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Abstract

We report on avalanche-ion back-flow measurements in the novel Micro-Hole and Strip-Plate (MHSP) multiplier
and in gaseous photomultipliers comprising Gas Electron Multipliers (GEMs) followed by an MHSP. In a 3-GEMs/
MHSP photomultiplier with reflective photocathode, avalanche-ion back-flow fraction of ~7% and ~2% were
recorded for respective effective gains of 107 and 10°, in Ar/CHy4 (95/5) at 760 Torr. This is about one order of
magnitude reduction in ion back-flow compared to the best values measured in 4-GEMs photomultiplier at the same
gain. We describe the mode of operation of the MHSP and explain its ion back-flow reduction features.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
1.1. Motivation

The impact of avalanche-ions on the photo-
cathode limits the performance of gaseous photo-
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multipliers [1] for the UV and visible spectral
ranges. Ions impact affects the quantum efficiency
(QE) of the photocathode [2] by continuous
modifications of its structure and by electrostatic
charging of the photocathode surfaces, which lead
to electric field-lines modification. Even more
serious is the ion-induced secondary -electron
emission from the photocathode, resulting in
divergence from the Townsend-avalanche multi-
plication process and leading to instabilities and
breakdown.

In recent years there has been considerable
progress in gaseous photomultipliers (GPMTs)
combining a cascade of Gas Electron Multiplier
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(GEMs) [3] and semi-transparent [4] or reflective
photocathodes [5]. In such detectors, the ava-
lanche-ion back-flow follows the electric field lines
and it has been shown [6] that reducing the electric
field at the photocathode surface could reduce the
ion-impact on the photocathode. However, this
approach is not always acceptable; an efficient
detection of single photons requires the highest
possible QE, which in gaseous photomultipliers
imposes high (typically > 1 kV/cm) electric fields at
the photocathode surface. Unfortunately, under
high electric fields, that reduce photoelectrons
backscattering [7], the ions are more energetic,
resulting in more damage to the photocathode.
Reducing the avalanche-ion back-flow, i.e. the
fraction of avalanche-ions that can hit the photo-
cathode, in GEM-based photomultipliers is an
important and difficult task, extensively studied
recently [6-9]. Similar studies, relevant to GEM-
based tracking detectors and TPCs have also been
carried out [10,11]. Some reduction in ion back-
flow could be achieved by optimizing electric-field
ratios along the GEM cascade, or by varying
geometrically the GEM transparency [8]. The ion-
induced secondary electron-emission, namely the
positive ion-feedback, strongly depends upon the
photocathode material. Most sensitive are visible
spectral-range photocathodes, having low emis-
sion threshold due to their small band gap and low
electron affinity. It has been recently demonstrated

that the ion-feedback in multi-GEM GPMTs with
bi-alkali photocathodes, depends on the gas
composition [12]. This dependence is derived from
the differences in the ionization energy of the ions
involved, as well as from the differences in electron
backscattering and in ion back-flow.

In this work we propose to reduce the ion back-
flow fraction, using some particular properties of
the recently introduced gas electron multiplier, the
Micro-Hole and Strip-Plate (MHSP) [13-16]. The
MHSP combines the characteristics of both the
GEM and the microstrip gas chamber (MSGC)
[17] in a single, double-sided insulating plate. It
consists of two independent charge-amplification
stages, micro-patterned on a single thin Kapton
substrate, metalized on both faces (Fig. 1); it
comprises GEM-like holes on the front face, and
MSGC-like anode- and cathode-strips on the rear
metalized face. A potential difference between the
top face and the cathode-strips and between the
latter and the anode-strips, establish a dipolar
electric field within the holes, and a strong electric
field near the thin anode-strips. Electrons originat-
ing from the gas volume above the MHSP (Fig. 2)
are focused into the holes, whereby an avalanche
occurs under the high electric field; the avalanche
electrons are further multiplied on the anode-
strips, where the final charge is collected. lons
moving away of the anode-strips induce charge on
the neighbouring cathode-strips and cathode-
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Fig. 1. Photomicrograph of the stripped-side (MS) of an MHSP electron multiplier (a), and schematic view of MHSP equipotentials
lines (b) for Vao_ =300V, Ve =400V, Ej,q=—-6.0kV/cm and Eq,ir=1.0kV/ecm. The reverse induction field is used for capturing
part of the anode-strips avalanche ions on a cathode-plane localized below the MHSP.
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Fig. 2. Schematics of the single MHSP detector coupled to a
semi-transparent photocathode. The notations and the scheme
of electrons/ions transport parameters are also shown.

plane/mesh (Fig. 2). A single MHSP-electrode can
provide total effective gain exceeding 10°, similar
to a GEM [15, 16].

The geometry of the MHSP, with the final
avalanche totally optically screened from the
photocathode by the multiplier’s substrate, and
where a substantial part of the ions can be trapped
on the cathode -strips and -plane, may present an
interesting solution for ion- and photon- feedback
suppression in gas avalanche electron multipliers.

In the present work, we demonstrate the
capability of an MHSP in reducing the ion back-
flowing; we report on the ion back-flow suppres-
sion in a GPMT comprising 3-GEMs with a
reflective CsI-photocathode deposited on the top-
plane of the first GEM, and with an MHSP as a
last multiplication stage. We discuss the ion
collection mechanism responsible for the ~10-
fold reduction in ion back-flow compared to a 4-
GEMs gaseous photomultiplier (GPMT).

1.2. Theoretical considerations

Using an MHSP, there are different ways to
neutralize the strips-avalanche ions, as shown in
Fig. 2: (i) on nearby cathode-strips; (i) on any
cathode-plane/mesh localized below the MHSP;
and (iii)) on MHSP-top electrode. The special
feature of the MHSP is that the majority of
avalanche ions produced at the anode-strips are
collected on the nearby cathode-strips, but in

addition we can explore the possibility of captur-
ing part of the avalanche ions on the cathode-
plane below the MHSP, by applying a moderate
reverse electric field, Ej,g. The ions back-flowing
into the MHSP holes and the ions produced in the
first avalanche within the holes are collected on the
MHSP-top or on the photocathode, depending on
the ratio between the drift field Ey,;s, and the hole-
field (defined by Ve_1).

1.2.1. Single MHSP multiplier

To evaluate the performance of the MHSP
regarding the positive ions back-flow, we defined
the parameter ¢ that measures the fraction of ions
created at the MHSP (hole and anode-strips) and
propagating backward through the holes.

For an MHSP electron multiplier shown in Fig.
2 the fraction ¢ of ions back-flowing is given by

Nions
Ne.
Nph.e-€Hole [ﬁMSgMSMMSMHole + MHole]

Nph.e—SHoleSMSMHole Myis

1
= 4+ 1
Bms ents Mis (D
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where Ny 1S the total number of ions that leave
the holes; N.. is the total number of avalanche-
electrons that are collected on the anode-strips and
is approximately equal to the number of anode-
strips avalanche ions for high anode-strips gains;
Pums 1s the fraction of ions produced in the anode-
strips avalanche entering the holes (i.e. the ion-
transparency of the micro-strip (MS) electrode);
Nphe- is the number of photoelectrons emitted by
the photocathode; &y, is the photo-electron
collection efficiency into the holes; Myg and
My are the real gains at the anode-strips and
in the MHSP-holes, respectively, and eys is the
electron extraction efficiency from the holes to the
anode-strips. The two terms in Eq. (1) represent
the contributions from the anode-strips avalanche
ions and the hole-avalanche ions, respectively. For
large anode-strips gains the first term is dominant.
Indeed, the anode-strips effective gain is given by
Guvs = emsMus; consequently we may write

1
@Zﬂms‘f'ﬁs 2
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Eqgs. (1) and (2) are valid only if Mys and Myee
are > 1. The two parameters of Eq. (2) depend not
only on the geometry of the MHSP electrode and
on the gas mixture and pressure, but also on the
electric fields in the adjacent regions of the MHSP.
The ion-transparency fims of the MS-electrode is
determined by the hole-field (defined by V_7), the
strips-field (defined by Va_c), and the induction
field Ej,q (Figs. 1 and 2). The MS effective gain,
Gums, 1s determined essentially by the voltages
VA7C and VC,T.

The ion-transparency of the MHSP, fyusp, 1S
defined as the fraction of ions produced in the
anode-strips avalanche that enter, and then leave
the MHSP-holes. This parameter is equal to the
product of the MS ion-transparency, fms, and the
parameter f,p, Which is the number of ions that
leave the MHSP-holes normalized to the number
of ions that enter the holes:

Bmusp = ﬁMSﬁtop 3)

1.2.2. Multi-GEMIMHSP multiplier

Concerning the ion back-flow in a GPMT, it is
useful to define &, the fraction of avalanche-ions
back-flowing into the photocathode, i.c. the ratio
between the number of ions neutralized on the
photocathode and the number of electrons col-
lected at the MS-anode. Evaluating ¢ in a multi-
GEM/MHSP GPMT requires good knowledge of
the multiplier’s geometry (e.g. hole-diameter, hole-
shape, etc.), the electric fields, the gas mixture and
pressure, etc. The dependence on the gas mixture
and pressure in multi-GEM GPMTs was already
discussed in Ref. [8], and it was shown that ¢ is
practically independent of these two parameters,
and that the most important factors are the
multiplier’s geometry and the electric fields.

For the 3-GEM/MHSP/reflective-photocathode
GPMT, shown in Fig. 3, and using considerations
similar to Eq. (1), we can express ¢ as
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Fig. 3. Schematics of the multi-GEM/MHSP detector with a
reflective photocathode deposited on the GEMI-top. The
notations and the scheme of electrons/ions transport para-
meters are also shown.

where NPC is the number of back-flowing ions
collected at the photocathode; N.., fums, éms and
My are defined as above; f; (i=1,2,3) is the ratio
between the number of ions entering the holes of
structure i and those leaving the holes of the
structure i+ 1, M; (i=1,2,3,4) is the real gain in
the holes of structure i and ¢ is the electron
extraction/collection efficiency from the holes of
structure i to the holes of structure i + 1.

The first term in Eq. (4) represents the contribu-
tion from ions produced at the anode-strips and it
involves the ion-transparency of the whole multiplier
cascade. The following terms represent the contribu-
tions from ions produced in the respective cascade
elements, namely from the MHSP-holes and the
preceding GEMs-holes, and become negligible if a
high effective gain is obtained at the anode-strips.

2. Experimental set-up and methodology
The photocathode and the micro-pattern elec-

tron multipliers were mounted inside a stainless-
steel chamber filled at a gas pressure of 760 Torr.
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An Ar/CHy4 (95/5) gas mixture was used, in flow
mode, for its good proprieties of gain and
photoelectron extraction efficiency from the
photocathode [4]. The photocathode was illumi-
nated with an Hg(Ar) DC UV-lamp, and attenua-
tors were used to maintain the currents on the
various electrodes below charging-up levels.

The GEMs and MHSPs® are produced from
50 um Kapton and 5 um copper clad on both sides,
and have an active area of 2.8 x2.8cm?® The
MHSP (Fig. 1) has bi-conical holes of diameter
50 um in the Kapton and 70 um in the copper,
arranged in a hexagonal lattice, with two edges of
140 pm and four edges of 210pum; the optical
transparency is =~7%. The MHSP micro-strip
pattern has a 200um pitch with anodes and
cathodes widths of 10 and 120 um, respectively.
The anode-cathode gap is 35 um. The GEMs have
a hexagonal layout, of 140 um edges, with bi-
conical holes of 50 and 70 um in the Kapton and
copper, respectively; with an optical transparency
~12%. The meshes are made of stainless-steel
woven crossed wires, 50 um diameter and 500 pm
pitch, with optical transparency ~81%.

The currents on the different electrodes of the
photodetector were recorded with four-floating
Fluke 175 True RMS 10MQ input impedance
digital multimeters and a grounded analogue
electrometer Keithley 610C. The digital multi-
meters provided the currents by recording the
voltage drop on a 33 MQ resistor, placed between
the power-supply and the electrode. The accuracy
of the measurements was verified against the more
precise analogue electrometer, under the same
electrostatic conditions, and it was found to be
adequate for currents >0.5nA.

The effective gain G, of the photodetector is
determined by the electron current collected on the
anode I, normalized to the photoelectron current,
I, e-, of the electrons emitted from the photo-
cathode in extraction mode; G=1Ia/lphe-

In single MHSP multiplier studies, a 300 A thick
semi-transparent Csl-photocathode was evapo-
rated on a 2.5mm thick quartz window, pre-
evaporated with 100A thick Al to provide the

3The GEMs and MHSPs are produced at the Printed Circuits
Workshop, CERN, Geneva.

electric contact. The MHSP was placed 4mm
below the photocathode (PC), and 3 mm above a
stainless-steel cathode-mesh (M) (Fig. 2). During
this study, the drift field Eq4.;, was kept constant at
0.5kV/em, providing =~90% of the maximum
photoelectron current from the photocathode.
The photocathode was connected to a grounded
electrometer, and the other 4-electrodes of the
photodetector were individually connected to HV-
power supplies and to the digital multimeters, as
explained above. This arrangement provides data
on the distribution of all the charges, electrons and
ions, under various operation conditions.

Under all circumstances the sum of all measured
currents should be zero:

Ipc+It+Ic+Is+1Iy=0 (5)

where Ipc, It, Ic, and I are the currents measured
on the photocathode, MHSP-top, cathode-strips
and mesh, respectively.

At high anode-strips gain the fraction ¢ of ions
created at the MHSP (holes and anode-strips) and
collected above the MHSP-holes, can be derived
from the ion currents on the MHSP-top, It, and
on the photocathode, Ipc, and the electron current
on the anode-strips, Ix:

_Ipc+ It
¢ = A

In multi-GEM/MHSP multiplier studies, a
cascade of 3-GEMs and a MHSP were mounted
between two me§hes (M; and M,), as shown in
Fig. 3. A 2500 A thick layer of reflective CslI-
photocathode was evaporated on the top-side of
the Au-plated first GEM. The distances between
successive elements were as follows: 1.5mm
between GEMs; 2mm between the third GEM
and the MHSP; 3 mm between the MHSP and M,,
and between the first GEM and M;.

The photocathode and the mesh M, were inter-
connected to guarantee an optimal condition for
photoelectron extraction in the reflective photo-
cathode geometry, i.e. Egir=0 [5], and were
connected to a grounded electrometer. The others
5-GEM electrodes were polarized by a voltage-
divider connected to a single HV-power supply.
The voltage difference across the first GEM was
maintained at ~350V, to guarantee a sufficiently

(6)
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high electric field on the photocathode surface, for
an efficient extraction of photoelectrons and their
focusing into the GEM-holes [5]. The MHSP-
electrodes and the mesh M,, were connected
separately to HV- power supplies, and to the
digital multimeters, as above.

The parameter ¢, i.e. the fraction of avalanche-
ions back-flowing into the photocathode, is
derived from the ratio between the photocathode
ion-current Ipc, and the electron-current, Ix,
collected on the anode-strips:

E=1Ipc/In (7

Ipc actually equals the total current recorded from
the photocathode under detector multiplication,
since the photoelectron-current Iy, - is negligible
in this case.

3. Results and discussion
3.1. Single MHSP multiplier
Fig. 4 depicts the gain Gypsp as function of

Va_c, for a single MHSP-based photodetector
(Fig. 2). A total gain Gypsp~7 x 10° with anode-
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Fig. 4. Gain curves of single MHSP detector: (o) the MHSP
gain, Gypysp, and (M) the anode-strips gain, Gys, are given as a
function of the strips-voltage, Va_c, with Ve =350V and
Ei,g=—-5.0kV/cm; (A) the hole gain, Gy, is given as function
of the hole-voltage, Vc_1, with Ej,q=—0.2kV/cm for the
MHSP operating in a “GEM-mode”.

strips gain Gys~ 30, were obtained. The anode-
strips gain is estimated from the knowledge of the
hole gain, which was measured separately with the
MHSP in GEM-mode, i.e. with the anode and
cathode strips interconnected and with a small
reversed induction field FE;,q=-0.2kV/cm, to
ensure that all electrons are collected on anode-
cathode strips.

Fig. 5 depicts the dependence of ¢ on Vs_c for
two values of the induction field: (i)
E;nq=-0.2kV/cm; (ii) Ejnq=-5.0kV/cm, and for
a fixed voltage across the holes, Vc_1t=200V.
Increasing the strips-voltage Va_c, results in a
decrease of ¢, due to the increase of ions fraction
collected on the cathode-strips, and to the decrease
of ions fraction produced inside the holes. The
curves reach asymptotic values of about 0.4 and
0.23 for the respective Eq values. At
Ei,q=-0.2kV/cm, a significant fraction of the
avalanche-ions created at the anode-strips are
collected on the nearby cathode-strips. At
—5.0kV/cm, in addition, a fraction of these ions
are deviated and collected on the cathode-mesh.

For comparison, Fig. 5 also shows ¢ for a
MHSP operating in a GEM-mode. As expected, in
this case ¢ =~1.0, i.e. all the ions produced in the

Ver[V]
200 240 280 320 360 400

Edrift: 0.5 kV/cm
1.2

e
SES aEE B N

=

< SN

S 08 . Eing - 02 KVICHi
g \\\-\

= £ \\j\.\'\-\

[e]

= 04 L N

Eing=-5.0 kV/cm:;\'\'\'«-_._,__.

 ATR%CHla

0 T TR SN SN S TR A SN SO N

100 140 180 220 260
Vac [V]

Fig. 5. The fraction ¢ of ions back-flowing in the MHSP-holes,
versus the strips-voltage, Va_c, for Ve_r=200V: (H)
Eina=—0.2kV/cm and () Ej,q=—5.0kV/cm. For comparison,
¢ versus the hole-voltage, Vc_T, with Ejg=—0.2kV/cm is also
shown for the MHSP operating in a “GEM-mode” (A).
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holes are flowing backwards and collected on the
MHSP-top and on the photocathode. For
Ve_1<300V, the deviation from ¢=~1.0, can be
explained by the lost of electrons to the MHSP-top
electrode, that is not negligible relatively to the
ions collected on it (see Eq. (6)).

The reversed induction field E,4, has an
important role in reducing the ion transparency
of the MS-electrode, fms. fms (derived from
Eq. (2)), the effective gain Gyisp and the effective
anode-strips gain Gy, are plotted in Fig. 6 as
function of Ej,q. For increasing negative E;.4
values, fums decreases due to the sharing of the
ions between the cathode-strips and the cathode-
mesh; for increasing positive E;,q values, fims also
decreases as more ions are collected on the
cathode-strips. In both cases there seems to be a
saturation of these effects, and the value of fys
stabilizes at ~0.2 and 0.17 for positive and
negative Ej,q values, respectively. In the negative
range, E;,q4 has no significant effect on the effective
gains Gyysp and Gys, while in the positive range
we can observe a decrease of the gains, of up to
70%.

Fig. 7 shows the dependence of ¢ on the
effective gain Gypsp measured by varying the
voltage Va_c, for various values of the hole-
voltage Vc_r1. All the curves show a steep drop
with the effective gain Gyggsp (i.e. with Vo_c) and
an asymptotic leveling of ¢. The asymptotic ¢
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Fig. 6. MS ion-transparency, fims (B, (0); MHSP gain, Gyysp
(e, O); and anode-strips gain, Gyis (A, A), versus the induction

field, E;,q, for hole-voltage values: Vc_1=200V (full symbols);
Ve_1=250V (open symbols).

10 [

=

lon fraction ¢

Ar/5%CH, “““IIEdm: 0.5kVicm  E;,q=- 5.0 kV/icm

0.1 P AT

0.01 0.1 1 10 100 1000 10000
Effective Gain

Fig. 7. The fraction ¢ of ions propagating upwards in the
holes, as a function of effective gain Gypsp (measured by
varying the strips-voltage Va_c) for several values of hole-
voltage Ve .

values, determined at Vo_c=260V, vary between
~0.17 and 0.25, while Gypusp spans over three
orders of magnitude (from ~8 to 7 x 10%). The
corresponding Gy values at Vao_c=260V vary
from ~45 to 25.

The corresponding ion-transparency of the MS-
electrode fums determined from Eq. (2), varies
between ~0.15 and 0.22. The asymptotic beha-
viour of ¢ seen in all the curves at high VA ¢
values, implies that a further increase in the strips—
voltage will not significantly reduce ¢. Increasing
Gvs, @ may be further reduced by 10-15% at
most, reaching at best the value of fus (Eq. (2)).

From the studies above we can conclude that the
hole-voltage V_1 has only a small influence on ¢.
More effective are the strips voltage V'a_c and the
induction field Ej,q. The best results for ¢ are
obtained for the maximum attainable values of
strips-voltage, i.e. around 260V, and at values of
induction field in the range of —5.0 to —6.0kV/cm.
For the above conditions, the MHSP allows a 5-
fold suppression of ion back-flow relatively to a
single GEM.

3.2. Multi-GEMIMHSP multiplier
The effective gain Gy, of the 3-GEMs/MHSP

multiplier as function of Va_c, is reported in
Fig. 8. Very high gains, in excess of 107, were
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Fig. 9. The fraction of ions collected at the MHSP-top
electrode, It/In, as function of the effective gain Giop
(measured by varying Va_c) for different V_t values, in the
multi-GEM/MHSP detector.

obtained at Vc_1=300V. The corresponding
effective gains Gyisp and Gys are also shown.
Fig. 9 presents It/l5, the fraction of ions
collected at the MHSP-top electrode, as function
of the effective gain Gy, measured by varying
Va_c, for different Ve_t values. For
Ve_r=200V, the It/I5 curve deviates from the
other curves, of Ve 1r=250V and Vc_1t=300V,
due to the loss of clectrons to the MHSP-top

electrode, which is not negligible relative to the
ions collected on it. At high gains, the ratio It/la
converges to an asymptotic value of about 0.07—
0.09, dependent slightly on Ve_t. For
Ve_1=250V, we have It/I5,=0.08. Using Eq. (2)
and from Figs. 6-7 one gets ¢=~0.23 and
Pms=0.21. From Eq.(3), and considering
Brop= 1—(Ir/Ip)/=0.65, one gets a value for
the MHSP ion-transparency fypsp=0.21 X
0.65~0.14. This is the fraction of ions produced
at anode-strips and flowing to stages above the
MHSP. Thus, the fraction of ions neutralized on
the various MHSP electrodes is about 86%.

In Fig. 10 we present ¢ as function of the
strips-voltage Va_c for three V_v values. At high
Va_c values, ¢ converges asymptotically, with
negligible dependence on Vc_1. We obtained ¢
values as low as 0.07-0.08 for gains between
~8x 10°-10".

Further ion back-flow suppression is possible,
by reducing the transfer field Et;, between GEM3
and the MHSP. This idea was tested in a 4-GEM
detector [9], demonstrating back-flow suppression
of ions, which is inevitably accompanied with
charge transfer suppression of electrons and, thus,
with a significant reduction of total gain. However,
in the present configuration the total gain is
further boosted by the anode-strips multiplication
such that values of ¢~0.03 for Er3;=0.1kV/cm

lon back-flow ratio &

L Fna T -30kViem  Ar/5%CHy

1E+04 1E+05 1E+06 1E+07
Effective Gain
Fig. 10. The avalanche-ion back-flow fraction ¢ as function of

the effective gain Gy (measured by varying Va_c) for
different Vc_v values, in the multi-GEM/MHSP detector.
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Fig. 11. The avalanche-ion back-flow fraction ¢, and the
fraction of ions collected on MHSP-top electrode I1/I4, versus
the transfer field, Et3, in the multi-GEM/MHSP detector. The
effective gain Gioa 1S between ~ 10° and 3 x 10°.

were obtained at gains in excess of 10° as shown
in Fig. 11. The fraction of ions collected on
MHSP-top, It/Ia, at this field, is ~0.17 and
Biop~ 1—(1/Ip)/@ =0.26. Thus, one gets fyusp =
0.21 x 0.26=0.05, that is to say 95% of anode-
strips ions are collected on the various MHSP
electrodes. It is also clear from Fig. 11 that at
Er3~2.0kV/cm, which is a typical value for
optimal-gain operation of multi-GEM multipliers,
the avalanche-ion back-flow fraction reaches its
maximum value, of £~0.08. £ decreases at higher
fields as more ions are collected on the bottom of
GEM3 and at lower fields as more ions are
collected on MHSP-top, as evident from the It/
I5 curve.

Further improvement of the avalanche-ion
back-flow fraction &, was attempted by varying
all transfer fields in the multipliers cascade. Fig. 12
depicts ¢ as a function of Gy (measured by
Varying VA,C) for different VGEMZ, VGEMS and
Vo_t voltages and for Et;=1.0kV/ecm and
Er,=FEr;=0.25kV/cm. Under these conditions,
the best & values are between 0.025 and 0.035,
which is only a small improvement compared to
the previous results (Fig. 11). The lowest value of
¢, of 0.025, was recorded with a gain of ~8 x 10°,
at VGEM3:VGEM2:28OV and VC,T:350V;
such gain is sufficient to operate the photon-
detector in single-photon-counting mode.
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Fig. 12. Avalanche-ion back-flow fraction &, as a function of
the gain Gioy (measured by varying Va_c), for different
VGEM27 VGEM3 and VC—T voltages in the multl-GEM/MHSP
detector.

4. Conclusions

We have studied the performance of the MHSP
multiplier in terms of avalanche-induced ions
collection and searched for ways of reducing ion
back-flow in cascaded multi-GEM/MHSP electron
multipliers.

Studies with a single MHSP coupled to a semi-
transparent Csl-photocathode were carried out in
atmospheric Ar/5%CH,. The fraction ¢ of back-
flowing ions is very little influenced by the
holes-voltage Vc_t, and the most important
parameters are the voltage Va_c between anode
and cathode strips and the induction field FEj,q,
between the MHSP and the cathode plane under-
neath it (Fig. 2).

By applying a reversed induction field of —5.0 to
—6.0kV/cm rather than a field close to zero, the
combined ion-fraction collected on the cathode-
strips and on the cathode-plane can be increased
by about 30%, and the fraction of back-flowing
ions ¢ can be reduced by about a factor 2. The
best results of ¢=~0.2, are obtained for the
maximum attainable strips-voltage, i.e. around
260V, and for an induction field in the range of
—5.0 to —6.0kV/cm.

These results clearly demonstrate a 5-fold
reduction in ion back-flow in the MHSP, as
compared to a single GEM in which all ions
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propagate upwards through the holes (¢ =~1.0).
This improvement is almost independent of the
electric field in the MHSP-holes, and is completely
independent of the electric fields in the gaps above
the MHSP.

Alternatively one can discuss the ion back-flow
reduction in terms of the very low ion-transpar-
ency fvusp of the MHSP, found to be in the range
of 5-14%. For GEMs the measured ion-transpar-
ency is between 30% and 50% [8].

The ion-collection proprieties of a photodetec-
tor comprising a 3-GEMs cascade followed by an
MHSP were systematically investigated; the detec-
tor has a reflective CsI-photocathode deposited on
top of the first GEM. The efficient collection of
avalanche-ions on the cathode-strips and on the
cathode-plane below the MHSP, considerably
reduces the avalanche-ion back-flow fraction, &.
Additionally, taking advantage of the additional
gain-boost occurring at the anode-strips, opera-
tion conditions can be found (using a small
transfer field in the last transfer gap) that results
in about one order of magnitude reduction of
the ion back-flow fraction, &, compared to a 4-
GEMs photodetector operating at similar gain of
about 10°.

The best result measured for & is of ~2.5%,
compared to a 20-30% value obtained in the 4-
GEMs photodetector [9] (excluding the particular
4-GEMs configuration with the induction region
operated in a parallel-plate multiplication mode).
It is important to note that the value of £~2.5%
was obtained maintaining high electric field at the
photocathode, to assure minimal losses of QE due
to photoelectron backscattering on gas molecules.

Nevertheless, our results show that the fraction
of avalanche-ion back-flow £, converges asympto-
tically with the increase of strips-voltage in the
MHSP; similar behaviour was found for GEMs
with the increase of the GEM-voltage [6]. It
implies that ¢ cannot be improved by simply
varying the electric fields configuration. A sig-
nificant reduction in ¢ can only be reached by
reducing the individual ion-transparencies f§ of
each element in the cascade (see Eq. (1) and
Eq. (4)), by changing the multiplier’s geometric
parameters: pitch, hole—diameter and hole-shape,
etc. For example, the reduction of the ion-

transparency in the MS-side of an MHSP can be
done by changing the cathode-strip widths or by
using single-conical holes with the smaller dia-
meter on the bottom-side. The latter was similarly
suggested and tested for GEMs [§].

The rather low ion back-flow fractions reached
in this work have a direct effect of limiting ion-
feedback phenomena in photodetectors, in X-ray
and neutron detectors with solid converters and
gas electron multipliers, and in particle tracking
devices. This results in higher attainable multi-
plication factors. Reduction of ion back-flow is
naturally important in time projection chambers
(TPCs), where MHSPs could be used as well. In
cases where the 2-3% limit of residual ions is still
too high, one can stop the back-drifting ions by
applying active ion-gating with a dedicated elec-
trode. It has been recently demonstrated that
residual ion levels of the order of 10~ could be
reached in a 4-GEMs gated detector, though at the
expense of a certain dead-time and a counting-rate
limit of ~10°Hz [9].
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