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Abstract

The GEM-TPC!!! described herein will be part of the standard beam-diagnostics equipment of the Super-FRS[.. This chamber
will provide tracking information for particle identification at rates up to 1 MHz on an event-by-event basis. The key
requirements of operation for these chambers are: close to 100% tracking efficiency under conditions of high counting rate,
spatial resolution below 1 mm and a superb large dynamic range covering projectiles from Z=1 up to Z=92. The current
prototype consists of two GEM-TPCs inside a single vessel, which are operating independently and have electrical drift fields
in opposite directions. The twin configuration is done by flipping one of the GEM-TPCs on the middle plane with respect to the
second one. In order to put this development in context, the evolution of previous prototypes will be described and its
performances discussed. Finally, this chamber was tested at the University of Jyvéskyld accelerator with proton projectiles and
at GSI with Uranium, Xenon, fragments and Carbon beams. The results obtained have shown a position resolution between 120
to 300 um at moderate counting rate under conditions of full tracking efficiency. © 2017 Elsevier Science. All rights reserved

Gas Electron Multiplier; Time Projection Chamber; Super-FRS; Tracking; Radioactive Ion Beam; Beam Adjustment; FAIR; Fragment Separator; GSI

The Superconducting Fragment Separator (Super-
FRS)P! is a powerful in-flight device which will
provide spatially separated isotopic beams up to
uranium projectiles. Its superiority to the present
FRS is the incorporation of more separation stages

1. Introduction

THE facility for antiproton and ion research (FAIR)4),
will provide an extensive range of beams; from

protons, antiprotons to uranium at intensities up to 10!!
particles/spill and with excellent beam quality in the
longitudinal and transverse phase space.

and larger aperture superconducting magnets. Due to
the high-resolution achromatic mode of the Super-
FRS, the tracking detectors are crucial to obtain
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precise momentum measurement of the fragments
produced. These tracking devices can be used to apply
position correction for the ion velocity whenever is
needed. In addition, they are an inherent component to
determine the corrections applied to energy loss
(dE/dx) needed in the particle identification scheme of
Bp-TOF-AE.

The fragment separator (FRS), which is the
predecessor of Super-FRS provides high energy and
spatially separated monoisotopic beams of exotic
nuclei of all elements up to uranium. At the present,
the FRS uses conventional Time Projection Chambers
(TPO)™! for tracking. These chambers have a single
proportional counter for amplification stage and
induction of signals. They operate in P10 gas (Ar/CHs
90/10) at 1 atm pressure, with a maximum counting
rate capability of 100 kHz. By placing several TPCs
downstream tracking for the experiments is currently
done, however, it is possible only at a low rate.

The diagnostics for the Super-FRS will require
tracking on an event by event basis, for beams
extracted with spill length exceeding 100 ms of
duration. The GEM-TPCs chambers together with
Time of flight® detectors, Multi-Sample Ionization
Chambers MUSIC®! and Secondary Emission
detectors (SEM grids)' will feed data to global
NuSTAR event builder. Therefore, all data acquisition
systems (DAQs) of these detectors should be
integrated.

Furthermore, the requirements for the tracking
detectors of the Super-FRS are:

* Close to 100% tracking efficiency at 1 MHz
counting rate, given an overall hit density of 1
kHz/mm?

»  Spatial or position resolution of less than 1 mm

* Large dynamic range covering projectiles from
Z=1lupto Z=92

e Minimal interference with the beam; low
material budget and uniformity

The main function of these detection systems,

distributed in diagnostics stations along the separator,
is threefold: setting up and adjustment of the separator,

providing means for machine safety monitoring and
particle identification on an event-by-event basis.

One of the main challenges for all components of
these detectors is to withstand the radiation damage
produced by the primary projectiles and fragments, as
for the background radiation. Hence long-term
stability and resistance to aging are of paramount
importance. Finally, the design of such detector
systems should consider extensive operation periods
without maintenance or external interventions,
especially for those chambers located in the pre-
separator.

The GEM-TPC Layoutand Powering scheme
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Fig. 1. The GEM-TPC layout. The main components: field cage,
triple GEM stack, and the Front-end electronics. On the right side,
the powering scheme.

Throughout this paper, the term chamber will be
referred to the GEM-TPC as a whole and its
functionalities however, detector will be used instead
when a particular mechanism of its operation is
discussed.



Nuclear Instruments and Methods in Physics Research A 3

2. Principle of Operation of the GEM-TPC

The layout of the GEM-TPC for tracking at the
Super-FRS is shown in Fig. 1. The components of a
GEM-TPC are field cage!'!!, GEM stack and Front-end
electronics. The GEM stack is used as an amplification
stage and consists of three GEM foils!'?! spaced by 2
mm each; forming two transfer gaps and one induction
gap. With this last one located in between the third
GEM foil and the anode strip plane.

The principle of operation is based on the generation
of primary electrons in the working gas by traversing
projectiles. Followed is the drift of these electrons,
inside a very uniform electric field in the field cage,
towards the anode strips. Upon arrival, signals will be
induced e.g. in a similar way as for a typical Time
Projection Chamber. However, the main difference
resides on the amplification stage, which for the GEM-
TPC'31is done by a triple GEM stack. Which allows
modulating the avalanche of electrons when needed
i.e. the gain. Furthermore, it can be used to steer the
space charge in the induction gap as well.

The powering scheme for the GEM-TPC is done by
two independent high voltage power suppliers; HV1
provides bias voltage for the resistor divider of the
field cage and HV2 for the triple GEM divider (See
Fig. 1). By changing these two bias voltages, different
regimes of operation can be set. Depending on the
energy loss of the primary projectiles, the gain of a
triple GEM stack needs to be varied, in order to make
its detection possible. As an example, in previous
experiments gain for protons was much higher than for
Uranium beam due to differences in energy loss.

3. Experimental
3.1. GEM-TPC detector development

In an attempt to satisfy the requirements for tracking
at Super-FRS, the concept of GEM-TPC was chosen.
The first prototype was built by joining together a field
cage from a conventional TPC already deployed along
the FRS!'#, developed by the Comenius University of

Bratislava and a triple GEM stack as amplification
stage.

The GEM foils for the stack were produced by CERN
electronics workshop; however, the characterization
and quality assurances (QA) was carried out by the
Helsinki Institute of Physics. The protocols used for
characterization and QA are well defined and
developed during the production of the TOTEM triple
GEM detectors for the LHC!'*! and currently updated
for the ALICE TPC upgradel!®),

After the integration the Helsinki-Bratislava
prototype no. 11 (HB1) was commissioned, and tested
for the first time, at the FRS in 2010 with projectiles
of ®Ni at 550 MeV/ul'7). From the results good, spatial
resolution in both coordinates was obtained. In
addition, very stable operation throughout the whole
experiment was observed. Despite these encouraging
results, the overall counting rate was low reaching a
maximum of 100 kHz under conditions of full tracking
efficiency.

The spatial resolution obtained with HB1 was
between 120 — 300 um in the horizontal plane and 125
pm on the vertical plane. The orientation of the
chamber was such, that the position in the horizontal
plane (X-axis) was given by the projection of the space
charge on the readout strips (anode) and in the vertical
plane (Y-axis) by the drift time of the electrons.
However, the overall counting rate was limited by the
use of delay lines for the readout.

In order to, increase the counting rate capability
under conditions of full tracking efficiency, the GEM-
TPC was equipped with high-density readout
GEMEX!8"! front-end cards. As a result of this
integration process, two prototypes (Helsinki-
Bratislava prototype no. 2 and no. 3P%) were
assembled and commissioned. The main difference
between them was the readout strip plane geometry as
it is shown in Fig. 2.

For the HB2 the strips were in chevron configuration
with a pitch of 3 mm and for HB3 parallel strips with
a pitch of 0.5 mm. This last chamber had a density of
readout channels four (4) times higher than HB2. A
common feature between them was the cut-off of strips
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at the middle length, hence giving the possibility to
have two detector-like sharing one single field cage.

Fig. 2. Readout plane for the two GEM-TPC chambers; On top
is the chevron strips of the HB2 and on the bottom, parallel strips
for the HB3.

After commissioning in the laboratory, the HB2 and
HB3 were tested in 2012 at GSI. This time the primary
beam projectiles were '*’Au with an energy of 750
MeV/u and intensity up to 107 ions/spill. The length of
the spill was varied between 8 - 10 s with the beam
illuminating the whole fiducial area. In addition, the
beam geometry was focused and defocused. The
spatial resolution obtained with both prototypes was
very close to each other and in agreement with HB1,
however this time at higher counting rate of 500 kHz
at full tracking efficiency.

These prototypes gave us the opportunity to study
several aspects; the impact of redundancy of readout
channels and its tracking performance for different
strip plane geometries. The conclusion was despite
similar position resolution, HB2 was more sensitive to
damaged or noisy channels, which resulted in partial
loss of acceptance. Another aspect was the saturation
of the readout channels, which was far more
pronounced in HB2. This point out to the fact that, by
splitting the cluster charge in many strips saturation of

the channels is less critical. Especially for the case of
readout electronics with small dynamic range.

3.2. GEM-TPC in twin configuration

From simulation results was found that none of the
previous prototypes (HB1, HB2, and HB3) can
achieve close to 100% tracking efficiency at 1 MHz
counting ratel?'l, which is one of the requirements for
the Super-FRS.

Therefore, a new GEM-TPC design (see Fig. 3) was
proposed, based on the concept of the TwinTPC[?2],
Which consisted of adding two GEM-TPCs enclosed
inside a single vessel. As a result, the prototype HGB4
(Helsinki-GSI-Bratislava prototype no. 4) was built.
This chamber has two GEM-TPCs inside a single
vessel sharing same gas volume; with one of them
flipped in the middle horizontal plane with respect to
the second one. Hereby the notation of the HGB4
(GEM-TPC in twin configuration) will be first (1%)
GEM-TPC for the one having the readout electronics
on top and second (2"¥) GEM-TPC for the one on the
bottom.

In this configuration, the electric fields of the two
field cages will be in opposite directions. Therefore,
electrons generated by the ionization of the primary
particles, are forced to drift in opposite directions e.g.
in 1 GEM-TPC they will move towards the readout
strip plane located on the top, and on the 2" GEM-
TPC to the bottom respectably. The signals induced on
the anode strips of both GEM-TPCs will carry out
information of charge and local time of arrival for each
hit.
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Fig. 3. Super-FRS GEM-TPC prototype HGB4 layout. It shows
the two GEM-TPCs inside one vessel. In this configuration, the drift
fields of the field cages are in opposite directions

Related to the dimensions the HGB4[2*! chamber
shown in Fig. 4 has an entrance window with a fiducial
area of 22 x 10 cm?. Thus, covering in the horizontal
plane or X-axis 22 cm and in the vertical plane or Y-
axis 10 cm. Furthermore, the traverse plane or Z-axis
is 2.5 cm, which will be the thickness of gas seen by
the primary projectile passing throughout the chamber.

The working gas used in all tests was P10 at 1 atm to
allow direct comparison to the performance of
conventional TPCs already deployed at the FRS as
standard instrumentation. In addition, this gas has a
suitable drift velocity and diffusion coefficients for
this application. However, there are other types of gas
mixtures that can be explored in the future as for
instance: Ar/CO, (70/30), Ar/CO,/CF4(45/15/40), etc.

Fig. 4. Super-FRS GEM-TPC prototype HGB4, equipped with
four front-end cards. On top, is the readout electronics for front
GEM-TPC and on the bottom, is the back GEM-TPC respectively

4. Results of test beam campaigns
4.1. Simulations of energy loss

In order to, find detector working parameters e.g.
bias voltages to the triple GEM divider and thus fix the
intrinsic gain, simulations using GEANT424 were
performed. The results of energy deposition obtained
for different projectiles is shown in table I. A cross-
check for the energy deposition obtained by
simulations was done and scales with Z2% as
expected,

From the Table I can be seen considerable variations
of the energy deposited by projectiles, thus forcing to
operate the detector at very different effective gains.
For instance, throughout all the experiments and
commissioning the effective gain was varied between
10 to 5000. An exception was for the case of Uranium
beam, where a gain of 1 was used to avoid saturation
of front-end electronics.
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Table I
Projectile Energy deposited,
(Energy) MeV
GEM-TPC | (in2.5 cm of P10 gas at 1 atm)
(Half)
Mean RMS
Protons 1t 36.7 103 33107
(50 MeV) 2nd 374103 3.110°
2c st 2402103 38.710°
(660 MeV/u) 2nd 241.4 103 39.2 107
124Xe st 20.1 343.3 103
(660 MeV/u) 2nd 20.2 349.6 103
28y st 82.6 6.0
(300 MeV/u)  2m 84.0 6.1

To illustrate the behavior of both GEM-TPCs when
traversed by projectiles of '**Xe at 660 MeV/u,
distributions of energy deposition obtained from
simulations are shown in Fig. 5. For the 1% GEM-TPC
the mean energy deposited was 20.06 MeV and for the
2" GEM-TPC 20.20 MeV respectively. In this case
downstream the primary ions will first hit the 1% GEM-
TPC and then 2™ GEM-TPC

In fact, this was corroborated by the effective gain of
both GEM-TPCs. When picking up signals from the
bottom of the third GEM foil (See Fig. 1).

4.2. Experiments with heavy ions at GSI

The HGB4 was tested at GSI with 28U projectiles at
300 MeV/u, *Xe and '2C at 660 MeV/u in two
separated campaigns.

During 2014 campaign at GSI the HGB4 was located
at CaveC.?®), The geometry of the experiment is
shown in Fig. 6. A plastic scintillator, marked as
START, was located in front of a fission target and
used for triggering (setting the starting time) of each
event and downstream behind the ALADIN magnet
HGB4 at a distance of few meters.
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Fig.5. Energy deposition distribution for '>*Xe beam projectiles
simulations; in a) for the 1t GEM-TPC and b) for the 2" GEM-TPC.

The observable for this measurement was the
Control Sum (c.s.) and its RMS. In particular, these
two parameters combined together are a figure of
merit, of counting rate capability at full tracking
efficiency. Therefore, in ideal conditions the c.s.
distribution will be a delta function with an infinite
small RMS indicating full tracking efficiency can be
achieved at very high counting rate. However, in
reality, a Gaussian distribution is obtained and it is
similar to the one shown in see Fig. 15. In fact, c.s. is
the sum of drift time of electrons for both field cages
related to starting time. The spread is the RMS, which
is a convolution of many factors as for instance:
contributions from longitudinal diffusion, which are
related to the electric field strength, non-uniformities
of the electric field, statistical fluctuations of the
primary electrons and jitter contributions from readout
electronics, etc. Results from simulations show, for the
case of the time window of 1.6 ps (full drift time) and
a cut-off of RMS of 21 ns the maximum counting rate
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achievable is 1.75 MHz at full tracking efficiency!l.
The equation for the c.s. is given by:

C.S. = Tup + Taown — 2Trer (1)
Where: Typ + Tdown is the sum drift of the times for both
field cages and Ty is the reference time from the

plastic scintillator.

§ec0ndary beam

Fission

START 15m

] Active target B winmusic

Fragment trajectories == MWPC

Scintillators £ ALADIN magnet

Twin GEM-TPC

Fig. 6. The layout of the experimental setup for the testing of the
Twin GEM-TPC (HGB4) in caveC.?®! during test beam in 2014

In order to, measure the drift time for both GEM-TPCs
in this experiment, the signals from the bottom of third
GEM foil (GEM 3 bottom) were picked up (see Fig. 1)
and pass to a constant fraction discriminator. Then,
feed into multihit TDC (Caen V1290) and recorded.
Then scan for different electric field strength was
performed starting from 150 V/cm up to 320 V/em?71,
Afterwards, the c.s. was calculated and a distribution
was obtained.

The results from the c.s. scan obtained as a function
of the electric field strength is shown in Fig. 7. On the
abscissa is the value of the electric field, and the
ordinate in the left side is the mean value of c¢.s. (in
blue dots) and on the right side the RMS (in red). The
RMS or sigma slightly changes for different electric
field values, indicating the possibility to operate the
chamber at lower bias voltages for the field cage.
However, this was only observed for Uranium beams.
For the case of protons, the RMS was much larger.

One possible reason can be attributed to large impact
ionization, which can smear out possible contributions
to a jitter in c.s. coming from longitudinal diffusion.
However, a detailed study will be needed to quantify
this effect.

In another experiment carried out in 2016 at FRS,
HGB4 was irradiated with a primary beam of '**Xe
projectiles at 660 MeV/u and '>C at 660MeV/u.
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Fig. 7. The HGB4 Control Sum (blue dots) and its sigma (red
dots). The time window is the total drift time taken by the electrons
to drift across the full length of both field cages and the sigma is
taken from this distribution at different field strengths values.

The geometry of the setup consisted of a plastic
scintillator, which was used for triggering and setting
the starting time of each event. The scintillator was
located right after beam pipe and in front of first TPC
of the reference tracker. For this experiment, the
HGB4 was placed in between two conventional TPCs
in a DUT configuration.

In the Fig. 8 is shown the schematics of the
experimental setup. In addition, beam geometry was
as in previous experiments focused and defocused
illuminating the whole fiducial area. Related to the
intensity the rates were varied from kHz/spill up to few
MHz/spill.

The new front-end cards GMX-NYXOR™?!  were
used for the readout of the two GEM-TPCs of HGB4.
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These front-end cards are a successor of GEMEX
already used for HB2 and HB3. However, their main
difference was done by physically separate; digital
from the analogue part, i.e. placing them into two
independent PCB boards. In fact, the GEMEX was
split into two cards, in order to facilitate their modular
debugging and testing. One GMX-NYXOR front-end
card has two n-XYTER ASICs*”! and one n-XYTER
can serve 128 strips. For reading out 512 strips of each
GEM-TPCs, two cards are used, yielding a total of
four (4) front-end cards for reading out the whole
HGBA4. In Fig. 9 the test stand of full readout chain for
one GEM-TPC is shown.

Fig. 8. Sketch of the experiment at GSI during the 2016
campaign. The HGB4 (Twin GEM-TPC) is located inside the

reference tracker made of two conventional TPCs.

From the data collected in one experiment of this
campaign, correlation plot of hits projected on the
horizontal plane (X-axis) of both GEM-TPCs was
obtained. The correlation is shown in Fig. 10, on the
abscissa, is the maximum amplitude taken from 1*
GEM-TPC and corresponded hits from the 2™ on the
ordinate respectively. It can be seen a good
approximation of the hits’ position for both GEM-
TPCs, thus indicating tracking capability. However,
the data used was only raw hits without any cuts or
clusterization. Moreover, this information was
accessible during the experiment by the online
monitoring system.

\C\ockar\d Trigger

~
| / Optical Fiber:
| Power { Configuration ‘
cables Data transmission
.

GMX-NYXOR

L GMX-NYXOR
#2

N-XYTER #0

Fig. 9. The readout system GMX-NYXOR cards during testing
in the laboratory.

In addition, was possible to resolve online single
clusters too, as it is shown in Fig. 11.
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Fig. 10. Correlation of the signals Top and Bottom GEM-TPCs
detectors of the HGB4 prototype, given for primary '2*Xe projectiles
hitting the detector close to the central region.

A set of 9 (nine) consecutive clusters distributed
along the horizontal plane (X-axis) for both GEM-
TPCs was chosen. In the abscissa is strip number on
the readout plane and in the ordinate amplitude in
ADC counts.

Furthermore, the clusters were color-coded, i.e. to
allow direct comparison between them, because each
one was generated by the same traversing projectile.
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projectiles. In a) are the hits for the 1%t GEM-TPC and on b) are for
the 2 respectively. Most of the clusters involved for both GEM-
TPCs have around 20 strips fired.

It can be seen that the quantity of strips fired inside
a single cluster is nearly the same for both GEM-TPCs.
However, differences can be seen in the trigger
multiplicity plot. As for the hits’ position all clusters
were taken from raw data with no pedestal subtraction
and no equalization, thus indicating a very uniform
intrinsic gain of each GEM-TPC. By applying a
Gaussian weighted fitting algorithm, the centroid of
these clusters can be obtained, i.e. allowing to extract
its position. A good agreement in the position was
found for all clusters. However, detailed analysis
shows small systematically offset of 2 mm between
them.

The cluster multiplicity shows how many strips are
fired inside a single cluster. A crude calculation from
online data shows that this parameter scales with the
one obtained from Garfield simulations for same
working gas3%! and drift length. Indicating a dominant
contribution from transversal diffusion with small add
effect from the triple GEM stack[3'. It is important to
highlight that no clusterization algorithm has been yet
implemented however, this work is in progress.

Instead, the trigger multiplicity will be shown. For
better understanding, the differences between cluster
and trigger multiplicities, this last one is obtained by
summing up all channels (strips) fired in one trigger.

However, the trigger multiplicity could be biased by
noisy channels and multiple clusters inside a single
trigger.
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Fig.12. Trigger multiplicity for '*4Xe beam projectiles; in a) for
the 13t GEM-TPC and in b) for the 2" GEM-TPC.

In Fig. 12 trigger multiplicity for '**Xe projectiles is
shown. The quantity of strips fired in one trigger is
shown in the abscissa and how many of them in the
ordinate. The mean value of strips fired on both
distributions is close to each other; with 19.79 strips
for 1% GEM-TCP and 14.75 strips for 2" respectively.
It can be seen a low multiplicity tail on 2" GEM-TPC,
which can be attributed to noisy channels.

The method used to calculate the spatial resolution is
based on computing the differences; between the
extrapolated track position at the device under test
(DUT), given by straight line from reference tracker
and the position recorded by HGB4. These differences
or residuals are collected for all tracks and forms a
distribution. The RMS of this distribution will become
the spatial resolution. In Fig. 13 the spatial or position
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resolution is shown and the value obtained was 300
um. This resolution was found to be twofold: close to
the one obtained with all previous prototypes (HBI,
HB2, HB3) and well below the required limit.

In summary, HGB4 has performed as expected with
no major incidents registered during the whole
campaign. In addition, HGB4 worked for long
extended periods at high counting rate (over 1 MHz)
showing remarkable long-term stability. Under these
conditions, it was possible to acquire large amounts of
data, mainly by carrying out multiparameter scans as
for instance GEM stack gain, electric field variations
on the field cage versus beam intensity.
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Fig. 13. Position resolution of HGB4 for incident '’C beam
projectiles for the horizontal plane (X-axis). The abscissa denotes
the difference between the X coordinate extrapolated to the GEM-
TPC position using the reference tracker and the one measured by
HGB4.

4.3. Experiments with protons at Jyvdskyld

Testing GEM-TPC sensitivity for protons was one of
the most important experiments for the GEM-TPC
concept since it was not possible to be done with
conventional TPCs currently operating at FRS.
Therefore, a test program was proposed at the
University of Jyvidskyld accelerator facility with
proton projectiles at 50 MeV/u. This test was used to

provides information on the long-term operation
stability of HGB4 under conditions similar to the
Super-FRS.

The geometry of the experiment was very close to

the one in Fig. 8, however for this test no reference
tracker was present. This was mainly due to the low
kinetic energy of the protons.
Instead, a plastic scintillator was located downstream
and in front of HGB4. From data collected, a c.s. was
obtained in conditions of the high-intensity proton
beam. The particle rate was varied from 1 kHz up to 7
MHz in the full acceptance.

HGB4 PROTOTYPE RAW SIGNALS

Projectiles: Protons at 50 MeV/u

AN A ﬁW‘"‘JT Mg
‘u i EHTET
" \ o, ‘J *GEM-TPC | U
i

5.0 ps/div
Fig.14. Analogue signals from the two GEM-TPCs of the HGB4
detector irradiated with protons at the 2.2. MHz rate; the upper part
(in yellow) shows the signals from Top GEM-TPC and on the lower
part (in red) the Bottom GEM-TPC respectively.

Signals recorded by an oscilloscope at a particle rate
of 2.2 MHz are shown in Fig. 14. On the two-color
plot, the raw signals from 1% GEM-TPC are in yellow
and from 2" in red respectively. The maximum
achievable counting rate during this test was 7.9 MHz
i.e. 7.9 times higher than the actual counting rate at the
Super-FRS. In a similar way, like in previous
experiments with heavy ions, multiparameter scans
were performed.

From the signals obtained two characteristics can be
highlighted; correlation of hits position in time for
both GEM-TPCs, whilst differences in effective gain
are clearly seen. The magnitude of this difference was
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of 2 and the reason was found later; to be a
malfunctioning electrical contact on the GEM stack of
2" GEM-TPC. The bad electrical contact on the
bottom flap reduced the voltage drop across the third
GEM foil, thus producing lower gain.
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Fig.15. Control Sum measured for protons at 50 MeV/u energy
and a rate of 750 kHz traversing perpendicularly the HGB4. This
drift field strength was 290 V/cm.

The c.s. measured for protons at S0 MeV/u is shown
in Fig. 15. A single Gaussian describes the data and no
shoulders or any structure within this distribution is
observed. The RMS extracted is 55.77 ns, which is a
factor of 3.9 higher than for Uranium projectiles (Fig.
7). For this analysis, only 25% of triggers were used
due to the small acceptance of the trigger scintillator.
Nevertheless, the chamber was fully illuminated
during these tests.

Possible reasons behind broadening of c.s. can be
attributed to the scattering of the protons in Air before
entering to HGB4 or the rescattering in the scintillator
and finally statistical fluctuation of the primary
electrons generated in the impact ionization. In
addition, the longitudinal diffusion was a contributing
factor found when comparing the c.s. taken for two
different electric fields. As it was mentioned before for
this experiment there was no reference tracker,
therefore no preselection of tracks based on the
incident angle could be done.

In summary, the experiment with irradiation of

protons demonstrates two main things: the first one is
the sensitivity of HGB4 to light ions at full tracking
efficiency. The second was good long-term stability
under conditions of a high-intensity beam.
However, optimizations are still needed, in order to
optimize the timing performance. Currently, there are
ongoing activities to optimize the GEM stack divider
for P10 gas and tests with protons are foreseen at the
end of 2017.

5. Conclusions

e The GEM-TPC has been developed and will be
used as standard instrumentation for tracking at
the Super-FRS.

e The GEM-TPC was tested in several beam
campaigns with projectiles of: 28U, 197Au, '%*Xe,
4Nji, 12C and protons.

e The position resolution achieved in the
horizontal plane (X-axis) was between 120 pm
and 300 pm and for the vertical plane (Y-axis) of
125 pm.

e There are indications that the intrinsic rate
capability is well above the required limit of 1
MHz. Studies of tracking efficiency and spatial
resolution as a function of the rate will be
available soon.
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