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ABSTRACT.

A gas chromatographic system for the analysis of gas species to be collected from the JET Torus
and to be processed in the JET Active Gas Handling plant during theActive Operation Phase with
deuterium and tritium plasmas was designed and built by CFFTP under contract with JET. A
detail ed description of the specifications of the system, of the system itself and of its performance
will be given which was evaluated using severa calibrated gas mixtures including test runs with
tritiated species at JET.



Introduction

The Active Gas Handting (AGH) plant /1/ built for the tritium phase at JET consists
of interlinked subsystems to receive, purify, store and recycle the gases from the
Torus. One of these subsystems is the Analytical Laboratory (AN) /2/ which is
connected via sampling lines to the other systems. Three analytical techniques using
a) an omegatron and a quadrupole mass spectrometer, b) a gas chromatograph and c)
ionisation chambers will be used in AN for the characterisation of the different gas

mixtures of the AGH plant.

Hydrogen isotopes will be the 'burning fuel’ for future fusion reactors. At JET mainly

pure Hy, D2 and/or To are or wiil be injected into the Torus. After a plasma shot the

exhaust gas consists of the six hydrogen molecules Hop, HD, HT, Do, DT and T3

(mainty unburnt fuel, partly recycled from the first wall), helium {*ash'}, methane and
higher hydrocarbons, etc. (impurities). In case of leaks and/or 'dirty’ inner walls also
other impurities such as nitrogen, oxygen, argon, water, carbon dioxide, carbon
monoxide, etc. will be present. These impurities are normally in the low percentage
range. The exhaust gas mixture of the Torus will be collected and separated in the
AGH plant resulting in very wide concentration ranges of the different gas species

which must be characterised.

Whereas the gas chromatographic separation and detection of the six hydrogen
molecules is well documented /3-8/, the information on gas chromatographic
systems, which address the task of analysing all gas species expected from an

experimental fusion machine in a single analysis run, is very limited/8/.

This paper will present the JET analytical gas chromatographic {GC) system focusing

on its objectives, design and performance.



Requirements for the JET analytical GC-system
The JET analytical GC-system should fulfil the following requirements:

a) The analytical GC-system shall separate and detect all mixtures of the six
hydrogen molecules Qo (Q standing for protium, deuterium and tritium) and helium
within the concentration range of 100 ppm to 100 %. Helium-3 and helium-4 need
not be separated. In addition, concentrations of carbon monoxide and carbon dioxide
between 100 ppm and 50 %, of methane, higher hydrocarbons and nitrogen between
10 ppm and 98 % , of oxygen between 10 ppm and 22 % and of water between 10
ppm and 4% must be detected. in this way all gas species expected to be present in
the torus exhaust gas or to be handled in the AGH-plant can be detected within the

concentration ranges of interest.

b) The time to analyse any gas mixture consisting of the gas species mentioned
under point a) shall be shorter than one hour. This specification infiuences the choice
of column for the separation via the retention time and offers the possibility for

several GC-runs per working day.

¢) Tritium sensitive detectors, e.g. ionisation chambers (IC's), flow proportional
counter detectors (FPCD's), etc, shall be used in addition to the detectors usually
used in gas chromatography such as thermal conductivity detectors (TCD's), flame
ionisation detectors {FID's), helium ionisation detectors (HelD's), etc. This allows the
independent analysis of tritiated gas species such as tritiated hydrogen, tritiated

methane, tritiated water and tritiated higher hydrocarbons.

d) A compression stage shall pressurise gas mixtures of low pressure to the

injection head pressure of the GC-system. This allows the injection of equal gas



amounts into the GC-system ensuring equal lower detection limits and easy

comparison of area counts or concentrations between independent GC-runs.

e} Up stream pressure regulators shall be used in the exhaust lines of the GC-system
to allow transfer of the exhaust gases to other systems (e.g. tritium removal systems)
via pumps prior to their release into the atmosphere. The up stream pressure
regulators avoid evacuation of the GC-system and allow adjustments of the GC-exit

pressure in relation to the pressure of ambient atmosphere.

f) The equipment to be used for the process shall be tritium compatible. This
specification ensures that equipment and materials which are known to deteriorate in

the presence of high tritium concentrations such as rubber-O-rings, etc, are not used.

g) The He leak rate of the containment for the process shall be as small as possible

to minimise tritium releases into the environment and its contamination.

h) The space needed by the process equipment shall be smaller than 60*55*556
cm3, because due to stringent safety considerations the GC-equipment will finally be
ptaced into a glove box, where the connection to the manifolds with the sampling

lines to the different subsystems of the AGH-plant will be made.

i) Process management of the GC-system must be organised such that routine
analysis can be performed without the need to manually operate equipment of the

GC-system inside the glove box.



Description of the JET analytical GC-system

A) General remarks:

Gas chromatographic separation of the 6 hydrogen molecules can be achieved by
columns cooted down to liquid nitrogen temperatures/3-7/. At these temperatures

most of the impurities (hydrocarbons, O», N2, CO, CO2, water, etc.) would be

trapped in the columns before reaching a detector.

Normally a two stage process is used for the analysis of hydrogen isotopes and
impurities where the impurities are analysed either before or parailel to the Qo
molecules. Detecting the impurities in a first step offers the chance that the fast
eluting species (helium and hydrogen) can be so far separated from the impurities that
only helium and hydrogen will be injected into the low temperature column via
switching of special valves. This method avoids deterioration of the column
performance for hydrogen separation and finally clogging of the columns due to

trapping of impurities.

B) Mechanical description:

Fig. 1 shows schematically the flow diagram of the JET GC-system. The manifold to
supply the gases for injection and the pump for transfer of the exhaust gas are not

presented.

The GC-system can be separated into three parts, a) a compression stage, b) system

1 for detection of helium, the six hydrogen molecules, oxygen, nitrogen, methane via
a TCD and of HT, DT and T via a FPCD and c) system 2 for detection of



hydrocarbons, carbon monoxide, carbon dioxide via a FID and of tritiated hydrogen

and hydrocarbons via a FPCD.

The detectors, Valco valves and most of the process lines are mounted inside a

secondary containment.
In the following part the equipment will be discussed in more detail.
a) Compression stage:

The pressure of the gas mixtures of the AGH-plant will vary over a wide range.
Therefore, a compression loop was built for the injection of equal gas amounts into
the GC-system to allow easy analysis and comparison of measured area counts.
Furthermore, no pressure fluctuations are created inside the GC-system during
injection if the compression pressure of the foop equals the column head pressures

next to the inlets of the first columns of both systems.

Gases with pressures between 30 kPa and 330 kPa can be compressed inside a

capillary to the injection pressure using carrier gas.

The compression is performed in the following way: after evacuation of the capillary
the gas to be analysed can enter the compression loop via valve VA-7261 and will
be compressed by opening the valve VA-7510. The down stream pressure regulator
PRD-7521 guarantees the same compression pressure. The temperature of the
capillary is kept at 323 K. These -conditions of constant temperature, of equal volume
and pressure allow the injection of reproducible gas amounts of 0.015 Pam3 into the

systems 1 and 2 via switching the Valco valve VX-7512 .
b) System 1:

The main parts of system 1 are: 2 additional Valco-valves (VX-7513 and VX-7514),
2 off 1/8"*6’ stainless steel columns {(COL-7541 and COL-7542) packed with

molecular sieve 13X 45/60 mesh, a 1/8"*4"' stainless steel column (COL-7543)



packed with HayeSepD 60/80 mesh, a 1/8"*1.5 m copper column (COL-7544)
packed with alumina doped with iron 100/120 mesh, a TCD and FPCD. The first three
columns are kept at 323K inside an auxiliary oven whereas the copper column is kept

at 77K in a liquid nitrogen dewar.

The molecular sieve columns are used for separation of He, Q2, O2, N9, CHy, CO

and the HayeSepD column mainly for analysis of water. Vaico valve VX-7513 is used
to bypass the molecular sieve columns because otherwise the water would be
absorbed. Valco valve VX-7514 can be switched such that only He and Q5 are
injected into the copper column for further separation. The iron doping of the alumina
promotes the ortho-para interconversion which would otherwise result into separate

peaks for ortho- and para-hydrogen.

Gas species eluting form the first three columns and from the copper column are
measured by the same TCD. This means that the column length should be chosen in
such a way that gas species eluting from the columns enter the TCD with sufficient

time differences to avoid overlap.

A splitter built by capiliaries of different tengths assures that only about one percent
of the carrier gas flow reaches the FPCD. This extends the upper operational range of

the very sensitive FPCD.
c) System 2:

The main parts of system 2 are: a 1/8"*12' stainless steel column (COL-7540)

packed with HayeSepQ 60/80 mesh, a methaniser, a FID and a FPCD.

The purpose of system 2 is to separate and detect CO, CHg, CO2, higher

hydrocarbons and tritiated hydrogen and hydrocarbons. The separation is done via the
HayeSepQ column which is temperature cycled in the GC-oven to reduce the

retention times of the higher hydrocarbons.



The neon carrier gas leaving the HayeSepQ column is divided into two streams: one
is injected into the methaniser and FID and the other into the FPCD. Again a splitter is

used in front of the FPCD.

CO and CO2 are converted to methane by a commercially available methaniser.

d} Multiple containment:

In most GC-systems the leak tightness is only of importance insofar as the analysis
should not be affected by the gas surrounding the equipment. Most GC-systems vent
into the atmosphere. The gas pressure inside the process lines is larger than outside
and leakage occurs mainly to the outside. Thus many parts of a GC-system such as
special detectors, Valco valves, mass flow controllers, etc, do not fulfil the stringent

leak rate requirements used for handling radioactive gases such as tritium.

The solution for achieving very small leak rates and still using commercially available
equipment (maybe with modifications to improve the leak tightness) was to build a
secondary containment around all parts prone to leak. The only process components
placed outside the secondary containment are tubes and Nupro valves with leak rates

smaller than 10E-10 Pam3/sec.

The boundaries of the secondary containment are shown in Fig 1 . The He leak rate
of the secondary containment determined via evacuation was found to be smaller
than 5*10E-9 Pam3/sec. Considering the fact that during normal operation the
pressure inside the secondary containment will be only a few mbars below

atmosphere the expected tritium leak rate is probably more than 100 times smaller.

The secondary containment is purged via a continuous N2 flow and the pressure

inside can be adjusted via an upstream pressure regulator.

One disadvantage to rely mainly on the very small leak rates of the secondary

containment and accepting higher leak rates of the process lines is that the inside of



the secondary containment may become contaminated making maintenance or repair

work difficult.
C) GC control system:

The GC-system can be controlled manually or automatically. The status of the
actuated valves and Valco valves is shown on a mimic. Fault conditions, e.g.
insufficient pressure of a supply gas (Ne, Hp, P-10, synthetic air) or failure of the
valve position micro switches to respond will be indicated and aliow no further

injection.
A logic controller {PLC) evacuates, fills and pressurises the compression loop.

The GC data system comprises a VARIAN DS-654 intermediate chromatography 7
data handling package which allows monitoring the operation of the GC-system,

collecting data of up to four detectors and plotting data in real time.
D) More specific data of the GC-system:
a)Temperatures:

During normal operations the auxiliary oven which contains the compression loop,
the Valco va-lves VX-7512 and VX-7513 and the molecular sieve and HayeSepD
packed columns is kept at 323K. The oven will only be heated to 353 and 523 K for
water analysis and conditioning of the columns, respectively. Valco valve VX-7514 is
not heated. The alumina packed column is kept at 77K. The temperature of the TCD
oven is kept at 343K and increased to 353K for analysis of water. The HayeSepQ
filled column is usually kept at 323K, but will be heated after a holding time of 2
minutes with a rate of 10 degree per minute to the fina! temperature of 473 K during

every measurement. The methaniser operates at 648K.

The temperature of most other components is near room temperature. The only

exceptions are the FID, its exhaust tube and the process up stream pressure



regulator. The latter two are heated to about 363K to keep the gas mixture above its

dew point temperature.

b} Flow rates:

The flow rates of the neon carrier gas for system 1 and 2 are 20 and 25 em3 per
minute, respectively. Hydrogen is supplied to the methaniser and FID at a flow rate of
27 cm3 per minute, synthetic air to the FID and P10 gas to the FPCD at a flow rate of
275 and 50 cm3 per minute, respectively. Two stage pressure regulators and mass

flow controllers keep these flows constant.

The splitters in front of the FPCD's reduce the Ne carrier gas flow reaching the FPCD

to 0.2 cm3 per minute.

When helium is used as carrier gas, the setting of the mass flow controllers will not
be changed. The flow for helium is about a factor of 1.6 higher than for neon due to

their different viscosities.
c) Gases:

The purity of the neon gas is better than 99.995 percent. In addition, the neon gas
passes through a heated metal bed which getters water and oxygen. The synthetic air
is a mixture of 20.5 vol% oxygen and 79.5 vol% nitrogen with purities better than
99.995 and 99.929 percent, respectively. The P10 gas is a 10 vol% methane
{purity > 99.99 vol%) in 90 vol% argon (purity >99.985 vol%).

If a higher sensitivity is needed for oxygen, nitrogen, methane and water, helium

{purity > 99.999 vol%) can be used as the carrier gas.
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d) Valves:

The valves used are Nupro valves (size 4, all metal with Vespel tip} and Valco
vaives (WT serie) with the body made of Nitronic-60 and the seals made of carbon

and PTFE filled polyimide.These valves can be operated at temperatures up to 573K.
e) Tubing:

Mainly stainless steel tubes of 1/16, 1/8 and 1/4" diameter are used. The
connections inside the secondary containments are made with Swage-lok fittings,

outside with Cajon VCR-connectors.

f) TCD:

The TCD is a commercial detector. Three different ranges of sensitivity can be

chosen: 5.00, 0.50 and 0.05.

g) FID:

Commercial FID's vent directly into atmosphere. This is not acceptable, since
tritiated water would be released into the secondary containment. A 'sealed' chimney
was built around the FID, but the final leak test showed that the FID was still the

most leaking part of the process lines.

Five different ranges of sensitivity can be chosen for FID currents between 10E-12

and 10E-8 A.
h} FPCD's:

FPCD's were built with an active cell volume of 20 cm3 and a very thin inner
electrode. Fig. 2 shows the plateau of events as a function of applied voltage

measured with a radioactive source Cs-137. The counter of the FPCD's can collect up

11



to 32768 events and the counting time can be varied between 0.08 and 100

seconds.

Performance of the GC-system

The GC-system was tested with calibrated gas mixtures, four of them are listed in
table 1. The performance of the GC-system will be demonstrated by results obtained

with these mixtures.
A) Linearity of the GC-system:

Figs. 3a and b show the area counts under the peaks of gas mixture 1 and 2
(see table 1), respectively, as a function of the pressure of the compression loop. The
gas amount injected into the GC-system is strictly proportional to the pressure
(measured by a highly‘ accurate capacitance manometer) as temperature and volume
of the injection loop are kept constant. The area counts as measured by the TCD and
FID are shown on the left and right side of the figs. 3a and b, respectively. The TCD

and FID ranges are also presented.

Linear response was observed for all gas mixtures. The only exception observed is
carbon dioxide for concentrations in excess of 1%. This deviation from linearity is
caused by the methaniser, when the carbon dioxide concentrations are too high for
full conversion to methane. Carbon monoxide is expected to show a similar
behaviour, although the start of deviation from linearity shouid occur at higher
concentrations due to the lower stability of carbon monoxide in comparison tc carbon

dioxide.

The Qo peak is the sum of the Ho, HD and D5 peaks if one considers that the Q2

peak was measured with the TCD range equal 0.50.

12



The TCD sensitivities fo the gas species shown in figs. 3a and b decrease in the

sequence Hyp, HD, He, D3, No = Op and CHy if one considers their concentrations in

the mixtures.
B) Drift test of the GC-system:

The stability of the GC-system was tested measuring gas mixtures 1 and 2 for 20
days under the same conditions using compressed samples for injection. No long term

drift of the area counts of the peaks was observed exceeding the normal scatter.
C) Retention time as a function of column temperatures and column heating rates:

Fig. 4a presents the retention time of gas species passing through system 1 as a
function of the temperature of the columns filled with molecular sieve and HayeSepD.
The gas species pass faster through the columns with increasing temperature and
their retention time decreases in the sequence CO, CHg, N3, O3, Q5 and He. The
separation between the gas species will be best at lower temperatures (for most of

our work we selected 323 K for the column temperature of system 1) with the
disadvantage that the CO peak will overiap with the Ho peak eluting from the ! No

cooled column (see fig. 7).

Fig 4b shows the retention time of gas species detected by the FID as a function of
the heating rate of the HayeSepQ filled column in system 2. The gas species are
pushed faster through the column with increasing heating rate and the retention time

decreases in the sequence: CgHg, CoHg, CoHa, CoH4, CO», CHy and CO. Best

separation is achieved with a low heating rate (selected vaiue: 10 degree per minute).

Only C5H4 and CoH2 overlap slightly.

13



D) Chromatograms obtained by the GC-system:

1) Chromatograms of gas mixture 1 (see table 1):

The TCD chromatograms of gas mixture 1 obtained with neon and helium as carrier
gas are shown in Figs. ba, bb and bc, respectively. The difference between the two
lower TCD chromatograms is that in picture a) the liquid nitrogen cooled column was
bypassed, whereas in Fig. 5b the sample was sent through all columns of system 1
resulting in the second helium peak measured on the reference side of the TCD.
Bypassing the Alumina column is achieved via switching Valco valve VX-7514. To
obtain a positive second helium peak it is necessary to reverse the signal polarity of
the TCD, because the helium goes though the reference side of the TCD when
observed the second time. The peak height of the second helium peak is smaller than
the first one mainly because of the slight broadening effect with longer retention
times, but the area counts of both peaks are equal. The polarity must not be changed
again, because the three later eluting gas species have lower thermal conductivities
than neon. Carbon dioxide is not seen in the TCD chromatograms, because it is

absorbed in the columns filled with molecular sieve.

Fig. bc is the same gas mixture chromatographed with helium carrier. Under these
conditions only three peaks are observed in the TCD chromatogram, because helium
cannot be detected. The same chromatograms are obtained independent of passing
through or bypassing the Alumina column. The shorter retention times are mainly due
to larger flow rates of helium through the mass flow controllers set for standard neon
flow and the different efficiences of Ne and He as carrier gas.. The O», N2 and CHg
peaks are about eight times larger with helium carrier gas instead of neon as expected

from the differences in thermal conductivities.
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2) Chromatograms of gas mixture 2 (see table 1):

Fig. 6a shows the TCD chromatogram of gas mixture 2 obtained with neon carrier

gas. The Qo peak is presented with low attenuation to make the first and second

helium peak visible. The second helium peak is in fact a negative peak sitting on the
high retention time side of the Q2 peak. The polarity is reversed at 2.80 minutes to
obtain positive peaks for the other gas species in mixture 2. The hydrogen molecules

are well separated by the Alumina column.

Fig. 6b presents the same chromatogram with helium as the carrier gas. Again

helium is not detected and the retention times are shorter as discussed above. The

main difference is that the H2 peak is now much smaller than the D2 peak which is
due to an anomaly in the thermal conductivity of Hp gas in helium. The thermal
conductivity of low concentrations of H» gas in helium is lower than the one of pure

helium. This explains the positive Hy peak in Fig. 6a. Due to this anomaly helium

cannot be used as carrier gas for direct analysis of hydrogen gas mixtures using a

TCD.

The hydrogen peaks of fig. 6b are more asymmetrical than the ones of fig. 6a. This
is not caused by the different carrier gas, but by the fact that in fig. 6b a three times
larger sample was injected than in fig. 6a. If the sample size exceeds the design
capacity of the column, a certain part of the sample does not find enough "trapping
centers' and passes too fast through the columns contributing mainly to the low

retention side of the peaks.

3) Chromatograms of gas mixture 3 {see table 1):

Fig. 7 shows two TCD chromatograms and one FID chromatagram of mixture 3.
Carbon dioxide and the hydrocarbons with the exception of methane are not detected

by the TCD because they are absorbed in the molecular sieve filled columns before

15



reaching the TCD. Neon is not detected because it is used as carrier gas. The Q2, No,
CHg4, CO and first He peaks are measured by passing through the sample side of the
TCD, whereas the second He, Ho and D2 peaks are observed by passing through the

reference side. One can see that the Hyp and CO peaks overlap partially. This was

already concluded from the plot of the retention times as a function of column
temperature in fig. 4 and it shows that the lengths of the different columns were not

perfectly matched. One way to avoid overlapping of the CO and Ho peaks is to

switch the Valco valve VX-7513 after the detection of methane to stop the CO peak
from reaching the TCD. Fig. 7a shows such a result: a well isolated Ho peak is seen,
but in front of it a new very narrow peak appears which is caused by pressure

changes due to the Valco valve switching.

Fig. 7¢ presents the FID chromatogram of the five hydro carbons, carbon monoxide
and carbon dioxide of the gas mixture 3. All peaks are well separated. The width of

the peaks increases with increasing retention times.

4) Chromatogram of the gas mixture 4 (see table 1): -

The TCD chromatogram of fig. 8a shows all species of the gas mixture 4 with the
exception of neon, because neon is used as carrier gas. All peaks are positive due to
the polarity reversal just in front of the second helium peak. The chromatogram is
obtained with a TCD filament temperature of 623 K and a filament current of 208 mA
and the sample was compressed to 390 KPa. These higher settings (the usual values
are: TCD filament temperature at 523 K with a filament current of 164 mA) were
selected to enhance sensitivity. After about 11 minutes the six hydrogen molecules

start to elute - well separated and detected.

Fig. 8b) presents the FID chromatogram in its most sensitive range. The three last
peaks can be attributed to carbon monoxide, methane and carbon dioxide.These
species were not added to the mixture, so they are considered to be impurities which

may have been created during the half a year storage time of the gas mixture in a
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stainless steel container before its use. No hydrocarbon is known to elute faster than
methane, so the only explanation of the first peak is that the FID is capable to detect
the ionisation caused by tritium decay. The retention time of the peak is in agreement

with the retention time of hydrogen.

The FPCD chromatogram of system 1 is presented in fig. 8c. The three peaks
correspond to HT, DT and To and coincide with the peaks measured by the TCD. The

FPCD is so sensitive that the high voltage had to be reduced to 2200 volts and the

counting time to 0.17 seconds to avoid over loading of the counter.

Fig. 8d presents the FPCD chromatogram of system 2. The only detected peak is
attributed to the sum of the tritiated hydrogen moiecules (HT+ D7+ T») and shows

the same retention time as the first peak of the FID chromatogram confirming its
interpretation. The applied voltage was 2000 volts and the counting time 0.08

seconds.
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Conclusion

The gas chromatographic system built for the JET Active Operation Phase with

tritium meets the requirements on sensitivity, linearity, stability, separation and

resolution. It is capable of detecting the different gas species He, Qp, O3, No,
CO, Hp, HD, HT, Da, DT, T, CO2 , CH4 , higher hydrocarbons and their
tritiated compounds in the specified concentration ranges from ppm levels up to
100 percent. The required minimum detection limits for the TCD can be
achieved with large injected sample amounts and high filament currents. Due to
the high sensitivity of the flow proportional counter detectors ppb levels of
tritiated gas species will be detected which will be very useful during the tritium

commissioning phase.
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Table 1:

Gas mixture 1: 71.0% He, 1.56% 09, 3.0% N2, 1.6% CHg and 22.9% CO».

Gas mixture 2: 0.2% He, 0.4% N2, 0.4% CHg, 24.6% Ho, 50.4 % HD and
24.0 Dj. |

Gas mixture 3: 2.9% He, 5.0% N3, 4.6% Hg, 4.7% D3, 7.6% CO, 3.9% CHy,
5.1% CO2, 3.1% CpHg, 3.0% CoHg, 3.0% CoHy, 3.0% C3Hg and 54.3% Ne.

Gas mixture 4: 0.964% He, 1.409% Ho, 0.806% HD, 0.817 % HT, 0.131% Do,
0.282 DT, 0.163% T2, rest Ne and very low leve! of impurities: CO, CHg4 and CO».
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Fig. 2: Plateau characteristic of a flow proportional counter detector.
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