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Abstract

The success of gaseous particle detectors started around 1900, when first attempts were
made by Curie, Townsend and Geiger [28]. After the development of the Geiger-Miiller
counter, gaseous detectors have been used in many particle physics experiments and they
were involved in many particle discoveries.

Today gaseous particle detectors are part of the majority of particle physics experiments.
A large variety of detector types has been developed until now ranging from drift tube
systems for muon detectors over large volume time projection chambers to micro pattern
gas detectors. For their operation gaseous detectors need gas systems, which supply the gas
mixture at the needed flow and pressure.

The gas system presented in this thesis can be used for research and development of gas
ionisation particle detectors. During the commissioning phase and beyond, this system
was used to do systematic measurements of various gas parameters. These studies help
understanding gas properties and can improve detector simulations.

Commissioning tests were done using one monitoring chamber, which is the same that are
used for the Time Projection Chamber inside the ND280 detector of the T2K-experiment.
Due to the high precision of the gas mixture, the system helps understanding the systematic
effects of the monitoring chambers. At the same time possible alternative gas mixtures for
the Time Projection Chamber (TPC) operation were investigated. Also a sensitivity study
of the drift velocity regarding the gas composition has been done.

Furthermore also other mixtures have been mixed and have been tested for future use in
particle detectors. All the tests done with this system may assist the selection of the gas
mixture.

In this thesis, the general concept and the physical results achieved during commissioning
and fine tuning are presented. A more detailed look at the mechanical and electrical design
and dimensioning is described in [37]. In this technical documentation, also the calculations
regarding safety issues are shown.






Kurzfassung

Der Erfolg von gasbasierten Teilchendetektoren begann ungefihr im Jahr 1900, als die ersten
Versuche mit diesem Detektortyp von Curie, Townsend und Geiger durchgefiithrt wurden [28].
Nachdem das Geiger-Miiller-Zahlrohr entwickelt worden war, wurden gasbasierte Detektoren
in vielen Experiementen der Teilchenphysik benutzt. Dadurch waren diese Detektoren auch
an vielen Entdeckungen von neuen Teilchen beteiligt.

Heute sind gasbasierte Detektoren immer noch Teil der meisten Experimente in der Teilchen-
physik. In der Vergangenheit wurden eine Vielzahl von Varianten und Typen entwickelt. Diese
Vielzahl reicht von kleinen Driftréhrchen fiir Myon-Detektoren iiber grofivolumige Detekto-
ren, wie Zeitprojektionskammern, bis hin zu feinen Mikrostrukturen. Damit diese Detektoren
betrieben werden kénnen, wird immer auch ein Gassystem bené&tigt, welches dem Detektor
das vorgesehene Gas mit dem notwendigen Fluss und Druck zur Verfiigung stellt.

Das in dieser Arbeit vorgestellte Gassystem kann vor allem fiir die Forschung und Entwick-
lung von gasbasierten Teilchendetektoren genutzt werden. Wahrend und nach der Inbetrieb-
nahme wurde dieses System bereits fiir die Messung verschiedener Parameter der gemischten
Gage eingesetzt. Diese Studien helfen Eigenschaften der Gasmischungen zu verstehen und
die Simulationen von gasbasierten Detektoren zu verbessern.

Die Tests und Messungen wihrend der Inbetriebnahme wurden mit einer Gas-Monitor-
Kammer durchgefiihrt. Diese Kammer enstammt der gleichen Baureihe wie die beiden, die
zur Uberwachung des Gases in den TPCs des ND280-Detektors benutzt werden. Der ND280-
Detektor ist Teil des T2K-Experiments. Durch die hohe Prézision der Gasmischungen, hat
das System auch dazu beigetragen, die Systematiken dieser Kammern besser zu verstehen.
Gleichzeitig wurden Studien fiir eine mogliche Alternative fiir das bisher verwendete Driftgas
durchgefiihrt. Diese Studie beinhaltet auch eine Untersuchung der Sensitivitdt der Driftge-
schwindigkeit auf Abweichungen in der bisherigen Gasmischung.

Weiterhin wurden andere Gasmischungen erzeugt und fiir einen eventuellen Einsatz in zu-
kiinftigen Teilchendetektoren getestet. Alle bisherigen Studien konnen bei der Selektion der
Gasmischung helfen.

In dieser Arbeit wird das grundlegende Konzept, die physikalischen Ergebnisse wéhrend
der Inbetriebnahme und die Feinabstimmung beschrieben. Eine tiefgriindige Betrachtung
des mechanischen und elektrischen Designs und dessen Auslegung ist in [37] beschrieben.
Gleichzeitig finden sich in [37] auch die Berechnungen beziiglich Sicherheit des gesamten
Systems.
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1. Motivation for a Universal Gas Mixing
Apparatus

If a new type of gas-filled detector has been developed and is going to be tested inside the
laboratory, it needs to be supplied with the proper gas. If no further requirements regarding
the supply exist, a very simple approach can be used. This consists of a needle-valve and a
variable area flowmeter, also called rotameter. If the needle-valve is located in front of the
detector, the flow can be regulated. But this solution only works for a very simple setup,
because the flow through the valve depends on the pressure difference across the valve.
Hence, the flow depends on the pressure difference between the detector and the supply line.
For a simple test setup, the detector follows ambient pressure. If the pressure in the supply
line can be assumed to be constant, the flow through the detector varies. To perform precise
measurements, stable conditions are needed. This implies a regulation in pressure and flow.
To get stable conditions, the simple setup should be extended with a pressure regulation
behind the chamber.

During detector R & D one would like to change the gas composition to measure the response
of the detector. Mixtures used in high energy physics are mostly not compatible with the
mixtures used in industrial applications. One exception are the barrel muon-chambers of
the Compact Muon Solenoid (CMS) detector. They are fed with a mixture of 82 % Argon
and 18 % carbon-dioxide [47, p. 53]. This mixture is commonly used in industrial metal
active gas (MAG) welding. The premixed gas is either called Sagoz18, Corgon18 or Tyconl8
depending on the supplier. This gas can be delivered from stock with small delivery delays
if no extra high purity is needed.

If the gas is not commercially available it can be created by the gas companies, but due
to the customisation, it takes very long for the delivery. Also the costs for this process are
high.

In the following part, a scenario is discussed, where the variation of a mixture based on three
gases should be measured. Two components should be varied in steps of 1vol.-%. The third
component is balance.

If the effect of the admixtures should be measured within a range of 1vol.-% around the
normal content for each admixture, nine different mixtures are needed. Under the assump-
tion, that it takes 24 hours to measure one mixture with the required precision and the flow
through the detector is 104, /h, 240 ¢ gas is needed per measurement cycle. Among the
delivery time, also the logistical effort forms an obstacle.

If it happens, that the mixture is usable for detection, further studies needs to be performed
with this special mixture. They can last several days, evens weeks. But at the same time,
this means, that more gas is needed. This needs a lot of scheduling well in advance. When

11



1. Motivation for a Universal Gas Mixing Apparatus

the order has been placed, changes in the measurement timetable are not possible. These
obstacles are one of the reasons for the development of the Universal Gas Mixing Apparatus
(UGMA) described in the following.

For the gas-supply of a large detector system at modern particle physics experiments special
dedicated systems are set up that only serve the gas for this special detector. Those systems
are specialised to supply one mixture at a high flow rate, which is needed to supply the
detectors mounted inside a running experiment. Due to their concept, they cannot supply
smaller amounts of gas. Hence they cannot be used for smaller prototypes. At the same
time, this means, that during the development phase of the detector, a lot of work must be
spent on the gas infrastructure as well. If it is planned to reuse a system from an earlier
experimental setup, most of the parameters need to be changed and in the worst case some
hardware parts also need to be changed due to the new mixture. On the other hand, it is
not easy to scale a small system up for usage in a larger detector.

Hence the idea was born to save work for the gas infrastructure and develop one system,
which can be used for typical R & D detectors and mixtures.

12



2. Introduction

Even if the field of gaseous particle detectors has a quite long history, there is still research
and development to improve detectors and gases.

At the Large Electron-Positron Collider and also later at the Large Hadron Collider each
of the experiments used and uses gaseous detectors. Some of them were a Time Projection
Chamber, others drift tubes or straw tubes. Also elsewhere in almost every large particle
physics experiment gaseous detectors are used. Always, when a large volume has to be
instrumented with high precision and a low channel number, gaseous detectors are chosen.
The success of gaseous detectors continues, since future experiments and their detectors plan
to use gaseous detectors.

Today a combination of silicon readout chips with gaseous detectors is investigated [10]. This
kind of detectors combine the advantages of the small structures with integrated readout from
the silicon detectors with the low radiation length and large volume from gaseous detectors.
For future large detectors like the International Large Detector at the International Linear
Collider this combination might be an alternative to classical gaseous detectors and currently
under investigation.

2.1. Gaseous detectors

Gasges play a decisive role in high energy physics. They are used for various purposes but
mostly as a medium where high energy particles produce ionisation which is detected. One
of the most famous gaseous detectors is the Geiger-Counter, which was invented in 1908 by
Hans Geiger [34] in liaison with Ernest Rutherford for detection of a-particles. In 1928 the
detection principle has been improved and from then on, it was possible to detect very small
activities of radiation [17]. From this time on the developments and their success started.
They are still foreseen for future experiments. Using gaseous detectors the instrumentation
of large detection volumes with a relatively small number of channels is possible.

2.1.1. lonisation chamber

One very basic particle detector is the ionisation chamber. It consist of two plates, which
are situated inside a gas volume. The voltage applied between both plates is high enough to
prevent recombination of ionised molecules. Depending on the geometry of the chamber, this
can be done by applying a few volts. The voltage is too low to start gas amplification. Due
to the small primary charge, it is not possible to get a sufficient electrical signal from a single
particle crossing. Mostly these chambers are used for dosimetry. For this purpose, they are
operated in current mode and the electrical current through the chamber is measured. The

13



2. Introduction

current is proportional to the number of electron ion pairs created in the gas volume. Due
to their different specific ionisation « and 8 particles create a different current.

2.1.2. Wire chamber

For detection of single tracks, gas amplification is needed to create of a sufficient large elec-
trical signal. This can be achieved using high electrical fields which enable gas amplification.
This way the signal is amplified and one can measure single hits. On the other hand, it is
important, that the amplified signal is proportional to the incoming electrons. Hence, the
electrical field should not be too high, otherwise the signal is no longer proportional and
additionally continuous discharges might happen.

Particle

Figure 2.1.: The drawing shows the principle of how a MWPC functions. Several anode wires
are attached between two cathode planes. This figure shows an example of a
plane wire chamber, but other geometric solutions exist as well. |22]

As pointed out by the name, wires are strained between parallel plates. A schematic view
of a wire chamber is shown in figure 2.1. Both plates are at the same potential. Also
cylindrical wire chambers have been used in the past. If they are located around a beam
pipe, they consist of an inner and outer cylinder were the wires are in between. For safety
reasons mostly ground potential is chosen as the potential of the outer structure. To produce
the electrical field, the wires are supplied with a high positive voltage. The field increases
next to the wire and gas amplification starts. The signal from the wire is amplified in a
external second stage. The electrical amplifiers are connected using decoupling capacitors.
Using capacitors, the inputs of the amplifiers can be designed with respect to ground and
have no contact with the high voltage applied on the wire. This simplifies the design of the
amplification stage.

The resolution of a wire chamber is dominated by the spacing of the wires. Another important

point for limited spatial resolution is diffusion. This gas parameter describes the spreading
of the electron cloud during drift.

14



2.1. Gaseous detectors

2.1.3. Time-Projection-Chamber

The Time Projection Chamber has been invented by David R. Nygren in the late 1970s.
A TPC consists of a gas filled detection volume, which is located inside an electrical field.
The typical TPC has a cylindrical shape and is equipped with Multi-Wire-Proportional-
Chamber (MWPC)s as endplates. This geometry allows the TPC to be positioned around
the beam pipe. But for fixed target experiments also other geometries are used.

Often a magnetic field is applied in parallel to the electrical field in order to minimize the
diffusion of the electrons created in primary ionisations. At the same time the magnetic
field can be used for reconstruction of the particle momentum. The x and y or r and ¢
coordinates of the particle track can be readout from the pad plane while z-coordinate can
be reconstructed using the drift time. A basic sketch showing the working principle of a
TPC is shown in figure 2.2.

incident

\ particle field cage

cathode segmented

anode (pads)

> r 4 i
L= w -
1. ionisation 2. drift 3. registration

< e "

L e L

Figure 2.2.: Working principle of a TPC [14]

TPCs allow observation of a large volume with few channels compared to silicon trackers.
A great benefit is the very low material budget of TPCs along the particle flow. The main
material budget is caused by the containment and the electrodes. Compared to copper
(Xo = 1.43cm [42]) the radiation length of gaseous Argon (X = 117.63m [42]) is about
8000 times larger. At the end of the TPC, where the material budget is irrelevant, the
readout plane is located. Although there is less material inside the area of interest TPCs
can achieve a resolution of few hundred microns, even if pileup happens. This is why they
are very interesting for future experiments.

For experiments at low collision rates, TPCs are well suited. But if the collision rate increase,
their performance start to suffer. On the one hand different tracks become indistinguishable
because they got smeared by diffusion effects. On the other hand if there are lot of primary
tracks inside the TPC, shielding of the electrical field and recombination increases, because
of the number of created ions. When talking about ions, one effect called ,jon backdrift“
should also be mentioned. This effect names the drift of ions from the gas amplification

15



2. Introduction

region to the drift volume. By optimising the gas amplification process, the amount of back
drifting ions can be minimized.

ND280 detector for the T2K experiment

One of largest volume read out with Micro-Mesh-Gaseous-Structure (MicroMegas) are the
three TPCs located at the ND280 detector. Here a total area of 9m? are readout with 72
Modules. Each module is divided into 1726 Pads of 6.85 x 9.65 mm? size. The results of the
first years of operation have shown, that the specifications can be met [23]. All three TPCs
are operated in a magnetic field of 0.2 T to allow measurements of the particle momentum.

For monitoring the gas quality, two gas monitoring chambers are located at the surface inside
the gas mixing hut. For a detailed description see section 8.5.1. One is connected to the
supply line of the TPCs and the other one to the return line. Using the measurements of both
chambers, the conditions inside the large TPCs can be interpolated. The chamber connected
to the supply line can act as a mixing interlock. In case of an accidental creation of a wrong
mixture, the supply chamber allows preserving the rest of the system to be supplied with
this wrong mixture. One incident from the past has shown, that the monitoring system in
combination with the interlock system successfully reacted in the safe way.

The gas mixture used for the TPCs consists of 95 vol.-% Argon, 3 vol.-% Tetrafluoromethane
and 2 vol.-% Isobutane.

Each monitoring chamber is supplied with 6 ¢, /h, which results in about five volume changes
per hour.

Performance of the TPC inside ALICE at LHC

A Large Ion Collider Experiment (ALICE) is one of the four large experiments at the Large
Hadron Collider (LHC). It is located at Interaction Point (IP) two. This IP is optimised
for interactions of heavy ions. Parts of the detector are installed inside the old octagonal L3
magnet, which remained inside the cavern and is now reused. The magnetic field is about
0.5T. [13]

Inside the L3 magnet one of the largest, currently operating TPC can be found. This TPC
has a cylindrical shape with an inner radius of about 80 cm and an outer radius of 280 cm.
Within the inner volume the Inner Tracking System (ITS) is installed to improve the vertex
reconstruction resolution. The whole TPC has an overall length of 500cm in the beam
direction. This length is divided by a central cathode into two drift volumes, which are both
equipped with a potential degrader to create a uniform drift field.

Each drift volume is read out by conventional multi-wire proportional counters with cathode
pad readout. These are made of standard wire planes above the readout plane and a gating
wire plane facing the drift volume.

Due to the radial dependence of the track density, two different types of readout chambers and
segmentations are used. In total the active area is about 32.5m?. The readout chambers can
identify the track in the polar coordinates » and ¢. The z-component can be reconstructed

16



2.2. Gas mixtures and properties of gases

from timing information and known drift velocity. The whole TPC is capable of a central
collision rate of 200 Hz.

The ALICE TPC is operated with a gas mixture consisting out of 90vol.-% Neon and
10 vol.-% carbon dioxide.

Current Developments

To reach unprecedent center of mass energies in e™ e~ collisions a linear collider is planned.
Due to synchrotron radiation losses, it is not feasible to build a storage ring for high energy
electrons. This new accelerator is called International Linear Collider (ILC). Tt is not yet
clear when and where it will be build. One plan is a linear accelerator with two detectors.
Each detector is moveable and can be moved into the interaction point. One of these detectors
is called International Large Detector (ILD).

Inside the calorimeter system of ILD a high-precision tracking system will be installed. To
enable good momentum resolution, it will be placed inside a solenoid, which will produce
the high magnetic field of 4T. A TPC is planned according to the ILC Reference Design
Report [3] with a momentum resolution of

o(1/p) ~5-107° GeV ! (2.1)

The final chamber will have a size of 3 - 4.6 m in length and a diameter of 2.8 - 4m. Along
the particle track a spatial resolution of 100 pm per row or better should be achieved.

For studying various readout-techniques the Large Prototype TPC (LPTPC) has been built.
This TPC has a diameter of 750 mm and a length of about 600 mm [43].  Since end of
2008, the LPTPC is inserted into a 1.25'T magnet located in one of the test beam areas of
Deutsches Elektronen-Synchrotron (DESY).

At present, various tests and measurements are done by using this prototype. The current
end flange can be equipped with seven different readout modules, equipped with Micro-
Mesh-Gaseous-Structure or Gas Electron Multiplier detectors. Measurements using GridPix
readouts are possible as well. These tests help to decide, which readout-technique will be
used in the final design. For a more detailed explanation of the gas amplification methods
have a look at section 2.2.1.

2.2. Gas mixtures and properties of gases

Applications in high energy physics require specific properties of the gas mixtures in use.
Fach mixture is optimised to its application.

For numerical simulations, there are frameworks and programs like Magboltz [99|, Garfield
[106] and the rewrite Garfield++ [107]. With the results obtained from the simulations, it
can be checked, whether the mixture meets all the physical requirements. Limits given by
safety rules or other mechanical properties should be manually checked, because often, they
are much more complex to meet.

17



2. Introduction

If a new gas mixture has been chosen, further tests need to be done. On the one hand,
all parameters from the simulation should be checked, if they can be measured with a real
detector. For this purpose small test detectors are used. On the other hand, one has to check,
how small variations in the gas composition change the properties of the gas and through this
the detection results. The physical parameters should change only little, when small changes
to the composition are applied. These small changes might happen due to uncertainties in
the mixing process. In the past many of these tests were based on simulations only [20,40].

2.2.1. Properties of gases

For use in particle physics detectors some gas properties are important. Those are described
in the following sectiomn.

Mean energy to create one free electron

Only a small fraction of the energy loss of a charged particle in a gas is ionising directly.
Additional processes can create electrons or result in energy loss. Hence the average energy
needed for one free electron W is defined according to |5, p. 4] as:

W (N;) =L <‘3§> (2.2)

where (N) represents the average number of ionised electrons, which are created along a
trajectory of length L. (dE/dx) stands for the mean energy loss per unit of length of the
charged particle. Due to different cross sections of electrons and « particles two values (Wg
and W,,) are given in literature.

To calculate the value for a gas mixture, a simple composition law can be used for an
estimation of the value of Whiy: [35, p. 9]

Watix = Y ni Wi (2.3)

In the equation above n; represents the volume fraction of gas ¢ in the mixture. One major
disadvantage of equation 2.3 is the missing consideration of the reactions between the gases,
which can also cause free electrons.

To assist the user in his decision towards selecting the right gas also the W-value of the
selected gas mixture is shown on the user interface. The displayed values are received from
a numerical simulation with Garfield++. This was done by tracking 2000 electrons with an
energy equal to the decay energy of Sr% 0.546 MeV respectively Y0 2.283 MeV. The results
of both energies are compatible with respect to their statistical uncertainties. Therefore in
the following only the results created by the electrons with the decay energy of Y% are
shown. In this simulation, the mean energy necessary for one free electron can be calculated
from the sum of all energy losses during the ionisation process of the incoming particle. Per
event, i.e. per one incoming particle, many clusters are generated. Fach cluster can be
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2.2. Gas mixtures and properties of gases

Simulation for Argon

Entries 2000
Mean 27.36
RMS 13.52
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Figure 2.3.: Simulation result of energy loss of 2000 electrons in argon. The energy of the
electrons is I/ = 2.283 MeV.

specified by the energy loss AFE¢ and the number of electrons per collision No. The mean
energy for one free electron therefore is given by

Y AE¢

>.Ne
Using this calculation, the computation of W is independent of the length the electrons travel
trough the selected gas. If their way trough the gas is longer, they create more clusters and
hence they loose more energy. Garfield++ also does an internal calculation of the W-value.
This value can be read out accessing the internal variable HeedTrack. The calculation is
hidden in the library and it is not clear whether Garfield++ uses the value for electrons or
a-particles.

1774 (2.4)

All three values (basic calculation, HeedTrack and full simulation), are displayed to the user.
These values are used only to assist the user with the decision, which gas will fit the detectors
requirements. The decision, which value to trust is transferred to the user.

Penning effect If one electron does not transfer enough energy for ionisation, the molecule
A only gets excited.

e A—e A" (2.5)
If this molecule collides with another one, whose ionisation level is lower than the excitation
energy of A, B gets ionised due to the collision.

A*B S AB + e (2.6)
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By this reaction a free electron is produced. If the excitation of the molecule is caused by
an electron this effect is called Penning-effect. The resulting electrons are called Penning-
electrons.

The same process can also be triggered by photons, which are absorbed by a molecule and
exciting it. 'This process is called Jesse-effect. The resulting electrons are named Jesse-
electrons. [5, p. 4]

If these effects are to be taken into account, one has to do a proper simulation to derive
W. This can either be done by Garfield [106], its rewrite Garfield++ [107]|, MIPS [98] or
Heed [103]. The Penning- and Jesse-effect are implemented in all simulation programs by
assuming a certain probability for the creation of a free electron at a collision. One usual
approach to match the simulation to the measured values is tuning these probabilities. They
depend on the concrete composition of the mixture and hence the probability has to be
determined for each mixture separately.

It is not possible to distinguish between the Jesse- and Penning-effect at the signal side.
Hence the probabilities for Jesse- and Penning-electrons are merged into one probability,
which is called at least in Garfield++ Penning-probability.

In table 2.1 a comparison between different calculations is shown. The simulation was done
by using a small program using Garfield++ simulating the ionisation of 2.28 MeV electrons
inside the specified gas mixture. At the same time a value from Heed, which is also part of
Garfield++, is derived. The calculation is based on equation 2.3 in combination with values
from literature.

Table 2.1.: Comparison of different values of Wjs from different references and simulations.

literature [5] Heed simulation calculation
Gas We Wps w Wps Wa.s
Ar(97%) CH,(3%) | 26,06V C 26416V 26,67+ 1,48cV 26,486V
Ar 26,46V 26,36V 26406V 26,60 + 1,57V .
CH, 2916V 2716V 27,306V 2234 4 2,046V ]

Approach for binary mixtures For binary mixtures another approach for the calculation
of W is described in [6]:

1 _ (1 _ 1) R S + 1 (2.7)
WMiX W1 WQ P1 + CLP2 W2
In this equation P represents the partial pressure of each gas. Within this approach, the
parameter a takes into account, that there is a reaction between both gases. For some mixture
a is equal to the molecular stopping power S. But on the other hand reference [6, Table
ITI] shows that this is only the case for very few mixtures. Many others have significant
differences. There is no calculation for a, so this parameter must be measured for each gas
combination. The concentration is not important for these measurements, only the type of
gas. A summary for some values is also shown in [6].

In practise for many cases it is sufficient to use the simplified approach from equation 2.3.
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2.2. Gas mixtures and properties of gases

Gas amplification

When a gas based particle detector is operated without an electric field, the primary electrons
and ions recombine, because there is no force to separate them (Fig. 2.4, 1). Increasing the
field reduces recombination and causes the electrons to drift towards the anode. At low fields,
the charge collected at the readout plane is equal to the primary one (Fig. 2.4, 2). If the
field applied inside a detector rises, the primary electrons gain more and more energy and
their energy becomes large enough to ionise further gas molecules (Fig. 2.4, 3). Over a wide
range of field strengths the amplified charge is proportional to the primary charge. If the
field increases further, the proportionality is lost (Fig. 2.4, 4) and the amplified signal gets
independent from the primary charge (Fig. 2.4, 5). At this point a Geiger-Miiller-Counter
operates. At even higher fields continuous discharge sets in (Fig. 2.4, 6).

logQ
A

Y
(

Figure 2.4.: Detected charge in dependency of the operation voltage. Plot taken from [46]

To enable particle identification, the specific energy loss is measured. Each particle has
its specific energy loss at a certain momentum. This is the reason, why particle detectors
are usually operated in the proportional region. After calibration, the output signal can be
converted into the energy loss of the observed particle. Together with the particle momentum,
this allows particle identification.

Amplification by the gas is used for detection of the small primary charge. Without ampli-
fication, the signal of the primary charge is too low for direct electronic processing. As an
example the number of electrons generated by an Fe3 photon of the energy E, =5.899keV
in Argon (see table 2.1) can be calculated to

N _ By _59keV

_=_1 = = 2927 2.8
¢ Ws 26 eV (2.8)

The primary charge follows by multiplication of this value with the elementary charge

Qe- =N.- - Q. =227-1.6021-107C =3.6-10"1"C (2.9)
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This charge is neither suitable to be fed into electronic amplifiers nor to be acquired by
digitisers. Hence it needs to be amplified inside the gas volume. This can be done by using
gas amplification. Typical values of gas amplification gain are about N/Ny = 1000. With
this the charge on the readout plane is increased to

Q- = Q.- N 36 fC (2.10)
No

This charge is large enough for further electronic amplification. The gas amplification
strongly depends on the electrical field inside the detector, which is given by the applied
voltage and geometry. The parameter describing the influence of the gas is called Townsend
coefficient. This parameter describes the number of secondary electrons created along a path
at a given electrical field. If there is gas amplification, the number of additional electrons is
given by [5, 4.1]

dN =N «(F) ds (2.11)

The Townsend coefficient @ mainly depends on the cross section for excitation and ionisation.
It is based on various transport mechanisms and therefore only a numerical simulation can be
done. The framework Garfield++ gives the opportunity to simulate the Townsend coefficient
for different electrical fields. To get the gas amplification factor, equation 2.11 needs to be
integrated over the path s of the primary electron. It can be assumed, that the path of the
electron is given by the electrical field lines. Using this, the integration can be converted
into an integration along the electrical field lines.

]]\\/'; = exp/a (s)ds = exp/ daE(/l?sdE (2.12)

Earlier simulations have shown, that this simplification is not valid in every detector. In-
stead integrating along the electric field, the integration should be done along the particle
trajectory. Hence, it is not possible to perform this calculation analytically. Only a complete
simulation can point out the correct results for gas amplification in complex detectors. Such
simulations can be done using Garfield++. In the past various approaches failed because
not all effects of the gas could be represented in the simulation [26].

Up to now, the simulation assumes a constant probability to take Penning- and Jesse-effects
into account. This probability is tuned to match the measured values or it is guessed from
earlier experience. If the simulation uses enough Monte-Carlo events, the effect of the prob-
ability on the mean Townsend-coefficient («) can be expressed by

<a*> = (1 + PJesse) : (1 + PPenning) . <CV> (2.13)

Approaches to measure « directly are described in [26]. But these measurements have shown,
that there is a strong dependence on the precision of the whole experiment.

Methods used for gas amplification For two-dimensional pixel-readout-planes homoge-
neous gas amplification along the plane is needed. This cannot be reached with wires,
therefore other techniques are used.
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2.2. Gas mixtures and properties of gases

Micro-Mesh-Gaseous-Structure To get a higher and more homogeneous gas amplification
MicroMegas were developed in 1996 by Y. Giomataris et al. [18]. By using a woven mesh
which is located about 100 um above the readout plane, high gains can be obtained. The
voltage applied to the mesh is of the order of 350-500 V depending on the Townsend coefficient
of the gas. This voltage creates an electrical field in the order of 10kV /cm sufficient for gas
amplification. The ions created inside the amplification gap do not reach the drift volume,
because the field lines end on the wires of the mesh. This feature is a great benefit, because
the electric field inside the drift volume is not distorted by ion feedback.

Developments were started in the past, which do research on combination of MicroMegas
and silicon detectors, which are used as readout. This combination is called GridPix [8].
This detector is equipped with 256 x 256 Pixels, each with a size of 55 x 55 um?. This
allows an excellent resolution in space. Although the chip originally was designed for other
purposes, the timing information is usable. Further development focusing on more precise
timing information is done as well.

Gas Electron Multiplier In 1997 a new detector technology was developed by F. Sauli et. al.
called Gas Electron Multiplier (GEM) [36]. In this mechanism, the amplification is done in a
very small region. A typical GEM is constructed using a thin insulating polymer foil, which

l

Figure 2.5.: Computed electric field in one multiplying channel of a GEM. Only the central
field lines have been plotted. (taken from [36])

is copper plated on both sides. Inside this sandwich holes are etched. Due to the process
itself, the holes are conical. When the difference of potential between both electrodes is high
enough a high field inside the GEM holes, as shown in figure 2.5, is created. With about
200V applied, the field strength along the central lines reaches up to 40kV/cm, which is
high enough for gas amplification. [36]

It has been shown, that single GEMs can be operated stably up to gains of 5-102. For better
performance and reduction of ion back drift GEMs can be stacked upon each other and thus
reach higher gain of about 10°. Each single stage is operating at a limited gain, but together
a high gain (shown in figure 2.6) can be reached [24].

23



2. Introduction

gain-disch-vgem #
————3 10

10° ————————
- Ar-CO_ 70-30 >,
[ 2 g
= ED=2 kVicm %
5 E,=E= 3.5 kv/cm i 2
5 2 m
g 10 figs
5 GEM 3
Ll m
'8 ' x
L i m
o f =
10* ; 10° 3
¢
JEARRAA N,
10° | i 4
: / g : 10
- !
|1 g ST SN PIS AL AT STAIR AL AR (R IR ALVELVEN CRTALASEURIC) ST URRSRNER| B,
300 350 400 450 500 550
M)

Figure 2.6.: Gain and discharge probability on irradiation with alpha particles for the single,
double and triple GEM (from CERN gas detector group [44])

Drift velocity

Motion in vacuum In vacuum the motion of a charge ¢ with mass m inside an electric and

magnetic field is driven by the Lorentz-force
mﬁ:q(E+Ux E) (2.14)

Typically this results in helical trajectories.

Motion in gas When low energy drifting electrons inside a gas are exposed to a uniform
E and B field, they do not follow this spiral motion at least not on a scale larger than the
mean free path. The mean free path at standard pressure and temperature inside a typical
detector gas is only a few microns. Rather they move on straight lines. This is caused by the
collisions of the electrons and the gas molecules. Hence the electron velocity gets randomised

in all directions.

The steady-state drift velocity vp follows equation

ip = = (E+ ip x B) (2.15)
m
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2.2. Gas mixtures and properties of gases

In this equation 7 represents the transition time to reach the steady-state drift velocity.
This equation can be derived from equation 2.14 when one substitutes © = vp /7. The value
= qt/m is called mobility and depends on the electric and magnetic field. The Langevin
equation presents a solution of equation 2.15.

o= e (F 408 54,05 (55))
= —(E+pExB+ 2B (E-B 2.16
Up =1 g (B rEXB+p (2.16)

The mobility depends on the electric and magnetic field.
u(E, B) = L(B, B) (2.17)

All tests presented in this thesis were done without a magnetic field B = 0. Hence equation
2.16 simplifies to
vp = u(E) - E (2.18)

If the temperature and pressure of the gas are not standard conditions, further dependencies

are introduced. B BT
Up=pc— = —— (2.19)
n p
where the mobility p depends on the reduced electrical field E/n = ET/p. Furthermore u

depends on the cross section of electron and gas molecule and the mean electron energy.

Diffusion

Since the electrons are scattered on the gas molecules, their drift velocity deviates from the
average owing to the random nature of the collisions. Assuming a simple case, with the same
diffusion in all directions, a point-like cloud of electrons starting to drift at time ¢ = 0 from
the origin in z direction will, after some time ¢, take over the following Gaussian density

distribution. [5, p. 67]
() = () 220
n= exp | — .
xDt) *\4Dt

where 12 = 22 +y?+ (2 —vpt)? and D is the diffusion constant. The electrical field determines
the diffusion width o, of an electron cloud which, after starting point-like, has travelled over
a distance L [5, p. 69]

2DL

(2.21)

In particle detectors the diffusion is separated into transversal (perpendicular to the drift
velocity) and longitudinal (parallel to the drift velocity) diffusion.

The longitudinal diffusion limits the potential of separating two tracks drifting behind each
other. If the diffusion is too large, the electron clouds merge and the readout plane only
sees a large electron cloud. This cloud gets interpreted as one large track with the combined
primary charge.

The transversal diffusion limits the resolution in x and y direction. If two tracks are close
to each other, they cannot be distinguished. The transverse diffusion can be reduced by
applying a magnetic field in parallel to the electrical field.
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Diffusion strongly depends on the gas composition. Some gases exist, which are recommended
for use in a TPC where low diffusion is requested. On the other hand the diffusion has to
match the readout chain. It is not feasible to use a low diffusion gas when the readout chain
does not support this low diffusion, e.g. the pad size is much larger than the estimated width
of the electron cloud. If this is the case no charge division can happen, and the resolution
cannot benefit from the diffuse electron cloud. It might also be possible, that the resolution
using this readout can be increased by a gas with a slightly higher diffusion.

Ageing

If a gas is exposed to ionising radiation, an effect called ,ageing” appears. If Hydrocarbons are
present in the detector gas, they can be transformed into polymers by exposition to ionising
radiation. The hydrocarbons are cracked by the radiation and attracted by the anodes and
cathodes. At high field, they stick together and an isolating barrier of polymers is created.
Hence, the sensitivity of the detector is weakened. Sometimes parts of the detector become
even unusable [9]. This may be caused by shortening small distances between different
potentials by polymer bridges. On the other hand, the polymers may form small needles,
which can be a source of sparks.

This effect strongly depends on the electrical field and due to this on the geometry and voltage
used inside the detector. Another parameter is the exposed radiation dose. Up to now it is
not possible to simulate this effect. Hence measurements in a test beam or special irradiation
facilities are necessary. With these measurements the accumulated radiation dose expected
during the lifetime of the detector can be applied in a reasonable time. After measurements
are done, usually a study of the deposits created by polymers inside the detector is done.
A detailed study of the deposits help understanding which materials caused their creation.
During construction of a new detector sometimes materials like glue and grease is used, which
gas out and hence contaminate the gas. Often these contaminations cause ageing.

By selecting the right mixture, ageing can be reduced to a minimal acceptable level. On
the other hand, there are detector types, which also reduce the possibility of ageing. These
types are mainly GEMs and MicroMegas, because their electrical field in the gas amplification
region is much lower, than the field for a single wire.

Quenching

If excited Ar-Atoms return to their base state, they can send out a photon. This photon
has enough energy to release electrons from the wall or the cathode of the detector. This
effect disturbs the measurement and hence it should be suppressed. Suppression of this effect
can be done by adding large molecules, which get excited by the photons. Large molecules
have a lot of different excitation modes, like oscillation, rotation, etc. If they absorb one
photon the energy of the photon gets transferred into mechanical energy. This effect is called
,quenching® and the large molecular admixtures are often called ,quencher®.
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2.3. Selection of the drift gas

The gas mixtures of detectors are usually chosen in order to optimise the performance of the
detector and to meet the constrains from outside. Some of these are the regulations of the
experimental area, some are given by the detector itself. For most underground experiments
flammable gases are not allowed.

One of the most important constraints, which should be met are diffusion and drift velocity.
By choosing a gas with a low transversal diffusion, the spatial resolution can be increased.
But on the other hand, if the diffusion is too small, all charge is accumulated on one pad
and thus the resolution suffers. If the charge is spread over multiple pads, the position of
the primary track can be calculated using a weighted mean.

Hence, the diffusion should be as small as possible but still large enough, that charge division
between pads takes place. The drift velocity limits the speed of the digitisers and the
occupancy when multiple events happen during one readout cycle. By choosing a high drift
velocity, all tracks move to the readout plane rapidly and the volume gets ready for the next
event. To clear the volume, also the ion drift velocity is important. For an ideal performance
the ions should be removed from the detection volume before the next tracks cross this
volume again.

Another very important constraint for selecting a gas is the chemical resistance of the cham-
ber materials against the gas itself. Incompatibilities must be avoided, because otherwise
the performance and the durability of the detector can suffer.

One very special admixture is carbon tetrafluoride CF,, which is also known as Tetrafluo-
romethane. This admixture has shown, that it can prevent or even remove deposits. But on
the other hand CF, releases very aggressive Fluorine ions and radicals. In presence of water
they can form HF, which is one of the most powerful acids and can attack even glass and
epoxies, for example. One possible reaction might be

CF, + 2H,0 = CO, + 4HF (2.22)
But CF, is very interesting for use in particle detectors, because of the following reasons.

e Non-flammable. This is important for usage in underground areas.

e Hydrogen-free. The cross-sections for scattering and absorption of neutrons are quite
high for hydrogen. If neutron background is an issue, the amount of hydrogen present
should be as low as possible.

e Fast drift velocity. By adding small amounts of CF, the drift velocity can be increased
to values larger than 100 pm/mns.

e Very small diffusion. The diffusion of gas mixtures containing CF, is only one third
compared to P10 (ArCH, 90:10) at a magnetic field of 0T

e Silicon etching is the original purpose of this gas, when it is not used in particle
detectors. By controlled adding of a small fraction of water to the gas in the order of
100 vol.-ppm, the ,ageing” process can be stopped or even removed [12].
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2.4. Density effects inside the detectors

Since the detectors, connected to the UGMA, are operated with gas, small changes in tem-
perature and pressure reflect in changes in density. Starting with an ideal gas, the density
is given by

p
2.23
pocnocT ( )

Unless it is possible to operate the detector at stable temperature and pressure, all effects
can only be corrected offline. Starting from the ionisation of the primary track, continuing
the drift inside the gas and at a last point the amplification inside a Micro Pattern Gas
Detector (MPGD) all steps depend on the gas density.

The simplifications and assumptions done below, are only feasible, if the Penning- and Jesse-
effect can be neglected. There is no possibility to measure this effect directly. The probabili-
ties for both effects to create one additional electron have to be derived from the comparison
of simulation and measurement. In the following part, both probabilities have been set to
Zero.

2.4.1. Primary ionisation

If a high energetic particle passes through a layer of gas, it looses energy. This effect can be
expressed by the Bethe-formula [5, p. 29].

dE  47N.e* , <ln 2mc? 32~? B 52>

— = 2.24
dx mc? 32 I (2.24)
For the density effects, the important variable in the formula above is the electron density
N,. This can be expressed trough the Avogadro’s number N4, the gas density p and the
ratio of atomic number Z and atomic weight A of the medium.

Z
Ne=p5Na (2.25)

If this is combined with the Bethe-formula, the density dependency of the loss of energy can
be written as

dE
I XPxn (2.26)

The mean energy to create one free electron W does not depend on the density, except, the
probability for Penning- or Jesse-transfer changes with density. One hint, that both changes
with density, is the reduced free path with increasing density. Hence the probability that
two molecules hit each other and transfer energy increases. But until now, there are no
experimental results focussing on this dependency.

Correction

If measurements taken at different conditions should be compared, the measured energy loss
should be corrected for standard conditions. This can be done by a simple multiplicative
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approach. nrpc is the gas density inside the TPC and ngTp is the gas density at standard
or reference conditions.
dFE dFE
<d> “nTPC = <d> “NSTP (2.27)
T/ sTP T/ TPC

2.4.2. Drift velocity

The drift velocity depends on the energy and the mean free path of the drift electrons. If
the density changes, the free path changes accordingly. Hence, the collision frequency of
the electrons and their energy varies. Varying energy results in changes of the cross section
of the gas mixture. At the end, this changes the drift velocity. But this effect can not be
corrected as simple as shown in equation 2.27.

To correct for the density effects in the drift velocity, the drift velocity must be measured
over a wide range of ET/p. When this is done, the result can be parametrised. With this
the density effects can be corrected. Usually, the detector is operated at the maximal drift
velocity. At this point, the dependency from density changes is minimal. Hence most of the
detectors do not need a special correction.

If large variations in density are expected, either the gas should be chosen in a way, that
the plateau of stable drift velocity is large enough, or the operation point is moved into the
region of maximal dependency on density effects. The advantage of moving the operation
point into maximal dependency is an almost linear relation between ET/p and the drift
velocity.

2.4.3. Amplification

If we assume that the gas amplification is done inside a MicroMegas, we can assume a
homogeneous field between mesh and readout planes. Both are separated by the distance d.
For a homogeneous field F, the amplification described in equation 2.12 is simplified.

G = ]]\\[; =exp (a(F) - d) (2.28)

where « is the Townsend coefficient at the given electrical field E' and d is the distance
between mesh and readout plane. For sufficient high fields, the Townsend coefficient « can
be expressed by a linear relation [5, p. 132] depending on the density p.

a5 )

In the following part, the density p is replaced by the gas density n. For high electric fields
the function f can be approximated by

f <f> —at b% (2.30)
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In combination with equation 2.28, we get
E
G = exp ((a + b) n - d> = exp (and + DEA) (2.31)
n

The density dependence of the gain of a proportional wire chamber is described in [5, p.
136].
dG _ Aln2 dp
G  AV2me p

Here AV is derived from the average energy to produce one more electron E, = eAV.
The second parameter A is the linear charge density, which depends on the potentials and
geometry of the wire chamber. Using the electric field the charge per unit length is given
by [5, 4.4]

(2.32)

A

© 2meor

E(r) (2.33)

If the used gas amplification method is different from a proportional wire only the principle
from equation 2.32 can be used. To derive this equation, many assumptions have been made,
which cannot be made in other detectors. Continuing the approach with a homogeneous field
MicroMegas, we take a look at the quotient of the gain at standard temperature and pressure
(STP) and the current measured gain at the same electric field E.

G exp(and+bEd)  exp(and)
Gstp  exp (angtpd + bEd)  exp (angTpd)

= exp (and — angrpd) (2.34)

By introducing a new constant =, this equation can be simplified

G
Gstp

= gn/nste—1 (2.35)

With = = exp (adngrp). For small changes in An = n — ngpp this formula can be approxi-
mated by a linear approach similar to equation 2.32.
AG An

— = - — 2.36

e m.— (2.36)

GSGTP 1~ m (”STP - 1) (2.37)

The new variable m is the slope of the linear approximation. By applying this correction, it is
possible to calculate Ggrp from the measured gain. This way is used for the Gas Monitoring
Chamber (GMC) of the ND280 detector. For the TPC, the correction is applied the other
way around because here the current gain is needed.

Gstp

G =
TPC < nsTP >
1+m- -1
nrpc

(2.38)

Due to production of a detector with a pad readout plane, small differences in gain between
multiple pad and also between multiple detectors might be observable. One possibility to
remove these differences is to measure the gain of every pad. With these values a gain map
can be created. In many cases the ambient conditions of the test bench do not match the norm
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Table 2.2.: Run periods of the ND280 experiment.

run period | start end

RUN1 2010-03-19 | 2010-06-26
RUN2 2010-11-18 | 2011-03-11
RUN3 2012-02-27 | 2012-06-09
RUN4 2012-10-19 | 2013-05-08

conditions. Hence in a first step, these measured gain values need to be converted to norm
conditions. In a second step, these nominal gain values are starting point for calculation of
the gain inside the TPC (see equation 2.38). Using the calculated current gain, the primary
charge, and thus the energy loss can be calculated. The method described above is used at
the TPCs of the ND280 detector.

2.4.4. Applying the corrections to data measured with the gas monitoring
chambers at the ND280 detector

As an example, the corrections, which are described above, are applied to the measured data
of the gas monitoring chambers. These chambers observe the supply and return gas flow of
the TPC inside the ND280-detector. The operation principle of the monitoring chambers is
described in 8.5.1.

All corrections are applied to the four different run periods, which were done since successful
commissioning of the ND280 detector. The run periods are listed in table 2.2.

Density correction of the drift velocity

Due to the fact that the TPC is operated at the maximum of the drift velocity, the dependence
on density effects is quite small. The measurements, which are shown in figure 2.7, result in
a negligible dependence on the density. The shown monitoring chamber is connected to the
return gas from the TPC. Hence, there are impurities inside the gas causing the drift velocity
to be lower than the shown simulation. The impurities are mainly H,0, O, and CO,, due to
the location of the sensitive volume inside a CO, filled isolation volume. The exact amount
of contaminations is not known, and thus the matching to the simulation suffers.

Inside the ND280 offline software, changes in the drift velocity caused by the gas are corrected
by a reference table. This table is filled with the average of the measurements of a period
of 10 hours. The reconstruction software uses the last entry before the recorded event for
reconstructing the third dimension.

Density correction of the gas amplification

Without density correction, the ratio of the measured gain values and the average gain is
plotted against the relative density, which is defined as the ratio of the current density and
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Figure 2.7.: All vg measurements of GMC A during RUN3. Outliers are caused by impurities
in the gas at the beginning of the run, before official data taking. The red line
shows the simulated drift velocity of T2K-gas at 293.15 K and 1013.25 mbar. [27]

the density at Standard temperature and pressure (STP) conditions. The result for RUN4
is shown in figure 2.8.

The gain measurement is done by measuring the electrons created by X-ray ionisation, the
photon is totally absorbed and density effects on the specific energy loss are irrelevant. Only
changes in the Penning-probability may cause differences in the primary ionisation. Hence
only the gain corrections can be applied to the data.

For the gain-correction the variable m can be derived directly from the data. m is derived
by minimisation of the resulting width of the gain measurements. The minimisation is done
by a x? optimisation of the standard deviation o of the corrected data.

An example for this minimisation is shown in 2.9(b). The corresponding histogram, with
the best correction applied is shown in 2.9(a). We expect a small width, caused from the
primary ionisation. Since the photon deposits its full energy in the gas volume, the number
of primary electrons should be constant. The resulting width is caused by electronic noise
and differences in the primary ionisation, which may be caused by Penning- and Jesse effects.
Additionally the resulting width gets broadened by statistical fluctuations caused by the gas
amplification.
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Figure 2.8.: Relative gain versus relative density change. The data shown in this plot were
taken during RUN4. One can clearly see about 3% change in gain per per-
cent density change in the uncorrected data points (black). After applying the
correction (red) no dependency on the density can be observed.
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Figure 2.9.: Correction of the data sample containing the first week of RUNA4.

The measured data is separated into intervals of one week. In this time span enough data
points have been measured to allow a proper determination of m. As it can be seen in figure
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2.10, it is sufficient to choose one slope m per run period. The changes of the derived slopes
in one run period is compatible with the expected statistical fluctuations. After applying
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Figure 2.10.: Determined slope of one week data. For better comparison, the week number
is assigned to each data sample. The vertical lines mark the different runs of
the ND280 experiment.

this correction, the effect of density changes should be corrected. The resulting points are
shown in figure 2.11. The fluctuations, which are still observable, result from changes in the
gas amplification itself, which are caused by the gas. If the composition of the gas changes,
also the value of the Townsend-coefficient changes. This results in a change of the gain, if
the mesh voltage is kept constant.

To take changes of the gas into account, which change the amplification itself the ratio A of
the corrected gain Ggrp and a proper defined value Gy is needed.

G G
A~ Gaemcoo - Greeoo (2.39)

Gameste Gamc,sTp

Due to changes in the acquisition chain, the reference gain has to be defined for the first run
and all other runs separately. The result of A is shown in figure 2.12(a). In figure 2.12(b)
the ratio of the Root Mean Square (RMS) of the current correction and the new correction
described above is shown. A smaller RMS results in a better energy resolution in the TPCs.

The changes caused by A are only about 1%. Before implementing this method, one has to
measure Grpc,oo for the three TPCs. This is more difficult than for a GMC, because the
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Figure 2.11.: Average gain over one week data. In red, the uncorrected raw data points are
shown. In black, the existing correction is shown, and in blue, the correction
described above is shown.
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the method described above.

Figure 2.12.: Overview of the improvement gained by the new correction and the change of

the gas amplification with corrected density effects.
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primary charge is created by several particles, each having a different momentum and thus
a different energy loss. Up to now, the value has not yet been defined. Unless Grpc oo is
defined, this correction should be disabled. This can be done via setting A = 1.
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3. Requirements

All requirements to the Universal Gas Mixing Apparatus, preferentially designed for testing
detectors, were developed during measurements in the laboratory. Most of the ideas and
problems to be solved have their origin in testing and commissioning of the GMC for the
ND280 detector. These chambers are described in detail in section 8.5.1. Some parameters
and features are a tailor-made solution for these chambers. But due to the flexibility, they
can also be used in a different setup. Nevertheless the main focus was put on generalisation.
Thus many different chambers can be connected and used in combination with the UGMA.

3.1. Flow and pressure inside the connected detector

Only few requirements of the UGMA can be obtained from the connected detectors. The
two main parameters are pressure and flow of the chambers connected.

Gas based particle detectors are mostly operated using a continuous flow through the detector
to keep possible contaminations at an acceptable level. If the detector is not absolutely tight,
air can diffuse in and contaminate the gas. Furthermore, many materials are porous for gases
which causes diffusion of gas in both directions. Hence, some components diffuse to the
ambient and air diffuses in. Another important reason for exchanging the gas is the demand
for a constant composition of the gas mixture. Due to absorption or chemical reactions, the
composition of the gas might change. Also radiation can damage the gas and split molecules
into radicals, which can form new molecules. Those can reduce the performance of the
detector.

The rate of gas exchange depends on the tightness of detector and piping and the amount of
tolerable contaminations. On the other hand, the higher the rate of gas changes the higher
the operational costs. Very rare gases should be recycled to reduce their loss. If the detector
is operated using the half-open mode of the UGMA, possible contaminations can be filtered
using purification materials. For setups in laboratories a typical rate of recirculation is about
one to five volume changes per hour. This value originates from practical experience and
should keep the contaminations at a tolerable level. But on the other hand, in the past it has
been shown that it is possible to operate a detector with much lower gas flow. The ALICE
TPC needs about five hours for one volume exchange. [13, p. 35].

Detectors, which might be connected to the system can have volumes between about 1/
to about 1000¢. Because this gas system is designed to be used with detectors at the
development stage, most of them have a rather small volume. If large volume detectors are
connected to the system, one has to cope with a lower volume exchange rate.
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Because of availability of flow controllers the maximal flow, which can be handled by the
system is limited to 100 ¢, /h.

Many gas-filled detectors have a thin housing. This has the advantage, that the incoming
particles interact only little with the wall. On the other hand, it causes the chamber not
to resist high differential pressure between inside and outside. But there are also chambers
which are operated at a quite high pressure. One example are the Muon Drift Tubes (MDT),
which are used in the ATLAS detector [2]. These tubes are operated at 3 bara [1]. Hence,
our system should be able to operate test chambers at over pressure.

One very important point is the regulation of the chamber pressure independent from the
ambient pressure. This behaviour is useful for studies regarding pressure dependence of
quantities to be measured. Without pressure regulation all measurements depend on the
variations in ambient pressure.

Pressure regulation below ambient pressure is quite useful, too. This allows measurements in
the whole pressure range of 0-4 bara. For the pressure regulation, the time constant needed
to reach the setpoint depends on the volume. Due to the very different volumes, this time
constant varies a lot, depending on the detector connected. To handle the return flow, the
system is equipped with a flow sensor. Thus the pressure ramp can be adjusted such that
the return flow does not exceed 100 ¢, /h.

3.2. Mixing

Mixing the gas can be realised via three different methods selected by the user.

1. partial pressure method
2. volume method
3. parallel flow mixing

3.2.1. Calculation

Three input lines are designed for the UGMA. Thus three gases can be mixed. The calculation
how the final mixture can be composed from the three input lines is the same for all mixing
methods. The fraction n of a given gas component of the mixture is always given as volume
percentage. The sum of all fractions must follow

> “mi =100vol-% (3.1)

In the following, 75 represents the fraction of one gas component of the mixture. Here,
it is important to realise, that one gas component can consist of multiple pure gases. For
pure gases the calculation of 7gas is trivial. But if an existing mixture should be varied by
admixture of small amounts of pure gases, a linear system of equations has to be solved.

M- ﬁgas = Tset (3.2)

The matrix M is a m x 3 dimensional matrix. The number of rows m is given by the number
of pure gases, which can be found in the connected gas bottles. The number of columns is
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3.2. Mixing

fixed by the number of input lines. If only two input lines are used the number of columns
can be reduced.

To get the setpoint for each gas line, the equation must be solved for 7gas.

Tgas = M- Tset, (3.3)

Example: Modification of premixed T2K-gas

As an example, the modification of premixed T2K-gas is shown. T2K-gas is the gas mixture
used inside the TPCs of the ND280-detector within the T2K-experiment. This mixture
consist of

e 95vol.-% Argon,
e 3vol.-% Tetrafluoromethane (CF,) and
e 2vol.-% Isobutane (iC,H,,).

If we assume that the modification should increase the CF, component by 0.1vol.-% and
decrease Isobutane by 0.1vol.-%. The result should be achieved using T2K-gas, Argon and
Tetrafluoromethane. The equation which has to be solved can then be written as:

95 100 0 95
3 0 100 ] - 7gas = Tset = | 3.1 (3.4)
2 0 0 1.9

It can be solved by matrix inversion. In this example the inverted matrix is given by

o o0 3
—1 1 19
0 16 —300

Multiplied with the requested composition, the setpoint for each line can be derived

0 0 1 95 95
2
Toas = M et = | 155 0 —% 31| =475 (3.6)
0 L 1.9 0.25

100 ~ 200

Assuming that flow mixing is used, this means, that the flow of each gas line has to be set
according to 7g,s. To achieve the requested flow Vieq the setpoints of all three gas lines are
given by:

Viok = 95% - Vieq (3.7)
Var = 4.75% - Vieq (3.8)

This calculation method is the basis for every mixing algorithm used in the system.
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3.2.2. Mixing methods

Gas mixtures can be created by various methods. Those which are going to be realised are
described in the following part. The performance of the tested mixing methods is shown in
section 11.2.

Partial-pressure-method

In order to create precise gas mixtures, the partial pressure methods can be used. This
method needs a buffer volume, which is filled with the partial pressures of the input gases
to match the requested mixture. The process itself depends on the pressure only and is
independent of any volume.

In first order, this method is based on the assumption, that the volume ratios are proportional
to the partial pressure ratios. This is valid for ideal gases.

The partial pressure p;, which needs to be filled into the buffer is given by

Pi = 1i * Pmax (310)

If a large volume flow through the chamber is requested, the filled buffer has to last until
the next mixture is created. Because using only the Mass Flow Controller (MFC) of the
mixing module (see section 4.2.1) needs too much time to create the mixture, a bypass valve
is build in. This bypass valve connects the mixer output to the input of the selected gas line.
Hence the volume flow is much larger than through the MFC. By just using the MFC with
a maximal flow rate of 100/, /h filling one buffer with a volume of 50 ¢ up to 3barg takes

about
_50¢-3barg

=1.5h 11
1004, /h g (3:11)

This time can be reduced using the bypass valve to less than 15 min (see section 10.3.4).

On the other hand, using the bypass valve, the flow is only limited by the flow resistance
caused by the piping and valves. These valves must not be used in combination with
flammable gases. Hence flammable gases have to be filled through the MFCs. Otherwise due
to the very high flow, safety cannot be guaranteed.

The mixing result itself is independent of the way the gas is filled into the buffer. Only the
time needed for mixing of the buffer strongly depends whether a bypass valve can be used
or not.

Volume-method

The MFC have a feature called ,batch-mode”. In this mode, they can be programmed that
they close their valve when reaching an amount of gas flown through them. This is done
by using the internal counter and alarm mechanism. They internally integrate the flow
measured and trigger an alarm. When the alarm is triggered, the MFC can be configured to
close its valve.
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3.2. Mixing

This mode can be used to test the response of a detector to contaminations with other gases,
like O,. For this test a very small amount of an admixture has to be added to an existing
mixture. Due to the fact, that the MFC can only fill a volume at norm conditions, first the
filled norm volume of the buffer has to be calculated. This can be done using the buffer
volume Vyuger and the ratio of the fill pressure p and the norm pressure pg = 1023.15 mbar.
Using the ideal gas law leads to

p
Vbufter filled = Vbuffer - - (3.12)

If a small volume V; is added to the already filled volume Viyfer silled, the fraction 7; can be
calculated With this, the volume, which should be added can be calculated.

Vi
Voufter,filled + Vi)

= (3.13)

To use this method the fraction of the gas will be given and hence equation 3.13 has to be
solved for V;. The shown calculation is only valid for a single admixture.

The minimal concentration, which can be added, is given by the minimal volume, which can
be set inside the MFC. The smallest MFC of one line has a maximal flow of 1/, /h Ar. For
other gases the conversion factor K must be taken into account (see section 7.1.3). Looking
at the turn-down ratio of 1:50 the minimal flow is 0.02 ¢, /h. The minimal setpoint of the
counter is at the order of 0.01 /. The minimal fraction of an admixture, which can be added
with this method is given by

- 0.014-1bar

. _ 14
"= TB07 3bar O PP (3.14)

Whether the mixture contains the right amount of admixture can be checked for O, and
H,0, because inside the UGMA special measurement devices are build in.

During the commissioning and test of the UGMA only mixtures with several percent of ad-
mixtures have been created. For these mixtures it is sufficient to use the partial pressure and
the direct flow method. Hence this mixing mode is foreseen and the basics are implemented,
but since this algorithm has not been used, it is untested.

Direct flow

The methods described above are suitable for filling a buffer, because the gases are filled
sequentially. The direct flow method is able to provide a continuous gas mixing. The correct
mixture is ready at the end of the mixer. This method is able to operate the chamber or
exchange continuously part of the gas. The required flows are given by

Vi =1M- Vtotal (315)

Fach MFC has some uncertainty of flow and hence, the described method is only suitable
for quick mixtures test and is not very accurate. But on the other hand, this method can
supply a flow of up to 100 ¢, /h not heavily depending on the composition.
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3.3. Mechanical constraints

This system does not supply a defined detector, but rather many possible detectors, with
different specifications. Hence, it should match their requirements, which have been described
before. Also, for the mechanical part, many compromises have to be made. One example is
the choice of the material. Even if stainless steel would be the best material in every place,
at some places brass and aluminium are used, because the parts are cheaper or are much
easier zu produce since stainless steel is hard to machine.

Another challenge is mobility. The system is designed for mobile use. The detectors, which
need to be supplied with gas do not come to the UGMA. Instead the UGMA comes to the
detectors. For example, this allows measurements at first in the laboratory and at a second
stage at a test-beam facility. Due to the same gas-supply this allows comparable results of
both measurement campaigns. In general often the gas systems used at a test-beam and
inside a laboratory are totally different or at least, they vary a lot. Therefore, the physical
results gained at these different positions may vary.

The quest for mobility, limits the size of the UGMA. The system should be able to be moved
through ,normal“ doors and rooms. To pass through normal doors, the width should not
exceed the opening of the door box. This values for Germany are given by DIN 1811-1 [83,
Tabelle 1|. For common doors the limit is 811 mm or at maximum 936 mm. The main module
should not be higher than 1983 mm. But if a larger height is required, the system can consist
of modules, which are stacked after positioning is done. The maximal height for this stack is
given by the minimal room height of habitable rooms. The value is given as 240 cm by [84, p.
48]. Tt is important to meet this limit. Otherwise it is not possible to assemble the system in
a ,normal“ office. Because the facilities where the system should be operated are not fixed
during planning phase, it is rather difficult to set limits. The limits are not going to be
exploit, because almost certainly most of the experimental halls or laboratories have larger
sizes. But if the system is build as small as possible, the number of possible operational
facilities is maximised.

3.4. Electrical requirements

The whole electronic and electromechanical part was built with respect to the guidance given
by the Verband der Elektrotechnik Elektronik Informationstechnik e. V. (VDE). Although
they are not part of the current law, every electrical part must be constructed and built
according to the state of technology. For the lower voltage part the precautions are not too
severe, due to the fact, that no humans get hurt. In the section which uses 230V, safety for
the human operator plays an important role.

Special requirements are given by the sensors, valves and other equipment used in the sys-
tem.
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3.5. Usability

The usage of the system should be as simple as possible. Untrained experimentalists should
connect their prototype detector and start the delivery of the gas. They should be able to use
full functionality without knowledge about the principal functioning of the UGMA, which is
described in the flow chart [74].

Before starting, the user just has to select the gas mixture, the mixing and operation mode
and the parameters of the chamber such as supply flow and pressure. If the chamber should
not be operated in open mode, the gas return ratio (recycling ratio) which proportional to
the exhaust flow needs to be selected. All these settings can be done either at the local
interface or remote via a device with a browser installed. The interface for local and remote
access is exactly the same. Hence the user only needs training for one interface and can
operate the UGMA from everywhere. Remote access is needed, when the UGMA cannot be
operated locally due to access restrictions.

Before the system can be used, the gases, which should be mixed, must be connected. As
a second point gas for the gas chromatograph (GC) (see section 8.3) and the purifier (see
4.2.4) regeneration can be connected, if these features should be usable.

3.5.1. Connections

All connections to the chamber and gas bottles are equipped with 6 mm Swagelok® tube
fittings. The exhaust vent is a 200 mm folded spiral-seam pipe, which can be extended using
a flexible tubing of same diameter. The gas can be supplied with a pressure up to 8 bara. If
a lower pressure is used, the user should check, if the mixtures can be created when using the
partial pressure method. Typically, it is sufficient to connect a single step pressure reducer
which supplies a line pressure of at maximum 5bara. Higher pressures are not necessary
since the safety valves (see section 4.2.1) limit the pressure inside all parts of the UGMA to
4 bara.

To be operational the system needs a compressed air supply with a supply pressure of at
least 5 bar, preferable free of water and oil.

Further the UGMA needs one three phase 16 A CEE power connection to power up all
subsystems. If the user wants to operate the UGMA not only in local mode, a network
connection is needed.
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4. Mechanics

4.1. Concept

The UGMA consists of various hardware parts, which are described in detail in [37]|. In this
chapter the basic concept will be explained. The requirements that the system should meet
have been described before.

Gas 1P

Pump

Buffer 1

Gas 2>

Mixer
—>
Purifier 2
<
—>
Purifier 1
f
Chamber

Pressure < Detector fMFC

Gas 3> > B%Efgz A>

4/2 way Exhaust |[<€{MFC
valve

T

Figure 4.1.: Basic sketch of the UGMA. For clarity the analysis loop is missing and only two
purifiers are drawn. Buffer 1 supplies the chamber and is connected to purifier 1.
The second buffer is connected to purifier 2 and is either filled with gas or in
standby. The return gas can be exhausted or recycled. The two red arrows
inside the circle mark 4/2-way valves, which are used to connect the loops with
each other.

Each functional block of the UGMA is build as a closed loop with a circular gas flow. There
are two exceptions from this circular design, the mixer as the gas source and the exhaust gas
the gas dump.

A very simple sketch of the UGMA is shown in figure 4.1. For clarity the analysis loop
(section 4.2.2) is not drawn. It can be connected to any other loop of the UGMA. At first

45



4. Mechanics

the right gas mixture is created using the mixer (section 4.2.1). Then the gas can be stored
inside one of the two buffers (section 4.2.3), where it can be cleaned by the purifier (section
4.2.4) from H,O and O, contaminations. From the buffer the gas flows to the connected
chambers (section 4.2.5). The gas flow through the chambers is regulated in flow rate and
pressure. After the gas is flown through the chamber it can be exhausted or recycled.

To provide operation as long as possible, all important systems such as buffer and purifier
exist twice. If one system is in use, the other can be regenerated or filled. This allows
continuous operation.

Both buffer loops are equipped with a pump, which can create a active gas flow inside. All
other loops are passive ones, which can only be switched into an active gas flow.

The gaseous particle detector is not part of the UGMA, but when it is connected, it is
included into the chamber loop and hence it becomes a temporary part of the system. The
chamber loop is a very special loop, because it can be used both in a loop mode but also in
a straight mode. If the detector is operated in half-open or closed mode the gas is recycled
and hence the chamber is used in loop mode. Otherwise if the detector is operated in open
mode the chamber-loop is used as a straight device dumping the gas to the exhaust.

For quick measurements the buffers and purifiers can be bypassed , so that the mixer output
is directly connected to the chamber input. This mode is used for direct flow mixing (section
3.2.2). At the same time the output of the chamber is directly connected to the exhaust.
Hence the gas cannot be recycled. Due to the fact, that the purifier modules can only be
connected to the buffers, also no purification can be applied. The gas can be fully analysed,
because the analysis loop can be switched to both the chamber supply and chamber return
flow. By measuring at both positions it is possible to estimate the contaminations which are
introduced by the chamber itself.

4.1.1. Valve concept

The insertion of the purification module into the buffer loop is treated as an example, how
to include loop modules into the system. It is described in detail in the following.

Using normal 2/2-way' valves, three valves are needed to insert the purification module into
the buffer loop. In the setup shown in figure 4.2 in total six pipe-valve connections are
needed. Another six connections have to be done at the two T-pieces. In total this results
in 12 connections from which each can be a source of leakage. One further problem might
occur, if one valve shows a failure. Then the whole setup cannot be used. Both disadvantages
can be solved by using one 4/2-way valve instead of three 2/2-way valves. Using one valve
reduces the number of connections to four connections (see figure 4.3) and the probability of
valve malfunction.

! A/B-way means that the valve has A connections and B switch positions. For example: A 2/2-way valve
is a valve, which has two connections (typically one input and one output) and two switching positions
(on/off). This valve can switch the gas flow on and off.
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Figure 4.2.: Insertion of the purifier module into the buffer module. Valves V1 and V2 are
normal close (NC) valves whereas V3 is a normal open (NO) valve. The flow is
directed from left to right and is shown in thick lines.
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Figure 4.3.: Insertion of the purifier module using one 4/2-way valve. The number of con-
nections is reduced compared to the solution using three 2/2-way valves.

4.1.2. Piping concept

Before starting piping, a concept for this major step has been developed. This was done dur-
ing the design phase before building anything. During the design phase different approaches

have been developed. Two of them are described in detail in the following section.
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Fully modular approach

One approach was to build one dedicated module per function block. This means, the
functionality is encapsulated in a box, which has a well defined interface at the backside.
These modules can be stacked in a 19"-Rack for example and interconnected at the backside.
The connection at the back-panel is done using bulkhead connectors. In total, the number
of connections per module is given by the internal number of connections and additional two
connections per external link.

Figure 4.4.: Fully modular piping approach between two 4/2 way valves V1 and V2. The
interconnections are displayed as dots.

One advantage of this solution is the interchangeability and the reusability of the module.
On the other hand, more than about one hundred connections have to be done in addition
compared to the assembly group approach and their tightness has to be checked.

Assembly groups

Another approach was to build assembly groups without a well defined interface at the
backside. The interconnection between the modules is done by connecting the valves directly.
For the mechanical construction more flexibility is gained. There is no well defined interface
for each module and thus each interface can be designed very flexibly according to the present
situation. Hence less piping is required. One further advantage of this solution is that there
is no need for bulkhead connectors. One disadvantage points out, when looking at the
reusability. The building groups are not reusable for future projects. If the design should be
reused, this might cause a change in design due to different piping interface locations.

Decision

It was decided to use assembly groups instead of the fully modular approach. This decision
is based on the fact that the number of gas connections and through this, the number of
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Figure 4.5.: Assembly group piping approach between two 4/2 way valves V1 and V2. The
interconnections are displayed as dots.

possible leaks should be kept minimal as the purity of the created gas mixtures is of great
importance. Small amounts of contaminations can cause problems to the signal inside the
particle detectors. Hence, the number of connections was minimised to allow mixing gas
with a high purity.

4.2. System Overview

In this chapter, all assembly groups and their corresponding piping are shown. All described
parts are mounted inside the gas handling volume, which is shown in figure 4.6. The me-
chanical part of the UGMA consists of

Valves:

22 pneumatic driven 4/2-way valves
e 56 electrical controlled solenoid-valves
Piping:

e approx. 120m 6 mm stainless steel pipes

e approx. 20m 10 mm stainless steel pipes

e approx. 66 m 6 mm flexible tubing
Sensors:

e 18 pressure sensors
e 18 temperature sensors
2 other sensors (O, and H,O contamination)

The shown list just gives an overview of the most important parts, small things like adapters
mountings etc. are not listed. All items are mounted in the parts of the UGMA, which are
described in the following sections. Starting with a full overview shown in figure 4.7. In
all figures pipes might have been cropped. These lines are either unimportant pipes, like
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Figure 4.6.: View inside the gas handling section of the UGMA. On the right side one of the
two buffer is shown. Directly in front of the buffer the pumps of the buffer loops
are mounted. In the upper part one can see the valve island.

exhaust etc. or they are connections to other modules, which are not shown in the current
detail. All figures are derived from [74].

Each assembly group is protected against overpressure by a combination of a spring loaded
overpressure valve and a 2/2 solenoid valve. Each spring loaded valve has been adjusted to
3 barg [37] The solenoid valve can be used to reduce the pressure inside the loop controlled
by the pressure sensor.

4.2.1. Mixer

The way of the gas inside the mixer module is shown in figure 4.8. Starting from the bottles,
the gas flows through a combination of non-return valve (M102NR) and a 15 pm filter. The
non-return valve protects the supply line from gas flowing backwards and contaminating
the line. The filter prevents the system from particles, which might get stuck in the flow
controller or valves and cause malfunctions in these parts. After this the gas flows through
a 3/2-way manual valve (M103YH). This valve allows flushing the connection line to the
UGMA, when changing a bottle to another gas. Right after this the gas is sent to the MFCs
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Figure 4.7.: Overview of the piping of the whole system. [74]

(M105FC). Because the MFCs might be not completely gas tight, each MFC can be switched
off by a 2/2 solenoid valve (M104SV). Right after the MFC a 3/2 way valve (M106YV) is
mounted, to switch the gas flow to the exhaust. This mode can be used to test single MFC
without influencing the rest of the system.

The input pressure of each line can be up to 10 bara. Since the maximal pressure inside the
rest of the UGMA is limited for safety reasons to 4 bara, it is sufficient to supply the mixer
with a slightly higher pressure.

One group consisting of three MFCs (M145FC, M148FC, M151FC) can be equipped with a
heater. This possibility might be installed, when the system is operated in areas, which have
a lower temperature. Hence some gases might condensate and this unwanted effect should
be avoided by increasing the temperature.
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Figure 4.8.: Mixer section of the UGMA. (Based on [74])

4.2.2. Analysis Loop

The analysis loop (shown in figure 4.9) is the central assembly group inside the UGMA. Each
other loop can be connected to it. Connection to the other loops is done by pneumatic 4,2
way valves, e.g. L1A1XV, which connects buffer one to the analysis loop. For this loop, the
flow direction is drawn. Following the arrows the gas is flowing through different sensors.
First the temperature (A110TS) is measured and right after the pressure inside the loop
is measured (A109PS). After all this is known, the gas is sent through special sensors for
oxygen (A1140S) and water (A1130S). By opening the solenoid valve (A104SV) parts of
the gas can be send to the gas chromatograph (GC) to perform a full analysis of the gas.
The GC can also be sourced from each input line. This is needed for calibration purpose.

4.2.3. Buffer

When the UGMA is operated either in half-open or closed mode, a buffer volume is needed.
The buffer volume is shown in figure 4.10. The same volume is used when the gas mixture
is created by partial pressure mixing. If the buffer should be filled with a mixture it can be
connected via a 2/2 way valve (M1L1SV) to the mixing module described before. Inside this
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Figure 4.9.: Analysis loop, with direction of inner flow marked by arrows. (Based on [74])
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Figure 4.10.: One of the two buffers, which can be used for partial pressure mixing. (Based
on [74])

loop, a pump (L104PU) is mounted to create a certain pressure and to stir the gas, when
the buffer is in standby. The pressure before and after the pump can be monitored by two
pressure sensors (L103PS and L105PS). Via a solenoid valve (L1V1PSV) the buffer can be
connected to the vacuum pump and thus be evacuated. When the buffer should be used in
combination with the chamber circuit, the 4/2 way valve (L1C1YV) switches the gas flow to
the chamber.

In total two of the buffers exists, so that one can always supply the chamber and the other
one can be filled.

4.2 4. Purifier

If the gas gets contaminated by O, or H,O, it can be fed through the purification modules,
which are shown in figure 4.11.

In total, there are two purifiers of one kind. This allows regeneration of one, while the other
one is in use. The purifiers are not combined ones, like it is often done in other experiments.
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Figure 4.11.: One purifier module of the UGMA. (Based on [74])

Hence it is possible to measure the response of a detector to contaminations of e.g. H,O0,
while O, is removed.

The purifiers used for the removal of H,0O are filled with a molecular sieve with a size of
3 A. This material should only filter H,O and leave all other constituents of the gas intact.
Regeneration of this purifier can be done by evacuation to vacuum and/or flushing with dry
gas. [37]

The other purifiers are filled with activated copper and can remove O, from the gas. This is
done by controlled oxidisation of the copper, which binds the oxygen. Regeneration is done
by flushing the purifier vessel with a mixture of Argon and about 5 % hydrogen. By this, the
oxygen bound at the copper reacts with the hydrogen to water, which is exhausted. [37]

4.2.5. Chamber

Flow and pressure regulation of the connected detector (chamber) is done in two different
stages as shown in figure 4.12. Hence both the pressure and flow inside the chamber can
be controlled independently. Upstream of the chamber, the flow is regulated by a MFC
(C101FC). To know the parameters inside the chamber, the pressure (C102PS) and the
temperature (C103TS) is recorded at this point. At this point, an over pressure combination
protects the chamber from too much pressure. The spring loaded valve (C1X30V) is set to
the maximal pressure of 3 barg.
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Figure 4.12.: Pressure and flow control of the chamber. The gas is flowing from the left to
the right. Adapted from [74].

Behind the chamber, the flow is measured by a flow sensor (C201FS) and the pressure gets
regulated by a special pressure controller (C202PC). The pressure of the chamber can be set
independent of the flow in a range of 0-4000 mbara. If a pressure below ambient pressure
should be applied, the pump of the buffer must be used to create underpressure behind the
pressure controller to allow proper operation.

The analysis loop can be switched also before and behind the chamber to estimate which
contaminations are caused by the chamber itself and which are caused by the mixed gas.
The exhaust section of the chamber is shown in figure 4.13.
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20 11 L1l 2 MFC —{ K —<ExHAuST

T - C2X1FC
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Figure 4.13.: Exhaust section of the chamber loop and the mixer supply line. Adapted from
[74].

C283TU

If the chamber is operated in open mode, the MFC C2X1FC is set to fully open and the 2/2
way valve C203TV is closed to prevent the gas from flowing back into the sourcing loop. By
opening the 2/2 way valve M1C1SV the chambers can be sourced by the mixer directly.

If the MFC are fully opened, they act only as a flow sensor and no longer as a controller. In
normal operation C2X1SV is opened and C1X1SV is closed. Now the MFC is fully opened
and acts as a flow sensor.
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If the chamber should be operated in half-open mode, C2X1SV is closed and C1X1SV is
opened. Now the gas exchange rate can be adjusted by the setpoint of the MFC. For proper
operation of the MFC a certain pressure difference between input and output of the MFC is
needed. Hence the MFC is connected to the chamber supply pressure.

When operating in half open mode, we have to distinguish between two scenarios. One
scenario is a chamber, which is operated almost at ambient pressure. If the gas flows through
C2X1FC it causes a pressure drop, which increases the pressure inside the chamber. This
might destroy the chamber. Hence the controller is switched to the chamber supply line and
via its setpoint the rate of the gas, which is exhausted can be regulated. The other scenario
is a chamber which can be operated at higher pressures. Now the primary pressure is high
enough to supply C2X1FC in the exhaust position. This is the more optimal configuration,
because the gas from the chamber, which might be contaminated is partially exhausted. For
low pressure chambers the return gas first gets diluted and afterwards exhausted. Hence the
amount of contaminations inside the gas loop for high pressure chambers can be reduced
compared to low pressure chambers.

4.3. Explosion Safety

When handling flammable gases, explosion safety gets a topic. It is quite difficult and
expensive to encapsulate all parts, that they resist a possible explosion or that their stored
energy which might cause a spark is lower than the ignition energy.

The easier and realised way is to ensure that the concentration of the flammable gas always
stays below the critical limit, which is the lower explosion limit (LEL). For safety reasons
this limit is reduced by 50vol.-%. The LEL depends on the gas and varies from 1.4 vol.-%
for C;H,, up to 4.4vol.-% for CH,. In case of the UGMA all calculations have been done
assuming C,H,,. If other flammable gases should be used in combination with the UGMA,
it must be ensured, that their LEL is greater than 1.4 vol.-%.

To make sure that the gas concentration is always below this limit, the UGMA is split into
two parts. One part hosts all equipment, which handles the gas (e.g. valves, MFCs, etc.)
and the other hosts all electrical equipment (like power supplies). By this separation many
ignition sources have been moved out of the critical volume. To increase the safety the
critical volume is vented using a fan. If flammable gas leaks into this volume it gets drawn
off and hence no explosive atmosphere can establish. For proper operation the exhaust of
this fan must be connected to the outside, otherwise the flammable gas can accumulate and
the safety cannot be guaranteed. Every system has some leakage rate, which is reduced to
the minimum. To fulfil the requirements the leakage rate VL and the ventilation rate VV
must have the right relation.

E>50%LEL = 0.7vol.-% (4.1)

VV = C,H,, . =70 .

The critical volume is continuously observed by a gas warning system. In normal operation

the fan speed is reduced. If the gas warning system detects flammable gas, it triggers an
interlock and the fan speed increases to reduce the amount of flammable gas as fast as
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4.3. Explosion Safety

possible. At the same time all valves get switched off to turn the UGMA into a stable state,
which prevents the system and its ambient from damage. In addition to ensure that the fan
really pushes the air to the outside and is not just turning without conveying air, there is
a simple pressure sensor and a very simple Pitot-flow sensor mounted. By measuring the
dynamic pressure the amount of conveyed air can be calculated. [37, p. 37 f.]. The ventilation
section is shown in figure 4.14. All calculations regarding explosion safety are shown in detail
in [37].

Figure 4.14.: Photo of the ventilation part including the fan (right side) and ventilation
monitoring (left side). The system is connected on its very left side to the
exhaust to the ambient outside the lab.
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5. Electronics

5.1. System overview

After the definition of the mechanical part, the electrical part has to meet the requirements
and restrictions imposed by the mechanical design. Mainly the number of analogue inputs
and digital outputs depend on the mechanical design. Also the communication between the
control software and the electronics board is part of this concept.

Figure 5.1.: Photo of the electronics readout. In the upper part the crate with the analogue
and digital modules can be seen. Directly below this the CAN2ETH and the
three RS232ETH modules are mounted. Above the PC, which is the lowest
element the PDU and the internal Ethernet-switch is mounted. The white labels
mark the cables which control the valves or are connected to the sensors.
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It has been decided to use a commonly used 6 U crate with an 96 pole backplane for power,
CAN-Bus [93] and interlock distribution. A photograph of the setup is shown in figure 5.1.
The modules are described below.

The electrical concept has been implemented using following devices. The sensors are listed
in section 4.2. The modules are shortly described in the following section and in detail
in [37].

Modules:

3 16-channel analogue input boards

4 16-channel digital input and output boards

3 RS232ETH (bidirectional RS232 Ethernet bridge)

1 CAN2ETH (bidirectional CAN-Bus Ethernet bridge)
56 valve driver

18 PT100-transmitter

Cabling:

e approx. 180m 3 x 0,75 mm? HO5RR-F

e approx. 4m 3 x 2,5 mm? HO5RR-F

e approx. 40m 3 x 1,5 mm? HO7RN-F

e approx. 250m 2 x 0,05 mm? V(W) Hf-Y

Here HO5RR-F, HOTRN-F and V(W) Hf-Y is the concrete cable type, which is irrelevant
in the following part and just listed for completeness. Important is just the number of
conductors and their cross-section.

5.2. Communication

The CAN-Bus was chosen for the communication between the system devices. This bus
offers a flexible high speed communication with multi master capability. Communication is
done by using a special CAN-Bus transceiver Integrated Circuit (IC) [88]. This IC handles
all communication with the CAN-Bus. Basically the CAN-Bus is a multi-master bus, each
node connected to the bus can always send a message. If another client sends a message at
the same time, collisions and hence invalid messages may occur. The used transceiver IC has
a built in collision detection and the protocol of the CAN-Bus describes how the collisions
should be handled. Thus there are no invalid messages. A more detailed description of the
communication and the implemented message content can be seen in [37].

To get the data send via the CAN-Bus inside the personal computer (PC) for further analysis,
a small device based on a 8 bit micro-controller called CAN2ETH has been developed. This
device is a bidirectional bridge between the CAN-Bus and Ethernet (using the SubSystem-
protocol (see 6.1.1). [37, 8.5]

To communicate with the MFC devices a RS232 serial interface is needed. Today’s PCs does
not have many RS232 ports, because they have been replaced by universal serial bus (USB).
Hence a RS232ETH module, which is based on the CAN2ETH module has been developed.
This module is a bidirectional bridge between the RS232 port needed for the MFCs and the
Ethernet connection to the PC. [37, 8.5]
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5.3. Analogue inputs

For digitisation of the analogue signals from the 36 sensors, which are mounted inside the
UGMA, a special board has been developed. [37, 10.5]. These boards reduced the costs
compared to commercial available devices. 16 channels are placed on one ADC-Board. This
is caused by the limited space on the front panel. Each channel is equipped with a current
to voltage converter, a low-pass filter and amplification. After the signal conditioning, the
signals are digitised in a 8 channel digitiser with 12 bit resolution. These boards also supply
the sensor voltage of 24 V to the sensors.

5.4. Sensors

Inside the UGMA many physical values have to be measured. Most of them are temperatures
and pressures. Additionally, there are few other values which are necessary to determine the
status of the system. All sensors are connected via a 4-20mA interface to the Analogue-
Digital-Converter (ADC). If the sensor itself does not support this interface, the signal is
converted.

5.4.1. Pressure sensors

For each pressure region inside the system a pressure sensor with a proper range has been
selected. At chamber supply and inside the analysis loop the pressure sensors mounted
are more precise ones. They were chosen because the pressure inside the connected detector
should be known as precise as possible, to compensate pressure effects. Due to the possibility
of the analysis loop to be connected to every other loop, all other sensors can be calibrated
by comparison with this sensor.

Table 5.1.: Overview of the used pressure sensors

Sensor ‘ Accuracy ‘ non-linerarity ‘ temperature ‘ total error band
A-10 1% span 0.5% span | 1% span max. 2.5% span

40 mbar 20 mbar 40 mbar max. 100 mbar
P-31 | 0.05% span | 0.04% span 0.05% span / 10K 0.1 % span
2mbar 1.6 mbar 2mbar / 10K 4 mbar

The used precise pressure sensors are WIKA P-31 [92] with a span of 0-4bara. The other
sensors are WIKA A-10 [91] sensors with the same span. The maximal uncertainties of these
sensors are listed in table 5.1. To measure the primary pressure, there are three WIKA A-10
sensors with a span of 0-10 bara. Since they are just used to detect whether the primary
pressure is high enough or not, their uncertainties are not listed in the table.

The accuracy shown for the A-10 sensor includes uncertainties from non-linearity, hysteresis,
zero- and end-point deviation. Both sensor types have a long term stability of less than 0.1 %
of their span per year.
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5.4.2. Temperature sensors

All temperature sensors are industrial resistive Platinum sensors (Type PT100 [94]). Their
resistive signal is converted by a two wire transmitter and sensor conditioner [90] into a
4-20mA current. The measurement range of each sensor is adapted to the expected temper-
atures at the position where the sensor is mounted. This allows a good resolution for each
sensor. The sensor and converter is described in more detail in [37]. The accuracy of the
PT100 sensors of the accuracy class B according to [94, 5.1.3]:

o7 < 0.30°C + 0.005 - | T| (5.1)

5.5. Digital inputs and outputs

To control all valves, special digital input and output boards have been developed. Develop-
ment of these special boards reduces the costs as for the analogue inputs, for controlling the
56 electrical driven valves. [37, 10.6] The digital input output modules host each 16 digital
outputs and another 16 digital inputs. With one input and output, one valve can be con-
trolled. The output delivers a Transistor-Transistor-Level (TTL) signal, which switches the
valve. The digital input can be driven with a open collector output. Thus it is biased with
5V, which needs to be pulled down to change the logic level.

Furthermore a latched interlock circuit is located at the board. The interlock mechanism is
triggered if the voltage on one of the two interlock lines is switched off. This can be done
by either the gas warning system or by pressing the emergency button. One the interlock
is triggered, first the voltage on the interlock lines need to be restored. If the voltage is
restored, the interlock needs to be reset on each board by sending a special command to
the board. This makes the whole system more safe, because it does not start operation
after the interlock is closed again. When the interlock is triggered, the outputs are set to a
high-impedance modus. A proper level inside the connected device can be created using a
pull down resistor at the input.

5.6. Valve-driver

In addition to the 22 pneumatic driven valves, there are 56 electrical solenoid valves. Each
valve coil represents an electrical load of 9 W. Most of the electrical power is converted to
heat and thus the coil and therefore the valve itself are heated up. The maximal temperature
which could be measured at a permanently operated valve without active cooling is more
than 70°C on the surface. When the valve is heated, the gas temperature increases, too. This
effect can have a negative impact on the physical measurements and thus has to be avoided.
For reducing the heat input the power consumption of the valve needs to be reduced. The
full supply voltage of 24V is needed to switch the valve, whereas the valve stays open down
to a supply voltage of about 5 V. This gives the possibility to reduce the power consumption
of the system.
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Figure 5.2.: Photograph of the valve driver board mounted inside the connector. For clear-
ness, this picture was taken before the cables are connected.

A special valve driver, which is shown in figure 5.2, has been developed, which supports
switching the valve using a TTL signal. The status can be read back by an open collector
output. Thus it fits the connections of the digital board described above. When the valve
driver is asked to switch the valve it first applies a short 24V pulse and when the valve
has opened, it switches to a pulse width modulation (PWM) with a duty cycle of about
20 %. This reduces the average voltage to 4.8V and at the same time the average current
consumption is reduced. Using this driver the valve coil stays cool and no heat is introduced
to the gas.

5.7. Power distribution

Electrical power is distributed in two stages. One stage distributes 230V and another one
24V.

The 230V distribution (shown in figure 5.3) is equipped with a residual-current-operated
protective device (RCD) and several breakers to allow selective switching-off of the compo-
nents connected to this distribution. If parts of the system need to be shut down, this can be
done by using the breakers. Otherwise, if any device fails, the breaker triggers and only the
circuit with the faulty device is without power. All other devices can operate and observe
the status of the system. Inside the manifold, one hardware interlock is build in. If the
interlock is triggered, the fan is switched to the fast mode and carries more air through the
system to prevent a flammable atmosphere. Additionally all valves are switched off to put
the UGMA in a well defined state, which is designed to be safe. [37]

The 24 V manifold consists only of screw clamps, to which the various loads are connected.
Fach valve inside the system is connected to this manifold. Few other loads, as for example
proportional valves are connected, too. If a failure occurs in one valve, the over current
protection from the power supply will switch off the power. When the failure disappears,
the power is restored and operation resumes automatically.
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l kE

Figure 5.3.: The inside of the 230V distribution after its final assembly. Right after this
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picture, the case has been closed and mounted into the rack. On the left and
right side, solid state relais to switch various loads are mounted. All cables enter
the rack from the backside. On the front side the breakers and the Interlock
controller are mounted. [37]
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5.8. Valve island

For controlling the pneumatic driven 4/2-way valves, a valve island with 24 5/2-way valves
(type Ventilinsel MPA-S) has been installed [87]. In principle a valve island is a Programmable
Logic Controller (PLC) with pneumatic valves as outputs. Sometimes, they can also be
equipped with electrical inputs and outputs. But inside the UGMA, only pneumatic actua-
tors need to be controlled via this valve island. Hence a configuration with only pneumatic
valves was chosen.

The connection of each single valve to the cylinder of the pneumatic driven 4/2-way valves
is shown in figure 5.4.

cylinder of
4/2 way valve
o -~~~ ————- . |

|

exhaus
7

(O] [ [OV)

8 bar air
supply [>

valve 1sland

F————-—----
R I I

Figure 5.4.: Connection of the valve island to the cylinder of the 4/2-way valve. The air
supply and the exhaust lines are common for all valves of the valve island.

The valves of the valve island are controlled by the internal controller (type FESTO CPSX)
[86] (see figure 5.5). For interaction the controller is equipped with an Ethernet connection.
All configuration and communication can be done using this interface. For the use in the
UGMA, the communication is set to Modbus/TCP.

The implementation on the PC side is done using the open source library libmodbus. All
communication to Modbus is done via this library. With help of this library, the valve island
could be integrated into the existing software concept.
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Figure 5.5.: Picture of the mounted valve island. On the bottom, the flexible tubing for the
connection of the valve cylinders can be seen. The controller can be seen on
the left side. The orange LEDs on the top indicate, which valves are currently
switched on (valve 4 & 9).
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All software, which is needed to control the UGMA is running on a normal PC, which is build
around a server mainboard. The computer is equipped with one hard disk (500 GB) for the
system and one 1 TB Redundant Array of Independent Disks (RAID) system consisting of
two hard disks to store the logged data. By using a simple RAID, the data gets automatically
mirrored to the second disk. If one disk breaks, all data can be restored. For the system
this is not needed, since the source code of all programs is organised in SVN-repositories
which are stored externally. Because the PC has to handle the data from all sensors and
valve, it is equipped with a Intel quadcore processor, which provides eight cores via hyper
threading. Furthermore it is equipped with 16 GB random access memory (RAM). The
operational system of the PC is Debian Linux [108] (Kernel 3.2). The PC can be interfaced
at the UGMA via a touch-screen. The user interface can be seen in figure 6.1.

For controlling the gas chromatograph, there is a VirtualBox [110] running Windows 7 and
the proprietary GC-control-software ,,PeakSimple”. All other software inside the UGMA has
been written using open-source software.
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Figure 6.1.: Photo of the user interface of the UGMA. The touchscreen and the special
readout modules for the H,O and O, sensor are shown on the right. On the left
side the supply lines and the chamber are connected.
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6.1. Frameworks

The control and analysis software uses libraries, which encapsulate functionality and allow
easy access. Moreover the control software uses libraries, which already exist and have not
been programmed for the special purposes of the UGMA. These frameworks are described
in the following.

6.1.1. SubSystem

The SubSystem framework is a C++ library, which supports data exchange between different
programs and computers. The development of this library has been initiated by Dennis
Terhorst [105].

The communication inside this library is done by User Datagram Protocol (UDP)-packets.
These are sent and received by network sockets. Hence, the protocol can easily be adapted
and ported to other programming languages and platforms like microcontrollers.

One central element of the communication via the SubSystem is called server. This controls
the dataflow and is responsible for the forwarding of the packets sent by one client to the
others.

Communication is done via a subscription model. Each client can send data to a virtual
destination called abo. The data is physically send to the server. If data is requested to be
send to other clients, they need to subscribe the abo. There are no limits on the amount
of clients sending or receiving data of one abo. Also the amount of abos is not limited in
general. For the purpose of debugging or logging all data of one abo can also be logged into
a file.

Each packet sent to the server contains a field, which represents the type. For subscription
and other administrative purposes special packet types exist. Some of the most important
packet types are shown below.

SUPPLY signalises that the client plans sending data via this abo. The server recognises
this as a data source and assigns the supply flag to the client. On the other hand, if a
client sends data to the server, it is assigned as a data source by the server.

SUBSCRIBE This is the packet which tells the server, that the client would like to receive
the data sent to this abo. Without this packet no data are sent to the client.

UNSUBSCRIBE Via this command the client is able to unsubscribe the abo. Accordingly
no data from the abo can be received.

SETID The name shown inside the SubSystem server is set via this command. This is
helpful to distinguish various abos and clients.

SETDATA This is a special command. The data sent are just send to the clients supplying
data. All listening clients do not receive the packets. This mode is partially used for
sending commands.

The user data of the UDP-packet used for transmitting the SubSystem data are defined in a
struct called packet_t. This is defined as

type inside this field, the packet type described above is stored.
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namelength this field represents the length of the aboname. To split the following character
array between aboname and user data.

alldata All data are stored inside one character array. Aboname and userdata are separated
in this array by the C+-+ string termination character \0. The position of this character
must be identical to the position given by the namelength.

For use in embedded devices (like the CAN2ETH and RS232ETH modules) the basics has
been ported. Due to less computational power, it has been abstained from implementing
full functionality. Only parts, which are needed to ensure communication have been ported.
With the reduced functionality, the embedded devices can subscribe an abo and send /
receive data.

6.1.2. LibLab

For control of various devices used in the laboratory a collection of various software modules,
which act as an interface between the hardware drivers and the user application exists at the
II1. Physikalisches Institut B. This collection provides easy access to the hardware connected
to a computer. All modules are encapsulated in a C++-framework called LibLab.

The user can use functions of the device instead of taking care of programming the hardware.
The access to the hardware is encapsulated in functions. By this, the user can concentrate
on using the hardware and not programming the read and write functions. All devices used
by the UGMA were implemented using the structure of the LibLab-library. [109]

6.2. Software concept

The software concept is adapted to the data flow.

Basically the software concept consists of many different small programs. Each is responsible
for one task. The great advantage of this concept is that parts of the system can be changed
without influencing the others. Each software can be stopped and started again with a
different configuration.

It is possible to categorise all programs into layers. Between the programs communication
is done via UDP using SubSystem-protocol. The protocol is described in detail in section
6.1.1.

There are two main layers

local control This layer is directly connected to the hardware. Each program controls small
parts of the hardware like a group of MFC connected to a gas line.

global control This layer connects different programs of the local _control layer. All gas
lines are connected via the mixing program such that the gas conditions always behave
like expected. For instance, if a larger chamber flow is needed, this request is passed
to the mixer program, which computes the new setpoints and sends them to the gas
line.
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6.3. Data flow inside UGMA

During programming attention has been given to flexibility and reusability of the software.
It is possible to start the same program with different configurations. This makes it easy to
change the programs controlling the gas lines. Fach line should behave like the others but
they control different MFC. The configuration for each line is stored in a file and parsed by
the program during start.

Parts, which are needed more often were transferred into libraries. Some libraries can be
used with a complete different software, not necessarily in scope of the UGMA.

6.3. Data flow inside UGMA

The data flow inside the UGMA is shown in figure 6.2. Here the path of the data from sensor
A110PS, which is the pressure inside the analysis loop is shown as an example.

First the current signal from the sensor gets digitised and is sent via the CAN-Bus to the
CAN2ETH converter. There it is converted into SubSystem packets and send via Ethernet
to the central control PC. Now the data from the CAN-Bus are splitted into digital and
analogue parts. Each part is fed into the corresponding software.

Both programs have in common, that first the identification is changed from the board and
channel number to the six-character name, which is described in detail in A.1. After this
mapping, the data are processed individually. The programs are described in section 6.4
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Figure 6.2.: Overview of the internal data flow.
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6.4. Programs

All programs are running on the PC inside the UGMA. All of them are hidden from the
user. The user can only interact with the user interface ,webcontrol“ described in section
6.4. Via the ,webcontrol® commands are send to the other programs to trigger various
actions. Communication between different programs is done via sending SubSystem-Packets.
If an action is triggered via the user interface this is also done via sending such packets.

In the following a very short overview of the different programs running is given. This
description does not go into detail.

Sensor Readout The data received from the analogue inputs is given in arbitrary ADC
counts. This value is converted into a current using a calibration formula, which is stored in
one MySQL-table. Now the conversion into the physical value measured by the sensor can be
done using the conversion, which can be derived from the data-sheet or optional calibrations.
As a final step these values are stored in MySQL-tables for later analysis. To trigger further
action, the data is sent to other programs, which need the data of special sensors. This is
done using the SubSystem-protocol.

Valve Control This program is rather simple. It converts the incoming switching requests
into the commands, which are needed by the digital board to perform the action and as
a second step it logs the switching times of the valves into one MySQL-table. If something
inside the system is going wrong the status of all valves can be reconstructed from the logged
data.

Mixer The mixer is the central part of the UGMA, because it defines the quality of the
mixture. The mixture is fed with the gases connected and the requested output mixture
and it calculates the needed setpoints. If the chamber is operated in direct flow mode, the
setpoints are directly send to the corresponding ,line control* programs. If partial pressure
mode is used, the partial pressured are computed on demand if a new mixture is going to
be created. When the mixing is done, the measured partial pressures are send to the mixer
and it computed the filled mixture.

Implementation of the mixing algorithm The implementation of the algorithm described
in equation 3.3 is encapsulated in a C++-library. It has been taken into account, that either
mixture or pure gases can be chosen as a starting point.

To create the matrix a vector is assigned to each gas. The concentration of the gas is saved
at the appropriate position. As an index for the gas, the unique identifier from the internal
MySQL-database is taken.

Handling matrices and vectors is done by the RO0T-toolkit [100]. The class TMatrixD supplies
all functions, which are needed for solving of such set of linear equations. Due to the fact,
that the matrix is not square, only few algorithms can be used. For this implementation
Singular Value Decomposition (SVD) from TMatrixDecompSVG is used.
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This algorithm factorises the matrix M, which consists of n columns and m rows, into [101]
M=USVT (6.1)

where U is a unitary m X m matrix, VT is the conjugate matrix to the unitary n X n matrix
V and S is a real m x n diagonal matrix. With this help the pseudo-inverse matrix M’ can
be derived.

M =VvSsiuT (6.2)

The matrix ST is given by

1 i 20
st=(s};) with sT:{ sy sy 7 (6.3)

" K 0 else

M’ is now the pseudo-inverse matrix, which solves the equation.
MZ=b (6.4)

All transformations are handled inside of ROOT. This allows a clear programming of the whole
calculation.

Line Control If there are more than one MFC per line mounted, this program selects that
MFC which produces the smallest flow error. Furthermore the data of the MFCs are read
back and logged into the corresponding MySQL-tables. The program sets the conversion factor
and reference gas received from the ,mixer”.

Chamber Flow For the chamber there are some parameters to control. At first the gas
source, here the user can select between using one of the buffers or the mixer. Depending
on the gas source the chamber supply MFC is configured. If the flow is already regulated by
the ,mixer” it is set to fully open to avoid strange scenarios, which might occur, when the
flow is regulated twice.

As a second step the operation mode of the chamber is selected. This can be changed
continuously by the recycle ratio between open and close mode. Depending on this the MFC
in the chamber return path must be opened.

At least this program sets the pressure inside the chamber by sending the right setpoint to
the pressure regulator.

The program does not care about the order how to set the parameters of the chamber. So
every parameter can be changed separately. To avoid situations which are not allowed and
might probable damage the system or the connected experiment, the program filters the
commands and accepts only valid ones.

Partial Pressure This program controls the process of the partial pressure mixing. The
partial pressures are calculated by the ,mixer”. Hence this program opens and closes the
valves at the right pressure. At first the buffer is evacuated. After this the mixture is filled
and at the end the pump inside the buffer is activated to stir the gas.
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Sampling Source Manager The analysis loop can be switched to various positions and
additionally it can be opened to ambient pressure. It must be ensured that the analysis loop
is only connected to one loop at the same time. Otherwise the gas flow gets mixed up and
the system might get into an unstable state.

If a sampling source is selected the program reads the corresponding action (e.g. open valve)
from the database. Before opening the next valve it first closes the already open valves. This
ensures that the analysis loop is only connected to one loop.

PDU Control Inside the PDU, there is a small board, which can be controlled via CAN-
Bus. This board switches eight solid-state relays, which are connected to the heaters of the
purifiers and the pumps. Five of the relays can be used to regulate the temperature in the
purifiers, since they can be operated in a wave-packet-modulation. This means, they are
only switched on for a very short O(100 ms) time. The average voltage applied to the heater
get reduced.

Further there is one relay which switches the global interlock. So the user can always deac-
tivate the whole system when he can see the user interface and detects strange behaviour.

Purifier Temperature The temperatures inside the purifier should be kept constant, be-
cause the absorption of the material is temperature dependent. This program is able to
control the temperatures by sending the right setpoints to the PDU.

Vacuum Manager The vacuum manager is just a bookkeeper, which switches on the vac-
uum pump when the first valve to the vacuum line is opened. When the last valve is closed,
it switches off the pump.

Webcontrol In some cases the user will not be able to control the UGMA at the device
itself. This might be caused by positioning the UGMA inside an restricted area related to
radiation for example. Sometimes access to the whole experimental hall is prohibited during
the measurement period. Hence, operating the system should be possible from remote. In
order to have the same layout, one interface has been developed which can be used locally
and remotely. Since there is absolute no difference between both interfaces the user needs
only one training instead of two for the local and remote control. One view to the user
interface is shown in figure 6.3.

The whole user interface is written using HTML, PHP and JavaScript and it is displayed
locally using a normal browser. Via the user interface all necessary parameters and measured
values can be accessed. For easy and uncomplicated usage, the names of each sensor are
extended by their mounting position. The user switches for example the exhaust valve of
buffer 2 and not valve L2X2SV. By this also untrained people are able to operate the system
without having a look at the flow schema shown in figure 4.7.
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Figure 6.3.: Screenshot of the webcontrol application showing the analysis page. At the
lower left the history of the H,O contamination is shown. In the lower right the
pressure and temperature history of the analysis loop is shown. In the upper
part the latest measurements are shown.
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Mixing a gas mixture can be done by various methods. The methods used and tested by the
UGMA are described in the following. To reach the highest possible precision and accuracy
it is mandatory to know the mechanisms behind the mixing processes.

For detailed analysis regarding the accuracy of the mixing methods please have a look at
section 11.2.

7.1. Parallel flow mixing

7.1.1. Function of a Mass Flow Controller

Inside the whole UGMA nine MFC of various types are mounted. Even if they have different
configurations regarding the maximal and hence minimal flow or the pressure drop across
the device, they all use the same principle to measure the gas flow. One additional device,
the mass flow sensor of the chamber return line uses this operation principle too. In principle
this device is a MFC without the valve, which controls the flow.

The flow gets measured via its heat capacity. A schematic view of the inside of a MFC is
shown in figure 7.1. First the gas flow gets filtered by a turbulence filter, which should ensure
laminar gas flow through the device. Then a constant fraction of the flow is separated and
send through the sensor tube. This fraction is set via the laminar flow element. The flow
resistance of both devices sets the fraction. The laminar flow element consists of multiple
discs with precision-etched flow channels which are only a few microns in size. [50]

The gas flowing through the sensor tube gets heated by the first heating element. Afterwards
it passes a second heating and measurement point, which just measures the gas temperature.
If the first heating element is at constant temperature, the temperature at the second element
depends on the gas flow. If flow is applied, the first element gets cooled and the second one
heated. This results in a temperature difference to the temperatures at these points without
flow AT. This temperature difference is proportional to the flow. Due to the flow-split by
the laminar flow element, this signal is also proportional to the total mass flow rate. [50]

The flow is regulated by a proportional valve, which is controlled by a proportional plus

integral plus derivative element (PID) control. This regulation algorithm ensures with the
right parameters, that the valve opens in a stable way.
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Figure 7.1.: Schematic view of the inside of a MFC. Figure taken from [50].

7.1.2. Uncertainty of the mixture

Two of the three gas lines are equipped with three MFC. Their maximal gas fluxes are
designed as a logarithmic scale and can support 0.01VmaX, 0.1VmaX and Vmax. For pure
Argon Vmax is 100 ¢, /h. For other gases Vmax is reduced by the correction factor. This grade
allows a wide range of 0.002 — 100 ¢, /h of flow. The lower limit of each MFC is given by the

datasheet [48] as

) 1 .

Vmin = % . Vmax (71)
This means, that some of the MFC overlap in range. The uncertainty of the flow of a MFC
is given by [48] ' .

oy =0,8%V + 0,2 %Vinax (7.2)

Over the whole flow range, which can be covered by these two lines, the relative error varies.
In figure 7.1.2 the relative error of the three flow ranges is shown. In the region, where the
flow ranges of two MFC overlap, the uncertainty can be calculated either for the MFC with
the lower and upper maximal flow.

lower range  V = Vinax = %/ =0.8%+0.2% =1% (7.3)
upper range  V = 0.1Viax = (%/ =08%+0.2%-10 =2.8% (7.4)

When selecting the MFC, it should be chosen such that the relative error is minimal. If there
is no MFC available for the selected flow, the mixing process must be stopped. Otherwise
the quality of the mixture cannot be guaranteed.
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Figure 7.2.: Theoretical relative error of MFC over the entire flow range. The error of each

MFC is only shown in the region, this MFC is used.

To get the uncertainty of the final mixture, the errors of all three lines have to be propagated.
If one is interested in the error on the fraction o,,, the error propagation also needs the input
flow of every line V;. With the knowledge of the specific MFC which is used inside the line,
the uncertainty of the flow can be computed using equation 7.2. The equation depends on

the maximal flow, which can be fed through the MFC.

The total flow Vg is given by
e=3"V,
i
and its uncertainty is given by
N
=Y (e;v;) o
i
The partial differentiation of 7.5 with respect to V; results in

3VG 8(‘/1 + V2 + Vd)

. =1
oV; oV

(7.7)
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By combining this equation with 7.6 gives the simplified solution for the error on the total
flow of a given mixture.
=> o} (7.8)
i

Starting from a given flow in each MFC, the fractions of the mixture can also be calculated.

i W
Zn Vn VG
The error on each fraction is given by
N2 N2
072], = <a77’> 0‘2% + < 87.71 ) 0‘27 + correlation terms (7.10)
’ oV i oVa ¢

To avoid the correlation between oy, and TV, in the formula above, equation 7.9 can be
written as .
Vi
Vi+Vo+ Vs

Now the errors are no longer correlated, since they are derived directly from the MFC. Hence
the error on the fraction can be calculated by

: 2
wf o
2 7 2 7 2
on = g : oz, = g —— o (7.12)
" <avk B\,
The differentiation can be expressed by

O (Vi \_(T.Va)du-V

After further mathematical transformations, the error on the fraction can finally be expressed
by the following equation

k

This equation can be split into two parts, one is the gas line whose fraction is going to be
calculated and the other gas lines.

1 .
@:%(W QJ+W§0 (7.15)

By using V; = 1; Vg this equation can be simplified.

2 1

Op = =3 (1—mn)?o? —|—T]ZZO' (7.16)
VG

k#i
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7.1.3. Conversion factor used inside a Mass Flow Controller

If the gas sent through the Mass Flow Controller (MFC) is not the gas the MFC has been
calibrated with, a conversion factor has to be used. Either this factor is already integrated
in the MFC as a polynomial function. Otherwise the factor has to be calculated. If the
conversion is already done inside the MFC it is more precise, because not only a single factor
is stored.

Connection to Fluidat-On-The-Net Taking a closer look at the webpage of Fluidat-On-
The-Net (FDN) [95] it is pointed out, that it is possible to integrate the calculations into
the UGMA. The manufacturer of the MFC points out, that the accuracy of the conversion
factors from this page is much better than those listed in the datasheet [96]. The values of the
datasheet have been copied to the MySQL-database of the UGMA to do further calculations.
One possible explanation might be, that the calculations respect the special characteristics
of the MFC. But all calculations are hidden, so the difference between the factors of the
datasheet and FDN can not be pointed out.

A small program has been created which is able to get the conversion factors from FDN.
But the resulting values should be verified before they are used for mixing the gas.

Calculation One important tool for calculating the conversion factors is the webpage Fluidat-
On-The-Net (FDN) [95] from Bronkhorst High-Tech GmbH. On this page a lot of conversion
factors for different MFC and flow conditions are provided. But this page is not that helpful,
when the UGMA is operated without internet connection. There is no version of the web-
page, which can be used offline. This is one of the reasons, why an alternative conversion
was developed and the calculation has been reconstructed.

Inside the MFC calibrations for some gases are already stored. But if a gas is fed through the
MFC, which is not part of the calibration table, the measured values need to be converted. If
the conversion is not done, the displayed value differ from the real gas flow. The conversion
must be done the other way around, when applying a new setpoint. This correction is done
by multiplying the measured flow inside the MFC Va by the conversion factor K 1,2- The
result is the converted measured flow.

Vi=Kio Vs (7.17)

A table with many conversion factors is given in [96]. Inside this table, the conversion factors
have been calculated using N, as reference. Hence, the conversion factor for pure nitrogen
is K =1.

If the MFC is configured for Ar, and Propane C;Hg is sent through it, all values need to be
converted by K C4Hg Ar; which is the conversion factor from Ar to C,Hq.

) . Kc.u, N, 0.34 :
Vi =K p o VA= —32 Vi, o= —— Va, =0.243 - Va, 7.18
C3Hg CzHg,A A KAr,N2 A 1.4 A A ( )
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The conversion factor K is defined according to [97, S. 15]. Where ¢, represents the specific
heat capacity and p the density of the gas.

C .
K=l Pl (7.19)
Cp,2 " P2
If the conversion factor is to be calculated for a given gas or mixture, at first, the heat
capacity needs to be determined. The molar heat capacity of a single gas is given by the

Shomate-equation [104]
Cpmol (T) = A+ BT+ Cr* + D73 + Er72 (7.20)

Here the temperature 7 is scaled such that it can be derived from the ambient temperature
via 7 = T'/1000. Together with the molar mass, the specific heat capacity can be derived.

Cp,mol (T)
Mmol

These equations can be extended to be used with mixtures of gases. The manufacturer uses
a oversimple equation. [97, p. 16]

ey (T) = (7.21)

1 nv,i
= d 7.22
Kmix zz: Kz ( )
In this equation 7y; is the volumetric part of gas ¢ inside the mixture. But on the other
hand the approach via the Shomate-equation can also be extended for use with mixtures.

The specific heat capacity of a mixture is given by
& = Z NiCp,i (7.23)
i

This equation can be extended for usage with the Shomate-equation. Each coefficient (A-F)
needs to be weighted with the fraction of the gas (n;).

A= "niA (7.24)
i
The same is valid for the other coefficients. The density of the gas mixture is given by

Pmix = me (7.25)

The MFC use temperature differences for measuring the mass flow and by this the volume
flow. Hence this must be taken into account. The Shomate equation (7.20) describes an
approximation for the temperature dependence of the heat capacity. In the datasheet [97, S.
15] a temperature of 50 °C is mentioned. Using this temperature for calculating the conversion
factor gives results, which can be compared with the tabulated values. Nevertheless the
density should be used at norm conditions (1013 mbara and 0°C)

Using the equations above, the conversion faktor can be calculated.

¢.i(50°C) - p;
K, = — 2~ 7.26
computed,i CpN, (50 OC) PN, ( )
By using equations 7.23 and 7.25, this equation can be extended to be used with gas mix-
tures.
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Comparison with tabulated values If nitrogen is chosen for the basic conversion, the val-
ues given in the table of the datasheet [96, Appendix 2| can be derived directly. For the
calculation gas specific parameters, like density, heat capacity and molar mass, are needed.
Most of them can be found on the webpages of National Institute of Standards and Tech-
nology (NIST) [104]. To solve the problem of restricted internet access, a local database has
been developed. All these values can be downloaded and stored in the database. Normally
the values stored locally are used. If the gas is not known from previous runs, the infor-
mations need to be aggregated. This can be done either manually or automatically by the
program.

In table 7.1 a comparison between the computed factors using equation 7.26 (Kcomputed),
those which are given in the datasheet [96] Kppr and those which are calculated by FDN
(Krpn) are shown. The values for Kppr and Krpn were looked up manually and also saved
in the database.

For the mixtures (data source ,MIXTURE®“) Ky has been calculated using equation 7.22.
K omputed Was computed using equation 7.26 and the values from the Shomate-equation for
mixtures.

Table 7.1.: Conversion factors for different gases.

Gas plkg/m3] Myl [g/mol] K, computed KBHT Kppn  data source
Ar 1.7835 39.948 1.4013 1.40 1.4000 MySQL
0, 1.4287 31.9988 0.9865 0.98 0.9814 MySQL
CH, 0.7173 16.0425 0.7945 0.76 0.7639 MySQL
CF, 3.9455 88.0043 0.4520 0.44 0.4381 MySQL
CO, 1.9770 44.0095 0.7563 0.74 0.7358 MySQL
C,Hy 2.7030 58.1222 0.2654 0.25 0.2494 MySQL
iC4H10 2.6880 58.1222 0.2713 0.25 0.2510 MySQL
He 0.1784 4.0026 1.4033 1.41 1.4060 MySQL
Xe 5.8965 131.2930 1.3930 1.38 1.3750 MySQL
N, 1.2501 28.0134 1.0000 1.00 1.0000 MySQL
CO 1.2502 28.0101 1.0003 - - MySQL
T2K-Gas 1.8665 41.7532 1.2251 1.3482 - MIXTURE
SynAir 1.2928 28.9659 0.9997 0.9994 - MIXTURE
P10 1.6769 37.5575 1.3021 1.3360 - MIXTURE

For now the flow is corrected using Kppr. If we are able to analyse the mixture at a level,
that the effect of different corrections can be seen, one should consider doing a comparison of
the different calculation methods. The uncertainties introduced by the additional correction
factor become only visible, when a gas is send through the MFC, which is not part of the
internal calibration table. Up to now, all mixtures, which have been created using the MFCs
only, used the internal calibration. Very few gases (e.g. C;Hg), which are not part of the
internal conversion table, have also been mixed. But mixtures using those gases were created
using the partial pressure mixing mode. In this mode the uncertainty of the gas flow can be
neglected.

The main difference between the values which are calculated by equation 7.26 and the values
given by the manufacturer in [96] and [95] is that Kcomputea does not take the viscosity of the
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gas into account. The calculations behind KggT and Krpy are hidden by the manufacturer.
During development of equation 7.26 it was not possible to implement the influence of the gas
viscosity, because the bore diameter and the internal geometry of the MFC are not known.
The approach using the Shomate-equation should be understood as the last solution, if no
other is available.

The additional uncertainty introduced by the conversion factor can be taken as a systematic
error, because the flow is either over- or underestimated constantly. Since the values of
Kgpr are only given at a precision of 0.01, this can be assumed for a very conservative error
estimation. The converted flow Vto can be calculated by

KBHT, to

Vto = K Vfrom (727)
BHT, from
If we assume an error on both conversion factors of oxp, = 0.01 the resulting uncertainty

can be calculated as

o) 2 2
b2 Viom 52 Kgur, 10 4 Kgur, 0 2 (7.98)
Vio — K2 Kpur, to T 2 KBHT, from V2 Virom :
BHT, from BHT, from from
This equation can be simplified to
: 2 2
V2 K K
2 from BHT, to 2 BHT, to 2
Mo = K2 e Tt T 72 T, (7.29)
BHT, from BHT, from from

To compare the resulting error, the following scenario is assumed: CH, is send (Kpur, to =
0.76) through a MFC, which is set to Ar (KBHT, from = 1.40). If the flow controller is set to
the internal calibration, the error on the flow can be calculated as

KBt to

= 7.30
KBHT, from ( )

o .
‘/to, int ‘/from, int

because it is adequate to assume, that the measured and maximal flow just scale with the
conversion factor. Using this we can calculate the additional error for the scenario above.

0.76\*| 0.012
t ( 1.4> ] 142 Vo, ime (7-31)

66.06-10—6

2 Y72
O-\'/m_‘/from

If we further assume that the used MFC is rated for Vmax = 1004,/h Ar and is set to
V =50/, /h we can calculate the flow uncertainty using 7.2.

0.76
Vi e = 1 (08% 50 /b +0.2% 100 65/h) = 0.326 4, /h (7.32)
oy, = \/(50 £n/h)? - 66.06 - 106 + (0.326 £, /h)? =0.3314,/h (7.33)

Using an external conversion factor increases the flow uncertainty in the scenario above by

about 1.6 %.
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7.2. Partial pressure mixing

7.2. Partial pressure mixing

The uncertainty of the mixture created by the partial pressure method is not easy to compute.
This is caused by the mixing algorithm itself. The mixture depends on the timing inside
the software, because the software closes the valve and stops the flow. Further delay might
be introduced between sending the command and receiving the command inside the digital
output unit. On the other hand it also depends on the ambient temperature. If the gas
expands, it cools down and the pressure decreases. The software itself tries to correct for
effects which are caused by cooling or heating the gas. For this purpose between each
filling step a break of two minutes is inserted. After this break, experience has shown that
the pressure is stable and does not influence the mixture. If the ambient temperature and

pressure history (mixing P5) |
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Figure 7.3.: Pressure history during partial pressure mixing of P5 (Ar 95%, CH, 5%). All
four phases of this process can be clearly seen. At first the buffer is evacuated.
Right after this after about 20 min filling of Ar is started up to 1100 mbara. Then
after 28 min filling of CH, is started. After about 42min the flow is reduced.
After 54 min Ar is filled again to finish the requested mixture. The reduction of
the flow and the breaks between filling of both gases can be seen.

accordingly the temperature of the vessel varies, the pressure inside the vessel varies, too.
This can cause further uncertainties.
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7. Mixing gas

For all pressure calculation methods, the mixing software, which opens and closes the valves
behave the same. The mixing algorithm consists of six major steps, which are always done.
The gas lines are sorted by their primary pressure.

1. Evacuation of the buffer. To save pumping time, the buffer is just evacuated to about
15 mbara.

2. Fill inert gas like Ar to 100 mbarg. Further this line is supposed to have the highest
primary pressure.

a) Open valve and close when fill pressure is reached.
b) After delay of two minutes measure final pressure, which is used for mixture
calculation.
3. Fill first gas line up to its partial pressure.

a) Open valve, if this gas needs to be filled, and close when fill pressure is reached.
b) After delay of two minutes measure final pressure, which is used for mixture
calculation.
4. Fill second gas line up to its partial pressure.

a) Open valve, if this gas needs to be filled, and close when fill pressure is reached.
b) After delay of two minutes measure final pressure, which is used for mixture
calculation.
5. Fill rest of inert gas to match its partial pressure.

a) Open valve and close when fill pressure is reached.
b) After delay of two minutes measure final pressure, which is used for mixture
calculation.
6. Calculate mixture filled in the buffer based on the measured filled partial pressures.

7.2.1. Using ideal gas

Computation of the mixture is done by adding the partial pressures Ap; filled into the
vessel.

pc =Y Api (7.34)

The fraction of the gas is simply given by dividing the partial pressure by the end-pressure
pG-

Ap;

i = P (7.35)
yze
The uncertainty of the fraction can be calculated as well
o2 = Z ( On; )2 oX (7.36)
i Z 8Apj P
1 2
- Z4<5U2Apn_¢pi> o2, (737)
i PG n
=pc
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7.2. Partial pressure mixing

Since this mixing algorithm uses the pressure sensor inside the buffer. Under the assumption,
that oap, does not depend on the pressure, it is the same for all gases. Hence the equation
can be simplified, ngas represents the number of gases in the mixture.

1
U72h‘ = p4 [p2G - 2pGApi + ngasApzz] O'QAP (738)
G

The mixing program also measures the pressure for all three possible gas lines, even if they
are not filled into the buffer. This is done due to programming issues and just causes a
longer break for the gas, which has been already filled (Ar) to expand. Hence we have to
set ngas = 3 for all mixtures. The uncertainty of the pressure difference o, can be derived
from the error of the pressure sensor.

onp = V20, (7.39)

The final uncertainty of the gas component can be calculated using equations 7.38 and 7.39.

1
o5 = oL (P& — 2pc - Api + 3Ap7] - 207 (7.40)
G

For the mixing process using the ideal gas law, the equation above can be simplified using
Ap; = nipg-
on = iz [1—2n; +3n7] - 207 (7.41)
Pa
This is the theoretical statistical error of the mixture. In addition to this error, one has to
look at the systematic uncertainty introduced by the filling algorithm. The filling program
switches the gas flow off, when the pressure inside the buffer pyuger is greater or equal to the
sum of start pressure pg and requested pressure difference Ap;. Due to expansion of the gas,
the pressure needs some time to settle. This causes a pressure difference, which always points
to lower concentrations. During the development of the partial pressure mixing software, this
effect has been reduced to a minimum.

7.2.2. Using Redlich-Kwong equation

For larger molecules, e.g. iC,H,,, the ideal gas law reaches its limits and results in larger
differences between computed and mixed fractions. For using large molecules in the UGMA,
the mixing algorithm (see section 3.2) has been extended. A more real description of gases
is given by the Redlich-Kwong-equation [32]

RT a

= — 7.42
PV VIV ) (742

This equation can also be written in a form, which is similar to the ideal gas law:
PViol = ZRT (7.43)

The ,correction” factor Z is given by
1 2p

Z=—>---2 7.44
1—h 1+4h ( )
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7. Mixing gas

A and B can be derived from either the van-der-Waals parameters a and b or from the critical
temperature T and critical pressure po

9 a Tgfr’
b Tc
B=—  =0.0867T——: 7.46
RT poT ( )
Together with these values the parameter h can be calculated as
B b
h="_ (7.47)

Z Vmol

The mixing is done by calculating the volume fractions at 273.15 K and 1013.25 mbar. As a
first step the particle number is given by

AN = (ZRT)™ " Ap- Vg (7.48)

Then the volume difference AV is calculated by multiplying the particle number AN with
the molar volume V0.

AV = AN - Vi (7.49)
= (ZRT)™" Ap- Vo * Vinal (7.50)
With this, the fraction 7; can be calculated
AV; Z7 ApiVinoli

m = = — (7.51)
2 AV Y Z ApiVinel

In each equation, the molar volume is defined via the molar mass My, and the density p.
Mmol

p (273.15 K, 1013.25 mbar)

The conditions T' = 273.15K and p = 1013.25 mbar have been chosen to create gas mix-

tures which are comparable to those from commercial gas suppliers. The conditions are

normal conditions according to DIN 1343 [85].These conditions are also used to compare the
measured results with the simulations.

Vinol = (7.52)

To calculate the partial pressures equation 7.51 has to be solved. This is not possible ana-
lytically. Hence, the solution is obtained using a numerical minimisation of the variable m,
which is defined by the squared deviations.

m = Z (771' - ni,set)z (7'53)

The pressures given by this minimisation are used for mixing the gas.

To compare the pressures calculated by Redlich-Kwong to the values calculated by the ideal
gas law the differences of a binary gas mixture is shown in figure 7.4. For this test, the gas
of interest is mixed with Argon. The differences depend on the gas used and is proportional
to the size of the molecules.

A similar behaviour can be observed looking at the buffer end pressure. For a fixed mixture,
the pressure difference between both methods increase with increasing end pressure. This
is related to the increasing partial pressure and through this the effect of gas corrections
becomes more important.
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7.2. Partial pressure mixing

real gas effect on mixture
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Figure 7.4.: Deviation of the partial pressure calculated by the ideal gas law and the Redlich-
Kwong equation. The fraction of the gas which is tested is always at 5vol.-%,
balance is Argon. The buffer end pressure is varied.

7.2.3. Contamination caused by old mixtures

We now want to consider, that the vessel is not evacuated to O mbara. To limit the evacuation
time the minimal pressure is set to 15 mbara. If the buffer is filled up to 3 bara only 0.5 vol.-%
of the gas used before stays inside the buffer. This value is low enough for continuous running.
If only single buffers are used, for special short measurements, the option of repeating the
procedure to reduce the contamination should be considered. By evacuating the buffer to
15 mbara, the fraction of each gas is given by

/_ PitMiold " 15 mbar
i =

(7.54)

pmax

where p; represents the partial pressure of the gas i. But even if the gas is no longer present in
the mixture, there might be contaminations left. The maximal pressure pmax is the pressure
of the vessel at the end of the mixing process. The pressure pp, which is used for calculation
of the partial pressures is given by the difference of pmax and pogget =~ 15 mbara.

PP = Pmax — Poffset (7-55)
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7. Mixing gas

With this filling pressure, the pressure difference of each gas is calculated Ap; = n; - pp. If
the previous mixture has been done using the same pressure pmax = 3000 mbara and same
pressure offset, equation 7.54 can be simplified to

i =1 4+ 0.5% - 1 01d (7.56)

The contamination from the old gas can be reduced by a higher maximal pressure or a lower
offset pressure. A higher maximal pressure can only be achieved if the input pressure is high
enough to allow a reasonable flow. The lower offset pressure results in a longer pumping
time and hence a longer time until the mixture is produced.

7.2.4. Time needed to create a gas mixture

The time for the production of a mixture strongly depends on the number and type of gases.
A mixture from two gases is more rapidly created than a mixture from three gases. The
type of gas becomes relevant, when opening the bypass-valve which is only allowed for non-
flammable gases. Flammable gases must be fed through one MFC and hence the maximal
flow is limited to about 504, /h for CH,. When the gas has to be sent through an MFC,
the amount of gas to be filled is also important for the estimation of the mixing time. A
distribution of the mixing times can be seen in figure 7.5.

Time for mixing one buffer

v 25
% B .Bufferl
g B .Buffer2
o 20—
Q B
IS
S o
c o
15—
10—
5_
O IIlIIIIlIIIIlIIII
0 6 7 8 9 10

mixing time [h]
Figure 7.5.: Distribution of the mixing time for one buffer for various gas mixtures. Large

times result from filling large amounts of iC,H,,. The distributions for buffer 1
and buffer 2 are stacked.
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8. Analysis of mixed gas

The regulation is well tested and works reliably. In addition it is possible to analyse the
mixed gas and look for contaminations or admixtures caused by impurities.

For this purpose an analysis loop is built in. This loop can be switched into different positions
of the system. Additionally all three inputs can be fed through the loop for calibration
purpose. Normal operation position of this loop is at the chamber return line. In this
position it determines the contaminations accumulated inside the chamber.

For the determination of the general composition of the gas mixture it can be fed through
a gas chromatograph. This device is able to measure the individual gas components with a
precision of 0.5vol.-%. The resolution strongly depends on its calibration.

(Gas-based particle detectors are very sensitive to contaminations caused by oxygen or water.
For measuring these gases special devices are built in, one dedicated sensor for oxygen and
one for water.

8.1. Water-sensor

For the determination of the contamination caused by water vapour a ,Shawmeter SuperDew*
[55] is built-in. The device is located inside the analysis loop and can be placed at different
sample positions. The device measures the dewpoint of the gas flowing by.

8.1.1. Operation principle

The fact that the dielectric constant of water (e,(20°C) = 80.20 [102, 6-4]) is much higher
than that of air or other dry gases (e, ~ 1) [102, 6-170]) can be used for the determination
of the water content. A hygroscopic material is placed as a dielectric between the electrodes
of a capacitor. This material absorbs water from the gas. If the fraction of water inside the
dielectric increases, the capacity changes and this can be interpreted as the water content.
If the partial pressure of water outside the capacitor decreases the water diffuses from the
capacitor into the gas. Hence the water content inside the dielectric of the capacitor and the
capacity also decreases until the content is balanced.
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8. Analysis of mixed gas

8.1.2. Integration into the UGMA

The temperature of a surface at which water starts condensing is called the dewpoint. If this
temperature is lower than 0°C it is also called icepoint.

The dew meter displays the measured dewpoint in degree Celsius on a LC-display and at the
same time provides the value via a 4-20 mA current source. This current is digitised in one
of the analogue input boards. The current is linear with respect to the dewpoint [55] and
can easily be converted.

Twet - Tdry

Tow = —— et — 2dty
dew = 90mA — 4mA

(I —4mA) + Ty (8.1)
Tiwet is the maximal and T,y the minimal measurable dewpoint of the device. In the setup
a ,,Gray Spot* sensor is build in. This can measure dewpoints in the range between -80°C
and 0°C. If these values are inserted into 8.1 the equation can be simplified to

80°C
16 mA
This equation converts the measured current into a dewpoint. But the dewpoint does not

directly represent the contamination with water, which is more interesting for the user. Hence
the value needs to be converted into the relative content of water.

Thow = I —100°C (8.2)

The content of water depends on both dewpoint and pressure. A conversion is given by the
equation of Clausius-Clapeyron used for saturation vapour pressure E; over water, respec-
tively ice. Ry is the water vapour gas constant.

dEs Q- Es

dT Ry - T? (8.3)

Solving this equation is difficult because of the temperature dependence of the evaporation
heat ¢,. In fact a simplified approach is used, for example the Magnus equations.

17.62 Tew
611.2Pa -
arep (243.12"0 + Thow
Ew,i(Tdew) = (84)

92.46 Tyon
611.2 Pa - for Tyew < 0°C
&-exp (272.62 °C + Tdew> Or Ldew <

) for Tyew > 0°C

The saturation vapour pressure F is given for dewpoints below 0°C as vapour pressure
measured over ice F;. For temperatures above it is measured over water E,,.

A more precise approach is given by the equations developed by Wexler |7] in 1976.
Eu(Taew) = exp [~2991.2729T;.2 — 6017.0128 Ty, (8.5)

dew dew

+ 18.87643854 — 0.028354721 Tyey, + 0.17838301 - 104 T,
—0.84150417 - 1079 T3y, + 0.44412543 - 1072 T1f, , + 2.858487 In Tjey |

Ei(Taew) = exp [~5865.3696 Ty, + 22.241033 + 0.013749042 Tyey (8.6)
—0.34031775 - 104 T3,y + 0.26967687 - 107 T, + 0.6918651 In Tigery|
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8.1. Water-sensor

With these equations, the saturation vapour pressure can be calculated for the whole tem-
perature range. The transition between dewpoint and icepoint is continuous (see figure
8.1).

| Wexler's formulation for water and ice |
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Figure 8.1.: Saturation vapour pressure calculated using the Wexler equation.

Because the values used in the system, express contamination of the gas with water, a
correction factor 7] is introduced. This factor takes into account, that the saturation vapour
pressure itself depends on the pressure.

fuTaewsp) = 41107 4 p- (348107 + 7.4 10710 (Tyere +30.6 — 3.8-1072p)") (8.7)
Fi(Tiow,p) = 4.8 - 1074 4+ p - (3.47 1070 45910710 (Tyew +23.8 — 3.1 10_2p)2) (8.8)

In equation 8.8 and 8.7 the dewpoint Tgew has to be inserted in degrees Celsius and the
pressure p in Millibar. Finally, the contamination of water is given by the corrected saturation

vapour pressure
/

E :
Twater = 106 ppmy  mit B/ = E- (1 + f) (8.9)

The pressure dependence of the dewpoint is corrected by equations 8.7 and 8.8. But, on
the other hand, measurements have shown that there is still a pressure dependence of the
sensors reading.

The H,O content was measured for various pressures. For having stable gas conditions, to
neglect effects caused by the gas mixture, the gas from one filled buffer was used. The water
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8. Analysis of mixed gas

contamination was measured before the chamber, directly behind the buffer. Hence possible
changes in the water contamination are only caused by the buffer itself. It can be assumed,
that the contamination should be stable as long as this buffer can supply the experiment.
Because the gas is send through the connected chambers, the pressure inside the buffer lowers
and causes the pressure variations. Effects like desorption inside the buffer are neglected.
The measured dependence is about 0.5 ppm over a pressure range of 2000 mbar according to
figure 8.2.

Since there is no possibility to check the measured values, the correction presented in equation
8.10 should be handled with care. Values at ambient pressure are assumed to be correct,
because the sensor was calibrated there. The sensor seems to measure systematic less H,0
contamination at higher pressures.

| H20 contamination measurement X2/ ndf 0.1705 / 21046
18 A 4.242 +0.008783
g L B -0.004774 + 1.875e-05
s C 3.01e-06 * 1.465e-08
5,6 D -9.142€-10 + 4.978e-12
R E 1.055e-13 * 6.211e-16
E —
s L
S 14—
(S
o L
N
T L
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Figure 8.2.: Pressure dependence of the H, O contamination measurement. The measurement
was done using the pressure sensor A109PS inside the analysis loop.

This effect can be corrected using a quartic polynomial (pold(p)). This function has no
further physical motivation, but describes the data quite well as can be seen in 8.2. The
large amount of data points results in an underestimation of the deviation from the fit. Hence
the x? per degree of freedom is too small.

The data are corrected to the measurement T7H,0,norm taken at the lowest pressure of this
data sample, because the sensor is build and calibrated in this pressure regime. The corrected
water contamination is given by

TH,0
"MH,0,corr(p) = p0142(p) * 7'H, O,norm (810)
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8.1. Water-sensor

Another observation is the correlation between the H,O measurement and the temperature.
This relation is caused by the so called Diurnal Effect and does only appear if one is sampling
from a system, which can absorb water.

Assume a stable dry nitrogen system. Every piping material is porous. This allows very
small molecules (like water) to stick to the pipe wall. In a stable system the water vapour
in the nitrogen and the piping walls is an equilibrium. If the system is heated up, a certain
amount of energy is transferred to the pipes and to the diffused water. If the energy reaches
the molecules, they start oscillating, the Brownian motion increases and the pressure inside
the walls rises. The additional energy has changed the equilibrium and the water leaves
the walls entering the dry gas. Hence the water reading increases [54]. This effect can be
observed looking at the correlation between temperature and H,O reading, which is shown
in figure 8.3. When sampling from chamber supply, the H,O reading is not correlated to
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Figure 8.3.: One day of measurements of the H,O content and the analysis loop temperature
(A110TS). The correlation between temperature and H,O content caused by
the Diurnal Effect is clearly visible.

the temperature. On the other hand when sampling from the chamber return line both
measurements seem to be correlated. Hence, the influence of the temperature on the H,O
reading is caused by the chambers connected to the UGMA.

Measurements at the chamber supply position have shown a pressure dependency, but these
readings are independent of the temperature. This allows drawing the conclusion, that the
temperature effect is caused by the chambers and not by the sensor itself. But on the other
hand there is still some systematic effect of the pressure correction left. For these variations,
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8. Analysis of mixed gas

it was not possible to determine the cause of the variations. FEither they are caused by the
gas mixture or by there is an effect left which is not corrected.

If it is possible to cross-check the measurements of the water sensor with a second measure-
ment device, it should be calibrated again. Also the presented study should be repeated
using different gas mixtures to avoid influence of the gas itself.

8.2. Oxygen-sensor

Due to contamination with oxygen, the gas amplification suffers. For monitoring the O,
contamination a special sensor is included in the analysis loop. This sensor is able to measure
the oxygen contamination continuously. The sensor is a ,Orbisphere M1100“ connected
to a ,,Orbisphere 410“ evaluation unit. Both are produced by the company ,Hach Lange
GmbH". [52,53]

8.2.1. Principle of operation

Common oxygen sensors are based on chemical reactions. An electrolyte inside the sensor
gets oxidised. Due to the oxidisation a small current across the sensor cell can be measured.
This current is proportional to the oxygen content of the gas. After a certain period of time,
the electrolyte is fully oxidised and needs to be replaced. The length of this period depends
on the sensor itself but also on the measured contaminations. If there is no oxygen inside,
the electrolyte lasts longer than with high contaminations. Moreover, these sensors are not
tolerant against ambient air. If these sensors accidentally get exposed to air or pure oxygen,
the electrolyte and hence the sensor might become unusable.

Meanwhile sensors have been developed, which are based on optical principles. A lumines-
cence spot is excited by the light of a blue LED. The point responds by emission of red light.
The presence of oxygen influences the luminescence lifetime. This lifetime is connected to
the partial pressure of oxygen in the medium on the other side of the luminescence spot.
The durability of the luminescence spot just depends on the number of measurements and
not on the integrated O, concentration [51].

The sensor is connected to an evaluation unit. The unit controls the sensor and does the
conversion into the selected units of measurement. The sensor was originally developed
for use in power plants. Here the oxygen diluted in the cooling or feed water is observed.
Monitoring the oxygen content is necessary to avoid corrosion caused by oxidation. Further
the same sensor is used in beverage industry to monitor the diluted oxygen inside beer. A
short test has shown, that the sensor can reliably be used for measuring the contamination
of oxygen in gases.

8.2.2. Pressure dependence

The luminescence signal is proportional to the number of O, molecules present in the mea-
surement chamber. Hence a pressure dependence is given by the density of the gas inside
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8.3. Gas chromatograph

the chamber. The measured value should be converted such, that it represents the oxygen
concentration at norm conditions. Inside the sensor a temperature measurement is done, the
measurements are already corrected for it.

The parameter, which is not automatically corrected for, is pressure. Therefore we apply a
correction using the gas pressure pgas and the reference pressure peyy = 1000 mbara stored in
the device. The gas pressure is measured by sensor A115PS. [53]

Using the ideal gas law, the number of molecules n inside the measurement chamber depends
on the pressure p and temperature T. Both pressure and temperature are taken inside the
chamber. The luminescence signal and through this, the fraction of O,, no,, is assumed to
be proportional to the number of molecules.

1o, ocnz% (8.11)

The corrected O, concentration can be derived using

704,norm = 70, sensor Pgas (8.12)
Dext

A measurement done using a test gas which consists of 100 vol.-ppm O, dissolved in Argon,
has shown that further corrections are necessary. Without additional corrections, the relative
deviation of the measurement from given concentration gas is up to 20 %. The deviation Ano,
is shown in figure 8.4 and a pressure dependence is observed. A correction is introduced which
is not physically motivated, but just describes Angp,. The correction is derived from a fit to
the measured data.

Ao, (p) = A-log (B-p+C) (8.13)

All measurements were done at pressure values between 1000 mbara and 4000 mbara. Hence,
the correction is only valid in this region.

8.2.3. Error of measurement

According to the information brochure [52,53,51] of the oxygen sensor a relative measurement
error can be assumed. This error is composed of the following parts.

Repeatability 1%. This value is the standard deviation of various measurements done by
one operator in one measurement situation.

Reproducibility 2%. The difference to the value stated above is the expansion to multiple
operators and different measurement situations.

Accuracy 2%. The deviations to test conditions are stated as accuracy.

8.3. Gas chromatograph

For the basic analysis of the gas composition a gas chromatograph (GC) (see figure 8.5)
is installed. With this device the main components of the mixture can be detected and
their relative fraction can be measured. The GC needs to be trained before it can detect
a component. For this purpose each input line for supply gas can be selected as a sample
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Figure 8.4.: Deviation between measured and given O, concentration of a test gas and re-
sulting second pressure correction of the values measured by the oxygen sensor.

source for the GC. Also the analysis loop can be selected which can be switched into many
other loops. With this mechanism, each loop can be sampled.

First inside the GC the gas mixture is sampled. This is done via a 10/2 valve. During the
load position (figure 8.6(a)) the gas is only flowing through the two sample loops. When the
valve is switched to the inject position (figure 8.6(b)), the gas can flow into the columus,
depending on the status of the other solenoid valves. The columns separate the gas. At the
end of the columns, the gas flow is merges together by a "TEE" (figure 8.6(a)) and fed into
the detectors.

The GC mounted inside the UGMA is produced by SRI Instruments [56]. The GC is very
modular, so that it can be equipped with various detectors and columns. The installed GC
hosts two columns, one Molesiev-13X and one HayeSep-D [58| column.

Sampling inside the GC is done for each column separately. Hence two sample loops each
a volume of 1pf. During the sampling process, they are placed inside the sampling gas
flow. When the analysis is triggered, they are switched inside the analysis part of the GC.
Depending on the analysis program, the gas from these volumes is send through the columuns.
The exact volume of the sample loop is not needed for our purpose, because the GC should
determine the composition of the gas in percent, the volume itself cancels out. Thus, the
volume can be chosen in order to tune the signal inside the detector. The carrier gas, which
is He in this setup, is also called mobile phase.
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8.3. Gas chromatograph

Figure 8.5.: Photo of the gas chromatograph.
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Figure 8.6.: Gas flow inside the GC sampling section.

Inside the columns, the gas mixture is separated. Both used columns are packed columns,
which consist of a stainless steel pipe, which is filled with the appropriate material. This
material is also called stationary phase. The interaction of the analyst with the mobile and
stationary phase defines the time, which the analyst needs to travel trough the column. This
time is also called retention time.

Each gas has a specific retention time, which is based on the interaction of the analyst with
the stationary phase, the boiling point and the diffusion properties of the substance. The
interaction and diffusion properties change with the temperature of the column. At the
end of the column, where the detector is mounted, most of the gases are separated in time
and can be detected. Some gases can not be separated, because they interact similarly and
thus, their retention times are too close together so that they appear in the detector as
one peak. The separation power is only influenced by the power of the columns. It can be
enhanced by choosing the right temperature program. One example chromatogram is shown
in figure 8.7.

The used GC is equipped with a thermal conductivity detector (TCD) module. A helium
ionisation detector (HID) module is mounted behind the TCD. The sample gas is first
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Figure 8.7.: Example chromatogram of a Argon Methane 90:10 mixture detected with the
TCD. The after integration and calibration the analysis gives a result of
89.07vol.-% Ar and 10.16 vol.-% CH, for the first peaks and 10.30vol.-% CH,
for the second peak. Due to switching the columns, it is not possible to integrate
the second Ar peak, because the signal and switching peak overlap.

detected inside the TCD. After this detector it is diluted with pure helium and fed through
the HID, where it gets ionised. At the output of the HID no further analysis can be done,
because inside the detector the gas gets ionised and so its molecular structure may have
changed.

The TCD compares the heat capability of the sample gas with a predefined reference gas. In
the UGMA helium is selected as reference gas. By this selection, the detection limit is set.
This sensor is totally blind to helium. All gases, which have a greater heat capacity produce
a positive signal. Those with a smaller heat capacity give a negative signal. With helium
reference, hydrogen will cause negative signatures.

The HID measures the ionisation current between two electrodes, one is connected to high
voltage and ionises the sample gas. If the energy needed to ionise the sample gas passing by
is lower in comparison to helium, the current increases.

In general, the HID is more sensitive than the TCD. On the other hand, the integrated
peak signal from the TCD is proportional to the fraction of the gas present in the sample.
Comparing the integral of one peak to the sum of all detected peaks one can get a quick
estimation of the content inside the sample gas. To get a more precise result a dedicated
calibration is needed. Because the HID saturates at lower fractions than the TCD, it is only
used for gas identification. In general, the TCD can detect pure gases without saturation. A
GC measures the absolute volume of a gas. Because the sample loop has a defined volume,
the signal can be converted into a fraction.

100



8.3. Gas chromatograph

The results obtained with the GC strongly depend on the special temperature ramp. The
combination of both installed columns helps to distinguish nearly all gases, which might be
used ingside the UGMA. But on the other hand, the temperature ramp has to be carefully
chosen.

GC temperature program
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Figure 8.8.: GC temperature program, which is used to analyse the mixed gas. This program
was optimised for usage in combination with common drift gases.

One reasonable temperature ramp is shown in figure 8.8. The associated events are shown
in table 8.1. Both have been developed by testing. There is no specific reason for the exact
positions of the times and temperatures. While creating the temperature and event file the
retention times of the gases have to be considered. If a gas of the mixture has a very high
retention time (e.g. iC,H,,) the program should last as long as this gas needs for retention.
Otherwise it gets stuck inside the columns, they saturate from this components and cannot
detect this gas component furthermore. Hence also the detection capability of the other
gases decreases. The performance suffers until all columns are baked out again.

Table 8.1.: Event-table used in GC setup

time [min| | command comment

0.00 | ZERO Adjust signal to zero
0.05 | B ON Stop Flow - Column B
0.50 | G ON Rotate valve in inject position
8.50 | B OFF Start Flow - Column B
852 | A ON Stop Flow - Column A

22.00 | A OFF Start Flow - Column A

22.02 | B ON Stop Flow - Column B
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8. Analysis of mixed gas

8.3.1. Analysis

There are two possible ways of analysing a measured spectrum. When looking at the spec-
trum and searching peaks, one can identify if a gas is present in the sample or not. Each
gas is identified by its retention time. The retention time can be calibrated using a refer-
ence source. Sometimes one can guess the gas, which fits to a retention time. Here a lot of
experience is necessary and it should be checked, that the peak is identified correctly.

If gases should ounly be identified the precision of the reference mixture can be neglected. On
the other hand, if one is interested in the fraction of gas solved in the sample, a high precision
reference gas is needed. Here the area below the retention peak needs to be calibrated.

Since the software, supplied with the GC, does not allow reintegration and scripting, it is
just used for sampling and storing the data. The analysis is done by a small program, which
supports all needed features and which is connected to a MySQL-database where all calibration
constants and functions can be stored.

For calibration purposes, a very precise reference is needed. The normal gas mixtures de-
livered are not usable, because they have a relative error of 10 % in the gas fractions. On
the other hand, it is not recommended to use pure gases for volume calibration. Experience
from the past has shown, that for some gases, like CH,, CF,, etc. the peak broadens up
and its width lasts over half the spectrum when used as pure gas. Furthermore, the peak
position changes, because the slew rate seems to be limited. Both effects result in a wrong
calibration. In connection with Argon, both effects have not been observed. Therefore it
is recommended to use a mixture of argon with e.g. only 5% of the gas, which should be
calibrated. The precision of the mixture should have reference gas quality. Such a mixture
will prevent the sensors from saturation and will give reliable results.

8.3.2. Off-line analysis

Due to heating and different pressure levels while switching between the columns a back-
ground level and additional fake peaks appear. The background can be subtracted using a
measurement without sample gas. The switching times are known from the event file (see
table 8.1). After a short delay, the fake peaks appear and can be masked for further analysis.
The general data flow inside the analysis framework is shown in figure 8.9. For detection
of the integration area, the spectrum is differentiated. The slope between two points is cal-
culated. At the beginning of a peak the slope suddenly rises and at the end of a peak, it
is getting back to the normal. With a threshold, the integration area can be determined.
Integration is done by adding up bin by bin. At the end, the value is feed into the calibration
function to receive the content of the measured gas.

8.3.3. Resolution

The performance of the GC always depend on the calibration. Hence a proper calibration is
needed to ensure the best results from the GC. During a first calibration and commissioning
test the results shown in table 8.2 have been gained. The results are split into the two
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Figure 8.9.: Data flow of the GC offline analysis. Additionally the GC online program is

shown.

different columns. All results have been measured using the TCD detector. The points,
which have been used to measure the accuracy are not part of the calibration.

The precision is the maximal statistical error using various measurements and concentrations.
The accuracy is the maximal absolute deviation from either setpoint or fitted mixture (see
section 11.2). CO, is only detectable on the HayeSep column.

Table 8.2.: Precision and accuracy of the GC. All results are given in vol.-%. The accuracy
has been tested once with respect to the setpoint and once with respect to the
values gained from the v4-fit method (see section 11.2) [15]

Gasname | Column | Precision | Accuracy (Setpoint) | Accuracy (Fitting)
CH, Molesiev 0.057 0.112 0.11

CH, HayeSep 0.046 0.091 0.16
iC,H,, HayeSep 0.21 0.16 not tested
iC,Hy, Molesiev 0.27 0.19 not tested
CO, HayeSep 0.076 0.22 0.21
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8. Analysis of mixed gas

8.4. Cavity Enhanced Differential Optical Absorption
Spectroscopy

In atmospheric physics an optical method called Cavity Enhanced Differential Optical Ab-
sorption Spectroscopy (CEDOAS) is used [31,39,16,30]. This method is used to detect trace
gases like NOy in the atmosphere. For development purpose, the setup can also be used in
laboratories to analyse gas samples.

The measurement principle is based on optical absorption. When light is sent through a
medium, it is partially absorbed. Due to the cross-section of the molecules dissolved in the
gas, it is not absorbed uniformly over all wavelengths. There exist absorption peaks, which
are typical for each molecule. These absorption peaks can be measured using a spectrometer
illuminated by a light source with a broad spectrum. The absorption follows the law of
Lambert-Beer. The power P(d) transmitted through a medium of thickness d is given by
equation 8.14.

P(d)=Py-e 1 (8.14)

€/(\) describes the absorption-coefficient and depends on the material and wavelength .
The incoming power is represented by Fy. To achieve a large effect, i.e. a high absorption,
a long lightpath is needed. For building an instrument, which fits into a laboratory one can
use optical cavities. A cavity extends the light path through the gas up to several kilometres
by reflection. The cavity only needs space of a length of the order of 1m.

The resolution of this measurement principle strongly depends on the resolution of the spec-
trometer. To distinguish two gases, whose peaks are quite near to each other, it should be
able to resolve them. On the other hand, it is important to measure smallest differences
in intensity. This means, that the spectrometer should have a high dynamic range and
sensitivity.

For cancelling out peaks introduced by the main component, which for drift gases is Ar and
for atmospheric measurements is air, differential spectra are taken. This means, at first the
background introduced by the main component is measured. It has to be made sure that the
gas taken during this measurement is free of the gases, which should be detected in a later
stage. In a second run at the same settings a spectrum is taken from the sample gas. The
background measured earlier is subtracted from this measurement and the spectrum should
only contain peaks from contaminations to the main components.

For identifying the peaks, data tables like high-resolution transmission molecular absorp-
tion database (HITRAN) [33], Gestion et Etude des Informations Spectroscopiques Atmo-
sphériques: Management and Study of Atmospheric Spectroscopic Information (GEISA) [11]
and Carbon Dioxide Spectroscopic Database (CDSD) [38] exist to identify absorption peaks
caused by different molecules. For atoms NIST provides a database. All databases have in
common, that their data start in the visible spectrum and they provide a lot of data for
infrared light.

Using CEDOAS for analysis of drift gases is new and has not yet been tested. There are a
lot of studies done for atmospheric measurements, but none for the detection of drift gases.
This analysis method has been evaluated for use together with drift gases during a feasibility
study to determine the necessary resolution of the spectrometer and the length of the light
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path. Furthermore during these studies the absorption wavelength of the typical gases used
in gaseous detectors and their coverage by a possible light source has been calculated.

8.5. Gas Monitoring Chambers

8.5.1. ND280 TPC Gas Monitoring Chambers

For the first tests a setup of two Gas Monitoring Chamber was used. Both chambers are
quite similar to the ones, which were produced for use at the ND280-detector in the T2K-
experiment in Tokai, Japan (see section 2.1.3). One chamber is the predecessor and the
other one the successor of the monitoring chambers mounted in Japan. A small sketch of the
chamber is shown in figure 8.10. These small chambers are readout by a segmented plane.

Field cage  Scintillating fibre

| |
I Gas volume 1
| |

IIII}IIIIIIIIIIIIIIIIIIIIIIII}III>
, . [SiPM]

MicroMeGaSZ

Figure 8.10.: Sketch of the general prinziple of the ND280 GMC. [25]

For amplification of the incoming electrons, a MicroMegas is placed. In this setup the mesh
of the MicroMegas is typically supplied with 350-480V depending on the gas composition.
Mixtures based on iC,H;, typically need a lower voltage to achieve the same amplification.
Higher voltages need to be used for mixtures based on Ar-CH,. The mesh is positioned
128 pm above the pads. This results in a quite homogeneous electrical field at the magnitude
of 2.73-3.75 MV /m.

For getting the electrons towards the amplification region, a drift field can be applied. The
monitoring chambers consist of a 14.8 cm long field cage. There are strips on the inside and
on the outside of the Kapton-foil forming the field cage. The combination of overlapping
strips on the inside and outside forms a very homogeneous field. Along all strips a voltage
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8. Analysis of mixed gas

divider made from standard Surface-mounted device (SMD) resistors is soldered. Within
their tolerances, they provide a constant voltage difference between two parallel strips.

One end of the cage is connected to the cathode and on the opposite side, the last strip is
connected to the mesh. The cathode can be supplied with a maximal voltage of -6 kV. This
results in a dependence of the drift field on the mesh voltage of

Ucathode - Umesh
.1
14.8 cm (8.15)

Eyviry, =

The maximal drift field can be achieved with maximal cathode voltage Ucathode = 6kV
and minimal mesh voltage Upesn = 350V. Hence the maximal possible drift field is about
380 V/cm.

For measurements of the drift velocity the chambers are equipped with two Sr°° sources at a
fixed distance of 12.1 cm. The sources create two electron beams, both parallel to the readout
plane. The beams cross four rows of readout pads. After crossing the chamber, they hit a
scintillating fibre. The fibre is instrumented by two Multi Pixel Photon Counter (MPPC).
When both MPPC register a signal at the same time, the Flash Analogue Digital Converter
(FADC) is triggered and the signal of one readout pad is recorded. After registration of the
electrons coming from the triggered event, the relative arrival time is recorded in a histogram
(see figure 8.5.1). When enough measurements are done, the histogram is analysed. The
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Figure 8.11.: Drift time distribution

time difference between both peaks, one resulting from the ,near” and the other from the
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Jfar® source, is used in combination with the distance between the sources to compute the

drift velocity.

12.1cm
Vdrift — Tt (816)

Additionally, both chambers can be used to monitor changes in gas amplification and absolute
gain, when applying a correct calibration of the whole data acquisition chain. The calibration
has to start at the pre-amplifier and ends inside the computer after integrating the signal.
Hence this chain is quite difficult to calibrate and the results of the simulations are not usable
to specify the gas inside the chambers, only the drift velocity is used in the following. Here
the data fit quite well to the simulations.

The systematic errors of this chamber have been estimated by Lukas Koch |26, p. 26 ff.| to
be

(U”d> < 4% (8.17)
Vd sys
and
UET/J”) <
< 4% 8.18
<ET/p sys (8:18)

8.5.2. L3 TEC Velocity Drift Chamber

The L3-detector which has been used at the Large Electron-Positron Collider (LEP), the
predecessor of the LHC, at European Organization for Nuclear Research (CERN) from 1989
until 2000. Inside this detector, the central track detector consists of a Time Expansion
Chamber (TEC), which is operated using a gas mixture of 80 % CO, and 20 % iC,H,, at a
pressure of 1.2bara. The drift velocity of this mixture is 6 um/ns. [29] This value is quite
low compared to the drift velocities used in TPCs. For monitoring the drift velocity inside
the TEC, a monitoring chamber is placed inside the gas flow (Figure 8.12).
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Figure 8.12.: TEC gassystem with the monitoring chamber. Figure taken from [4, p. 37]
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In figure 8.13 it can be seen, that the chamber is separated into two parts. In the drift
volume, a homogeneous field is created by the field forming wires, which are connected to a
voltage divider. Hence the electrons can drift with a constant velocity towards the detection
volume. In this volume, the gas amplification takes place. The anode wire is supplied by
a voltage of about 1.6 kV. Both volumes are separated by grounded metallic plates. In the
middle of the plates a small slit connects both volumes. This slit is large enough for the
tranfer of the drifting electrons but on the other hand, it decouples the electrical fields. [45]
Before this chamber has been used for systematic studies in combination with the UGMA jthe
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Figure 8.13.: Technical drawing of the L3 VDC. In the current setup both scintillators shown
on the right side have been replaced by one thick one, which is readout by one
PMT on each end. Drawing taken from |[19].

distance between both Sr”° sources Az and the distance between ground and cathode 7 have
been measured.

Az = 39.97+0.29mm design value: 40 mm (8.19)
lf = 54.91+£0.03mm design value: 55 mm (8.20)

The chamber has been connected in series to the ND280 GMC. The trigger setup for this
chamber has been slightly modified from the version shown in figure 8.13. The original setup
consists out of two scintillators, one very thin and one thick. This setup has been replaced
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8.5. Gas Monitoring Chambers

by one thick scintillator, which is readout on both ends with one PMT. The coincidence of
the PMT signals triggers the FADC.

The L3 chamber uses the same temperature and pressure sensors, digitizer, and also a sim-
ilar high voltage supply. Hence the estimation of the systematic errors can be calculated
according to |26, p. 27]. To estimate the systematic uncertainty of the drift length Az the
Sr? is assumed to be punctual and the scintillator behind the chamber.

on.  0.5mm/v12 <

— 4 21
A: =~ 30.966mm <1 (8.21)

The systematic error of the field distance [; is given by the digitisation error of the used

calliper o7, = 0.01 mm.

Ol 0.029 mm
— =——<0.6% 8.22
ly 54.906 mm o ( )

Combining these new calculated values with the ones described in [26] yields to the systematic

uncertainties
Tvg - \/(’AZ)2 + (&)2 < 4.5 %o (8.23)
Vd / sys Az At/ ™

2 2 2
wrn), -\ () () () (3)

= — ) + (=) +(=) + (=) S2.5% 8.24

<ET/p sys \/ Uy ly T D (8:24)

The signal from the anode wire is amplified and discriminated and then fed to the FADC.
Amplification is done by using the anode amplifier of the VDCs used at the CMS muon
system [21]. Discrimination of the signal is not necessary but during the re-commissioning
phase of the L3 VDC in the current setup, the signal was also fed to a oscilloscope, by using

a fan-out. Unfortunately only a digital version was available, and thus the discrimination
was introduced and after this it has not been removed.

and

The signal from the PMTs is fed into a discriminator and after this into a mean-timer, which
gives the mean time between both signals. If the time difference between both signals exceeds
the maximal accepted time, no trigger is generated. Thus it acts like an coincidence. The
output of the mean-timer triggers the FADC and the signal from the wire is recorded and
afterwards analysed.
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9. Commissioning of assembly groups

All assembly groups have been commissioned and tested one by one. During testing some
improvements have already been introduced. In the following part, the experience and results
from these early tests are described.

9.1. Power supply

Before all other groups could be commissioned, the power supply had to be connected and
commissioned. This group distributes the three-phase input to all other sub-groups. The
load is equally distributed to all phases, in order to get the current on the neutral conductor
as low as possible. This is done inside the PDU. If the load is very asymmetric, the current
on the neutral conductor increases. This does not harm the operation but is frowned upon
by the electricity supplier. Furthermore each output is connected to a circuit breaker for
safety issues. The input is fused by an RCD with a residual current of 30 mA. This device is
the crosspoint for every 230 V power line.

9.2. PowerBar

After connection of all cables to the sub-distribution of the PowerBar, each block was tested
separately. For this purpose each block is supplied by a current-limited power supply. Con-
secutively every valve has been switched. At the same time, the current was monitored.
That means, that the current consumption of each valve was measured. The mean current
consumption is

AT = Iy — I ~ 60 mA (9.1)

If the current is much higher,; the valve connection and the valve driver must be checked
again. The complete PowerBar is fed by one 24 V power supply, which can supply a maximal
power of 480 W. Each of the three sub-distributions consists of 22 x 3 clamps. The connection
between power supply and sub-distribution is done using a cable with a cross-section of

2.5 mm?.

The valves are connected to the PowerBar by cables with a cross-section of 0.75 mm?. Each
valve is connected with three wires to the power bar. For control another cable is used.

1. 24V

2. 0V or commonly called ground

3. Protective earth. Inside the solenoid, this wire is connected to the metallic surface and
when the valve is mounted together, it is connected to the piping as well.
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9. Commissioning of assembly groups

Figure 9.1.: View inside the PowerBar. Two of three connections blocks are visible. The
valves are connected via the cables on the right side. On the left side the power
supply and further special devices are connected.

In total the PowerBar is capable of distribution of the full power (480 W) delivered by the
power supply. If no special valve driver is used, the maximal number of valves, which can
be connected is given by

Tnax
Nvalves = == ,p[owler supply (9.2)
valve
20 A
= 9.3
375 mA (
= 53 (9.4)

The power supply is able to supply 53 valves in continuous mode. Due to the large inductance
of the solenoid, during switch large current peaks might appear. Inside the valve driver, the
voltage of the valve is switched and due to this, the average current is reduced to about 20 %.
With the reduced current, the power supply can supply 260 valves:

Nv v
N\//alves = Qoal(yes > 260 (95)
0
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9.3. Valve-driver

9.3. Valve-driver

Before mounting, each valve driver has been tested and specified. This test was done while
mounting the valve-driver inside the plug. The qualification was done by analysing the
voltage across the solenoid by an oscilloscope.

There are three parameters, which characterise a valve-driver. All values given are the mean
values of the distribution. In total 56 valve driver have been qualified.

1. Frequency f. This is the frequency of the rectangular output signal. It has been
determined by the internal measurement function of the oscilloscope.

f=(92.95 + 2.06) kHz, (9.6)

The internal oscillator frequency is given by the relation [89, figure 4]

6808417

Rireq = F1.0288 (9.7)

Using this equation, the frequency can be calculated from the design value of the

resistor Rfreq-
f=196.27TkHz (9.8)

2. Duty-Cycle D is the ratio between the time 7, during which the valve is switched on,
and the whole cycle time T

.
D = = (9.9)
= 1-—(79.35+0.48) % (9.10)
= (20.65+0.48) % (9.11)

The duty cycle can be estimated using [89, table III]. But there is no equation to
calculate this value because the duty-cycle depends on the oscillator frequency used.

3. Startup-delay-time Tielay. To ensure switching the valve, a large pulse is applied when
the switching command is received. The small current later is large enough to keep
the valve open (see section 5.6), but it is not large enough to switch it.

Tyelay = (26.88 & 1.10) ms (9.12)

The design value is given by (89, p. §]

Taelay = Cp-10°s/F (9.13)
= 22nF-10%s/F (9.14)
= 22ms (9.15)

The difference between the measured and calculated value might be caused by part
tolerances and influences of the printed circuit board (PCB).

After mounting the valve-driver on the solenoid a second functional test was performed.
This time, the switching performance in combination with the valve was tested. Faulty
valve-drivers were checked again and if possible, the source of the error was removed. Only
drivers, which passed both tests remained inside the system.
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9.4. Tightness & leakage

Each loop has been tested for potential leakages. Due to the huge amount of screw joints,
a test of every single connection is not feasible. To determine the tightness of a loop, the
whole loop has been pressurised up to the maximum permitted pressure. After this step, the
valve has been closed and the pressure was monitored.

The mounted sensors are so sensitive, that even smallest changes in temperature result in
pressure changes. For compensation of this effect, the quotient of pressure and temperature
is plotted. This coefficient is proportional to particle density n. The relation is motivated
by the ideal gas law.

= NRT (9.16)

Nl <

N
= R L const (9.17)

It is not possible to build a completely tight system. Hence, minimal leaks remain and
the particle density decreases. For getting a simple discrimination variable, the measured
particle density is plotted versus time. In order to draw a conclusion a linear fit is done,
where the slope is taken as the discriminator. For larger volumes a maximum leakage rate
of 5-107% mbar K~'s~! is used. For volumes, which mainly consist of piping, this value can
not be used. Those lines have such a very small volume that even tiny holes can cause a
measurable drop. But on the other hand, these small holes cannot be detected. Hence the
threshold is varied according to the rather small volume of the device under test.

If the pressure does only depend on the temperature, the system can be marked as sufficiently
tight. Not every loop has its own temperature sensor, therefore the temperature sensors of
other loops have to be used. Further huge temperature inhomogeneities across the device
under test itself might appear. Related to both issues it has been observed, that the particle
density increases although no extra gas has been added.

9.4.1. Determination of vacuum-leakage-rate in the buffer & purifier

For both, buffer- and purifier-vessels, the leakage-rate has been measured at vacuum. At
lower pressure, the influence of the temperature on the pressure can be neglected. It is
sufficient to plot just the pressure versus time. The volume of the purifiers is derived from
the calculations to Vp = 1.25/¢. According to the manual, the buffer-vessel has a volume of
Vi = 48 L. For the pipes a specific volume v of

v=mr?-l=7-(2mm)* 1m = 12.6m/ (9.18)

can be assumed. The approximated length in both loops of 6 m each results in an additional
volume of 100 m¢. Using this volume the leakage-rate can be calculated. The quotient of Ap
and At is derived using the slope of a straight line, which has been fitted to the measured
values (see figure 9.2).

A increasing pressure is expected. The values from the measurement after a appropriate
time are shown in table 9.1. As a comparison, the leakage rate gained from the pressure
difference between start- and endpoint is shown as well.
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Figure 9.2.: Determination of the leakage-rate at vacuum before filling the vessels with pu-
rification material.

It has to be said, that the measurement is limited by the resolution of the digitised pres-
sure sensor (Ap < lmbar). The needed resolution can only be achieved by quite a long
measurement time.

For determination of the tightness, the pressure of the vessel has been chosen to be higher
than the pressure where the sensors start behaving strange. Measurements in connection
with the vacuum-sensor have shown, that the normal pressure sensors, which cover a pressure
range of 0-4bara, show a strange behaviour below 11 mbara (see figure 10.6). Below this
pressure, they reach kind of a plateau and do not react immediately on pressure changes.
Hence it has been abdicated to evacuate the vessels to the lowest possible pressure. It is

Table 9.1.: Comparison of leakage-rates buffer and purifier vessels

loop Fit [mbar ¢/s] endpoint [mbar ¢/s]
Buffer 1 | (0.00 +£0.19) - 107° 3.24-1071
Buffer 2 | (52.440.04) - 1074 4.90-1073
Purifier 1 | (2.08 4 0.03) - 1076 3.27-1076
Purifier 2 2.45-107* 2.43-1074
Purifier 3 | (8.90 4 0.04) - 10~6 9.82-1076
Purifier 4 | (1.17 £0.02) - 1076 9.81-107°
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9. Commissioning of assembly groups

already known, that both buffer2 and purifier 2 have a higher leakage rate than the other
loops. A lot of time has been spent on reduction of the leakage rate in these loops. The
error of the value for purifier 2 is not shown, because it is so small, that it can be neglected.
The pressure differences between start and end of the measurement should be just used as a
quick reference, because they take statistical fluctuations into account.

9.5. Analysis-loop

The analysis-loop is the most flexible and most frequently used circuit inside the system.
Beside the connection of the GC, it allows measurements of the oxygen and water contam-
ination. On the other hand, this loop hosts most connections of the whole system. Due to
this, it is difficult to determine the leakage rate. The leakage rate @ itself is determined by
the sum of the specific leakage rates @); of each device. Thus the leakage rate of the loop
increases with the number of connections.

Q= ZQ (9.19)

Hence the analysis loop has the highest leakage rate.

| p/T test for analysis loop | X2/ ndf 1.61 /34366
— pO 12.75 + 6.941e-05
X
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Figure 9.3.: Determination of the leakage rate of the analysis loop.
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9.6. Vacuum

The leakage rate has been determined for the analysis loop by measuring the difference in
gas density p/T. The measurement is shown in figure 9.3. According to this measurement
the leakage rate can be determined to be

p
A=
M =123.10"6 mbar/K/s (9.20)

I
Ql_ At

Related to the measurement process, the unit of the result does not match the common
one. This is caused by the fact, that usual measurements are done in vacuum and thus the
influence of the gas temperature is far less. Hence in vacuum technology the leakage rate is
defined by the volume of the vessel V', the pressure drop Ap and the measurement duration

At. |59, p. 48] A
e
Q=V At (9.21)

To convert the measured value Q] into the leakage rate, the temperature has to be cancelled
out. This can be done by assuming one standard temperature, e.g. T' = 293.15K. Hence,
the resulting leakage rate is only valid for the assumed temperature. Further the volume
of the test device must be taken into account. For a well known device, this is quite easy,
because the volume should be known from preceding design and construction processes. In
case of the UGMA, the volume of many loops is not well known, but this does not limit
the function of the system, since it does not depend on the exact volumes. To estimate the
volume of the analysis loop, the sum of the inner volumes over all parts can be computed.
Early measurements have shown, that one 4/2 way valve has a volume of 1.62 4+ 0.17 m/.
Inside the analysis loop, eight of them are mounted. If the volume of the other (2/2 and
3/2) valves is almost the same, the volume of the analysis loop caused by the valves can be
assumed to be about 20 m/l. The piping will add about 60 m¢ to the volume. Finally it can
be assumed to be about 100 m/.

Using the assumptions from above, the correct leakage rate can be calculated:

Qr=Q; Tt -V (9.22)
=1.23 - 10" % mbar/K/s - 293.15K - 100 m/ (9.23)
=3.61-10"°mbar£/s at 20°C (9.24)

The resulting leakage rate is not proportional to the temperature, because the flow through
the leak depends on the viscosity and kind of flow, which are not linear in 7.

9.6. Vacuum

9.6.1. Minimal pressure

The minimal reachable pressure is given by the throughput of the vacuum-pump S and the
leak-rate ;. Further it is influenced by the permeation Qperm. This describes the ability
of single molecules to travel through the walls of the vacuum vessel. But on the other
hand, this effect starts at pressures lower than 1-10~®mbara. The gas molecules, which
are attached to the inside walls, desorb gradually and another time dependent effect Qges i
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9. Commissioning of assembly groups

created. At a pressure of about 1-10~% mbara plastics start desorption and diffusion Qg;g of
molecules [59, p. 48|.

p(t) S = Qdes(t) + Qdiff(t) + Qperm + Ql (925)

Because the minimum reachable pressure is about 1072 mbar, the leakage-rate dominates.
If the vessel is pumped at the throughput S, after a while the equilibrium pressure peq is
reached. At this point, the throughput is equal to the leak-rate.

Peq = % (9.26)

The leak-rate of the vacuum buffer itself can be determined using the minimum pressure
Peq and the throughput of the pump S. It should be further noted, that the throughput
itself depends on the pressure. Inside the vacuum-tank without any other vessel connected
a minimal pressure of peq = 2.9 - 1073 mbara can be reached.

9.6.2. Effective throughput

The maximal throughput is one point, which needs to be considered, when choosing a vacuum
pump [37]. Due to the connected pipes and valves and other orifices, the throughput is
reduced. The computation of the effective throughput is not trivial. Many parameters can
only be assumed. Hence, the throughput inside the buffer vessels has to be measured.

The throughput S is given by the pressure at the beginning py and the current pressure p.
Further the volume Vj, which should be evacuated, and the time ¢ needs to be considered [59,

p. 164].
Vo Po
=—.1 = 2
S . log <p > (9.27)

All measurements were done using the vacuum sensor V101TS. This sensor has a better
resolution at lower pressures compared to the normal pressure sensors. Hence this makes a
more precise measurement of the throughput possible.

The result of the measurement is shown in figure 9.4. One can clearly see the reduction from
the curve derived from the datasheet of the pump ,Varian PT300“ [57]. Both buffers have
almost the same throughput. The value of buffer two is slightly reduced, which is related to
a longer piping from the vacuum pump to the vessel.

9.7. Mixing

As a reference for all mixing processes, the precision of a pre-mixed gas is taken. According
to the informations given by the manufacturer [41] all these mixtures are created with a
relative uncertainty of 10 %. This value is valid for mixtures without an analysis certificate.
If a mixture is certified, the precision can be much better.
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Figure 9.4.: Measurement of the effective throughput

Parallel mixing

The setpoints of the flow are set according to the calculations which are presented in section
7.1. If the MFC is set to the correct type of gas, the uncertainty of the mixture is dominated
by fluctuations of the MFC itself. Otherwise the uncertainty is increased by the conversion
factor (see section 7.1.3).

In figure 9.5 it can be seen, that the MFCs operate at stable conditions. They produce a gas
mixture with stable fractions. Each fraction is calculated from the measured values using
equation 7.9.

All deviations are fully correlated to each other. If one MFC delivers less gas, the concentra-
tions of the other gases increase. At the same time, the total flow decreases. All deviations
are less than 0.02vol.-%. This measurement just shows the stability of the mixture created
by the MFC. There the analysis of the output gas is shown (see section 11.2).

Partial pressure mixing

For partial pressure mixing the deviation from the requested mixture 7; requested 15 given by

Anz' = Ti,requested — 7T)i,measured (9.28)
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Figure 9.5.: Deviation of each line from the setpoint of a requested T2K-mixture at a to-
tal flow of Vot = 5Ln/h. For a better comparison, the measured value ng is
subtracted from the setpoint ;.

where 7; measured 15 the mixture, which is calculated based on the measured pressure values
using the Redlich-Kwong equation (equation 7.51). Before the algorithm has been switched
to the Redlich-Kwong equation, the ideal gas law has been used for the calculations. Related
to the other measurement campaign most of the tests were done using ternary mixtures
with various compositions and gases. Among these tests a few tests were done using binary
mixtures. In figure 9.6 the deviation between the requested mixture and the calculated
mixture is shown. During the measurement period, the fractions of the gas components have
been varied. The lower limit shown is derived by the minimal pressure step of the sensors
using the ideal gas law.

Ap  lmbar
Prmax ~ 3000 mbar

Amimit = =0.033 VO].—% (929)
The blue line shows the time, when the mixing algorithm was changed from using the ideal
gas law to the Redlich-Kwong equation.

The distribution of the maximal absolute deviation is shown in figure 9.7. By taken a closer
look at this histogram, there are two peaks inside the histogram. Both seem to be related to
the quantisation of the pressure sensor. The vertical line marks the interval, which separates
the 68 % of the area of the histogram. Here only the admixtures are taken into account,
because the third deviation is also influenced by the deviation of both admixtures. This
behaviour is related to the mixing algorithm itself.
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Figure 9.6.: Deviations of each gas line plotted over time. In the first mixing period, the
ideal gas law has been used. All other periods are based on the Redlich-Kwong
equation. The black lines indicate the deviation, which can be resolved by the
pressure sensors. The periods where no points are drawn are periods, where the
UGMA has been used in direct flow mode.

Looking at the maximal relative uncertainty of the partial pressure method (shown in figure
9.8), it can be confirmed, that this method has a maximal relative error per gas component
of less than

el < 1.83% (9.30)

The relative uncertainty was derived looking at the one-sigma (68.3 %) interval. Commercial
gas supplier only present an upper limit. To compare both values, the three-sigma interval
(99.7 %) should be taken into account. Hence there is only a probability of 0.3 % to get a
gas mixture, which has an relative uncertainty of larger than 9.05 % in both admixtures. If
all components are taken into account, the maximal relative deviation is underestimated.

If heavier gases are mixed it might happen, that the mixture decomposes or is not created
homogeneous. This effect has been observed in drift velocity measurements of a mixture
containing iC,H;, and CF, with each 4vol-% in Argon. During the measurement, the
drift field is cycled. One cycle consists of 11 different driftfields and lasts about four hours.
The time, one buffer can supply the experiment with 5 ¢, /h is about 16 hours. Because the
chambers have to be flushed with the new mixture, the first two hours are skipped. Hence the
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Figure 9.7.: Distribution of the maximal absolute deviation per mixture. To guide the eye,
a Landau-distribution was fitted to the data. There is no physical motivation,
why the data follow this distribution. The vertical line (magenta) marks the
68 % quantile.

measurement time is about 14 hours. Thus, each driftfield step is measured multiple times.
If the gas mixture is stable over time, each cycle should result in comparable results.

The measurement shown in figure 9.9(a), shows a non stable mixture. Here the repetitions
of one single driftfield are not compatible with the others. The observed structure is caused
by small deviations in the gas mixture. All other possible causes for this deviation have been
already excluded.

Small deviations in the gas mixture may be caused by either a decomposition or some layering
inside the buffer. Layering may be caused by filling the gas into the buffer from the top. It
seems, that the internal flow is too low to stir the mixture.

Hence one possible solution for creating a homogeneous gas mixture is adding external stir-
ring. Each buffer is equipped with one pump which can pump the gas through the buffer.
This pump is used to stir the mixture inside the buffer. Due to the internal structure, the
mixture can only be pumped, when the buffer loop is not connected to the chamber. Other-
wise the solenoid valve, which switches the chamber to the open mode closes the pump inlet.
One other restriction is the differential pressure across the pump. Hence the two pressure
sensors, which are located at the pump inlet and outlet measure different values. This can
result in further uncertainties of the mixing algorithm. Hence the pump is only switched
on during the time, when mixing is done and the buffer is not connected to the chamber.
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Figure 9.9.: Variation of the gas mixture during one measurement cycle of about 14 h. [26]

The results measured with this modification show an improvement of the stability of the
measurement points. As it is shown in figure 9.9(b) the timing of the pumping seems to be

sufficient.
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9.8. Pressure drop

Pressure drops have to be considered for the proper functioning of the working system. For
example, the position of the analysis loop can change the pressure inside the connected
chambers. It is important to control this effect and if needed to correct for it.

For a characteristic curve, the pressure drop is plotted versus flow. According to the char-
acteristic curve, which is described in [37] this dependence is quadratic.

9.8.1. Characteristic curve of the analysis loop

Due to the fact, that this loop can be switched at different positions in the whole system, its
characteristics are very important. With the knowledge of the pressure drop, it is possible
to correct this effect, if it is unwanted.

The analysis loop can sample gas from various positions. Depending on the position relative
to the chamber, the internal flow resistance of the piping and valves can increase the pressure
inside the connected detector. The pressure inside the detector increases, when the analysis
loop is switched between the return output of the chamber and the pressure regulator. This
position is called ,chamber return®. Hence this is the most interesting pressure drop, the
following study was done using this sampling position.

In addition to the pressure drop, the pressure inside the detector depends on the tightness
of the chambers itself. If the chambers are not tight enough, a certain fraction of the flow
is lost before returning to the UGMA. The reduced flow causes less pressure drop. In figure
9.10 the pressure distribution inside the system is shown for a mixer flow of 5¢,/h. The
pressure distribution has been measured for various flow setpoints. The characteristic curve
of the analysis loop can be derived by plotting the mean pressure against the flow value. This
curve is shown in 9.11. Each pressure sensor shows the characteristic parabolic behaviour.
This can be described by the following function

Apnom
V2

nom

D (V) =a-V?P4+b with a= (9.31)

The parameter a represents the defined pressure drop per given volume flow [37, p.34]. The
parameter b was introduced for taking the absolute pressure into account. Although all
curves show this parabolic behaviour, they do not cross the same point at a flow V = 04, /h.
This can be caused by different pressure offsets, which were not removed completely at the
time, this measurement has been performed. The sensors used for this study are placed along
the gas flow. The position and the fit result of each sensor is described in table 9.2.

For this measurement the current experimental setup was still connected. Hence the pressure
drop for the setup is included in the measurements. Together with the results in table 9.2 it
is possible to calculate the pressure drop inside the used parts of the UGMA and correct for
it. For example if the analysis loop is placed in the ,chamber return“ position, it increases
the pressure inside the chamber. If this effect is unwanted, it can be corrected for by using
equation 9.31. Due to the fact, that these results depend on the density and viscosity of the
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Figure 9.10.: Pressures at a flow of 54, /h at the output of the mixing block. The analysis
loop is connected to the return line of the chambers.

Table 9.2.: Sensors used to determine the characteristic curve of the analysis loop. The gas
is flowing from top to bottom.

sensor position name | a[mbara/(¢x/h)?| b[mbaral
1 | mixing output M160PS 0.204 + 0.022 1009.91 + 0.97
2 | chamber supply pressure C102PS 0.086 £+ 0.018 1007.95 £ 0.77
3 | analysis loop oxygen sensor pressure | A115PS 0.110 £ 0.022 1009.02 £ 1.00
4 | analysis loop pressure A109PS 0.083 +0.025 1002.99 £+ 1.10
5 | chamber return pressure C202PC - -

gas, it is recommended to repeat these measurements for the used mixture if a correction
is needed. The presented measurement has been done using a mixture of Ar-CF,-iC,H,
95:3:2.
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pressure drop of the analysis loop
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Figure 9.11.: Characteristic curve of the analysis loop while operating in the chamber return
mode. The curve fitted is described in equation 9.31. The locations of the
sensors are listed in table 9.2
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10. Systematic studies

10.1. Sensors

The function of the UGMA depends on the measurements of several sensors. To estimate the
effect of uncertainties introduced by the sensors, as a first step they need to be determined.
Hence, some special data analyses have been done.

10.1.1. Temperature sensors

Once the temperature sensor is mounted, only the statistical error can be determined. Be-
cause even in an air conditioned room a temperature gradient between all temperature sensors
occurs, no systematic study can be done, when they are in place. Hence, all sensors must
be removed from their positions and placed all together in a liquid bath with a well defined
stable temperature. Due to the mounting positions, they cannot be removed easily. If they
are broken, it is hard but possible to replace them. Hence the effort for dismounting them
for calibration is not feasible. Thus it has been decided to believe in the characteristics of a
PT100 [94] and the calculations of the XTR101 [90].

Nevertheless studies were done to estimate the statistical error on the temperature measure-
ment itself. This study was done by looking at the difference of two successive measurements.
This reduces the influence of changes in room temperature, which are at the order of 5°C
within one day. Because the measurement rate of the temperature sensors is about 0.5 Hz
the influence of external temperature changes can be neglected.

AT =T, — Th1 (10.1)

Both temperature measurements are effected by the statistical error op. By plotting the
difference, the width of the resulting distribution (RMS) is the combined error.

RMS = V207 = o7 = RMS (10.2)
V2
By doing the study on the temperature differences, it is only possible to determine the
precision of the sensor. The accuracy needs to be checked in further studies. For the
purpose the temperature sensors are used inside the UGMA, it is sufficient to believe the
characteristics and calculations [37].

One example for the distribution of the temperature differences is shown in figure 10.1. Since
the data logged to the database is compressed, less points are having a difference equal to
zero. These points are suppressed by the data compression algorithm. This effect can also
be observed in the histogram. Further, the statistical error suffers from the resolution of the
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analogue input. The presented values represent the statistical error after all digitisation and
conversion steps.

| Noise sensor A110TS | Entries 1037375
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Figure 10.1.: Estimation of the statistical error of the temperature sensor A110TS located
inside the analysis loop.

Due to different temperature ranges, and hence different resolution, the statistical error
varies, too. This is shown in table 10.1.

Table 10.1.: Statistical error of temperature sensors

sensor temperature range | statistical error
analysis loop A110TS 0.87 —47.47 °C 8 mK
chamber supply C103TS -0.19 - 46.41 °C 8§ mK
chamber return  C203TS 0.42 —47.03 °C 8 mK
purifier 1 inner  P107TS 0.73 — 268.25 °C 41 mK
purifier 2 inner  P207TS 0.57 — 268.58 °C 42 mK
purifier 3 inner  P307TS 0.85 — 268.91 °C 42 mK
purifier 4 inner  P407TS 0.58 — 268.64 °C 41 mK

The expected statistical error for the temperature sensors should be less than

Thigh — Tow

10.3
Napc (10.3)

or < OT limit =
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10.1. Sensors

where Thign and Tioy are the upper and lower boundary of the temperature range and Napc
is the number of usable ADC-bins. For a conservative approximation Napc can be set to
4000. For the purifier temperature sensors we get an upper limit of o jipmi; ~ 68 mK and for
the other sensors o7 jimit ~ 12 mK.

10.1.2. Pressure sensors

Like in the case of the temperature sensors a similar measurement has been performed. The
calibration for all sensors was taken from the calibration measurement of the manufacturer,
which is attached to each sensor. Again the statistical error is determined. At the same

| Pressuresensor noise |
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B L203PS
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10° = I I I
10°
10"

-4 -3 -2 -1 0 1 2 3 4
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Figure 10.2.: Determination of the statistical error for the four pressure sensors mounted
inside the buffer loops.

time a rough estimation of the pressure difference per bit was done by dividing the maximal
pressure of 4000 mbar by the maximal value of the ADC (4096). According to [37] processing
the offset of 4mA reduces the resolution by a few bits. Hence this results in a limit for the
resolution of about 1 mbar/bit. This fits quite well to the plotted result, which can be seen
in figure 10.2.

The measurements were done during operation and so special times were selected. Hence
the distribution gets a bit broadened due to fluctuating pressures. This must be taken into
account, when estimating the statistical uncertainty of the pressure sensors.
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The result for the pressure sensors is shown in table 10.2. The pressure range for all shown
sensors is 0 — 4 bara.

Table 10.2.: Statistical error of pressure sensors

sensor ‘ statistical error
loop 1 before pump  L105PS 0.73 mbar
loop 1 behind pump L103PS 0.71 mbar
loop 2 before pump  L205PS 0.76 mbar
loop 2 behind pump L203PS 0.77 mbar

10.2. Purifier

10.2.1. Heater

For the purifier section mainly the temperature regulation was tested. The components
involved in the heater are shown in figure 10.3. The heater is embedded in the isolation,
as well as the temperature sensor. For clarity only one heating loop is shown. The real
heater consists of one heater for the mantle and one for each cap. All heating modules
are connected internally to one supply cable. Together the heating power is 500 W. The
embedded temperature sensor is also a PT100, which is readout by the normal readout
chain. The regulation has to be reliable to avoid damage of the purification material due

[ A
: N—
= | | 230 U
: 3 1 outt out2 — | PNB7TS
: | ! to ADC
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I + \ I 7 z
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S M .
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Figure 10.3.: Schematic view of the purifier heater. Only the tested components are drawn.

to overheating. At high temperatures, which are normally used for the gas regeneration,
the precision of the regulation can be ignored, but it must be ensured, that no overheating
happens. Overheat measured at the outside temperature sensor can be ignored if they are
short enough to have no influence on the inner volume.

At lower temperatures, which are close to ambient temperature, a good stability is required,
because the absorption performance strongly depends on the temperature of the material.
To allow regulation, the temperature of the purifier is normally set to 30°C. This is well
above the ambient temperature and useful to allow a stable regulation.

Though the purifiers are filled with copper or zeolite, the internal temperature rises much
slower than the temperature of the heater, which is used for regulation. Hence for achieving
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the adjusted temperature inside it takes some time. A small temperature gradient prevents
the system from mechanical stress. Looking at figure 10.4 it can be observed, that the
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Figure 10.4.: Temperature distribution for different setpoints (30, 60, 100, 120°C). For guid-
ing the eye dotted lines are plotted at £3°C respectively —5,43°C.

regulation works at 30°C within £3°C whereas the regulation range broadens up to —10°C
and +3°C for higher temperatures with a strong tendency to lower temperatures. This
behaviour is volitional and prevents damage to the inner material.

10.2.2. Regeneration

Regeneration of the I, O-purifier has been performed by evacuating the vessel. This method
is also called pressure swing regeneration. Due to the lower gas pressure, the equilibrium
between the water attached to the zeolite and the gas gets disturbed. Hence there is less
water in the residual gas, the water diffuses into the vacuum and a pressure increase can be
observed, if the vacuum pump is disconnected. This procedure is done several times until
the pressure increase stays below a certain acceptable value. The process can be speeded up
by increasing the temperature. After the regeneration is done, the vessel is pressurised with
dry Argon and sealed. After cooling down, a small overpressure stays to protect the purifier
from water diffusing from the outside.
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10. Systematic studies

10.3. Buffer

For operation of the UGMA using the buffer, many parameters have been determined at a
very early development phase. These values have been re-checked during commissioning.

10.3.1. Volume

It is mandatory to know the volume of the buffer and the pipes connected. Determination of
the volume must be done by using gases, because contamination with water must be avoided.
For this method, the ideal gas law is used

D0 Vouffer = Dbuffer V0 (10.4)

where Vy =~ 50/ is the volume of the buffer and py = 1013 mbar is the ambient pressure.
Vbutter 1s the volume of the gas at ambient pressure, which is stored inside the buffer at buffer
pressure puuffer- 1 this equation is differentiated with respect to time ¢.

dViufter dpbuffer
= Vi 10.5
Po at at 0 ( )

This can also be written as
PoVbutter = Pbuffer Vo (10-6)
With this equation the Vj can be calculated

Do Vbuffer
]abuffer

The flow taken from the buffer Vbuﬁer is measured by the chamber supply MFC C101FC
while the slope of the pressure phugrer is given by a linear fit on the data of each pressure
sensor. Because the buffer is equipped with two pressure sensors, the measurement was done
for both sensors. The distribution of the measurements can be seen in figure 10.5.

Vo = (10.7)

The statistical error of each measurement is given by Gaussian error propagation.

: 2 9
PoVouft Po
O-V() - ) = O—f)buﬁ"er + < : O-Vbuﬁer> (108)
Phuffer Prouffer
The error for OV e 1S BaINEd from the distribution of the flow and oy, .. is the error gained

from the fit. The measurement was repeated for some fills and at the end, all results for one
sensor were combined using a weighted mean. The results of this method are shown below.

Buffer 1

Viioaps = 43.995+0.0027¢ (10.9)

ViLiosps = 43.891 +0.0027¢ (10.10)
Buffer 2

Viooaps = 43.369 4+ 0.0027 (10.11)

Vioosps = 43.364 +0.002/7 (10.12)
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Vessel volume
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Figure 10.5.: Measurements of the buffer vessel volume.

It seems, that the statistical error derived from the weighted mean underestimate the statis-
tical fluctuations seen in figure 10.5. Also the values for the mean are not consistent within
the calculated error.

According to the producer company the volume of the buffer has a design value of Viyugrer =
48 ¢ [49]. Compared with this value a large systematic deviation of about 5 ¢ can be observed.
So if the volume of the vessel is needed for calculations, the design value should be used unless
a more accurate measurement is done.

Caused by the additional volume from the piping and pump, the measured buffer volume
should be slightly larger than the design value. But the other behaviour has been observed.
One explanation for this difference might be, that these measurements have been done during
normal measurement time, when the UGMA is operated with various mixtures. Hence, there
is a systematic error on the flow measured by the MFC, which dominates the measurements.
During these measurements various mixtures have been fed to the chamber. This causes the
used MFC to use a conversion constant, which increases the uncertainty of the flow.

At the end, it turned out, that this method seems to be quite precise, but not very accu-
rate. This might be related to the uncertainty of the measured flow and pressure. If the
measurements are going to be repeated the pressure sensors should be recalibrated and the
measurement should be repeated using pure Ar, because this is the gas the MFC is calibrated
for.
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10. Systematic studies

10.3.2. Evacuation-time

Before filling the buffer with a new mixture, it can be evacuated. To measure the speed
of evacuation, the buffer has been evacuated from ambient pressure to minimal pressure
(shown in figure 10.6). During this time, the pressure has been measured by the special
vacuum sensor V101PS and both pressure sensors mounted at the buffer. The drop in

| Pressure while evacuating |

3
T 107 o= V101PS buffer 1~ 10
a V101PS buffer 1
£ L103PS
[0} L105PS
5 V101PS buffer 2 * 10
@ 10? L203PS
o L205PS
S
10 - 5
1
R
10™
10 L L L | L L L | L L L | L L L | L L L | L L L 1
0 20 40 60 80 100 120
time [min]

Figure 10.6.: Evacuation of the bufler vessels

V101PS during evacuation of buffer 1 is caused by a malfunction of the control software.
The valve between the vacuum line and the vessel was closed during this time.

To match the special vacuum sensor and all other pressure sensors in the region between
1000 mbar and 100 mbar it is necessary to multiply the value of the vacuum sensor by a
factor of ten. The reason for this extra factor is not yet understood. In figure 10.6 it is
observable, that the normal pressure sensors (L103PS - L205PS) saturate at about 10 mbar.
At this value the sensor reaches its lower endpoint, which is labelled by the manufacturer as
0 bara.

To evacuate the vessel to the requested pressure of 0.5 mbara takes about 40 min. This value
is larger than the value assumed in [37]. But the throughput is reduced due to the piping
and valves, hence only a small fraction of the pump capacity can be used.

10.3.3. Maximal blow-off rate

The blow-off rate, which is the maximal flow rate into the exhaust, has been already de-
termined in [37]. The calculations are based on the assumption, that before and after the
valve no piping exists. This cannot be realised. The blow-off rate has been measured by
pressurising the vessel up to 3840.32 mbara Argon. The exhaust valve has been opened and
the pressure has been recorded as function of time. During the measurement, the circulation
pump was switched off and the proportional valve was closed. This measurement is shown
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10.3. Buffer

in figure 10.7. This measurement has shown, that a maximum flow of VmaX = 6.37m? /h can

| Pressure Buffer L1 blow off |
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Figure 10.7.: Blow-off of an Argon filled buffer vessel with pg = 3840.32 mbara

be achieved. The time to blow off the complete buffer lasts about six minutes. This value
depends on the filled mixture and ambient pressure. Different mixtures result in different
densities and viscosities, which influence the flow resistance of the valves and pipes.

10.3.4. Maximum filling rate

Along with the blow-off rate, the filling rate is important for operation. This rate describes
the minimal time, which is needed to fill the buffer. The maximum filling rate has been
measured in the pressure range from vacuum to maximum line pressure. The pressure
history of one measurement is shown in figure 10.8.

This measurement has been done using pure Argon. It is important, that the measurement
is done using gases, which do not condensate when they flow into the buffer. Condensation
can distort the measurements and result into a danger, which can not be neglected. Possible
danger can result from a higher amount of flammable gas inside the buffer. If the buffer gets
filled with liquid gas, the pressure rises after closing the inlet. Hence, the pressure might
rise above the maximal pressure, which is set by the pressure-relief-valve and gets blown-off
to the environment. Here it gets diluted with oxygen and a possible flammable gas mixture
can be created.
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Filling Buffer L1 from vacuum
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Figure 10.8.: Filling the buffer with Argon starting from vacuum.
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11. Drift velocity

The quality of the mixture can also be determined using physical parameters. Due to the fact,
that the drift velocity can be simulated and measured with a adequate precision, the drift
velocity is a good indicator for the quality of the gas. The comparison between simulation
and measurement even allows determination of the mixture composition (see section 11.2).

To ensure proper gas quality the contaminations of the gas are continuously measured by
dedicated sensors. As a further reference a bottle with premixed gas is used. To ensure the
same conditions for the gas in the chambers, when gas from the premixed bottles is used,
the chamber return flow is sent through the UGMA for using the pressure regulation and
contamination monitoring.

During all measurements no oxygen contamination was measurable. The water contami-
nation was always below 5ppmy and decreasing until it stabilises at about 2ppmy. The
continuous reduction of the water contamination is related to the system getting more and
more dry. The Gas Monitoring Chamber (GMC) are covered on their inside with Kapton®.
Kapton is a hygroscopic material. If the flow is switched on, the water diffuses into the gas
and the water content of the gas falls slowly. Furthermore the connections from the UGMA
to the GMC are made from copper. Copper also absorbs water at the inside surface. This
water is also released over a long time. If the system is tight, no water is introduced and the
water content of the gas falls down to a minimum.

11.1. Systematic studies

During final commissioning of the partial pressure method, several systematic studies with
different gas mixtures have been performed. During this phase, the gas is characterised by
the drift velocity. These studies have been done using ternary mixtures, but for completeness,
also their binary parts have been measured. [26] One example for a binary measurement is
shown in figure 11.1.

The working point is defined as the maximum of the drift velocity. At this point, the
dependence from small variations in E* = ET'/p is minimal. From the data the maximum
is derived by fitting a function, which describes the shape of the curves. This function is
defined as [26]

f(E*)=(a+bE")exp(—dE™) + ¢ (11.1)

The maximum can be derived by analytical transformations. For visualisation the width
of the maximum, which can be defined as the range of E*, where vgmax — vg < 1%0 V4 max
is shown. In the following plots, the horizontal bars visualise the width of the maximum.

!Brand name of DuPont, also known as Polyimid

137



11. Drift velocity

CH4 10.00 Ar 90.00 - drift velocity
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Figure 11.1.: Example of one v4 curve measurement. The error bars of each point are hidden
by the marker. In red the matching simulation is shown.

Due to limitations of the experimental setup, it is possible to do measurements of vg with a
maximal reduced field of 110 V/cm K/mbar. With these datasets, it is possible to determine
the maximum up to 100 V/cm K/mbar

Some of the studies presented below are part of the work of Lukas Koch [26]. Some were
measured later using the same analysis framework. All measurements and simulations are
available online at http://web.physik.rwth-aachen.de/gasDB/. In the following spider-
plots, the vertices of the grid mark the simulated points. All measurements are marked by
coloured points.

Additional to the purpose of these studies to have a systematic overview of the behaviour of
vq depending on the gas mixture, the following studies give a nice opportunity to check the
performance of the UGMA over a wide range of mixtures.

The data in the following plots has been measured using the ND280 GMC. Although the
values match quite well to the simulation, there is still some tension visible. This tension
is dependent on the used gas mixture. In [26] only the systematics of the chamber and the
readout are handled. Systematic effects which might be caused by the gas have not been
estimated up to now. The comparison of the data measured with the ND280 GMC and the
L3 VDC has shown, that there is a systematic difference of about 4 % observable. This might
be caused by the different response of the chamber’s readout electronics to the longitudinal
diffusion.
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11.1. Systematic studies

The following measurements show the flexibility and the possibilities of the UGMA. In the
,spider-plots” the intersections of the solid lines were determined from simulated data. The
coloured marks show measured data. For the simulated data only the position of the working
point is shown.

11.1.1. Argon-Methane-Carbondioxide

The classical drift gases, which have been used in the past, are mixtures containing Ar and
CH,. Despite the risk of flammability the success of these mixtures continues in many gas
based detectors.
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Figure 11.2.: Working points in mixtures containing Ar, CH, and CO,. Plot taken from [26].

The proposed gas for the TPC at the ILD is a mixture consisting of 93vol.-% Ar, 5vol.-%
CH, and 2vol.-% CO,. To determine the effect of variations of the gas mixture on the drift
velocity a grid around this mixture has been measured.

The results of Ar-CH, mixtures and Ar-CH,-CO, are shown in figure 11.2. Measurements
with pure Ar-CO, have been made in addition, but they have no maximum within the
field-range of the GMC. Hence, they do not appear in the plot.

11.1.2. Argon-Methane-Isobutane

Methane is a well known and often used quencher gas. Although its usage is these days
disfavoured, due to its flammability. By adding iC,H;, to the Ar CH, mixture, the drift
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11. Drift velocity

velocity is pulled to a kind of plateau of about 55 pm/ns. If the drift velocity of the pure Ar
CH, mixture is above this value, it is lowered by adding iC,H;, to the value of this plateau.
If the drift velocity is below this value, it is increased by adding more iC,H;,. Both effects
can be seen in figure 11.3.
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Figure 11.3.: Working points in mixtures containing Ar, CH, and iC H,.

11.1.3. Argon-Methane-Hydrogen

Adding a small amount of H, to Ar-CH, mixtures flattens the maximum. This effect can be
seen in figure 11.4. Some of the mixtures, which do not have a defined maximum below E* =
100 V/ecmK /mbar have an observable plateau. This effect makes these mixtures interesting
for applications with very inhomogeneous fields. If the fraction of H, is tuned the plateau
is stable up to 1400 V/cm K/mbar. [26, p. 40] For security reasons, a premixed gas of
Ar 90 vol.-% and H, 10vol.-% was used. For this mixture, the gas distributor guarantees a
mix within the relative accuracy of 10 % [82]|. Hence this uncertainty dominates for mixtures
with more than one percent hydrogen.

11.1.4. Argon-lsobutane-Tetrafluoromethane

The mixture containing 95 vol.-% Ar, 3 vol.-% CF, and 2 vol.-% iC H,, is also known as T2K-
gas, because it is used at the TPC located at the ND280 detector of the T2K-experiment.
Measurements of variations of T2K-gas are shown in figure 11.5. Due to the production
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Figure 11.4.: Working points in mixtures containing Ar, CH, and H,. Plot taken from [26].
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Figure 11.5.: Working points in mixtures containing Ar, CF, and iC,H,,. Plot taken from
[26].

141



11. Drift velocity

method of iC,H, it is difficult to reach high purities. Hence, some other gases may remain.
One of the highest contaminations in iC,H, gas beside C,H,, results from C,;Hjg.

11.1.5. Argon-Propane-Tetrafluoromethane

These mixtures are the same as shown in figure 11.5 with iC,H,, replaced by C;Hg. Propane
(C3Hg) is the next smaller alkane starting from butane. Hence we expect a similar effect on
the drift velocity. Measurements done with this mixture are shown in figure 11.6.
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Figure 11.6.: Working points in mixtures containing Ar, C;Hg and CF.

11.1.6. Conclusion

The measured working-points and the simulated ones agree quite well. If the maximum is
very broad, the algorithm cannot determine the exact positions and thus, differences appear.
This effect can be observed in figure 11.4. The observable mismatch between the simulation
and measurement can be caused by:

e uncertainties of the mixture. The quality of the mixture is evaluated in 11.2.

e contamination of the pure gases. The quality of the base gas Ar is 5.0 (= 99.999 %).
The admixtures have a purity of at least 3.5 (= 99.95%) except propane which has
only 2.5 (= 99.5%). Assuming 10% of admixture, e.g. CH, results in a possible
contamination of 50 ppm. This concentration is below our current detection limit of

the build in GC.
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11.1. Systematic studies

e contaminations with oxygen and/or water. With the internal sensors it has been en-
sured, that these contaminations are below 2 ppm.
e gystematic effect caused by longitudinal diffusion.
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11. Drift velocity

11.2. Fitting of the mixture

The GMC can be used to determine the gas composition under study, by comparing the drift
velocity measurements with an appropriate simulation. In the following mixtures 41 vol.-%
around the setpoint are simulated with a step size of 0.01vol.-%. One example for the
simulation spread are shown in figure 11.7.
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Figure 11.7.: Drift velocity measurement and simulation steps. In blue the requested simu-
lation is shown. The variations are shown in red. For clearity only every tenth
simulation is drawn.

This analysis method uses the y2-test to determine the fraction of the gases inside the
mixture. Here x? is defined as

— . 2
X2 _ Z (Ud,meas(En) Ud,surn(En)) . (112)
n Ugd,meas(En) + (U&(En) UET/p,meas(En))

where 0p7 /) meas a1d Ty, meas are the statistical error gained from the fluctuations of mea-
surements. The statistical error of ET'/p is taken into account by transformation using the
slope v/, of the simulated data. The best match mixture is at the lowest x? value (see figure
11.8). The statistical errors are calculated by a linear interpolation between the point of the
minimal x? and the point, which is larger than x2. + 1 (only for binary mixtures). This
calculation is done in both directions and results in an asymmetric error. In figure 11.8 the
maximum of both errors is printed. A closer view to the minimum of the distribution shown
in figure 11.8 is shown in figure 11.9.
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Figure 11.8.: Example for a x? distribution. The data was measured during partial pressure
mixing of ArCO,, 84:16.
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11.2.1. Binary mixtures

To determine the performance of the UGMA several binary gas mixtures have been fitted.
This has been done for the direct flow mixing and the partial pressure mixing mode. Both
measurements have been done using the L3 VDC. All gases, which have been used for
determination of the mixture composition are rated within Magboltz with five of five stars.
Hence we assume that this rating ensures accurate simulations.

In every mode the first two hours after a change of the mixture are ignored. This ensures
stable gas in all chambers.

For the mixture n the statistical error oy, gt is derived from a x2-fit of the measured data
to the reference simulations (see figure 11.8).

systematic error propagation
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Figure 11.10.: Propagation of the systematic uncertainties of the chambers. The black star
marks the position of the overall minimal x? value. The solid cross marks
the maximal, the hollow cross the minimal mixture. The rectangle shows the
range of the estimated systematic errors of the L3 VDC (see equations 8.23
and 8.24). The z-axis represents the admixture, here CH, with a setpoint of
8 vol.-%.

After this the systematic errors of the chamber are propagated in the following way: All data
point are shifted in x and y direction by multiplying with factors within a grid of 1 4+ 0.01
in each direction. (see figure 11.10) After each shift a x? minimisation is done and the best
fit mixture is saved. Inside the rectangle, which is spread by the relative systematic errors
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11.2. Fitting of the mixture

(see section 8.5.2) the maximal ny and minimal 77, concentration is noted. The propagated
systematic error is now calculated to be

Osys,+ = 1NH — 1 Ogys,— =1 — 1L (11-3)

For mixtures based on Ar and CH,, the first data points at low electrical field have not been
used for this study, because it seems that they show influence of the longitudinal diffusion.
For mixtures of Ar and CO, some points could not be measured, because their drift velocity
is to low and hence only one peak of the drift time spectrum can be digitised. The peak from
the far source moves out of the acquisition window. All measurements where vp > 4 um/ns
are used for the analysis.

Direct Flow Mixing

Testing the performance of this mixing mode has been done using a mixture of Ar and CH,
with various concentrations. Because the error of the MFCs is flow dependent, for some
points, the total mixer flow has been increased to test this effect. The measurement can
be seen in figure 11.11. All gases used in this test have been already calibrated inside the
MFC, thus no additional correction factor is introduced. The statistical error bars are mostly
hidden by the marker symbol. If they are visible they are drawn as thick lines. The vertical
lines show the limit (£0.1vol.-%) from the partial pressure mixing.

It is clearly visible, that there is some systematic effect, which reduces the content of the
admixture at higher requested fractions. This effect is also visible for higher flow rates
(104, /h). It seems that the observable deviation is introduced by the flow controllers, because
the regulation seems work well but the measured values seem to differ from the real value.
Related to this systematic effect further studies should be done, to evaluate whether this
effect can be corrected for.

The uncertainty of the computed mixture is dominated by the statistical fluctuations of the
flow measurements. Hence the error of the device itself can be neglected. The maximal
deviation of the mean supplied mixture is less than 10 ppmy to the setpoint.

Finally it can be said, that the direct low mixing method is able to produce mixtures of Ar
and CH, or CO, with a accuracy better than 7% of the requested concentration over a wide
range of concentrations (3-18 vol.-%).

Partial Pressure Mixing

To test the performance of the partial pressure mixing mode, the same method like for the
direct flow mixing has been used. The results are shown in figure 11.12. For the partial
pressure mixing, we set a limit of 0.1 vol.-% within all mixtures should be mixed.

As it can be seen in figure 11.12 all mixtures are compatible with this limit. Only very few
mixtures are slightly outside this limit, but compatible within their systematic uncertain-
ties.
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UGMA performance (direct flow mixing)
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Figure 11.11.:

Even if iC,H,,

requested fit, meas

Performance of the UGMA for Ar-CH, and Ar-CO, mixtures in the direct flow
mixing mode. As reference the analysis for a premix Ar-CH, 95:5 mixture is
shown. The filled symbols show the result of the fit of the vp measurements
to the simulation. The brackets indicate the uncertainty of the fitted mixture
introduced by the systematic errors of the chamber. For comparison reasons
also the limit from commercial gas suppliers (£10 %) is shown. The hollow

symbols mark the computation of the mixture given by the measured values
of the MFCs.

is only rated with three of five stars inside Magboltz, the performance regard-

ing this gas has been tested. The result can be seen in 11.13. But one has to keep in mind
that it is not clear whether the simulation can be trusted or not. For this analysis all mea-
sured points have been used. The maximal observable absolute deviation among the tested
mixtures is 0.22 vol.-% at a iC,H,, concentration of 3vol.-%. This results in an relative error
of less than 7.5 %, which is better than the commercial supplier guarantee.

Compared with the direct flow mixing method, the partial pressure mixing method can
produce mixtures without any dependency of the requested fraction. This can be ensured
over the whole tested range 3-18vol.-%. Hence this method is more accurate and the set
limits are fulfilled.
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Figure 11.12.: Performance of the UGMA for Ar-CH, and Ar-iC,H,, mixtures in the partial
pressure mixing mode. As reference the analysis for a premix Ar-CH, 95:5
mixture is shown. The brackets indicate the uncertainty of the fitted mixture
introduced by the systematic errors of the chamber. The points labelled with
,L3“ indicate that these points result from a vg4-fit analysis, whereas points
labelled with ,mixing” result from the calculation of the mixture from mea-
sured and hence filled partial pressures. For optical reasons, the computed
points have been moved by -0.1vol.-% in y-direction and the measured points
by +0.1 vol.-%.

Conclusion

At the moment  fitting the fractions” is the only gas analysis method, which can be used
without previous calibration. But this method suffers from systematic effects and uncertain-
ties, which need to be well understood to gain reliable results. All known systematic effects
are corrected and calibrated inside the readout of the GMC.

Due to lack of analysis devices the quality of the pure gases cannot be checked during
runtime. We have to trust the analysis certificate delivered with the gas cylinder or if an
analysis certificate is not ordered, we have to trust the numbers given for the purity of the
gas. Small contaminations by other gases are not included in the simulations and hence,
their effect on the drift velocity is not known.
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11. Drift velocity

UGMA performance (partial pressure mixing)
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Figure 11.13.: Performance of partial pressure mixing using Ar-iC,H;, mixtures.

Finally using this analysis method it could be demonstrated that the direct flow mixing
method is able to create mixtures with an relative accuracy better than 7% (i.e. better than
0.7 vol.-% for a 10 vol.-% mixture) for the admixture of CH, and CO,. The partial pressure
mixing method is able to create mixtures within +0.1vol.-% around the requested mixture.
This has been tested for CH, and CO, diluted in Ar.

The results shown using iC,H;, must be handled with care, because it is unknown whether
we can trust the simulation or not. In case we can trust the simulation the limits for this
gas are slightly larger. For iC,H,, the mixture can be created within 0.2 vol.-% accuracy.
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12. Conclusion

During the work on this thesis, the Universal Gas Mixing Apparatus system has been
planned, designed, built and commissioned. At the end, the system is able to mix gases
with a precision better than 0.1 vol.-% using partial pressure mixing. This limit has been
verified using various gases and mixtures. At the same time, the system is able to control
the pressure and flow through a connected particle detector.

For future research and development of gaseous particle detectors, this system is able to
provide free selectable precise gas mixtures independent of the type of the connected detector.
Thus the system can be used to supply gas for gas ionisation detectors of different kinds,
like TPCs, drift tubes etc. Also any other kind of detector using a special gas mixture can
be supplied. One important feature is the quick changeability of the gas mixture. With the
UGMA it is possible to change the gas mixture sent through the detector within a few seconds
in parallel flow mixing mode. When using partial pressure mixing, the time to change the
gas mixture takes as long as it lasts to mix a new buffer filled with the new mixture.

For tests regarding the response of a detector to changes in the gas mixture, the system can
be used as well as for searches for new gas mixtures, which may improve the performance of
a detector.

One great feature of the system is mobility. By disconnecting the supply lines, ventilation
and the connected particle detector the system is put into transportation mode. Due to the
small size of the system, it can be transported with small effort. Hence the system can be
used to operate a particle detector inside the laboratory and with the same configuration at
a test beam facility. The UGMA is equipped with all necessary safety devices. Together with
the ventilation a safe operation can be guaranteed. If flammable gases are used, the operation
conditions may be adjusted to meet potential restrictions given by local administration.
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A. Convention

A.1. Naming

Each component is named with six characters, which follow the rules described in the fol-
lowing. Most of the components connect two loops. Thus the naming has been optimised
for this purpose.

AA BB CcC (A.1)
~~ <~ —~

loop from  loop to  device type

If a component is an internal one, BB is replaced by a increasing number. The device type
is an abbreviation which can be looked up in table A.1.

Table A.1.: Device type used for naming inside the UGMA

device type | description
FC flow controller
FI Filter
FS flow sensor
NR non return valve
NV needle valve
0S other sensor
oV overpressure safety valve
PC pressure controller
PR pressure regulator
PS pressure sensor
PT PT100 flow controller
PU pump
PV proportional valve
SH 2/2 way hand valve
SV 2/2 way solenoid valve normal close
TS temperature sensor
TV 2/2 way solenoid valve normal open
XV 4/2 way valve pneumatic operation
YV 3/2 way solenoid valve

Each loop is represented by one letter and one number (1-4). The identification code for
each loop is shown in table A.2.
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A. Convention

Table A.2.: Loop identification code

identification code | description
A analysis loop
C chamber
L loop
M mixing
P purifier
A% vacuum
X exhaust
Y auxiliary

A.2. Units

There are a lot of different units, which are used to describe the state of gases or deviced,
which use gases. In this section, the units and general definitions are described.

A.2.1. Pressure

The pressure is given as a absolute pressure (bara) or as a differential pressure (bar). A
conversion, which takes the height above the sea level into account is not applied. The
differential pressure is based on the current ambient pressure or in calculations on normal
pressure 1013 mbara.

A.2.2. Volume

The volume is given in litres (¢). Because of the compressibility, the volume is given in
norm-litres (¢,,). One norm litre is the amount of gas, which fills a volume of one litre at
a pressure of 1013.25 mbara and a temperature of 273.15K (0°C). The given pressure and
temperature are norm conditions compatible with DIN 1343 [85].

Due to the fact, that the UGMA is not placed in a laboratory, which can be set to norm
conditions, for the necessary data, conditions were chosen, which can be met. The stan-
dard conditions for the gas monitoring chambers consist of a pressure of 1013 mbara and a
temperature of 25°C.

A.2.3. Volume-flow

Unless otherwise noted, the flow is based on Argon. The flow is given in norm-litres per
hour. [97]
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A.3. Commonly used gas mixtures

A.3. Commonly used gas mixtures

There are few mixtures, where a special focus has been put on. In the meanwhile they are
commonly known by their own names.

T2K 95%Ar, 3%CF,, 2%iC,H,, gas used in the TPC at the near detector (ND280) of the
T2K-experiment located in Tokai, Japan.

P5 95%Ar, 5%CH,

P10 90 %Ar, 10 %CH,

ILD 93 %Ar, 5%CH,, 2%CO, gas which is foreseen for the TPC inside the ILD at ILC

A.4. Norms, law and provisions

Some parts of the system had to be designed in compatibility with the legal norms and
provisions. Most of the time, the system will be located in Aachen or Germany. For this
reason, the German norms, law and provisions had been respected. Some of them are the
states implementation of European ones. But for other ones, no European pendants exist.
Norms, laws and provisions exists at different levels.

Starting at the top level, there are international norms, which are created by International
Organisation for Standardization (ISO). These norms can either be adopted by the norm-
ing organisation of the country itself (DIN ISO) or by the European norming association
(DIN EN ISO).

The next level are European norms. For this norms to be valid in each country they need
to be adopted by the norming organisation of the country (DIN EN). If these norms are
adopted, every country, who is member of European Committee for Standardization (CEN)
or European Committee for Electrotechnical Standardization (CENELEC), has to adopt
them without changing.

Every norm is published by the local norming institutes (DIN), for Germany this is Deutsches
Institut fur Normung e. V. (DIN). The DIN also publishes all local norms, which are only
valid inside Germany.

Due to the fact that each level has its own numbering schema, some norms have the same
number but a total different topic. These can be distinguished using the prefix (DIN, DIN EN,
etc.).

For laws and provisions a comparable mechanism exists.
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List of abbreviations

ADC
ALICE
CDSD
CEDOAS
CENELEC
CEN
CERN
CMS
DESY
DIN
FADC
FDN

GC
GEISA

GEM
GMC
HID
HITRAN
IC

ILC
ILD

1P

ISO
ITS
LED
LEL
LEP
LHC
LPTPC
MAG
MDT
MFC
MicroMegas
MPGD
MPPC
MWPC
NIST
PCB

Analogue-Digital-Converter

A Large Ion Collider Experiment

Carbon Dioxide Spectroscopic Database

Cavity Enhanced Differential Optical Absorption Spectroscopy
European Committee for Electrotechnical Standardization
European Committee for Standardization

European Organization for Nuclear Research

Compact Muon Solenoid

Deutsches Elektronen-Synchrotron

Deutsches Institut fiir Normung e. V.

Flash Analogue Digital Converter

Fluidat-On-The-Net

gas chromatograph

Gestion et Etude des Informations Spectroscopiques Atmosphériques:
Management and Study of Atmospheric Spectroscopic Information
Gas Electron Multiplier

Gas Monitoring Chamber

helium ionisation detector

high-resolution transmission molecular absorption database
Integrated Circuit

International Linear Collider

International Large Detector

Interaction Point

International Organisation for Standardization

Inner Tracking System

light-emitting diode

lower explosion limit

Large Electron-Positron Collider

Large Hadron Collider

Large Prototype TPC

metal active gas

Muon Drift Tubes

Mass Flow Controller

Micro-Mesh-Gaseous-Structure

Micro Pattern Gas Detector

Multi Pixel Photon Counter
Multi-Wire-Proportional-Chamber

National Institute of Standards and Technology

printed circuit board
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List of abbreviations

PC personal computer

PDU Power Distribution Unit

PID proportional plus integral plus derivative element
PLC Programmable Logic Controller

PMT Photomultiplier Tube

PWM pulse width modulation

RAID Redundant Array of Independent Disks
RAM random access memory

RCD residual-current-operated protective device
RMS Root Mean Square

SMD Surface-mounted device

STP Standard temperature and pressure

SVD Singular Value Decomposition

TCD thermal conductivity detector

TEC Time Expansion Chamber

TPC Time Projection Chamber

TTL Transistor-Transistor-Level

UubP User Datagram Protocol

UGMA Universal Gas Mixing Apparatus

USB universal serial bus

VDC Velocity Drift Chamber

VDE Verband der Elektrotechnik Elektronik Informationstechnik e. V.
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