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Abstract. The set-up described here involves a large-area microchannel plate (MCP) detector, equipped with a
90-degree bender used to reflect the lightweight charged particles. To measure the energy of ions, ions have to be
passed through the detector. The assembled MCP detector provides the signature of the detection of high-energy
particles by producing a shower of secondary electrons. The MCP detector is designed and developed using a
reflecting mirror, supporting screws, conversion foil, a teflon base and a collimator. The passage of ions through the
collimator and then from the conversion foil generates secondary electrons which are bent down by the reflector
before the detection. Also, the working of the MCP detector developed at BARC is tested with strontium-90 (primary
electron source) and Th232 (alpha emitter). Lower cost and low value of fall time constant (less than 2 ns) are the
attractive features of the MCP. Additionally, the MCP has been used in the detection of a low-energy electron where
a timing resolution of a few hundreds of picosecond to nanoseconds is desired.
Keywords. Accelerator driven systems; detectors; photomultiplier tubes; heavy ion detection; microchannel plate
detector.
PACS Nos 07.77.–n; 07.77.Gx; 07.77.Ka; 29.40.–n

1. Introduction
There has been a great interest to study the interior of
the exotic nuclei whose ratio of the number of neutrons
to protons is higher than those nuclei which are situated on the stability line. From these studies, we can
understand not only the novel nuclear properties and
thus enrich our knowledge of the atomic nuclei, but also
the origin of chemical elements in the nucleosynthesis
processes. Experimentally, to access the more unstable exotic nuclei, radioactive ion beam facilities and
accelerator-driven systems are built in India. To perform
the qualitative analysis of the exotic nuclei, detailed
knowledge of masses, their production rate and beta
decay characteristics should be known. A novel timeof-flight spectrometer is useful for these purposes. To
perform mass spectroscopy, microchannel plate (MCP)
detectors are employed with electrostatic mirrors. In the
development of the detectors, the photoelectric effect
formulated by Einstein in 1905 is the most important
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milestone [1]. The design, as well as commercialisation of photomultiplier tube, happened, after a period
of more than 25 years, in RCA laboratories. In the
modelling of solid-state single-photon detectors, significant work was done by McIntyre [2] and Haitz [3].
Renkar has described Gieger-mode avalanche diodes
which are used to detect photons [4]. However, these
detectors suffer from the dark count and pulses generated by trapped electrical carriers. Incoming photons
are converted into electrons by the photocathode and
subsequently, these electrons are amplified in photomultiplier tubes. Users are compelled to use the MCP-based
detector rather than a silicon photomultipliers tube (SiPM) due to the following advantages of the MCP
detector.
The first advantage of MCPs is, the small transit time
of a few nanoseconds (the time required from initial
excitation to the attainment of a current level in the
response of a channel multiplier) compared to 20–50
ns take-up by a photomultiplier tube. Also, the FWHM
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Figure 1. Enlarged view of the microchannels.
Figure 3. MCP models in rectangular shapes (top view).

Figure 2. DC Field applied across the microchannels.

that determines the time resolution (spread in time) of
the detector is very small (about 100 ps), which is the
second advantage. Roy et al have identified a time resolution of 188.8 ps for silicon photomultipliers (Si-PMs)
recently [5]. Thus, MCPs are faster by a factor of 2–3
times than a photomultiplier (PM) tube. Moreover, PM
tubes are often susceptible to electromagnetic radiation.
Their gain is constrained to 105 to 107 electrons. On the
other hand, the gain offered by MCP is unconstrained
because it depends on the number of MCPs connected
in series together [6], in the same vacuum conditions
that are used for PM tubes.
Figure 1 shows enlarged microchannels inside the
microchannel plate. The plate consists of millions of
such microchannels (depends on the size of the sensing
elements) throughout the surface. When a DC field is
applied across the channels of the MCP, the electrons
entering the channel will get multiplied in subsequent
collision with the walls of the channel (figure 2). Thus, a
shower of electrons is generated at the exit of the channels.
One of the methods for determining the mass of
nuclear reaction products is based on the conservation
of momentum and energy. In this technique, the velocity
and kinetic energy of both the reaction products are measured simultaneously to determine the fragment masses.
This method is also called as ‘2V-2E’ method [7]. In this
article, the design, fabrication and initial test results with
the MCP-based detector have been reported. This detector will be used further at the Pelletron-LINAC facility
for heavy ion nuclear reaction studies.

2. Assembly of MCP detector
An MCP is designed with a highly resistive material.
It is a thin slab manufactured with millions of holes
(microtubes or slots or microchannels) extending from
one surface to another (figure 1) [6]. Over the entire
surface of the MCP, this periodic array of microtubes

Figure 4. MCP models in the form of disks (top view).

Figure 5. The MCP detector model developed at BARC.

is densely grown. Usually, the microchannels have a
diameter of 5–10 μm. For a higher resolution of the MCP
detector, a lower diameter of the channels is preferable.
Inside an MCP, the micron-sized holes are separated by
approximately 15 μm. An MCP is designed either in
the form of a rectangular plate (figure 3) or a circular
disk (figure 4). Throughout the thickness of the plate,
all these channel holes are made parallel to each other.
As shown in figure 5, to linearise the beam falling on
the detector at a certain azimuth angle and to prevent
the unwanted radiation from getting detected, the MCP
detector makes use of a collimator in the front side of
the detector. The MCPs are fitted with the fibre-epoxy
(FR4) laminate triangular frame at the base along with
metallised anode. At the corners of this triangular frame,
three stainless steel metal screws of 10 mm diameter are
soldered. A pitch of 0.5 mm is used for the threading
of the metallic screws. The copper–beryllium (Cu–Be)
wire (Cu98/Be2) winding that is tightened on these
three screws, forms the ground plane for the electrostatic mirror. To form the upper plane of the electrostatic
mirror, another set of turns of Cu–Be wire are wound
horizontally on the triangular structure. The incoming
beam from the left falls onto the conversion foil after
passing through the collimator. The collimator allows

Pramana – J. Phys.

(2021) 95:187

Figure 6. The MCP detector developed at BARC.

only passage of beam aligned in a certain azimuth angle.
Thus, the passage of scattered ions or charged particles will be blocked. After the collision of ions with
the target foil, the secondary electrons are knocked out.
The secondary electrons are produced from a thin foil
made up of carbon or aluminium. The electric field
formed between the conversion foil and the ground plane
accelerates secondary electrons in the forward direction
(figure 5).
To amplify the number of secondary electrons (SEs),
two MCPs are cascaded in series thereby offering a total
electron gain of the order of 107 . The SEs are knocked
out from the conversion foil. Before hitting the electrostatic mirror that is inclined at 135o with respect to
the horizontal axis, SEs follow a straight path [8]. The
vertical component of the electric field formed in the
electrostatic mirror bends the electron beam downwards
at 90o when SEs approach the electrostatic mirror. The
electrons which are amplified by MCPs are then collected by a metallic anode. The schematic of the MCP
detector developed at BARC is shown in figure 5 and
the corresponding assembly is shown in figure 6.
Cheaper availability of components leads to the development of low-cost, but precise charged particle MCP
detector.

3. Experimental set-up for the detection of beam
with primary electrons
The experimental set-up consists of an electron emission
source. Tungsten (W) wire has been used as a source
of electrons. The electrons are transported to the pulsing system with the help of the applied magnetic field.
Positrons in a positron beam pulsing system having an
annihilation lifetime of a few hundred picoseconds are
also detectable by an MCP detector [9]. Figure 7 shows
an application of the MCP detector in the electron beam
set-up.
Figure 7 shows an application to tune all the electronic
components for a reasonable performance, electron
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beam has been used instead of the positron beam. The
buncher is used to accelerate the electrons, thus to
increase their energy in the form of bunches. Instead of
the pre-buncher, the buncher and the drift tube (which
are used in the beam pulsing set-up), here to check the
functioning of the MCP detector, only the E×B filter
has been designed and used to filter out high-energy
electrons. The E×B filter is suitable for our experimentation for diverting the electron beam in a specified
direction and filtering out the high-energy component.
These low-energy electrons are then detected by
the MCP detector. The full-width at half-maximum
(FWHM) for the energy spread of the electron beam has
been measured and it is found to be around 1.2 eV. In
the following sections, the functioning of various components is explained.
3.1 Electron gun
When a tungsten wire is heated, thermionic emission
causes the emission of electrons from the cathode.
Wehnelt voltage is used to control the emitted electron
current to as low as 102 electron/s.
Figure 8 shows the functioning of an electron gun
made up of tungsten wire.
3.2 E × B Filter design
In this section, the analysis of E × B filter which is used
to filter out high-energy electrons has been explained.
The simulation result by using SIMION software for
charged particles with 100 eV electron beam shows
the deflection by correct amount while a higher energy
(∼400 eV) electron beam is stopped (figure 9).
The trochoidal monochromator has been used for
removing the background radiation by using a magnetically guided electron beam, with the help of an
external power supply. Synonymously, the trochoidal
monochromator is also called a velocity filter, E × B
filter, or simply Wien filter. It can be used by positron
beam users as it allows not only the blocking of highenergy positrons from the beamline but also the passage
of the slow moderated beam out of the line-of-sight of
the electron/positron source. In this section, the principle operation of the trochoidal monochromator has been
described. The working of the E × B filter can be easily
understood from its nomenclature as explained below.
Here, the perpendicular electric field (E) and magnetic field (B) are applied across the filter and the
resultant force which is perpendicular to the plane containing the E and B field is used to filter out some part of
the beam. Generally, for the electron beam system, the
magnetic field is applied along the direction of motion of
the beam in the z-direction whereas the applied electric
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Figure 7. Sketch for electron beam pulsing test set-up with the MCP detector.

Figure 8. Electron gun.
Figure 10. Working of the E × B filter.

(magnetic and electric forces) collide with the walls and
are not passed through the filter. In the mass analyser,
this arrangement has been used.
Figure 9. Simulation by using SIMION software.

field is perpendicular to the magnetic field in the negative x-direction, as shown in figure 10. The direction
of the resultant force can be obtained by applying the
right-hand rule (figure 10). This generates drift velocity for electrons in the y-direction, thus allowing only
those electrons with a certain deflection (energy) to be
transmitted through the apertures. Figure 10 describes
the geometric configuration for a typical E × B filter.
When a charged particle enters the region between the
plates, the force experienced by particles leading to the
drift velocity component causes the charged particles
to move in the positive y-direction. The arrangement
in the construction of the Wien filter is slightly different where the particles which experience unequal forces

3.3 Analysis of electron trajectory inside the E × B
filter
As shown in figure 10, in E × B filter the Lorentz forces
acting on the particles while passing through the filter
are written as


F = q E+ Ā× B̄ .

(1)

Here, q denotes the positron or electron charge (either
positive or negative), E is the electric field vector, B̄ is
the magnetic field vector and Ā is the velocity vector.
The resultant force can be expressed in terms of the
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equation of motion and is given by


d Az
d Ax d A y
ī+
j̄+
k̄
m
dt
dt
dt


= −q E 0 ī+q A x ī+A y j̄+A z k̄ ×B0 k̄



= q Ay B0 −E 0 ī−A x B0 j̄ .
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complementary (homogeneous) equation is required:

(2)

d2 Ac
+ ωc2 Ac = 0.
(11)
2
dt
Here Ac is the complimentary part of velocity in the
y-direction. This equation with differential operator D
can be expressed as

Equation (2) in the vector form can therefore be resolved
as:
X component:

(D 2 +ωc2 )Ac = 0
D = ±iωc .



d Ax
= q v y B0 −E 0 .
dt
Y component:

The solution of the complementary equation has been
expressed as a linear combination of the exponential
roots (12), further using Euler’s identity.

m

d Ay
= −qvx B0 .
m
dt
Z component:

(3)

Ac = Mexp(−iωc t) + N exp (iωc t) .
(4)

d Az
= 0.
(5)
dt
Here, from eq. (5), as the derivative is zero, it is very clear
that the z component of the velocity vector is constant
with respect to time in the E × B filter and A z is therefore
uniquely identified from the beam energy.


2K B 1/2
Az =
,
(6)
m
where K B is the beam kinetic energy. After differentiating eq. (4) with respect to time we get
d Ax
−m d2 v y
=
dt
q B0 dt 2

(7)

and substituting this into (3) we get

m
q 
y
A
= 0.
+
B
−
E
y
0
0
q B0 dt 2
m
d2 A

(12)

(8)

It is known that charged particles in the presence of
a magnetic field experiences a centrifugal force about
the field lines. This motion can be expressed with the
following equation:
F = mr ωc2 = B0 q A = B0 qr ωc
qB
.
(9)
ωc =
m
Here, ωc is the cyclotron frequency, and eq. (8) can be
expressed as
d2 A y
q
+ ωc2 A y − ωc E 0 = 0.
(10)
2
dt
m
This is a second-order ordinary differential equation,
and to solve this equation, a solution of the following

(13)

Here, M and N are constants to be obtained from the
boundary conditions. To obtain a particular solution for
eq. (10), we presume that the particular solution is of
the form (y = x0 , Ac = C). For a constant velocity,
any time differentials are equal to zero. Therefore, we
obtain
q
ωc2 A p = ωc E 0
m
q E0
E0
Ap =
=
.
(14)
mωc
B0
Here, A p indicates a particular solution. Then, the general solution of eq. (10) will be
A = A p + Ac .
Therefore,
A = Msin(ωc t) + N cos(ωc t) +

E0
.
B0

(15)

In eq. (15), only the component EB00 causes the drift of
positrons in y-directions. Therefore, drift velocity A y
can be expressed as
Ay =

E0
.
B0

(16)

The time taken by a particle to travel the distance equal
to the length of the plates is simply a ratio of distance
to velocity. Hence,
td =

L
L
=
1/2 .
Az
2TB

(17)

m

As the drift velocity is constant, the deflection d shown
in figure 10 is simply a product of the drift velocity and
the time td ,
d=

L
E0

 .
B0 2TB 1/2
m

(18)
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Table 1. Values of the parameters.
Parameter
d (deflection)
B0 (axial field strength)
TB (beam energy)
S (plate separation)
L (plate length)

It should be noted that the deflection is in the positive
y-direction and is independent of the sign of the charge.
Therefore, the deflection of electrons and positrons
would be the same for this system. The electric field
between two plates is defined as the ratio of the voltage applied across the plates to the distance between
the plates. Therefore, the expression for the potential
difference V between the plates is

1/2
Sd B0 2TmB
V =
.
(19)
L
In table 1, some of the values of the parameters in eq.
(19) are described. Using these parameters, the voltage
V to be applied between the plates is determined to be
nearly 300 V.

Typical value

SI value

1 inch
600 G
100 eV
0.5 inch
15 inch

0.0254 m
0.06 T
1.6 ×10−17 J
0.0127 m
0.381 m

Figure 11. Trajectory for SEs with incorrect mirror voltage.

4. Simulation studies for the design of the MCP
detector
The electric potentials V1 and V2 are applied to the
conversion foil and external harp of electrostatic mirror
respectively [10]. The potential V2 is also called reflector voltage (Vr ).
The following method is used to depict the trajectory
traced by secondary electrons. Let the secondary electron ejected out from the accelerating foil in the detector
are positioned by r (t).

1
r 2 = x 2 + y2 2 ,
(20)
A = r  (t) ,
(21)
¯
(22)
a = a N (t) N̄ +a T (t) T,
∂ Ax
q
= E x (x, y) ,
(23)
∂t
m
∂ Ay
q
(24)
= E y (x, y) ,
∂t
m
where E x and E y are field components with respect to
x and y.
The simulations are accomplished to determine the
electron trajectories inside the detector and optimum
voltage across the electrostatic mirror grids. The trajectory of a charged particle is changed when mirror

Figure 12. Trajectory for SEs with optimum mirror voltage.

potential is changed. An electrostatic mirror is applied
with four different voltages Vr 1 , Vr 2 , Vr 3 , Vr 4 having
ascending magnitudes (Vr 1 < Vr 2 < Vr 3 < Vr 4 ); and
heavy ions are passed through the mirror. The angle of
deflection increases in the negative direction, when the
mirror voltage increases (figure 11).
Additionally, the effect of change in initial velocity
for secondary electrons (figure 12) is observed, at an
optimum value of the reflector voltage. Three electrons
with initial velocity V0 (1 ± δ) are bent down at −90o
[11], where δ = 0.1V0 at an optimum voltage.
A few more simulations were performed to find out
the effect of different accelerating voltages on the electron travelling time. The travelling time required by
secondary electrons to travel from the accelerating foil
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Figure 13. Propagation delay for secondary electrons
against accelerating foil voltage.
Figure 15. Biasing circuitry for the MCP detector.

up to the MCP against the accelerating foil voltage is
plotted in figure 13. From this plot, it is very clear that
the travelling time required by SEs reduces exponentially with a rise in accelerating foil voltage.
The MCPs are very sensitive to the operating voltages and vacuum conditions. Therefore, care has to be
taken while applying the biasing conditions for the MCP
detector. Figures 14 and 15 show biasing circuitry used
for the detection of charged particles.
The potential P(x,y) has been used to determine
the field potential for the electrostatic mirror (see
Appendix).

5. Experimental results
The preparation of gold-coated Formvar foil for use in
an MCP detector system [13] has been explained by
Greene et al, as shown in figures 16 and 17.

A series of experiments were performed to determine
the optimum thickness of the conversion foil. These
foils with varying thicknesses were used as conversion
foils to produce secondary electrons. The foils with a
mean thickness of 15.14 μg/cm2 were also developed.
However, these were broken repeatedly in low-pressure
vacuum conditions of the experimental chamber. Al foils
with a mean thickness of 20.53 μg/cm2 were used to
perform subsequent experiments.
Different types of experiments were carried out to
test the functionality of the MCP detector in different
scenarios. In all these experiments, the detector output
applied to the scope without pre-amplifier. The detector being sensitive produces sufficiently large output to
observe on the scope. In the first experiment, the MCPs
were exposed to the primary electrons from a natural
strontium source. In the second experiment, an electron

Figure 14. Sketch for biasing circuitry of the MCP detector.
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Figure 16. Representation of the MCP detector system [13].

beam was generated and detected by the MCP detector, whereas in the third experiment SEs knocked out
by the thorium source (for heavy ions detection) were
detected by the MCP. The detector is used for studying
U233 fission fragments. The optimised thickness of the
aluminium-coated foil is determined by iterative experimental observation.
The biasing circuitry for the designed MCP detector
is checked by using a strontium source which is directly
held above the MCP plates. The MCP has been biased
in a vacuum condition and 90 Sr (β source) is kept inside
the vacuum chamber. In this experiment, the MCPs were
directly exposed to 90 Sr (β emitter). The digital oscilloscope was used to display the output from the detector.
The response of the MCP detector to the exposure from
90 Sr (β source) is very fast. Figure 18 shows a typical
MCP output signal. Thus, the biasing circuitry along
with MCPs has been tested. Without using an amplifier, the detector output has a negative spike of 72 mV
(figure 18). Here, all the emitted primary charged particles from 90 Sr (β source) directly fall on the large MCP
plates, which in turn generate the output pulse. Thus,
there is no input leakage or loss of input signal which
is missed in the output pulse above the noise threshold.
Thus, efficiency is consequently about 100%. Similar
detector performance is reported in [10]. In the case of
detection of SEs, the detector efficiency is a function of
accelerating foil voltage and mirror voltage.
Also, the effect of high-velocity dust particle on MCP
detectors has been investigated by Gemer et al [14].
However, our experiments are accomplished in a small
enclosed vacuum chamber and thus there is no possibility for the dust to enter.
In many scientific experiments, charged particle beam
in a certain fixed direction (azimuth angle) or the nuclear
reaction products vs. number of counts of the events as
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Figure 17. Gold-coated Formvar conversion foil mounted
on the detector frame [13].

Figure 18. Response of the MCP detector when the MCPs
were excited with natural strontium source without a pre-amplifier.

a function of angle is analysed. For this purpose, a collimator is affixed with the detector. Sen Qian et al have
developed generic MCP in the form of sphere with 4π
solid angle and they have reported a rise time of ∼2.2 ns
[15]. The specifications developed by DAE specify that
MCPs have rise/fall time (10–90%) less than 2 ns. From
our experimental set-up with the MCP detector developed at BARC, it has been found that the output signal
before the inversion (with signal conditioning module)
has a fall time constant of less than 2 ns (figure 19).
As shown in figure 7, the MCP detector is biased and
employed in the experimental set-up for the electron
beam test set-up to detect the low-energy electrons emitted by tungsten wire. Figure 19 depicts the output from
the MCP detector. The amplitude of the output signal
from the MCP detector is 12 mV as each division on the
oscilloscope corresponds to 5 mV. Again the fall time is
found to be less than 2 ns.
The results represented here are with a cost-effective
MCP detector. The detector is constructed with readily
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Table 2. Thickness (μg/cm2 ) of the conversion foils.
Sample
slide
1
2
3
4
5
6
7
8
9
10
Mean

Slide 1
thickness

Slide 2
thickness

Slide 3
thickness

24.1
25.2
21.2
26.3
28.4
23.2
27.1
26.3
24.1
25.2
25.11

13.8
15.8
15.5
15.2
14.9
13.2
17.1
14.3
16.2
15.4
15.14

20.1
22.5
18.8
19.5
23.5
18.2
22.1
19.2
21.3
20.1
20.53

Figure 19. Response of the MCP detector when excited with
the low-energy electron beam from the thermionic emission.
Figure 20. Response of the MCP detector when thorium
source was used with the aluminum target without a pre-amplifier.
10
U233 Fission fragments yield

available components and due to the use of the low-cost
aluminium conversion foil for the detection of heavy
ions, the overall construction cost of our MCP detector
is drastically reduced.
Here, SEs are knocked out by the thorium source in
our experiment. The thorium source was used in front
of the conversion foil as an alpha particle emitter. The
SEs knocked out from the aluminium conversion foil
were bent down by the reflector, and then subsequently
amplified by MCPs, and finally collected by 50  anode.
Figure 20 depicts the output signal from a digital oscilloscope. Thus, the output signals were obtained on a
digital oscilloscope in different experimental scenarios
verifying the anticipated MCP detector functioning.
These detectors have been used to study various
nuclear reactions with target nuclei ranging from carbon
to uranium and the determination of their pulse height
spectrum at the Tata Institute of Fundamental Research
since the past 20 years. The MCP detector is used to
determine fission fragment yield (figure 21) of U233 by
using the ‘2V, 2E’ method.

1

0.1
80

100

120
Mass Number

140

Figure 21. Fission fragment yield with U233 .

6. Conclusions
A very high accuracy, fast, and cost-effective MCP
detector has been developed as well as tested at Bhabha
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Atomic Research Centre. These detectors are useful in
the time-of-flight experiments for mass spectroscopy
of various nuclear reactions. The functioning of the
MCP detectors was checked in the experiments which
included detection of primary and secondary electrons.
The response from the MCP detector has been collected.
In the first set of experiments, the MCP detector was
directly exposed to the primary source (strontium β
source). The MCP detector output was observed with
few small-amplitude ripples which can be filtered out
with a pre-amplifier. Also, low-energy electrons emitted by tungsten wire were detected by the MCP detector
in the electron beam test facility.
Moreover, the travelling time for SEs to travel from
target foil to detector plates was analysed through the
developed simulation code. When the accelerating foil
voltage is increased linearly, it is found that the propagation time reduces exponentially. Additionally, the
thorium source has been used as an alpha emitter to
knock out secondary electrons from the target foil. The
fall time constant of less than 2 ns has been observed
in the output signal from the detector. The optimised
thickness of the aluminium-coated foil is investigated
by iterative experimental observation. It is concluded
that the shower maximising, sensitive aluminium-plated
foil MCP detector has superior attributes over the goldplated foil MCP detector.
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Appendix
The potential P(x,y) inside the mesh of the electrostatic
mirror is given by


∞

4πq  (d1 + y)
1
2iπ x

P (x, y) =
+ 4q
cos
C
i
c
i=0


2iπ (d1 + y)
× sinh
.
C
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Figure 22. Drift chamber to find potential field due to single
wire with grounded conductors.

Proof. The electrons drift inside the drift chamber due
to the electrostatic field. Figure 22 shows a drift chamber
in which a single wire from the grid is held at the central
position (0,0).
The boundaries along the y-direction of this drift
chamber are dielectric whereas boundaries along the
x-direction of this drift chamber are grounded electrodes; parallel to the dielectric surfaces are the field
lines. Here q  is the charge of the wire per unit length
and d = d1 + d2 . From another set of simulation studies
with computer simulation technology software (CST),
it is found that electric field lines are parallel to surfaces
x = ±c/2 [12]. On the right side of the wire is the region
y > 0 and on the left side of the wire is the region y < 0.
The boundary conditions are stated as
P(x, d1 ) = P (x, d2 ) = 0
and
∂(c/2, y)
∂(−c/2, y)
=
= 0.
∂x
∂x
According to Gauss’s law,




∂ p x, 0−
∂ p x, 0+
+
= 4πq  δ (x) .
−
∂y
∂y

(25)

(26)

Then, the potential satisfying the boundary conditions
can be expressed in terms of the Fourier series as given
below:
P(x, y > 0) = A0 d1 (d2 − y)
∞

2iπ x
An cos
+
c
i=1

2iπ(d2 − y)
2iπ d1
sinh
c
c
P(x, y < 0) = A0 d2 (d1 + y)
∞

2iπ x
An cos
+
c
× sinh

(27)

i=1

2iπ(d1 + y)
2iπ d2
sinh
. (28)
c
c
Using condition (26), the coefficient A0 and An can be
obtained as
4πq 
2q 
and An =
A0 =


cd
isinh 2iπc d
× sinh
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4πq  d1 (d2 − y)
cd
+ 4q 

∞


cos

i=1

vertical component bends down the incoming electron
toward the sensor of the MCP.

2iπ x
c
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