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ARTICLE INFO ABSTRACT

Keywords: The operation of Thick Gas Electron Multipliers (THGEMs) in Time Projection Chambers (TPCs) using various
Ne+H, gas mixtures has applications in various nuclear and particle physics experiments. Of particular interest in
TPC low-energy nuclear physics is study of nuclear reactions involving Ne isotopes. These reactions can be studied
Gain

using Ne-based gas mixtures at low pressures in TPCs used as active targets for radioactive beams. We report
on the low-pressure operation of THGEMs in Ne + H, gas mixtures. We show that, since the Ne+H, forms a
Penning pair, higher gains with THGEMs are achievable compared to pure neon gas. Moreover, H, acts as a
quench gas allowing for higher THGEMs voltages while producing minimal background in reactions such as
fusion compared to carbon-based neon gas mixtures. Detailed electron transport and amplification simulations
have been performed and they qualitatively agree with the increased gain H, provides in the Ne:H, mixture.
The higher THGEM gains that are achieved with a Ne:H, mixture will enhance the study of Ne-based reactions
in active-target detectors that have high-granularity pad planes, leading to higher spatial-resolution heavy-ion

track data.

1. Introduction

Time Projection Chambers (TPCs) used as active targets are at the
forefront of detector technologies for studies in nuclear physics with
radioactive ion beams [1,2]. The Gas Electron Multiplier (GEM) [3] and
THick Gas Electron Multiplier (THGEM) [4] are a frequently used and
robust Micro-Pattern Gas Detector (MPGD). Though the functioning of
GEMs and THGEMs in various gases have been studied in detail [4,5],
GEM/THGEM operation in noble gases has been of special interest.
Out of various noble gases, of particular interest has been the use of
pure Ne gas. High-pressure (~200 bar) Ne gas has been considered as
a target medium in dark matter searches and for coherent neutrino
scattering [6], and Ne in its supercritical phase has the potential to
detect low-energy solar neutrinos [7]. In this context, GEM based
operations have been explored in high-pressure Ne gas and also at
cryogenic temperatures in previous work [8].

In contrast, for studies in low-energy nuclear physics, operating
GEMs with Ne gas at low pressure is needed [9]. Ne gas as a target
is of particular interest as Ne-Ne and Ne-Mg fusion cross-sections
play a critical role in pycnonuclear burning in the crust of accreting
neutron stars [10,11]. In pycnonuclear burning, ions settle into a lattice
structure in the crust of the accreting neutron star so the only energy
available is zero-point lattice vibrations. Therefore, relevant energies
for pycnonuclear burning, for which cross-section data is required, are
very low. Measurements of cross sections below the Coulomb barrier
are required as they determine the extrapolations of the cross sections
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to zero energy. Active-target time projection chambers provide a useful
tool to measure cross-sections below the Coulomb barrier [12]. High
detection efficiency (~100%) and good vertex resolution allows for
the measurement of fusion cross-sections well below the Coulomb
barrier. In previous studies, THGEMs operation in Ne+CH, [13] and
Ne+iC4H;q [14] gas mixtures at atmospheric pressures have resulted
in high gains (~10%). However, these mixtures are not well suited for
Ne fusion reactions in TPCs as the carbon in CH, and iC4H;, leads to
background fusion reactions. Therefore, to measure Ne+Ne and Ne+Mg
fusion cross-sections at low energy, use of pure Ne as a target gas in
TPCs is desired as it can provide background free data. However, the
operation of GEMs or THGEMs need very high electric fields across a
small amplification region and hence the neon gas reaches the sparking
limit before a sufficient gain is achieved for pressures that are needed
for low-energy reaction studies.

In this work, we focus on demonstrating the use of Ne:H, mixtures
as an alternative to pure neon gas, as the H, in a Ne:H, gas mixture
has a negligible effect on fusion cross-section measurements due to
the large mass and charge differences between neon isotopes and
protons. The protons and Ne nuclei result in very different energy loss
and therefore signals, allowing them to be easily separated. The main
advantage of using Ne:H, gas mixtures is that Ne and H, constitute a
Penning pair where the energy of the metastable state of Ne (i.e. Ne™)
is higher than the ionization energy of H,. Therefore, the following
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Fig. 1. A schematic of the experimental set-up (not to scale) is shown which includes the drift region, THGEM and transfer region. THGEM has three layers of copper conductor
and two insulating layers consisting of halogen-free laminate. The a-source was placed 26 cm above the top of the THGEM, which was placed ~2 mm above the anode pad. For

the gain measurement, THGEMs were operated in symmetric mode i.e. 4V, = 4V,.

reactions can significantly enhance the ionization coefficient:
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H, also allows for higher voltages to be reached before sparking due to
its role as a quench gas. These hydrogen based gas mixtures have been
studied earlier using triple-GEM detectors at cryogenic temperatures
where it was shown that Ne+H, gas mixtures provide higher gain
compared to pure Ne gas [8]. Here we report on room temperature low-
pressure THGEM-based operation in Ne:H, gas mixtures. Specifically,
we use a two-layer multi-layer THGEM (or M-THGEM) [15] for our
study, which we will refer to from now on as THGEM for brevity. We
measured the gain versus amplification voltage characteristics in Ne:H,
(95:5) and Ne:H, (98:2) gas mixtures at various low pressures (150—
300 Torr). We compared the obtained results to the simulated THGEM
response using detailed microscopic electron transport simulations.
provides the details about the experimental setup to measure the gain
in Ne:H, mixtures, Section 3 show the results of current measurements,
and Section 4 provides details of the simulations and shows comparison
to the data. Section 5 summarizes the current work with an outlook for
future studies and applications.

2. Experimental set-up

We have used the newly commissioned Notre-Dame Cube (ND-
Cube), an active target TPC, to study low-pressure THGEM operation
in Ne+H, gas mixtures. Detailed information on the ND-Cube can
be found in Ref. [16]. A two-layer M-THGEM was used for primary
electron amplification, and was placed ~2 mm above the pad-plane.
The THGEM was produced at CERN and has three layers of copper
conductor separated by two insulating layers consisting of halogen-free
laminate. The structure is illustrated in Fig. 1. The primary electron
amplification occurs in the regions between the conducting layers. The
total thickness of the THGEM is 1.2 mm and the holes are 0.5 mm in
diameter with a 0.1 mm rim and 1.0 mm pitch. The outer conductors
were given a Ni/Au finish. To measure the gain as a function of

amplification voltage across the THGEM layers, we used a '48Gd a-
source having an activity of 2000 Bq. We placed the source 26 cm
above the THGEM. Two different mixtures of Ne+H, gas, i.e. Ne:H,
(95:5) and (98:2) were used. Gain measurements were performed at
150, 200, and 300 Torr for the Ne:H, (95:5) mixture and at 200 Torr
and 300 Torr for the Ne:H, (98:2) mixture. For the pressures used in
these measurements, the a-particles (E = 3.2 MeV) from 148Gd were
completely stopped inside the active area.

The THGEM gains for the Ne:H, mixtures were measured using
a capacitively-coupled charge-sensitive preamplifier to integrate the
induced current on the upper electrode of the THGEM. Simulations
using Garfield++ [17] indicate that this measurement of the integrated
current, which is the effective gain, is within about 10% of the number
of electron-ion pairs created in a Townsend avalanche, the true gain.
The measured effective gain would be somewhat smaller for a measure-
ment on the pad plane due to electrons collected on the THGEM’s lower
electrode. The larger signal resulting from the top THGEM electrode
was advantageous. In addition, the top electrode signal is free from the
influence of the choice of the transfer field E, . The transfer region
with E,,,,, is shown in Fig. 1. During normal operation, each individual
anode pad in the pad plane would be connected to the front-end elec-
tronics of a data acquisition system such as the GET electronics [18].
The preamplifier pulse was shaped with a spectroscopic amplifier with
a 10 ps shaping time, which sufficiently covers the induced signal time
scale of 5 ps. The total charge was calibrated by using a pulser and a
capacitor with a known capacitance. The gain was calculated from the
initial number of primary electrons, which was derived from the known
energy of the 3.2 MeV « particle and its calculated ionization density.
The electric field in the drift region was fixed at 30 V/cm. The THGEM
was operated in a symmetric mode where the voltages across the two
amplification regions were kept the same, i.e., 4V, = AV, in Fig. 1.

3. Results
The measured gains as a function of the reduced voltage (4V/P

where AV = AV, = AV,) are shown in Fig. 2 for the gas mixtures
Ne:H, (95:5) and Ne:H, (98:2). For the Ne:H, (95:5) mixture, the gain
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Fig. 2. Measured gain in two Ne mixtures: the Ne:H, (95:5) (upper panel) and Ne:H,
(98:2) (lower panel) at different pressures. With Ne:H, (95:5), the measurements could
be extended down to 150 Torr.

was measured at three different pressures: 150 Torr, 200 Torr and 300
Torr. For the Ne:H, (98:2) mixture, gains were measured at 200 Torr
and 300 Torr as the measurements at 150 Torr were limited by the
onset of discharge leading to amplification instabilities. In both gas
mixtures, gains of 10°~103 were obtained for different amplification
voltages, with a maximum gain of more than 103 for both mixtures for
the pressures considered in this study. In comparison, the gain in pure
Ne gas has a maximum gain of ~300 before the onset of discharge (see
Fig. 2). In addition, the lowest pressures at which a significant gain
could be achieved for pure Ne was 350 Torr. Lower pressures were
limited by discharge. As measurements with the Ne+H, (95:5) mixture
were possible down to 150 Torr, this shows H, also serves as a quench
gas allowing for higher voltages to be achieved. However, from this
comparison it is difficult to infer if there is a gain enhancement in the
Ne+H, mixture compared to the pure Ne gas at the same pressure and
electric field strength. To address this question, we have provided a
detailed comparison of Townsend coefficients in Section 3.1 to infer
the gain enhancement in a Ne+H, mixture. In Section 3.2, we show an
a-particle image as an example to demonstrate that the gains achieved
in Ne+H, mixtures are sufficient to image charged particles with a
comparable ionization density. This example can be used to benchmark
future measurements such as the imaging of heavy-ion beams and
fusion products including light particles.
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3.1. Reduced Townsend coefficients and comparison with pure Ne gas

In the work of Chanin et al. [19], primary ionization coefficients
were measured in Ne+H, mixtures, with the H, content varying from
0.01% to 10%. In their work, Chanin et al. showed that one of the
most significant characteristics of these Penning mixtures is the en-
hancement of the ionization coefficient over that of each constituent,
i.e., either pure neon or pure hydrogen. To compare our data with
previous measurements, we obtained the ionization coefficients from
the measured gain following the procedure of Ref. [8]. To obtain the
reduced Townsend coefficients from the measured gain, a parallel-
plate approximation to the avalanche development inside the THGEM
amplification region was applied. As we are using a dual-layer THGEM,
we assumed the top and bottom electrode to be two parallel plates with
AV = AV, + AV,, where AV, = AV,. Therefore, the electric field was
uniform inside the amplification region. As the gain G = ¢*?, where «
is the Townsend ionization coefficient and d is the total amplification
region distance, the reduced Townsend ionization coefficients can be
written as
afp="0 ®

pd

where p is the pressure in Torr. Fig. 3 shows the reduced Townsend
ionization coefficient as a function of the reduced electric field. For
consistency in our comparison to literature values, we normalized our
measured values of the reduced Townsend coefficients to match those
of Kruitof and Penning [20] for pure Ne (Fig. 3 dashed black line). The
reduced ionization coefficients for our Ne:H, (98:2) mixture are higher
than the values for the Ne:H, (90:10) gas mixture given by Chanin et al.
and is consistent with their observation of a increase in the Townsend
coefficients for decreasing H, concentrations from 10% to 1%. The
reduced Townsend coefficients for the Ne:H, (95:5) mixture deduced
in this work (Fig. 3 filled circles) overlaps with the values for Ne:H,
(90:10) (Fig. 3 dashed cyan line) providing a reasonable agreement.
The reduced coefficients with the Ne:H, (98:2) mixture in our work
(Fig. 3 open circles) are closer to the values obtained in Chanin et al.
for the Ne:H, (99:1) mixture (Fig. 3 dashed magenta line). Overall,
the reduced ionization coefficients obtained for both gas mixtures are
higher compared to pure Ne, as expected for a Penning mixture. This
enhancement in gain for a given pressure and electric field, and the
suppression of discharge by H, show the advantage of a Ne:H, mixture
over pure Ne at pressures around 200 Torr.

3.2. Imaging with THGEMs

THGEMs are among one of the most robust and readily used
MPGDs used in imaging detectors. Therefore, to demonstrate the use
of THGEMs as imaging detectors with a Ne:H, Penning mixture, we
provide the images of a-particles from a 48Gd source. The source was
placed 26 cm above the top layer of our THGEM and the ND-Cube was
filled with 200 Torr of the Ne:H, (95:5) mixture. The amplification
voltage in each region of the THGEM was set to AV, = 4V, = 250 V
which corresponds to 2080 V/cm. The transfer voltage between the
bottom layer of the THGEM and the pad plane was kept at 1000 V/cm.
The imaged a-particle and the corresponding Bragg curves are shown in
Fig. 4, where the X-axis (in the bottom panels) represents axis normal
to the pad plane, showing distance from the pad plane (or anode plane).
As the a-source is facing downward, the two example images shown are
for a-particles emitted at two different angles but completely stopped
inside the active area covered by pad plane. The two-dimensional
projection of a tracks can be clearly seen in Fig. 4 despite the fact
that electron diffusion is known to be larger in pure Ne and Ne-
based gas mixtures (e.g. Ne+CH,) [13] compared to lighter gases. The
interest in these Penning mixtures is their use as a target for fusion
reactions. As demonstrated in the recent ND-Cube commissioning [16],
the ionization densities of the beam particles (heavier than helium) as
well as their fusion products will be much higher compared to the
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Fig. 3. Reduced ionization coefficients as a function of reduced field. Ionization coefficients for Ne+H, agrees with previous measurements and are enhanced with respect to pure

neon.

ionization densities of a-particles. For example, the average energy-
loss of a 3.2 MeV a-particle in Ne+H, at 200 Torr is on the order
of 25 keV/mm. In comparison the average energy loss of a 40 MeV
24Mg beam is approximately 250 keV/mm, where 24Mg was chosen
as a representative ion for in-beam reaction studies. As the number of
primary electrons produced are proportional to the energy loss, heavier
recoils, fusion products, and beam particles can sufficiently be imaged
together with lighter particles, e.g. a-particles. Moreover, using this
a-particle image as an example case, one can benchmark or estimate
the expected signal for future experiments with Ne+H, mixtures by
comparing to our anode pad size of 0.4 cm?.

4. Simulations and comparison with the data

To understand the amplification and transport of electrons for var-
ious THGEM settings, we have performed detailed simulations using
Garfield++ [17]. The whole detector can be divided into three major
regions: the drift region between the cathode and top electrode of
the THGEM, the amplification region in the THGEM, and the transfer
region between the bottom THGEM electrode and the pad plane. In
our simulations, a region 2 mm above the top electrode of THGEM and
2 mm below the bottom THGEM holes was considered. The THGEM
geometry and electric fields in the drift, amplification, and transfer
regions were simulated using the finite-element analysis program COM-
SOL [21] with the boundary conditions for the potentials set as those
used for our measurement. Fig. 5 shows the geometry we used and a
simulated electric potential and electric field for one of our simulations.
The electric field in the drift region used in the measurements and in the
simulation was 30 V/cm and the field in the amplification region varied
from 3750 V/cm to 5333 V/cm. The simulated electric fields were
imported to Garfield++ [17] where electron drift and amplification
were simulated. We used Garfield++ to calculate the induced charge
on the top electrode of the THGEM, which we integrated to compare
to the signals we obtained from our measurements. All the parameters
in the simulations were fixed by our measurements except for one free
parameter, the Penning transfer efficiency, which is the probability of

transferring the excitation energy of a metastable state of Ne into a
H, ionization in a collision. The Penning transfer efficiency was varied
from 30% to 50% to match the gains resulting from the simulations of
our data. Fig. 6 shows the comparison of simulated gain and measured
gain for the Ne:H, (98:2) gas mixture (upper panel) and for the Ne:H,
(95:5) gas mixture (lower panel), both at 200 Torr. The comparison
shows that the measured gain is best matched by the simulations if the
Penning transfer efficiency is between 40%-50% for the Ne:H, (98:2),
whereas it is between 30%—-40% for the Ne:H, (95:5). In Garfield++,
the Penning effect is simulated by effectively increasing the Townsend
coefficient. Therefore an increase in the Penning transfer efficiency
increases the Townsend coefficient based on the efficiency value that is
used. The lower values of the Penning transfer efficiency were needed
for higher concentrations of H, to match the data. The data show the
overall gain is reduced as one increases the H, content in the gas from
2% to 5%. This decrease is reflected in the measured reduced Townsend
coefficients shown in Section 3.1. As seen in Fig. 6, the slope of the
measured gain is higher compared to the simulated gain. This over-
exponential growth has been observed in previous GEM-based studies
in Penning mixtures and has been attributed to secondary avalanches
initiated outside the multiplication region [22].

5. Summary and outlook

There is a particular interest in the low-energy nuclear-physics
community in low-pressure operations of pure Ne or Ne-based gas
mixtures, especially those mixtures which can minimize background
fusion reactions. Ne+H, forms a Penning mixture since the ionization
potential of H, is lower than the energy of the metastable state in Ne,
creating ionization electrons from the H, in a fraction of its collisions
with Ne. Therefore, it is expected to provide a higher gain compared
to pure Ne gas. One major advantage of such a gas mixture is that
H, in this mixture leads to minimal background reactions compared to
other Ne-based gas mixtures such as Ne+CH, and Ne+iC4H;,, where
the carbon in these molecules leads to background fusion reactions. Our
gain measurements show that gains of more than 103 are achieved at
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low pressures, i.e. at 150, 200 and 300 Torr in a Ne:H, (95:5) gas mix-
ture and at 200 and 300 Torr for a Ne:H, mixture. Reduced Townsend
coefficients for the Ne+H, (95:5) and (98:2) mixtures obtained from
measured gains are enhanced compared to pure Ne. Moreover, they are
higher for a 2% mixture compared with a 5% mixture, consistent with
previously measured Townsend coefficients, in particular the work of
Chanin et al. [19]. To understand the electron amplification, transport,
and role of the Penning transfer efficiency for the THGEM, electric
fields for the THGEM geometry were simulated using COMSOL, and the
electron transport and amplification were simulated using Garfield++.
The values of the measured gains were reproduced qualitatively by the
simulations. Different values of the Penning transfer efficiency were
required for the different H, concentrations to reproduce the observed
gains that show a lower H, concentration results in higher gains. This
indicates that there is more microscopic physics that is not captured
in the simulations, but qualitative descriptions can be obtained for

reasonable values of the Penning transfer efficiency. In addition, to
demonstrate the use of these gas mixtures in active-target detectors,
we imaged 3.2 MeV a-particles from 148Gd in the ND-Cube detector,
to demonstrate that the gains achieved are sufficient for measuring
a-particle tracks on anode pads with an area of 0.4 cm?. Successful
imaging of a-particles together with the enhanced gain compared to
pure Ne gas as inferred from the reduced Townsend coefficient com-
parison, demonstrates the effectiveness of using Ne+H, gas mixtures
as an alternative to pure Ne gas.

Our current study shows that Garfield++ simulations can qualita-
tively reproduce the measured gain in Ne:H, mixtures. A reasonable
quantitative agreement can be achieved with an appropriate choice of
the Penning transfer efficiency. However, the simple modeling of the
Penning effect in Garfield++ is not sufficient to explain the observation
that lower H, concentrations result in a higher overall gain. It would
be interesting to investigate the possible physical mechanisms for this
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observation and look for ways to model them. Another aspect that
warrants further investigation is the observed slope of our measured
gains, which is larger than what Garfield++ simulations predict and
whether it can be accurately modeled by additional known processes.
Last, the current study uses a two-layer M-THGEM, but it would be
interesting to see if measurements with a triple-layer M-THGEM in such
a mixture would yield the same features of the gain curves we observe.
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