
Diffusion Model Spread of Electric Charge in the Resistive

Micromegas Detectors: Implementation to the New Small Wheel

Upgrade of the ATLAS Experiment

T. Alexopoulosa, M. Drisa, S. Maltezos∗a, and G. Iakovidisb

aNational Technical University of Athens, Department of Physics, 157 80 Athens, Greece
bBrookhaven National Laboratory, Upton, NY 11973, USA

Abstract

Abstract. The study of the operation of the resistive Micromegas detector of the New Small
Wheel upgrade of the ATLAS Experiment is presented in this work. The main prospect is the
understanding of the spark suppression mechanism in the amplification region. Namely, the space-
time solution of a point-like electric charge spread along a resistive strip is calculated analytically.
For this purpose, the method of reflection and superposition was applied under the particular
initial and boundary conditions. An appropriate methodology for the correct virtual image charges
configuration is introduced. In addition, the electric field in the amplification region is calculated
as a function of the deposited charge position and the resistance of the strip material, while the
results are discussed.

Keywords— ATLAS Experiment, Resistive Micromegas, Charge density, Transient electric field, Diffu-

sion.

1 Introduction

In the framework of ATLAS Muon Spectrometer upgrade, two New Small Wheel (NSW) detector
systems, have been completed recently and are being installed in their foreseen locations in the ATLAS
Cavern for Run 3. In this work we are concentrating on the Micromegas detectors [1, 2] of the two
NSW, A and C, and more specifically to their operation for spark rate suppression based on the resistive
strip layer. The geometrical end electrical details of the resistive strip configuration in conjunction
with the readout strips are given analytically in [3, 4].

The technology of resistive Micromegas detectors is an invention where its various elements are
optimised in a way that the electrical signal is not lost through the resistive layer but is propagated to
the separate layer carrying the resistive strips and these two layers are capacitive coupled. Therefore,
the readout electrode is not any more directly exposed to the charge created in the amplification region.
The main mechanism for the spark suppression is the opposite direction of the created electric field,
as it is described in the following sections. By this technique, the electric field released during spark
formation is sufficiency reduced and thus the Micromegas detector becomes spark-insensitive. However,
the highly ionizing particles, produced in the LHC collisions, leads to an increasing probability for
spark occurrence. This reason was the motivation for the present study aiming to localize the crucial
parameters which could specify an optimum design configuration.

In the present study we investigate the spreading mechanism of the deposited electric charge on
the resistive strips as a general consideration referring to this signal forming technique. Nevertheless,
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in the implementation of the analysis we focus exclusively on the geometric characteristics of the
structure of the NSW Micromegas.

In section 2 the spread mechanism in one dimension resistive strip and the corresponding solution
is analytically described, in section 3 an extension to 2-D resistive strip is considered while the space-
time electric field is calculated while a discussion regarding the obtained results is given. Finally, the
conclusions and prospects are presented.

2 Space-time diffusion-like along 1-D strip

2.1 Formulation of the 1-D problem

Let us consider a resistive strip of length L by side view (longitudinal) above the corresponding
readout strip. Their basic geometric configuration inside the amplification region including the mesh
(or micromesh) electrode is presented in Fig. 1. The mesh electrode and the readout strips are
connected to the common ground through the electronics. The resistive strip at the position x = 0 is
floating (unconnected electrically). At the position x = L it is connected together with all the other
strips by the use of a conductor silver line which, in turn, is connected to the positive electrode (+HV)
of the High Voltage power supply. In the first step of analysis we ignore its perpendicular dimension
(along y) considering it as one- dimensional (1-D) strip. At time t = 0 we assume that an electric
point-like charge cluster (or simply “point charge” used in the next) Q is deposited instantaneously
on a resistive strip at an arbitrary position x = x0.

Figure 1: A schematic representing the resistive strip location among with the readout strips and the
mesh electrode in the amplification region of Micromegas detector - not in scale. An electric point
charge (red solid circle) is deposited at an arbitrary position and starts to be diffused in both directions
along the strip.

The deposited point charge Q, essentially is a cluster of electrons emerging from the drift region
and multiplying in the amplification region, can be spread along the one-dimensional resistive strip in
both directions, x < x0 and x > x0 within the maximum length, xmax = L. This point charge creates
an one-dimensional space-time charge density along the resistive strip [5, 6]. At x = 0 the charge is
considered to be impermeable (because the left end is floating - in air) specifying the corresponding
boundary condition of this closed electrical system. At x = L (right end of the strip) the distributed
charge reaching this position is lost by neutralization due to the connection to the conductor silver line
and to +HV terminal acting as a “sink”, that is, the charge density should be ρ(L, t) = 0. The Partial
Differential Equation (PDE) describing the charge spread mechanism is the well-known “Telegraph”
equation [7]. This PDE for very low inductance per unit length, as is the case in the resistive strips,
approximately takes the form of a diffusion-like equation. A charge decay term is included coming
from a non-zero conductance per unit length expressed by the decay constant rate α, as it is also
described analytically in [8]
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∂ρ(x, t)

∂t
= D

∂2ρ(x, t)

∂x2
− aρ(x, t) (1)

where D = 1/RC is the a constant playing the role of a diffusion constant, R being the resistivity per
unit length and C the equivalent overall capacitance per unit length. The constant α > 0 is an assumed
decay constant rate which is included to cover the most general case. In a typical case of our application
we have: R = 8 MΩ/cm, C = 100 pF/m and thus, D = 1/ (8 MΩ/cm · 100pF/m) = 1/8 cm2/µs.

The typical length of a resistive strip is L = 100 cm, while in the present study we consider as a
deposited point charge Q = 16 pC which, according to [9], creates a transient electric field for which its
component in the perpendicular direction is equal and opposite of the constant electric field applied in
the amplification region, which is typically 570 V/128 µm = 44.5 kV/cm. This assumption constitutes
a reference while the actual value levels of the charge will be investigated based on experimental data
regarding the NSW Micromegas detectors.

Under these conditions sparking can stop but since the total charge is diffused and decreased by
time, the electric field will change as a function of time accordingly and is also reduced progressively.
The total charge decreasing rate, surely, is not governed by a exponential discharge of a simple RC
circuit, in readily is more complicate as it is given in the solution we are investigating. However,
a rough estimate of the decay time could be the time constant τ ′ = R′C ′, where R′ = R(L − x0)
and C ′ = CL or equivalently, τ ′ = RC(L − x0)L. A more representative time span, an “equivalent
decay time” of the total charge and the associated field is proposed. This is the time for total charge
reduction at the value Q/e = 0.369Q, corresponding to a decay time of a hypothetical exponential
decreasing function. Alternatively, we use the “equivalent half-time” for total charge reduction at the
value Q/2.

2.2 Solution for the 1-D problem

Returning to the theoretical consideration and taking into account the described dynamical “picture”,
the initial and boundary conditions for the PDE are described as follows:

a) Initial condition for t = 0

1) ρ(x, 0) = Qδ(x− x0)

b) Boundary conditions at left and right ends

1) ∂ρ(x,t)
∂x

∣∣∣
x=0

= 0 (Neumann)

2) ρ(x, t)|x=L = ρ(L, t) = 0 (Dirichlet)

where δ(x − x0) is the Dirac function at position x = x0. We must point out that in the position
of boundary condition b-1 we expect to have a negative slope of the charge density for every time t,
∂ρ(x,t)
∂x

∣∣∣
x=L

= −λ(t), where λ(t) is a positive defined function of time. It expresses the temporal rate

of charge drop in this position and can be determined after finding the solution of the problem.
The solution of the PDE Eq. 1 for ρ(x, t), based on diffusive Malthus equation [10] is given by

ρ(x, t) = e−at
Q√

4πDt
e−(x−x0)

2/4Dt =
Q√

4πDt
e−
[
at+(x−x0)2/4Dt

]

This space-time function is of a Gaussian shape spreading and decreasing by time due to the
exponential factor, The total charge, Qt, as a function of time is given by
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Qt(x, t) =

L∫
0

Q√
4πDt

e−[at+(x−x0)2/4Dt]dx =
Qe−at√
4πDt

L∫
0

e−
(x−x0)2/4Dtdx

=

√
4DtQe−at√

4πDt

(L−x0)/
√
4Dt∫

0

e−
y2

dy =
Qe−at√

π

(L−x0)/
√
4Dt∫

0

e−
y2

dy =
Qe−at

2
√
π

erf
[
(L− x0) /

√
4Dt

]

The decay constant rate α in our problem can be assumed negligible, and therefore we set α = 0,
obtaining the following solution

ρ(x, t) =
Q√

4πDt
e−

(x−x0)2/4Dt (2)

Qt(x, t) =
Q

2
√
π

erf
[
(L− x0) /

√
4Dt

]
(3)

Let us first consider the boundary condition (b-1) which can be satisfied only applying the method
of “reflection” and “superposition” [8, 11] by which the space charge density is expressed by two
terms, where the second term constitutes the space charge density of a “virtual point charge” (image)
at position x = −x0. Therefore, the charge density is written

ρ(x, t) =
Q√

4πDt
e−

(x−x0)2/4Dt +
Q√

4πDt
e−(x+x0)

2/4Dt (4)

Indeed, the boundary condition (b-1) at x = 0 is satisfied

∂ρ(x, t)

∂x

∣∣∣∣
x=0

=
Q√

4πDt
(−2) (x− x0) e−(x−x0)

2/4Dt +
Q√

4πDt
(−2) (x+ x0) e

−(x+x0)2/4Dt
∣∣∣∣
x=0

= 0

For satisfying also the boundary condition (b2) we must introduce one more term for reflection
and superposition with negative sign in this case. Therefore

ρ(x, t) =
Q√

4πDt
e−

(x−x0)2/4Dt +
Q√

4πDt
e−(x+x0)

2/4Dt − Q√
4πDt

e−(x−2L+x0)
2/4Dt

Based on this general solution we calculate the total charge as a function of space and time, where
for simplicity we used 100 pC instead of the nominal one of 16 pC

Qt(x, t) =

L∫
0

ρ(x, t)dx =
Q√

4πDt

L∫
0

[
e−

(x−x0)2/4Dt + e−(x+x0)
2/4Dt − e−(x−2L+x0)

2/4Dt
]
dx

We also have

L∫
0

e−
(x−x0)2/4Dtdx =

√
4Dt

(L−x0)/4Dt∫
x0/4Dt

e−
y2

dx =
√

4Dt

√
π

2

2√
π

(L−x0)/4Dt∫
−x0/4Dt

e−
y2

dx

=
√

4πDt
1

2

{
erf
[
(L− x0) /

√
4Dt

]
− erf

(
−x0/

√
4Dt

)}
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The total charge as a function of space-time including one image in the left side (Neumann bound-
ary condition) and one image in the right side (Dirichlet boundary condition), is therefore reads as
follows

Qt(x, t) =
Q

2

{
erf
[
(L− x0) /

√
4Dt

]
− erf

(
−x0/

√
4Dt

)
+ erf

[
(L+ x0) /

√
4Dt

]
−

erf
(
x0/
√

4Dt
)
−erf

[
(L− 2L+ x0) /

√
4Dt

]
+erf

[
(−2L+ x0) /

√
4Dt

]}
(5)

Nevertheless, the correct solution must be obtained by using the method of “reflection” and “su-
perposition” including, theoretically, an infinite number of images of the actual point charge. In
practice, a finite number of images can be used, however its number is unknown for a given accuracy.
Especially, in the case we are studying (Neumann boundary condition at left end and Dirichlet at
right end) greater number of images is necessary in order to avoid affecting the Neumann boundary
condition at left for some individual cases, like deposited charge close to x = L or/and at large times
(of the order of 10 ms or higher in our application). Therefore, included an infinite number of images,
we obtain

ρ(x, t) =
Q√

4πDt

m=+∞∑
m=−∞

(−1)m
[
e−(x−2mL−x0)

2/4Dt + e−(x−2mL+x0)
2/4Dt

]
(6)

where the index m counts the images except the value m = 0 which corresponds to the real point
charge. The sign factor (−1)m has been used in order to change the sign of the image with respect
to the right end where the Dirichlet boundary condition must be valid. In Fig. 2 a general graphical
methodology for specifying the position of images given the position of the real point charge, is shown.
A symbol of a positive Dirac function corresponds to the real point charge (red) while the other 8
Dirac functions corresponding to images (for m = ±1,±2 left and right) are created by using successive
conceivable closed paths (dashed lines). The different colors help for better understanding the image
configuration while the transition signs in the crossing bullets provide the rule of specify the sign of
the corresponding Dirac function.

Calculations of the total charge for the deposited charge at various points along the strip have
been done by using software codes written in Matlab [12] as well as in Mathematica [13], out of the
real deposited point charge, 12 pairs of images were included. Two time regions were used and the
corresponding results shown in Fig. 3. Additionally, in Fig. 4 the family curves representing the total
charge as a function of time in different positions of the point charge is shown. In Tables 1 and 2 the
half-times as a function of the charge position for two values of resistivity are given.

Position x0 [cm] Equivalent half-time [µs]

99.5 2

98 35

95 210

90 900

75 5500

50 20000

Table 1: The equivalent half-time in different
charge positions and for resistivity R = 8 MΩ/cm.

Position x0 [cm] Equivalent half-time [µs]

99.5 5

98 90

95 550

90 2200

75 15000

50 45000

Table 2: The equivalent half-time in different
charge positions and for resistivity R = 20 MΩ/cm.

Based on the total charge as a function of time, the farther from the right end the charge is
deposited the longer time it stays at high levels. Surely, the decrease is due to the sink at the right
end. On the contrary, at distances very close to the right end, the charge decreases very quickly. Using
the lasting time τ ′ that we have proposed in section 2, based on Fig. 3, we obtain: for the position
x = L/2 = 50 cm, an “equivalent decay time” τ ′ = 30 ms, while for the position x = 99.5 cm an
“equivalent decay time” of τ ′ = 3 µs.
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Figure 2: An indicative number of images, up to a second order, are represented schematically by their
Dirac function together with the real point charge (red arrow) are shown. Starting from the red arrow
a pair of images are created, a dark blue in the left and a dark green in the right. In turn, the dark
blue image create another lighter blue in the right and a much lighter blue in the left. The green image
creates a lighter green in the left and a much lighter in the right According to this methodology, we
must always rotate counter-clockwise taking into account the marked alternation rule of the algebraic
signs (−−,−+,+−,++,) accordingly in each transition loop, from right to left and vice versa.

Figure 3: Total charge as a function of time in the range from 10 ns to 100 µs (left) and from 100 µs
to 100 ms (right).

Let us now to calculate the electric field in the simplest case of an infinite one-dimensional resistive
strip of infinitesimal width (like a “resistive wire”). Assuming the origin at the position of the deposited
charge (x′ = 0), we firstly calculate the electric potential in three dimensional space by integration.
However, in this calculation we did not taken into account the presence of the metallic readout strip.

Φ (r , t) =
1

4πε0

+∞∫
−∞

ρ(x ′, t)

|r − x ′|
dx ′ =

Q

4πε0
√

4πDt

+∞∫
−∞

e−
x ′2 /4Dt√

(r − x ′)2 + y2 + z 2

dx ′ (7)

where r is the position vector in space and x′ the position along the strip line. The electric field can
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Figure 4: Total charge as a function of time in different positions of the point charge x0. A resistivity
of R = 8 MΩ/cm was assumed.

be calculated from Eq. 7 by using the gradient

E(r , t) = −∇Φ (r, t)

Now we consider a strip of finite length (from x′ = 0 to x′ = L) and of infinitesimal width to study
again the space-time charge density of a deposited point charge at x = x0. In this case the electric
potential should be

Φ (r, t ; x0 ) =
Q

4πε0
√

4πDt

L∫
0

dx ′

|r − x ′|

m=+∞∑
m=−∞

(−1 )m
[
e−(x

′−2mL−x0 )2 /4Dt + e−(x
′−2mL+x0 )

2 /4Dt
]

=
Q

4πε0
√

4πDt

L∫
0

dx′√
(x− x′)2 + y2 + z2

m=+∞∑
m=−∞

(−1)m
[
e−(x

′−2mL−x0)2/4Dt + e−(x
′−2mL+x0)2/4Dt

]

=
Q

4πε0
√

4πDt

m=+∞∑
m=−∞

L∫
0

(−1)me−(x
′−2mL−x0)2/4Dt√

(x− x′)2 + y2 + z2
dx′+

m=+∞∑
m=−∞

L∫
0

(−1)me−(x
′−2mL+x0)2/4Dt√

(x− x′)2 + y2 + z2
dx′

 (8)

and respectively, the electric field as a function in space-time with a parameter which is the position
of the deposited pint-like charge, x = x0, is obtained by

E(r , t;x0) = −∇Φ (r, t ; x0 ) (9)

In Fig. 5 the electric field as a function of time is shown for two cases of resistivity, R = 8 MΩ/cm
and R = 20 MΩ/cm, respectively. The position of the deposited point charge along the strip is used
as a parameter.
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Figure 5: The electric field as a function of time at a vertical distance of 128 µm above different point
charge positions x = x0 (along z-axis, perpendicular to xy-plane). The curves include also the results
for different values of resistivity.

3 Space-time diffusion along 2-D strip

3.1 Formulation of the 2-D problem

Let us now to consider a two-dimensional problem, that is, a point charge deposited to a strip of length
L and width W , where W � L. In this case, the mechanism is governed by the 2-D diffusion-like
equation, assuming Dx = Dy = D given below

∂ρ(x, y, t)

∂t
= D

∂2ρ(x, y, t)

∂x2
+D

∂2ρ(x, y, t)

∂y2
(10)

Its general solution, in form of separation of variables (appropriate for a closed system), referring
to the surface distribution of charge (charge per unit area) is

σ(x, y, t) =
Q

4πDt
e−(x−x0)

2/4Dt · e−y2/4Dt =
Q

4πDt
e−[(x−x0)2+y2]/4Dt (11)

3.2 Solutions for the 2-D problem

In this 2-D problem the initial condition is the same as in the 1-D problem while the boundary condi-
tions are written separately for x and y variable. Therefore, the initial and the boundary conditions
for this 2-D PDE, assuming the origin of y axis (y = 0) to be in the symmetry axis of the resistive
strip, are

a) Initial condition for t = 0

1) σ(x, y, 0) = Qδ(x− x0)δ(y)

b) Boundary conditions at left, right, lower and upper ends

1) ∂σ(x,y,t)
∂x

∣∣∣
x=0

= 0 (Neumann)

2) σ(x, y, t)|x=L = σ(L, y, t) = 0 (Dirichlet)

3) ∂σ(x,y,t)
∂y

∣∣∣
y=−W/2

= 0 (Neumann)
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4) ∂σ(x,y,t)
∂y

∣∣∣
y=+W/2

= 0 (Neumann)

As a first approximation we consider a uniform linear distribution of the charge along the y-
direction (from −W/2 to W/2) before it starts diffusing along the x-axis. This is a realistic hypothesis
because of the small width of the strip compared to its length. In other words, we assume that
the perpendicular spread of the point charge happens instantaneously along y-direction leading to a
uniform distribution. In this case we should have

σ(x, t) =
1

W

Q√
4πDt

e−(x−x0)
2/4Dt (12)

where the factor 1/W is used for normalizing the charge. In turn, the corresponding potential including
the associated images along the x-direction becomes

Φ (r, t ; x0 ) =
Q

4πε0W
√

4πDt

m=+∞∑
m=−∞

∫∫
A′=L·W

(−1 )me−(x
′−2mL−x0 )2 /4Dt√

(x − x ′)2 + (y − y ′)2 + z 2

dx ′dy′+

+

m=+∞∑
m=−∞

∫∫
A′=L·W

(−1)me−(x
′−2mL+x0)2/4Dt√

(x− x′)2 + (y − y′)2 + z2
dx′dy′

 (13)

In Fig. 6 the electric field, the component Ez due to the axis symmetry, as a function of time
is calculated according to Eq. 8 and is shown for resistivity, 8 MΩ/cm and a width of the strip
W = 300 µm assuming a deposited point charge at two different positions.

Figure 6: The electric field as a function of time in log scale, at vertical distance of 128 µm above
the position x = x0 (along the z-axis, perpendicular to xy-plane). The point charge is assumed to be
deposited at x0 = 50 cm (left) and x0 = 99.5 cm (right). Two pairs of images, resistive R = 8 MΩ/cm
and strip width of 300 µm were used in both cases.

In the most general consideration of a space-time spread along y-direction, at least two images
must be included in the solution corresponding to the two boundary conditions (of Neumann type).
Starting from the basic expression of the solution (of separated variables) for surface charge density
expressed in charge per unit area, we have

σ(x, y, t) =
Q

4πDt
e−(x−x0)

2/4Dt
[
e−y

2/4Dt + e−(y+W )2/4Dt + e−(y−W )2/4Dt
]

(14)

This solution includes the actual deposited charge diffused in x-direction for any y position and
also two images, at lower and upper end of the strip, at distances equal to the width W for any x.
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The general expression of the electric potential introducing infinite terms of images along x and y
directions is

Φ (r, t;x0) =
Q

16π2ε0Dt

L∫
0

+W/2∫
−W/2

m=+∞∑
m=−∞

 (−1)me−(x
′−2mL−x0)2/4Dt√

(x− x′)2 + (y − y′)2 + z2
+

(−1)me−(x
′−2mL+x0)2/4Dt√

(x− x′)2 + (y − y′)2 + z2

 ·
n=+∞∑
n=−∞

e−(y
′−nW )2/4Dt√

(x− x′)2 + (y − y′)2 + z2
dx′dy′(15)

The electric field is expected to be modified due to the 2-D spreading of the surface charge density,
and thus, causing faster decreasing with time. In the more realistic case of 2-D strip consideration,
the calculated electric field is decreased by time accordingly with the total charge. The impact of
the resistivity to the spreading times, is that were suspected; the higher the resistivity the greater
the spreading time, as it is seen in Fig. 5. The use of R = 20 MΩ/cm instead of R = 8 MΩ/cm
increases the spreading times at the scale of 50%. Based on Fig. 6, for the position x = L/2 = 50 cm,
the time for reduction of the electric field from the initial one (the point charge field) at 5% is about
85 ns, while for the position x = 99.5 cm is greater, about 95 ns. We conclude that the electric field
is reduced very rapidly in both cases.

Conclusions and prospects

In the present work, the space-time spread of the deposited electric charge and the corresponding
electric field in a resistive strip of the NSW Micromegas detectors were calculated analytically. The
corresponding formulations have been derived and implemented by writing the particular software
codes. In addition, an appropriate methodology was developed to find the sequence of the charge
images that was necessary to get the solutions of the partial differential equations describing this
phenomenon. Moreover, the created electric field has been calculated analytically helping to build its
mapping in space as a function of time. The mechanism of initiating and developing of the sparks
and how the counterbalance electric field contributes to their suppress, mostly in high particle rate
environments, is an ongoing study.
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