steel tube
walls and catalytic exchange reactions with T, molecules, whose relative concentration diminishes
as a consequence. While during LOOPINO this was a smooth, one-way progression, for the open
KATRIN loop, initial response is counteracted by the extraction of fractions of the gas mixture and
insertion of pure T, into the loop. When waiting long enough, a To/HT equilibrium should evolve;
this would be characteristic for a given ow rate (or column density). In the quick ramp-up scenario
implemented during KNMZ1, the system settings already change again before the particular equilibrium
is reached.

The behavior just described repeats itself in roughly the same manner at each of the steps when
setting a new relative d value. It is worth mentioning that similar trends are also observed for DT,
albeit on a much reduced scale of relative variation (see the central panel in Figure 6). This should not
really be surprising, since there is no major source for deuterium, in contrast to hydrogen which is
extracted from the steel walls.

It also should be noted that the description of the temporal behavior in the evolution of the
molecular concentrations is most likely over-simplistic: a single-source single-sink scenario is assumed,
which in all likelihood is not su cient, and the interplay of various generation/removal channels in
the loop is much more complex.

Furthermore, we would like to point out that regular changes in the concentration values measured
by KATRIN LARA are expected (and observed), even for operating at constant column density over
a complete KATRIN run of several weeks. This is associated with the fact that the reservoir gas is
replenished regularly, on average once per week.

While every attempt is made to keep its composition as constant as possible, after cleaning of
the gas extracted from the loop, the relative content of all six isotopologues varies ever so slightly.
Of course, the loop gas composition reacts to this when the supply gas mixture is di erent, tending
to new concentration equilibria. The data from the KATRIN Raman monitoring provide accurate
information about these slow changes over time.

Finally, we would like to note that temporal evolution data for the molecular components in the
LOOPINO campaigns may be found elsewhere [41,42]. Some selected measurement data for the FT
campaign are presented in [21].

4.4. Precision and Stability

In any long-term experiment, careful monitoring is normally required which ascertains that a
certain measurement parameter stays within prede ned limits; this applies to KATRIN as well.

For KATRIN, one of the key parameters is the tritium purity, "', which needs to be monitored
with a statistical uncertainty jD"1/"1jstat < 0.1% (‘precision’); data are recorded with a time resolution
of 60 s during any individual measurement sub-run (scan) of typically 2 3 h. Note that the loop is
operated in such a way that the gas composition is kept as stable as possible. Nevertheless, small drifts
and sudden jumps do occur occasionally; indeed, these are unavoidable because of the concentration
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variations of the processed gas batches injected into the KATRIN loop. However, such variations
pose no problem as long as they are monitored with the required precision, and provided that the
condition "1 > 0.95is ful lled [13]. In addition, the monitoring parameters need to be reasonably ‘true
as well; in the case of the tritium purity, a systematic uncertainty jD"t/"1jsys < 3% is required [13,15].
The KATRIN-relevant requirements for the LARA monitoring are collated in Table 5 (note that in the
description of uncertainties, we follow the terminology recommended in [43]).

Table 5. Typical monitoring parameters for the gas composition in KATRIN: comparison of the
speci cation requirements and the values achieved during rst KATRIN neutrino mass data taking.
Precision and trueness are given relative to their value, jDX/Xj.

KATRIN Requirements ) Achieved during KNM1 @
Parameter Value Precision Trueness Value Precision Trueness
for T, 095193 47 104 97 103
Concentrations, cy for DT 001109 15 102 92 10?2
for HT 003562 64 103 13 101
Tritium purity, "7 >0.95 1 103 3 102 097576 28 104 16 103
Ratio of impurities HT/DT, 10 10 2 3.212 25 102 33 10?2

@ Originally de ned in reference [13], amended in reference [15]. @ From the snapshot sub-run data acquired on
26 April 2019 (see Figure 7).

The KATRIN LARA monitoring entails the concurrent extraction of the isotopologue
concentrations, cy; the tritium purity, "'; and the HT/DT ratio, ; all are derived from the isotopologue
molecule numbers, Ny, which are extracted from the Raman spectra. For example, notwithstanding
correction and normalization factors, the cx values are determined using Equations (2) and (6) in
Sections 2 and 3.3, respectively. In simpli ed form, the cx are described by

>
x = Nx/  Njusing Nx = [Sx/( x Fx)], 8

with Sy = integrated Q;-branch signal; y = spectral sensitivity calibration; and Fyx= transition
probability for Q;-branch, with the former two being experimental entities and the latter constituting a
theoretical value.

Naturally, the three neutrino mass evaluation quantities in Equation (8) carry statistical and
systematic uncertainties in relation to their value, [DX/Xj; these can be summarized as follows:

(i) Statistical ( stat); directly associated with the determination of the Ny (Sx) including

- shot noise (variations of the Raman signal amplitude);

- background noise (from shot noise of the uorescence background);

- readout noise (from CCD, in general negligible in our LARA measurements);
- laser noise (short-term uctuation of the Finesse laser, of the order <2 10 4).

(i) Systematics | ( ¢q)); associated with calibration processes, including

- uncertainty of SRM spectral intensity calibration ( );
- uncertainty from calculation of transition probabilities (Fy).

(iii) Systematics Il ( ana); associated with analysis procedures, including

- uncertainty from ShapeFit, which encompasses e ects from the SCARF background removal
and other implicit analysis steps as well (Sy).

Note that the two parts of the systematics are combined into a total systematic uncertainty, sys.
Note also that in the treatment of uncertainty and error propagation, we closely follow the standards
outlined in reference [44]; full details of our evaluation procedures are given in reference [32].
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In order to demonstrate the performance of our KATRIN LARA system, some example data from
the KNM1 campaign are shown in Figure 7. Particular emphasis is placed on the aspects associated
with the monitoring of the key parameter, "', and the required/achieved precision and trueness of the
results, as well as the related concentrations of the isotopologues T,, DT, and HT.

Figure 7. Selected measurement data from KATRIN LARA during KNM1 (April May 2019).
Top panels concentrations of the three tritiated isotopologues T,, DT, and HT (in percent of the sum
of all molecular gas components); the statistical and systematic uncertainties are indicated by the
colored bands. Bottom panels derived tritium purity "t for a two-week period during KNM1 (lower
data trace) and an individual sub-run (upper data trace); for the latter the statistical and systematic
uncertainties are indicated by the colored bands. The statistical uncertainty limit, required for the
KATRIN neutrino mass calculation, is indicated on the right. For further details, see text.

The relevant numerical values, and their uncertainties, for a selected sub-run period of about 2 h
20 min duration are collated in Table 5. By and large, the results shown in the Figure and the table
con rm that the LARA monitoring ful Is all KATRIN requirements and even surpasses them. Mostly,
the data speak for themselves; however, a few explanatory remarks may elucidate certain aspects of
the observed monitoring data.
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First, the particular tritium purity monitoring interval of two weeks (bottom data panel of Figure 7)
has been chosen to encompass typical disruptive events in the gas circulation through the KATRIN
loop. Namely, these are two jumps at the time when a new batch of reprocessed tritium gas enters
the loop (typically on the time scale of about once per week, and marked by the (green) asterisks); and a
brief interruption of the circulation for loop maintenance (normally very rare during a measurement
campaign). However, during and after said events, the tritium purity remains well above the "1 > 95%
requirement; and the statistical uncertainty stays nearly unchanged.

Second, the expanded display of the "1 data (for one selected sub-run period) clearly
reveals that the statistical data scatter is well within the KATRIN-required statistical uncertainty,

stat- The uctuation for individual data points (with 60 s measurement time each) is indicated
by the red-tinted error band around the data points, yielding an uncertainty value of about
stat  exp~3 104 stat =1 10 3 for the displayed monitoring period. The other, blue-tinted
error band represents the total systematic uncertainty or trueness sy, as outlined further above in
this section. With a value of sys~2 10 3 this is an order of magnitude better than the required
sys = 3%. All relevant numerical values are collated in Table 5.

Third, the concentration data for all three radioactive isotopologues T,, DT, and HT are by and
large dominated by signal shot noise, resulting in absolute scatter around the median of no more than
1 2 10 3. Note that as for the tritium purity parameter the statistic and systematic errors are indicated
by the red- and blue-tinted error bands, respectively. It also should be noted that the relatively poor
trueness for the concentration values for DT and HT is linked to the line deconvolution procedure (see
Section 4.2) for the former, and to the increased uncertainty of the SRM spectral calibration at longer
wavelengths (see Section 3.3) for the latter. Note as well that the three radioactive isotopologues T,
DT, and HT add up to 99.774% of the gas composition; the minute remainder distributes over the
isotopologues H,, HD, and D».

Overall, the data of Figure 7 and the collated values in Table 5 con rm that the monitoring of the
KATRIN gas composition via laser Raman spectroscopy is very successful, and by and large surpasses
the speci cations. This provides a high level of con dence that, at least from the point of view of the
gas supplied into the WGTS, no unwelcome surprises are expected in the evaluation of the neutrino
mass, based on the analysis of the -spectrum of tritium.

4.5. Remarks on Chemical and Radio-Chemical Reaction Products

When inspecting the Raman spectra of the gas mixtures investigated in this study, together with
temporal evolution of the relative molecular concentrations, one observes both signi cant changes in
the composition of the gas and the appearance of spectral features which are not associated with the
Raman bands of the six hydrogen isotopologues. These can be ascribed to, in principle, well-known
processes of the interaction of radioactive tritium and surface materials of the vessel in the case of
KATRIN, a range of steel alloys in which it is contained or circulated. They include (i) the products
from the actual -decay of tritium; and (ii) the formation of secondary molecular products in reactions
with hydrogen and carbon liberated from the steel wall (or deposits on it). In the following, a brief
summary is given of the various reaction products observed during the three measurement campaigns.

4.5.1. Products Associated with the -decay of Tritium Hydrogen and 3He Atoms

In the spectra of LOOPINO and KNM1, clear atomic line emissions are observed, in particular the
Balmer- line of hydrogen near 656 nm. This atomic emission has its origin in either of two processes,
namely that molecular hydrogen isotopologues dissociate under the impact of -electrons from the
tritium decay, and/or the daughter molecule of the tritium -decay see Equation (1) decomposes
further according to (see, e.g., Reference [45]):

3Hex* ¥ X +3He* or X” + 3He™ (with X = H, D, T). 9)
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It should be noted that, other than in Raman spectroscopy of molecules, the di erent masses of the
isotopes only marginally in uence the position of the (atomic) emission lines. For the hydrogen isotopes,
the Balmer- transitions for deuterium (?H, or D) and tritium (3H, or T) di er from those of protium
(*H) by only 4.0 cm and 5.5 cm 1, respectively, corresponding to 0.17 nm and 0.24 nm [46]. With the
resolution of the Raman spectrometer utilized in this study (D ~1 nm, see Table 2), the individual
isotopic lines cannot be resolved. However, a t of the superimposed Balmer- lines clearly reveals that
it gravitates to the spectral position associated with the transition in atomic tritium. The recombination
of the 3He" ion in reaction (9) will result in the generation of neutral atoms; like for the tritium atom,
these can be excited by -electron impact to yield atomic line transitions (see, e.g., reference [47]).
However, it should be noted that in the experiment described in [35], helium was signi cantly more
abundant (several 100 mbar of added “He), and much longer Raman signal acquisition times were
used. Thus, under normal KNM1 operating conditions in which helium is extracted from the loop by
the permeator, helium line transitions are below our light detection limits.

4.5.2. HT and Tritium-Substituted Methane from Surface-Mediated Reactions

Probably the most widely studied e ect of tritium interaction with the walls of containment
vessels is that of surface-mediated or bulk-extraction reactions, mostly in the context of studies related
to the generation of energy from nuclear fusion (see, e.g., references [48 50]). The two reaction products
HT and tritium-substituted methane (most likely in the form of CT,4, although mixed-substituted
species might be expected as well) can be traced in the spectra displayed in Figure 4. When plotting the
time evolution of all observed constituents in the gas mixture from these spectra, the accumulation of
both products is evident for the LOOPINO data, while only HT and its temporal changes (see Figure 6)
are visible in the spectra for KNM1. This is not surprising since, in the latter case, any methane species
is removed from the circulating gas by the permeator, and thus they do not accumulate to quantities
which are detectable above the noise level of our KATRIN LARA monitoring system.

The mechanisms for the generation of HT and CT,4 ina pure T, gas environment are by and
large dominated by reaction paths associated with the extraction of hydrogen (H) and carbon (C) atoms
from the steel walls of the KATRIN loop structure.

Hydrogen is available for the exchange reaction with tritium to generate HT via two basic
routes. First, water (H,O) residues on the surface mediate the production of HTO and HT (see, e.g.,
reference [51] and references therein). The presence of traces of water in the system is expected since
the loop part containing the bu er vessels as well as the long feed line to the WGTS cannot be baked
out under vacuum before they are exposed to tritium, making the adsorption of H,O on the surfaces
nearly unavoidable.

Second, equally unavoidable is the well-known presence of hydrogen trapped in the steel bulk
during manufacture, and which can migrate through the material (see, e.g., reference [52] and references
therein). In a closed system, both HT production processes should diminish over time, with the
available hydrogen being consumed (as was shown in the KATRIN system during the LOOPINO
campaign, see reference [41]). However, the actual KATRIN loop constitutes a regulated, open loop;
thus, it is likely that small amounts of water might still enter into the system via the feed from the
gas reservoir.

In the studies of materials for use in fusion reactors, it was found that numerous types of steels
lead to a measurable amount of methanes when exposed to tritium for longer periods of time by the
extraction of carbon atoms from the steel [48,49]. The same investigators, and others, also found that
(at room temperature) the exposure of steels to deuterium does not result in the generation of methane.
Note, however, that for elevated temperatures, decarburization of steel in a hydrogen atmosphere
readily occurs (see, e.g., reference [53]).

Clearly, this shows that the isotopes of hydrogen do not behave identically. The radioactive

-decay process of tritium seems to constitute a necessary prerequisite for the formation of methane,
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in simpli ed form accordingto C +2T, +1eV ¥ CT, (a more detailed proposal for the reaction
mechanism may be found in reference [49]).

Finally, it is noteworthy that the spectral feature observed in the range 675 680 nm in the LOOPINO
spectra (Figure 4a) can be associated with -induced uorescence from an accumulating molecular
species. This feature persists even without laser irradiation while all Raman peaks disappear; therefore,
this signal is not discussed any further but is subject to a future publication.

4.5.3. Reactions Observed during the FT Campaign

As stated earlier, the gas mixture circulating within the KATRIN loop was lean in tritium, with only
~1.2% of DT and <0.1% of T,. Thus, all tritium-mediated reaction products are expected to be present
at much lower concentrations. Indeed, neither the Balmer- line of tritium nor any He line are visible
in the spectrum of Figure 4, meaning that both products are below the detection limit of KATRIN
LARA system. Equally, the exchange reaction between tritium and hydrogen and carbon at the vessel
surfaces is too feeble to generate su cient HT or CT, to be detectable by our KATRIN LARA system.

Finally, it should be noted that, instead of the T ' H exchange mediated by the (most likely)
small amounts of H,O at the wall surfaces, D ' H exchange is observed in the circulating gas mixture
during the FT campaign (for the initial gas composition see Table 3). When plotting the time evolution
for D, and HD (not shown here), we found a similar evolution behavior as that observed in KNM1 for
T, and HT, albeit with substantially di erent time constants: more HD was generated over time than
was present in the reservoir gas fed into the loop.

5. Conclusions

The results presented here clearly demonstrate the capabilities and reliability of our laser Raman
system for the long-term Raman spectral monitoring of the gas mixtures circulating in the KATRIN
loop. Routinely, data precision of the order jDX/Xj < 10 2 has been achieved, ful lling or surpassing
the monitoring requirements for the precise determination of the neutrino mass in KATRIN. A few
additional remarks are worthwhile.

First, besides the monitoring capabilities for the isotopologue concentrations and the tritium
purity, the spectroscopic measurements and their evaluation revealed a range of reaction-dynamic
phenomena, which, on one hand, were not surprising, but which, on the other hand, still lack full
theoretical modeling. In particular, the generation of HT and CT,4 (and potentially H-/D-substituted
isotopologues) well-known reaction products when steel surfaces are exposed to tritium require
the development of a full model which incorporates all individual system segments, exhibiting vastly
varying pressure, ow rate, and temperature conditions. Attempts to develop a realistic model for this
are under way.

Second, the spectral identi cation of tritiated methanes was not unambiguous due to their rather
low overall concentration in the loop (e.g., in LOOPINO < 1% after more than 50 days of circulation) and
some disagreement between observed spectral features and published data. Spectroscopy experiments
with pure CT, are planned for the near future to elucidate potential discrepancies in the observed
spectra, and thus to allow for a better understanding of the radio-chemical reactions in the KATRIN loop.

Finally, we would like to point out that the KATRIN LARA system, beyond the monitoring
aspect being key for this investigation, could be utilized in other applications as an analytical tool
for circulating gas mixtures, potentially being suitable for rapid process control. In this context,
closely inspecting the spectral data utilized in Figures 4 and 5, one arrives at a relative detection limit
of ~88 10 *( 3  noise), Which equates to a lower limit of detection of LOD  0.18 mbar, for a
single spectrum with 60 s acquisition time (assuming a transition line strength equal to that of the
hydrogen isotopologues).
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