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Abstract

In this report we discuss static and time dependent electric fields in detector geometries with an
arbitrary number of parallel layers of a given permittivity and weak conductivity. We derive the Green’s
functions i.e. the field of a point charge, as well as the weighting fields for readout pads and readout
strips in these geometries. The effect of "bulk’ resistivity on electric fields and signals is investigated. The
spreading of charge on thin resistive layers is also discussed in detail, and the conditions for allowing the
effect to be described by the diffusion equation is discussed. We apply the results to derive fields and
induced signals in Resistive Plate Chambers, Micromega detectors including resistive layers for charge
spreading and discharge protection as well as detectors using resistive charge division readout like the
MicroCAT detector. We also discuss in detail how resistive layers affect signal shapes and increase
crosstalk between readout electrodes.
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1. Introduction

This report discusses electric fields and signals in detectors that represent parallel plate geometries
with segmented readout like GEMs [I], Micromegas [2], RPCs [3], liquid nobel gas calorimeters [4] and
to some extent in silicon strip and pixel detectors. In all of these detectors, the charges generated inside
the sensor volume act as a source of the signal. Through the quasi-static approximation of Maxwell’s
equations [5][6][7] the derived solutions also apply to detectors that contain elements of finite resistivity.

The field of a point charge in such geometries, i.e. the Green’s function of the problem, is first of
all needed for calculation of the mutual influence of the charge carriers on each other. These are the so
called space-charge effects that play e.g. a very prominent role in RPCs. This solution is also employed
to calculate charge-up effects and related field distortions in detectors with finite resistivity.

The movement of the charges in these detectors induces signals on the metallic readout electrodes that are
connected to the readout electronics. Theorems employing so called weighting fields exist for calculation
of these signals for the case of grounded electrodes [§][9], electrodes connected with a linear impedance
network [I0][11], and detectors where the sensitive volume is in addition filled with materials of finite
resistivity [I2][14]. The above mentioned Green’s function is used to calculate the weighting fields of
strips and pads (pixels) for general parallel plate geometries.

The report is an extension of the techniques developed in [I3][14] and specific attention is given to
the numerical evaluation of the formulas in view of practical application. Section 2 discusses the Green’s
function of an infinitely extended two layer geometry to develop the general concepts and also investigates
solutions of this geometry for finite extension i.e. including boundary conditions on circles and rectan-
gles. Section 3 extends these solutions to geometries that employ an arbitrary number of parallel layers
of different permittivity and conductivity. Section 4 applies the solutions to Resistive Plate Chambers.
Section 5 and 6 then discusses in some detail the dispersion of charge on thin resistive layers. Section 7
investigates the potentials on thin resistive layers for uniformly distributed currents. Section 8 is finally
treating the effect of resistive layers on the signals induced on readout electrodes. Section 9 discusses
some of the mathematical tools used to evaluate the integrals used in this report.

To conclude the introduction we recall the application of the quasi-static approximation of Maxwell’s
equations: Knowing the solution of the Poisson equation for a charge distribution p(Z) embedded in
a geometry of a given permittivity (&), we find the time dependent solution (in the Laplace domain
with parameter s) for an ’externally impressed’ charge density p.(Z, s) and a geometry that in addition
includes a finite (weak) conductivity o (&) by replacing (&) with (%) + o(Z)/s and p(Z) with p.(Z, s).
For detector applications the volume resistivity p(&) = 1/0(Z) is traditionally used.

As an example we look at the potential of a point charge @ in a medium of constant permittivity e,
which is given by
Q

= 1
o) = o 1)
In case the medium has a conductivity o and we place the ’external’ charge Q at t = 0, i.e. Q(t) = QO(t)

and therefore Q(s) = Qo/s, we replace € by € + o/s and Q by /s and perform the inverse Laplace
transform, which gives

Q
o(r,s) = m - o(rt) =

Q -

Trer € T=¢lo=pe (2)

The potential is equal to the electrostatic one, but ’destroyed’ with the time constant 7. Finally we recall
that the current signal induced by two moving charges ¢ and —q on a grounded electrode in a detector



containing resistive elements is given by

t t
I(t) :*Vi /O Ew(fl(t’),t—t’)fl(t')dt’+Vi /0 Eu(Z2(t), t — t)Eo () dt! (3)

The time dependent weighting field Ew(f7 t) represents the electric field in the detector volume in case all
electrodes are grounded and a delta potential V(¢) = V,,d(¢) is applied to the electrode in question. & (t)
and T(t) are the trajectories of the charges ¢ and —¢ where 71(0) = Z5(0). It is important to consider
the movement of two opposite charges originating from the same point, since otherwise the unphysical
effect of creating a net charge at a given space point will be added to the result. As in the previous
example, this field can be derived using the quasistatic approximation by simply applying the ’constant’
potential V,, = L [V,.6(¢)] to the geometry in the Laplace domain.

2. Electric fields and weighting fields in a 2-layer geometry

In this section we discuss electric fields in a geometry consisting of two layers of different permittivity,
that are bound by grounded planes. The results will be extended to the general case of N layers in the
following section.

2.1. Potential of a point charge centred at the origin

We first investigate the electric field of a point charge in a two layer geometry as shown in Fig.
We assume two layers of thickness b and g with constant dielectric permittivity of £1,e9, surrounded
by grounded metal plates. A point charge @ is placed on the boundary between the two layers at
r = 0,z = 0. The problem has rotational symmetry and we therefore use cylindrical coordinates. In
both layers there are no charges present, so the potential ¢ must be a solution of the Laplace equation.
Separation of the Laplace equation in cylinder coordinates and assuming rotational symmetry yields the
solutions Jo (kr)[15] and Yy (kr)[L6] for the radial part and e** and e =** for the axial part. Because Yy (kr)
diverges at r = 0, but the electric field must be finite for »r = 0 (at z # 0), the coefficients of Yy(kr) are
zero and the general solution in the two layers is

b1(r, 2) = % /OOO Jo(kr) [A1(k)e™ + By (k)e **] dk ~b<2<0

Ba(r, 2) = % /OOO Jo(kr) [As(k)e™ + By(k)e™**] dk 0<z<g

The coefficients A(k) and B(k) must be determined by boundary conditions. The grounded plates at

z=g
€
________ ?2_______2______.__Q__________________. z=0
b, € i
; z=-b
x=y=r=0

Figure 1: A point charge @ on the boundary between two dielectric layers.



z = —b and z = g define the conditions ¢1(—b,r) = 0 and ¢2(g,r) = 0, which gives

Are™™ 4+ B = 0 (4)
Ase? + Bye™k9 = 0 (5)

On the boundary between the two dielectric layers we assume a surface charge density ¢(r). From Gauss’
Law Ve(Z)E(Z) = p(Z) for a medium of inhomogeneous permittivity we derive that ’passing through an

infinitely thin sheet of charge’ with a surface charge density ¢(r) [C/cm?], the potential is continuous i.e.
@1(r,0) = ¢o(r,0) which gives

A1+ By = Ay + By (6)
and the e E component perpendicular to the sheet ’jumps’ by ¢(r)
0é1(r, 2) Opa(r, z)
5 |2=0 — QA |z=0— 7
1|0 — 275 |:m0 = 4(r) (7)

The surface charge density corresponding to the point charge @ at r = 0 is ¢(r) = Qd(r)/27r, so this
last equation reads as

% o Jo(k’f‘)k [61(141 - Bl) - 52(142 - BQ)] dk = %5(7’)

Multiplying both sides of the equation with rJy(k'r), integrating them over r from 0 to co and using the
relation [ rJo(kr)Jo(k'r)dr = 6(k — k') /k [18] we have

€1(A1 — By) —e2(A2 — B2) = Q (8)

The four Eqs. [ ] [0} [8] determine Ay, By, Az, By to

_ 2Qsinh(kg) 4 _2Q sinh(kg) _p o 2Q sinh(kb) _ . _ 2Qsinh(kb) .
A=Towm P T Tom 0 T om0 PT T ow ¢

9

D(k) = 4[eq cosh(bk) sinh(gk) + £2 sinh(bk) cosh(gk)] (10)

The solutions then read as
61 (r, 2) = %/ Jo(kr)“mh(gk);i?];(k(b P D age —b<z<o (11)
0
ba(r, 2) = % /Ooo Jo(kr)4Sinh(bk)§?]g(k(g =) g O<z<g (12)

2.2. Evaluation and divergence removal

The integrals in the expressions Eq. [[1]and Eq. [[2/cannot be expressed in closed form, so for evaluation
we have to either use numerical integration or find appropriate techniques to express the result as an
infinite series. We first focus on the numerical integration method and investigate the behaviour of the
integrand with respect to k in order to find an appropriate upper integration limit. For large values of k
the integrand behaves as

4 sinh(gk) sinh(k(b + 2)) . ek? 4 sinh(bk) sinh(k(g — 2)) . e k=
D(k) €1+ &9 D(k) €1+ €2

The integrand behaves like exp(—k|z|), so by using an upper integration limit for k& of a multiple of 1/z
will give an accurate result. We see however that at z = 0, the expressions become constant. The Bessel



function Jy(kr) behaves as /2/wkr cos(kr — w/4) for large values of r, so the 1/v/k factor together with

the oscillatory behavior results in convergence, although very slow. The expression for E, however has

an additional factor of k so the integrand behaves like vk and therefore diverges. To cure this problem

we employ the following idea [I3]: In case we move the two metal plates to infinity i.e. b, g — 0o we find
4 sinh(gk) sinh(k(b + 2)) ek? 4sinh(bk)sinh(k(g — 2)) e **

li = li =
b;rgo D(k) €1+ €2 QLIEO D(k) €1+ ée2

Having moved the grounded plates infinitely far away, this geometry corresponds to a point charge @
sitting at the boundary of two infinite half-spaces of permittivity e; and e, for which we know to be
potential to be Q/(2m(e1 + €2)1/vr? + 22). We therefore have the identity

1 o0
— = Jo(kr)e *1#ldk 13
= |l (13)

We can now write the integrand of ¢; as

k= 4sinh(gk) sinh(k(b+ ke ke
e inh(gk) sinh(k(b+2)) e _ e + ik 2)
€1+ &9 D(k) €1 +ey €1+ e
and arrive with Eq. [T3]at
Q 1 Q/Oo
= = Jo(k k,z)dk 14
ord) = g st 2 [T hnack2) (1)

and similarly for ¢o(r,z). This expression corresponds to the potential of a point charge @ on the
boundary of two infinite half-spaces of permittivity e; and e5 together with a ’correction’ term that
accounts for the presence of the grounded plates. The behaviour of fi(k, z) for large k and is now given
by

67k(2b+z) 2, efk(ngz)

fi(k, z) = — (15)

€1+ €2 €1+ €2
The potential ¢; is defined for —b < z < 0, so the expression decays exponentially in the entire volume,
and even in the plane of the point charge at z = 0, an upper integration limit of a multiple of k = 1/(b+g)
will give an accurate evaluation. We can now repeat this procedure i.e. subtract the above expression
from f; and perform the explicit integration of the two exponential terms and have
Q 1 Q 1

or(r2) = 2m(er+e2) ViZ+ 22 2m(er +e2) \/r2 + (2b + 2)2 "

2Q¢ 1 >
m—_e b [ dothn) gk 2)an
277(51 +€2) 1/7’2+(2g72)2 27 Jo
The two new terms correspond to two 'mirror’ charges of values —@Q at z = —2b and —2e2Q) at z = 2g.

The process can be repeated ad infinitum and the potential is expressed as a sum of mirror charges with
an integral term that contributes less and less, the more mirror charges we use. Explicitly we can write
this in the following form

D(k) = 9% (ey + £2)[1 — p(b, g, k)] (17)
boo k) — e~ 2(b+a)k _ €1 =82 _opk |, €1 — €2 _ogk 18
p(b,g, k) =e e’ Tatat (18)

We can verify that 0 < p(b,g,k) < 1V(b,g,k,e1,€2) > 0 so we have

1 e~ (b+g)k 1 e—(b+g)k =

= _ n 1
D(k) e1+ex 1—p(bg,k) e1 + 9 nzz%p(b, g, k) (19)




Inserting this expression in Eq. we find that the integrand consists of an infinite number of terms of
the form Jo(kr)e~* so they can all be explicitly integrated with Eq. and the potential is expressed
as an infinite number of mirror charges. As an example we investigate the field for e; = €5 = ¢¢ and have
p(b,g, k) — ¢—2(b+9)k

o1(r, 2) =

Z‘] (kr)e—(b+9)k (egk e gk) (e(b+z)k_€f(b+z)k) o—2n(b+9)k g, (20)

TEQ

Evaluating all expressions with Eq. and replacing ¢ — d — 29,0 = 29,2 — z — 2o gives the correct
expression for the potential of a point charge in an empty condenser as presented in [19].

To conclude this section we evaluate the potential ¢; of Eq. by using the method of residuals as
discussed in Section [9] The integrand has an infinite number of poles at k,, = imm/(b+ g) so the
resulting expression is (Section

61(r, 2) / Jo smh (gk) Slnh(k:(b—i—z))dk _ (21)

sinh(k(b + g))

> nrg \ . (nw(b+ 2) nmr
_ nrb+2)) i 922
7T805+9 Z Sln(b+g>sm< b+g > O<b+g) 22

27T'€0

The expression diverges for » = 0, so the numerical evaluation does not work at r = 0 and convergence will
be slow close to r = 0. The expression is however well suited to evaluate the fields at large r since the mod-
ified Bessel functions Ky(z) behave as e~® /1/x for large values of z. So for r > b+ g the potential behaves
as 1/y/rexp(—mr/(b+ g)), because the higher order terms Ko(nmr/(b+ g)) =~ 1/\/rexp(—n7mr/(b+ g))
all decay more rapidly with 7.

In case the two layers have different permittivities we have to find the zeros of D(k) in Eq. Since the
zeros all lie only along the imaginary axis we write k = ¢y and the equation reads as

g1 tan(gy) = —eo tan(by) (23)

This is a transcendent equation and we can find the zeros only with numerical methods, however by
plotting the two sides of the equation on top of each other we see that the first zero has to satisfy the

condition 1 1 1 1
— <y <— for b> — <y < for b< 24
op <Y1 < g, for g oy SV1<gp for g (24)
By evaluating the residual at k1 we find a term K(y;17) so we learn that for large values of r the potential
behaves as e Y17 /r.

2.8. Potential of a point charge centred at g, g

In case the point charge in Fig. [1|is not centred at the origin but at a position 7o, ¢y (Fig. ), we
have to replace r by the distance P between the charge and the observer point 7, ¢, which is given by

P =\/r2+1rZ—2rrgcos(p — ¢o) (25)
Using the identity [18]
Jo(kP Z eimly—wo) g (k1) I (kro) (26)



the solution becomes

P1(r, ¢, 2) = % /0 N Z eim(@=20) 1 (kr) Jum (kro) [A1(k)e™ + By (k)e %] dk (27)

m=—0o0

and equally for ¢o.

2.4. Potential of a point charge in a geometry grounded on a circle

In case the geometry from Fig. [I]is not extended to infinity but grounded on a circular boundary at
r =c (Fig. ), the condition that ¢(r = ¢, ) = 0 implies that J,,(kc) = 0, and therefore only the values
of k¢ = jmi, where j,; is the I*" zero of J,,(z), are permitted. The solution of the problem is therefore
written as

oo oo

dr(roz) =Y Y €T (kur) T (kuro) [C1 (kgny)eF* + Dy (kyu)e™F %] dk - (28)

=1 m=—o00

with ki = jmi/c, and similar for Co, Dy of ¢o(r, z). Three conditions for Cy, D1, Cy, Do are equal to the
ones for Ay, By, Ay, By from Eqgs. [6] and for the fourth condition we use the relation and

0 0
51% - 52% - %5(7“ —70)3(¢ — ¢o) >

Multiplying the equation with Jy, (ki) and e~m'¢ and employing the relations

27 c 2
/ e~ MM o = 278 / T (k) T (K7 dr = %[Jmﬂ(jml)]zéw (30)
0 0

yields

gl(Cl—Dl)—EQ(Cz—DQ):STW o

Comparing this to Eq. [§] we find that the coefficients C, D are related to A, B by

Al (knzl) Bl (k;'rnl)
C7Tj7nl[<]rn.+1(jml)]2 C’/ijl [Jm+1(jml)]2

Ci(kmi) = Dy(knu) =

and similar for Cy, Ds.

2.5. Potential of a point charge in a geometry grounded on a rectangle

For the case where the geometry is grounded at @ = 0,a and y = 0,b (Fig. ) and the charge is
placed at position xg,yo we have to solve the Laplace equation in Cartesian coordinates, and the most
general solution that satisfies these boundary conditions is

o1(x,y,2) = i i sin (T) sin (%) [El(klm)eklmz + Fl(k;lm)e_klmz] (33)

=1 m=1

with &y, = m/12/a% + m2/b%. As before, three conditions for F and F' are equivalent to the ones for A
and B, and the fourth conditions is

Op1 O

51@ —52§ =Q5($—$0)5(y—y0) (34)



multiplying the equation with sin(l’rz/a) and sin(m/7y/b) and exploiting the orthogonality of the ex-
pressions gives

@ sin l%” sin o
ei(By —Fy) —ey(Bo — Fp) = ——2—*> (35)
abklm
so the coefficients are related to A and B by
Ay (k) sin 220 gin Wo Bi (k) sin 220 gin Wo
El (kml) = ( ) = b Fl(kml) = ( ) < b (36)

abklm abklm

We can find the solution for an infinitely extended geometry in Cartesian coordinates by shifting the
coordinate system by a/2 and b/2 such that the origin is in the center of the rectangle and taking the
limit of @ and b to infinity. Writing k, = In/a and k, = mm/b and replacing the sum by an integral
>y —= Jdl=a/m [dky and >, — [dm =b/7 [ dk, we find the solution as

d1(z,y, 2) = 772/ / coslky (z — x0)] coslky (y — yo)}k [Al( )e k2 4 B, (k)e~ Z] dk,dk, (37)

In case the geometry is grounded at = 0, a but insulated at y = 0,b (Fig. [3{d), we have to employ the
condition that d¢, /0y = 0 at y = 0,b and derive a solution similar to Eq. [33] that will be quoted later.

2.6. Weighting fields

| Xos Yo X

Figure 2: Point charge in an empty condenser (left) and a rectangular readout pad (right).

In this section we want to calculate the weighting field of a rectangular pad centred at x = y = 0 with
a width of w,,w, for the geometry of Fig. [2| which is infinitely extended and where the permittivity of
both layers is equal to €g. We use the solution in Cartesian coordinates (Eq. and shift the coordinate
system such that there is a grounded plate at z = 0 and z = g and the point charge is placed at zq, yo, 2o-
Using the coefficients from Eq. [9] and replacing g = d — 2o, b = zo we have

Bl e sinh(kz) sinh[k(d — z
= 7r§50 /O /0 cos [kz(x — o)) cos [ky (y — yo)] ( k)sinh([k:ii) o] dkzdk,
(38)
and ¢4 is given by the same expression with z and zp exchanged. The charge induced on the rectangular
pad is related to the electric field on the surface by

¢1(x,y, 2, anyO)ZO)

Wy /2 Wy /2

Qina(o, Yo, 20) / —80 |z odzdy (39)

we /2 J —wy /2



Through the reciprocity theorem we know that Qina = —Q/Viwow (o, Yo, 20) where ¢, is the potential
at xg, Yo, zo in case the charge is removed and the pad is put to potential V,,. We therefore have

sinh k(d — )dk i, (40)

bw(@,y, 2 / / cos(ky ) sin(ks —)cos(kyy) sm(k‘y 2 )k k,, sinh(kd)

and

E,= -V, (41)
Details of this expression are given in [19].

3. Electric fields and weighting fields in a N-layer geometry

In this section we generalize the results form the previous section to a geometry with an arbitrary
number of layers.

3.1. Potential for N point charges

EN |
PN En .
On1 Encg ¢=QN-1
:QN—Z
l‘ 2 c) d)
b, & | fy : iy :
b - - [ A N
S o5 R ¢-C-I----t "
I . l—] ______ B
: ° 0 J_— X a * 0 X a x

Figure 3: Left: A geometry of N dielectric layers enclosed by grounded metal plates. On the boundary between two layers
at r = 0 there are point charges Q. Right: Different boundary conditions in the z-y plane.

We consider the geometry shown in Fig. [3 for which the solutions can be written in analogy to the
previous section. We assume N dielectric layers ranging from z, 1 < z < z, of constant permittivity
€n. On the boundaries at z = z,, there are charges Q,. At z = 2y and z = zy there are grounded metal
plates. We define a characteristic function f,(k, z) for each layer as

fulk,2) = Ay + Bye™™  n=1.N (42)

and can write the solutions for different boundaries:

For a geometry that extends to infinity in z-y direction with the charges @, at positions g, po (Fig.
), the solution for the potential in layer n in cylindrical coordinates is given by

a2 = g [ D0 g o) 2k (13)

m=—0oo

10



In case the charges are placed at rqg = 0 the solutions are

On(r,z) = % /000 Jo(kr) fn(k, z)dk (44)

The solution for an infinitely extended geometry with the charges at position g,y in Cartesian co-

ordinates is given by (k = |/k2 + k2)

On(x,y,2) = / / coslky(x — x0)] cos[ky (y — yo )}fn( )dk dky (45)

The solution for a geometry that is grounded on a boundary at radius r = ¢ (Fig. ) with the charges
at 7o, @o is given by (ki = jmi/c where jn; is the I** zero of J,,(x)).

’I“ Z 1 i i eim(tp SOO)J (kmlT)Jm<kmlr0) fn( ml’z) (46)

cm ]ml[Jm+l(Jml)]2

=1 m=—o00

For the case where the geometry is grounded on a rectangle at x = 0,a and y = 0,b (Fig. ) the

solution is (ki = 7 M)

bn(,y, 2 ib i i ( ) sin (lw%) sin (mw%) sin (mwy?bo) W (47)

If the boundary is grounded at z = 0,a and insulated at y = 0,b (Fig. [B{) the solution is (ki =

w5
oulo,0:2) = 532 3 s (1) i (12 con () con (') (122 ) £y

m=0

The 2N coefficients A, (k) and B, (k) are defined by the two conditions at the grounded plates and
at the 2(N — 1) conditions at the N — 1 dielectric interfaces

AlekZO + Ble—k’ZO — 0 ANekZN +BN€_kZN — 0 (49)

Anekzn +B esz” _ An+1€kz" + Bn+1€7kz7L
EnAnekzn - Z':n-Bne_ o= 5n+1An+1ek - Z‘:71+1-Bn+16_kzn + Qn

with n = 1...IN — 1. For solving these equations with symbolic equation manipulation programs it is
useful to write them in matrix-form with a 2N x 2N matrix M. Using the Kronecker delta §(n,m) we
have for m = 1...2N

My = 8(m,1) €™ +5(m,2) e~ (50)
Monm = 6(m,2N — 1) 4 §(m, 2N) e *=~

11



and forn =1..N —1 and m =1,2N

M2n,m = 6(m7 2n — 1) ean + 5(m, 2’)’L) e_kZ"
5(m, 2n + 1) e — §(m,2n + 2) e **

Mopt1i,m = €end(m,2n—1) ef#n — e, 6(m,2n) e P

— epp10(m,2n 4+ 1) e e, 18(m, 20 + 2) e FEn
In addition we define the vectors @ and b as
@=(A1,B1,A3,Bs, ..., An, Bn)"

g: (07()) Ql)oa Q2)07 (X3} QN—2a Ov QN—l,O)T

or in Matrixform
agn—1 = An agn = Bn n=1..N

b2n+1 = Qn n=1.N-1

The equation to solve is then . .
Ma=b — a=M"b

For later use we write down explicitly the matrix equation for the 3-layer geometry (Fig. Ié—_lla)

i b, &
; Z3 ®
¢ € ¢; €& %
© z ®
b, & 1Q 22 b, & I
1
! Z0
a) i b)

Figure 4: a) A geometry with three dielectric layers b) A geometry with four dielectric layers.

ek=o e h=o 0 0 0 0
ekz1 e—kzl _ekzl _e—kzl 0 0
vl o ehbsr _greTha _ggekn gemha 0
= 0 0 ekzz e—kzz _ek22 _e—kzz
0 0 goek?2 —gqeThz2  _ggekzr ggehze
0 0 0 0 ehzs e ks

6:(A1ﬂBlvA2aB27A3vB3)T g:(O,O,Ql,O,QQ,O)T
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and 4-layer geometry (Fig. i)

ek e=kz0 0 0 0 0 0 0
ekzl e—kzl _ekzl _e—kzl 0 0 0 0
grefst  —gjeTha _gyeka ghemhn 0 0 0 0
M 0 0 6k22 ekaQ 76]622 767”622 0 0 (58)
- 0 0 82€kz2 —526_k22 —Eg@kz? E3€_k22 0 0
0 0 0 0 ekzg e—k23 _ek23 _e—kzg
0 0 0 0 gqekes —gqehes g ekes g e hzs
0 0 0 0 0 0 ek ek

a= (Ala B17 AQa BQ7A37 B37A47 B4)T g: (0707 Q1707 Q2707 Q370)T

We investigate the structure of the matrix M to draw some conclusions on the general solutions. An
inverse matrix can be written in the form 1/det(M) times powers M™ and traces of tr(M). Since all
elements of M have exponential factors of the form e™*® and since the determinant, powers and traces of
M are all just sums and products of the matrix elements of M we know that the characteristic functions
fn for each layer are of the form

un (k)er? + v, (k)e k>

fulk, z) = D) D(k) = det(M) (59)

ko Inp-

where u,(k), v, (k) and D(k) are expressions that just consist of sums of exponentials terms e~
specting the matrix shows that, except for £ = 0, the columns can never form linear dependent set of
vectors for any value of k > 0, so we know that D(k) does not have any zeroes for k¥ > 0. This in turn
means that D(k) is either always positive or always negative for any value of £k € R > 0. For evalua-
tion of the integrals with the method of residues, the complex zeroes of D(k) are therefore the relevant

quantities. Specifically it can be shown that D(k) is of the form

N—-1 2N 1
D(k) = (—1)N ek (zn—20) (H (gm + £m+1)> 1+ Z Y e~ kom (60)
m=1 m=1
with
—1<ym(eren) <1 Opm(zg.zy) >0 for m=1.2Y —1 (61)

This allows f,, to be written in the form

S G

2N 1
1 + Zm:l 'Ym e_kém

fulk,2) = Brm(20---2n,2) >0 anm (16N, Q1...Qn—1) (62)

We can now expand the denominator around an appropriate value according to

1 = (x — )"
= ) -1 2 1 63
1+2 n:o( ) (1 + zg)t? <z <2ro+ (63)
Since we know that
2N 1
—1< Y gme ™ <2V 1 VE>0 (64)
m=1
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we can use expand around x¢ = 2V ~! — 1 and therefore express f,(k, z) an an infinite sum of expression

of the form e *. Using Eq. and we can therefore express the solution as an infinite sum of 'mirror
charges’. This concludes the proof that the potential of a point charge in a general parallel layer geometry
can be expressed by an infinite sum of ’'free space point charge potentials’.

As pointed out in the previous section, the integrals of Eq. (3] (4] and are difficult to evaluate in
the z-planes of the charges @, i.e. at z,. Using the technique of extracting the slowly converging parts
from the integrand we can arrive at expressions that are easier to evaluate. We use the example for the
infinitely extended geometry in cylindrical coordinates with the charges centred at rg = 0 and have for
n =1, N the expressions

_ anl 1 Qn 1
n(r,2) = 2 5 T 2 2
27 (en—1+en) /124 (2 — 2,_1)2  27(en+ent1) /124 (2 — 2p)
1 [ n_
+ — Jo(kr) (Anekz + Bpe * — _Qn-r e h(Emzn—1) _ _ @ ek(z"z)> dk
27 0 En—1tE€n En + En+1

3.2. Inclusion of resistivity

a
d a
p=1/c [Qcm] b
R [Q/]
a) | b /

Figure 5: a) A block of material with volume resistivity p[Qcm]. b) A thin sheet of material with surface resisitivity
R [QY/square].

Using the quasi-static approximation of Maxwell’s equations [7], all results from the previous section
can also be applied to geometries where the layers have finite conductivity. The conductivity of a material
is defined by the volume resistivity p[Qcm]. Typical values of materials used for RPCs are 10'° Qcm for
Bakelite and 10'2 Qcm for glass. The conductivity is defined by o(#) = 1/p(F). The current density
71(&) [A/cm?] inside the resistive layer is related to the electric field inside the layer by (%) = 1/pE(Z).
The resistance represented by the material block in Fig. is therefore given by pa/(bd).

If we make the resistive layer very thin, the current can only flow in ’2 dimensions’ and the current
density jo(x,y) [A/cm] is related to the electric field inside the layer by
I = p

JE@y) = E@y)  R=73 (65)

= = d
Jo(,y) = ji(z,y)d = —

The resistance represented by the resistive sheet in Fig. is given by Ra/b. We can therefore conclude
that for layers that have finite conductivity o,, = 1/p,, where p,, represents the volume resistivity of the
layer, we find the fields in the Laplace domain by replacing €,, by €, + 1/(pn,s) in all expressions. In case
we want a specific layer m i.e. z,_1 < z < z,, to represent a thin sheet of a given surface resistivity
R [Q/square], we have to replace &, of this layer by

1

4) —
Em Em + (zm — Zm—1)Rs

(66)

In case we want to make this layer infinitely thin we have to perform the limit lim, . _, ¢, for all
expressions.
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If we use the static solutions for charges Q1,Qs, ..., @n, replace €, by €, + 1/(pms) and perform the
inverse Laplace transforms of the expressions, we find the time dependent fields for the case where charges
Q16(t),Q20(t), ..., Qnd(t) are placed on the boundaries of the layers, since we have the Laplace transform
L{Qi(1)] = Q.

In case we want the solutions for the situation where charges @,, are placed at t = 0, i.e. Q(t) = Q O(¢t),
with ©(t) being the Heaviside step function, we have to replace the @, in the static solutions by @, /s,
since we have L [QO(t)] = Q/s.

In case there are currents I,, placed on the resistive layers we have @, (t) = I, t and therefore L [Q,,(t)] =
I,,/s?, so we have to replace the Q,, of the static solutions by I,,/s? before performing the inverse Laplace
transform.

Finally we note that in many occasions we are interested in the potentials and fields at ¢ = 0 and
for long times ¢t — oo. These expressions can be directly calculated in the Laplace domain and there is
no need to perform the inverse Laplace transform, since the following relations hold:

F(s)=L[f({®)] f(t = 00) = lim sF(s) f(t—0)= lim sF(s) (67)

s—0 s$—00

3.3. Weighting fields

Before moving to explicit geometries we investigate the general formulas that allow the calculation of
signals that are induced on one of the grounded electrodes by the movement of charges in the different
layers. We assume the geometry of Fig. [6] where a point charge is placed between z, and zp, 2.

We calculate coefficients A,, and B,, for the geometry where the layers below and above the point

ZN
Zy ‘ N
3 Zy | N ‘ ZN-1
N [ ZN-
ZN-1
Zm+2
. p4
Zm+2 m+2 €m z
Eme1<E, du(X,,2,t)
m+1=*m Q Zoen €n ¢W(X,y,Z,t) z Ww\As Y4, ,
€m - z, - ! m
. : ! . : z
_ ) , _ |
: gl W, Wy % [ %
a) x=y=r=0 b) x=y=r=0 C) x=y=r=0

Figure 6: a) Point charge in a N layer geometry. b) Potential ¢,, due to a rectangular pad at potential of V,,. ¢) Potential
¢ due to an infinitely extended strip at potential V,.

charge have the same permittivity €,,. The electric field on the surface of the grounded plate at z = z
is related to the induced surface charge density ¢ by ¢ = €1 E,, so we find the charge Q;,q induced on an
area A of the metal surface to be

0
dle) == G s Qua= [ [ alwy) dedy (65)

By the reciprocity theorem we have Q;na = —Q/Viy ¢w (Zo, Yo, 2m+1) Where ¢ is the potential at position
Z0, Y0, Zm+1 10 case the point charge @) is removed and the area A on the grounded plate is set to potential
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V. while the rest stays grounded, so we have

P .
e s (69)
and therefore
w B cos(kgx) sin(kyw, /2) cos(kyy) sin(kyw, /2)
¢n(l',y,2’) - Q 7T2/ / k$k
(70)

x [A1(k, 21 = 2)e"™ — By(k, 241 = 2)e” **] dk,dk,

For the case of an infinitely long strip, i.e. w, — oo we change variables to s, = kyw, /2, let w, — oo

and use [ sin(sy)/s,ds, = 7/2 which gives

w2 [ kx) sin(kw, /2 _
oY (z,2) = 61%* cos(ke) Slkn( ws/2) X [A1(k, zng1 = 2)€" — Bi(k, 2041 = 2)e "] dk - (T1)
In case also w, goes to infinity we have the weighting potential of the entire electrode which becomes
w Vi
on(2) =e1— 0 [A1(k =0,2n41 = 2) = Bi(k = 0, 2p41 = 2)] (72)
In this case the weighting field and potential can be evaluated to
N -1
Vw Zm — Zm—1
Ev =% = n-1 <2< zn 73
n—1
OL(2) =V = D (2m — 2m-1)E5 — (2= 20-1)BY  zn1 <2<z (74)
m=1
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4. Geometry representing a Resistive Plate Chamber

In this section we present the explicit formulas for some common RPC geometries.

4.1. Single layer RPC

As a first application of the formalism developed in the previous sections we investigate a geometry
with 3 layers, shown in Fig. [Th, that represents e.g. a single gap RPC with one resistive layer. To find

1 2 Z
%579 I Z3=9
b D400 z Pxz) Ev(x2)
"""""""""""" B 2 £ X,Z X,Z
¢2 & : -2,=0 ° | X
a) | b) Wy °

Figure 7: a) A geometry with three layers and one point charge representing e.g. a single gap RPC. b) Weighting field for
a strip electrode of widthw, and infinite extension in y-direction.

the coefficients Ay, By, Ag, Ba, Ag, B3 for this geometry we have to solve the equations Eq. [49] [56] that
are explicitly written in Eq. 57 We set
2n=-b 21=0 =g e =& ==t Q=0 Q2=Q (75)

and get for the the characteristic functions f, (k, 2)

filk,z) = Qsinh(k(b+ 2)) sinh(k(g — 22))/ (0 D (k) (76)
fa(k,z) = @Qsinh(k(g — 22))[sinh(bk) cosh(kz) + &, cosh(bk) sinh(kz)]/ (g0 D(k)) (77)
fa(k,z) = @sinh(k(g — 2))[sinh(bk) cosh(kz2) + &, cosh(bk) sinh(kz2)]/ (g0 D(k)) (78)

with
D(k) = sinh(bk) cosh(gk) + €, cosh(bk) sinh(gk)

This solution can now be used to calculate the potential and electric field due to charges inside the gas
gap of the RPC, which is essential for studies of space-charge effects in these detectors.

1 [ 1 [
pa(r,z) = 2—/ Jo(kr) f2(k, 2)dk o3(r, z) = —/ Jo(kr) fs(k, z)dk (79)
™ Jo 27 0
As pointed out earlier the numerical evaluation of the integral is difficult when z is close to the 'plane’
at z = z9 where the charge is sitting. By using the trick described in Section the expression can be
written as

_ Q 1 _Q —k(zw)}

(]52(’)”, Z) - 47r€0\/m + o /0 JU(kT) |:f2(k7 Z) 20 e dk (80)
_ Q i > _ Q —k(z—ZQ):|

o3(r, 2) PRy pa—— + 27T/o Jo(kr) [f3(k,z) 20 © dk (81)
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The expressions represent a point charge @) in free space together with a term that accounts for the
presence of the dielectric layer and the grounded plates, which is more suited for numerical evaluation.
As shown in Section and in [I9] one can continue to use further ‘mirror charges’ to reduce the contri-
bution integral term to arbitrarily small values.

To find the weighting potential for a readout pad or readout strip we evaluate the Eq. [70] [71] [72]
and have

dkgdk, — (82)

¢ (z,y,2) = 457‘;/10 /OOO /0°° cos(kzx) sin(kywy /2) cos(kyy) sin(kyw, /2) sinh(k(g — z))

T kykyD(k)
w 26,V [ cos(kx)sin(kw,/2) sinh(k(g — 2))
¢V (z,2) = - /0 Dk dk (83)
TVw - w TVw
o) = Tpli=D gy cn

Fig. ) represents the geometry with a readout strip of width w,. We first assume the geometry to

Ew/(Vw/g)
10

SR
JE
/o \ ) .

a) -2 “10 0 10 20 9 b) -5 -10 -5

il

™~

I3 X/9

Figure 8: a) Weighting field E. at position z = g/2 for b = 4g and ws; = 20g. The three curves represent ¢, = 1 (bottom),
er = 8 (middle) and &, = oo (top). b) Normalized weighting field for the same geometry with w, = g for &, = 1(inner),
er = 8 (middle) and e, = co (outer).

represent a single layer RPC with a gas gap of g = 0.25 mm and a resistive layer of dielectric permittivity
¢ and thickness b = 1 mm. We assume a very wide readout strip width w, = 5mm and we find for the
z-component of the weighting field in the center of the gas gap (z = 0.125 mm) the numbers shown in Fig.
8h). The three curves represent dielectric permittivities of €, = 1 (bottom), 8 (middle), co (top). The
strip extends between —10 < x/g < 10 and the value at /g = 10 is therefore half of the peak as required
by symmetry for a wide readout strip. The value in the center of the strip is close to the one from Eq. [§4]
for the ’infinitely wide’ strip and it is clear from this expression that a higher dielectric permittivity of
the resistive plate will increase the weighting field and therefore the induced signal. For precise position
measurements one has to use narrow strips, and Fig. [8k) shows the weighting field for a strip of width
w, = ¢ = 0.25mm and &, = 1,8, 00. The curves are normalized to the peak of the weighting field, so we
see that the higher permittivity will result in a slightly wider pad response function. The value of €, = 8
which is typical for glass and bakelite used in RPCs gives a shape that is already close to the one for an
arbitrarily large permittivity.

The effect of typical resistivities of 10'® — 10'2 Qcm used in RPCs results in very long time constants and

has no impact on the fast RPC signal shape. The impact of the resistivity on the electric fields in the
gas gap will be discussed in the next section.
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4.2. Effect of resistivity

_ z=g
Z=g
E, & | aq D= . | b ,=0
"""""""""""""""" O - z=0 E : ") o
: io(r
E1 €0y | o h 180 \lnlnlr“rvo 7=-b
IR - X= ':r:O

a) x=y=r=0 b) y =

Figure 9: a) A point charge @ placed on the resistive layer at ¢ = 0. b) A current Ip ’impressed’ on the resistive plate at
r=0.

In this section we want to investigate the effect of resistivity in the single gap RPC using the quasi
static approximation as outlined in the introduction. We assume layer 1 of the geometry shown in Fig.
@}a) to have finite conductivity o = 1/p. We first recall a few time constants related to this conductivity.
In Fig. ) we have a point charge @) on the boundary of two infinite half spaces with permittivity e,

€ § a :
----------------------- 0 z=0 : 2=9
i 0 |
gt O Lz %o a 220
! 0 =
Lo E”1 & i ° _
a) x=y=r=0 b) ; z=-b

Figure 10: a) A point charge @ on the surface of an infinite half-space with conductivity o and permittivity e,e9. b) An
infinitely extended sheet of charge of density g on the surface of the resistive layer inside the RPC geometry.

and e3. The potential is given by ¢(r) = Q/(2m(e1 + €2)r) [I8]. We put the point charge @ at ¢t =0 i.e.
Q(t) = QO(t) which reads as Q(s) = Q/s in the Laplace domain. The potential in the Laplace domain
is then given by writing €1 = ege, + /s and €3 = g9 and we have

! bir) = —2 et o UEE) g

_Q
o(r,s) = ~ r2meo(l + ;) o

s 2meg (e, + 0 /(se0) + 1)

The charge is therefore *destroyed’ with a time constant 7. Next we look at the geometry in Fig. [10pb)
where a layer of charge with density ¢ is placed on the boundary between the two layers. Using Gauss’
law we can calculate the electric field in the two layers to be

' ergt+eb  seolgler +0/(e08)) +8 7 e1g +e2b  seolgler +0/(c0s)) + 0]
(86)
and performing the inverse Laplace transform gives
Ei(t) = 99 -tm Ey(t) = _ be e t/m2 Ty = o (b +5'r‘> (87)
€o(erg +) €o(erg +) o \yg

The charge is destroyed with a characteristic time constant 7o which is equal to 71 in case b = g.
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Finally we can calculate what happens when we put a point charge ) on the surface of the resistive
plate at ¢ = 0 as shown in Fig. @a) We use Eqgs. with

512608r+0/8 €2 =&y leQ/S (88)
. Q [= . sinh(gk) cosh(k(b + z))
Ei(rzs) = 21s /0 o Jo(k )50 [sinh(bk) cosh(gk) + (g, + 0/(g058)) cosh(bk) sinh(gk)] dk(89)
A . sinh(bk) cosh(k(g — 2))
Es(r.z9) = 27s Jo kJolk )50 [sinh(bk) cosh(gk) + (g, + o/ (c0s)) cosh(bk) sinh(gk)] dk

We find the time dependent fields by performing the inverse Laplace transforms and have

o _Q o smh(gk) COSh(k(b + Z)) _ /T(k)
Bi(ref) = /O ke Jo (k) o /) g (90)
B Q e sinh(bk) cosh(k(g — z)) _ Jr(k)
Es(r,z,t) = o7 /. k Jo(kr) =D (k) et dk
with
€0 tanh(bk) B = B €0 b\
T<k)a’<€r+tanh('gk)) T(kfoo)fg(€r+1)—7'1 T(k0)0<€r+g>7'2 (91)

We see that the electric field is decaying to zero with a continuous distribution of time constants 7(k) in
a range between two specific geometrical cases discussed before.

Next we are interested in the case where a DC current I is 'impressed’ on the resistive plate at r = 0 (Fig.
|§|b) to find out how this current is then flowing through the resistive plate. The time dependent charge
due to Iy is then Q(t) = Ipt i.e. Q(s) = Iy/s?, so we have to replace Q in Eq. by Iy/s?. Since we want
to know the stationary situation after a long time we want to know lim;_, o, E(r, z,t) = lims_,¢ sE(r, 2, 8)
and have the expressions

Iy [ cosh(k(b+ z)
E = —— kJo(kr) ———————=dk 2
1(ry2) 2no Jo Jolkr) cosh(bk) (92)
Iy [* tanh(bk) cosh(k(g — 2)
E - 0
2re) = o /O ko (k) i dk

First we note that E; does not depend on g but depends only on the thickness b of the resistive layer.
This is evident from the fact that there is no DC current that can flow through the gas gap, so only the
geometry of the resistive layer is relevant. The current density ig(r) [A/cm?] flowing into the grounded
plate at z = —b is related to the field on the surface of the grounded plate by

() = — oyl [Ty Y
io(r) = —0F1(r,z = b)_bQﬂ'/O 2J0 (yb) cosh(y)dy (93)

To evaluate this expression for small values of r we can insert the series expansion for Jy(z) and evaluate
the integrals, which gives

1 T Yy _ = (=D)™m(@2m+ 1) N 1 9m
/0 5]0 (yg) cosh(y) dy = mZ::O NG [iLigmto(—1) — iLigmya(i)] 7 (94)
2 r\4
~0.916 — 1.483 (g) +1.873 (5) —. (95)
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where Li,(z) denotes the Polylogarithm function. For large values of r the radial dependence is expo-

nential (Section

<1 T = Cn+Drr\ T o r
/o 2JO (yb) o) Y = Z "(2n+ 1)Ky ( 5 b) ~ 5 r/be for ; >1

(96)
The current is plotted in Fig. ) and we see that for r/b > 2 the exponential approximation describes
the situation already to very high accuracy. The current I(r) flowing within a circle of radius r is given

by
I(r) = /0 2rmio(r’)dr’ = Iy ll —22 (WZ)] (97)

where we have used the relation fo ' Ko(r')dr' =1—rK;(r). Flg ) shows this expression, and we see
that the radii within which 50/90/99% of the current a flowing are given by

T50% ~ b T90% ~ 2.3b T999y, ~2 3.9 (98)

For very large values of r — oo we have Kj(ar) = 0 and I(r) = Iy. Using Gauss’ Law fsE'dfl' =Q we
can calculate the total charge Qg that is building up inside the RPC by integrating the electric field over
the surfaces of the metal plates at z = g, —b i.e.

(oo} [ee]
Qo = 50/ 2rnEs(r, g)dr — Eof:‘r/ 2rwEy (r, —b)dr = Iy (99)
0 0

Since the electric field has a discontinuity only at z = 0 this charge is sitting on the surface of the resistive
layer and the radial distribution is given by

q(r) = eoEs3(r,z=0)—¢ee0E1(r,z=0) (100)

Iy [ o tanh(bk) Iy
— kJolkr) — e, + ————= | dk = — k k k)dk
oo [t 2 (o, + O Jolkr) (k)

2T 0
We can verify that the total charge on the surface [~ 2rmq(r)dr to Q. Since 7(k — 00) = 71 the integrand

of the above expression diverges, so by ’adding and subtracting’ 7 and using f0°° kJo(kr)dk = 6(r)/r we
have

q(r) = ;2_ {/000 kJo(kr)midk + /OOO kJo(kr) (T(k) — ’7'1)dk’j| (101)
= Iymy % + 21% /0 kJo(kT) (T(k) — ’rl)dk

so we learn that at there is a point charge of value Iym at the place where the current is put on the
surface and a distributed charge of value Iy(m2 — 71) building up on the surface of the resistive plate. In
case of g = b there is only a point charge, for 7o > 71 i.e. for b > g the distributed charge has the same
sign as the point charge, while for b < g it has opposite charge.

4.8. Surface resistivity

It has been stated that the glass or Bakelite might develop a conductive surface once the electric
field is applied. In order to predict some measurable effect of such a conductive layer we investigate the
geometry shown in Fig. We employ the formalism for a 3 layer geometry in Fig. ) and arrive at
the setting shown in Fig. [12b) by having

Zo=-b z21=0 2z 23=g 512808r+0/8 62:€0+1/(8R22) ez=¢g Q1 =0 Q2210/82
(102)
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Figure 11: a) Current density i¢o(r) at z = —b. The exact curve together with the 274 order and 4t" order approximation

from Eq. and the exponential approximation from Eq. b) Total current at z = —b flowing inside a radius r from Eq.

a)

Figure 12: a) General 3 layer geometry with a point charge Q2. b) A resistive plate with conductivity o together with an
(infinitely) thin layer of surface resistivity R€2/square and an impressed current Io.

and performing the limit 2z — 23 = 0 to all the expressions, as well as the limit of lims_,o sf,(k, 2, ) to
find the stationary situation for long times, which yields

i/ sinh(k(b + z)) ! sinh(bk) sinh(k(g — 2))
fulk,2) = ;0 cosh(bk) + k/(Ro) sinh(bk) falk,z) = ;Osinh(gk)[cosh(bk‘) + k/(Ro) sinh(bk)] (103)
B I o cosh(k(b+ z)
Bi(nz) = —g- L RT) SR &k (Ro s (o) (104)
Iy [ sinh(bk) cosh(k(g — z)
Bs(rz) = ors | Rk e lcosh(bk) + k/(Ro) sioh(bk)]
and the current ig(r) becomes
io(r) = —0Ey(r,z = —b) = bé—ow /O h %Jo (v3) = o fﬁ% Gng P =R (105)

In the limit of very high resistivity R — oo we recuperate the expression from the previous section
without any resistive surface layer. For low resistivity R < 1/(ob) — 32 < 1 the integral evaluates to

(Section

T 2 0o T 2 T 2 —Br/b
iolr) ~ lKo(ﬁg) F23 (D" Komg)] SE RS gﬁ (106)
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Comparing to Eq. [06] we see that the radial exponential decay of the current is not any more governed
by the the characteristic length 2b/7 but by b/8. This becomes even more explicit by calculating the
current flowing through a circle of radius r, which is given by

I(r) = /O ormio(r')dr’ =~ I {1 - %Kl (ﬁg)] (107)

/b /b /b
T509% ~ 1.26 % T90% ~ 3.21 E T99y ~ 5.77 E (108)

The lower the surface resistivity R the more the current is spread out radially, which can easily be pic-
tured: the low resistivity of the surface layer will result in currents flowing radially inside this thin layer,
and through the contact with the thick resistive layer to the bottom ground layer this spread is visible
there.

which gives

By using Gauss’ Law we can again calculate the total charge @y that is building up inside the RPC
and we find that it is equal to the case without the resistive layer and is given by Qg = Iy7o.

4.4. Field of a charge disk

Z=g - Z=g

_____ Es & ‘o o B & b rop
E, €€ - E.e€ ¢ i o

: 1 &€, E . 10rvj,‘|“|:,l¢v o

Figure 13: a) A current impressed on a circular area of the resistive plate. b) A current impressed on the surface of a
resistive plate with a thin layer of surface resistivity R.

In this section we want to investigate the situation where the current is not placed on a single point
but extended over a disc of radius ¢. This represents the case where e.g. an RPC is illuminated by a
particle beam in a circular subsection of it’s surface. We first calculate the electric field for a disc of
charge with radius ¢, centred at the origin, with charge density ¢ [pC/cm?] sitting on the resistive plate
as shown in Fig. [[3h). We use f1(k, z) and f3(k,z) from Eq. [76] with z; = 0 which recuperates the two
layer solution. We replace @) by the infinitesimal charge qrodrodgg sitting at point ro¢g, use Eq. and
integrate by fOQW doo and foc drg. The integration over ¢ leaves only the term with m = 0 and for the rq
integration we use the relation [ roJo(kro) = ¢Ji(ke)/k which gives the result

Ei(r,z) = —cg OOO Jo(kr)Jl(kc)Sinh(gk);;‘;}(lg;(b+Z))dk (109)
Bs(r,2) = cq /0 " o) (ke) Si“h(bk);o‘?z]i’;(g =) g (110)

In order to arrive at the solution for the situation shown in ) we proceed as outlined in the previous
section and using f1(k, z) and f5(k, z) from Eq. we find

cosh(k(b+ 2)

Birz) = —2 [7 joer)eh (ke

7 Jo cosh(bk) + k/ (Ro) s (o) (111)
_ b [T sinh(bk) cosh(k(g — 2)
Ba(rz) = 2 | dolkriehe) g e s o) s o] (112)
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We first verify that by making the illuminated area infinitely large we find the expected electric fields for
uniform illumination. We use the relation [ rJo(kr)dr = 6(k)/k which means that lim_, cJi(kc) =
0(k) and find
io
E)=-—= Ej=
1 o 37 5g P
Using q(t) = ipt and therefore g(s) = ip/s* in Eq. for the uniform charge ¢ on the surface and
performing E(t — oo) = lim,_,0sE(s) we find back exactly the same field from above. EY is the
'standard’ expression for the decrease of the electric field in an RPC due to the resistivity of the material.
Using Gauss’ Law as before we find the total charge density that is building up on the resistive surface
to be

fob _ 7o (113)

g

. € b .
Qsurf = _6067'E? + €0Eg =10 0 (57' + g) =10T2 (114)

We finally evaluate the field F5(r, z) in the ’gas gap’ of an RPC for irradiation of a circular area of radius
c and relate it to the field EY due to uniform illumination

Es(r,z) g /00 c r c sinh(y) cosh(y43~)
B o), o” (yb) i (yb> sinh(y{)[cosh(y) + %sinh(y)]dk (115)

Figure ) shows the electric field inside the gas gap at z = ¢g/2 for an illuminated disc of radius ¢ = 10b.
For values of § = Rob < 1, i.e. for small values of R the electric field in the gas gap due to the impressed
current is reduced since the current is distributed over a larger area of the resistive plate. It shows the
principle possibility to locally increase the rate capability of an RPC by a thin resistive layer that spreads
out the current through the resistive plate.

To approximate the electric field in the center of the disc i.e. at r = 0 we proceed in he following
way: in case the radius of the disc is larger than the thickness of the resistive plate we have 7 > 1 and
£J1(y5%) is close to 0(y) i.e only small values of y contribute to the integral. We can therefore expand the
expression for small values of y and have

Es(r=0,z2) /Ooc c 1 c c
S [ L (v)) g dy =1 B K (87) 116
f 0b1<yb 1+%§y bl(b (116)
For values of 37 <1 we have

Es5(r=0,z2)

SR 5%1{1 (5%) ~ (39)2 [0.308 - %m (ﬁc)] (117)

b b

The expressions are shown in Fig. ) Finally for completeness, the expression for the total current
I (r) flowing into the ground plate ar z = —b within a radius r is given by

T 1y r\ ¢ c 1
L == | 2r'ncE(r',z = =b)dr' =2 bQI/ T (y=) =g (y- dy (118
1) /0 rmoBn (e = =t =2 | g 1(v5) 57 (55) coh(y) + Zsmh(y) Y (118)
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Figure 14: a) Electric field in the gas gap for values of 8 = 00,1,0.2,0.05. b) Values of the electric field in the gas gap
at » = 0 for different values of 8 %. The the line approaching unity represents Eq. [116} the other one represents the

approximation of Eq. [TI7]
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5. Single thin resistive layer

z
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Figure 15: a) A resistive layer with surface resistance R [Q2/square]. b) The fields for this single layer can be calculated from
the indicated 3-layer geometry by performing the indicated limits of the expressions for zg, 22, z3.

In this section we want to study the fields of a single layer of surface resistivity R [{}/square] at z =0
where we place a charge @ at r = 0 at t = 0 as shown in Fig. [T5h). We write Q(t) = QO(t) where O(t) is
the Heaviside step function. In the Laplace domain this reads as Q(s) = @/s. The fields can be derived
from the 3-layer geometry shown in Fig. ) with

Q
€1 =¢& €9 =€ + €3 =€y Ql = — Q2 =0 (119)
szoR s
and taking the appropriate limits
20 — —00 z1=0 29— 0 23 — 00

Since we have shrunk layer 2 to zero thickness we only have the coefficients Ay, By for the layer z < 0
and Az, B for the layer z > 0 and get

QR kz QR —kz
Sk 2) = o s © Jalh:2) = s R © (120)
In the time domain they read as
Q  _kwt—2) Q kvt
filk.) = 3= k) = 3 (121)

5.1. Infinitely extended resistive layer

First we investigate an infinitely extended layer as shown in Fig. [I6h. The charge @ will cause
currents to flow inside the resistive layer that are 'destroying’ it. The solution for the potential is given

by
Q /°° (vt Q [~ -

t)=—" [ Jo(kr)e F¥i==) t) = Jo(kr)e kit 122
¢1(T’Z’ ) dreo Jo 0( r)e ¢3(T’Z’ ) dreo Jo 0( r)e ( )

and using Eq. [[3] this becomes

Q 1 Q 1

r oz, t) = r,z,t) = 123
o) = o e Bl = (123)

We see that the potential due to the point charge placed on the infinitely extended resistive layer at t = 0
is equal to the potential of a charge @ that is moving with a velocity v = 1/2e9R away from the layer
along the z—axis as indicated in Fig. ) As an example for a surface resistivity of R = 1 M{2/square
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Figure 16: a) A point charge placed at an infinitely extended resistive layer at t = 0. b) The solution for the time dependent
potential is equal to a point charge moving with velocity v olong the z-axis.

the velocity is 5.6cm/us. The time dependent surface charge density g(r,t) on the resistive layer is
calculated through Gauss law as

0 0
Q(Ta t) = €O%|Z:0 - 6O%E:O (124)
which evaluates to
Q vt

q(r,t) = (125)

21 /(2 + v2t2)3
The total charge on the resistive surface Q¢ = fooo 2rmq(r,t)dr is equal to @ at any time, as expected.
The peak and the FWHM of the charge density are given by

Q 1

Gmar = 5 —55  FWHM = 2413 —1)V/? ~ 1.530t (126)

The charge is therefore ’diffusing’” with a velocity v, but does not assume a Gaussian shape as expected
from a diffusion effect but behaves as 1/r3 for large values of r. The total current I(r) flowing radially
through a circle of radius r is given by

_ _2rm O Qur®

I(r) = R (r) = R or l.=0 = m (127)

It is easily verified that the rate of change of the total charge inside a radius r ie. dQ.(t)/dt =
d/dt ] 2r'mq(r',t),dr'" is equal the the current I(r).
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5.2. Resistive layer grounded on a circle
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Figure 17: a) A point charge placed in the center of a resistive layer that is grounded at » = ¢. b) Current I(¢t) flowing to
ground, where the straight line corresponds to the approximation from Eq. @

We now assume the geometry to be grounded at a radius r = ¢ as shown in Fig. [[7h. Using Eq.
with 79 = 0 we have the solution

Jo( Joz ;
£) Z —jou(t/T—z/c) T — 128
(7 27TEOC JouJ3 (Jor) e ¢/v (128)

and ¢3(r, z,t) = ¢1(r, —2z,t). The charge inside the radius ¢ is not a constant but it will disappear with

a characteristic time constant T = c¢/v by currents flowing into the ’grounded’ ring at r = ¢. As before
we can calculate the surface charge density and charge inside the radius r, which evaluate to

Jo( Joﬂ“/c o—Jout/T o —Jout/T
. -9 Jout/ 129
Z T2 (o) Quor( QZJ01J1 (jor) (129)

The current flowing into the 'grounded’ ring is then

o—Jort/T (130)

I(t):_thotZQ’l"ﬂ' r —TQZ

dt R 1(Jor)

One can verify that the total amount of charge flowing to ground fooo I(t)dt is equal to @ as required.
The current can be pictured to decay with an infinite number of time constants 7, = T'/jo;, so for long
times the largest one i.e. T'/jo1 ~ 0.42T will dominate and the current decays as

2Q e—j01t/T
TJ1(j1)

The exact and approximate expressions for I(¢) are shown in Fig. .

I(t) ~ t>T (131)

5.3. Resistive layer grounded on a rectangle

Next we assume a rectangular grounded boundary at * = 0,2z = a and y = 0,y = b and place a
charge @ at position xg,yg at ¢ = 0 as indicated in Fig. ) The potentials ¢; and ¢3 are given by Eq.
Assuming the currents pointing to the outside of the boundary, the currents flowing through the 4

boundaries are X b
1 8¢1 1 8¢71
a2y L=~ [ 904 a4 132
A S e 1
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Figure 18: a) A point charge placed on a resistive layer that is grounded on a rectangle. b) A point charge placed on a
resistive layer that is grounded on at £ = 0 and = = a but insulated on the other borders.

1 @ ngl 1 /a 6¢1
L, =—— ——|y=0d Iy, = = ——|,=pd 1
WETR ) T |y=odx %=R | s |y=bd (133)
which evaluates to
4Qu 1 ATz L ImYo i o
I (t) = =5 > —— 1= (=1)"]sin sin —= ¢~ Kimv (134)
a® = f=m kim a b
4Qu A | dmxe L myo g
La(t) = —5- > > ——(=D'[(-1)" = 1]sin sin —2 ¢~ Kimv (135)
a? — —m kim a b
4QV A > 1 l l
Liy(t) = % Z Z ?K [1 - (—1)l} sin 7?0 sin %e_k“””t (136)
=1 m=1 m
4Q’U X m 1 m . dmxg . lwye v
Ly (t) = el Z Z TK(fl) [(—1)! — 1] sin —sin—=e kimve (137)
=1 m=1 m

In case we want to know the total charge flowing through the grounded sides we have to integrate the
above expressions from ¢t = 0 to co which results in the same expressions and just e *mv* replaced by
1/(kymv). These measured currents or charges can be used to find the position xg,yo where the charge
g was deposited. This principle is e.g. applied in the MicroCAT detector [2I]. As an example, Fig.
shows an evaluation of the above expressions for the total charges measured on the four sides for the
positions [z, yo] = [(a/10,2a/10, ...,9a/10), (b/10,2b/10, ...,9b/10)] and using linear charge interpolation
to determine the position. This means that the figure represents the ’correction map’ to arrive at the
correct position from the linear interpolation of the measured charges.

5.4. Resistive layer grounded at +a and insulated at +b.

In case the resistive layer is grounded at x = 0, = a and insulated at y = 0,y = b, as shown in Fig.
)7 the currents are only flowing into the grounded elements at x = 0 and x = a. We use Eq. and
with some effort the summation can be achieved and evaluates to

1" 9 Q sin(7r%2)
I «(t) = —= ———|z= = - a 1
()= -5 /0 5y |7=0Y 7T cosh( L) — cos(m ) (138)
L (" 9 Q sin(rZe)
I () = = - z:ad = -2 a 1
22(t) R /0 Oz | Y T cosh(%) —i—cos(ﬂ-%)) (139)
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Figure 19: Correction map for the case where the position of the charge is determined by linear interpolation between the
measured charges on the 4 boundaries of the geometry in Fig. [T8h.

with T' = @ = . For large times both expressions tend to

2
o (t) = Iy (t) ~ —g sin (77‘%0) e /T (140)

Fig. shows the two currents for a charge deposit at position xg = a/4 together with the asymptotic
expression from Eq. The total charges ¢; and g» that are flowing through the grounded ends are

=1M/(Q/xT)
2.00™>

1.00 NN

050 N\
SN
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020 NN
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005 e
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0.02 ™\

\5 o

0 1 2 3 4
Figure 20: Currents I15(t) (top) and I2;(t) (bottom) for the geometry of Fig. for zg = a/4. The straight line in the

middle refers to the approximation from Eq.

given by
a — X

so we learn that the charges are just shared in proportion to the distance from the grounded boundary,
equal to the resistive charge division.
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6. Resistive layer parallel to a grounded plane

In this section we want to study the fields and charges in a layer of surface resistivity R [{2/square] at
z = 0 where we place a charge @ at r = 0 at ¢ = 0 in presence of a grounded plane at z = —b as shown
in Fig. The solution can again be derived from the 3-layer geometry with

b;  €57¢ Q,=0 .
Z—>
¢, | £meg T 1ISR(Zp21) ’
ng -Q z,=0
¢ &=g L
; z4=-b

a)

Figure 21: a) A resistive layer with surface resistance R [Q)/square] in presence of a ground layer at distance b. b) The
fields for this geometry can be calculated from the 3-layer geometry by performing the indicated limits of the expressions
for 2z, z3

b) !

€1 = €0 €9 =¢€g + €3 = €0 Q1= Q2=0

Q

szoR s
and taking the limits

zo = —b z21=0 29 — 0 z3 — 00 (142)

Since we have shrunk layer 2 to zero we only have the coefficients Ay, By for the layer —b < z < 0 and
As, Bs for the layer z > 0.

QR ek? QRe™ QR sinh(kb)
A = Bl=———— A3=0 B3=—-—7" 143
"T oDk Tt 2D(k) ° 3 D(k) (143)
D(k) = ksinh(kb) + e*’coRs (144)
In the time domain they read as
A = Q (1 _ ,—2kb _ Qo (1 _ —2kb
1= exp[—(1 — e *")kvt] B = e exp[—(1 — e™*"")kuvt] (145)
20 2¢0
A3 =0 Bs= %(1 — e 2k exp[—(1 — e 2 kut] (146)
0
6.1. Infinitely extended geometry
Assuming an infinitely extended geometry, the time dependent charge density evaluates to
1 [~ t b
q(r,t) = % 5/0 HJQ(H%) exp |:Ii(1 - eQH)T} dk T= o= 2begR (147)

It can be verified that fooo 2rmq(r,t)dr = @ at any time. For long times i.e. large values of ¢/T, the
integrand contributes only for small values of x and we can approximate the exponent by
9 t

t
AR 2k% (148)

_ k(1 —
K ( e T T
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q(x,y.t)

L

Figure 22: a) A point charge @ placed on an infinitely extended resistive layer in presence of a grounded layer. b) In case
the ground plane is segmented, the time dependent charge distribution g(r,t) does induce charges on the strips.

a)

and the integral evaluates to

Q 1 g
== ST e sb2t/T (149)

We see that the charge distribution does assume a Gaussian shape for long times, in contrast to the
situation discussed in the previous section where the ground plane is absent. This fact can be understood
by investigating the equation defining this specific geometry: the current f(m,y,t) flowing inside the
resistive layer is related to the electric field E_"(:z:,y,t) in the resistive layer by j = E /R. The relation
between the current and the charge density ¢(z,y,t) is Vj= —dq/0t. With E = —V¢ we then get

q(r,t)

dqg 1 (0% 0?%¢
i S i i 1
dt R (8:52 0y? (150)
If we set ¢ = C'¢p we get the diffusion equation
dqg (0% g _ _ o
8t_h(8x2+8y2 h=1/RC C=% (151)

where C' is the capacitance per unit area between two metal plates at distance b. The solution of this
equation for a point charge @ put at » = 0,¢t = 0 evaluates exactly to the above Gaussian expression
from Eq. This relation between voltage and charge(Q = CU) is however only a good approximation
if the charge distribution does not have a significant gradient over distances of the order of b. For small
times when the charge distribution is very peaked around zero this is certainly not a good approximation.
In Fig. a) the charge distribution from Eq. at time t = T is compared to the above Gaussian as
well as Eq. for the geometry without a ground plane. We see that for small times the solution of the
diffusion equation does not work very well.

Equation is often written in analogy of the one dimensional transmission line equation, which for
negligible transconductance G reads as

0%V (z,t) 0%V (z,t) AV (z,t)
— = LC : RC -
927 oz ot
In case 'LCI/0t < RC’, meaning that the RC' time constant is much larger than the signal propagation
time along the transmission line, the equation is approximated as
0%V (x,t) AV (x,t)

or2 e ot (153)

(152)
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Figure 23: a) Charge distribution from Eq. (top) compared to the Gaussian approximation for a time of t = T' (bottom).
The middle curve that closely tracks the correct one is from Eq. and refers to the geometry without grounded plate. b)
Induced charge on a strip of width b at position of x = 2b. The curve staring from zero refers to the Gaussian approximation.

which corresponds to the one dimensional diffusion equation. The transmission line equation is however
derived from the simplified lumped’ transmission line model, where a sequence of R, L,C elements is
assumed and the continuous limit is taken. It means that at any point x the relation between the voltage
V and the charge density ¢ at this point is given by ¢ = CV, which again is only a good approximation
when the gradient of the charge density is small over the transverse dimension of the transmission line.
The above equation for the one dimensional problem and Eq. for the two dimensional problem are
therefore both bad approximations for times ¢t < RC in case a point charge is placed somewhere in the
geometry.

The presence of the charge on the resistive layer induces a charge on the grounded metal plane. If
we assume that the metal plane is segmented into strips, as shown in Fig. [24b, we can calculate the
induced charge through the electric field on the surface of the plane. Assuming a strip centred at z = z,
with a width of w and infinite extension in y direction, we find the induced charge to

Tptw/2 poo )
Q’L’I’Ld / / _Eo%bsz dydx (154)
Tp—w/2 J—o0 z
which evaluates to
2 <1
Qina(t) = 7? ; ;cos(m%)sm(n%)exp [ T ) ] dk (155)

Approximating the integrand for large values of t/T as above, the expression evaluates to

Q 2z, +w 2xp —w
ind(t) = = |erf | ——= | —erf
Qunalt) =5 4b/2t)T 4b\/2t/T
The same solution is found by using the relation of a capacitor where the ground plate should just carry
the charge density —q(z,y,t), with ¢(x,y,t) from Eq. E 1149 and integrating it over the strip area

Tp+w/2 0o
Qina(t) / / o(z,y, t)ddy (157)

p—w/2

(156)

Both expressions (Eq. and Eq. are shown in Fig. . Although there are significant differences
at small times the curves approach each other for longer times when the charge distribution becomes
broad. The solutions still do not represent a detector signal due to the unphysical assumption that the
charge is created ’out of nowhere’ at ¢ = 0. The correct signal on a strip due to a pair of charges +@Q
moving in a detector will be discussed in Section [§
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6.2. Geometry grounded on circle

Figure 24: b) The same geometry grounded at a radius r = c.

To conclude we assume the geometry to be grounded at r = 0 as shown in Fig. 24b. We proceed as
above and the charge Q) inside the radius c is given by

Qiot(t) =2Q Y | ————— exp {— jo1(1 — e~ 2oub/ey 158
tot( ) pr jOlJI(]Ol) ]Ol( )T ( )
The charge disappears with and infinite number of time constants

T
Joi (1 — e=2orb/e)

If the radius of the circle ¢ is much larger than the distance b the longest time constant approximates to
71 &= T/jo1 = 0.42T which is equal to the case where no ground plane is present. In case ¢ > b we have
71 &~ 0.1T ¢/b, which tells us that the closer the resistive layer is to the grounded plane the slower the
charge will disappear.

7. Uniform currents on thin resistive layers

In this section we want to discuss the potentials that are created on thin resistive layers for uniform
charge deposition. In detectors like RPCs and Resistive Micromegas such resistive layers are used for
application of the high voltage and for spark protection. The resistivity must be chosen small enough to
ensure that potentials that are established on these layers due to charge-up are not influencing the applied
electric fields responsible for the proper detector operation. If such detectors are in an environment of
uniform particle irradiation the situation can be formulated by placing a uniform ’externally impressed’
current per unit area ig [A/cm?] on the resistive layer. For illustration we use the example of a resistive
layer an absence of any grounded planes from Section First we want to investigate the geometry
shown in Fig. ) where the layer is grounded on a circle at » = ¢. The charge dgq placed on an
infinitesimal area at position rq, ¢o after time ¢ is given by dq(t) = igrodroddot, or in the Laplace domain
dq(s) = igrodroddo/s®. We therefore have to replace @/s in Eq. by ¢(s), which results in

fo Rrodroddo k¢ o) = T Brodroddo g,

]{/’ = — = =
Sk, 2, 5) s k+2e0Rs s k+2e0Rs

(160)
Since we want to know the steady situation for long times i.e. for ¢ — oo we f(k,2z,t — o0) =
limg o sf(k, z,s) and have

- Rio’l“od?“odd)o ekz

RioTQd’/‘Qdd)o —k
k - k€

fl(kaz) k

fa(k, 2) ? (161)
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Figure 25: A uniform current ’impressed’ on the resistive layer will result in a potential distribution that depends strongly
on the boundary conditions. The 4 geometries shown in this figure are discussed.

Inserting this into Eq. and integration over the area of the disk fOC drg f02 " dpo we find that only the
coeflicients for m = 0 are different from zero and get

¢1(r, 2) = d3(r, —2) = 202R102m elorz/e (162)

For z = 0 i.e. on the surface of the resistive layer, the expression can be summed and we have

b1(r,2 =0) = ¢p3(r,z = 0) = iRio(cz —r?) (163)

This expression can also be derived in an elementary way: the total current on a disc of radius r i.e.
r2mig, is equal to the total radial current flowing at radius r i.e. 27’7TE /R. This defines the radial field
inside the layer to E, = Rigr/2. With the boundary condition ¢(c) fo r)dr = 0 we find back the
above expression. The maximum potential is therefore in the centre of the dlSC and is equal to

CQWRio

1
¢(’l" = O) = In = ERItOt ~ 0.08 RItot (164)

To find the potentials in the rectangular geometry of Fig. we again have f1, fo from Eq. we just
have to replace rodrodgg by dxodyg and perform the integration foa dxo fob dyo of Eq. which results in

4 = [ = (=D)L = (=)™ sin(l7x/a) sin(mTy/b) 4 .
o1(2,y,2) = ¢3(x,y, —2) = abRZOF ZZ: z:: 13mb/a 4+ m3la/b e™ (165)
The expression cannot be written in closed form but converges quickly, so numerical evaluation is straight
forward. The peak of the potential can be found by setting d¢,/dx = 0,d¢,/dy = 0 and is found at
x = a/2,y = b/2, which is also evident by the symmetry of the geometry. The maximum potential on
the resistive layer is then

128 —1)lm
Fmaz = $(a/2,b/2,2=0) = Rzoa2b2 Z Z 7t b2(20—1)3(2m —(1) —|)—a2(2m —1)3(20-1) (166)
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For a square geometry (b = a) the sum evaluates to ~ 0.59 so the peak voltage in the center is
Gmaz ~ 0.0T4Riga® = 0.074 Rl o (167)

We see that the value is only less than 10 % different from the peak voltage for the circular boundary in

Eq. [[64

For uniform illumination of the geometry Fig. that is grounded at = 0, a and insulated at y = 0,b
we use expression Eq. [8 and proceed as before and find

(1 — (=)l sin(lrz/a)

1373

é1(x,2) = ¢3(x, —2) = 2Riga’ Z elmz/a (168)

=1

The potential is is independent of y and for z = 0 the sum can be written inclosed form

$1(x,2=0) = %Rio(ax —2?) Omaz = éa2Ri0 (169)
Again this expression can be found in an elementary way by the fact that due to symmetry the currents
can only flow in a-direction and the current at © = a/2 must be zero. The total current arriving on the
area of ¢ = a/2 £ Ax i.e. 2Azbig is equal to the total current flowing at distance s i.e. 2E(s)/Rb. With
x = a/2 + Az we find back the above expression. The potential is therefore independent of b. For large
values of b/a the expression Eq. must therefore approach the same value. Indeed for a/b = 0 the
sum evaluates to unity and the expression agree. From Fig. we see that for an aspect ratio b/a = 4
the expressions agree already within 10 % of the

Finally, in case the layer is only grounded at = 0 and all other boundaries are insulated, the max-
imum potential is at x = a and the results are

1 1
¢1 (l‘) = §Ri0(2ax - 12) (bmaos = ERZ-OQQ (170)

phi_max/(1/8xRx|0xa"2)
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Figure 26: Ratio between the maximum potential of the geometry with 4 grounded edges and the geometry with 2 grounded
edges. For large values of b/a the ratio has to approach unity, and we see that already at b/a = 4 the expressions differ
only by 10%.
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8. Signals and charge spread in detectors with resistive elements
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Figure 27: Weighting field for a geometry with a resistive layer having a bulk resistivity of p = 1/0[Qcm] (left) and a
geometry with a thin resistive layer of value R [€2/square] (right).

In this section we finally want to calculate the signals induced on a readout pad or readout strip in
presence of a resistive layer, either as a bulk resistive layer touching the readout structure (Fig. [27h)
or as a thin resistive layer that is insulated from the readout pads (Fig. 27b). The situation could e.g.
represent the geometry of a Micromegas detector with a resistive layer either for spark protection or for
charge spreading. We can picture the layer 0 < z < g as the amplification gap of such a device.

Following Section the time dependent weighting fields for a pad of dimension w, and w, centred at
zero and an infinitely long strip of width w, centred at zero, can be written as

. Wy Y, . wy | h(k,z,t)
EZ(x,y,2,1) p 7r2/ / sm(k' 29)cos(kyg)sm(kyQ—;)Tkydkxdky (171)
Vw 2 /OO T, . Wy h,(k,Z,t)
Ei(r,z) = —— cos(k—)sin(k—)———=dk 172
0 = 22 [ ok D) sinh ) 1 (172)

for both geometries. They are discussed in the next sections.
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8.1. Layer with bulk resistivity
If the layer has a bulk resistivity of p = 1/0 (Fig. 27h) the expression for h(k,z) is (0 < z < g) is

z Eré(t) 1 f1(k)
h(k, z,t) = kcosh(k(1 — - —by(k)e 70 1
(k,2,1) = keosh(k(1 — 2)) | T8+ —ba (ke (173)
. b b, .
D(k) = sinh(k—) cosh(k) + €, cosh(k—) sinh(k) (174)
) )
smh(k ) cosh(k) sinh(k) cosh(k2)
(k)= ——9%  ~ ° NN= —— -~ 9° 1
with 79 = €9/0 = eop. We investigate the geometry where the ground plane at z = —b is segmented

into infinitely long strips of width w, (Fig. ) We also assume a pair of charges @, —Q produced at
t =0 at z =0, the charge @ does not move and the charge —@Q moves from z = 0 to z = g with uniform
velocity v ie. z(t) = vt =gt/T,0 <t <T, T = g/v (Fig. R7p). The current is then calculated to

t
t’),t—t’)z’(t’)dt’:vg/ Ey(z,gt' /T, t —t")g/Tdt’ t<T (176)
w JO

-Q (T Q [T
I(t) = _‘7/ Ey(z,2(t), t —t)2(t)dt' = 17/ Ey(x,gt' /T, t —t)g/Tdt t>T (177)
0 w JO

This results in

. Q x Wy ey cosh(k — kL)
It<T) = / cos(k bln(k‘ 29) x [ DR (178)
e 7o g cosh(k) + Lksinh(k)) — fi cosh(k — k%) — k%2 sinh(k — k)
by - Jdk
e
0o f1 T o
t—T h(k) + k12 sinh(k)) —
I(t>T> _ Q/ gcos(kf)sin<k&)bl P (fl COS ( )+ T S11 ( )) fl (179)
TJy = g 29 — f2

In the limiting case of very high resistivity i.e. 79 — oo the layer represents and insulator and we find

w, & cosh(k — kL)

7 dk lim I(t>T)=0 (180)
g

_Q
lim I(t<T) / — cos( sm(k D) Jim

To— 00

For the case where the layer represents a perfect conductor the expression becomes

bk — ki
way coshlk Zkz) o fes Ty =0 (181)

lim I(t<T) Q/ = cos(k sm(k 0
29 "sinh(k) cosh(k+) T0—0

T(]*}O

This last expression is correct if the strips are truly grounded. For any realistic setup where the strips are
connected to readout electronics and therefore have a finite resistance to ground, the signal will spread
to all the strips since the strips together with the bulk behave as one single node. The result is therefore
correct only to levels of conductivity o where the impedance between the strips is significantly larger than
the input resistance of the amplifier. If this is not the case, the impedance matrix of the strips has to be
calculated and current signal I(t) has to be placed on the full network to evaluate the signals [14]. Figures
show the induced current signals given above on a central strip of width w, = 4¢ and the
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first neighbouring strip centred at x = 4g for different values of conductivity, i.e. for different time con-
stants 79. The figures show in dashed lines also the limiting cases for very large and very small values of 7.

First we observe that all signals are unipolar, which is due to the fact that the charge that is flow-
ing in the resistive bulk layer in order to compensate the charge —(@Q sitting on the surface of the resistive
plate, is truly coming out of the readout strips. In case the time T of charge movement is equal to the
time constant 7y (Fig. , the signal is significantly affected and develops a long tail for ¢t > T due
to the flow of charge compensating the point charge on the surface. The smaller the conductivity, the
longer (but smaller) is the tail of the signal as shown in Fig. for 79 = 107T. For short time constants
of the resistive layer the signal on the central strip is large and has a short tail, and the crosstalk to the
neighbour strips increases as shown in Fig. for 79 = 0.17. For completeness we give the results for
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Figure 28: Uniform charge movement from z = 0 to z = g, with ¢, = 1, we = 4g9,b = g, 70 = 107 for a)x = 0 and b) = = 4g.
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Figure 29: Uniform charge movement from z = 0 to z = g, with &, = 1,w, =4¢,b=g,70 =T for a)z = 0 and b) z = 4g.
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Figure 30: Uniform charge movement from z = 0 to z = g, with &, = 1,wy = 49,b = g,70 = 0.1T for a)z = 0 and b)

T = 4g.
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the case where the pair of charges @, —Q is created at z = g and the charge Q) is moving from z = g to
z = 0 with uniform velocity during a time 7.

_Q /°° 2 L wy | &r cosh(k) fie” 7 - h cosh( %)+ k22 sinh(k%)
It<T)= T/ = cos( g)sm(k 29) D) + b1 ﬁ e dK182)
oo t—T 7'0 h + k7% sinh(k
I(t>T)= %/ zcos(kg)sin(k%)bl o rn e 07 = hieosh(h) + kg sinh(k) ey
0 s

) g ﬁ—f1

In the limiting case of very high resistivity i.e. 79 — oo the layer represents an insulator and we find

 cosh (k4
ershBD) o 1Ty =0 (184)

lim I(t<T) Q/ — cos( sm(k QQ)Tk) im

To—>00

In the limiting case where the resistivity is zero i.e. 79 — 0 the layer represents a perfect conductor we
have

cosh (kL
lim I(t <T) Q/ “ cos(k sm(kw”” %dk lim I(t>T) =0 (185)
T0—0 29 "sinh(k) cosh(k ) T0—0
8.2. Layer with surface resistivity

We now turn to the example where there is only a thin layer of surface resistivity R on top of an
insulating layer (Fig,di). The expression for h(k,z) is (0 < z < g) is

h(k, z,t) = k cosh(k(1 — g)) <€lr?i§ct)) - 7{Obz(k)e—ﬂ%fﬂ’“) (186)
»sinh(k2) sinh(k sinh(k) sinh (k2
bo(k) = k : é(k))Q ) fa(k) =k (1))(1@(9) (187)

where Ty = €9 Rg is the 'time constant associated with the resistive layer’ in the given geometry. For the
case discussed before, where the pair of charges @), —(Q is created at t = 0 and @ then moves at uniform
speed from z = 0 to z = g during a time T', we find

Wy ercosh(k — kL)

Ty x [ T

29 D(k)

e~ 1012 (f, cosh(k) + Lk sinh(k)) — fo cosh(k — k) — k22 sinh(k — kL)
K1k - f3

It<T)= g/ooc % cos(kg)sin(k

Jdk (188)

rpe il (f1cosh(k) + kL2 sinh(k)) — f1
T2
kK27% — It

I(t>T) = ch/Ow %cos(k;g)sin(k%)bg ¢ (189)

The limiting case for very high resistivity is equal to the expression from the previous section where there
is only an insulating layer. In the limiting case for very small resistance R, I(t) becomes zero since the
resistive layer turns into a 'metal plane’ that shields the strips from the charges @, —Q.

The signals for a central strip of width w, = 4g as well as the neighbouring strips at * = 4¢ and
x = 8¢ as shown in Figures BI}35] for different values of the resistivity R i.e. for different time constants
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Ty. In case the time constant Ty is large, the effect of the resistivity disappears and the case of T = 10T
in Fig. [31] shows signal shapes very close to the on from the previous section for large values of 7y. For
decreasing resistivity, and therefore T, we see however that the signal on the central strip starts to be
‘differentiated’ and develops an undershoot and the crosstalk to the other strips increases.

Since for Eq. it holds that fooo h(k, z, t)dt = 0, all of the signals are strictly bipolar i.e. fooo I(t)dt = 0.
This is due to the fact that the current compensating the point charge —(@ is entirely flowing inside the
thin resistive layer and no net charge is taken from or is arriving at the strips. Finally, the induced
current for the movement of the charge from z = g to z =0 is

oo 2 =
It<T) = g/o }cos(k:g)sin(kzz}—g) X

epcosh(kL)  foe 072 — fcosh(kL) + k2 sinh(kL)
by 2
D(k) k28 — f2

dk (190)

LS — = fa To o
2 . o f2 h(k) + kLo sinh(k
I(t>T)= _%/ fcos(kf)sin(k;u—)bw g, f2e 0 f2 cosh(k) + k= sinh( )dk: (191)
0

T2
e K5 - f3
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Figure 31: e, = 1,wy = 49,b = g,To = 10T for x = 0,z = 49,z = 8¢
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Figure 35: e, = 1,wy = 4g9,b = g,Top = 0.0017 for z = 0,z = 49, = 8¢
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9. Integrals with Bessel Functions

All solutions of the unbounded multilayer problem are expressed in the form

/OOO Jn(rz)g(z)de r>0 (192)

To evaluate this integral with the method of residues we have to find a proper closed contour in the
complex plane. Since J,(z) is exponentially increasing for large imaginary values, there is no closed

contour in the complex plane where the integral vanishes. The Hankel functions H." (2) = Jn(2)+1Y,(2)
are however exponentially decreasing for large positive imaginary values, so we can use a semi-circle in
the upper complex half-plane. We use the following trick established in [20]:

/ H,(rx)g(z)de = 7{ H,(rz)g(z)dz = QFZZrebm =a+bi (193)

where C is a closed contour from x = —R, R and a semi-circle of radius R in the upper complex plane
over which the integral vanishes for R — oo. The values res,, indicate the residuals of the expression
H,(rz)g(z) for all poles of z,, of g(z) in the upper complex plane i.e. for Im[z] > 0. With the identities

Jn(x) = (=1)"Jn(=z) Re[Yp(—2z)] = (=1)"Ya(z) Im[Vp(—2)]=2Jn(-2) (194)

we find

L/ H(r2)g dx—A Juwwuww—nw«wmm+g4mnvmwurw—ww&muw

so for g(z) = g(—x) with n being uneven, or g(z) = —g(—x) with n being even we have the result
e a
| gt = (195)
0

In the following we will make frequent use of the identity
K, () = 5" HD (i) (196)
where K, (z) denote the modified Bessel functions of second kind [I7].

9.1. Integral 1

/0 Tolre) s (197)

The expression has an infinite number of poles in the upper complex half-plane at z,, = i (2m + 1)7/2
with m = 0...00, and the residues are

2mi Z:Ozl_iglm |:(Z — zm)Ho(rz } = 22077 ™(2m + 1)iHglir(2m + 1)7/2]
= Z 2r(=1)™(2m + V) Ko[r(2m + )7 /2] =
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and we have the result

/ Jo(r Cosh =7y (=)™ (2m+ 1) Ko[r(2m + 1)7/2] (198)

m=0

With the exponential behaviour of the Ky(r) the expression is well suited for evaluation for large values
of r, for small values of r the solution does however converge only slowly and for » = 0 it even diverges.
For small values of r another evaluation is suited:

1 e =
) ym e~ (2m+1)z 199
cosh(:z:) 1+e 22 mZ:o ¢ (199)
and using
> axr a
/o xJo(re) e dx = CETSIEE (200)
we have
°° 2m + 1
Ji =2 201
/0 O(M)cosh dr = Z [(2m + 1)2 + r2]3/2 (201)
This expression is very closely related to the method of images discussed in Section [3]
9.2. Integral 2
> inh inh
/ Jo(r) sin (al.x)sm (azx) de (202)
0 sinh(z)
The poles are at z,, = imx for m = 1...00, so the residuals are given by
= sinh(a; z) sinh(ag2)
— 2
2mi 2 Zl_l)r]?m [(z 2m ) Ho(r2) Snh(2) (203)
oo
=—4 Z (=1)™ sin(aymn) sin(aemm) Ko(mnr) = a (204)
m=1
9.3. Integral 3
/  Jo(ra) v do (205)
rT
0 0 cosh(z) + gz sinh(z)

The expression cosh(z) + zsinh(z)/32 has zeroes only on the imaginary axis, so writing z = iy we have

to solve )

cosh(iy) + % sinh(iy) =0 — tan(y) = % (206)
Plotting the two functions tan(y) and 5%/y on top of each other it is evident that for 3% > 0 the zeroes
Yy satisfy the condition

3 5
O<yo<g 7T<y1<§ 27r<y2<7ﬁ n7r<yn<n7r+g (207)

and that for 82 < 1 the ¥,, approach the values

vw=08 Yo=nm — 2zg=1if 2z, =1inw (208)
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For f < 1 we have

. (z —1P) ip ) (z —inm) i3>

1 N —— 1 ~—(-1)"— 2

s 7 cosh(z) + 7z sinh(2) 2 a8 cosh(z) + 7z sinh(2) (=1) nw (209)
o0 P o0
j li - ~ 2(3° -nHm = 1
27Tl,nzz()z_l*12n(z 2m ) Ho(rz) coh(2) T 2 sinh(z) 20 lKo(/Br) +2 mZ:l( ) K()(’ITL?TT)] a (210)
so we have for 82 < 1 the result
> T 2 — m

~~ K 2 -1 K, 211
/O JO(”U)COSh(x) n %sinh(x)dw B [ o(Br) + mz:;( ) O(WTT)] (211)
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