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Gas Electron Multiplier (GEM)

Electric field in the region of the hole

• large number of holes with a diameter of several tens to hundreds of µm  
• plate-like structure with copper electrodes on both sides of an insulator  polyimide  

 liquid crystal polymer  …{
By applying a high voltage across a GEM 
        a high electric field is formed 

many ionised electrons are generated repeatedly by ionising collisions with the gas molecules    
→  avalanche 

Introduction
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Operating principle of TPC

z component is obtained from drift time ⇨3-dimensional (x, y, z) information

A charged particle ionises the atoms of the gas mixture along its trajectory

The liberated electrons drift 
 in  the E-field  towards the readout pad

gas-amplified and read as signal 
⇨2-dimensional (x,y) information

charged 
 particle

liberated electrons

Content of my talk

Content of  
 Nakajima-san’s talk 

“Study of the spatial resolution  
   of a GEM-based TPC“ 

  
and Aoki-san’s talk 

 “The spatial resolution result of the first beam  
test of a ILD-TPC end-plane readout module 
with a gating foil for the ILC”
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•discharge, 
• need for support structure, and 
•gas gain non-uniformity

GEM optimisation study 

Introduction

by Theoretical approach

Development of a high-performance GEM as a detector for LCTPC
The aim of this study

Our Asian-GEM has some problems
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Thickness dependence of gain
From previous study, gas gain strongly depends on the thickness of GEM

Large gas gain non-uniformity

→due only to effect of thickness?

arxiv:1701.05421reached > difference50 %
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performed simulation using garfield++ [4].

Figure 2: Gas gain uniformity of the 100 µm thick GEM for two kinds of samples. Measurement was
performed with the double stacked configuration. Gain correction depending on the measurement time is
included.

2. A simulation method and geometries of the GEM

For this simulation, we made several geometries of the GEM hole using a free software
called Gmsh [3] and calculation of electric fields is carried out using Elmer [5] after setting
proper electric potentials for each geometry. Simulation of electron transportation is per-
formed using garfield++. During real manufacturing of the GEM, a laser etching technique
is the best way because it can shave parts around the GEM hole smoothly. The GEM holes
which are used for this simulation were also made assuming a smooth conical hole etched by
the laser technique. To compare the difference of gas gain which is derived from the effect of
the thickness of the insulator, the thickness of the conductor, the applied high voltages, the
difference of models and diameters of the GEM hole, we prepared several geometries based
on the 50 µm standard GEM and the 100 µm thick GEM. The geometries of each GEM
model are listed in the below Figure 3 and the table. The gas used in this simulation is T2K

50 µm standard GEM 100 µm thick GEM
Voltage [V] 280, 310 350, 380
Dielec. [µm] 44 ∼ 56 90 ∼ 110
Copper [µm] 5, 10 5, 10
Hole (model) conical straight, conical
Hole (φ) [µm] 60 ∼ 120 70 ∼ 120

Figure 3: A example of the GEM geometry and the list of GEM models which are input in this simulation.
Only one sector of the GEM is used for field calculation.
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Thickness dependence of gain

At locations with high gas gain, the avalanche will be too large  
and the possibility of discharge will be too high

some places, a degree of avalanche amplification will eventually vary since the high electric
field which is formed in the GEM holes is also different. This effect causes a degradation of
energy resolution and other problems. If more high voltage is applied to recover a part of the
poor amplification area, it will cause discharges and damage to the detectors. On the future
International Linear Collider (ILC) project, Time Projection Chamber (TPC) is a candidate
for a main tracker and the GEMs are also a candidate of an amplification device. Currently,
there are two kinds of GEMs which are widely used. One is a so-called standard GEM whose
thickness of the insulator is 50 µm. Another one is a thick GEM whose thickness of the
insulator is 100 µm. The standard GEM is basically used with a multilayered configuration
because gas gain which we get from only one standard GEM without discharges is not very
high. And also there are disadvantages that high voltage lines and mechanical structures to
support GEMs are complicated. In contrast, a double stacked configuration of the 100 µm
thick GEM provides sufficient gas gain which is approximately O(104) because gas gain we
can get from one thick GEM is larger than that of the standard GEM. Since the number
of stacked GEMs with the thick GEM configuration is less, handling of mechanics of such
configuration will be also simpler than that with the standard GEM. The design using the

Figure 1: The top view of the 100 µm thick GEM and the side view of the double stacked configuration
of the thick GEM. The active area of the GEM foil is about 20×15 cm2, which is the real module size for
the ILC-TPC.

double thick GEM structure is considered as a candidate of an amplification device of TPC
for ILC. The insulator of the 100 µm thick GEM is made by Liquid Crystal Polymer (LCP)
and the area size of one thick GEM foil is about 20×15 cm2 like shown in the Figure 1. We
measured gas gain over the thick GEM foil using a 55Fe radiation source in order to check
its gas gain uniformity. Gas gain is, off course, affected by external environment such as
temperature and pressure. We prepared one reference point on each GEM foil because a
relatively long time was needed to store statistics of signals from the source and measure
gas gain over the GEM foil. If gas gain of the reference point varies depending on time, we
multiplied this varied value of gas gain of the reference point as a correction factor. Un-
fortunately on the measurements of gas gain uniformity using several samples, we observed
large non-uniformity and it reached more than 50% difference as indicated in the Figure 2.
Here, there are several questions: Is this 50% difference of gas gain variation due only to
the effect of the thickness of the GEM foil? Are there any optimum geometries to restrain
the difference of gas gain of the same GEM foil? How precisely do we have to manufacture
the GEM foil in order to remove the effect of the thickness? To answer these questions we
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If the average gas gain is changed depending on the location 
the very HIGH high-voltage must be applied to obtain a sufficiently large signal at a low gas gain region

GEM
GEM hole

electron avalanche

Need to reduce the thickness dependence of the gas gain on the location.

positive ions are also produced and 
                            depends on gas gain
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Motivation

MICROMEGAS: results and prospects : I. Giomataris 

M = eαd
as a function of the gap     gas: He + iC4H10 = 94:6d

ga
in

This is the range currently used  
by the MICROMEGAS detectors

Gas gain  is at maximum  
in the range of gaps between 30-100 

M
μm

MICROMEGAS

and its fluctuations are canceled

Stability condition!!
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Motivation

MICROMEGAS: results and prospects : I. Giomataris 

M = eαd
as a function of the gap     gas: He + iC4H10 = 94:6d

ga
in

Gas gain  is at maximum  
in the range of gaps between 30-100 

M
μm

and its fluctuations are canceled

Stability condition!!

Is there a “Stability condition" 
                         in the case of GEM?

MICROMEGAS
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Introduction
This study is performed to investigate the conditions  
under which the thickness dependence of the gas gain is constant.

•Find the plateau in the thickness dependence of gas gain, 

•Find the “Stability conditions”, and 

•Verify the theory by comparing with Garfield++.

Process

- a toolkit for the simulation of gaseous detectors
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Assumption

Legler’s model have 2 assumptions 
1. ionising collisions may occur only after the electron flying over a minimum distance 

so as to gain enough energy for ionisation from the E-field. 

2. the probability of ionising collision being constant  
      after the electron having reached the threshold energy like a step function

probability

constant

0
energy Ethreshold

First, we assume that Legler’s model  is correct1
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Theory

dG
G

= ( 1
1 + χ + η ) [1 −

ϵ
σ0 ( ∂σ0

∂ϵ )] χ δ ( dΔ
Δ )

We have equation of gas gain variation dG
G

ϵ =
E
n

, E =
V/Δ

n
, δ =

V
U0

, η = nΔ
U0

V
σ0(ϵ), χ =

ln G
δ

where

the coefficients can be deleted by choosing these parameters.

Therefore, we have the “Stability condition”
∂σ0

∂ϵ
=

σ0

ϵ

for stable operation, 

  is required
dG
G

= 0

effective cross sectionσ0 :
 scaling variable =E/nϵ :

 thickness of GEMΔ :
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Theory

dG
G

= ( 1
1 + χ + η ) [1 −

ϵ
σ0 ( ∂σ0

∂ϵ )] χ δ ( dΔ
Δ )

We have equation of gas gain variation dG
G

ϵ =
E
n

, E =
V
Δ

where

uniform electric field

We need to check whether our theory is only correct in the uniform electric field or not.

⇨Parallel plate geometry
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Thickness vs Electric Field

E =
V
Δ

ΔV = 240 VΔ -  = 90:10Ar CH4

gas

Δ : 10 μm ∼ 70 μm
The gap of parallel plates

:Δ = 10 μm E =
240

10 × 10−4

V
cm

240 kV/cm

= 240 kV/cm

uniform electric field
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Parallel plate geometry
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Thickness dependence of gas gain

plateau region

The plateau area was found  
in the range of 10 μm ∼ 20 μm

Parallel plate geometry

Δ : 10 μm ∼ 70 μm
The gap of parallel plates

ΔV = 240 VΔ -  = 90:10Ar CH4

gas
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this intersection point  
correspond to the thickness

240 V
130 kV/cm

∼ 18 μm
Electric Field [V/cm]

∂σ0

∂ϵ

σ0

ϵC
ro

ss
 se

ct
io

n 
(

) [
]

1/
l

1/
μm

∂σ0

∂ϵ
=

σ0

ϵ

Stability condition is satisfied!!

The plateau area was found 
 in the range of 10 μm ∼ 20 μm

ΔV = 240 V

Result 16



Asian GEM geometry
In the case of parallel plate, “Stability condition” was satisfied

∂σ0

∂ϵ
=

σ0

ϵ
Next Step

in the plateau region

In the case of GEM

dG
G

= ( 1
1 + χ + η ) [1 −

ϵ
σ0 ( ∂σ0

∂ϵ )] χ δ ( dΔ
Δ )

we found the equation 

by assuming the uniform electric field

How well does uniform E-Field approximation work inside the GEM hole?Question:

17



Thickness dependence of gain:Asian GEM

The plateau area was found in the range of 10 μm ∼ 40 μm

cf. CERN GEM:thickness  ( )50 μm E ∼ 60 kV/cm

1 atm, B = 0 T, T2K gas 
 10 μm ∼ 200 μm

ΔVGEM = 350 V

ϵ = E/n

copper  (fixed now)10 μm

copper  (fixed now)10 μm

Thickness of insulator 
 fixed

 
70 μm

hole size

18

e.g. VCI2019, Francesco Fallavollita
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n 
(

) [
]

1/
l

1/
μm

Electric Field [V/cm]

∂σ0

∂ϵ

σ0

ϵ

~116 kV/cm

C
ro

ss
 se

ct
io

n 
(

) [
]

1/
l

1/
μm

The plateau area was found 
 in the range of 10 μm ∼ 40 μm

ΔV = 240 V

Result

NO intersection point was found
 Is uniform Electric field assumption not correct?→
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J(1) = ∫
∞

0
dl pi(l) e−αl =

1
2

Once  is decided,  will be decided. (  is functional of )pi(l) α α pi(l)
model-dependent

• Legler’s model :  

• Snyder’s model: 

pi(l) = ai e−ai(l−x0) θ(l − x0)

pi(l) = α e−αl

G = exp(Δ ⋅ α[pi(l, β)])
 depends on  and other variable pi l β

: thickness of GEMΔ
where

more generally

20

Alkhazov’s Theory 



the probability for the 1st ionizing collision

J(1) = ∫
∞

0
dl pi(l) exp−αl =

1
2

 : the probability of 1st ionising collision taking place  
at the distance  from the origin of the seed electron.
pi(l)

l
pi(l)

free path  [cm]l

normalised to 1

Analytically calculated result is reasonable agreement 
 with magboltz result!

Calculation of Townsend coefficient α

 Townsend coefficient 
  Free path

α :
l :

parallel plate
P10 gas : Ar/CH4 (90/10)

E = 150 kV/cm

The value of  which makes the integral  

is the  for that electric field strength.

α
1
2

α

Electric field [V/cm]
To

w
ns

en
d 

co
ef

fic
ie

nt
 [

]
cm

−
1
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parallel plate

 depend on electric fieldα, l, pi(l)



free path [cm]

E-Field [kV/cm]

 z axis: the probability for the 1st ionizing collisionpi(l)

Data set for GEM
The data set was prepared using a parallel plate with different gaps from 16 um to 130 um

applied voltage V = 240 V

high E-Field region

low E-Field region
K-shell

L-shell

M-shell

The temperature increases  
and the distribution is smeared

P10 gas : Ar/CH4 (90/10)

22



 as a function of pi(l) E, l
 : the probability of 1st ionising collision taking place  

at the distance  from the origin of the seed electron.
pi(l)

l

E-field[kV/cm]
free path[cm]

Pi(l)

E-field[kV/cm]
free path[cm]

Pi(l)

As the E-field increases, 
the range of free path and  decreasespi(l)

The strong electric field heats up the electrons, 
making it difficult to see their structure.
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Theory: GEM geometry

If we use the  for all possible values of the electric field inside the GEM hole,  
the value of the gas gain should match the Garfield++ output

α

Inside Garfield++, the gas gain is calculated as    along path of electronG = exp∫
∞

0
α(E) ds

①Calculate the electric field  

②Get the value of  

③Calculate  along the electric field lines 

E(s, x0, y0)
α

∫
∞

0
ds α (E(s, x0, y0)) s

24

On going



Summary and plan

• Derived the equation of gas gain variation and found the  “Stability 
conditions” 

• Found the plateau in the thickness dependence of gas gain  

• As a functional of , the value of Townsend coefficient  when the 
integral is 1/2 was found to be in reasonable agreement with the result 
of magboltz. 

• Calculate the gain analytically by using these results,.

pi(l) α

25





アジアグループのTPC module

27

Amplification GEM

 100μm thickness

z
Gating GEM

Pad plane(anode)

（Gathering 5152 pads）

The Module

（or a field shaper ）

Gas Electron Multiplier

70μm
140μm

1 
Pad

lower part:176 Pads/Rows

Upper part :192 Pads/Rows

5.26 mm

about 1.2mm

28 
Rows

Pad Plane（anode）

T2K gas   Ar : CF4 : iC4H10 = 95 : 3 : 2
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(x0, y0)

s

①Calculate the electric field E(s, x0, y0)
②Get the value@E

• Mean free path  
• Transverse diffusion  
• Townsend coefficient 

l
DT
α

③Calculate the standard deviation of electron diffusion(?) σ
σ = DT l

z

⃗z
z E

⃗E

⃗E

( ⃗z × ⃗E ) × ⃗E

④Gaussian-smear drift electrons with  
in the plane perpendicular to the electric field vector

σ

⃗E

In this way, we can include the process of electrons jumping to 
neighboring electric field lines by diffusion
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(x0, y0)

z

s⃗E
electrons can jump to neighboring electric field lines by diffusion

z

⃗E ⑤Move electrons along electric field lines  

with mean free path l

l

Repeat the process ①~⑤

and calculate ∫
∞

0
ds α (E(s, x0, y0))

along the electric field lines s



(x0, y0)

s

Compare gas gain
C

al
cu

la
te

d 
ga

in

Calculated gain is too high ∼ 𝒪(1024)

due to the path that pass through the center of the GEM hole?

ΔV = 350 V

Ar-CH4  : 90:10 (P10)
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Source of failure

In order to get Cross section,  
looked at free path distribution after each collision

this does not involve the probability of ionising collision

→increases like an “avalanche” literally

always cause avalanche every step

Proper way to calculate gas gain
we need to consider the probability of ionising collision
whether each electrons cause avalanche or not for each step

31



Correct way
32

To include the probability of encountering the ionisation collision for each step

we have to use Townsend coefficient  instead of the mean free path α l

G(x0y0) = exp [∫
∞

0
ds ρσ ( E(s, x0, y0)

ρ )]
ρσ =

1
l

with

→ G(x0y0) = exp [∫
∞

0
ds α (E(s, x0, y0))]

α = ai(−1 + 2e−αx0)with

x0 =
U0

E
ai = ρσ

 ionisation potentialU0 :
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G(x0y0) = exp [∫
∞

0
ds α (E(s, x0, y0))]

α = ai(−1 + 2e−αx0)

To calculate gas gain

need to solve for α

however, this cannot be solved analytically

solved by using Newton’s method

α

y

y = ai(−1 + 2e−αx0) y = α



Efield [kV/cm]

To
w

ns
en

d 
co

ef
fic

ie
nt

 [c
m

-1
]

Behaviour of Calculated   is different from 
the result of magboltz output

α

   α = ai(−1 + 2e−αx0) X0 =
U0

E
[cm]ai = ρσ [cm−1]  : first ionisation energyU0

first ionisation potential in argon 

IP =  ( )127109.842(4) cm−1 15.759610 eV

U0 = 40 eV

(tune parameter)

Precision VUV spectroscopy of Ar I at 105 nm 

 I Velchev et al 1999 J. Phys. B

from

Legler has shown, that with an appropriate choice of the model parameter 
 U0 (Uo  Ui where Ui is the first ionisation potential) the calculated distributions are in good agreement with experimental spectra.≈

G.D. ALKHAZOV 1970

townsend coefficient

also the value of tuned  @E=60 kV/cmU0
is too high

we conclude that 
the assumption  “Legler’s model was correct”

was wrong
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∂
∂Δ

ln G = α[pi(l, β)] + Δ ⋅
∫ ∞

0
dl ( ∂

∂Δ pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l

= α[pi(l, β)] + Δ ⋅
∫ ∞

0
dl ( ∂

∂Δ exp (− ∫ l
x0

dl′ ρσ(El′ )) ρσ(El)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl exp (− ∫ l
x0

dl′ ρσ(El′ )) ρσ(El)le−α[pi(l,ϵ)]l

∫
∞

0
dl exp (−∫

l

x0

dl′ ρσ(El′ )) ρσ(El)le−α[pi(l,ϵ)]l

∫
∞

0
dl

∂
∂Δ

exp (−∫
l

x0

dl′ ρσ(El′ )) ρσ(El) e−α[pi(l,ϵ)]l

need to calculate them to find “Stability condition”

after some calculation, we obtain
35



∂
∂Δ

ln G = 0

with the condition

∂
∂Δ

ln G = α[pi(l, β)] + Δ ⋅
∂α[pi(l, β)]

∂Δ
∂α[pi(l, β)]

∂Δ
≡

∫ ∞
0

dl ( ∂
∂Δ pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l

we find the general form of “Stability Condition”

∂α[pi(l, β)]
∂Δ

=
α[pi(l, β)]

Δ
and 

∂α[pi(l, β)]
∂ϵ

=
α[pi(l, β)]

ϵ

similar form with “old” one
∂σ0

∂ϵ
=

σ0

ϵ
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J(1) = ∫
∞

0
dl pi(l) e−αl =

1
2

Once  is decided,  is will be decided. (  is functional of )pi(l) α α pi(l)
model-dependent

• Legler’s model :  

• Snyder’s model: 

pi(l) = ai e−ai(l−x0) θ(l − x0)

pi(l) = α e−αl

G = exp(Δ ⋅ α[pi(l, β)])
 depends on  and other variable pi l β

: thickness of GEMΔ
where

∂
∂β

ln G =
∂

∂β
(Δ ⋅ α[pi(l, β)])

=
∂Δ
∂β

⋅ α[pi(l, β)] + Δ ⋅
∂α[pi(l, β)]

∂β

for thickness dependence of gas gain

fixedβ = Δ, V :
∂

∂Δ
ln G =

∂Δ
∂Δ

⋅ α[pi(l, β)] + Δ ⋅
∂α[pi(l, β)]

∂Δ
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for thickness dependence of gas gain
∂

∂Δ
ln G =

∂Δ
∂Δ

⋅ α[pi(l, β)] + Δ ⋅
∂α[pi(l, β)]

∂Δ

we need to calculate this term

∫
∞

0
dl pi(l, ϵ) e−α[pi(l,ϵ)]l =

1
2

ϵ =
V

Δρ
=

E
ρ E =

V
Δ

where

d
dβ ∫

∞

0
dl pi(l, ϵ) e−α[pi(l,ϵ)]l = 0

∫
∞

0
dl ( ∂

∂β
pi(l, ϵ)) e−α[pi(l,ϵ)]l + ∫

∞

0
dl pi(l, ϵ)( ∂

∂βe−α[pi(l,ϵ)]l ) = 0

∫
∞

0
dl ( ∂

∂β
pi(l, ϵ)) e−α[pi(l,ϵ)]l = − ∫

∞

0
dl pi(l, ϵ)( ∂

∂βe−α[pi(l,ϵ)]l )
= ∫

∞

0
dl pi(l, ϵ)le−α[pi(l,ϵ)]l ∂α[pi(l, ϵ)]

∂β
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∫
∞

0
dl ( ∂

∂β
pi(l, ϵ)) e−α[pi(l,ϵ)]l = − ∫

∞

0
dl pi(l, ϵ)( ∂

∂βe−α[pi(l,ϵ)]l )
= ∫

∞

0
dl pi(l, ϵ)le−α[pi(l,ϵ)]l ∂α[pi(l, ϵ)]

∂β

∂α[pi(l, ϵ)]
∂β

=
∫ ∞

0
dl ( ∂

∂β pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l

for thickness dependence of gas gain

fixedβ = Δ, V :

∂α[pi(l, ϵ)]
∂Δ

=
∫ ∞

0
dl ( ∂

∂Δ pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l
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∂α[pi(l, ϵ)]
∂Δ

=
∫ ∞

0
dl ( ∂

∂Δ pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l

∂
∂Δ

ln G =
∂Δ
∂Δ

⋅ α[pi(l, β)] + Δ ⋅
∂α[pi(l, β)]

∂Δ

= α[pi(l, β)] + Δ ⋅
∫ ∞

0
dl ( ∂

∂Δ pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l

For the general discussion, we need to find a model-independent form of pi(l, ϵ)
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In the first place,  
the self-consistent equation  denotes the probability distribution function of gas gainp(z)

pi(l, ϵ) = exp (−∫
l

x0

dl′ ρσ(El′ )) ρσ(El)

p(z) =
1
αz ∫

∞

z
dz′ ∫

z′ 

0
dz′ ′ p(z′ ′ ) p(z′ − z′ ′ ) pi(

1
α

ln
z′ 

z
)

model-independent form of pi(l, ϵ)

J(1) = ∫
∞

0
dl pi(l) e−αl =

1
2
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∂
∂Δ

ln G = α[pi(l, β)] + Δ ⋅
∫ ∞

0
dl ( ∂

∂Δ pi(l, ϵ)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl pi(l, ϵ)le−α[pi(l,ϵ)]l

= α[pi(l, β)] + Δ ⋅
∫ ∞

0
dl ( ∂

∂Δ exp (− ∫ l
x0

dl′ ρσ(El′ )) ρσ(El)) e−α[pi(l,ϵ)]l

∫ ∞
0

dl exp (− ∫ l
x0

dl′ ρσ(El′ )) ρσ(El)le−α[pi(l,ϵ)]l

∫
∞

0
dl exp (−∫

l

x0

dl′ ρσ(El′ )) ρσ(El)le−α[pi(l,ϵ)]l

∫
∞

0
dl ( ∂

∂Δ
exp (−∫

l

x0

dl′ ρσ(El′ )) ρσ(El)) e−α[pi(l,ϵ)]l

need to calculate them to find “Stability condition”
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