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Abstract: Results obtained with a new, very compact detector for imaging with a matrix of leak
microstructures (LM) are reported. Spatial linearity and spatial resolution obtained by scanning and
the detection of alpha particles with 100% efficiency, when compared with a silicon detector, are
stressed. Preliminary results obtained in detecting single electrons emitted by the heated filament
(Ec <1 eV) at 1-3 mbar of propane are reported.
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1. Introduction

Some years ago, we introduced a new kind of gaseous detector based on tips of
wires or needles used as anodes, that is, the leak microstructures (LM) [1-8]. It belongs
to the family of gaseous detectors based on needles as anodes, such as the “multi-points
detector with cathodic focalization” [9-11] and the “pin detector” [12,13]. The LM detector
is different from the above detectors for its geometry and properties. The geometry of an
LM is really simple (Figure 1): a needle, 315 pm diameter, whose tip (in the order of 20 pm
diameter) acts as an anode, is inserted in a hole (0.35 mm diameter) drilled on a fiberglass
supporting structure (G-10, commonly used for printed circuits), which is copper-clad on
both sides: one side is the cathode of the detector, on the other one the needle is welded.
Stable operating conditions were obtained at atmospheric pressure (760 Torr of isobutane)
and at low pressure (1-3 mbar of propane) with slightly different detector geometry. The
needle’s tip protrudes 0.1-0.2 mm to operate at atmospheric pressure and about 1 mm at
low pressure [14]. The copper of the cathode surrounding the needle is removed to create
an insulating space (b in Figure 1) about 550-600 um in diameter to work at atmospheric
pressure, 750-800 um to work at low pressures. The thickness—4.5 mm of the supporting
structure (G-10 in Figure 1)—is enough to easily allow a very good centering of the needle
with respect to the insulating space of the cathode. At distances ranging from 3 to 10 mm
from the cathode, a drift electrode is fixed, which marks the boundary of the active volume
of the detector: this space is filled with gas. The electric field, generated between the tip of
the needle and the cathode, is high enough to induce the multiplication of the ionization
electrons. Induced charges (signals) are generated for each ionizing event detected, one
anodic and the other cathodic, with the same amplitude and time duration, opposite sign
and time coincidence, both proportional to the primary ionization. Typical of gaseous
counters, these features are used in a matrix of LMs to obtain the needle address by the
anode signals and a fine position determination by analyzing the cathode signals.
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Figure 1. Cross-section (not to scale) of a leak microstructure (LM).

Let us briefly recall some properties of these microstructures:

e  Thelack of insulating material between the cathode and the needle tip, which represent
the sensitive part of the anode where the avalanche develops, avoids the charging-up
phenomena that can alter the electric field and thus the response of the detector: the
LM detector shows a very stable and repetitive behavior;

e The extreme sensitivity: it can detect the electrons emitted by a heated filament
(Ec <1 eV) or extracted from copper with a mercury-vapor lamp [7,8,15];

e The high gas gain [4]: higher than 10° in detecting single electrons emitted by the
heated filament and more than 6 x 10° in detecting X photons from a 5.9 keV *Fe
source working in a proportional region at 760 Torr.

2. Imaging

The image capability of these structures was investigated starting from a single LM [8].
The cathode of LM was divided into four square pads so that the microstructure was built
with the tip of a needle surrounded by four pads: two related to the X coordinate and
two to Y. This structure is particularly suitable for imaging purposes because the cathodic
charge spreads out to the four pads according to the position of the striking radiation, as
described in. [13] and sketched in Figure 2.

Using a 5.9 keV > Fe source and a mask of 7 holes, 300 um in diameter, separated by
100 um, well centered on the anode, Figure 3 was obtained. A “zoom” effect was evidenced
by changing the potential of the drift electrode.

To study the spatial linearity, an X-ray tube with a copper anti-cathode at 20 kV as
the source was used together with a multi LM detector with a 2.4 mm pitch operated
at 1 bar of isobutane. A 0.1 mm slit was put onto the drift electrode and shifted along
the x-axis of constant 0.4 mm pitches. In Figure 4, we report the spatial linearity. The
x-axis represents the slit positions in 400 pm steps, whereas the y-axis shows the position
in channels measured by the detector. The errors reported in the plot are the FWHM of
the acquired data. This measurement also allowed the evaluation of the spatial detector
resolution, as a function of the slit position concerning the anode (tip of the needles), up to
the boundary between two anodes: the best spatial resolution was above an anode (A in
Figure 4 evaluated 279 um FWHM) and worse on the boundary between two anodes (B in
Figure 4 evaluated 643 pm FWHM).
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Figure 2. 3D scheme of an LM physical process: the cathodic charge is distributed on four pads
according to the avalanche position. (A) avalanche centered on the needle; (B) avalanche generated
on the left side.

Figure 3. Zoom effect due to different drift electric fields; starting from left, the drift electrode was at 50, 100, 200, 500 V,
respectively. Vi = 1150 V, gas: isobutane, drift gap: 3 mm.
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Figure 4. Detector position linearity.

The electric field characteristic of LM was studied starting from a simplified geometry
of a single element. In Figure 5, the electric field of a single LM, constituted by a 20 um
needle, is presented. An electric field in the order of some MV /m was achieved.
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Figure 5. Equipotential surfaces of a single LM. The anode is a 20 pm needle emerging 100 um out of
the cathode layer. HV = 1000 V.

After these preliminary results, a more extended detector consisting of several needles
surrounded by pads was developed.

A general-purpose electromagnetic simulation software [16] was used to study a
matrix of LMs. The aim was to define the geometrical parameters in such a way as to
have a position sensitivity on the whole surface. At the fixed pitch, the height of the
needle’s tip played an essential role in defining the sensitive area, together with the applied
voltage. Figure 6 shows the simulation for two different configurations and the role of the
needle height.
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Figure 6. Simulation of two different configurations and the role of the needle height, (A) needle height 40 um out of the

cathode plane, (B) needle height 100 um out of the cathode plane.

As a result of these simulations, a detector with an LM matrix made by 21 x 21 LMs,
pitch 3 mm, distributed on a 60 x 60 mm? surface, as shown in Figure 7, was developed.

Detection

area(60x Curr?nT
P preamplifiers

Figure 7. Detector with a matrix of 441 LMs and electronic setup.

This last version of the LMs matrix follows the one described in [7,8]. Experimental
measures and simulations have shown that to avoid the imaging dead zones, the needles’
pitch must be 3 mm or less with a needle height of 100 um. To achieve better operation
stability at high voltage, the thickness of the copper-clad cathode (originally of 70 um) was
increased up to 100 um by galvanic deposition and nickel-plated to avoid oxidation.

The signal processing chain was very simple (Figure 8): as mentioned above, each LM
had four cathode pads, two related to the X position (left and right) and two related to the
Y (up and down).

All the 441 left pads were shorted together as well as all the 441 right, up, and down
pads (Figure 8) so that they could all be read with only four channels (4 preamplifiers, 4
main amplifiers and 4 digital to analog converters (ADCs)). The next step was to address
the matrix points to get an extended image.

The charge collected by a needle (anode) is able to turn on a Shottky diode and reach
a preamp through it. Housed in a sot23 case (less than 3 x 3 mm?), two Shottky diodes
were connected on the rear face of the detector to each needle to split the signal towards
two delay lines for the addressing. With this tricky solution, only six analog-to-digital
converters were required: four for the pad-channels and two to read the time to amplitude
converter (TAC), which provided the X, Y address of the needles.



Instruments 2021, 5, 15

6 of 10

S 55
& — L

1133

To preamp X Y

= 1 P,
QC\ Tt

ad X
v
V.Y ¥
cLrers preamp |
constant constant MAIN
mm v.mn fraction fraction AMP

"MP discriminator discriminator

5 5309 sat 00
~ | ADC
—

[20c | p—r !

i ey

@Y
\ *
cutmer? preamp v '

[ Garen: preamp

Figure 8. Electronic chains for imaging with a matrix of 21 x 21 LMs.

To check the imaging capability on the whole detector surface, half a razor blade
was used as a mask on the drift electrode, fixed at a 3 mm distance from the cathode and
working in isobutane at atmospheric pressure. Through an extended X-ray generator, we
obtain the image of Figure 9. It is important to underline that this image did not undergo
any further software elaboration: it is just the presentation of the raw data. With this new
detector, we could obtain well-defined images without any imaging dead zone.
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Figure 9. Shadow gram of a half razor blade obtained with a matrix of LMs in 1 bar of isobutane.
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3. Alpha Particles Detection

To evaluate the detection efficiency of alpha particles, we used a single LM with a 241
Am source; its efficiency was compared with that of a silicon detector, which is known to
have very high detection efficiency.

The measurements were performed in isobutane at a fixed threshold of the electronic
chain. Operating at a pressure of 400 Torr, the counting plateau was achieved; at 760 Torr,
we were not able to reach any plateau. This behavior could be explained by the increased
efficiency in detecting the X-rays emitted by the source together with the alpha particles at
this pressure.

The experimental setup used in this study is shown in Figure 10. A lead collimator,
15 mm thick with a 3 mm diameter hole, was placed at 3 mm from the cathode of an LM
well centered on the tip.

mca <HH— HV

Figure 10. Experimental setup.

The alpha range, under these conditions, was enough to pass through the collimator
and enter the active volume of the detector. In a 300 V/cm drift electric field, we obtained
the curve in Figure 11. The relative counting efficiency of the silicon detector is shown
along the Y-axis. When replacing the LM, this was put in the collimator’s output to count
how many alpha particles pass through it in the same lapse of measuring time. A 100%
efficiency concerning the silicon detector was achieved, as well as the counting plateau.
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Figure 11. Relative efficiency in alpha particles detection. Gas: isobutane, 760 Torr, drift gap: 3 mm.
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4. Preliminary Results on Single-Electron Detection at Low-Pressure

The capability to detect single-electron was tested with LMs operated in propane gas
at 3 mbar [15]. In these measurements, the LM detector consisted of a matrix of 4 x 4 LMs
with nickel-plated needles of conical shape with rounded tips of about 20 pm radius. A
stable operation was obtained in the following conditions: needles of 1 mm height (distance
between the tip of the needles and the cathode plane), around each needle, an insulated
pad of ¢ 0.8 mm (b in Figure 1) was used to separate anodes from the common grounded
cathode layer. The structure had a pitch of 2.4 mm. At a distance of 7 mm from the cathode,
a negatively biased copper wire drift grid defined the boundary of the detector’s active
volume.

As calculated in [14] at 3 mbar of propane, with needles of 1 mm height, the Townsend
ionization coefficient a was bigger than 1 everywhere in the active volume of the detector
starting from the grid. This means that avalanches may occur everywhere and not only
near the needle tip. The avalanche spreading depended on the voltage applied to the grid
(Vd), which, therefore, influenced the drift and the multiplication process.

Single electrons were obtained by heated filament, as well as extracted from the grid
by a mercury-vapors lamp (ORIEL 6035, main wavelength of 253.7 nm). The low quantum
efficiency of Cu (of the order of 10~* in the lamp wavelength bandwidth), together with an
opportune attenuation of the UV light from the lamp, allowed limiting the counting rate to
about 100 Hz. In this way, the probability that the observed signals were due to more than
one electron was very low.

The signals from the current amplifier were collected, and the pulse-height spectra
were fitted with Polya distribution. It is well-established that the avalanche size and conse-
quently the single-electron charge pulse-height spectra follow the negative binomial, or
Polya, distribution [17,18]. With the aim to evaluate the single-electron detection efficiency,
the same distribution was applied to the current signals. The recorded spectrum is shown
in Figure 12 together with the Polya fit, allowing calculating the single-electron detection
efficiency according to the noise threshold level and the Polya integral [15]. A value of
96% was achieved, quite similar to that obtained with a multistep avalanche chamber
detector [19,20].
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Figure 12. Single-electron pulse-height spectrum measured with voltage applied to the grid
(Vq) =490V and voltage applied to the needle (Vy,,) = 200 V (symbols), and the curves obtained by
Polya fits with ordinary (dashed line) and weighted (continuous line) least-squares method. The
upper part of the spectrum is zoomed in the upper-right part of the figure. The continuous vertical
line represents the noise level.
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The gas gain was empirically evaluated from the collected charge, taking into account:
pulse shape, electronic amplification, input impedance and considering the detection of
single-electron. Measurements were performed for three different voltages applied to the
grid (Vq) as a function of the high voltage applied to the needles (Vi,). Results, presented
in Figure 13, show an exponential gain increase with voltage and gas gains in the order
of 10°.
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Figure 13. Average pulse (mV). Gas gain in 3 mbar of propane.

5. Conclusions

The LM detector has shown imaging capability by multiplicating primary electrons
and the rough handling of the signals obtained in a very simple, compact and reliable
way. Images of extended samples were produced with an X-ray source, obtaining quite
good spatial resolution but with low X-ray conversion efficiency. In fact, the conversion
efficiency of soft X-rays in the detector’s active volume at 760 Torr of isobutane was less
than 1% [21,22]. Further development of this work is to enhance the detection efficiency
obtained using a suitable photocathode, like secondary electron emission (SEE) type [20,23].
The system showed a detection capability of single electrons at very low gas pressure
(3 mbar) working in a proportional region and with gas gain in the order of 10°. The
measurements presented extend the fields of application of the LM detector.

Recently, this technique was used for the design and instrumentation of an active
target time projection chamber for the detection of heavy-ion tracking in experiments with
rare isotope beams [24].
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