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[TepiAnyn

H napovoa Sumdepatiky) epyaocia ekmovinke ota mlaiold g 0AOKANP®ONG TOV PETANTUYIAK®OV HOU OTtoudav
Kat arotedel pia e10ayoyn mg pHedémg v aviyveutov Micromegas.

Z10 MPOTo KePAAalo yiveral pla avadpopd OTOUG AVIXVEUTEG aepiou KAl KUpiwg otoug avixveutég MicroMegas.O
aviyveutig MicroMegas avrKel otV Katnyopia T@V aviXVEUTOV aepiou, £XEl PIKPO KOOTOG, ITAPOUCIAdeEl aviox) ot
niepBaAdov VYPNARG aktivoBoAiag Kat apEXel MOAU KAAn X@WPIKL KAl EVEPYELAKY dlakpitikr) wavotnta. 'Exet xpnot-
porownOei oe oAAd mepapata oto CERN  éxet ertdexOel yia v avaBadpion tou New Small Wheel Saldapou teov
pioviov tou nielpapatog ATLAS.

210 Sevtepo rePpdAato epyaldpacte ndve 0ta OTATIKA KAl XPOVOESapTéva NAEKTPIKA Media KAMOI®V aviXVEUT®V HE
napdAAnda otpopata pe doopévn opatdinta Kat aduvapn ayeyipotta. Aoudevoupe ave oto nedio evog onpelakoy
poptiou, kabwg kat ota weighting fields yia readout pads kat readout strips autég g yeopetpieg. MeAetdpe nog
n 61aboon evog poptiou emnpeddet ta orpwpata pe avtiotaor. Emiong npoonaboupe va Siepeuvrjocoupe v enidpaon
g “oyk®mdoug” avtiotaong ota nAekipikd nedia xkat ta onpata. E@appoloupe ta anotedéopatd yla va e§ayoupe
niedia kat enayopeva ofjpata oe Resistive Plate Chambers, aviyveutég MicroMegas nou neptAapBavouv otpopata
avtiotaong yla diaoropd @optiou Kat rpootacia and v ekPpoptior. AvaAUoUE eMiong AEITIOPEPRDG MOG ETPEALOUV
1a Resistive layers ta oxfjpata tov onpameyv kat au§avouyv to crosstalk petadu twv readout electrodes.

Z10 1pito Kepddalo mpaypatonoleital n npooopoieon Sapdpav Poviedov aviyveutov MicroMegas 1 Xprorn tou
ANSYS Maxwell pe 0t6x0 v apatr)pnorn Kat tov UTIOAOYIOHO T X®PNTIKOTNTAG PETAty Tov strips.

Z10 t€tapto Kepddalo rmpaypartoroleital 1 npooopoi®on diadopnv poviédewv avixvetov MicroMegas péow tou LT-
spice katl napawnprdnke 1o onpa £§660U TOU KeVIPIKOU strip Katl twv yertovikov tou. Ermiong napatnprifnke nog
aAAddel to ofpa pe 1o va petaBAalAdoupe TV X@PNTIKOTNTA HETady twv resistive strips, tov readout strips kat
Xopnuxkotnta petadyu readout-resistive strips.






Abstract

The present diploma thesis is an introduction of the study of MicroMegas.

In section 1 we give a report to Gaseous detectors and specially to MicroMegas detectors. MicroMegas is a
gaseous detector, with a low construction cost, a tolerance at high radiation environment and a very good spatial
and energy resolution. This technology has been used so far in many experiments at CERN and is chosen for the
New Small Wheel upgrade at the ATLAS experiment.

In section 2 we work on the static and time dependent electric fields in some detectors geometries with paral-
lel layers of a given perimittivity and weak conductivity. We work on the field of a point charge,as well as the
weighting fields for Readout pads and Readout strips in these geometries.We investigate how the spreading of the
charge effect the Resistive layers.We also try to investigate the effect of "bulk" Resistivity on electric fields and
signals.We apply the results to derive fields and induced signals in Resistive Plate Chambers,MicroMegas detec-
tors including Resistive layers for charge spreading and discharge protection. We also discuss in details how the
Resistive layers affect signal shapes and increase the crosstalk between readout electrodes.

In section 3 takes place the simulation of a variety of Modules of MicroMegas detectors with the help of AN-
SYS Maxwell,to observe and calculate the capacitance between the strips.

In section 4 takes place the simulation of a variety of Modules of Micromegas detector with LTspice. With spice
were taken the figures of the output signal for the central and the neighbor strips. It also observed how this
signal changes if we change the capacitance between the Resistive strips, the Readout strips and the capacitance
between Readout-Resistive strips.
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Euxapiotieg

Me v 0AOKANp®ON g Itapouoag dSumlepatikng epyaociag 9a n6eda va eKPpAo® Tig EIAKPIVELG 110U euxapiotieg o
6Aoug oooug e Boribnoav kat otipi§av oe 0An v Sidpkela g.

Apxika 9a ffeda va guxaplotioe v ermBAénovia Kabnynt) pou, K. B@ed68wpo AAEEOMOUAO yia TV £UITIOTOCUV)
OV Pou €6woe, Kabwg Kat yla v kabodrynon kat ) Bonbeia tou.

®a nbeAa va euxapiotom ov Av. Kabnynt) Ztavpo MaAtédo yia Tig YVOOeELS TTOU MPOOPEPEL TIAVIA PE XAPA OTOUG
(POINTEG TIAV® OTH PUOLKI] KAl OTA NAEKTPOVIKA.

®a 16sda va suyxaplomon 1 6idaktopa Xapda Kitodkn yla ) moAutyn Borbeia mou pou mPocEdepe otnv apXi)
g epyaciag, adda Kat t1ig oUpBoUAEG TG PEXPL TV OAOKANP®OT) TG, KAB®g Kal yla Tig oudntroeig nou eixape Kata
) 61dpKela TOV GP®V IOV BPloKo1IacTay oto ypadeio.

®a 1Beda va euyaplotoe eriong to Sibaktopa Awidto Koudoupn yia 1 Borfeia tou nave ota mpoypaypappa
Pooopoimong, aAlda Kat tov petartuyiako ottty IToAuveikn Tavn yia ) fonbeia tou ndve oe texvika dépata g
epyaoiag.

TéAdog 9a 11Beda va euxaplotion toug yoveig pou Kovotaviivo kat Kovotavtiva yia tnv unootrjpi§n Kat aydrn toug.
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1 1. Gaseous Detectors

1 Gaseous Detectors

1.1 Avalanche
1.1.1 Gas Multiplication

One of the most important phenomenon that happens on the gaseous detectors is the Avalanche.

The primary electrons, so called the first ionisation products, drift to the electrodes of the anode through the
gas. When their energy exceeds a sufficient value due to the affection of the field, they can create further ioniza-
tions in the gas. Secondary electrons, if the energy is sufficient, will do the same and this process goes on. So we
have a production of ion-electron pairs and the formation of the avalanche. The electrons drifts faster and so the
avalanche has the shape of a drop (figure 1). In the front we have the side electrons are moving along and on the
back we have the slower electrons. At the end there is a large number of electrons in the cathode, that can easily
be detected by electronic devices

Figure 1: Avalanche in the shape of drop

Avalanche depends on electric field that is applied on gas chamber and the pressure of the gas, which affects
the free path of the electrons.

If we consider A as the mean free path of the electrons between two collisions then the coefficient a = 1/ is
the ionization probability per length. For a number of n electrons a path dx we will have further dn electrons :

dn = nadx (1.1)

So if we derive the number n of electrons, in the path x is :

n = nge* (1.2)

with a the ionization probability :

a= PAe'® (1.3)

with E the intensity of the electric field and A,B two constants depending on the gas in unit of e~ 'Torr=!

and Vem ™ Torr ! respectively.
Back to the number of electrons we can define M such the multiplier factor :

M = = % (1.4)

n
o

The M factor is help to find a good approximation for the number of electrons that reach the anode, where we read
the signal. The multiplier factor M has a limit of M = 10%.
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In figure 2 are represent for a variety of gases the ionization probability depending on energy and the depen-
dence of the factor a/P due to E/P.

P
T T T T T T 10 ; T 1|
| Xe
0 t %-— Kr
{ | —

N

a/p (ION PAIRS /cm x mm Hg)

2 4 w02 2z &4 w0

E/p (V/cm x mm Hg)

(a) Ionization Probability (b) Townsend Coefficient

Figure 2

1.1.2 The role of photons

During the multiplication process some electrons, that gained enough energy, instead of ionizing further the gas
molecules, may bring them in an excited state. These excited molecules do not contribute directly to the avalanche
but decay their ground state through the emission of a visible ultraviolet photon. Under some those photons can
create ionizations in the gas with the limit of M = 108. These poly-atomic gases called the quench gases.

1.1.3 Signal Formation

During the avalanche formation, a number of electron-ions pairs is created. The electrons and the positive ions,
separated by the electric field, drift towards different directions. Their motion within the gas volume induce charge
on electrons. Electrons drift fast and within a few nanoseconds reach the anode. Therefore, the current flowing
on the electrodes is on the order of the nanoseconds and usually ignored by the detector electronics. On the other
hand the positive ions drift with a velocity two to three orders of magnitude less than this of electrons. Hence they
induce charge on the electrodes with hundred nanoseconds of duration.

The method used to calculate the charge induced on an electrode is by using the Shockley-Ramo theorem and
the concept of the weighting field. In the case of a charge q moving with a drift velocity uqri ft the instantaneous
current induced at a given electrode will be :

’L(t) = qudriftEw (1.5)
where F,, is the weighting field.

1.2 Gaseous Detectors

The gaseous detectors have been employed and operated in various applications and experiments with every
successful results over the last century.
The differences between various types of gas counters with respect to their operation voltage is illustrated in figure
3. The number of ions pairs, equivalent to the detected pulse amplitude, is plotted as a function of the electric
field for two different types of radiation.
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Figure 3: The different regions of gaseous detectors operation with respect to the applied voltage.

. Recombination Region : in this region the electric fields are very low so the separation of the primary
electron-ions pairs is not reliable and a fraction of the charge-pairs recombine with result we dont get any
current.

. Ion Chamber Region : in this region the voltage is enough to get electrons but cannot observe Avalanche
and so the multiplication of the electrons.

. Proportional Counting Region : in this region we can get the multiplication of 10*> — 10* proportional of
applied voltage.

. Limited of proportionality : at higher amplification the amount of charged ion in the vicinity of the anode
increases and their space charge reduces the electric field by following electrons. We can see that the curve
goes up so it does don’t use by the detector.

. Geiger Region : due to high voltage we have new Avalanches until the electric field to decreased so that to
stop the multiplication and so we observe a constant value of multiplication.

. Discharge Region : in this region the voltage is so high so we can observe a transition in the electric field
with or without ionization and so it cannot be used by the detector.
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1.3

Micromegas

Micromegas or Micro Mesh Gaseous Structure is a very assymetric double structure two stage parallel plate
detector. Like the others gaseous detectors can detect charged and neutral particles. The difference with the others
detector is that its two distinguished regions are no longer separated by a plane of wires but by a micromesh.

1.

| \ Drift Electrode -SOOVA

5mM : Conversion/Drift Gap (S \\n E Field
: il

Micromesh

A

128 pm : Amplification Gap

@= Readout Strips
@ Resistive Strips

Figure 4: Micromegas

A MM consists of the following components :

anode electrode. Anode strips of gold-coated copper of 150 um, with 200 pm pitch, are printed on a 1 mm
substrate. The thickness of the copper strip was 5 pm. Thinner strips were obtained by vacuum deposition.
These allow a substantial reduction of the inter strip capacitance. Both metal-deposition techniques can be
applied on a 50 pm thick Kapton substrate, whenever a reduction of the material of the detector is required.
The strips were grounded through low-noise charge pre-amplifiers of high gain (4V/pC).

. quartz fibres of 75 pm, with 2mm pitch, were stretched and glued on a G10 frame. The quartz frame was
then mounted on the strip surface, defining a precise(2%) gap. Thicker(140 and 230 um) quartz spacers were
also utilized during our tests.

. the micromesh. In figure is a photograph of the micromesh obtained with a microscope. It is a metallic grid,
3 um thick, with 17 um openings every 25 um. It is made of nickel, using the electroforming technique, which
is flexible and exhibits as high degree of fidelity of the electroposited layer.

. the conversion-drift electric field was defined by applying negative voltages on the micromsh (HV2) and a
slightly higher voltage on a second electrode (HV1), spaced by 3mm in order to define a conversion-drift
space. It was made by a standard nickel mesh, 100 um thick, having 80% transparency, in order to allow
a efficient penetration of the various radioactive sources used for the test and fixed on the top of the gross
mesh. For the final detector, thin aluminized mylar can be used to define electrode HV1 and ensure at the
same time the required gas tightness of the chamber.

. the gas volume. The various elements of the parallel-plate structure were placed in a tight stainless steel
vessel flushed by a standard gas mixture of Ar + 10% CH4 at atmospheric pressure. A metallic holder
was mounted on top of the parallel plate chamber to support the radioactive source and a stainless steel
collimator 1 mm thick with a 2 mm hole. The metallic source holder can move horizontally and allow a rough
scan of the active surface of the detector.

The Micromegas detector can be separated on two region by the electric field.

o drift region

e multiplication region

In the drift region we have the first ionization and due to not too strong electric field (1 — 5kV/cm) the electrons

are

heading to the multiplication region without a a strong Avalanche.

In the multiplication region the electric field is more stronger (20 — 100 kV/cm) and the result is a strong Avalanche

and

there is a strong signal on anode.
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Figure 5: Two areas of electric field

1.3.1 Signal Formation

When charges are moving in front of a conductor, a proportional charge is induced on the conductor. The
Micromegas geometry, as shown in figure 4, contains the amplification gap, where the electric field is up to
50kV/cm. This gives rise to an avalanche effect of ion-electron pairs being created due to ionizations.

To simplify for this geometry for a charge q, the induced current is :

EAU

Ia:_q v

(1.6)

with F 4 the electric field at position of the charge, u the velocity of the charge and V,, the potential of the strips.
Taking all the charges into account as a current density J(x,t) the induced current take the form :

I, = —VL/J(x,t)-E(x,t)d% (1.7)

To find the total signal formation, we need to find the evolution of charge over time. The charge multiplica-
tion charge depends on the (first) Townsend coefficient a which in general is a function of the electric field. For n
the number of one type of charged particles at a certain point,then their increase at a nearby point along the path
of the moving charge will be dn = andr, where dr is the distance between the two points.

To find the increase of charge we have to integrate the above formula. So :

aBupt
aﬁeﬁpup

I(t) = —qo v

/Ez(z)e“ﬂzdz (1.8)

where qq the initial charge (one e™), u, /m the velocity of the ions/electrons, F, the z-component of the electric
field. The derived current as a function of time is drawn in figure 6.
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Figure 6: Total auxiliary current as a function of time. The peak at the origin lasts for less than 2ns is due
primarily to the electrons movement while after 2 ns the distribution id due to the ion drifting towards the mesh.

1.3.2 Resistive strips Micromegas

Despite the excellent characteristics of the Micromegas module and the promising industrial bulk fabrication pro-
cedure, the very thin amplification region along with the finely sculpted readout structure makes them particularly
vulnerable to discharges(sparks).Sparks occur when the electron avalanche population goes beyond ~ 108.Sparks
may damage the detector and readout electronics and/or lead to large dead times as result of HV breakdown. To
find a solution for this problem we create bulk-micromegas chambers spark resistant while mainting their ability
to measure with excellent minimum-ionizing particles in high-rated environments.

Meash support pilkar Resistive Strp Embedded resisior Resstve Sirip
0.5-5 MOfcm 15-45 MQ 5mm long 0.5-5 MQicm

PCB
\ \ \ \
Insulator Copper Sirp GND Copper readoul sirip
0.15 mm x 100 mm 0.15 mm x 100 mm
(a) view along the strip direction (b) side view,orthogonal to the strip direction

Figure 7: Sketch of the detector principle(not the scale), illustrating the resistive protection theme

In the figures 7 we see two orthogonal side views of the chamber. It is a bulk-micromegas structure built on
top of a printed circuit board with 18 um thick Cu readout strips covered by a resistive protection layer.
The protection consists a thin layer of insulator on top of which strips of resistive paste (with a resistivity of a
few M(lare deposited. Geometrically, the resistive strips match the pattern of the readout strips. They both are
150 pym wide and 80 pm long, their strip pitch is 250 pm. The resistive strips are 64 pm thick; the 100 pm wide gaps
between neighboring strips are filled with insulator. The resistive strips are connected at one end to the detector
ground through a 15 — 50 M{2 resistor, see below. We opted for resistive strips rather than a continuous resistive
layer for two reasons: i) to avoid charge spreading across several readout strips, and ii) to keep the area affected
by a discharge as small as possible.

The Micromegas structure is built on top of the resistive strips. It employs a woven stainless steel mesh with
400 lines/inch and a wire thickness of 18 um. The mesh is kept at a distance of 128 um from the resistive strips
by means of small pillars (400 pm diameter) made of the same photoimageable coverlay material that is used for
the insulation layer. The pillars are arranged in a regular matrix with a distance between neighbouring pillars of
2.5mm in z and y. The mesh covers an area of 100x 100 mm?.

Above the amplification mesh, at a distance of 4 or 5mm, another stainless steel mesh (350 textrmlines/inch,
wire diameter: 22 um served as drift electrode. Its lateral dimensions are the same as for the amplification mesh.
The chamber comprises 360 readout strips. The readout strips are left floating at one end. At the other end they
are connected in groups of 72 strips to five 80-pin connectors. The remaining eight pins of each connector serve
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as grounding points.

The detector housing consists of a 20 mm high aluminum frame, mounted on top of the readout board and
sealed by an O-ring, and a cover plate (again sealed by an O-ring) with some opening windows, made of 50 um
thick Kapton foil.



2. Electric fields,weighting fields and signals in detectors including resistive materials 8

2 Electric fields,weighting fields and signals in detectors including resis-
tive materials

In this section we discuss the electric fields and the signals in detectors that represent parallel plate geometries
with segmented readout like GEM’s,Micromegas,RPC’s. In these detectors, the charges generated inside the sensor
volume act as a source of the signal.

2.1 Potential of a point charge centered at the origin

Z=0

=-b
x=y=r=0

Figure 8: A point charge ) on the boundary between two dielectric layers.

We first investigate the electric field of a point charge in a two layer geometry. We assume that the two layers
have thickness of b and g with constant dielectric permittivity of ¢;and €2, surrounded by grounded metal plates.
At r=0,z=0(the boundary between those two layers) we put a charge Q.

We will use cylindrical coordinates due to problem’s rotational symmetry. Because we don’t have charges on the
two layers we will use the Laplace equation. For r=0 the coefficients Y, (kr) are zero so the general solution for the
two areas will be :

p1(r, z) = %/0 Jo(kr)[A1(k)e? + By (k)e **]dk -b<z<0 2.1)

™

1 oo
wa(r, z) = 2—/0 Jo(kr)[Ag(k)er 4 Ba(k)e **]dk 0<z<yg 2.2)

Boundary Conditions

Because we have ground at z=g, z=-b we have the conditions ¢1(r, —b) =0  ©2(r,g) =0:

Ale_kb + Blekb =0 (23)
Agekg + Bge_kg =0 (2.4)

At z=0, the barrier between the two layers, we assume a surface charge density q(r). From Gauss Law for a medium
inhomogeneous perimittivity we derive that passing through an infinitely thin sheet of charge with a surface charge
density q(r), the pontential is continuous so 1 (r,0) = @2(r,0) which gives :

A1+ By = Ay + By (2.5)

and the ¢E component perpendicular to the sheet "jumps" by q(r) :

0p1(r, 2) Opa(r, 2)

a0 |==0 — €2 0. l2=0 = q(r)

1 oo
%/ Jo(kT)[(kElAl - kElBl) - (kGQAQ — kGQBQ)}dk =
0

qo(r) 1

2r 7
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by multiplying both sides with r.Jy(k'r) and integrate from O to infinity :

i/ rJO(kr)Jo(k'r)dr/ [(ker Ay — keyBy) — (keaAs — kea Ba)|dk = / ey () 20 L,
2 0 0 0 2t r
S Ooé(k'—k’)[e (A1 — B;) —e2 (A2 — B )]dk:Q
o/, 1 (A1 1 2 (A2 2 o
€1 (A1 —Bi1) —e2(As — By) =Q (2.6)
From (2.3),(2.4) :
B1 = _A1672kb
BQ = —A2€2kg
By using them on (2.5) :
Al (1 — 672kb) = A2 (1 — e%g)
1— e—2kb
A2 = 1 — e2kg
And so the (2.6) :
o—Hb (kb _ o—kb
261A1€7kb cosh (kb) — e Ay ekg(i—kg — ekg)) ekg (e*kg + ekg) — Q
A = Qsinh (kg) er®
1T (€1 cosh (kb) sinh (kg) + easinh (kb) cosh (kg))
we set
D (k) = 4 (e cosh (kb) sinh (kg) + easinh (kb) cosh (kg))
and so
2Qsinh (kg) e*®
A= ———F7
D (k)
—2Qsinh (kg) e+
B =
D (k)
—2Qsinh (kb) e~*9
Ag =
D (k)
2Qsinh (kb) e*9
By = )
D (k)
And so the solution read as :
Q [~ 4sinh (gk) sinh (k (b + z))
_ @ - 2.7
¢1(r, 2) o7 J, Jo (kr) D) dk b<z<0 2.7)

pa(r,z) = % /OOO Jo(kr)4Sinh(bk)%?Z§(k(g — Z))dk 0<z<y (2.8)
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Those integrals cannot be expressed in closed form, so we have to find some techniques to express the result as
an infinite series.

We will take the integral quantity for ¢; : 52 k)gézgl(k(b“)) and add and remove the quantity Elei; :
eh? 4 sinh(gk) sinh(k(b + 2 eh? eh?
(ghysimh(k(b+2)) e e L
€1 + €2 D(k’) €1 + €2 €1 + €2
We know that
1 /OO Jo(kr)e=**dk 2.9)
= T)e .
S | 0
By doing that ¢, take the form :
Q 1 Q / >
rz) = + — Jo(kr k, z)dk 2.10
¢1( ) 2’/T(61+€2)\/m o 0 0( )fl( ) ( )

Now the solution is the combination of the solution for the potential of a charge ) on the boundary of two infinite
half-spaces of permittivity €; and e with a correction term. For the correction term, for large values of k the
quantity f1(k, z) take the form :

efk(2b+z) 72626716(2‘972)
k,z) = - 2.11)
fl( ) €1 + €2 €1 + €2
As result the potential for —b < z < 0 :
1 2Q¢ 1 o
o1(r,2) = — 2 __9 @ _ e +Q/ Jo(kr) f2(k, 2)dk
2m(e1+€2) Vr2 + 22 2m(er+€2) /r2+ (2b+2)2 2m(e1 +e2) \/r2 + (29 — 2)2 27 Jo
(2.12)
The two new terms correspond to two "mirror" charges, one with value —(@Q) at z = —2b that is reflected at the

grounded plate at z = —b and one with value —2¢;Q) at z = 2g that is reflected at the grounded plate at z = g. If
we want to find the ¢, is the same process and result is reversed.

2.2 Dicharges on a resistive MICROMEGA

From the previous subsection we know that the solution for a two layer problem with a charge ) on the boundary

is :

4 sinh(gk) sinh(k(b + 2))
D(k)

¢1(7”az):2?r/000=]0(k7”) dk —-b<z<0

Q [ 4 sinh(bk) sinh(k(g — 2))
== dk
¢a(r, 2) 27 /. Jo(kr) D) 0<z<yg
The electric field £, at » = 0 and z = g is then
B - Q ksmh(bk)dk 2.13)

21 ), D(k)

We consider the following parameter for the resistive MICROMEGA : The distance between the mesh and the
resistive strips(amplification gap) is 128 um. Insulator between the resistive strips and the readout strips is 64 ym.
We assume the permittivity of the insulating layer to be ¢, = 5. The normal operation voltage is 500 V. Applying
the 500V between the resistive strips and the mesh gives a field of 500V /128 pm = 39kV/cm.

In case of a ’discharge’ there is a charge flowing from the mesh to the surface of the resistive layer over a short time.
During this time the charge does not diffuse on the resistive layer, so we simply have a point charge accumulating
atr =0 and z = 0 . We assume now that the discharge stop when the electric field E,(due to the point charge) at
the surface of the mesh equals the applied electric field.
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With those parameters if we calculate the integral with the help of the Mathematica is gives as :

/ ksinh(Ok) 1 _ 0.000014631
. D)

so to find the charge Q:

Q [ ksinh(bk)
E =
T 2men Jo D(k) dk

2meg 2,

@ = 5000014631

= Q = 14.8pC

This would be the approximate maximum charge in ’spark’.

There is no RC description of this situation. The charge has not yet started to diffuse and there is no equivalent
capacitance anywhere. There is simply charge sitting on the surface of the resistive layer, producing and electric
field that is counter-acting the applied field.

If we assume a MICROMEGA of A = 10 x 10 ¢m? size without metallic readout electrode and an avalance gap g,
the total charge stored in the capacitor is

A
Q = €0 =500 ~ 346 nC
g

which is 2.3 x 10* larger compare to the resistive layer case and this amount of charge will enter the amplifier.
Now we will try to change the applied voltage(500 — 600 V) to see how the charge () will change.

Table 1: Charge on Mesh for different values of Voltage.

Applied Voltage(V) Electric Field FE, || Charge Q(pC)
(kV/cm)
500 39 14.8
520 41 15.6
540 42 16.0
560 44 16.7
580 45 17.1
600 47 17.9

With the results of the table we will create a figure with the () and the applied voltage.

—_
o

17.5

Charge Q (pC)

-
~

16.5

—_
2]

15.5

—_
[$4)

8_|I'I'I|IIII|IIII|IIII|IIII|IIII|IIII

L M| L R Ly L l R P L L I
520 540 560 580 600
Applied Voltage Between the Resistive Strips and the Mesh (V)

145

Figure 9: Charge () for different values of voltage.

We see that there is a linear increase to the charge with the steadily increase of the voltage.
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Table 2: Charge on Mesh for different values of g.

glpum) value of the integral | Charge(pc)
100 0.000026 11.9
110 0.000021 13.6
120 0.000017 15.4
130 0.000014 17.3

Now we will create the figure to see the relation between the g and and (). We see again a linear increase to the

charge with the steadily increase of the avalanche gap g.

-
0

Charge Q (pC)
@ = o > 3

—
N

8TI'|IIII|IIII|IIII|IIII|IIII|IIII

105 110 115 120 125 130
Distance Between Mesh and Resistive Strips (um)

—y

Figure 10: Values of charge for different values of distance between mesh and the resistive strips for applied

voltage 570 V

2.3 Potential of a point charge in a geometry grounded on a rectangle

For this case the geometry is grounded at x = 0,a and y = 0, b and the charge is placed at position z, yg.

o

Figure 11: A point charge () in an empty condenser.

We have to solve the Laplace equation in Cartesian coordinates.
The general solution is :

. [lam\ . m _
Dy (z,y,2) = Z Z sin (W) sin (%) [E1 (kym)ef™* 4+ Fy (kym)e ™ m2)

(2.14)
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Boundary Conditions

P =0y= FE1+F),=Fy+ Fy z=0 (2.15)

P =0=Fe ™+ Fet=0 z=-b (2.16)

By =0= Fre?9+ Foe ®9 =0 2= g 2.17)
9%4(r, 2) 9P (r, )

P l.—0 — €2 P |-=0 = Qd(x — 20)0(y — yo) (2.18)

(2.18) = el[i i sin (T) sin (%) (kEl_kFl)]_GQ[i i sin (liﬂ-) sin (%) (kEy—kF5)] = Qd(x—x0)d(y—yo0)

Uzm m'ym
2.18 i i
( )><sm<a>sm( b >
and by integrate :

b a / /
e . e .
/0 /0 sin ( 27T> sin (mbyﬂ> sin (T) sin (%) [kE1 — kFy) — (kEy — kFy)]dady =
b a U !
/ Qo(x — x0)d(y — yo) sin < xﬂ-) sin (m yﬂ-) dxdy
o Jo a b

forl=1and m=m':

$1(kEy — kFY) — (kB2 — kFy)] = Qsin (227) sin (2427)

a

Qsin ((*07) sin ("§7)
kab

(kEy — kFy) — (kBy — kF)] = 4Q

(2.16) = Fy = —E1e 2% (217) = Fy = —Eye?"
From (2.16) and (2.17) :

(2.15) = By — BE1e %% = By — Fye?9
Ele—kb(ekb _ e—kb) _ E2e—k’b(e—kg _ e—kg)

By — _Byetbeko SiAED)

sinh(kg)
So Fy = Eje Fkbe—kg %ZZE:S;
. . : lzgm : myom™
—2kb kb, —kg SD(KD) kb kgy SIND(KD) Qsin (“7) sin (757
. —e(—E i it S g =4
(2.18) = e1(En + Eqe ) —ex(—Ere™e sinh(kg) e e )Smh(kg)) kab
. h kb . lzom . myom™
e B (e 4 ) 4 oo sinh(kb) (e7k9 1 eh9) = 4Qsm( a )sm( b )

sinh(kg) kab
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_ B : h(kb) Qsin (M) sin (W)
%16 M By cosh(kb) + 2eaBye 0 EEN) sh(kg) = 4 a b
€1e 1 cosh(kb) + 2e2Ere Sinh(kg) cosh(kg) i
5 _ 4 Qsin (M7 sin (757) sinh(kg)e*?
o kab 2(e1 cosh(kb) sinh(kg) + € sinh(kb) cosh(kg))
From 2.1 :
2Qsinh(kg)e?  sin(1T)sin(™IT) 4 A, sin( 12T gin( o)
By = - = ¢ 2.19
' D(k) . kab kab (2.19)
py  Adusin (S95) sin (B95) oy 2Qsinh(kg)et 44, sin (M) sin ()
kab D(k) kab
: leom o myom™
Fl e 4B1 s (TO) Sl (%) (220)
kab
So :

s (e omyry 4Asin (K07 sin (9T) L 4By sin (M0T) sin (7))
JCHDEDIDY ( )Sm( 5| kab o kab el

n=1m=1

lxmr) sin (myoﬂ'

Oy (2,y,2) = Z Z 4sin (l:z:a7r> sin (m;)ﬂr) sin (% ab v) [A1eF® + Bie ]

ky = & = dk, = “dl = dl = Ldk,, dm = édky
a a s ™

[A "4+ Bre **]dk (2.21)

| =

Bilapn2) = 25 [ [ ool cosha o] feos (5] cosl, (4 0)]

2.4 Weighting Fields

In this part we want to calculate the weighting field of a rectangular pad centred at x = y = 0 with a width of w,,
and w, for the geometry of figure, which is infinitely extended and where the permittivity of both layers is equal to
€0- We will use the previous solution and shift the coordinate system such there is a grounded plate at z = 0 and
z = g and the point charge at z,yo.20-
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Figure 12: rectangular readout pad

We use the A; and B; from 3.1 and replace g = d — z9,b = 2.
D(k) = 4[e; cosh(bk) sinh(gk) + €3 sinh(bk) cosh(gk)]
bk 4 o=bk ook _ o—gk bk _ o=k ook | o—gk

D(k‘) = 4[61 5 5 + €2 5 5 ] €1 = €3 = €

eo[(€F + 7Y (e9F + e7IF) 1 (PP — e7PR) (e9F 4 e7IF)] = aeg[ehPTI) — e TR (bHI)]

D(k) = 4eg sinh[k(b + g)] = 4eg sinh[k(zp + d — z0)] = 4€p sinh[kd] (2.22)

_ 2Qsinh(k(d — 20))

Ay = kzo 2.23
! deosinh(kd) (2.23)

_ —2Qsinh(k(d — 20))

By = —kzo 2.24
L legsinh(kd) (2-24)

So to find the potential to area 1 :

4 [ [ 12@Qsinh(k(d — = ke —kz
Dy (z,y,2) = p/o /0 [coskz(m—mo)—coskz(x—l—mo)][cosky(y—yo)—cosky(y—i—yo)]E Q4€0 s(infl(kd) 0)) [eF=0 k= ka0 o=k |dk,dk,

R e 1 sinhlk(d — inh|k(z +
Oy (r,y,2) = 7T2Q60/(; /0 [coskm(w—xo)—coskm(aﬁ—kxo)][cosk:y(y—yo)—cosky(y-i-yo)]%Sm Ll sj;]z)}];::l)[ (24 2)] dk,dk,
el A . . . 1 sinh[k(d — zp)] sinh[k(z + 2
Dy (z,y,2) = 7T§2€0/0 /0 [sin(kyz) sin(kyzo)sin(kyy) sm(kyyo)]% Lt si(r)1)}]1(kd)[ ( 0)]dkxdky (2.25)

®, is given if we exchange z with 2
In this rectangular pad an charge Q;nd is induced :

z 0
Qind(x07y0?20) = /; /_w _60%|z:0dxdy (226]
z vy
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dp1  Q [7 [ : . . 1 sinh[k(d — 29)](ke*#eF*0 + keF2ek=0)

92 e /0 /0 [sin(kyz) sin(kyzo) sin(kyy) sin(kyyo)] p > ih(hd) dk,dk,
991 sinh[k(d — zo)] cosh(kzo)
92 |l2=0 = 7Tz‘fo/ / sin(kyx) sin(ky o) sin(kyy) sin(kyyo)] Sinb(kd) dk,dk,

From the reciprocity theorem we know that Q;nd = —@Q / Vwew (o, Yo, 20) where ¢,, is the potential at g,y0,20 in
case is removed and the pad is put to potential V. So :

dw(Zo, Y0, 20) = _VwTde

¢ (x07y0a ZO

/ / cos(kyxo) sin(Eele )cos(kyyo)sin(&%)cosh(kzg)sinh[z(d— ZO)]d 4
ray

ok, sinh(kd)

cos(kyx) sin( 222 ) cos(kyy) sin( ky;’)y ) cosh(kz) sinh[k(d — z)]
dzd 2.27
bw (20, Yo, 20) = / / oy sinh(kd) zdy (2.27)

2.5 N-Layer geometry

Oy Ey ' 2N1
On Eng (O
Y Zy2
EQN-E
Zy
IE'I
. Z,

Figure 13: A geometry on N dielectric layers enclosed by grounded metallic plates. On the boundary between two
layers at r = 0 there are point charges Q).

We will approach the geometry in figure 13. We assume N dielectric layers ranging from z, — 1 < 2z < 2, of
constant permittivity €,. On the boundaries at z = z,, there are charges @),,. At z = zy and z = zy there are
grounded metal plates. We define a characteristic function f, (k, z) for each layer as

fulk,2) = Ane** + Bye—kz n=1..N (2.28)

With this characteristic function we can find the solution for different geometries :

For an infinitely extended geometry with the chargers at position zg,y9 in Cartesian coordinates is given by
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1 o0 oo
D, (z,y,2) = 2/0 /0 sin(kgx) sin(ky o) sin(kyy) sin(k,yo)

T2
with k = /k2 + k2

For the case where the geometry is grounded on a rectangle at x = 0, ¢ and y = 0, b the solution is :

fn(ka Z)
k

dkpdk, (2.29)

D, (x,y,2) = %i i sin (lew) sin (leOF) sin (ml;)yW) sin (mimr) fn(k];nl’ 2) (2.30)

with k = /& +

For the case where the geometry is grounded on a rectangle at * = 0, ¢ and insulated at y = 0, b the solution is :

o e~ . [lzw\ . [lzow mym myom Jrn(kmis 2)
D, (x,y,2) = E; Osm (T) sm< . >cos( ; )cos( b ) (1—60m/2)T (2.31)

m=

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

Alekzo + Ble_kzo =0
AneF™N 4+ Bye N =0
Anekzn +Bne—kzn _ An+lekzn +Bn+1€_kz"

En(Anekzn - Bneikzn) - €n+1(An+1€kzn + Bn—&-leikzn) =Qn

From these equations we will approach a general solution for the different forms of RPCS we are going to discuss
in this section. We will start with a 3-layer geometry.

Zy

¢; €5
® Z;
¢, & .
1
. Zy

Figure 14: A geometry with 3 dielectric layers.

Boundary Conditions
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AyeF# 4 Bremk =0 (2.32)

(2.33)

A E* 4 BremF® = AyeM*t 4 Bye (2.34)

(2.35)

1% - 62% =0 (2.36)

(2.37)

€1 A1 — €1 Bre R — 69 Ayl 4 eg Boe R = Q1 (2.38)
(2.39)

AQEkZQ + Bge_’”2 = Agekzz + Bge_kzz (2.40)

(2.41)

62% - 63% =Q2 (2.42)

(2.43)

€9 Ae"2 — €9 BoeF2 — e3 A3e¥2 4 €3 BseF2 =, (2.44)
(2.45)

AgeP® 4 Bge s =0 (2.46)

For these equation we create the M matrix for this 3-layer geometry. The equation to solve is then :

_>
Md=1b (2.47)
ekzo e k=0 0 0 0 0
ekzl eszl 7ekz1 76*]621 0 0
kz1 kz1 kz1 —kz1
€1€e —€1€ —€ge €€ 0 0
M = 0 0 ek,22 e—k‘,ZQ _ekZQ _e—k?ZQ (2'48)
0 0 €2€k22 —626_k22 —€3€k22 636_’“2
0 0 0 1 ehzs e kzs
_>
@ = (A1, B1, A2, B2, A3, B3)T b =(0,0,Q1,0,Q2,0)

Last we will approach a generalization of (2.12) from 2.1.
We will use a example for the infinitely extended geometry in cylindrical coordinates with the charges centred at
ro =0and haven =1, ....N.

(b (7" Z) _ anl 1 + Qn 1 i /oo JO(]WA)[A (k)ekZ+B (k)e—kz_
e 2m(€n—1+€n) /12 + (2 — 2p_1)2 27(€n + €ny1) \/12 4 (2 — 2,)2 27 Jo " "
C@nt kGman) - O kGaagy, (2.49)
€n—1 1 €n €n T €nt1

2.6 Single Layer RPC

We will now approach a geometry with 3 layers(figure 15), a single gap RPC with one resistive layer. We will start
by finding the coefficients.
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: Z;=9
b3 & q=
£ )
: Z=-b

Figure 15: Geometry with three layers and one point charge representing a single gap RPC.

Are ™ 4 Bieft =0 (2.50)

Ay + By = Ay + By 2.51)

€1kA1 — e1kB1 — e3kAg + e9kBy =0 (2.52)

Asel®2 4 Bye k%2 = AseF* 4 Bye k2 (2.53)
eskeF*? — 9k Boe "2 — €3k A3e"*? + e3kBse ¢ = Q (2.54)
Aze? 4 Bze %9 =0 (2.55)

From (2.51) :

B1 — —A1€_2kb

By using (2.51) on (2.52):
A — A1€_2kb = Ay + By

We multiply (2.52) with ek and add with (2.53) and we have :

Alk(t?l + 62) + kBl(Eg - 61) — 262]€A2 =0
2¢0k Ay = Alk‘(eo + €g€r — Alke_ka(Co — 606T))

A= (1 e) —e (1 - e)

with €7 = €g€,, €2 = €9, €3 = €

By returning to (2.52) :
A
Ay — Aje 2R = 71[(1 +€) —e (1 —€.) 4 By

—2kb 6_2kb6r

2 2 ]

1
BQ = Al[l — e—Zkb — 5(1 =+ Gr) =+
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A
BQ = 71[(]_ — 67‘) — 6_2kb(1 + Gr)}
From (2.55):
B3 = —A362kg
Now we add them together the relations (2.53) and (2.54) :
A26k22 — Bgeik‘zz — Agekm + Bg@ikzz = Q
60]{7
By using Bs from (2.55) and A, from above :
A=A e) - e - )] - Q2
= — €)—e —€)] —
57 79 2keo
and so
Bs = fé[(l +€r) — ek (1 —¢,)]e?k9 4 QieikZZ %9
2 " " 2]4)60
Now its important to find A;. From (2.54):
6()]6A26kz2 — EUkBge_kZ2 — EUkA36kz2 + 60kB36_kz2 = Q
A X
_?16—]622[1 o 67‘) + (1 + 6T)(?ng _ e—2kb(1 + er) . e—2kb62kg(1 o 67‘) _ ng _ %6—2]62262,69
The relation inside the bracket can become :
e (e—kg + ekg) — e 2K (1 4 €29) 4 €, (=1 + 9) 4 €, (e~ 2*0e?k9 — c—2kD)
(ekg + e—k‘g)ekg(ekb _ekb 4 erekge—k:b(ek'g _ e—kg(ekb + e—kb))
4 cosh(kg) sinh(kb)e®9e =k 4 4e, sinh(kg) cosh(kb)ek9e kP
4ek9e=* D (k) withD (k) = cosh(kg) sinh(kb)e*9e=%b + ¢, sinh(kg) cosh(kb)
Now returning to the previous relation to find A;:
A ,
—71€_k224€kg€_ka(k)
Qekb k(g—
A = (g—2z2) _ —k(g —
"= T e=h(g = z)
kb
A = Qe sinh(k(g — 22)) (2.56)
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And so to find the others variables :

As = —[(1+¢€.) — e 2Rb(1 — )]

__Q
o 460D(k)

Ay sinh(k(g — 22))[2sinh(kb) + 2€, cosh(kb)]

Ay sinh(k(g — #2))[sinh(kb) + €, cosh(kb)] (2.57)

= 260D(k)

Q . .
B2 =500 sinh(k(g — 22))[sinh(kb) — €, cosh(kb)] (2.58)

QekaQ
2€0k‘

_ Qsinh(k(g — 22))
As = 260D (k)

(sinh(kb) + €, cosh(kb)) — (2.59)

QekaQ e2g B Q
260k 260 k‘D(k)

B3 = sinh(k(g — 22))[sinh(kb) + €, cosh(kb)e?*9] (2.60)

As we told before the solution on different areas are on form of : f; = A;ek 4 Bje k=
We will show the potential on areas 2 and 3,that they have a charge () between them.

fo = Age®* + Bye

Q

sinh(k(g — 22))[sinh(kb)e** + e, cosh(kb)e” + sinh(kb)e ** — e, cosh(kb)e **]
QGOD(]C)

f2=

f2 sinh(k(g — 22))[sinh(kb)(e** 4 e7%2) 4 e, cosh(kb)(e"* — e7*%)]

= 260D(k)

f2

~ «D(k) sinh(k(g — 22))[sinh(kb) cosh(kz) + e, cosh(kb) sinh(kz)] (2.61)

fa = Age®* + Bge

_Q
N 260D(l€)

sinh(k(g — 22))[sinh(kb) + e, cosh(kb)]e** — @ e k2ehs 4 @ e Fe2e2kg gmkz)

f3 260k' 2€0k

fs=

sinh(k(g — z))[sinh(kb) cosh(kz2) + e, cosh(kd) sinh(kzz) (2.62)
EQD(k)

If we assume that the charge are on ry = 0 the the voltages for these areas are in form of :

pa(k,z) = % fooo Jo(kr) fa(k, z)dk o3k, 2) = %r fooo Jo(kr) f3(k, z)dk
From (2.49) :

) — ge—’“(ZZ—Z>]dk (2.63)

. Q 1 1 [
n2) = T T Jy P9 =5
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) = @ ! R (. 2) - 2ok
¢3(r,z) = (e \/m%'/o Jo(kr)[fs(k, z) 2606 |dk (2.64)

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 plate, which is more suited for numerical evaluation.
2.6.1 Weighting fields

To find the weighting potential for a readout pad,readout strip and the full electrode we use (2.29) :

Dy (x,y,2) = = / / sin(kyx) sin(kyxo) sin(kyy) sin(kyyo )Qsinh[k;(g Zozg](iyh[k(z_kb)]dkxdky (2.65)

The @Q;,q4 for a readout pad is :

twg Wy
p t+= oo oo Aoy
Qina = / / / / —€r + 60790 |-=odxdy
*12% *;“y 0 0 82

—4Q¢, wy\ . . sinh[k(g
Qind = Q / / bln sm (k:yi) sin(kyxo) Sm(kyyo)k[k‘(D(kz))]dk dk,
We know that :
_ Q¢w(Ian07ZO)
QiTLd - _V—
and by the reciprocity theorem :
4Ve sinh[k(g — 2)]
du(T,y,2) = r / / blIl /4; — sln (k 2y> sin(kgxo) bln(kyyo)mdkwdky (2.66)

For a readout strip w, — 00

25yY
_ 4Vw€7' ° . smh[k‘(g — Z)] /oo cos ( ) Sln(Sy) 2
Puw(x,2) = 3 /0 sin (k 5 ) sin(k,xo) ke, D) ) ﬂ ” ds,dk,

Wy Y

_ AVye [ we\ sinh[k(g — 2)]
Ow(,2) = - /0 sin (kx 5 )bln(k‘l»l‘o) ke, DUR) Qdkw

bw(Z0, Yo, 20) = 2V;:€T/O (k *) sin(ky iCo)dex (2.67)

with k, = 2%

Wy

For the full electrode w, — oo Wy — 00 k=0:

sinh(k(g —2)] _ k(g —2)
kD(k) kb + kge,

because for small values of k sinh(z) ~ = and cosh(z) ~ 1

And so for the weighting potential :

& Vw(g— 2)

2.68
b+ ger ( )

buw(2) =
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Ew/iVw/gy

-

L]

LY
i
" =T " 10 w VR

Figure 16: Weighting field E, at position z = ¢g/2 for b = 4¢ and w, = 20g. The three curves represent
€, = l(bottom),e,, = 8(middle),e,, = oco(top).

In figure 17 we can see the a weighting field for a strip electrode of width w, and infinity extension

‘ z
Z;=9
Eo ¢W(x,z}; E%(x,z)
-- : . X
W, Zy=-b

Figure 17: Weighting field for a strip electrode of width w, and infinity extension.

We first assume the geometry to represent a single layer RPC with a gas gap of ¢ = 0.25 mm and a resistive
layer of dielectric permittivity €, and thickness b = 1 mm. We assume a very wide readout strips 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). as shown in
figure 16. The three curves represent dielectric permittivities of €, = 1(bottom), 8(middile)oo(top). The strip
extends between —10 < z/g < 10 and the value at 2z/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 2.68 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. The value ¢, = 8 which is typical for glass and bakelite used in
RPC’s gives a shape that is already close to the one for an arbitrarily large permittivity.

2.6.2 Effect of Resistivity

Figure 18: A geometry with three layers and one point charge.
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Now we will calculate what happens when we put a point charge @) on the surface of the resistive plate at t = 0
as shown in figure 18 :

fore; =epe, +0/s e=€e+0 Q1=Q/s

sinh(gk) cosh(k(b + z))
E 2.
1(r;2,8) 2$7r/ ko eo[sinh(bk) cosh(gk) + (e, + o /(eos) cosh(bk) sinh(gk)dk (2.69)
Q [~ sinh(bk) cosh(k(g — z))
E = — 2.7
2(r;2:9) 2sm ko (kr) eo[sinh(bk) cosh(gk) + (e + o /(eos) cosh(bk) sinh(gk) dk (2.70)
We want to know the stationary situation so :
il_r)r%) sE(r, z,s) :
cosh(k(b +2))
El( / kJQ OSh(bk) ————2dk (2.71)
R tanh(bk)cosh(k(g — z))
Es(r,2) = / kJo(kr Sinh(gh) dk (2.72)

with Q = I/S?

We see that F; does not depend on g but depends only on the thickness b of the resistive layer. This is evi-
dent 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 io(r) flowing into the grounded plate at z = —b is related on the field on the surface of the
grounded plate by

T *1
io(r) = —oFEi(r,z = —b) = ﬁ/ =Jo (Q) Y dy (2.73)
0

with y = bk

For small values of r we can insert the series expansion for Jy(x) and evaluate the integrals gives :

1 yr Y T2 T\
590 (4 ~ 0.916 — 1.483(%)2 + 1.873(2)" — 2.74
/0 270 b)cos(y) (b) + (b) ( )
For large values of r :
1 yr Y 71' T
—Jo (= ~ e ->1 (2.75)
/0 270 < b ) cos(y)  2./r/b b

Both those approximation of current are plotted in figure 19 and we see that for r/b > 2 the exponential approxi-
mation describes the situation already to very high accuracy.
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1 1 | I T T T
1 15 2 25 3
rib
Figure 19: Current density i(r) at z = —b. The blue curve represent the second order approximation of (2.74),

the green curve the fourth order approximation of (2.74) and the yellow curve the approximation of (2.75).

2.6.3 Surface resistivity

Z:70 Z5=9
: E Q=ly/s’ :
? -------------------- Z; . 3__&o ROV - 2;=2,=0
L3 . z1=
Z=-b
x=1ﬁl'=|'=0

zﬂ='

(a) Genetal 3 layer geometry with a point charge Q2. (b) A resistive plate with conductivity o together with

an thin layer of surfave resistivity RQ2 /square and im-
pressed current o

Figure 20

The glass or Bakelite might develop a conductive surface once the electric field is applied. We employ the
formalism for 3 layer geometry like before with :

1 I
6126067«4—0'/5 62:€0+m €3 = € Q1=O QQISJ%

withzp=—-b 2 =0 22 z3=g
and we perform the zy — z; = 0 With the previous process and by using lim_,o sf(k, z, s) :

Iy

Filks2) = ) + &/ (R simb (o] Sk +2)]] (2.76)

ol ) = & fo [sinh(kb) sinh[k(g — 2)]] ©.77)
S )= 5 Sinhi(kg)[cosh(kb) + k/(Ro) sinh(bk)] g ‘

Iy [*™ cosh[k(b + z)] dk 2.78)

Ei(r,z) = T oon o kJo(kr) cosh(kb) + k/(Ro) sinh(bk)

I 5 sinh(kb) cosh[k(g — z)] dk (2.79)

Es(r, z) = 207 J, kdo(kr) sinh(kb) + k/(Ro) sinh(bk)
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And the current ig(r) :

. Io [*1 . ryr Yy
to() B (r,z ) b2r /0 270 ( b ) cos(y) + 7z sinh(y) Y (2.80)

with 32 = Rob

In the limit of high resistivity R — oo we recuperate the expression from the previous section without any re-

sistive surface layer.
Br
. Iy B [me ™
2.81
io(r) = %r 2 (2.81)

Comparing this with relation (2.75) we see that the radial exponential decay of the current is not any more governed
ny the characteristic length 2b/7 by b//.

2.7 Single Thin Resistive Layer

Now we want to study the fields of a single layer of surface resistivity R at z = 0,where we place a charge Q at
r=0att=0. We write Q(t) = QO(t) with O(t) the Heavyside step function. If we use the Laplace domain in
take the form Q(s) = Q/s.

z]:O'D
y b E€37g Q,=0
. z— 0
¢, | E7EqHSR(zr2,) i
o B{T] X '0 -Q z,=0
RO/ ¢ E7E |
" L:\Z-O'D
(a) A resistive layer with surface resistance R. (b) 3 layer geometry

In this case also we use a 3-layer geometry with variables :
_ _ 1 — _Q —

€a=¢€ €e=¢c+ 5 =€ Q=7 Q=0

By taking the limits :

zo——00 21=0 20—0 23— 400
The solution for the 3 areas are :

fr =M€+ Bie ™ = fi = Aet*

fo = Age® + Bye k=

f3 = Agekz + Bgeikz = f3 = Bgeikz

By =0 and A3 = 0 because at the infinities the quantities fi, fo must be zero.

Boundary conditions
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fi=fa=A1=4+B 2=2z=0 (2.82)

1 1
€A — <€0 + ) (A2 = B2) = Q = €gA1 — (e + —5—)A2 + <€0 +

By = =21=0 2.83
sRzy sRzy ) 2=Q z=2 (2.83)

sRzo

AqeP 4 Boe™F#2 = BieF2 2 = 2, (2.84)

1 1
€ + Aqgeb® — (¢ + Boe %2 4 ¢gBseF =0 2= 2z (2.85)
sRz9 sRzp

We multiply (2.82) with (¢g + —2—) and add it with (2.83) :

sRza
2¢p + 1 A 2 + ; Ay =Q
€ SRz ! € sRzo 27

2¢0sRzo +1 — QsRzs

A=A 2.86
2 ! 2(sRzo€p + 1) ( )
2¢0sRzo +1 — QsRzs
By=A, —Ay=A, — A
2 ! 2 ! ! 2(sRze€9 + 1)
A+ QsRz
By= ——~—— 2.87
2 2(sRza€p + 1) ( )
from (2.84) by using A, and B, from above :
Ay 2k QsRzy 2kzy—1
By =——+——[2(sR 1 241 - z2 2.88
3 2(SR22€0 + 1) [ (S 20+ >6 + ] 2(8R2’260 + 1) (6 ) ( )
Now from all the above we have:
A — QsRZQGOe’“Z? + cosh(kz2) sRz(egsRzg + 1)
L k(sRzyeo + 1) 2(egsRz)%e*#2 4+ 25 Rzoepe??2 + sinh(kza)
4 — sRzyeper*? + cosh(kzy)sRzy
L ¥ 0cpsRageka2 (e0sRz2 + 1) + sinh(kzy)
R 2 kzo + eFr2 4o k22 R
A — (sRz2)%€ge e ki_z?m 2.89)
2608R226kz2 (GosRZQ + 1) + %
If we use z9 — 0 :
QsR
A= —F————
k(2€9sR + k)
and if we use
Q= Q
QR
= v 2.90
! 2€0$R + k‘ ( )
From (2.86),(2.87) :
A, QR — B, (2.91)

- 2(2e9sR + k)
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With the knowledge of the 3 of 4 coefficients we can go now to (2.88) and find the Bj :

QR
Bs = 2.92
57 2¢psR + 2¢0sR + k ( )
If we return to the solutions f1, f2, f3 :
QR
=AM = fi = : 2.93
fi 1€ h SeosR 1 k° (2.93)
fo = Agef® + Boe™** = f, = QiRcosh(kz) for z=0 (2.94)
2¢0sR + k '
- _ QR

— Bae—t* o f. z 2.95
f3 3€ f3= YeosR I k° (2.95)

We will use the solution f; and f3 for some cases of layers in the next parts. We prefer to use them in the

time domain :

_ Qo k(vt—2) . Q k(utt2) _ 1
f1_2606 f3—260€ fOI‘U—2€OR

2.7.1 Infinitely extended resistive layer

z
2 @(x.y2.t) forz=0
¥
al(x.yt) Y
i
Q*a(t) = 1
Q
R Q/ W

(a) A point charge placed at an infinitely extended resis- (b) The solution for the time dependent potential is equal
tive layer at t = 0. to a point charge moving with velocity v along the z-axis.

Figure 21

We will start from an infinitely extended layer. The charge Q will cause currents to flow inside the resistive

layer that are "destroying" it. The solution for the potential is :

_ Q > —k(vt—=z)
o1(k, z,t) = Tneo Jo Jo(kr)e dk
b3(k, 2,1) / Jo(kr)e k=) qy
47'('6()
and from (2.9) :
Q 1
r,z,t
ol ) dm(eo /12 + (=2 + vt)
1
¢s3(r, z,t) @

(2.96)

(2.97)

(2.98)

(2.99)
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The potential to the point charge placed on the infinitely extended resistive layer at ¢ = 0 is equal to the po-
tential of a charge @ that is moving with velocity v = 2; % away from the layer along the z-axis.

We can calculate the charge density q(r,t) on the resistive layer through Gauss law :

01 O3
t - A |z=0 — A  lz=
q(r;1) eoaz| 0 eoaz| 0

t
q(r,t) = Q ! (2.100)
2 72 + (’U2 +t2)3

Lastly we calculate the total current I(r) flowing radially through a circle of radius r :

27“7r 8<p1
‘R or

I(r) = 2 B(r) =

B Qur?
A —lr=0= 555 (2.101)

2 + (v2t2)3/2

2.7.2 Resistive layer grounded on a rectangle

(0,0) x=a
[ /| A1)

Figure 22: A point charge placed on a resistive layer that is grounded on a rectangle.

In this case the resistive layer a grounded boundary at x =0, x = a and y = 0, y = b and place a charge ()
at position xg, yg at t = 0. The potential is given by (2.30). We assume that the currents pointing outside of the
boundary, the currents flowing through 4 boundaries are :

Lix(t) = Rfo 3%1‘1 ody Lx(t) Rfo dipl |z ady
6] o
Liy(t) = =5 Jo =% ly=ody Ly(t) = % Jo =%+ ly=pdy

with % = 2€v

o1 = % i i sin (liﬂ) sin (lx;)ﬂr) sin (mgﬁ> sin (m;zoﬁ) %
with f; = e ki)

We will start with the I;x(t)
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QA . (law\ . [lzem . mymy . myory e FvIT2)
0= ey 2o 20 i (7 s (5 Jain (5 ) sin () T
8¢1 . Q 4 > - I lxom myom eik(vtiz)
Ox =0 2¢g ab 27; a ot ( ) ( b ) k
1 [ o¢
La(t) = —— | —224 _ody =
Q 4 XK Inr . dxom. . /mymy . myemy e FvtT2)
2601)2—60%;7;;5111( b )sm( . )sm( 2 ) ’ dy
_4Qu s o ! 1 . (lzom\ . rmyemy e FE2)
L, () = =5 ;;Euf(q) ] sin (b) sm( ; ) - (2.102)
By doing the same we have for the other currents :
4QU N o= | . o [lzom . /myomy e Fi=2)
La(t) = =5 ;;E(*U [—1+ (—1)™]sin (b> sm( . ) - (2.103)
Ly(t) 4QU = m[1 (1) lzgm i (my(ﬂr) e k(vt=2) 2.104)
= —= —[1-(= in [ —— | sin :
Y e L] b b z
4QU K = m m 0o (lzem . ymyemy e R
Ly(t) = —5 ;;7(—1) [-1+ (=1)"]sin 5 bln( 2 ) k (2.105)

(0,0} x=a

Figure 23: A point charge placed on a resistive layer that is grounded on at x = 0 and x = a but insulated on the
others border.

In this case the resistive layer is grounded at * = 0, z = ¢ and insulated at y = 0, y = b. The currents are
only flowing into the grounded elements at + = 0, z = a. By using (2.31) we can have :

1 [ O¢; Q sin (o)
Lix(t) = ——= ———|p=0dy = ——— 4 2.106
1(t) R/O Ox le=0dy T cosh (%) — cos(( fraczoma) ( )
La(t) = —i/ ooy g @ sn(5F) (2.107)
VTR, oz =Y T Tn cosh(%) + cos (£2T) '
For big large times both the expressions :
2 —t
La(t) = Lx(t) ~ _2Q sin (M> eT (2.108)
Tr a
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Both those two currents and the approach for large values can be observe on the next figure. We assume that we

have a charge deposit at position z¢ = a/4

25

-I(t)/(Q/xT)

0.5

ST T

1

Figure 24: Currents [, (t)(top) and I5,(t)(bottom) from the of figure 23 for o = a/4. The straight line in the

middle refers to the approximation from 2.108.

2.7.4 Resistive layer parallel to a grounded plane

(a) A resistive layer with surface resistance R in presence
of a ground layer at distance b

Zzzw
b:  £37¢ Q,=0 o
Zy=>
92 ‘52:50*'11'5'*{22-21}: =0
_ 'Q,=Q
b &g |
Z.:.z-b

(b) 3-layer geometry by performing the indicated limits of
the expressions for 22,23

In this part we want to study the fields and charges in a layer of surface resistivity R at z = 0 where we place
a charge Q. AT r = 0 at t = 0 in presence of a grounded plane at z = —b as shown in figure 25.
Like before we have €; = ¢y €9 = €9 + ﬁ eg3=¢ Q1= % Q2=0

By taking the limits :

zo=-b 2z21=0 2z0—0 23—+
The solution for the 3 areas are :

f1 = Alekz + Bleikz = fl = Aleibk + Azekb

fo = Age™ + Bye

f3 = Agekz + Bgeikz = fg = Bgeikz

As = 0 because at the infinity the quantity f, must be zero.
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By using the previous process or with the help of some programs like Mathematica we find :

_ QRe* _ —QRe™* B _ —QRsinh(kb)
A= 2D (k) B = 2D (k) A3 =0 By = D(k)
with
D(k) = ksinh(kb) 4 e*¢gRs
In the Laplace domain :
_ QRe _ —QRe™* B _ —QRsinh(kb)
A=5pm BT pm 70 B — o (2.109)

2.8 Uniform currents on thin resistive layers

In this part we discuss the potentials that are created on thin resistive layers from uniform charge deposition. In
detectors like RPC’s 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 %y on the resistive layer.

}I r

a

R O

(a,b)

- ——

-(0,0) (@D =x

Figure 26: Uniform current "impressed" on the resistive layer will result in a potential distribution that depends
strongly on the boundary conditions.

First we will investigate the geometry shown in figure 25. We have a charge dq at position zy and yy and after
a time t is given by :

dq(t) = igrodroddoet and in Laplace domain dg(s) = igroclrod(;SoSi2

From 2.7 we replace Q)/s by q(s) so :

Rio’l"o d’l“() d¢0

Riorodrodfo k= g g ) = el (2.110)

fl(kaz): L

In this geometry we have a rectangular. We replace rodrod¢g by dxodys and perform integration foa dxo fob dyo on
(2.30) and so :

oA 1= (D[ = (=)™ ]sm(l”)sin(M

— j— y 4 b ) k,mz
¢1(I7y,2’) _¢3(Iay772) —abRZOE; Z: l3mb/a+m3la/b € (2111)

This expression cannot be written in closed form. The peak can be found by setting d¢; /dz=0,d¢, /dy = 0. It can
be found at © = a/2 and y = a/2, which is also evident for symmetry on this geometry.
The maximum potential on the resistive layer is then :

5 ( /2 b/2 0) Q202 Ri % Z Z (_1)l+rn, 2.112)
maz @ z = to bQ — 1) + a2(2m — 1)3(21 - 1) .



33 2. Electric fields,weighting fields and signals in detectors including resistive materials

for square geometry (@ = ) the sum evaluates to ~ 0.59 so the peak voltage in the center is :

Gmaz =~ 0.07T4Riga® = 0.074R I, o (2.113)

2.9 Uniform Currents on a resistive plate covered with a thin resistive layer

ZSZGQ
A Q=i fs?
= L J Zy9Z,
¢'4 54- Eo+1l'5R(z"Zn) E (a,b)
¢ + f - Z3= d
E,= ars
3 | B3TEE, i 292,
¢, | &=5HIsRIZy2) S =0 _
- Q=4 /52 (0.0) RO/ (a,0) x
b &7g ! ’ o
: zy=ce N
(a) Geometry to define a single resistive layer of thickness (b) Uniform currents of+4g,—ip on the top and bottom of
d covered by a resistive surface layer of resistance R / the surface

Square.

Figure 27

In this part we want to investigate the potential drop across a rectangular resistive plate that is covered by a
thin resistive layer, that is grounded on two sides.
From before in this case we have :

eF# sinh (%)

10
kz) =2 2.114
filk,2) 0 cosh (%) + % sinh (%) ( )
; k(d—z) h kz
S P — sinh (7) (2.115)

o cosh (5d) + £ sinh (&)
We can see that f5(k, z) = f1(k,d — z), which is due to the symmetry of the problem. For uniform illumination

we proceed as before by talking the solution a grounded geometry at = 0 and # = b and insulated at y = 0 and
y = b and we write tgdxodyo and integrate over xy and yg, which gives :

00 1\ i (o
n(x,2) = ZaZ il 1127];111( g )fn(lﬂ/a,z) (2.116)
1=1

The potential difference between the top and the bottom of the plate, is given by :

4aig ~= [1 — (=1)!]sin (lz—") sinh (ld—”)
AV(z) =¢1(x,2=0) — ¢5(x, 2 =d) = 4 - 72“ - - (2.117)
o PR b () b ()
The maximum potential found at = a/2 and evaluates at :
= [ (- ()2 sinh(4x)

AV (a/2) = frac2aigo - 2.118
(a/2) =1 0 ; 1272 cosh(4r) + alga sinh(4x) ( )

For a infinitely long layer we expand the expression for small values of d/a :

~ e = (CD)PEDIR 1de

AV (a/2) =~ frac2azoal_zl 2.2 5y = ;d = AV, (2.119)

which is the expected expression for the voltage drop across s resistive plate. The effective resistance of a small
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surface A id therefore given by :

AVy— g _0A, g 4
ag

i — = ol (2.120)

with Ry = -4

In case the plate resistivity is much larger than the surface resistivity we can neglect the first term in the de-
nominator and the expression evaluates to :

1
V(a/2) = 1aQRiO =AW (2.121)
The effective resistance of a small surface A is :

1
AVy = *CL R’LO = ma RAZQ = Ha RIO =Rl (2.122)

with R1 1A (12R
The transition between the two cases pf surface resistivity only and bulk resistivity only is therefore given when
Ry = R

For 4D
R():Rl*)R:jZ: Reyy (2.123)
aga

The expression for the potential difference across the plate can be written :

o l lam : ldm
AV 4azo Z g; ]:m( ) _ sm}};egf lwl ; 2.124)
=1 g cosh ( ) + =5~ 14 sinh (T)

and defining f = d/(2a), the maximum potential AV in the center of the resistive plate at x = a/2 :
The expression for the potential difference across the plate can be written :

. lfm
11— (=1)2(=1)0+1)/2 sinh InF
AV(z) - AVp = 3 LD ]z (1) Rgflf {2 : (2.125)
=1 a cosh (ITf) + = g sinh (irf)

As an approximate model one can assume that the current that is placed on the resistive plate will divide to
the effective resistances R; and Rj, so the voltage drop should be given by

RoRy AV,

AV ~ Iy 2.126
Ro+ Ry 1 + eff ( )

This expression is very close to the first term of the sum in (2.125),(l = 1) in face of f < 1.

For practical RPC’s applications with glass RPC’s, the glass thickness is typically 0.4 mm and the length a is
about a = 0.7c¢m, so a typical value is f = 0.01. The figure 28 shows both those expressions and we see that the
expression works quite well.
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Figure 28: Voltage across the center of the resistive plate for a value of f = d/(2a) = 0.01. The dots refer to the
exact formula (2.125), the curved line corresponds to the approximation from (2.126).

2.10 Signals and charge spread in detectors with resistive elements

In this subsection we calculate the signals induced on a readout pad or a readout strip in presence of a resistive
layer, either as a bulk resistive layer touching the readout structure figure 29 or as a thin resistive layer that is
insulated from readout pads(figure ). Like we discussed before the time dependent weighting fields for a pad of

V=0 ) =

/ g v — s

E EI_ '
0 w 1
! 2,20 R__& FEu i
€,0 . : 2,0
T vV, £ i
V=0 W Z=b v P z;=-b
= W‘ ¥ V=0 W, wy Y
x=y==0 w=y=r=0
(a) Weighting field for a geometry with a resistive layer (b) Weighting field for a geometry with a thin resistive

1

layer of value R.
[eg

having a bulk resistivity of p =

dimension w, and w, centred at zero and a infinitely long strip of width w, and w, centred at zero, can be written

A G G E G R G e
E:(z,y,z,t) = —— cos | ky— |sin | kp,— ) cos | k,= | sin | k,— | ———=dk,dk (2.127)
(:9,%1) g ™ Jo Jo g 29 Yg Y29 )  kiky v

Vw2/°°/°° ( x) _ ( wI> h(k,z,t)
E:(z,y,z,t) = —— cos | ky— | sin | k,— | ——+dk,dk (2.128)
(@9,2,1) g m™Jo Jo g 2g ki k Y

for both geometries.

2.10.1 Layer with bulk resistivity

For a layer with bulk resistivity of p =1 / o the expression of h(k,z) (for 0<z<g) is :

_ 2\ (edt) L, -t
h(k,z,t) = kcosh (k <1 — g)> (D(k:) + p b (k)e ) (2.129)

D(k) = sinh (k;) cosh(k) + €, cosh (k;) sinh(k) (2.130)
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sinh (kg) cosh(k)
D(k)?

sinh(k) cosh (kg)

bl(k) = D(k)

fi(k) = (2.131)

with 79 = €o/0 = €op

We investigate the geometry where the ground plate at z = —b is segmented into infinitely long strips of width w,,.
We assume a pair of charges @,-Q) produced at t = 0 at z = 0, the charge Q does not move and the charge -()
moves from z = 0 to z = g with uniform velocity z(t) = vt = gt/T, O<t<T,T = g/v(figure ).

The current is :

I(t) = 7;—62 Ey(z, 2(t),t — ") (t')dt’ ) / ),t —t")g/Tdt' t<T (2.132)
w Jo
o T Q T
—/ Ey(z,2(t),t =)' (t")dt' = 7/ Ey(z,z(t"),t —t)g/Tdt’ t>T (2.133)
0 0
And so : Q b (k — kt/T)
T w € COS — kt
I(t<T) / cos<k >bin<kzm>x r +
( g 2 ) D(k)
—t1 —_ o
by o (f1cosh(k) + Zksinh(k)) — f1 cosh (k — k&) — K% sinh (k — k) a 2.134)
-7
) - o h(k) + k8 sinh(k)) —
I(t>T)=Q/ — coS k;w{ sin kw% bie” TOTfle v (flCOS ( ) + k% sinh(k)) fldk (2.135)
T ), 7 g 2g T 12
For a very high resistivity limit 7p — oo the layer represents and insulator and :
»cosh (k — kX
T(}gnool (t<T) Q / — cos ( > sin (kJ;);C) ECOSD((k)T)ko
lim I(t>T)=0 (2.136)
To—>00
For the case where the layer represents a perfect conductor the expression becomes :
h(k— kL
lim I(t<T) = Q/ cos( )sm(k ) o8 ( T) dk
700 29 ) sinh(k)cosh (k;g)
lim I(t>T)=0 (2.137)

T0 —0
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 resis-
tance to ground, the signal will spread to all 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.

Figures 29,30,31 show the induced current signals given above on a central strips w, = 4¢g and the first neigh-
bouring strip centred at x = 4g¢ for different values of conductivity, for a different time constants 75. The figures
show in dashed lines also the limiting cases for a very large and very small values of 7.
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Figure 29: Uniform charge movement from for z = 0 to z = g, with €, = 1,w, = 4¢,b = g,t9 = 107
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Figure 30: Uniform charge movement from for z =0 to z = g, with €, = l,w, =4g,b=g,to =T.
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Figure 31: Uniform charge movement from for z = 0 to z = g, with ¢, = 1,w, = 4¢9,b = ¢,{p = 0.17.

First we observe that all the signals are unipolar, which is due to the fact that the charge that is flowing in
the resistive bulk layer in order to compensate the charge —(@ sitting in the surface of the resistive plate. is
truly coming out of the readout strips. For 7y = 7' 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(smaller) is the tail of the signal, for 79 = 107". For short time constants of the resistive layer the signal on
the central strip is large and has short tail and the crosstalk to the neighbor strips increases(for 7y = 0.17)).

Next we will give the result for a pair of charges created at z = g and the charge -() moving from z = g to z = 0

) _ t
with 2(t) = g — %.
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—tf1
Q /°° 2 T\ . Wy € cosh(kt/T e 70 — ficosh (k‘%) + k78 sinh (k:%)
It <T)== — ky— s ky— ———+b dk
(t<T) T ), L o8 \Fe )sin { Ko ) +b1f1 kQT—g—ff
(2.138)
=t 4 kT sinh(k) — fi cosh(k)
t—T ) =2 —
t>1) =2 / = cos(ky =) sin (k ””) ble 7o 11 < il 1O g (2.139)
g 29 - ft
For a very high resistivity limit 7p — oo the layer represents and insulator and :
,cosh (k4
T(}l_r}n()ol (t<T) Q / — cos ( ) sin (k;;;) e(DDSUf()Hdk
lim I(t>T)=0 (2.140)
To—>00
For the case where the layer represents a perfect conductor the expression becomes :
h (kL
hmIt<T Q/ cos( )bln(k ) eos ( T) dk
00 29 ) sinh(k)cosh (kg)
hm It>T)=0 (2.141)

To—0

2.11 Layer with surface resistivity

Last we discuss the example for a thin layer of surface resistivity R on top of an insulating layer. The expression
of h(k,z) :

h(k, 2,t) = kcosh (kz(l - Z)) (613%;)) - Tion(k) "‘f%ék)) (2.142)
D(k) = sinh(k (Z) ) cosh(k) + €, cosh (kS) sinh(k) (2.143)

€, sinh (kg) sinh(k)
D2 (k)

sinh(k) sinh (kg)
D(k)

by(k) = k fok) =k (2.144)

with Ty = €y Rg is the ’time constant associated with the resistive layer’ in the given geometry.
For a pair of charges ),-Q produced at t = 0 at z = 0, the charge () does not move and the charge -) moves from
z =0 to z = g during a time T, we find :

_Q [T2 Ty . Wy e cosh (k — kt/T)
I(t<T)—T/O WCOS(kmg>Sln<kw29>X[ DR) +

—tf2 - . o
by e 70 (fycosh(k) + Eksinh(k)) — {2 cosh (k— k%) — K22 sinh (k — k%) dk (2.145)
k210 — f2
T2 J2

o0 =2 h(k) + k22 sinh(k)) —
It>T)= Q/ 2 cos (kwaj) sin (kwa> b26 ¢ (f2 o8 ( ) 7 $inh(k)) — fo dk (2.146)
TJo = g 29 K27 — f2
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The limited case for high resistivity is equal to the previous subsection’s where there is only an insulating layer.
For the limited case for small resistance R, the I(t) becomes zero, since the resistive layer turns into a ‘'metal plate’
that shields the strips from the charges —() and Q.

The signals for a central strip of width w, = 4g as well as the neighbouring strips at ¢ = 4g and © = 8¢ as shown
in figures 32-36 for different values of R and different time constant 7j.

wgam g g
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Figure 32: Uniform charge movement from for z = 0 to z = g, with €, = 1,w, = 4¢,b = g,t9 = 107
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Figure 33: Uniform charge movement from for z =0 to z = g, with €, = l,w, =4¢g,b=g,t0 =T.
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Figure 34: Uniform charge movement from for z = 0 to z = g, with ¢, = 1,w, = 4¢9,b = ¢,{p = 0.17.
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Figure 35: Uniform charge movement from for z = 0 to z = g, with ¢, = 1,w, = 49,0 = ¢,tg = 0.017".
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Figure 36: Uniform charge movement from for z = 0 to z = ¢, with €, = 1,w, = 4¢,b = ¢,{¢p = 0.0017".

In case the time constant T is large, the effect of resistivity disappears and the case of Ty = 107" shows signal
shapes very close to the on from the previous section for large values of 7y. For decreasing resistivity and so 7)), we
see that the signal on the central strip starts to be "differentiated" and develops an undershoot and the crosstalk

to the other strips increases.

The signal are strictly bipolar. 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.
Next we will give the result for a pair of charges created at z = g and the charge -(Q) moving from z = gto z =0

—tf2
<9 2\ € cosh(kt/T T — h(kL) 4+ kLo sinh(k4
I(t<T):%/ 7Tcos(k:gcz)s,m< w )6 cosh(kt/T) _ e ™ = facosh(kg) + k7t sinh( T)]dk (2.147)
0

ky—
2¢ D(k)

—Tfo

2
27 2
k7% — f3

> t=T To kLo sinh(k) — h(k
I(t>T)= %/ ~ cos <k‘xx> o <k$?> bae~ T2, @0 TR Sinh(h)  fo coshlk) ) (2.148)
o T g g

2
2 I 2
k TOZ_fQ
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3 Micromegas Simulation with Ansys Maxwell

In this Section and the next one we will try to analyze some structures of Micromegas Modules. Specifically in
this Section we will create some variety of MM, with the help of Ansys Maxwell 14.0. Our aim is to check how the
capacitance between the strips are changing for every one of those modules. Our analysis will focus mostly for the
values between the central strip and the two neighbor in all those cases.

Maxwell is a high-performance interactive software package that uses finite element analysis(FEA) to solve two-
dimensional and three-dimensional (3D) electric,magnetostatic, eddy current and transient problems. In this
section in order to create the modules we need, we solve two-dimensional problems.

3.1 Structure of the creating Modules by Maxwell

In the following figure that was taken by a microscope we can see a form of the Micromegas Module that we
examine in our work.

208.10um (s)

Figure 37: Micromegas Module by microscope

The Micromegas modules that we are creating in this section are consist of the following parts :
(A) the bottom is the element Fr4 with dielectric constant 4.4.
(B) the readout strips that they are important to read the signal and they are creating from copper.

(C) the area between the Resistive and the Readout strips consisting of insulating material PC1025 Dupont with
dielectric constant 3.5.

(D) the Resistive strips that they consisting of Resistive material with conductance 0.059 siemens/m and dielec-
tric constant 1.

(E) a support area of the Module(we will not focus on this).

In the next subsection we will give more details about those parts and their dimensions.

3.2 Micromegas Modules

In the following figure is shown the general structure of the Micromegas module that was built by the Ansys
Maxwell program. The following module has 3 Resistive strips and 3 read out strips.
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Line
128 ym Resistive Strip ‘1 8 ym
Readout Strip Kapton | 85 um
500 pm Fra

Ground

Figure 38: Micromegas Module with 3 Resistive and 3 readout strips.

As we discussed in the previous subsection all of our models are included by the fr4, the Dupont and a number
of Resistive and Readout Strips. We will also add a Mesh(line) from Iron on a distance 18 um from the Resistive
strips and also we put the Ground on the down part of the Fr4.

As for the size of its components Ansys Maxwell give us a great variety of options to change the dimensions
on the 3 axis and "play" with them. We will hold the 2-D option for our structure.

So to have a basis for all of the Modules we are going to discuss, we will give the the following dimensions to

the elements :

e The resistive strips have width 300 um and thickness 15 pum

The Read Out strips have width300 um and thickness 17 pm

e The Fr4 has 500 um thickness.

e The kapton has 85 pum thickness .

The line has 27 um thickness.

e Between the kapton and the line we left a space of 128 um.

This section is concerned with 5 strips and 9 strips Modules. Our Modules were slipped on two categories the LM
Modules and the SM Modules. The different between those two Modules is the pitch. The LM Module has 450 um
pitch and the SM Module has 425 pm pitch.

450 pm

< »

Figure 39: LM Module
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< 425ym

Figure 40: SM Module

For this section we built with Maxwell 7 Modules :

e two LM Modules with 5 and 9 strips each

e two SM Modules with 5 and 9 strips each

e one 5 strips Module with 100 pm distance between the strips

e and finally two Modules with 5 strips each for those two categories, but this time we added as new material
glue.

By doing all these Modules we want to see how the capacitance between the strips change, by add more materials
on the Module or increase the distance of some of the components.
3.2.1 Micromegas 5 strips LM Module

The first module is discussed is a 5 strips(Resistive and Readout) LM Module. In the end of the analysis with
Maxwell, the program will give us a panel with the capacitance of all the strips.We focus on the central strips
that in this case is Readout Strip 3 and the Resistive strip 3(Res-Ro) and the capacitance between this strip and
Readout Strip 2(Ro-Ro), Resistive Strip 2 and the capacitance between Resistive strip 3 and 2(Res-Res). The values
we got from this module are :

o Res-Res : 2.6861
e Res-Ro : 163.3

e Ro-Ro : 30.39

-
n
w
-
L4

X

Figure 41: 5 strips LM Module

In the following table Maxwell gathered all the capacitance between the strips. The abbreviations Res and Ro
are for Resistive and Readout strips. As for the the numbers of the strips were selected for the row that they were
placed on the Module.
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ground line resl resl res3 resd ress stl f2¥] 513 st4 st5
ground 288,25 -79,952 -2,296 -0,56658 -0,56401 -0,5644 -3,4541 -46,262 -34,409 -34,254 -34,444 -44,685
line -79,952 281,12 -34,415 -31,947 32,209 -31,942 -35,865 -11,017 -2,4006 -2,117 -2,4168 -9,9517
resl -2,296 -34,415 220,68 -2,9729 -0,0002031 -1,32E-05 -174E-06 -175,07 -5,9091 -0,010851 -0,0008025 -6,77E-05
res2 -0,56658  -31,947 -2,9729 213,52 -2,6861 0,0017694  -1,70E-05 -5,0968 -163,02 -6,2232 -0,0085365 -0,0007374
res3 -0,56401 -32,209 -0,0002031 -2,6861 214,11 -2,6861 -0,0002529 -0,0099098 -6,3071 163,33 -6,3071 -0,0097896
resd -0,5644 -31,942  -1,32E-05 0,0017694 -2,6861 213,52 -2,9847 -0,0007465 -0,0085363 -5,2232 -163,02 -6,092
rass -3,4541 -35,865 -1,74E-06 -1,70E-05 -0,000252% -2,9847 217,72  -8,73E-05 -0,0010204 -0,013786 -5,9518 169,45
stl -46,262 -11,017 -175,07 -6,0968 -0,0099058 -0,0007465  -B,73E-05 265,24 -30,148 -0,58054 -0,043004 -0,0035561
st2 34,409 -2,4006  -5,9091 -163,02 -6,3071 -0,0085363 -0,0010204 -30,148 273,15 30,395 -0,50868 -0,042478
st3 -34,254 -2,117  -0,010851 -6,2232 -163,33 -6,2232 -0,013786 -0,58054 -30,395 274,11 -30,396 -0,57346
st4 34,444 -2,4168 -0,0008029 -0,0085365 -6,3071 -163,02 59518 -0,043004  -0,50868  -30,396 273,15 30,05
st5 44,685 -9,9517  -6,77E-05 -0,0007374 -0,0097896 -6,092 -169,45 -0,0035961 -0,042478  -0,57346 -30,05 260,86

Figure 42: Table of capacitance for 5 strips LM Module.

3.2.2 Micromegas 5 strips SM Module

The process in this module is the same with the difference that in the SM Module the distance between the strips
is less than before.

o Res-Res : 4.4941
o Res-Ro : 158.27

¢ Ro-Ro : 36.27

L]
1 2 3 4 5

Figure 43: 5 strips SM Module

ground line resl res2 res3 resd ress st1 5t2 st3 st4 st5
ground 284,27 83,22 -2,6589  -037587  -0,36966  -0,39012  -2,4375 -44,079 32,824 -32,609 33,753 -45,759
line 83,22 277,74 33,217 30,684 30,784 31,837 35,918 -10,686 -1,8792 -1,5925 -1,3876 -9,6381
rest -3,6589 33,217 210,71 44908 000051881 -1,33E-05 -1,29E-06 -163,89 6,4382 -0,013044 -0,001135  -9,90E-05
res2 -0,37587  -30,684  -4,4908 211,01 4,4941  -B94E-05  -1,31E-05 64376  -158,14  -6,3767 -0,0080412 -0,0006905
res3 -0,36956  -30,784 0,00051881 -4,4941 212,56 -5,9014  0,18861 -0,0085989 -6,5489 -158,27 -6,3782  0,004718
resd -0,38012  -31,837 -1,33E-05  -8,94E-05 -5,9014 219,44 -7,9658 -0,0007658 -0,0080088 68676 -159,33 -7,1376
ress -2,4375 -35918  -1,29E-06 -1,31E-05  0,18861 -7,9658 230,86  -7,20E-05 -0,0007447  0,013336 -6,7745 177,97
st1 44,079 10,686 -163,89 -6,4376 -0,0085599 -0,0007658  -7,20E-05 262,18 36,245 0,75  -0,06522 -0,0056569
st2 -32,824 -1,8792 -6,4382 -158,14 -6,5489 -0,00B0088 -0,0007447 -36,245 279,1 -36,277 -0,67634 -0,058614
st3 32,609 41,5925 -0,013044 -6,3767 -158,27 -6,8676  0,019336 0,75 36,277 280,03 436,667 -0,62945
st4 32,753 -1,3876 -0,001135 -0,0080412 -6,3782 159,33 -6,7745 006522  -0,67634  -36,667 281,59 -37,548
S5 45,759 -9,6381 -9,90E-05 -0,0006905  0,004718 -7,1376  -177,97 -0,0056569 -0,058514  -0,62945  -37,548 278,75

Figure 44: Table of capacitance for 5 strips SM Module.

If we compare the 5 LM Module with this we can observe a different in the 3 values. The Res-Res and the Ro-Ro
values are higher in the SM Module, but the Res-Ro value are lower.

3.2.3 Micromegas 9 strips LM Module

In this case we increase the number of strips from 5 to 9 in the strips and their distances from each other are the
same with the 5 strips LM module.

o Res-Res : 4.4941
o Res-Ro : 158.27

¢ Ro-Ro : 36.27
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Figure 45: 9 strips LM Module

Tround [line res1 res2 res3 resa res5 ress res? resg resa Fey sz a3 st sts a5 a7 a8 P
ground 36117 2133 055774 05616 056349 0515 SSTI -0S6M9 085877 21169 2485 34189 3211 34233 3421 34197 33 34316 4237 4283
fine. 21332 35983 -3LA81 -3L945 33200 -3L945 31481 31484 31493 35081 35100 24578 A48 -2034) 1489 24562 16264 26054 11474 113
res] 0ssTi4 3tasl 2124 28733 0000187 10605 -LOSE06 30375 -BGIE0R  -305C-08  0,000102 16251 58957 0008882 0000731 SO3E-05 50163 47806 520607 0011348
sl 056326 31945 29739 21351 26861 0001768 -1006.05 0000165 -LOME6  -LOOED7  -LSGE0S 60812 -16300 62232 -Q.008536 0000716 -Q.010587 -5.766-05 -4,77E-0F -0,000864
res3 03610 32209 0010187 28861 241l 28861 0000187 138605 -L37E-05 130606 -LIGE-O6 0000512 53071 16333 53071 0019512 0000762 -0,000762 -629E-05 -516E-05.
sl 056325 31945 10605 0001768 -26861 21351 29729 104606 0000166 -LEIEDS  -LOTEQ7 0000716 -Q00ES36 62232 -16301  -6.0912 577605 -0,010538 0000881 -4,67E-06
ress 08577 31481 -105E-06 120605 -0,000187 28729 2124 8BIE-08 30375 0000118 -208E-0B  -SS3E-05 0000731 0008882 58957 1251 478608 53162 -0OLISTR| 506807
s 056209 31484 30375 0000165 -LE05  -1O04EDE -2.64E-08 3124 795608 -2.776-07  -2.8765 59166 0011207 000081 -GO0E-05 487606 16251 44307 -LGIE06 58905
res? 035677 31483 BBIE-08  -1O4E06 -LIJE-05 0000186 30075 785609 2124 29737 236607 4806 -598E05 00008 -ODINTI 58162 44107 16251 55008 -L43E-06
el 24163 35081 305608 100607 -LE06 183605 QO0OIlE -2 77E07 28737 13126 RS0E05 -L7O0E06  -578E06 76705 -0.001064 -DOLIIGE| -LSGE05 6126 -17481 -0,000451
resd 21885 35109 0000102 196605 13906 10607 -288E-08 20765 236607 782605 20135 0014155 0001135 810F-05 -5I6E06 -LGSE-06  -51284 -L46E-05 0000454 17484
e -M1%a| 24578 16251 -60912 -D00S511 Q000716 -5S3E05  -5.0166 -486E06 -L70E06 -Q0L158 27167 -2924 Q55713 0041263 -00033¢E| 29416 000027 293605 -0.63101
s 34211 2248 58357 16302 63071 008536 0000731 0011207 SS8E-0S 57806 -000UI3S 2984 27315 30306 -0SORST 004168 0218 000332 0000275 -0,050260
) 3323 200 0008881 62332 16333 -61332 -0,0058S1  -0.00081 Q0000 -767E-05 819605 -0SS7L3  -303%6 37411 -303%6 055712 -QDAMS4E 00441 0003699 -0,003516
st 3421 22483 0000731 0018536 53071 16302 58957 600605 0011173 0001064 6606 -0,041260  -0S0RET 30395 27315 20324 0003322 062128 -0,051284  -0,000263
us 3197 14562 -593E-05 Q000716 0009512 60912 16251 -4S7E06 -58162 -DOLIG6  -LGSE-06 -D003ME -Q.041268 055712 -29824  I7L67| D027 20409 Q64315 -2.B4E-05
s 3334 16264 58161 Q010597 0000761 577605 -A7EE06  -16251 481607 L5605 -6A294 29,436 -OGI  -DOME4E 0003312 Q00027 27137 -24SE05 913605 28757
a7 34316 26054 -ATBE-06  S76E05 0000762 010588 5018 44307 16251 61246 -LA6E-0S 000027  -000332  O0AM81 062128 29408 24505 27LE7 30,103 -BASE-05
ug 4277 11474 513607 477606 629605 0000881 Q011578 -LG2E-06  -5.8006 17491 0000454 283005 0000275 -0003698 005280 064375 -BAJE05  -30103 26606 -0.00258
Be) 42613 11332 0011348 0000854 66605 4E7E06  SO06E07 55305 L4BEO6 0000451 17484 063101 0050260 0003526 0000263 2BAE0S| 20757 BASE0S 0002586 2653l

Figure 46: Table of capacitance for 9 strips LM Module.

3.2.4 Micromegas 9 strips SM Module

This module also is the same with the 5 strip SM Module but with 9 strips instead of 5.
e Res-Res : 2.6861
e Res-Ro : 163.3

¢ Ro-Ro : 30.39

Figure 47: 9 strips SM Module

sround resl resd res3 st a3 resd res? resl ] ey sz PEl s 5 Ft a7 8 s

ground 03781 0In8s 037315 037043 0399 0377|3748 27137 20484 325 32564 32569 3254 30605 M| 32365 37| -diim
fine ‘30428 30681 -30918 323 -3L383 30767 31233 35814 371 -17ML -LGE2 1S -l404 1319 lpal| 15837 -loded| -109u
rasi 21083 44903 000568 S7LEO6 74E-07 44305 629608 -L6SE08| 0000306 1SS0 63922 0008802 0000766 -§MEDS 63544 -SASE-06 578607 0008591
res2 40903 31101 44941 0000115 744005 0000236 -6546-07 872608 -1386-05  -6433 15834 -63767 -O00B36 0000653 -0,00831F -SESE-05 -5A5E-06| -0,000781
res3 0000568 4434l 21172 44734 0000504 -OSE-06 3ABEO6| -934E-07 -LSE06 -0O0B30S 65481 15839 65124 000742 0000758 000008 -SBAE-05| 715605
rest 871606 0000118 44734 2263 44192 796607 00028A1| -6366-06 -LOVE07 0000715 00795 66574 15873 -67385 -6ATE-05 -0006275 -0000512 -606-06
rass TE07  TAMEQE Q000504 44102 21308 -BSMEDE 44190 0000471 -LSSEQ  5E7E05 000083L DO0ETTS 67836 1588 S31E06 67836 Q00064 SASE07
ress 44905 0000176 945606 JS6L0) -6SAL08 21131 599603 -SOTE-08| 40973 64935 0008345 0000306 J0IE-05 -SSIE06 15828 -SI0607 648607 64133
ras? B0E08  BSIEQT  LMEDF  00028A1 44100 SS9E00 21263 44733 950608 5.7E0F  5S5E05 000097 Q006275 67385 AENE07  -lSsI3 66600 SEIE07
resa LSEO8  87E0B  94E0] 636605 Q00041 -OJE-0B 44739 22262 355605 -13SE0B 740606 790E05 0000857 000834 -ASAE05 65475 -17305 -0,00202
rasd 0000306 -LIBEQS  LISE0F  LOTEDY  -LESEOR 44978 9SDEOR| -3SSE0S 23061 001454 000U7 DO00LOE  DMEQE -LATEDE 66427 BAIE06 0000037 17285
E 158,08 433 0008305 0000715 SEFEQS| 64335 5A7E05 L35E06 002658 27a6 35957 07242 0062911 0005208 35815 0000448 475E05 071413
) 63322 1534 -63481 0007755 000083 Q006745 -SSSE03| 70600 000117 35357 2M G277 QG733 -DOSSM Q70887 000481 -000462 -D0GGIR
FE) -0,008802 1 4| -0,006775 0000806 0000587 -7S06-05 0000108 07342 35277 28001 -3 06302 0065438 005179 0004375 -0,0061;

. 000766 0008038 G514 -1573  -57835 -70lE05 -Q06275 -000057 94406 0062911 -OE%S 36667 IEléd 37308 -Q.00632 056131 -0.05396E 0000537
s 534605 0000659 0007042 67385 -1583 -SBIE06 67385 -0009941 -L4JEOS 0005208 0055990 06002 -37.368 5230 0000471 37371 052868 -4BAE-05
a6 6364 0008317 00007SE  GATEQS  -S3LE06 15824 487607 ASE06 66407 35815 Q707 Q.06SA38 0005691 -DOOGATL  7ESE| 420605 S8EQ5|  -361H
s 545006 566605 000060 0006275 6783 -5I0E07 1573 65475 8A3E06 0000448 0.00481 005179 056192 37371 42205 Z8Lé 3635 514605
s 57807 5ASE06 SBAE05 000022 0007064 -GASE-07 666039  -173,05 -0000337 475005 0000462 0004975 05198  -062868 -5IME-05 36997 27138 00035
) 0008691 -0.000783 715605 6.0F-06 -SASEO7 64233 SE1E07 0000202 17265 071413 0086322 000617 0000537 -4BE0S 36138 SE05 000135 26839

Figure 48: Table of capacitance for 9 strips SM Module.

3.3 More cases of micromegas Modules

As the next step we examine some more cases of Micromegas Modules with different distances between the strips
and what happens if we put more elements in one of these Modules.

3.3.1 Micromegas 5 strips LM Module with 100 pm

We will start with reducing the distance between the Resistive strips and the Readout Strips at 100 pm. In the
next table we have the results for the central Strip.

e Res-Res : 6.92
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¢ Res-Ro : 153.3

¢ Ro-Ro : 45.92

100

Figure 49: 5 strips 100 pym LM Module

ground line resl res2 res3 rest res5 stl st2 st3 std st5
ground 27811  -84068  -3,0689  -0,21262 -0,21024 -0,20906  -2,2021 43009  -31,141  -30917  -31,067  -45042
line -84,068 27192 35125  -29,825  -29,924  -30,036  -34948  -B,6043  -11620 095012 -0,99395  -9,7425
res1 -3,0689 35,125 22535 -6,8392 0,00077905 -8,976-06 -1,32E06  -173,32 69746 -0,013659 -0,0013737 -0,0001461
res2 021262 -29825  -6,8392 21055 -69205 886605 -4,65E06 7,005 -153,2  -6,9225 -0,0053028 -0,0005453
res3 021024 -29,924 0,00077905  -6,9205 211,41 -7,0112 -0,0006611 -0,0054324  -7,0602 1533 69754 -0,005275
resd 020906 -30036 897606 -B8EE-0S 7,012 211,82 -7,1087 -0,000541 -0,0050825 7,098 -15341 -7,048
ress -2,2021 34948 132606 -4,656-06 -0,0006611  -7,1087 226,68  -7,53E-05 -0,0006864 -0,0067298  -7,1536  -175,26
sti 43,009  -BB043 173,32 -7,0205 -0,0054324 -0,000541 -7,53E-05 27881 -45925  -0,82021 -0,083095 -0,0087692
stz 31,141 11629 -6,9746 -153,2  -7,0602 -0,0050825 -0,0006864 45,925 29223 45921  -0,76063 -0,080217
st3 -30,917  -095012 -0,013659  -6,9225 -153,3 7,098 -0,0067298  -0,82021  -45,921 292,96 -46,244  -0,7655
sta -31,067  -0,99395 -0,0013737 -0,0053028 69754  -153,41  -7,1536 -0,083095  -0,76063 46,244 293,79 47,1
st5 45,042 -9,7425 -0,0001461 -0,0005453 -0,005275 7,048 17526 -0,0087692 -0080217  -0,7655 -47,1 285,06

Figure 50: Table of capacitance for 5 strips 100 pm LM Module.

3.3.2 Micromegas 5 strips LM Module with Glue

In this last two cases we have the same 5 strips LM and SM modules but with an extra glue layer above the
Dupont. The layer is actually Glue from teflon with Relative Permittivity 2.08.

o Res-Res : 4.28
¢ Res-Ro : 136.38

o Ro-Ro : 28.42

Figure 51: 5 strips LM Module with glue

ground line resl res2 res3 res4 resS st st2 st3 std st5
ground 290,93 71,437 -1,3917 -0,50377 0,566 05404 45666 53,543 3314 33246 34,391 -48,318
line 71,437 282,93 41,722 31,926 -32,218 -31,946  -20,206  -9,9855 -2,2253 -2,1068 -2,2671 -10,183
rest -1,3917 -41,722 236,3 -4,4585  9,14E-05 -1,14E05 -3,74E-06 -184,04  -4,6723 -0,0098196 -0,0007376  -7,30E-05
res2 050377 -31,926  -4,4585 186,71 -4,2824 0,0020047  -1,57E-05 -4,9392 -135,89 -4,708 -0,0077059 -0,0007034
res3 0,566 32,218  -9,14E-05 -4,2824 187,43 -4,2824  -0,000151 -0,010059 -4,844 136,38 -4,8441  -0,009846
ress 05404 -31,946  -1,14E-05 0,0020047 -4,2824 186,71 -4,5102  -0,000719 -0,007707 -4,7081 -135,89 -4,825
ress -4,5666 -40,206  -3,74E-06 -157E-05 -0,000151 -4,5102 2161 -8,64E-05 -0,0009589 -0,013361 -4,7891 -162,01
st 53,543 -9,9855 -184,04 49392 -0,010059 -0,000713  -8,64E-05 281,39 -28,232 -0,59463  -0,044096 -0,0037355
st2 -34,314 -2,2253 -4,6723 -135,89 -4,844 -0,007707 -0,000998% -28,232 239,16 -28,419 050792  -0,043122
st3 -34,246 -2,1068 -0,0098196 -4,708 -136,38 -4,7081  -0,013361 -0,59463 -28,419 240,19 -28,425 -0,58206
st4 -34,391 -2,2671 -0,0007376 -0,0077059 -4,8441 -135,89 -4,7891 -0,044096  -0,50792  -28,425 239,06 -27,886
st5 -48,318 -10,183  -7,306-05 -0,0007034 -0,009846 4,825 162,01 -0,0037395 -0,043122  -0,58206 -27,885 253,88

Figure 52: Table of capacitance for 5 strips SM Module with glue.
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3.3.3 Micromegas 5 strips SM Module with Glue

In this last case we have the same 5 strips LM module but with an extra glue layer(thickness of 35 ym above the
Dupont).

e Res-Res : 6.07
e Res-Ro : 133.09

e Ro-Ro: 34.14

Figure 53: 5 strips SM Module with glue

ground | line resi res2 res3 resd ress sl st2 st3 st4 st5

ground 287,15 74,427 -12915  0,29945  -0,34971 -038073  -42656  -5.,739  -32704  -32,603  -32,736  -48,241
line 74,427 279,85 -41,366 -30,962 -31,246 -31,449 -39,378 -9,5582 -1,5533 -1,3545 -1,3626 -10,491
resi -1,2915 -41,366 236,49 -5,6523 0,00031599 -8,85E-06 -2,37E-06 -182,73 -5,4363 -0,0074068 -0,000697 -7.31E-05
res2 -0,29945 -30,962 -5,6523 187,06 65,0699 0,00071048 -7.71E-08 -5,7072 -133,47 -4,8954 -0,0068146 -0,0006709
res3 -0,34971 -31,246 0,00031599 -6,0699 187,11 -5,9327 0,0032305 -0,0070555 -5,0588 -133,09 -5,3467 -0,0077416
res4 -038073  -31,449  -8,85E-06 0,00071048 59327 187,98 -59407 -0,0008063 -0,0078945  -53385  -13358  -5,3559
ress 42656 -39,378  -2,37E-06 -7,71E-06 00032305  -59407 21312 -0,0001008 -0,0010155 -0,011457  -53962  -158,13
stL 52739 95582 -182,73  -5,7072 -0,0070555 -0,0008063 -0,0001008 285,21 3368 -071541 -0,063762 -0,0060667
st2 32,704 15533 54363 -13347 50588 -0,0078945 -0,0010195 -3368 24676 34,144  -0,64393 -0,061296
13 -32603  -1,3545 -00074068  -4,8954 133,09 53385 0011457  -0,71541  -34,144 245,77 32,88 -0,72735
54 32736 -1,3626  -0,000697  -0,0068146 53467 -13358  -53962 -0,063762  -0,64393 -32,88 24528 -33,266
5 48241 -10481 -7,31E-05 -0,0006709 -0,0077416  -53559  -158,13 -0,0060667 -0,061296  -0,72735  -33,266 256,29

Figure 54: Table of capacitance for 5 strips SM Module with glue.

3.4 Coclusion

In the following table are included the values for the central strips for all the previous cases.

Table 3: Capacitances for different modules of Micromegas

5 LM 5 Sm 9 LM 9 SM 5 LM with Glue | 5 SM with Glue | 100 um
Res- 2.6861 | 4.4941 | 2.6861 4.4941 4.2824 6.07 6.9205
Res
Ro-Ro | 30.39 | 36.27 | 30.39 36.27 28.42 34.14 45.92
Res- 163.3 | 158.4 | 163.3 158.4 136.4 133.09 153.3
Ro

From the table some conclusions have been drawn :

e For the 5 strips Modules(with Glue or without) the capacitance between the Resistive strips and the Readout
Strips of 100 um Module has higher values from the SM Module and this has higher values than LM Module
but the values between the Resistive strips and the Readout strips are upside down. We can say that as long
we reduce the distance between the Resistive and the Readout strips the values of the Capacitance increase
and also the values between the Resistive and the Readout strips reduce.

e For 9 strips Module we have the same results with the 5 strips Modules and the same values. It seems that
the most important thing is the central strips and so the results did not change.

e If we compare the 5 LM and SM Modules(with and without Glue) we can make a conclusion that we every
layer we add the value between the Resistive and between the Readout strips starting to reduce.
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4 Micromegas Simulation with LTspice

4.1 Introduction

In this Section we will continue the analysis with the help of LTspice. With LTspice we will create the circuits that
correspond to the Maxwell modules of the previous Section. We will also observe the signal from the central strips
and those around it and how it changes for different values of capacitance.

As a basis We use the circuit by Ludwig-Maximilians-Universitat Munchen - Lehrstuhl Schaile(figure 55).

applied current pulse
L Atran 0 500n 0 10n

= resistive strips

readout strips

reaaout
Figure 55: Ludwig-Maximilians-Universitat Munchen - Lehrstuhl Schaile Module.
As it clear from the figure we applied a current pulse.

Table 4: variables of current I

Current Values(Amper)
I 0A

I 100 LA

Tdellay 100nA

Trise 0.1nA

Tran 0.1nA

Ton 18.4nA

Tperiod 0.1nA

The capacitors C9 and C3 correspond to the capacitances between the resistive strips. C11 and C4 correspond
to the capacitances between the readout strips. C10,C11,C1 are the capacitances between resistive and readout
strips.

The capacities C5,C7,C6,C8,C12,C13 correspond to the readout for our circuit and we use the values from our
prototype model(l nf and 2, 4 pf).

4.2 Spice Simulation with LM and SM Modules

As in the previous section we working on 5 and 9 strips modules LM and SM. And for every one of them we draw
the figures for the output signal of the central and neighbor strips,output voltage and the output current. For
those figures we will obtain the percentage of diffusion from the central to the neighbor strips.

In all those figures the line with the bigger depth represents the central strip and the others two are for the neigh-
bor strips.

e 5 strips LM Module

First we start with the 5 strips LM Module(Figure 56).
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PULSE(O 100u 100n 0.17n 0.1n 18.4n 0|
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Figure 56: 5 strips LM Module with Spice

.tran 0 300n 0 10n

After we create the circuit for 5 strips with the help of spice we draw our two graphs(Figures 57-58)

The percentage of diffusion from the central to neighbor strips as we can observe from the two figures is 5%

Y(neas)

Yinele )

Figure 57: output voltage for central and neighbor strips
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Iicza) I1(C1s)

Figure 58: output current for central and neighbor strips

e 5 strips SM Module

Next we continue for the 5 strips SM Module. We follow the same steps as in the LM Module for 5 strips but
this time with the values of capacitance for the SM Module.

As we can clearly see for the figure no changes were made for the resistance, the current pulse or the capacities of
the output. The only thing that changed are the capacitance between the resistive-readout strips and each other.

K
PULSE(O 100u 100n 0.1n 0.1n 18.4n 0J1) B o7 ca o
Il Il Il |1
1 " il I
4.43p 4.48p 5.9p 7.97p
1 1c2 3 _|ca cs
163.9p 158.1p 158.3p 159.3p 178
cio €11 c12 €13
Il Il Il |1
i L]l ]! I
36.25p 36.28p 36.67p 37.55p
S“‘ c2z c2|1_' cz0 m'i cz3
10 H - '—t
in|CT5 In_|C16 in|C17 In_|C18 cig

Tew Tew | T | Jew e
| L]

tran 0 300n 0 10n

Figure 59: 5 strips SM Module with Spice

In the next page are represented the figures for the output Voltage and Current for the central and neighbor
strips. The percentage of diffusion from the central to the neighbor strips as we can observe from the two figures
is 7.5%
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W (neas) Y(nale)

Figure 60: output voltage for central and neighbor strips

Ticza) 1(C18)

Figure 61: output current for central and neighbor strips

e 9 strips LM Module

For this case we extended our module circuit from 3 strips Module to 9. As in 5 strips Modules we did not
change the resistance, the current pulse or the capacities of the output, we just put 9 capacitors for the resistive
strips and 9 capacitors for the readout strips.
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Figure 62: 9 strips LM Module with Spice

By observing the circuit of LM Modules we can see that the values between the central and the neighbor strips
are almost the same, so we expected the percentage to be the same in this case.

Sure enough the percentage as we can observe from the two figures is also 5%

Ving15] Ving16]

Figure 63: output voltage for central and neighbor strips
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1iC39) 1iC42)

Figure 64: output current for central and neighbor strips

e 9 strips SM Module
Lastly the same procedure was followed for the 9 strips SM Module.We still only change the values of the 3 kinds
of strips that we gathered from Maxwell, that in this case we have higher values between the resistive strips and
between the readout Strips and lower between resistive-readout strips unlike on LM Module.

" PULSE(D 100u 1000 0.1n 010 18.4n 0.1)
£3 £13 C'||L cia ci19 c22 C24 CZ2B
4.497p 4490 | 4.470 | 4.49p | 4.47p | 4.41p 4.41p 4.47p
e ez c4  fes |cs c7 ce Jeo Jen
172.65p 158.24p 158.08p158.14p | 158.27p [159.33p | 158.9p 158.73p |173.05p
c9 c1z Cle C17 CEo C2n C25 Cary
o S S T E A T H ST SRR B
36.14p 35.8 35950 | 36.27p|36.67p | 37.24p| 37.37p 36.99p
C28 C3v
Lo Fo ] C23
§R1 n fczg| 10 L3O 3z
10 = 2.4p L= __C] ]
2.4 ‘ 2.4
p P —[_2.4;::
L i L i L -

Figure 65: 9 strips SM Module with Spice

As we expectedthe percentage of diffusion from the central to the neighbor strips is also 7.5% such as the 5
strips SM Module.
From those results we can confirm that the quotient of central and the neighbor strips is independent to the
number of strips but it depends to the distance between the strips. As we put the strips closer to each other we
observe that the percentage is growing and we expect that it will go even higher in other case for example for the
100 um Module we discussed in the previous Section.
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Y(n@15) Vingls)

Figure 66: output voltage for central and neighbor strips

1(C39) Iic4z)

Figure 67: output current for central and neighbor strips

4.3 Spice with Mesh

In all those previous circuits we used Modules with just Resistive and Readout strips. In this subsection we will
add a mesh with a resistor to have a case more close to our Maxwell Modules.

In figure 68 is shown the circuit with the mesh that was created. We want to see how the resistance in the mesh
affect the previous graphs and the percentages.
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Figure 68: Circuit with a Mesh and a resistance

We will give to the resistance range of values from 0 Ohm to 10000 Ohm.

Table 5: Resistance on the Mesh and percentage of diffusion

Resistance(Ohm) percentage of diffusion
0 4.7

10 4.8

100 7

1000 8.5

10000 9

(a) Resistor 0 Ohm Central Strip

1(C19)

(b) Resistor 0 Ohm Neighbor Strips



4. Micromegas Simulation with LTspice

56

1(C29)

BuA

OpA

BuA

16pA—

24pA—]

32pA

4QpA

48pA

GIFITES

BApPA

721A

BOPA
Ons

T T T T
100ns 200ns 300ns 400ns 500ns

(a) Resistor 10 Ohm Central Strip

I(C20)

BuA

DpA

BUA

16pA—T

241A

32pA

4QpA

48pA

56LA

HApA

T2pA

—

BOPA
ons

T T T T
80ns 160ns 240ns 320Nns 400ns
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(a) Resistor 10000 Ohm Central Strip (b) Resistor 10000 Ohm Neighbor Strips
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We forgot to add that in this circuit we make some small changes to Current Source I.

Table 6: variables of current I

Current Values(Amper)
I 0OA

I 100 pA

Ticliay 100nA

Trise 0.1nA

Tran SnA

Ton 200nA

Tperiod 0.1nA

From the figures we can we conclude some results about the use of a mesh with a resistor :
e First of all by using a zero resistance the result is the same with the previous 5 strips LM Module we worked.

e With the increase of the value of the resistance the percentage between the central and the neighbor strips
starting to increase too but without great observable increase.

e After we put a resistance with value we observe a change in the voltage of the current, but due to the

complexity of the circuit is not easy to apprehend the reason for it.

4.4 Changes on Capacitances

The next step is to observe how the signal from the central strip and the neighbor strips change if we change the
capacities between the strips for the LM and SM modules. We will focus on 3 cases :

1. values of capacitance between resistive strips
2. values of capacitance between readout strips

3. values of capacitance between resistive and readout strips

4.4.1 Changes on capacitance between Resistive strips

For the first case we will give to the capacitance between the Resistive strips values from 10 pf to 350 pf. We we
will start with the LM module and after that we will do the same process with the SM module.

With the help of the table we create the figures of the above percentage with the values they respond.

Observation : By observing the graphs we can see that there is a non-linear increase of the percentage for
those two modules for increase values of capacitance. The values of the percentage are slightly more in the SM
module.

Table 7: Capacitance between Resistive strips and percentage of diffusion(%)

Capacitance(pf) LM SM

10 3.8 9.7

30 18.5 18.7
50 24.3 25

100 34.7 35.5
150 41.5 42.2
200 46.2 47.2
250 50 51.4
300 53 54.1
350 55.8 56.6
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Figure 69: Value of percentage due to capacitance between Resistive strips.

SM Module
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Figure 70: Value of percentage due to capacitance between Resistive strips.

4.4.2 Changes on capacitance between readout strips

We will continue like before but this time we will give to the capacitance between the readout strips values from
10 pf to 350 pf. We we will start with the LM module and after that we will do the same process with the SM

module.
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Table 8: Capacitance between readout strips and percentage of diffusion

Capacitance(pf) LM SM
30 5 7.5
50 6.8 8.5
100 10.5 12.3
150 13.5 15.5
200 16.3 18.3
250 19 21
300 21.3 23
350 23.2 25
LM Module
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Figure 71: Value of percentage due to capacitance between readout strips.
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Figure 72: Value of percentage due to capacitance between readout strips.
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Observation : By observing the graphs we can see that there is a linear increase of the percentage for those
two modules for increase values of capacitance. The values of the percentage are slightly more in the SM module.

4.4.3 Changes on capacitance between Resistive-Readout strips

we continue with the capacities between Resistive-Readout strips with values from 10 pf to 350 pf.

Table 9: Capacitance between Resistive-Readout strips and percentage of diffusion
Capacitance(pf) LM SM
10 20.8 31.7
30 10.6 17.6
50 7.8 13.3
100 5.6 9.08
150 5 7.75
200 4.6 6.61
250 4.3 6.31
300 4.29 5.96
350 3.9 5.59
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Figure 73: Value of percentage due to capacitance between Resistive-Readout strips.
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Figure 74: Value of percentage due to capacitance between Resistive-Readout strips.

Observation : By observing the graphs we can see that there is a drastic reduction of the percentage for those
two modules for increase values of capacitance. The values of the percentage are slightly more in the SM module.
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Appendix

Changes to Capacitances between
Resistive Strips

e 10 pf

(a) output voltage for central and neighbor strips

e 30 pf

|
i
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|
L

LM Module

\
\

|
L

(b) output current for central and neighbor strips

Figure A.1: 10 pf between Resistive strips

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.2: 30 pf between Resistive strips

64




65

e 50 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure A.3: 50 pf between Resistive strips
e 100 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.4: 100 pf between Resistive strips
e 150 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.5: 150 pf between Resistive strips
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(a) output voltage for central and neighbor strips

e 250 pf

(b) output current for central and neighbor strips

Figure A.6: 200 pf between Resistive strips

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.7: 250 pf between Resistive strips
e 300 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.8: 300 pf between Resistive strips



67

e 350 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure A.9: 350 pf between Resistive strips

SM Module
e 10 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.10: 10 pf between Resistive strips
e 30 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure A.11: 30 pf between Resistive strips
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.12: 50 pf between Resistive strips
e 100 pf

Liem)
\

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.13: 100 pf between Resistive strips
e 150 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.14: 150 pf between Resistive strips
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e 200 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.15: 200 pf between Resistive strips
e 250 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.16: 250 pf between Resistive strips
e 300 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure A.17: 300 pf between Resistive strips
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(a) output current for central and neighbor strips

(b) Resistor 0 Ohm Neighbor Strips
Figure A.18: 350 pf between Resistive strips
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Changes to Capacitances between Readout
Strips

LM Module
e 30 pf
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(a) output voltage for central and neighbor strips (b) output current for central and neighbor strips
Figure B.1: 30 pf between Readout strips
e 50 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure B.2: 50 pf between Readout strips
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(a) output voltage for central and neighbor strips

e 150 pf

(b) output current for central and neighbor strips

Figure B.3: 100 pf between Readout strips

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.4: 150 pf between Readout strips
e 200 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.5: 200 pf between Readout strips
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e 250 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.6: 250 pf between Readout strips
e 300 pf

1iem)

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.7: 300 pf between Readout strips
e 350 pf

1iem)

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.8: 350 pf between Readout strips
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SM Module

(a) output voltage for central and neighbor strips

e 50 pf

(b) output current for central and neighbor strips

Figure B.9: 30 pf between Readout strips

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.10: 50 pf between Readout strips
e 100 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.11: 100 pf between Readout strips
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e 150 pf
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.12: 150 pf between Readout strips
e 200 pf
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.13: 200 pf between Readout strips
e 250 pf

1iem)

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.14: 250 pf between Readout strips
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(a) output voltage for central and neighbor strips

e 350 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure B.15: 300 pf between Readout strips

(b) output current for central and neighbor strips

Figure B.16: 350 pf between Readout strips
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Changes to Capacitances between
Resistive-Readout strips

LM Module
e 10 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.1: 10 pf between Resistive and Readout strips
e 30 pf

i
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.2: 30 pf between Resistive and Readout strips
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.3: 50 pf between Resistive and Readout strips
e 100 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.4: 100 pf between Resistive and Readout strips
e 150 pf
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.5: 150 pf between Resistive and Readout strips



79

e 200 pf

Liem)
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.6: 200 pf between Resistive and Readout strips
e 250 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.7: 250 pf between Resistive and Readout strips
e 300 pf
\
\ —]

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.8: 300 pf between Resistive and Readout strips
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.9: 350 pf between Resistive and Readout strips

SM Module
e 10 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.10: 10 pf between Resistive and Readout strips
e 30 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.11: 30 pf between Resistive and Readout strips
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e 50 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.12: 50 pf between Resistive and Readout strips
e 100 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.13: 100 pf between Resistive and Readout strips
e 150 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.14: 150 pf between Resistive and Readout strips
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(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.15: 200 pf between Resistive and Readout strips
e 250 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.16: 250 pf between Resistive and Readout strips
¢ 300 pf

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips
Figure C.17: 300 pf between Resistive and Readout strips
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e 350 pf

tinais)
[

1iem)

(a) output voltage for central and neighbor strips

(b) output current for central and neighbor strips

Figure C.18: 350 pf between Resistive and Readout strips
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