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The R&D of a gas detector prototype for high precision tracking of low energy nuclear recoils
over large volume is presented in this paper. The scintillation light accompanying the electronic
avalanches in a triple GEM structure is detected by a CMOS-based camera. The sensor provides
very high granularity along with a very low noise and high sensitivity. Space resolution of the
order of tens of um were measured on the GEM plane (xy). The Negative Ion Drift method
to reconstruct the depth of track within the sensitive volume was studied. Recent tests on beam
demonstrated the feasibility of the NID method with a small amount of SFg even at nearly ambient
pressure. The use of a concurrent light readout by means of a suitable photomultiplier provides
the necessary timing informations. A time resolution of the order of 5 ns was measured.
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1. Introduction

The CYGNUS collaboration is developing different technologies to build an underground
multi-site "ton’ gas target, for nuclear recoil measurements with a TPC readout. The final tech-
nology has to fulfill two important requirements:

1. Directionality. 3D reconstruction of tracks to exploit asymmetries and direction modulation
of the Dark Matter signals for background discrimination;

2. Sensitive Volume Fiducialization. Measurement of the event position within the detector to
reject events close the detector walls, very likely due to decays of radioactive materials.

The Time Projection method is an ideal candidate to achieve these results. Large volumes can
be readout by means of a moderate number of channels providing a complete 3D reconstruction
of the charged tracks within the sensitive volume. It allows the measurement not only of the total
released energy but also of the energy release density along the tracks that can be very useful for
particle identification and to solve the head-tail ambiguity of the tracks. Moreover, gas represents a
very interesting target to study Dark Matter interactions. In gas, nuclear recoils can travel enough to
give rise to tracks long enough to be acquired and reconstructed. Finally, TPC might even include
light anisotropic targets with an additional directional sensitivity as suggested in [1] and [2].

For equipping large surfaces, the use of Micro Pattern Gas Detectors is a very simple solution
ensuring high space and time resolution. In particular Gas Electron Multipliers [3] are able to
suppres the Ion Back Flow inside the sensitive volume.

Time Projection Chambers for Dark Matter search have a crucial difference with those used
in High Energy Physics experiments. With penetrating tracks an external trigger can be exploited
to measure the electron drift time to evaluate the event depth. In DM applications an alternative
technique is needed. One possibility the is given by the Negative Ion Drift (NID) method [4]. If
a small amount of a highly electronegative component (SFg, CS») is present in the gas mixture,
ionization electrons can be absorbed its molecules creating negative ions. These will start drifting
in the electric fields, following the field lines with neglegible diffusion. At the multiplication stage,
exceeding electrons are released and avalanches develop. If different electronegative species are
present, with different masses and mobilities, they will drift with different velocities.

The measurement of the difference of the time of arrival will allow to evaluate the depth of the
event inside the gas volume.

2. Negative Ion Drift Measurements

Negative ion drift was tested with NITEC prototype [5], a5 cm gas gap readout by a 3 x 3 cm?
triple GEM structure. The time and charge of signals induced by the electrons produced in the last
GEM are acquired by means of a TimePix [6] NID technics was recorded with several different
CF¢-based gas mixtures. and drift velocities of the order of cm/ms, as expected for ion drifts, were
measured and are shown on the left in Fig. 1 as a function of the drift electric field. The main result
was the detection of the NID at nearly atmospheric pressure (610 Torr) in a mixture He/CF4/SFq
59.0/39.4/1.6.
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Figure 1: Negative ion velocities and mobilities as a function of the reduced electric field.

On the right of Fig. 1 the measured negative ion mobilities are shown as a function of the
reduced electric field. Data acquired at 610 Torr allowed to measure the ion mobilitiy around
1.2x 10" V cm.

3. Reading the light: a change of paradigm

During the multiplication processes, photons are produced along with electrons by the gas
through atomic and molecular de-excitation.

Optical readout of the light produced by GEM based detectors was already studied in the past
([8], [9]) and showed several advantages:

e optical sensors offer higher granularities with respect to electron sensitive devices;

e optical coupling allows to keep sensor out of the sensitive volume reducing the interference
with high voltage operation and lowering the gas contamination;

o the use of suitable lens allow to acquire large surfaces with small sensors;

Moreover, in last years, optical sensors had a huge development and are able to provide larger
granularities along with very low noise level and high sensitivity.

3.1 Measurements of the optical readout perfomance

The optical readout approach was tested on electron beam at the “Beam Test Facility” [7] by
using the ORANGE (Optically ReAdout GEm) prototype ([10], [11]) . A 10 x 10 cm? Triple GEM
structure, with a 1 cm high drift gap, gas flushed with an He/CF, 60/40 mixture was readout by an
Orca Flash 4 CMOS-based camera! equipped with a large aperture (f/0.95) lens.

Very clear images of high energy electrons from beam and low energy electrons due to natural
radiactivity, as the ones shown respectively on the left and right of Fig. 2, were acquired by this
device.

'For more details visit the site www.hamamatsu.com
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Figure 2: Examples of acquired images: on the left a 450 MeV electron with a d ray and on the right a low
energy electron from natural radioactivity.

3.1.1 Tracking performance and energy resolution

The performance of the optical readout method were studied by analysing the tracks acquired
by the CMOS sensor. About 1000 photons are collected per track mm, i.e. around 150 per primary
electron. A so large amount of information allows to reconstruct very precisely the track position
resulting in a space resolution of 35 ptm as shown on the left in Fig.3.
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Figure 3: Left: distribution of the residuals of the reconstructed clusters to the fitted tracks with a superim-
posed gaussian fit. Right: relative energy resolution as a fuction of the energy released in the gas.

By studying the distribution of the light collected in slices of different widths, the energy
resolution behavior was evaluated.

Figure 3 shows on the right that, already for energy realeases around 1 keV, a resolution of
about 50% is obtained and that for releases in the range 3 <5 keV an energy resolution better than
30% can be achieved.

3.1.2 Exploting the time information: combined readout

In order to acquire the time structure of the signals, light was concurrently readout by a PMT?.
The waveforms of the PMT output and of the electric signal induced by the motion of the electrons
on the third GEM bottom electrode (G3D) were acquired by means of a 10 GS/s sampling oscillo-

2Hamamatsu H10580
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scope’. These two signals are able to provide, not only the time structure of the event, but also two
independent measurements of the total released energy.

In Fig. 4 examples of acquired data are shown. On the left, the PMT output and the signal
induced on the bottom electrode of the third GEM in a event of a single electron traveling in the drift
gap, parallel to the GEM foils are shown. In both cases clear and narrow (less than 10 ns FWHM)
waveforms are visibile. The relative noise level in the electric signal is considerably larger, most

likely due to jitter on the high voltage supply line.
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Figure 4: Example of the acquired waveforms of the PMT output and the electric signal induced on the
bottom electrode of the third GEM (G3D).

From a gaussian fit of the PMT output, a sigma of 5.5 ns was measured. Given an electron
drift velocity (calculated with Garfield [12]) of 74 pum/ns, a resolution on the z coordinate of 400
um was evaluated.

On the right of Fig. 4, the PMT signal is shown for an inclined electron crossing the 1 cm
drift gap at an angle of 30° with respect to the GEM foils. The arrival time of the larger clusters is
clearly visible, allowing an independent reconstruction of their absolute position in z. Taking into
account the gap height (1 cm) and the width of the signal (about 160 ns), an electron drift velocity
of 62 um/ns in agreement with the value evaluated with Garfield.

4. Conclusion

With the aim of constructing a high resolution GEM-based Time Projection Chamber for the
study of rare processes, several R&D activities are being carried on. On one hand, the feasibility of
using Negative lon Drift at nearly atmospheric pressure adding a small amount of SFg to a He/CF4
(60/40) gas mixture was demonstred. On the other hand, the performance of a combined optical
readout (CMOS+PMT) was studied in detail. Space resolutions of 35 um on the GEM plane and
of 400 um on the orthogonal direction were measured. Energy resolutions better than 30% have
been achieved for energy releases in the range 3 =5 keV. These results make a GEM-based TPC
optically readout a very promising and sensitive detector for rare process and Dark Matter search
applications.

3Lecroy Waverunner 7300
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