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Micro-pattern gaseous detectors with very low ion-backflow (IBF) provide cost-effective solutions to large-area
and position-sensitive photon detection and readouts of high-rate time projection chambers. We have developed
a double micro-mesh gaseous structure (DMM) with two avalanche stages, which has a low IBF ratio and high
gain. The results of our previous work show that an IBF ratio as low as 0.05% was obtained and a gain of up
to 3 x 10° was maintained for single electrons for the DMM. In this study, the DMM was optimized to further

suppress its IBF by changing the size of gas gaps and the density of the wire mesh, and more significantly,
by aligning the two mesh layers with a crossing angle. An IBF ratio lower than 0.025% was achieved after
the structure optimization. There is also an indication that the IBF in the DMM may potentially be further

suppressed.

1. Introduction

Low ion-backflow (IBF) detectors have broad application prospects,
including gaseous photo detectors (GPD) and time projection chambers
(TPC) [1-3]. The GPDs primarily include photon detectors for ring-
imaging Cherenkov counters (RICH) [4,5] and gas photomultiplier
tubes (gas-PMTs) [6-8]. The effect of ion-backflow may cause aging
of the photocathodes of GPDs. The quantum efficiency of a GPD will
degrade when its photocathode is bombarded by ions [9,10], which
are produced during the gas multiplication process. Thus, the sup-
pression of ion-backflow is necessary to satisfy the demand for high
sensitivity and long lifetime of GPDs. For TPCs, the back flowing
ions will cause distortion of the electric field in the drift volume,
thus degrading the performance of TPCs. Therefore, the study of low
IBF detectors is important. Some detector structures, based on micro-
pattern gaseous detectors (MPGD), have been studied [11] to suppress
the IBF ratio, such as the multiple gas electron multiplier structures
(multi-GEMs) [12], hybrid structure [13], cascaded GEM to micro-mesh
gaseous structure (Micromegas) [14], and micro-hole and strip plates
(MHSP) [8,15].

For the purpose of low IBF applications, a double micro-mesh
gaseous structure (DMM) [16,17] with two avalanche stages, was de-
veloped using a thermal bonding technique [18]. As presented in our
previous work [16], an IBF ratio as low as 0.05% was obtained and
a gain of up to 3 x 10° was maintained for single electrons with the
DMM structure. To further suppress the IBF of DMMs, the structure
was optimized by changing the size of gas gaps between two mesh

layers and wire mesh density, and more significantly by aligning the
two mesh layers with a crossing angle. A series of DMM prototypes with
different parameter settings were fabricated and tested for the structure
optimization.

In this paper, the details of the designs of the various DMM pro-
totypes and the method of IBF measurement are described. The per-
formance of the DMM prototypes tested by a copper X-ray gun is
presented.

2. DMM prototypes for structure optimization
2.1. DMM gaseous structure

The DMM shown in Fig. 1 is similar to a typical Micromegas;
however, it has two layers of mesh to provide cascading avalanche
amplification. It has a 3 mm gas gap for particle primary ionization and
electron drift, followed by a ~0.2 mm pre-amplification (PA) gas gap
and a ~0.1 mm secondary amplification (SA) gap. The double cascading
avalanche gaps ensure a high gain for a single electron and, with proper
configuration of the electric field, a low IBF ratio [16].

2.2. Optimized design of DMM for IBF suppression
Previous studies have indicated that some critical factors, such as

the alignment [17,19,20] and distance between the two meshes, and
wire density of the meshes [21], will change the IBF performance of
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Fig. 2. Schematic diagram of the mesh setting: perfectly misaligned (left) and with
a crossing angle (right), the red and the black lines represent different mesh layers,
respectively.

the DMM. The meshes used were a type of woven stainless steel, which
is industrially mature and easy to obtain.

Firstly, ions are heavier than electrons and tend to move along the
direction of the strong electric field in the avalanche gaps. They can
therefore be blocked by misaligning the wires of the meshes [17,19,20].
In comparison, electrons could pass through the meshes due to their
large transverse diffusion and mean free path. The most effective
configuration to make the wires maximally misaligned is shown in
Fig. 2 (left). However, it is impractical to make a precise alignment
of the meshes because the wire pitch is approximately tens of microns.
Therefore, setting a crossing angle is a convenient way to ensure their
misalignment. Fig. 2 (right) shows the schematic diagram of the meshes
with a crossing angle.

Secondly, the IBF ratio, which varies with the ratio of the ion cloud
size (o) in the avalanche to the mesh pitch (L), was simulated and
tested in [21] for a typical Micromegas. The investigation suggested
that the IBF ratio can be suppressed by increasing the ¢/L value, which
can be achieved by enlarging the distance and the wire density of the
two meshes. The first DMM prototype, reported in [16], had a mesh
type of 500 lines per inch (LPI) and a PA gap of 240 pm. We chose a
similar mesh type (650 LPI) for comparison, the detailed parameters of
which are shown in Table 1. In addition, a 180 pm distance between
the meshes (PA gap) is used as a contrast.

Using the above-mentioned information, several DMMs, with dif-
ferent configurations, were designed and listed in Table 2. Different
crossing angles, PA gaps, and wire density of meshes were selected to
fabricate the DMM prototypes for the IBF optimization study. Following
the design optimization, four DMM prototypes, named DMM1, DMM2,
DMM3, and DMM4 (Table 2) were fabricated. DMM1 was the same
prototype presented in [16] and the other three were newly fabricated
with sensitive area dimensions of 2.5 x 2.5 cm? and a SA gap of
~100 pm.

3. Test setup and method
3.1. Test setup
Before the IBF study was performed, an >>Fe source (providing 5.9

keV X-rays) was used to determine DMMs’ optimal operation parame-
ters, including the operation voltages for each electrode and the electric
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Table 2
DMM prototypes with different parameter settings.

Detectors Cross angle (°) PA gaps (pm) LPI

DMM1 0 240 500

DMM2 45 240 500

DMM3 45 180 500

DMM4 45 240 650
X-ray Gun

Collimator
® =15mm

~200 mm

Fig. 3. IBF measurement setting.

field ratio between the pre-amplification and drift volume, and study its
primary performance, including energy resolution and gas gain. Then
the DMMs were operated at a field ratio (Ep,/Eg;;) of 200 in all
tests below to ensure maximum transparency for electrons generated
by primary ionization. The gas used was a mixture of 93% Ar and 7%
CO,.

Then a high-intensity X-ray gun was used to study IBF ratio. The
IBF ratio was calculated as (Ieyhode = Lprimary)/ Tanodes Where Iiypoge 18
the total current measured from the drift cathode, Iy, is the current
from the primary ions, and 1,4 is the current from the anode. Because
Iprimary 1s @ very small current, it is usually difficult to measure. There-
fore, the high-intensity X-ray gun was used to increase the currents.
As shown in Fig. 3, the X-rays were collimated using a copper tube,
which had an internal diameter of 15 mm and was 200 mm in length.
An X-ray intensity of ~50 kHz/cm? (recorded by the DMM) with an
irradiation area of ~180 mm? enabled the Iyimary to increase higher
than 5 pA, which was significant enough for measurement. The currents
were measured using a Keithley picoammeter [22] with a resolution of
~10 fA at a dynamic range of + 20 nA. The details of the measurement
method are the same as that of [16,17].

3.2. Validation of IBF measurement method

The total gas gain of the DMM can be calculated with the ratios
of currents or charges between its anode and drift electrode. The
full energy peak of the X-ray spectrum was measured using a charge
sensitive pre-amplifier, a shaping amplifier, and a multichannel ana-
lyzer (MCA). The charge collected from the anode Q,,.4. for an X-ray
was then estimated by calibrating the linear correlation between the
input charge and output MCA channel of this electronics chain with
a pulse generator. The charge of the primary electrons Q. Was
approximately 200 e- for a 5.9 keV X-ray in the Ar+CO, gas. Thus,
G, and G; are defined as Oynode/Qprimary @A Lanode/ Iprimary- The gas
gains of the DMMs in each high-voltage configuration were tested using
the following methods: 5.9 keV low rate X-rays were used for G, and
8.0 keV high rate X-rays were used for G; measurements. Fig. 4 shows
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Table 1
Parameters of two mesh types.
Type (LPI) Aperture (pm) Wire diameter (pm) Pitch (pm) Opening rate Thickness (pm)
500 32 19 51 39.4% 27
650 25 14 39 41.1% 23
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Fig. 5. I, varies with I .., where I .. is the working current of the X-ray gun,
which is proportional to the X-ray intensity.

the correlation of G, and Gj; good consistency between them was
observed. However, the counting rate of the X-rays may affect the gas
gain and raise uncertainties for the two gains, which were obtained
in different X-ray counting rates. The gain stability of the DMM was
also studied with different X-ray rates by tuning the working current
Touree to electron emission of the X-ray gun. The linearity between
the anode current of the DMM and I, (shown in Fig. 5) indicates
the gain stability under the different X-ray counting rates, which were
investigated.

3.3. Space charge effect

Another uncertainty in the IBF measurement is from the space
charge effect caused by the feedback ions in the drift volume. Because
the drift velocity of ions is very low, the feedback ions will eventually
accumulate in the drift volume, resisting the new incoming ions and
biasing the I, measurement, especially in the high X-ray density
case [2]. This effect was tested by fixing the high voltages of the DMM

p Xd (fCe+cm?)

Fig. 6. IBF as a function of space charge density, with all potentials. The increase in
space charge density was due to the increase of the X-ray rate.

and varying the irradiation intensity of the X-rays. The space charge
density in the drift volume p was estimated as I/ (A - vj,,), Where
A is the irradiation area of the X-rays and v,,, is the drift velocity of
ions for a given electric drift field in a gas mixture. In the argon-based
gas mixture, the ion drift velocity was approximately 230 cm/s at 150
V/cm. The size of the irradiation spot at the DMM was approximately
1.8 cm?.

In Fig. 6, the IBF ratio is plotted as a function of p x d, where d is
the thickness of the drift volume. As demonstrated in [2], the IBF ratio
measurement has a sharp break down when p x d exceeds a few 10*
fC/cm?. Owing to the very low IBF ratio in the DMM, even when a high
X-ray counting rate of up to 30 MHz/cm? is selected, the charge density
in the drift volume can only reach a value lower than 3000 fC/cm?,
which is much lower than the breakdown threshold of 5x10* [2]. All
IBF measurements presented in this paper were executed at a p x d
value < 100 fC/cm?, and would thus be resistant to the ion space charge
effect.

4. Results and discussion
4.1. Gas gain and energy resolution

The dependence of gas gains and energy resolutions of the DMMs
on high voltages were investigated to determine the working points by
using 5.9 keV X-rays from an 5°Fe source. The DMMs were operated
with single amplification stage as a typical MicroMegas to test the PA
and SA gas gains individually, and with the combination of two-stage
avalanches of PA and SA to test the total gain. Fig. 7 shows the gas
gain and energy resolution of the DMM4 prototype, which had the best
IBF suppression. A total gain (PA + SA) of 3 x 10% was obtained with
an energy resolution of 20% (FWHM). Because of the large amount
of charge produced in the SA gap which has a high probability of
triggering a spark, the maximum total gain is close to the SA gain,
and even worse than the maximum PA gain. Besides, the combined
resolution (PA+SA) remained almost constant and was close to the
PA resolution, suggesting an almost complete collection of primary
electrons for the high-voltage configurations that were used.
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Fig. 7. Gas gain and energy resolution (FWHM) of DMM4 (see Table 2) tested with
an %5Fe X-ray source.

4.2. IBF ratios of four DMM prototypes and their comparison

The IBF ratios of the four DMM prototypes were tested by varying
the total gain. This was done by fixing the PA voltage and varying the
SA voltage. Two DMMs were compared at a time, having only one
characteristic different to each other, as detailed in Table 2. Fig. 8
shows the IBF ratios versus total gain for two DMMs with different
crossing angles, at fixed PA voltages of 550 V and 650 V. DMM1 and
DMM2 had crossing angles of 0° and 45°, respectively. Both were
fabricated with 500 LPI meshes and a PA gap of ~240 um. The results
show that a smaller IBF ratio was obtained when the detector had a
lower PA voltage, at the same gain. Because of mesh misalignment,
the detector with a cross angle had a lower IBF than the one with no
angle, at the same total gain. The best IBF ratios obtained by DMM1
and DMM2 were ~0.05% and ~0.04%, respectively, indicating that
the application of the cross angle to two meshes was advantageous for
suppressing the IBF ratio.

Fig. 9 shows the IBF ratio versus the total gain for two detectors
with different PA gaps. The different PA voltages of two detectors
are chosen, due to their different PA gap sizes. DMM2 and DMM3
had PA gaps of 240 pm and 180 pm, respectively. Both DMMs had
a cross angle of 45° and were made of 500 LPI mesh. The results
show that DMM2 had a lower IBF ratio than DMM3, indicating that a
larger PA gap is conducive to reducing the IBF ratio. The large PA gap
improved the electron diffusion, which prevented the ions produced
from pre-amplification from flowing back into the drift volume [21].

Fig. 10 shows the IBF ratio versus the total gain with a fixed PA
voltage (550 V and 650 V) for two detectors with different mesh types.
DMM2 and DMM4 were made of 500 and 650 LPI meshes, respectively.
Both detectors have a cross angle of 45° and a PA gap of 240 pm.
An IBF ratio as low as 0.025% was obtained by DMM4, which was
much smaller than that of DMM2. When the mesh had a high LPI, the
electrons easily diffused to the volume at which the electric field lines
terminate at the upper mesh. Thus, the ions produced in this volume
did not flow back into the drift volume, causing a low IBF ratio.

All the results mentioned above are presented together in Fig. 11a.
The lowest IBF ratio, of 0.025%, was obtained by DMM4 when it
operated with a PA voltage of 550 V and a total gain of ~20000.
The results indicate that to decrease the IBF ratio down to an optimal
level, a low PA electric field, a large PA gap, a high mesh density, and
a crossing mesh are required. Fig. 11b shows the product of the IBF
ratio and gain value versus the total gain. Most of the plots decrease
lower than 5, for a total gain of 5000, which fulfills the requirement
for applications in high-rate TPC [1,13].
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the product of the IBF ratio and gain versus the total gain.

4.3. Stability of the DMM

Long-term stability is important for the performance of a gaseous
detector. The sparks in the amplification gap cause a dead time and
possible long-term damage [23]. Therefore, the spark probability of the
DMM must be tested to confirm that it remains at a low level. As shown
in Fig. 12, the anode current of the DMM was measured over 20 h, at
a gain of 5000, by an 8.0 keV X-ray with a rate of ~50 kHz. In the
figure, each current spike represents one discharge. The fluctuation of
the current curve over a long time scale was caused by the instability
of the X-ray gun. The spark probability can be estimated by counting
the number of spikes and the total number of X-ray signals in the curve.
There were only a few spikes in the curve, however, the total number
of X-ray signals in 20 h was over 3 x 10°. Thus, the spark probability
of the DMM was less than 10~%, which indicates good stability.

5. Conclusion

A series of DMM prototypes with differing crossing angles, PA gaps,
and mesh types were fabricated and investigated using X-rays (5.9 keV
from 3°Fe source and 8.0 keV from an X-ray gun). The results of this
investigation indicate that a low PA voltage, large PA gap, high mesh
density, and crossed mesh setting improves IBF suppression at the same
total gain. A low IBF ratio, as low as 0.025%, was obtained at a PA
voltage of 550 V for DMM4, which was made of 650 LPI mesh and had
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Fig. 12. Anode current of the DMM4 at a gain of 5000, recorded over 20 h. Each
current spike represents one discharge.

a PA gap of 240 pm and a cross angle of 45°. The measurement method
for the gas gains and currents was validated. The ion space charge
effect was studied and verified to be negligible in the case of very
low IBF ratio in a DMM. The stability of the DMM prototype was also
measured with a low sparking probability, smaller than 10f° in a test
done over 20 h. These features of the DMM present its strong potential
for Gas-PMTs, RICH photoelectric readout, and high-rate TPCs.
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