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Abstract: Detectors with cross strip (XS) anodes have high application value in deep space exploration,
quantum communications, space astronomical telescopes, etc. In this article, a single-layer XS anode
based on Printed Circult Board (PCB) technology is proposed, which can conveniently realize large-
area array detection with a simple process and low cost. We theoretically studied the electron motion
principle and equivalent model of the XS anode and established a model of the XS anode through
the finite element method. The model allows us to determine the anode geometry, such as anode
strip width, inter-strip distance, and substrate thickness, to optimize the output signal on the XS
anode, thereby indirectly affecting the resolution of the detector. The optimal parameters of the
detector were processed with the help of our model, such as a strip width of 110 pum, strip spacing of
550 um, and substrate thickness of 150 um. The model shows that the strip charge collection ratio is
1:1. Comparing model predictions with experimental measurements reveals key parameters, such as
the manufacturing is convenient and simple and can provide some ideas for subsequent large-area
array detector imaging.

Keywords: UV; position-sensitive anode; finite element method

1. Introduction

Research on UV photon imaging detectors with high temporal resolution and high
spatial resolution would have broad application prospects in many fields [1-4]. In space,
where the sky is extremely dark, weak and low-surface-brightness light sources can be
observed with ultraviolet detectors. A series of exploration missions have been carried out
in space. NASA'’s International Ultraviolet Explorer conducted very successful spectral
studies of light sources with wavelengths of 120-335 nm, followed by far-ultraviolet
spectroscopic detection using a high-sensitivity large-size photon-counting array [5,6]. The
Institute for Astronomy and Astrophysics in Tubingen is developing and building photon-
counting microchannel plate imaging detectors using coplanar XS anodes and advanced
low-power readout electronics with a 128-channel charge amplifier chip device [7]. The
detectors of the Extreme Universe Space Observatory’s multi-wavelength telescope use
photomultiplier tubes to study atmospheric phenomena and have single-photon-counting
sensitivity [8].

In ultraviolet photon imaging detectors, charge division anodes occupy the position
of the core device. Charge division anodes determine the location of events by dividing
the MCP charge cloud among multiple electrode channels. Compared with other anodes,
the XS anode has the advantages of a higher spatial resolution, higher count rate, good
linearity, and low gain requirements [9-15]. However, the traditional methods of making
anodes include laser cutting [3] and printing [12]. The general sizes of these two processing
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techniques for laser cutting are 20 x 20 mm and 30 x 30 mm, of which it is difficult
to achieve a large-area array [9,11]. Moreover, the splicing method is complicated with
multiple square anodes. Berkeley Lab uses high-temperature co-fired ceramics to process
anodes [16], but the temperature of high-temperature co-fired calcination is above 1500°
and the processing method is relatively complicated. At present, the application demand
for large-area arrays is relatively high [13,17]. Therefore, we proposed a single-layer XS
anode processed using Printed Circult Board (PCB) technology, which can reduce costs and
achieve large-area array detection. Moreover, we study the output of the electron cloud
from the MCP to the final signal collected by the anode plate. The quality of the signal will
affect the quality of the final resolution.

XS anode imaging detectors often require optimization of the event charge footprint
for high spatial resolution and good image linearity [18]. In order to achieve better detector
performance indicators, the electron cloud footprint characteristics can be optimized by
changing the geometry and specific parameters of the XS anode. At the same time, we need
to consider that the single layer anode will bring inevitable crosstalk [19-21]. Crosstalk is
caused by inter-strip capacitance, which affects the charge collection of the strips, adding a
certain degree of noise to the output signal. Impulse noise in the anode output signal is
added to the electronic readout system, indirectly affecting spatial resolution. The accuracy
of the pulse value of the anode output signal enables more precise localization of events
and also prevents the pulse signal from being masked by noise from the strip. Therefore, it
is necessary to conduct theoretical and simulation research on the parameter design of the
XS anode and analyze the parameters of the XS anode based on simulation.

This article mainly proposes a single-layer XS anode using PCB technology and
analyzes and optimizes its parameters. Section 2 introduces the working principle of the
XS anode detector. Through theoretical research, the movement principle of electrons
on the metal strips, the equivalent model of the interaction between the charge cloud
and the XS anode, and the capacitance between the XS anode strips are given. Section 3
simulates the XS anode, establishes a three-dimensional finite element model, studies the
effects of the strip width, strip distance width, and electron vertical diffusion distance of
the XS anode on the charges collected by the horizontal and vertical strips, and analyzes
the crosstalk between different strips. From the perspective of optimizing the XS anode
charge distribution and inter-strip capacitance, anode parameters such as strip width and
insulation thickness are designed. In Section 4, with the help of the model described in this
paper, the manufacturing process of the anode is improved. At the same time, based on
the results of theoretical simulation, a single-layer XS anode based on PCB technology was
designed and processed, which can reduce costs and achieve large area array detection. In
Section 5, we build a test system. The designed anodes were tested and compared with
the simulation results. The small difference between the measured and simulated values
proved the accuracy of the model.

2. Theory and Simulation of XS Anode
2.1. Subsection

According to the general Shockley—Ramo rule [22], to theoretically analyze and cal-
culate the charge collection efficiency under different electrode structures, as shown in
Figure 1, when electrons move around the conductor at a speed v, the induced current I, in
the electrode can be calculated by the following formula,

E;-u

o M

I, =—q
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Figure 1. Electronic collection model.

In the formula, E; is the electric field at the position of the charged particle when the
applied voltage of the strip is V,;. For multiple electrodes, when calculating the induced
current of charged particles in a certain electrode, it is necessary to apply a voltage V,; on
the electrode and set the voltages of other electrodes to 0; u is the speed of electrons in
vacuum. As the particles pass through the electrodes, an equal and opposite charge to the
charge on the electron is induced onto the electrode surface.

2.2. Anode Theoretical Model

Using the comsol 6.1 simulation software, we studied the model of the interaction
between the charge cloud and the XS anode, and the equivalent diagram of the XS anode
model is shown in Figure 2. The solid line represents the capacitance between adjacent
strips, and the dashed line represents the coupling capacitance between all strips. When
simulating the XS anode, some simplifications and assumptions were made to the model.
The first is the number of strips. There are 32 horizontal strips and 32 vertical strips,
respectively, since the simulation of 64 strips requires a large amount of computation and
complicated grid division, the calculation requirements for creating a sufficiently detailed
grid are very high. We simulated using five horizontal electrodes and five vertical electrodes
so that the footprint of the electron cloud can be covered and any electric field effect or
charge effect during the electron movement can be observed.

 s— | —
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Figure 2. Equivalent diagram of XS anode model.

The photons incident on the MCP are converted into photoelectrons by the photo-
cathode. Under the action of high voltage, the photoelectrons are multiplied by the MCP
to form an electron cloud. The multiplied electron cloud passes a certain distance and is
received by the XS anode. The electron cloud roughly satisfies the Gaussian distribution.
The charge density of the electron cloud can be approximated [23] as

——) @

o(x,y) = ~yexp(
1

A traditional cross-strip anode consists of two layers: one for the X dimension and one
for the Y dimension. The geometry designed in this article uses a single layer of strip XS
anode with the strip array located on the front side of a thin PCB. The anode is divided into
transverse electrodes and longitudinal electrodes, which are used for the position encoding



Appl. Sci. 2023,13, 12304

40f 10

of two sets of events. The anode converts the received electrons into charges, which are
transmitted to 32 horizontal strips and 32 vertical strips, respectively. The model diagram
of the XS anode is shown in Figure 3a. And, Figure 3b is the smallest unit of the designed
single anode shape, which is composed of horizontal strips and 32 vertical strips. The
horizontal electrodes are strip-shaped and the shape of the vertical electrode is a hexagonal
pad, and the horizontal and vertical receiving areas are 1:1 to ensure that the signal pickup
amplitude on each layer is almost equal. This is designed to improve the ability to resolve
“multiple hit” events. For pulsed sources or high-rate operation, it is beneficial to increase
the count rate.

N~

(a) (b)
Figure 3. Anode model. (a) XS anode equivalent model, (b) XS anode minimum unit.

The charge value at each strip is determined by the numerical integration of the charge
density over the strip area. The XS anode scheme uses the charge detected on each strip to
determine the charge cloud centroid for each strip. The size of the charge cloud should be
optimized so that it covers multiple strips to obtain the best spatial resolution. The charges
collected on the strips are sensed by charge-sensitive amplifiers connected individually to
each strip. The preamplified signal from each strip is then digitized using two 32-channels
and interfaced to a PC. Each recorded photon is represented by a set of digitized strip
signal amplitudes Qi. Two MCPs which produce a ‘chevron’ stack were placed a distance d
above the XS anode, and a potential of 200 V was applied between the MCP output and the
XS anode to provide an accelerating electric field. Through this model, we can more fully
understand the specific movement process of electrons on the anode.

2.3. Crosstalk Effect of the Inter-Electrode Capacitance

The main factor that affects the resolution of the detector is electronic noise. Electronic
noise is mainly generated by charge-sensitive amplifiers and signal input capacitors. For
single-layer XS anodes, there will be capacitive coupling between strips, which interferes
with adjacent strip signals and reduces strip signals, thereby reducing the signal-to-noise
ratio and thus affecting the resolution of the XS anode.

Total capacitive load on the amplifier input:

Cin ICi+Cie+Ca+(1+A)‘Cf+Cp 3)

In the formula, C; is the strip capacitance, C;, is the capacitance between different
strips, C, is the amplifier input capacitance, Cris the feedback capacitance, Cp is parasitic
capacitance, and A is the gain of the open circuit charge sensitive amplifier. Generally
speaking, the feedback capacitance is very small (only a few pf), and the capacitance C;,
between the strips will affect the collected signal. The greater the crosstalk, the less accurate
the signal will be, thus reducing the resolution.

N = Ny + N.C;,, (4)
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N is the preamplifier noise without capacitive load, and N, is the average electronic
noise. By calculating the inter-electrode capacitance, the electronic noise-limited spatial
resolution of the XS anode detector can be estimated.

Qu=Q-Qi=Q-2VG (5)
Q=2VCi+ CiyuV ©)
__Q
V= 2Cr + Cdyn @
. 20QG
Qn=Q~ 3¢, 7 Com (®)

Cayn is considered to be the dynamic capacitance of the charge-sensitive amplifier.
From Formula (8), it can be known that when Cy,,, >> C;, the capacitance of the external
electrode to ground can be approximated as C;. The charge Q,;, measured by the amplifier
is equal to the total charge Q minus the charge Q; lost to the outside of the strips. It can,
thus, be seen that a large dynamic capacitance will ensure minimum charge loss, yielding
maximum signal-to-noise ratio, thereby maximizing the efficiency of the electronic device
and improving resolution.

For an ideal XS anode, the relationship between capacitance C, charge Q, and potential

Q1 Cn -+ Cin Vi
Q= ChupuaV,Q = S Conutual = o V= )
Qn Cnl T Cnn Vn

However, high efficiency signal transmission is also very important in practical appli-
cations. Fundamentally speaking, analyzing and solving the crosstalk problem generated
during signal transmission is essentially a problem of solving Maxwell’s equations under
certain boundaries and excitation conditions. The expression for the charge on the strips
can be written as the Maxwell capacitance matrix:

Vis

n
Q, Elcli coo —Cqy

Q/ = Cmaxavellvr Q/ = ’ Cmaxavell = . (10)
/ n
@ ~Cu o %Gy

1

In the formula, C;; is the capacitance of i horizontal strips and 32 vertical strips to the
vacuum chamber, C;; is the capacitance between band i horizontal strips and j vertical strips,
and C;; = Cj;. Substituting Formula (10) into Formula (9), the relationship between ideal
charge and actual charge can be obtained, and the charge can be corrected to eliminate
crosstalk.

Q' = CoarwetiCoepal Q (11)

3. Simulation Results and Discussion
3.1. Dynamic Properties of Charge Density

The dynamic characteristics of the surface charge density of the XS anode were studied,
as shown in Figure 4. The electron cloud follows a Gaussian distribution on the anode, and
the electrons are collected by horizontal strips and vertical strips. The diffusion radius of
the electron cloud increases with the distance d. On the one hand, a charge cloud that is too
narrow can cause image distortion. On the other hand, excessive diffusion of charge cloud
footprints can lead to distortion at the edges of the image, resulting in a reduction in the
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signal-to-noise ratio and thus in resolution. The number of strips we want to cover is 3-5,
so we want the distance between the MCP and the anode to be as small as possible, but the
actual distance also needs to be considered. So, we chose the distance of d to be 0.5-2 mm.

x10*
3

24 /,’

14
0-
-1

charge density(arb.units)

Y(mm) 15 -15 X(mm)

Figure 4. The surface charge density of the XS anode.

3.2. Optimization of XS Anode Parameters

The relationship between the collected charge of the horizontal and vertical strips and
the receiving area is shown in Figure 5. At different emission distances d, by changing the
width and distance of the horizontal strips and the vertical strips, different proportions
of receiving areas are obtained. Obviously, the charge ratio decreases with the increase in
d, increases with the increase in the receiving area, and the rate increases. It can be seen
that the singlelayer XS anode designed in this paper has a high charge collection efficiency.
When the receiving area ratio s of the horizontal and vertical strips is 1, d is 2 mm and the
charge ratio approaches 1. Furthermore, inaccuracies in charge collection can affect image
distortion during imaging. That is, each of the horizontal and vertical electrodes receive
half of the charge from mcp. This means more charge from the MCP charge footprint will
be collected by the anode and less charge can be lost.

137 ! ' 1 |
=1.1
[ + s=1.0 |
1.2 . <=0.9
- s=0.8
=11 A
2 Ponvan
?1 1— - it T > |
o 1 e
O 09 . ' -
0.8}
0.7" ‘ ‘ ‘ ‘
0.5 0.8 1.1 1.4 L7 2

Distance(mm)

Figure 5. The change in charge ratio with distance L under different area ratios. The area ratios of
four XS anodes with different sizes are 0.8, 0.9, 1.0, 1.1.

3.3. Crosstalk between Strips

This section shows the simulation of crosstalk between different strips of the XS anode,
as shown in Figure 6. The capacitance between the horizontal and vertical strips of XS
anodes of different sizes was calculated. It can be seen from the figure that the inter-strip
capacitance is between 2 and 8 pF. Under the same substrate thickness, the inter-strip
capacitance increases as the strip width increases. In addition, for the same strip width,
the capacitance between strips decreases as the substrate thickness increases. Reducing the
capacitance between electrodes can reduce crosstalk. Low strip capacitance is achieved by
using extremely thick substrates. Under the same conditions with other anode parameters,
increasing the anode period can reduce the strip capacitance of the anode. However, the
period size of the anode is also limited by the size of the electron cloud reaching the anode.
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Therefore, the design requirements and detector structural parameters must be considered
comprehensively during actual design. Through simulation, we found that when the
substrate thickness is 120 um, w1 is 110 um, and w2 is 530 um, the crosstalk is small.

ST T i
-#*-w1=110um,w2=530pm
% - %*-w1=160um,w2=530pm
T wi=210um,w2=530pm
P
N e
T *. R
g <
=5 RN *
= LS -
54 TR e
R T e
R S - %
3- e *
2\_ L L L J
60 80 100 120 140 160 180

substrate thickness(um)
Figure 6. Variation of capacitance with substrate thickness.

4. Experimental Setup

MCP uses two plates made of lead silicate glass with a bias angle of 10°. The plates
are stacked one on top of the other, arranged in a “V” configuration, with the top plate
coated with CsI to improve quantum detection efficiency. A bias resistor is connected across
the MCP stack to provide gain stability, and a resistor connected from the MCP output to

ground provides the electric field for the charge cloud to pass through the MCP output to
the anode, as shown in Figure 7.

i

T ]+MCPI1

L L [ [ lencP2

<«— Electron cloud

Vertical strip—»0 0 00O 0O Oe e e O<— Honrizontal strip

Figure 7. Schematic diagram of anode receiving signal.

Cross-Strip Anode Design

The XS anode designed in this paper is a single-layer structure; that is, the horizontal
strip and the vertical strip are located on the same layer plane. The receiving area of the
horizontal strip and the vertical strip is 1:1. The horizontal strip directly collects the charge
signal to a section of the strip and then transmits the signal. The vertical strip transmits
the charge signal through the via hole. Part of the horizontal strip is a protruding triangle,
and the shape of the vertical strip is a hexagon. The purpose of this is to receive electrons
more accurately, and the receiving surface of the horizontal and vertical electrodes is 1:1 to
improve the electron collection ability. The charge cloud generated by the MCP spans about
five periods of the XS anode strip. The resulting charge measured from each strip is used
for the centroid of the cloud position with less precision than the width of a single anode,
satisfying the required high spatial resolution. At the same time, the PCB manufacturing
process is adopted, and the manufacturing is simple and the cost is low.
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5. Experimental Results and Discussion
5.1. Actual Measurement

Figure 8 shows the actual picture of the XS anode produced. The XS anode bases are
all rogers (er = 2.2). The XS anode is designed and manufactured from the PCB process. The
traditional upper and lower strips are processed on the same plane, divided into horizontal
strips and vertical strips, which can avoid the upper stripe from blocking the lower strip
which can be made into large area array detectors. At the same time, it can also avoid the
upper electrode from blocking the lower electrode, improve charge collection efficiency,
and improve SNR. The specific parameters of the strip production are shown in Table 1.

Figure 8. XS anode physical picture.

Table 1. XS anode electrode production parameters.

Strip Width Strip Distance Periodic Width Area Ratio Strip Thickness
110 pm 530 um 640 um 1:1 120 pm

5.2. XS Anode Test

In order to prove the XS anode performance test, a test circuit was built which was
divided into five parts: a signal generator, oscilloscope, reference ground plane, XS anode,
and terminal. We used a signal generator and oscilloscope to test the anode signal. A
charge of 1000 pC was injected above the anode, and then the charge signal at the signal
collection end of the horizontal and vertical strips was tested. The test results are shown in
Table 2. The approximate ratio of horizontal and vertical strips is 1:1. This may be caused
by the space charge distribution. The total charge collected is less than 1000 pC, probably
because electrons can be ejected in any direction. Therefore, some signal may be lost as
electrons fly upward away from the plate instead of downward into the plate. In terms of
anode design, the maximum amount of charge can be collected.

Table 2. Charge collected.

Charge Horizontal Strip Charge Vertical Strip Charge
1000 pC 380 pC 350 pC

Then, the crosstalk is tested. We study induced pulses at adjacent strips when signals
within the event pulse time range are transmitted through one strip. The ground plane
is used to eliminate noise signals including space radiation interference, and the high-
impedance probe is used to reduce the influence of the test equipment on the parasitic
parameters of the device under test. Then, a periodic pulse signal is output through the
Tektronix 3011 signal generator. The pulse rise time is 10 ns and the pulse amplitude is 1
V. Finally, the Agilent 5032 A wave detector is used to display the transmission signal on
the interfering line and the crosstalk signal on the interfered line and compare the impact
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References

level of crosstalk under different conditions (see Figure 9a). It can be seen from the test
results in Figure 9 that the crosstalk on adjacent lines is very obvious; the peak-peak value
of the induced signal of the far-end adjacent strip reaches 28 mv. The crosstalk signal has
a smaller pulse amplitude than the main signal. Therefore, we conclude that appropriate
selection of parameters will reduce crosstalk.
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Figure 9. Crosstalk test results: (a) input signal, (b) output signal test results from adjacent strips.

6. Conclusions

This paper mainly discusses the factors that affect the signal at the anode front end
of the detector. A single-layer XS anode structure was designed based on PCB technology
and a finite element simulation was performed on the electron cloud behind the anode
to study the factors affecting charge collection and the crosstalk caused by parameters
between anode strips. It can be seen from the simulation results that this design can collect
electrons to the greatest extent. When the electron cloud covers 5 strips, crosstalk can
be minimized by reducing the distance d and increasing the thickness of the substrate.
Based on the simulation results and actual processing technology, a cross-strip anode with
a period length of 650 um, a strip width of 110 um, an insulation width of 0.5 mm, and a
period number of i = j = 32 was designed and prepared. The test results are consistent with
the simulation results, which proves the reliability of the model. This paper provides an
effective basis for the realization of low-cost, easy-to-process, and large-area high-resolution
ultraviolet single-photon imaging detectors.
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