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Outline	

•  GEM	detector	and	their	applica*on	
•  Garfield++	Simula*ons	
•  TUNING	DETECTOR	
–  Fixing	gain	and	tuning	various	fields	
–  Gains,	Transparency,	and	Ion	backflow		

•  DETECTOR	CHARACTERIZATION	
–  Induced	signals	and	*me	resolu*on	
–  Posi*on	and	energy	resolu*ons		
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GEM		

•  Main	objec*ve:	Retain	physics	performance	in	high	rate	
opera*on				

					–		con*nuous	read-out	of	Pb-Pb		events	at	50	kHz	collision	
rate	

•  	Opera*on	of	MWPC	without	ga*ng	grid	would	lead	to	
massive	space-charge	distor*ons	due	to	back-driaing	
ions	

•  	Instead:	Con*nuous	read-out	with	micro-	pabern	
gaseous	detectors	

•  		Advantages:	
						–		reduced	ion	backflow	(IBF)	
						–		high	rate	capability	
						–		no	long	ion	tail	

4 GEM setup with S and LP foils �
IBF and energy resolution studies for 
baseline solution (4GEM stack) 
•  different foil configurations, VGEM , ET 

(transfer fields) 

33�

4 GEM
S-LP-LP-
S�

•  IBF optimized settings: High ET1 
& ET2 , low ET3 , VGEM1 ≈ VGEM2 ≈ 
VGEM3 << VGEM4 

•  Achieved performance: 0.6 - 0.8 
% IBF at σ (5.9 keV) ~ 12 % 

BNL, June 2014 David Silvermyr 

Standard	pitch	four	layer	GEM	in	IOP	Lab		

3cm	
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Standard	GEM	foil		 GEM	in	large	scale	experiments		
	
•  STAR			forward	tracking	
•  ALICE		TPC	readout	
•  CBM				muon	tracker	
	

IOP	Looking	for	:		
•  GEM	behavior	with	gas	flow	rate	
•  Long	term	stability	

Fig. 6. Example of the avalanche simulated for the G1 foil.

Table 2
Primary electron losses for cylindrical holes (rectangular pat-
tern, P"100!m, D"50!m, S"5 !m). Values are given for
two methods: (Avalanche, Monte-Carlo)/(Runge}Kutta drift)

T (!m) V
!"#

, V Primary electron losses (%)

x
!"

x
#$%&

x
'$'(%

50 300 57.8/54.7 5.2 63.0
500 40.0/36.4 * *
700 }/29.2 * *

100 300 69.6/69.8 12.9 82.5
400 67.0/64.7 6.0 73.0
600 60.0/54.7 6.0 66.0

200 500 72.8/71.7 14.4 87.2
600 74.5/68.8 8.5 83.0
800 69.0/65.8 6.0 75.0
850 70.0/65.8 4.0 74.0

Fig. 7. Distribution of secondary electron production coordi-
nate (G1).

the Monte-Carlo simulation is suggested for simu-
lating the avalanches (Fig. 6). In this case, input
points of the primary electrons are chosen random-
ly with a uniform distribution within the areas
F
$

and F
%

(see Fig. 1). This method requires sub-
stantial processing time and, for large avalanches,
becomes impractical.

Table 2 lists the primary electron losses cal-
culated for 50, 100 and 200 !m foils with cylindrical

holes. The calculations performed by both methods
are in agreement with an accuracy better than 10%
for a realistic GEM voltage range. Small di!erence
could be explained by primary electron losses in the
hole region which are better estimated by the
Monte-Carlo method.

3.2. Electron multiplication in the hole

Primary electrons which succeeded to pass from
the drift region to the hole area are capable to create
the avalanche of secondary particles (electron}ion
pairs) in the hole region closer to the lower GEM
electrode. Fig. 7 shows the simulated distribution of
the probabilities for creating secondary electrons in
the avalanche along the hole axis (the z-coordi-
nate). It can be noted that the maximum of the
distribution is located at the lower edge of the hole,
i.e. in the beginning of the induction gap region.

Gar"eld allows the calculation of the integral of
the Townsend coe$cient in the detector volume
along the charge drift trajectory. Thus, the multipli-
cation factor given in the form

m
)
"e

!
!)
!&!' *!

(1)

280 O. Bouianov et al. / Nuclear Instruments and Methods in Physics Research A 450 (2000) 277}287
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Simula*on	Framework	
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Magboltz	:	transport	proper*es	of	electrons	in	gas	mixtures			
Heed								:	ioniza*on	pabern	produced	along	the	track			

	webpage	hbp://cern.ch/garfieldpp	 	Advantage	:	ROOT	framework	

Garfield++	

ANSYS	code	:	external	field	solver	
		
	 Defining		:	geometry,	boundary		

condi*ons,	ini*al	meshing	
	-->	Produce	field	maps	

loading	the	mesh	(ELIST.lis,	NLIST.lis),		
the	list	of	nodal	solu*ons	(PRNSOL.lis),		
and	the	material	proper*es	(MPLIST.lis);		
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For	4-GEM	fabricated	in	IOP-lab	
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•  Simula*on	study	for	the	detector	
•  Tuning	fields	for	proper	opera*on	region				
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Simula*ons	in	Garfield++	

Z (cm)
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Avalanche	of	electrons	in	GEM	Holes	
--	single	electron	thrown	at	(0,0.0.7)	
--	4	Layers		
--	Ar:CO2	=	70:30	

electron	
Thrown	
(0,0,.7)	

GEM			I															II															III														IV	

3-D	evolu*on	of	avalanches	
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Intrinsic	gain		=	n/n1		
Effec.ve	gain	=	n2/n1	

5	micron	
50micron	
5micron	

n1	

n2	

n	

Transparency	=	frac*on	of	n1	entering	in	avalanche	zone	
Ion	Backflow		=	frac*on	of	ions	in	entering	the	dria	region	
Energy/Posi*on	Resolu.on	
Induced	signal	shapes	
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Avalanche	And	Absorp*on	in	GEM		

origin	

Avalanche	
Absorp*on	

	GEM-I									GEM-II							GEM-III							GEM-IV		

*me	in	nano	seconds	

	GEM-I						GEM-II						GEM-III				GEM-IV						Anode	

*me	in	nano	seconds	

For	a	par*cular	gas	mixture	the	absorp*on	much	depend	on	field	configura*on		

with	.me	
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•  All	four	layers	behaves	similar	way	
•  Avalanche	grows	up	with	increasing	gem	layers		
	

Dead	area	

Absorp*on	in	copper			

with	z	posi.on	
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Gains	for	Detector	
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Filed		
DriA										=	2.08		kV/cm	
Tranfer12			=	2.90		kV/cm				gains	~1800	
Tranfer12			=	2.87		kV/cm	
Tranfer12			=	3.12		kV/cm	
Induc.on	=	3.03		kV/cm	

We	would	play	with	fields	:	
Induc*on,	Dria	and	Transfer	fields	at		effec*ve	gains~1800	
	

deteriorate	effec*ve	gain	
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Voltge	applied	 ΔVGEM	I	 ΔVGEM	II	 ΔVGEM	III	 ΔVGEM	iV	

3000	 229	 239	 238	 245	

3500	 267	 279	 278	 286	

4000	 306	 319	 318	 327	

4200	 321	 334	 333	 343	

4400	 336	 350	 349	 359	

4600	 351	 366	 365	 376	

4800	 367	 382	 381	 392	

5000	 382	 398	 397	 408	
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Field	Adjustment	
•  Induc*on	field	:	highà	more	transport	

to	electrons	at	anode	
•  Transfer	fields	*ming	:	gains,	ion	

backflow	and	resolu*ons	of	the	detector				
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Fig. 12. Current and charge induction mechanisms on GEM
electrodes: (a) drift, (b) upper GEM, (c) lower GEM, (d) readout.
Note: (a) and (b) are not to the scale.

Fig. 13. Current components and their measurements.

induction gap size to the electron drift velocity. For
a 1 mm gap a full signal width will be about 20 ns
for the drift velocity of *

!
"5 cm/!s.

To determine the ewective detector gain we con-
sider the total charge from the avalanche collected
at the signal electrode. In Refs. [2}5] the e!ective
detector gain is referred to as a ratio of the full
charge collected at the readout electrode to the
full charge of the primary electrons injected into
the drift region. Here, we use the same de"nition.
As the Ramo}Shockley theorem suggests, the
charge induced by the number of charged particles
is given by

Q"!idt"#q
!"!

"!

""

!<#
#
dl"q

!"
[<#

#
(m

!
)!<#

#
(m

"
)].

(4)

Since <#
#
(m

!
)"1 and <#

#
(m

"
)+0 (from Fig. 11(a)

it is close to 0.1) the induced current component
i
!"

due to the charge q
!"

, leaving the hole region
and moving towards the readout electrode, i.e. from
m

"
to m

!
, will transfer the charge equal to q

!"
.

Another charge fraction equal to q
!"

transferred by
direct charge injection into the readout electrode
with a component i

!"
, shown as a signal peak in

Fig. 12(d), gives an additional factor of 2 to the full
detector gain.

3.5. Current induced in electrodes and charge
induction mechanism

We can now analyse in detail the signal forma-
tion on the detector electrodes. Since the current in
all electrodes can be easily measured [2,3,5], the
calculations may be useful for validating the proper
detector operation (Fig. 13).

As we noted above, considering the mechanism
of the current response formation, it is important to
distinguish the induced current, caused by the mov-
ing charges in the weighting "eld, from the current
directly injected in the electrode.

We now consider the process of direct charge
injection. In Figs. 9 and 10 we can de"ne q

!"
,

q
!#

and q
!$

as the charges due to the electrons
observed on the readout, lower GEM electrodes
and insulator, q

$"
, q

$$
, q

$%
and q

$&
as the charges due

to the ions on the drift electrode, the upper GEM
electrode, insulator, and lower GEM electrode, re-
spectively. The values of the electron and ion
charge components strongly depend on the GEM
geometry and electrode gaps as illustrated in
Table 3. Fig. 14 shows the G4 charge fractions
normalised on the total electron charge.

Initially, the signal shape for the injection current
will be determined by the distribution of the elec-
tron-ion pairs in the multiplication region, which
then are smeared by the charge di!usion during
the drift of electrons and ions. Shapes of the injec-
tion currents i

!"
(t), i

!&
(t), i

$$
(t), and i

$"
(t) are illus-

trated for all detector electrodes in Fig. 12 with
solid lines.

To determine the currents induced on the de-
tector electrodes one has to know the weighting
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Induc*on	filed	
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Dria	filed	
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Transfer	Filed	
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Transparency	

2/16/17	

Induction Field (keV/cm)
1 2 3 4 5 6 7 8 9

Tr
an

sp
ar

en
cy

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6 GEM-I

GEM-II
GEM-III
GEM-IV

Graph

Drift Fileld (keV/cm)
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Tr
an

sp
ar

en
cy

0.2
0.4
0.6
0.8

1
1.2
1.4

1.6 GEM-I
GEM-II
GEM-III
GEM-IV

Graph

 keV/cm12T
1 1.5 2 2.5 3 3.5 4

Tr
an

sp
ar

en
cy

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
GEM-I
GEM-II
GEM-III
GEM-IV

Graph

Dria										=	2.08		keV/cm	
Tranfer12			=	2.90		keV/cm					
Tranfer23			=	2.87		keV/cm	
Tranfer34		=	3.12		keV/cm	

Tranfer12			=	2.90		keV/cm					
Tranfer23		=	2.87		keV/cm	
Tranfer34			=	3.12		keV/cm	
Induc*on	=	4	keV/cm		

Dria										=	0.4		keV/cm	
Tranfer23			=	2.90		keV/cm					
Tranfer34			=	2.87		keV/cm	
Induc*on	=	4keV/cm		

•  Transparency	for	GEM-I	~1	since	electron	with	a	momentum	
	in	z-direc*on	lea	over	a	hole	
•  Dria	filed	is	set	usually	to	a	low	value	=		0.4		
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The	value		set	rela*vely	high	transparency	
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Gains	with	T23	and	t34	
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Effec*ve	gain	

•  One	need	to	choose	T34	(1-1.5	kV	)	for	higher	gain	

BUT	–	we	need	to	consider	ion	backflow	
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Ion	Backflow	
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•  Lower	T34	significantly	reduces	ion	backflow	
•  It	is	far	above	the	acquired	ion	backflow	(e.g	in	ALICE)	

Our	geometry	SmP-SmP-SmP-SmP	aligned	hole	geometry	
		-	Large	Pitch	in	between	and	misalignment	can	reduce	ion	backflow	in	great	extent			

70:30		=	Ar:CO2	
Aligned	holes	

•  Working	on	various	geometry	and	misalignments		
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T23	1.0	kV/c	
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Gain	peaks	
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Induced	signal	shape	
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Induced	Signal	*ming	and	width	
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Resolu*on	
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Energy	

Seems	to	be	narrow		
•  			It	is	single	electron	mul*plica*on	width	
•  			Probably	need	induced	signal	analysis		

Signal	spread	200	micron	width	
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Summary	
•  GEM	simula*on	in	Garfield++	with	ANSYS	based	field	

calcula*ons	is	being	performed.	
•  4-GEM	stacks	is	being	tuned	and	a	field	configura*on	is	set	to	

work	in	a	preferred	gain	region	
•  Ion	backflow	is	in	the	level	of	6-10%	and	we	need	

misalignment	and	pitch	varia*on	in	alterna*ve	layers	to	
reduce	the	value	

•  	Width	of	the	signal	at	anode	plane	is	about	200	micron	and	
gain	width		is	coming	in	the	range	of	1%-2.5%	

•  Need	to	work	more	on	induced	signals	
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Backups	
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Energy	peak	
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Fig. 8. Multiplication factor in the G1 GEM hole.
Fig. 9. Electron endpoint coordinate distribution (G1).

could be determined for all trajectories l
!
, l

"
, 2 l

!
as illustrated in Fig. 5. The multiplication factor, as
a function of l

"
, calculated for the foil G1 is present-

ed in Fig. 8.
Averaging the multiplication factors over all

tracks traversing the transversal cross-section of
the base volume we obtain,
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where M
#$%&

is the electron multiplication ratio
averaged over the hole, x

)(
the primary electron

loss on the surface of the "rst electrode, E
'(

the
detector e$ciency for primary electrons, and X

"
,

>
"

are the base volume dimensions.

3.3. Secondary electron losses

Further modeling of the avalanche development
and propagation (drift) of secondary particles
through the hole allows a determination of the
portion of particles trapped at the hole surface, at
the lower electrode and, "nally, the portion of par-
ticles passing through the hole. This is illustrated in
Fig. 9 as a distribution of the secondary electron
losses along the z-coordinate calculated for the G1

geometry, where the last, highest peak represents
the contribution of electrons passing through the
hole. When moving towards the read-out electrode
these electrons induce a current (charge) as a de-
tector response.

The ratio of the number of secondary electrons
reaching the read-out electrode to the total number
of secondary electrons, that is, the probability of
a secondary electron to reach the readout electrode,
will be designated as E

*+
. The same approach can

be applied to "nd the ion contribution. Fig. 10
shows the secondary ion distribution along the
z-coordinate.

3.4. Detector signal response

Consider now the development of the detector
signal. Our primary interest is in the determination
of the e!ective detector gain, or full current or
charge in all readout electrode elements (strips or
pixels). We will consider the dimension of such
a readout electrode element to be signi"cantly
greater than the hole diameter. Using the
Ramo}Shockley theorem, the induced current in
a readout element can be expressed as

i"q
&,

"<$
-

) *
$

(3)
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The	induced	current	in	a	readout	element	:			
Fig. 10. Ion endpoint coordinate distribution (G1).

!The weighting "eld is de"ned as the "eld for a unit potential
on the readout electrode <"

!
and zero potential on all other

electrodes.

Fig. 11. Weighting "eld shape on the (a) readout electrode, (b)
lower GEM electrode.

where q
"#

is the sum all charges drifting in the
weighting xeld ! of the readout electrode <"

!
with

unit potential applied. All other electrodes are con-
sidered to be at zero potential. *

"
is the charge drift

velocity vector.
Fig. 11(a) depicts the weighting "eld function

calculated for the readout electrode. The electrode
was placed at 200!m from the lower electrode
of the GEM foil, which is less than usually
found in a real detector. However, taking into
account the uniformity of the electric "eld at a
distance greater than several hole diameters,
this approximation is su$cient for all practical
purposes.

We can now analyse the time development of the
signal at the readout electrode as illustrated in
Fig. 12. Since the ion contribution to the signal is
negligible due to the separation by the GEM elec-
trode, it is obvious that only the electrons from the
avalanche reaching the readout electrode contribute

to the induced signal. Considering the signal shape
we can clearly identify two components: i

"#
} an

induced current from the charge q
!"

moving in the
uniform "eld, and i

""
} a direct charge injection

from the electrons reaching the readout electrode.
The signal duration is equal to the ratio of the
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For	a	1	mm	gap	a	full	signal	width	will	be	about	20	ns	for	the	dria	

velocity	of	
	
"5cm/	micro	s.						 Fig. 12. Current and charge induction mechanisms on GEM

electrodes: (a) drift, (b) upper GEM, (c) lower GEM, (d) readout.
Note: (a) and (b) are not to the scale.

Fig. 13. Current components and their measurements.

induction gap size to the electron drift velocity. For
a 1 mm gap a full signal width will be about 20 ns
for the drift velocity of *

!
"5 cm/!s.

To determine the ewective detector gain we con-
sider the total charge from the avalanche collected
at the signal electrode. In Refs. [2}5] the e!ective
detector gain is referred to as a ratio of the full
charge collected at the readout electrode to the
full charge of the primary electrons injected into
the drift region. Here, we use the same de"nition.
As the Ramo}Shockley theorem suggests, the
charge induced by the number of charged particles
is given by
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Since <#
#
(m

!
)"1 and <#

#
(m

"
)+0 (from Fig. 11(a)

it is close to 0.1) the induced current component
i
!"

due to the charge q
!"

, leaving the hole region
and moving towards the readout electrode, i.e. from
m

"
to m

!
, will transfer the charge equal to q

!"
.

Another charge fraction equal to q
!"

transferred by
direct charge injection into the readout electrode
with a component i

!"
, shown as a signal peak in

Fig. 12(d), gives an additional factor of 2 to the full
detector gain.

3.5. Current induced in electrodes and charge
induction mechanism

We can now analyse in detail the signal forma-
tion on the detector electrodes. Since the current in
all electrodes can be easily measured [2,3,5], the
calculations may be useful for validating the proper
detector operation (Fig. 13).

As we noted above, considering the mechanism
of the current response formation, it is important to
distinguish the induced current, caused by the mov-
ing charges in the weighting "eld, from the current
directly injected in the electrode.

We now consider the process of direct charge
injection. In Figs. 9 and 10 we can de"ne q

!"
,

q
!#

and q
!$

as the charges due to the electrons
observed on the readout, lower GEM electrodes
and insulator, q

$"
, q

$$
, q

$%
and q

$&
as the charges due

to the ions on the drift electrode, the upper GEM
electrode, insulator, and lower GEM electrode, re-
spectively. The values of the electron and ion
charge components strongly depend on the GEM
geometry and electrode gaps as illustrated in
Table 3. Fig. 14 shows the G4 charge fractions
normalised on the total electron charge.

Initially, the signal shape for the injection current
will be determined by the distribution of the elec-
tron-ion pairs in the multiplication region, which
then are smeared by the charge di!usion during
the drift of electrons and ions. Shapes of the injec-
tion currents i

!"
(t), i

!&
(t), i

$$
(t), and i

$"
(t) are illus-

trated for all detector electrodes in Fig. 12 with
solid lines.

To determine the currents induced on the de-
tector electrodes one has to know the weighting
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Finite	Element	Field	Maps	
which	contains	the	nodal	solu*ons	for	the	
weigh*ng	field	configura*on	

Weigh*ng	fields	and	induced	currents	
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Induced	signals	from	4-GEM	
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Induced	Signal	

A	typical	signal	and	induced		signal		
proper*es	in	preferable	working		
region	of	the		detector	
	
•  From	electron	collec.on	and	ion		
Tracking	calcula.ng	:		Gains,	transparency,	
resolu.ons	and	ion	backflow,	etc	
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GEM	simula*ons	with	Garfield++	

Z (cm)
00.20.40.60.8

Y(cm)

0.05<
0
0.05

0.1

X 
(c

m
)

0.05<

0

0.05

dxe1:dye1:dze1

Avalanche	of	electrons	in	GEM	Holes	
--	single	electron	thrown	at	(0,0.0.7)	
--	4	Layers		
--	Ar:CO2	=	70:30	

electron	
Thrown	
(0,0,.7)	

GEM			I															II															III														IV	

ANSYS	code	:	external	field	solver		
	
Defining		:	geometry,	boundary		
condi*ons,	ini*al	meshing	
	-->	Produce	field	maps	

loading	the	mesh	(ELIST.lis,	NLIST.lis),		
the	list	of	nodal	solu*ons	(PRNSOL.lis),		
and	the	material	proper*es	(MPLIST.lis);		

Tracking	electrons	in		Garfield++		
Using	class		:	ComponentAnsys123	

3-D	evolu*on	of	avalanches	
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