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Abstract

Results of measurements and simulation (both analytical and Monte Carlo) of
the amplification process in straw tubes used in the ATLAS Transition Radia-
tion Tracker are presented. Main attention was paid to studies of the evolution
of the signal amplitude spectrum for a point ionization as a function of the wire
offset in the TRT standard gas mixture. The agreement between experimental
data and simulation shows that the understanding of the intrinsic behavior of
the detector is good. This provides not only explanation of processes in the
straw but a solid basis for the choise of the gas mixture for the wire offset
measurement in the ATLAS TRT as well.



1 Introduction

The straw tube Transition Radia-
tion Tracker (TRT) in the ATLAS ex-
periment [1] at LHC is being designed
to operate at extremely high radiation
levels. Some elements of the 425,000
straw proportional tube detector are
expected to operate at rates approach-
ing 20 MHz and even these straws
should provide reliable tracking and
particle identification information.

The straw geometry, the exact gas
composition, straw voltage and gas
gain are only a few of many parameters
that play an important role in defining
the detector performance.

The standard TRT gas mixture
Xe/CF4/CO2 70/20/10 provides an ef-
ficient X-ray absorption, a fast charge
collection and a stable operation over
a sufficient high-voltage range even at
high particle rates. However the large
fraction of carbon tetrafluoride (CFy),
well known as a ”"fast gas” with very
good ageing performance, leads to elec-
tronegative properties of the gas mix-
ture in high electric fields and there-
fore causes capture of electrons drifting
towards the anode wire [2, 3] what af-
fects the energy resolution of the straw
chamber.

The electron amplification near the
anode wire is the main process, con-
tributing to the straw signal. It
strongly depends on the electric field
and chamber geometry. A displace-
ment of the anode wire from the straw
tube center (wire offset) distorts the
radial symmetry of the electric field
(Section 3.3) and leads to a change of
the amplitude spectrum of the straw.
Experimental studies performed with
straws have shown that wire offsets
smaller than 300 pgm do not essen-
tially deteriorate the detector perfor-
mance [1]. Nevertheless their effects

on the signal amplitude distribution
are not negligible and this fact is used
as a technique for wire offset measure-
ments for all 425,000 straws of the as-
sembled ATLAS TRT [1]. That is the
main motivation for studies of the im-
pact of wire offsets on electron multi-
plication and energy resolution of the
straw chamber. The main part of this
work was dedicated to this issue, ex-
amined in various measurements and
then compared with analytic simula-
tions and Monte Carlo studies. Dif-
ferent gas mixtures and recommenda-
tions for wire offset measurements in

the ATLAS TRT are discussed as well.

2 Measurements

A schematic view of the experimen-
tal setup is shown in Fig. 1.
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Figure 1: FExperimental setup for the
wire offset measurements (parallel wire

offset).

While the 12 cm long straw was fixed
at its ends a parallel wire offset was re-
alized by enforcing the middle part (of
about 1 cm) of the straw into a poly-
carbonate block that could be shifted
perpendicular to the wire axis. This
method ensured always a parallel po-
sition of the tube with respect to the
wire in the irradiated part. The straw
could be irradiated through 1 mm wide
collimating slits either from the side
where the wire is closest to the tube
wall, from the opposite side or from
a position which is perpendicular to



the plane of the straw movement. Sev-
eral spectra of an ®Fe source, emitting
5.95 keV X-rays, have been recorded
in order to measure gas gain and en-
ergy resolution with respect to differ-
ent wire offsets. The anode wires had
diameters of 30 pm and of 50 pm with
tolerance better than 1%. TRT stan-
dard Xenon gas mixture and several
Argon based mixtures containing COq
and CF4 were examined.

The multiplication factor and en-
ergy resolution were determined from
recorded ®°Fe spectra for various an-
ode voltages and wire offsets by read-
ing out the position of the peak (corre-
sponds to most probable gain) and its
FWHM (full width half maximum).

At the very beginning, dedicated
studies were performed to examine the
effects which can appear when the wire
does not have a parallel offset but it
is positioned with some angle to the
straw axis. In the set-up for the mea-
surements with angular wire displace-
ment the wire had central position at
one end of the straw, whereas at the
other end it was crimped outside of the
1.5 mm thick wire crimping pin and
therefore displaced by 750 pm.

Changing collimated source posi-
tions data with any offset between 0
and 750 pm could be sampled. It
turned out, that there is no measurable
difference in behavior between parallel
and angular (with respect to the straw
axis) wire displacement.

The results of peak position mea-
surements as a function of wire offset
for 30 pm wire and the standard Xenon
gas mixture are shown in Fig. 2. The
three sets of data shown there corre-
spond to different directions of the X-
ray beam:

Far - straw is irradiated from the side
where the wire has the largest distance

from the cathode.

Near - straw is irradiated from the
side where the wire has the shortest
distance from the cathode.

Up - straw is irradiated from the side
perpendicular to the wire displacement
plane.
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Figure 2:  Gas gain change as a func-

tion of the anode wire displacement
for different directions of X-ray beam.
TRT standard mixture, 30 um wire di-
ameter.

In case of uniform X-ray absorp-
tion in the straw there would be no
measurable difference when changing
the direction of irradiation (direction
Up represents this case). However
in reality the attenuation length for
6 keV photons in Xenon is about 2
mm, which creates an asymmetry in
absorbed photon density in the straw.
The signal amplitude therefore results
from the azimuthal position of the elec-
trons drifting towards the displaced
wire.

Additional experimental data on
wire offset effects can be found in Sec-
tion 4 and in the Appendix.



3 Simulations

3.1 Software

The following software was used to
investigate the described subject:

Garfield [4] - a computer program
for the detailed simulation of two-
and three-dimensional drift chambers
which includes drifting of particles, dif-
fusion, avalanching and current induc-
tion.

Magboltz [5] - computes transport
properties for electrons in various
gases, including drift velocity, the lon-
gitudinal and transverse diffusion coef-
ficients and the Townsend and attach-
ment coefficients. A large set of the
latest cross-sectional data for numer-
ous gases is included in the code.

The program is available either in the
traditional version performing a multi-
term Boltzmann analysis (program
simply called ”Magboltz”) or a new
version using Monte Carlo methods to
compute the described quantities (un-
official program name "mmonte”). Of
the latter also exists a refined version
(unofficial program name “imonte”) 1
for higher accuracy computation of the
Townsend and attachment coefficient
in high field regions (E < 50 kV/ cm).
It is strongly recommended to use this
Monte Carlo programs for simulation
in magnetic fields. High accuracy
in simulations is achieved by tracking
all electrons created in ionizing colli-
sions. The Boltzmann transport equa-
tion solved in the analytic version of
Magboltz uses a solution for the energy
distribution function expanded up to
the third term of the Legendre poly-
nomials [6]. It should be mentioned
that for the drift velocity calculation in

tall Monte Carlo versions available from
Steve Biagi

the Xenon standard mixture the Boltz-
mann code of Magboltz was slightly
modified for better agreement. The
electron energy upper integration limit
was limited to values where the elec-
tron energy distribution function, FO,
was greater than 1076 eV, this helped
to improve the numerical accuracy of
the calculation [7].

3.2 Gas properties

In order to simulate the straw oper-
ation the following transport proper-
ties of electrons in the standard AT-
LAS TRT gas mixture Xe/CF,;/COq
70/20/10 had to be determined: drift
velocity, both transversal and longitu-
dinal diffusion, ionization and attach-
ment coefficients.

A comparison with the available ex-
perimental data served as a first bench-
mark for the reliability of the simu-
lation with the different versions of
Magboltz. As mentioned before the
electron drift velocity (Fig. 3) (for
E < 10 kV/cm) was found to agree
much better with the experimental
data using the modified analytic Boltz-
mann version of Magboltz with its
modified truncation of the electron en-
ergy distribution function FO0. How-
ever calculating the diffusion (Fig. 4),
ionization and attachment coefficients
(Fig. 5) is proven to be more accurate
using the Monte Carlo integrator [6].
The technique has been previously de-
scribed by Fraser and Mathieson [8]
and will not be discussed here.

It is interesting to note focussing ef-
fect of the electric field in the straw
which compensate transverse diffusion
effects. Fig. 6 and Fig. 7 show simu-
lated tracks of of single electrons drift-
ing from three position inside of the
straw. One can see that final size of
the electron cloud drifting from point
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Figure 3: Computed and measured
electron drift velocity in the TRT stan-
dard mizture. Fxperimental data taken

from Ref. [1].
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the TRT standard mixture.
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Figure 5: Calculated Townsend and at-
tachment coefficient in the TRT stan-
dard mizture.

ionozation occupies only 15 % of the
gtraw surface.

Figure 6: Drift of randomly placed
point-like 55 Fe clusters in the TRT
straw. Note the focussing effect.

3.3 Electric field in the straw

The modeling of the straw tube ge-
ometry could be easily done in two di-
mensions, i. e. only the cross-section
of the straw has been drawn and sym-



Figure T:

The zoomed wview clearly
shows the focussed drift towards the
wire.

metry along the tube axis assumed in
order to simplify the calculations.
The tube with an inner diameter
of 4 mm was assumed to be perfectly
round, since small deviations towards
an elliptical shape have a negligible ef-
fect on the electric field and can be
kept out of examination. Garfield al-
lows an easy description of the geom-
etry in two dimensions and calculates
the field inside the straw analytically
following the known relation for the
electric field in a cylindrical geometry:

E(r) = Lb
r- log(g)
V = woltage applied between
anode and cathode
a = anode wire radius
b = cathode inner radius

The field map for configurations
with a displaced wire is obtained
through a conformal mapping of the
solution for the centered wire and ex-
act in the thin wire limit. Field line
plots for 500 um wire offset can be

seen in Fig. 8 and Fig. 9. In addi-
tion an attempt was done to exam-
ine a finite element analysis (FEM)
using the commercial field simulation
package Mazwell [9]. This would be
necessary if we saw 3D effect of the
field on the avalanche development for
tilted anode wire. It quickly became
clear that this is not suitable for our
case, because the description of the
potential with a second-order function
leads only to a linear approximation of
the field (which is the derivative) and
hence lacks accuracy in the region close
Yo the wire where the avalanch froma-
tion occurs.

Figure 8: Field lines in a straw tube
with no wire offset.

It is suggestive to view the electric
field at the wire surface, especially its
change with increasing wire offset. It
was done for anode voltage of 1530 V
(TRT operation voltage). The wire
was shifted out of the center, which re-
sulted in an enhanced field on the wire
surface. The results are shown in Ta-
ble 1.

The development of the surface field
for different wire offsets is shown in
Fig. 10 as a function of azimuthal an-



Figure 9: Field lines in a straw tube
with a wire offset of 500 pm.

offset Eauvg Enin Emaz
[m)] kV/em] | [kV/em] | [kV/cm]
0 208.47 | 208.47 | 208.47
200 208.90 | 209.07 | 208.72
300 209.44 | 209.70 | 209.17
400 210.22 | 210.59 | 209.85
500 211.25 | 211.72 | 210.79
offset relative correspond.
(o] change [%)] voltage [V]
0 0.0 1530
200 0.2 1534
300 0.5 1537
400 0.8 1543
500 1.3 1550

Table 1: Electric field at wire surface
vs. wire offset.
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Figure 10:  FElectric field strength on
the wire surface for no offset, 300 um
and 500 um offsets. The wire was dis-
placed in the direction of 90 degrees
azimuthal angle (point on wire surface
closest to the cathode).

Note that with the wire moving to-
wards the cathode the electric field
increases on the whole wire surface.
Over all one clearly expects a total in-
crease of the most probable gain with
respect to the wire offset and besides
a broadening of the spectrum, as the
field strength is no longer uniform on
the wire surface. Avalanches devel-
oping towards the wire from the side
closest to the tube will result in larger
sizes than avalanches on the opposite
side of the wire. This is only true if
the avalanche does not develop around
the wire. As it was shown for other
gas [10], avalanche from piont-like ion-
isation in TRT straw filled with stan-
dard gas do not embrace the wire at
the operating gas gain. Fig. 14 shows
simulation results for avalanche devel-
opment near the wire.



3.4 Avalanching model

The statistical distribution of the
of single electron

avalanches in a Townsend discharge is
described by

carrier number

1
- — - n ]_
V() = = (1)
with

= ef adx (2)

n = mean number of electrons

i an avalanche
a = Townsend coefficient

This distribution is only valid in ab-
sence of attachment, recombination,
space charge effects or strong electric
fields.
to deal with a non-negligible amount
of electronegative molecules in the gas
mixture causing electron attachment,
hence with the fact that only a part
of the primary electrons form observ-
able avalanches. These are still sub-
ject to an exponential distribution but
with an increased mean except zero bin
which correcponds captured electrons.
(Fig. 11). A detailed theoretical dis-
cussion of this topic was done by W.
Legler [11, 12].

The introduction of the attachment
coefficient n leads to a more compli-
cated description of the avalanche dis-
tribution in non-uniform electric fields
since both Townsend and attachment
coeflicients are subject to fluctuations.
The implementation of an indepen-
dent treatment of Townsend and at-
tachment fluctuations in the code of
Garfield could be done [13]. That
means after each step in the Monte
Carlo integration there is a decision
whether an electron ionizes, gets at-
tached or continues drifting. In prior

However in our case we have
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Figure 11: Number of electrons
in single electron avalanches in the
Xe/CFy/COy 70/20/10 gas mixture
(straw tube with a 30 pm anode wire
at 1530 V, no wire offset).

versions of the code the final multipli-
cation was just multiplied by an inte-
grated attachment probability, which
is a good approximation in gases with
low attachment. However only the de-
scribed method can reveal the dete-
riaoration of energy resolution due to
the electronegative CF4 admixture.
Fig. 12 shows the comparison of the
simulated and experimental spectrum
of a straw. Omne can see very good
agreement, although the different peak
positions reflect the deviation of the
measured peak from the simulated one.
The escape peak does not appear in
the computed spectrum, since this pro-
cess is not considered in the simulation
(for more details see next Section).

3.5 Straw gas gain and energy
resolution

Transport properties in our gas mix-
ture were computed with Magboltz
where the temperature was set to 23°C
and the pressure atmospheric (760
Torr). We can mention here that
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Figure 12:  Comparison of experimen-

tal and simulated spectrum of an ®® Fe
source (gas gain 10% higher).

the temperature dependence of the gas
gain in the experiment has earlier been
found to be 1.7% per degree [1].

The average number of primary elec-
trons from an ®>Fe conversion includ-
ing fluctuations was computed by fol-
lowing the avalanching process of a
5.95 keV single electron until all sec-
ondary electrons are thermalized [14].
Taking a Fano factor of 0.17 one gets
256 £ 7 electrons per cluster using
the known relation for the fluctua-
tions [15]:

o4 =FN (3)
oy = Fluctuations in the number
of primary electrons
= Fano factor
Average number of primary
electrons

2

In order to obtain the equivalent of
an ®°Fe spectrum in our simulation the
following steps have been done. The
average in multiplication of 256 sin-
gle electron avalanches was computed
by drifting all these electrons from the

same, randomly chosen position in the
straw (diffusion included in the drift
process). An example of electron clus-
ter drift (of only 50 electrons per clus-
ter) shown in Fig. 6 and 7.The entirety
of some thousand calculated ”cluster
avalanches”, randomly distributed all
over the straw, was then plotted into a
histogram (Fig. 12) resulting in a peak-
ing distribution from which the most
probable value of signal amplitude cor-
responding to the gas gain value could
be determined. A gas gain curve was
calculated and compared with the ex-
perimental data. It showed agreement
within 10% in the region of gain lin-
earity (Fig. 13).

The agreement seen from this figure
is remarkable since the total multipli-
cation factor is extremely sensitive on
the cross-sectional data of the gas com-
ponents in the mixture.

For higher multiplication values,
commencing space-charge effects in the
avalanches lead to a significant non-
linearity in the straw response.

Gas gain
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30 um wire, no offset

1320 1360 1400 1440 1480 1520 1560 1600 1640 1680
Voltage (V)

Figure 13: Gas gain in the TRT stan-
dard mizture as a function of voltage.
Ezxperimental data and Monte Carlo
stmulation.



3.6 Drift processes in the

straw

The strong focusing effect of the ra-
dial field for the avalanche can clearly
be seen in the simulation (Fig. 14).
This figure manifest the fact that the
avalanches do not embrace the wire
and cover only about 25% of azimuthal
space. However the electrostatic repul-
sion in the avalanche is not considered
in the simulation. The electron multi-
plication threshold depends on the gas
and lies for the TRT standard mixture
at about 30 kV/cm which corresponds
to a distance of approximately six wire
radii or 90 pm from the wire surface
(30 pm wire at 1530 V).

Figure 14: Single electron avalanche
in a straw tube. Gain approximately
27,000.

Fig. 15 shows how the total gas gain
(i. e. the integral of multiplication and
attachment processes) depends on the
initial radial position of the primary
electron. Electrons starting from the
area close to the cathode pass through
a region with an increased probabil-
ity to be attached. Electrons from a
conversion which are very close to the
wire are not able to exploit the full

multiplication path. This ”competi-
tion” of Townsend and attachment co-
efficient leads to a maximum of mul-
tiplication that an electron can reach
when it starts its life about 160 pm
away from the wire (in case of no wire
offset).
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Figure 15: Fach point represents the
Monte Carlo simulated multiplication
factor of an ®°Fe cluster as a func-
tion of the initial drift distance from
the wire (diameter 30 um, 1530 V, no
offset, TRT standard mizture)

3.7 Effects of a wire offset

If the wire in the straw is displaced
from the tube center the picture is
changed. Electrons starting at the
same distance from the wire but from
different sides will generally not re-
sult in the same mean avalanche size.
The gain dependency on the position
of the deposited charge becomes worse.
Fig. 16 shows straw areas which have
the same (within 5%) gas gain for
the case of 500 pm wire offset. The
strongly varying signal pulses change
the known Gaussian character of the
distribution into a distribution with a
higher probability for large avalanche



sizes. The effect becomes stronger
with increasing wire offset (Fig. 17). In
good approximation such a spectrum
can be fitted with a double-Gaussian
function (Fig. 18), which clearly can be
related to a superposition of two spec-
tra recorded from both sides, whers
the wire is closest and furthest from
the tube wall.
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Figure 16: Distribution of areas with
stmilar gas gain in the straw with wire
offset 500 pm. TRT standard mixture,
30 um anode wire, 1530 V.

The impact of a wire displacement
on the straw operation was the main
subject of interest in this work. Gas
gain was simulated as a function of
wire offset for our TRT standard gas
mixture and a wire diameter of 30 pm.
A comparison of the relative change in
gas gain obtained in simulation and ex-
periment is shown in Fig. 19. Good
agreement for the wire offsets below
300 pm was found. The disagreement
in the relative gain change for wire off-
sets above 300 pm is not completely
understood yet, but may come from
space charge effects in the locally high
electric field region.
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Figure 17: Simulated spectra from

point-like ionization of 5.9 keV for
wire offsets of 0, 100, 300, 500 um
(from left to right). The energy res-
olutions are 21%, 23%, 26% and 27%
respectively.
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Figure 18: Simulated spectrum fitted
with a double-Gaussian function.
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Figure 19: Measured and simulated rel-
ative change in gas gain due to a wire
offset in the straw.

4 Measurements in
Argon based mixtures

It was already mentioned above that
the main motivation of this work orig-
inated from practical issues, namely
to understand the processes leading
to a gas gain change when the wire
moves out of the straw center and us-
ing this circumstance to specify cal-
ibration curves for wire offset mea-
surements in all 425,000 straws of the
ATLAS TRT. Xenon is an expensive
gas and it might be important to use
cheaper gas mixtures for testing pur-
poses. Apart from the costs the main
requirement on these mixtures is hav-
ing operation properties as close as
possible to the standard gas mixture
(operating voltage, range of stable op-
eration, robustness to discharges). For
that reason different Ar-based mix-
tures have been examined.

Results of relative gas gain change
versus wire offset for 30 pm wire fir
Ar-based mixtures are shown in Fig-
ures 20 - 23.
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Figure 20: Gas gain change as a func-
tion of wire displacement for Ar/COsq
74/26 gas mizture. 30 pm wire diame-
ter. Anode voltage of 1366 V. Parallel
and angular wire displacement.
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Figure 21: Gas gain change as a func-
tion of wire displacement for Ar/COs
50/50 gas mizture. 30 pm wire diame-
ter. Anode voltage of 1630 V. Angular
wire displacement.
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One should not that there is no de-
pendence on the beam orientation for
Ar-based mixtures, (Fig. 20). That
is because X-ray attenuation length in
Argon is quite large and primary ion-
ization clusters are distributed is the
straw uniformity.

The sensitivity of the gas gain to a
wire displacement is slightly higher for
triple gas mixtures, what is important
for wire offset measurement accuracy.
Ar/CF,/CO4 63/22/15 appeared to be
the best choice, because its operating
voltage and stability are very close to
the TRT standard mixture.
trary to that a two component mix-
ture Ar/COg2 74/26 needs less operat-
ing voltage (approximately by 200 V)
and is not very resistant against dis-
charges. In addition Ar/CO2 mxiture
is more sensitive to even small impu-
rities of other gases particulary elec-
tronegative ones than triple mixture.

Ar/CO3 50/50 requires a higher op-
erating voltage but shows no improve-
ment in operation stability. The
data for 50 pum wires is shown in the
Appendix.

In con-

5 Conclusion

It is shown that many properties of
the straws can be well understood with
the help of Monte Carlo studies. The
simulations reproduce gain measure-
ments within an acceptable error (of
about 10%) in the allowed range of op-
eration conditons. For larger gains, i.
e. above 40,000, space-charge effects
introduce non-linearities in the behav-
ior and are not considered in the sim-
ulation. The relative change in gas
gain due to a wire offset in the straw
with the TRT gas mixture is well re-
produced and understood.

One of the main achievement was



the success in obtaining the approxi-
mate width of the measured spectra.
Even for no wire offset the energy reso-
lution is limited through the large frac-
tion of primary electrons attached in
the gas, which leads to stronger fluc-
tuations in the avalanche size. The in-
crease of the FWHM with commencing
wire offset becomes clear with the re-
sulting field distortions. Only the im-
proved avalanching model led to these
results.

Electron transport properties have
been computed with the help of Mag-
boltz and were then used in Garfield
to simulate drift and avalanching pro-
cesses. The Monte Carlo integra-
tion has shown much better agreement
than the analytic approach.

We have to emphasize that the only
input in the Monte Carlo simulation
are the various cross-sections of the
gases, that come with the Magboltz
code and are published data. No free
parameters are used to “tune” the ab-
solute multiplication values or the en-
ergy resolution in order to fit the ex-
perimental data. It shows that the un-
derlying model of the straw behavior
and properties is well understood.

As a result of the gas mixture stud-
ies it is shown that the wire offset
can be measured using Ar/CF,;/COq
63/22/15. This mixture behaves like
the TRT standard Xenon mixture and
has an enhanced sensitivity to wire off-
sets (3.5% and 5.6% for 200 pm and
300 um offset respectively). A two
component mixture of Argon and CO4
does not look appropriate for these
kind of studies, because of its insuf-
ficient stability against discharges and
its lower sensitivity(2.5% and 4 % for
200 pm and 300 pm offset respec-
tively). This difference is much larger
for 50 pm wire diameter.
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A. Appendix

Measurements with 50 ym wires
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Figure 24: Gas gain change as a func-
tion of the anode wire displacement
for different directions of z-ray beam.
TRT standard mixture, 50 um wire di-
ameter.
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Figure 25: Gas gain change as a func- Figure 2T: Gas gain change as

tion of wire displacement for Ar/COs
74/26 gas mizture. 50 um wire diam-
eter.
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Figure 26: Gas gain change as a func-
tion of wire displacement for Ar/COs
50/50 gas mizture. 50 pm wire diam-
eter.

a function of wire displacement for
Ar/CFy/COy 70/18/12 gas mizture 50

um wire diameter.
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Figure 28: Gas gain change as

a function of wire displacement for
Ar/CFy/CO 63/22/15 gas mizture 50
pum wire diameter.
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