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Abstract. The KarlsruheTri tium Neutrino experiment KATRIN employs a cryo pump at 4.2 K with pre-corggd Ar as
adsorbent to keep its electrostatic spectrometers essentially free from tfitie influence of the decay heat of tritium decay
on the pumping properties of such a cryo pump is investigated with the testieent TRAP Tritium Argon frostPump)

at flow rate levels of 107 — 1014 mbar I/s. This publication presents results obtained by the TRAP experifugng the
measurement run #6 and gives a first approximation for the tritiumrrizsgon probability through th€ryogenicPumping
Section (CPS) of KATRIN.
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INTRODUCTION

The investigation presented in the following was undemakéhin the scope of the KATRIN experiment, the next
generation tritium decay experiment for determining thecbn neutrino mass [1]. KATRIN investigates spectro-
scopically the electron spectrum from tritium beta decagrries kinematical endpoint of 18.6 keV. With a strong
windowless gaseous tritium sourceq21L0'° tritium molecules) and a tandem of two electrostatic speséters, KA-
TRIN will allow a model independent measurement of neutrirasses with an expected sensitivity of 0.2 é(80%
CL).

In the 10 m long source tube a constant tritium column demsif: 101’ molecules/crhis maintained by continuous
tritium inlet of 1.8 mbar I/s (STP) in the middle and by continuous pumping ottitiem at its ends. Between source
and spectrometer the magnetic transport system is locatdadh guides the decay electrons adiabatically from the
source to the spectrometers while at the same time suppgessi tritium flow rate below 1014 mbar I/s. A first flow
rate reduction of 10is achieved by a differential pumping section with turboewilar pumps. The remaining 10
suppression will be accomplished by BeyogenicPumpingSection (CPS), which is essentially a tube covered with
pre-condensed Ar as adsorbent and kept 4t2 K via cooling with liquid helium.

Gas binding pumps like getter pumps or cryogenic pumps adelwiused for pumping hydrogen (and its isotopes).
The cryogenic surface of the latter type is often coveretl ait adsorbent like a molecular thieve, charcoal, zeolith or
a pre-condensed heavier gas. Especially in fusion reagsaarch, cryo pumps (at 77 K) are employed in various
types for removing traces of hydrogen isotopes from helismegorted in [2, 3, 4, 5, 6]. Yuferov et al. [7] and Ben-
venuti et al. [8] report on adsorption obHD, and HD at 4.2 K on pre-condensed gas layers like, for exarfrpleen

Ar, CO; and Ne. Although Ar does neither provide the biggest morelaapacitance nor the lowest equilibrium
pressure of the available adsorbents [9], it is still thei@héor pumping tritium in the CPS for the following reasons:

«+ As a pre-condensed gas Ar does not suffer from the drawbatilsssisorbents have: e.g. difficulty of attachment
to metallic surface with good thermal contact, sensitititpoisoning and reduced life time with thermal cycling

- As an inert gas Ar is chemically inactive which is conveniwiith regard to tritium processing by means of
catalysts employed in tritium infrastructure systems.

- Carbonaceous cryo deposits like £®@ith better cryo pumping properties than Ar have the disathge that
the tritium retention system of thEritium LaboratoryK arlsruhe (TLK), where KATRIN is being built, can only



cope with them inadequately.

« Since the adsorbent is freshly prepared at the beginningatf KATRIN measurement run, no tritium inventories
are collected over time.

Yet, the pumping properties of the frozen Ar adsorbent agatieely influenced by the radioactive decay of tritium.
Since the decay electrons from tritium beta decay with theramye energy ok 6 keV have a reach which equals
approximately the thickness of the frozen Ar layer{2 pum), almost the whole decay heat is being deposited in
the adsorbent. This increases the desorption rate of bgtimamnd tritium. Due to successive desorption-adsorption
processes, tritium might migrate along the cryo surfacepasd the whole CPS. The absence of experimental data on
tritium pumping with an Ar covered cryo surface at 4.2 K in flosv rate regime of 104 — 10~" mbar I/s demands
for the test experiment TRAP, which is being pursued at thK. TIRAP is a model pump for the CPS with the same
gas conductivity and tritium surface density. The main ge&b measure the tritium transmission probabiktyof a
CPS-like cryo pump with Ar condensate as adsorbent.

This paper presents data obtained during the measurenme#® with TRAP. Unlike the runs performed before, run #6
provides the possibility to calculate the tritium transsias probability of a CPS-like cryo pump from the knowledge
of the ingoing and outgoing tritium flow rates.

THE TRAP EXPERIMENT

The TRAP experiment is a cryogenic pump for measuring thegiugproperties of Ar cryo deposits at 4.2 K. It can
not only test Ar, but also other pre-condensed gas adsabEme TRAP test experiment is a model for the cryogenic
pumping section CPS with the same cryogenic properties ibabut the electron guiding magnets. It has the following
general features (see fig. 1 and refer to [10] for more détails

1. The cryo surface consisting of the two lower tubes is aboien LHe bath cryostat to a temperaturexoé.2 K.

2. The cryo surface is a bent tube {20vith approximately the same gas conductivity which is pkh for CPS
(=~ 4.51/s). Its surface (1571 cfhis about 210 of the CPS surface.

3. Ar cryo deposit is prepared on the cryo surface via a @apillThe Ar gas exits the capillary through tiny holes
(diameter~ 0.2 mm) along its length and is distributed approximately hger®ously over the cryo surface.

4. Tritium is injected from a calibrated buffer vessel inke tcryo trap. From the pressure drop in the vessel the
average inlet flow rate can be calculated.

5. Tritium passing through the cryo trap can be detected avitbsidual gas analyzeBpectra Microvision PLUS
"Smart Head" Open Source, Tungsten Filaments) or a silicon solid stetieatior (LN cooled, 300 mrhsurface,
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FIGURE 1. Left: Scheme of the complete TRAP setup. Right: Scheme of the TRAPtdetasystem with magnetic flux lines.



TABLE 1. Experimental parameters of gas inlet during run #6

Inlet amount Inlet flow rate  Layer thickness  Inlet mixture  Activity

Argon preparatioh ~ 74.9 mbar | 0.009 mbar I/s 42 um — —
Tritium inlet 0.134 mbar| ~ 107 mbarl/s —  ~44% tritium’ 5.6 GBq

* cryosurface temperature 5.2 K, achieved by over-pressurizing the cryostattt.4 bar
T Isotopic inlet mixture: DT 43%, 719%, HT 7%, HD / b / D, 31%

500 um thickness, energy resolution (FWHM)2.1 keV, noise level in energy window-620 keV~ 70 mHz).
See fig. 1 for a scheme of the detection system. A magneticdféldL T can be applied to guide the tritium beta
decay electrons onto the Si detector.

6. Connections for gaseous He are foreseen for the regemepabcedure: To avoid an increase of contamination
of the weakly contaminated (upper) parts of the cryo surfdeecryo trap is purged with He gas in the direction
from low to high contamination during the warming up.

TRAP MEASUREMENT RUN #6

Table 1 shows the experimental parameters of the measurenme#i6 which was performed during five weeks. The
tritium detection was done by observing mass 5 (DT) on the R&a&by measuring the count rate on the Si detector in
the energy window 6 20 keV. A continuous measurement with both methods is ndiplessince the RGA's filament
casts light on the Si detector which increases significahttynoise on the detector. Therefore, the RGA and the Si
detector were operated in turns. Since the tritium partiabgure (DT pressure) is below the RGA's detection limit
(see next section), the tritium detection was mostly dorib thie Si detector.

Partial pressure data from RGA

Mass 5 (DT) was chosen as observation mass for the tritiumpmgrbehavior of the cryo pump for the following
reasons:

- The background measurements before tritium inlet shovirad mhass 5 (DT) had the lowest background reading
on the RGA.

- DT is pumped worse on Ar frost than,Tsince the saturated vapor pressure of condensation is fow&, than
for DT [11]. The DT pressure will thus give an upper limit févet T, pressure.

« HT although being the worst of the tritium containing hydeagnolecules to be pumped could not be used for
observation, since mass 4 could be HB, @ahd He and it was not possible to separate all of them eventhéth
high resolution 1-6 amu residual gas analyzer.
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FIGiJGRE 2. DT partial pressure measured with residual gas analyzer (left) &ogidncy of pressure bins (right: bin width
10~° mbar).



- DT was the most abundant molecule in the isotopic inlet méx{refer to tab. 1).

The RGA often shows invalid pressure readings below zer@made seen in fig. 2. This is due to the fact that the
DT partial pressure is below the RGA’s detection limitefl0~13 mbar, which means that the RGA's electronic noise
exceeds the ionization current. Yet, an increase of the Diigbpressure should nonetheless be visible as an increase
of the frequency of the valid pressure readings (in the rarig® 12 — 10-12 mbar). A linear fit to the pressure data
yields a slightly negative slope ¢f-1.4+0.4) - 10~1" mbar, which is compliant with zero when taking the order of
magnitude into account. Thus, the RGA does not detect araserin the DT partial pressure.

Silicon detector data

The Si detector is used to detect tritium nuclei via theiigadtive decay. The tritium beta decay electrons hit the Si
detector creating a count radq1/s] in the energy window 6 20 keV. The lower cut suppresses electronic noise from
the detector, the upper one marks approximately the entdpbihe tritium 3 spectrum taking the detector energy
resolution into account. The TRAP experiment has two opsrat modes when measuring with the Si detector:

1. Magnetic field off: The count rate at the detectorAg¢s, originating from beta electrons hitting the detector
surface by chance.

2. Magnetic field on: The count rate at the detectorAsy, originating from beta electrons which are guided onto
the detector surface along the magnetic field lines. Gegehgh > Aq¢¢ is true.

The count rates over time measured with these two operatiomdes during the tritium inlet are presented in fig. 3.
The main goal of the TRAP experiment is to obtain the tritimamsmission probability through the cryo trap:

K — outgoing flow rate  Qout
~ incoming flowrate Qi

1)

In run #6 the tritium inlet was performed over10 days with an average inlet flow rate@f, ~ 10~ mbar I/s. The
outgoing tritium flow rateQqy: [mbar I/s] during the same 10 days consists of several psirtee tritium coming
from the cryo trap into the detection system is either ad=ibrbn the detector (adsorption ra@p [mbar I/s]),
adsorbed on the walls of the detection system (adsorptie g [mbar I/s]), kept in the gas phase (accumulation
rateQg [mbar I/s]) or buried in the bulk material of the stainlessetwalls in the detection system (diffusion r&g
[mbar I/s]):

= Qout=Qp +Qw + Qs + Qs (2)

These different contributions are investigated in theofelhg to obtainQq: and hence.
Qg: The signal rate contribution from the gas phase must be oW (nBq), since we know from the residual gas
analyzer data that the tritium partial pressure (DT pressisrbelow 1013 mbar. If one assumes a steady increase of

the tritium partial pressure in the detection system (vaua8 1) from zero to 1012 mbar during the 10 days tritium
inlet, one obtains the following upper limit for the accuaidn rate:
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FIGURE 3. Count rate measured with the Si detector during tritium inlet in the energyowir@- 20 keV over time with
magnetic field off (left:Aq ) and magnetic field on (righBon). [12]



Qg: The biggest unknown in the TRAP measurement runs so faei¢riium diffusion rate into the stainless steel
bulk material of the detection system. Until now, we had negihility to determineQg. The usage of gold plated
walls in the detection system will suppress the burying itiin and should increase the other contributions to the
total outgoing tritium flow rate. For run #7 this gold plating! be applied.

Qp andQw: The tritium adsorption rates on the detector surface antherthamber walls of the detection system
can be determined from the count rafes(t) andAon(t) shown in fig. 3. To achieve this, we first need to calculate
the time-dependence of the tritium surface contaminatiothe detecto€p(t) [Bq] and on the walls of the detection
systemCy (t) [Bg]. These contaminations transfer to the count rates aithwithout magnet in the following way:

Aott=e-Cp+a-Cy and Aon=r-e-Cp+b-Cy (4)
The constants a, b, e and r were determined by Monte Carldations [12]:

a=70-10* (fraction of the wall contamination detected by the deteatoen magnet is off)

b =14-10"2 (fraction of the wall contamination detected by the deteatoen magnet is on)

e =7.2-102 (fraction of the detector contamination detected by theatet when magnet is off)
r =119 (reflection coefficient due to the reflection of decay etetd in the magnetic field)

Using the representation above for the measured fateandAyf s, one can calculate the surface contaminations:
_ erff_Aon AOff a |:rA0ff_A0n:| <202/lerrorA0ff
" r.a—-b ~

Gw and CD:T_f r-a—b c ()

c
The time dependence &fy andCp is shown in fig. 4. The contamination increase on the stasrdtee| walls can be
due to physisorption, chemisorption and isotopic exchaegetions, where tritium is bound on the wall surface as
single atoms. The contamination increase on the detecpoosably exclusively due to adsorption of tritium on $iO
and pre-condensed,B, since the removal of the tritium from the detector surfdaes not need excessive heating
The wall adsorption rat@, can be calculated approximately from the slope of a linedo fihe data point€y(t) in

fig. 4 on the left using the proportionality of the number otlaiN and their decay ratéN/dt:

dN
~—_=A-N 6

at (6)
HereinA = 1.785-10 1/s is the tritium decay constant. A more thorough invesitgas difficult, since it is unknown

to what degree physisorption, chemisorption and isotagtb@&nge are involved in the process of collecting tritium on
the stainless steelin the next measurement run (run #7), where gold platedswill be employed in the detection
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FIGURE 4. Total tritium surface contamination during tritium inlet over time on the tube wéllsedetection system (lef€y
calculated according to eq. 5) and the Si detector (ri@htcalculated according to the approximation in eq. 5). [12]

1 A temperature ok 70°C is enough to get the signal rate due to tritium contaminatiglow the background signal rate of about 70 mHz in the
energy window 6- 20 keV.
2 this depends strongly on the history of the stainless st [



system and the measurement time with and without magnetwiktqualized providing more data points @y,
a more sophisticated analysis should be possible. Yet,shdpproximation, one obtair3.9+ 5.6) Bg/d which
transforms to

Qw ~ 6-10® mbar /s 7

Assuming that only adsorption is involved in the increas&ittim contamination on the detector, we can do a more
thorough analysis fo€p: If steady state is not yet reached, the effective adsarptite of hydrogen moleculgsn
the detector surface is given by

dn dna dnp
G dt d ®
wheren is the number of @ molecules adsorbed on the detector and
dna S.-Pa [molecule dnp N [molecule
—2 =351.10%. d — = | 9
dt VMT S j an dat ts [ S j ©

are the adsorption and desorption rates for physisorptioresses [14] with the adsorption surf&jem?], the partial
pressure of the pumped gBg4Torr], the adsorbate molecular mdgs[g/mol], the adsorption temperatufe[K], the
sojourn timets [s] and the sticking coefficiert. One obtains a linear differential equation for the timeetefence of
the detector contaminationit), which is solved in terms of surface contaminafity:

PaS
Cp(t) = 5.5-10%.
o(t) N

The data shown on the right in fig. 4 can be fitted to eq. 10. IfgetsT ~ 100 K andM = 5, since DT is the most
abundant isotopic mixture in the inlet gas, one obtajrs(4.24+0.05)-10° s andP- a ~ 6.7- 108 Torr. Sincea is

in the range from @ — 1 for adsorption on surfaces with temperatures around 10D4K jve can give the following
boundaries for the DT partial pressure during tritium ingetl0-'® mbar< P < 8- 1017 mbar.

The adsorption rate of tritium on the detector is the firsivd¢ion of eq. 10, which is not constant over time. The
maximum adsorption rate (for= to) yields an upper limit (using eg. 6 again):

to(1-e%) (10)

Qp < 8-10 ¥ mbar /s (11)
From all the contributions derived above and ignorg we can now calculate an upper limit for the transmission

probability

_ Qout Qo +Qw+Qc
B Qin B Qin
Yet, this boundary is only valid, Qg is negligible.

K <6.7-10°8. (12)

CONCLUSION & OUTLOOK

For KATRIN the value for the transmission probabilityis sufficient, especially when taken into account that the
cryo surface in CPS will be ten times larger than the cryoam@fin TRAP, which will increase the total pumping
speed of the cryo surface and decrelds&lonetheless, there is still the uncertainty of the amo@ittitum trapped

in the stainless steel bulk material of the wal¥s}. A further measurement run (run #7) with gold plated wallghie
detection system is required to address this issue.

8 Hy, Dy, T2, HD, HT, DT
4 Cp(t) = A -2n(t) - 43%. The pressur was assumed to be constant during the adsorption.
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