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Schematic View of the Experimental Setup.
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GEM foil (× 2) 
• Laser-etched LCP (100 µm thick) 
   with copper electrodes 
• Hole diameter/pitch: 70 µm/140 µm 
• Segmentation: 2

Readout plane 
   28 pad rows 
   Average pad width:  1.25 mm 
                        height: 5.26 mm

• The GEM foil and the read out plane (which is originally used for ILC-TPC test module).
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Derivation of the formula 

with  f  being the relative variance of the gas gain 
for sigle drift electrons 

Measurement Principle.

Ionizations along the laser beam

Readout pad rows

Drift region
Laser beam (UV)

GEM stack

Q1 Q2

Signal charges
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 1 + f 

       is replaced by <n>, assuming Poisson  
statistics for the number of initial ionization.

• n    is the total number of elecs. per pad row. 
• gi   is the gas gain for the i-th liberated elecs.   
• N   is the total number of amplified  
                     elecs. collected by a pad row. 

※ detail calculation is back up page.

A Novel Technique for the Measurement of  
the Avalanche Fluctuation of Gaseous Detectors  
Using Laser-Induced Tracks. KEK

High Energy Accelerator Research Organization

Tomohisa Ogawa on behalf of the LC-TPC Asian group.
• Introduction.

• Gas amplification of the electrons created by X-rays, UV photons, or 
charged particles plays an essential role in their detection with gaseous 
detectors. However gas amplification fluctuates because of avalanche 
fluctuations. 

• For large Time Projection Chambers (TPCs), the azimuthal spatial 
resolution at long drift distances is limited by the relative variance of the 
gas gain for single drift electrons.     (see NIM A 562 (2006) 136).  

• Avalanche fluctuations are conventionally estimated from the gas-
amplified charge spectrum of single electrons by a UV-lamp or a UV-laser. 
This method is, however, not easy because of electronic noise 
interference.  

• We have developed a novel technique for the measurement of the relative 
variance of avalanche fluctuation ( f ) using laser-induced tracks, exploiting 
the fixed cluster size of ionization created along laser tracks. 

• Measurement Principle.
• n :  is the total number of elecs. per pad row. 
• gi: is the gas gain for the i-th liberated elecs.   
• N: is the total number of amplified elecs. collected by a pad row.
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Derivation of the formula 

with  f  being the relative variance of the gas  
gain for sigle drift electrons 
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       is replaced by <n>, assuming Poisson  statistics for the number of  
initial ionization. And average of the difference of N on pad rows is, 

 1 + f 

•  A distribution of ionization cluster size (in thin matter) induced by charged  
   tacks fluctuates.  → Amplified #electrons (N) become Landau.  
   →  It’s too hard to get the variance of difference of observed charges.

• In the case of laser induced tracks,  
  an ionized cluster size  
  of electrons is 1.
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: Poisson distribution. 

: Landau distribution. 

•  A distribution of ionization cluster size (in thin matter) induced by charged tacks fluctuates. 
    → Amplified #electrons (N) become Landau distribution.  
         It’s too hard to get the variance of difference of observed charges.

ーザーを用いれば、 f の直接測定が可能となる。

• In the case of laser induced tracks, an ionized cluster size of electrons is 1. ( page 7 )  
• The distribution of an ionized cluster size of electrons is normal distribution. 
• Gaussian fitting is justified and its variance is available. 

The difference of observed charges on  
two pad rows get broader than Gaussian! 

• The distribution of an ionized cluster size of electrons is normal distribution. 
• Gaussian fitting is justified and its variance is available. 
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Schematic View of the Experimental Setup.

• Readout Electronics (ALTRO). • Chamber Box.

• Quartz Window.• 266 nm UV-Laser (New Wave Polaris 2)
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GEM foil (× 2) 
• Laser-etched LCP (100 µm thick) 
   with copper electrodes 
• Hole diameter/pitch: 70 µm/140 µm 
• Segmentation: 2

Readout plane 
   28 pad rows 
   Average pad width:  1.25 mm 
                        height: 5.26 mm

• The GEM foil and the read out plane (which is originally used for ILC-TPC test module).

• Schematic View of the Experimental Setup.

• Measurement of Primary Seed Electrons <n>.

• Typical < n > is 250 for one pad row and the measurement is much easier 
than observing the gas-amplified charge spectrum for single electrons.
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• Argon-CF4(3%)-Isobutane(2%). • Neon-Isobutane(5%).  

• The average number of electrons created by the laser beam is  
   estimated from the ratio of the signals:  Qlaser / Q55Fe. 

• Correlation of Charges on Two Pad Rows.

Gas: Ne+isobutane(5%) 

High gain (~6500) 

Low gain (~2200)  

Electronic noise  

 • The two charges are correlated mainly due to the variation of the laser   
intensity: → drift of laser intensity and/or shot-to-shot fluctuations.  

 • The electronic noises are also correlated:     
    → It’s common-mode and dominant. 

< 2% (low gain) and < 0.5% (high gain)  which are negligible.
• Noise contribution with lower gas gain and higher gas gain.
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• Preliminary Results on Gain Fluctuation f . 
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• Argon-Methane(5%).   (Popular gas.)

gas gain ~ 1400 gas gain ~ 2400

• The variance of the distribution gives the value of ( 1 + f  )1/2 .

The charges on pairs of every other pad rows are used for estimation  
instead of neighboring ones because of the charge sharing which is caused  
by the diffusion of amplified electrons in the transfer/induction gaps.

f ~ 0.78 ± 0.01 f ~ 0.67 ± 0.01
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gas gain ~ 1900 gas gain ~ 5800

gas gain ~ 2200 gas gain ~ 6500

• Argon-CF4(3%)-Isobutane(2%).   ( T2K gas, a candidate of ILC-TPC. )

• Neon-Isobutane(5%).  

f ~ 0.69 ± 0.01 f ~ 0.63 ± 0.01

f ~ 0.33 ± 0.01 f ~ 0.35 ± 0.01

X’

X’

• The value of f  measured with the argon-based gas is close to the indirect estimation 
from the resolution degradation with increasing drift distance observed with a prototype 
TPC for the ILC experiment:    M. Kobayashi et al., NIM A 641 (2011) 37.

• Summary and Conclusion.

• Our technique for the measurement of avalanche fluctuation using laser-induced tracks is relatively simple  
  and much easier than observing the charge spectrum for single electrons, and requires no assumption for  
  the functional form of the charge spectrum. Reference of our study: http://dx.doi.org/10.1016/j.nima.2016.06.073

• The value of f with the neon-based mixture is consistent with that obtained with Micromegas  using the charge 
spectrum for single electrons:  T. Zerguerras et al., NIM A 772 (2015) 76. 



To develop a high-performance GEM as a detector for LCTPC 

Our Asian-GEM has some problems 

• discharge, 

• need for support structure, and 

•gas gain non-uniformity

GEM optimisation study 

Thickness measurement

K.Yumino

All students of KEK-ILC group
Y.Aoki, T.Mizuno, J.Nakajima, K.Yumino

Introduction
The aim of study

2

Theoretical approach



GEM optimisation study 

3



Motivation

MICROMEGAS: results and prospects : I. Giomataris 

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

ga
in

 increases as  increases,  
 reaches a maximum  
M d

In this range, gas gain  is maximum and its fluctuations due to defects of flatness  
of the two parallel electrodes are canceled

M

This is the range currently used  
by the MICROMEGAS detectors

 is at maximum in the range of gaps 
 between 30-100 . 
M

μm

 falls at large values of  d

Stability condition!!

4

thickness dependence of gas gain 
in the case of MICROMEGAS



MICROMEGAS: results and prospects : I. Giomataris 

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

ga
in

In this range, gas gain  is maximum and its fluctuations due to defects of flatness  
of the two parallel electrodes are canceled

M

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

 falls at large values of  d

Stability condition!!
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Motivation thickness dependence of gas gain 
in the case of MICROMEGAS



current study

I’m now working on investigation of the conditions under which the 
thickness dependence of the gas gain is constant.

•Find plateau using Asian GEM geometry. 

•Theoretically derive the “Stability conditions” under which the gas gain 
is stable. 

•Verify the theory using Asian GEM geometry.
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Theory

Legler’s model have 2 assumptions 
1. ionising collisions may occur only after the seed 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 seed 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 

ϵ =
E
n

, E =
V/Δ

n
, δ =

V
U0

, η = nΔ
U0

V
σ0(ϵ) , and  thickness of GEM, χ =

ln G
δ

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

8

equation of gas gain variation dG
G

the details of these parameters are put on a backup slide, p22

effective cross sectionσ0 :
 scaling variable =E/nϵ :



1. Find the “plateau region” in gas gain distribution 

2. Look at free path distribution after each collision 

      →Mean free path  

3. cross section   

4.  vs   

     →Find stability condition 

                     

4. Compare the result

l

σ ∼
1
l

σ ϵ

∂σ0

∂ϵ
=

σ0

ϵ

l =
1
nσ

 gas densityn :

ϵ =
E
n

 electric field [kV/cm]E :
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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

If our theory is correct, the stability condition  should be satisfied in this range
∂σ0

∂ϵ
=

σ0

ϵ

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 

10

 
32.5 μm
 fixed

 
35 μm

hole size



C
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ss
-s

ec
tio

n 
σ

→cross section σ ∝
1
l

mean free path l

ΔV = 350 V

1 atm, - -  (95:3:2)Ar CF4 iC4H10

Free path distribution after each collision

To determine the cross section for each electric field value
Mean free path of avalanche electrons  was usedl
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∂σ0

∂ϵ
=

σ0

ϵ

“Stability condition”

indicates

: Differentiation of
∂σ0

∂ϵ and

at the intersection point of

:cross section  divided by 
σ0

ϵ
σ0 ϵ = E/n

“Stability condition” is satisfied!!
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Simulation result



58 kV/cm

30 um 

ΔV = 350 V
1 atm, - -  (95:3:2)Ar CF4 iC4H10

this intersection point  
correspond to the electric field of 
∼ 58 kV/cm

∂σ0

∂ϵ

σ0

ϵC
ro

ss
 se

ct
io

n

~58 kV/cm

the thickness of GEM@  is58 kV/cm

and this thickness is almost same as  
CERN GEM 50 μm

 (  copper thickness)∼ 30 μm +20 μm

13
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Simulation result



Thickness measurement
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Thickness dependence of gain

From our simulation study, gas gain strongly depends on the thickness of GEM
measured gas gain over the pad

There is a gain variation of about 30% between the maximum and minimum values.
→due to thickness variation? Need to investigate the cause of gain variation.

15

arxiv:1701.05421



Thickness measurement system

Put GEM here!

sensor

sensor

3D Modelling
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Our plan

1. 3D modelling of the measurement system 

2. Setup (Assembly, Sensor calibration)

Done!

Done!
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1. 3D modelling of the measurement system 

2. Setup (Assembly, Sensor calibration) 

3. Software development 

4. Thickness measurement 

5. Analysis

will be finished by the end of March!
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Done!

Done!

Not yet… 
but on going!

 Compare the measurement result with simulation and investigate the cause of
the large gain non-uniformity

Our plan



Summary

• To develop a high-performance GEM as a detector for LCTPC, we have worked on 
investigation of gas gain fluctuations. 

• Theoretically derive the “Stability conditions” under which the gas gain fluctuations are 
cancelled. 

• The gain plateau was found in the area corresponding to the stability condition. 

• Therefore stability condition predicted by our theory is found consistent with the 
simulations so far. 

• We have also been developing the thickness measurement system to investigate the cause of 
variation of measured gas gain.

19
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Future Plan
Our simulation result indicates that we have to apply  to  thick GEM.  
     we already have discharge problems with  thick GEM,  
     probably discharges will be a problem with  thick 

350 V 50 μm
100 μm

50 μm

This time, we applied a high voltage of  such that sufficient gain was obtained for 
thicknesses of GEM in the range of  to verify our theory.

350 V
10 μm ∼ 200 μm

Also, we want to know 

we need to investigate a geometry and a setup that satisfies “Stability Conditions” with

• sufficient collection efficiency and 
•  a high voltage that discharge does not happen much.

> 80 %

• how the intersecting points (p.13) that satisfies the stability condition changes by 
changing the applied high voltage and 

• the effect of changing the hole size and copper thickness
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Theory

dG
G

= ( 1
1 + χ + η ) [1 −

ϵ
σ0 ( ∂σ0

∂ϵ )] χ δ ( dΔ
Δ )

We have 

ϵ =
E
n

, δ =
V
U0

, η = nΔ
U0

V
σ0(ϵ), χ =

ln G
δ

, and  thickness of GEME =
V/Δ

n
Δ :

where

the coefficients can be deleted by tuning  depending on the gas parametersΔ, V

22

equation of gas gain variation dG
G

 gas gainG :
 applied high voltageV :

Gas parameter
 ionisation potentialU0 :

scaling variable

 gas densityn :
 cross sectionσ0 :



Avalanche fluctuation
Avalanche fluctuation f f ≡

σ2
Ne

< Ne >2 Gas gainNe :

One of common empirical formula for avalanche fluctuations 

Polya distribution

P(Ne) =
(1 + θ)1+θ

Γ(1 + θ) ( Ne

Ne )
θ

exp [−(1 + θ)
Ne

Ne ]
Ne : mean of gain
θ : parameter of Polya distribution

θ =
1
f
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>. ガス検出器における、ガス増幅率揺らぎ “ f ” ( Avalanche fluctuation / Gas gain fluctuation )  
    に関する研究は古くから行われてきた、 
　

   ➡ パラメータθの中に、 
       f は組み込まれている。
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定義

Polya分布
>. まだ計算機も発展していない時代から、 
    (1950年代、プロポーショナルカウンタも1950年代 ~ )  
　 多くの研究者達は、そのモデルについて思考錯誤してきた。 

※ G:ガスゲイン/ガス増幅値

θ=0 で分布は Exp分布 ( f=1.0 最低 ) 
 f が小さいほど、揺らぎは安定する。

f=1.0 
f=0.5 
f=0.1

Snyder 1950,  Legler 1960, 
Byrne  1962,   Alkhazov 1970, etc

>. ガス増幅揺らぎを表現する経験式として、 
　 現在よく使われているのは、Polya 分布と呼ばれるものであり、 

Measurement of Gas gain fluctuations    P  5

 ( NIM 89 (1970) 55-I65 )

ガス検出器と 
ガス増幅率揺らぎ f について 導入１：

Ne/N̄e

θ = 0 → f = 1.0
Exponential distribution 

As  gets smaller, the fluctuations become more stablef
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ガス検出器と 
ガス増幅率揺らぎ f について 導入１：

As  gets smaller, the fluctuations become more stablef

Polya distribution

e−

e−

e−

e−

e− e−

e−

e−

e−

e−

fluctuation small large

e−

avalanche

electron

smallf : largef :
charge center of  
            gravity method good bad
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Avalanche fluctuation f
f ≡

σ2
Ne

< Ne >2

Avalanche fluctuation

Larger values of  make the detector performance worsef

σx = σ2
0 +

C2
d ⋅ z
Neff

Position resolution
: drift length 

: effective number of electron 
:  diffusion constant of gas

z
Neff
Cd

e−

e−

e−

e−

e− e−

e−

e−

e−

e−

fluctuation small large

e−

avalanche

electron

smallf : largef :
 :largeNeff  :smallNeff

These electrons contribute little to 
the position measurement

→  can be smallNeff

1
Neff

= ⟨ 1
N ⟩ * (1 + f )

 number of primary electronsN :
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Avalanche fluctuation f

f ≡
σ2

Ne

< Ne >2

Avalanche fluctuation

affects the detector performance

Position resolution

σx = σ2
0 +

C2
d ⋅ z
Neff

26

Make the position resolution better by increasing Neff
To increase , we need to increase  and decrease Neff < N > f

1
Neff

= ⟨ 1
N ⟩ * (1 + f )

depends on the gas, density, pad row height and so on


