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Brief Introduction

® Charging up ===) response non-uniformity, long-term stability.

® Accumulation of space charge ===) response non-uniformity and discharge
formation

® Formation of discharges / sparks === instability and aging.

® This presentation will include

an overview of the numerical work that we have carried out by our group till recent past
new areas that are being explored at present
indicate future directions

rather than following the transport dynamics rigorously in the illustrated examples, we
will try to evaluate the consequences few possible scenarios.

discuss only GEMs and RPCs.
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Section 1: Charging up simulation S ——
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® The exact effect of charging up can depend on the experimental
conditions. For example, muon imaging may have negligible effect,

4R35

Corrected Gain

400

while high rate experiments can suffer significantly. Moreover, if the T
radiation rate changes, the radiation charging up effect may vary as L e
well. The polarization charging up effect can vary if voltage I

configuration of detectors are modified.

Corrected Gain

® Avalanches occurin 10-s of ns, while charging up builds up over hours.

® Event rate can play an important role.
play P
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® Difficult to visualize a model that will be valid for all relevant time T'ml“}mr“
TRl

scales.

® Avalanches need microscopic modelling

Corrected Gain

® Charging up build-up needs macroscopic modelling

® Event rate can be very slow (seconds) to extremely fast (ns).

20 40 SOTmf: mllfiu 120 140 160 180
Studies on charging-up of single Gas Electron Multiplier,
Kumar et. al, JINST, https://doi.org/10.1088/1748-
0221/16/01/P01038
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Deposition of charged particles in a GEM

Electrons on Kapton
0.106

0.1055 |
0.105

® More ions are towards the Y T W I
lower-middle of the Kapton foil. & - § T3ai 8 '* oo b

® More electrons towards the
lower-bottom of Kapton foil.

0.015
0_00g'01

0.0~ 0.00%

01

® Electrons are less constrained. Electrons and ions on the surface of several GEM holes

There is considerable overlap.

Electrons and ions on the surface of one GEM holes
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Two algorithms in particle model

0.0011

.| Sideview
. . S~ S /A
Algo 1: Use end-points provided by Garfield++ ... | IR\ 2
0.001 | >
® Consider the ending point of charged particles. Q
Garfield++ tries to terminate a drift line close to ¥  wameiemetscianex o
the boundary.
Algo 2: Assign surface charge densities to e |
elements ST, o |
® Identify the element on which the charged elementss "
representing a

particles falls. Add all the charged particles on an

element to estimate a surface charge density. GEM hole
For small number of charged particles, algo 1
is good. C
(<]
For large numbers, algo 2 may be more useful. .

element
“end point

Kapton
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Ez field through axis
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Effects of charging up

Ex field along x-axis (lower copper)

Ey field along x-axis (lower copper)
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Points to be noted:

* Device geometry is unchanged from that shown earlier.
* Number of charge deposited per element has wide
variation — no circular symmetry for one event.

* The symmetry may be regained due to overlap of a large
number of events.

Note that the lines do not exactly overlap.
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Number of charged particles

10000

® This will, hopefully, also lead us to the long term model
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Hydrodynamic model - charge collection

Time=12 ns

Multislice: Electric field norm (V/m)
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Charge is accumulated more
towards the induction / transfer
volume.

Hardly any charge is found on
surface towards drift volume.
More negative charges towards
induction / transfer volume.
Some positive charges around
the middle of the hole.

Note that only collection is
simulated at present. Modelling
loss of charges will negd further
efforts.
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Charging up effects using hydrodynamic model

The same event is simulated using a
hybrid model.

A
<A
NS ||
Al
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Initial conditions, transport
properties are obtained from
Garfield++.

® Electric field, charged particle .
transport using Comsol, an FE

Without surface charge

package.

® With enhanced surface charge
applied manually (collected charges
made 100 times), the gain value is
found to increase significantly.

Number of parti

With enhanced surface charge
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Section 2: Space charge simulation

Since ions move rather slow, some accumulation of ionic space charge is almost always
unavoidable.

® Given suitable combination of parameters, and presence of an ionic cloud, electron clouds
can also form.

® True for almost any gaseous detector — wire chambers, RPC, MPGDs, TPCs (imaged for
visualization)

® In effect, applied electric field gets distorted, modifying detector response.
® Canleadto discharges [ sparks.

® Models valid for both short- and long-term are necessary.

3rd International Conference on Detector Stability and Aging, 20th November 2023 9/25




RPC space charge using particle model

* In Garfield++, a new class has been added to the existing
framework:

* pAvalancheMC (loosely based on class AvalancheMC)

Flow of algorithm of pAvalancheMC

Boron € Py ¢ g
* The new class contains several new functions such as . wl,‘c

« SetNumberOfThreads(20) — carries out OpenMP parallelization. e gﬁ%% = o

* SpaceChargeEffectOn() res

* SetMinSpCharge(1e4,0) " S s

» SetGridElements(dthta, dx, dy, dz, dr) pmwimmm Bt 4 +-.ijW

* SetElectrodePropertise(thickness, thickness, gasgap, e Now g
epsilon, true); R i

 SetElectrodelLocations(electrode Centerl alongz, 4
electrode_Center2_alongz, gas_Center_alongz); A S ——

Elc-1 Elc-2 Elc-3 Elc-4
* GlobalTimeWindow(time);

Step Update Step Update Step Update Step Update
and Gain and Gain and Gain and Gain
Calculation Calculation Calculation Caiculation
[ )
etc...

* Till now, specific to RPCs. ‘ u,,almmlm

Electron /lon €¢—

Container

Return | I Return
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Space charge with particle model

ion positions

Entries 8008284

Mean x 5.72e-05

Meany  —0.001055

Mean z 0

Std Devx  0.008542

StdDevy 0.009674
01523

/ StdDevz 0.

Entries 510979
Mean x 0.00154
Meany  0.005884
Meanz 0.005014 202
Std Dev x 0.008556 318
Std Devy 0.008277 N9.16
Sid Dev z 0.003736 0.14

® Considering each and every

charge individually is
extremely difficult.

(05
002 003 0504«

lon cloud

® Several representations of the

space charge were tried: Electron cloud

® rings with image charges

r+0r

® lines with image charges

Parallelization of Garfield++ and neBEM to simulate space-charge effects in
RPCs, Dey et al., CPC, https://doi.org/10.1016/j.cpc.2023.108944

Numerical study of effects of electrode parameters and image charge on the
electric field configuration of RPCs, Dey et al, JINST,
https://doi.org/10.1088/1748-0221/17/04/P04015
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Performance of these representations

MUDDE 1"
S —: 1.08
® Results from ring and line were compared. i g
0 .04
: : : - ® ® i
® No differences observed in this case £ -5000F ® E
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~25000F- o0 | Raogmere ooz
T 500E T 50E 05 600% 005 003 bor
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® Results were also compared with already E
.- . . 10000 :
existing line representation of neBEM o0 2 S, 3,
Q Q S
° 0 Q =R
Good overall agreement § cooo ? g [Fresen R
E“—'IUUU[] o o —— Line mod.el _: 3 E[m
Ll 15000 ) o ? e EneBEM:ElnE N
Numerical study of space charge electric field inside Resistive Plate Chamber, 200005z nnnist S, GQ T AAAAAANANN A 1
Dey et al, JINST, https://doi.org/10.1088/1748-0221/15/11/C11005 55000 Tt :
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Effect of space charge in an RPC

6
?d 0 - With space charge effect
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Variation of number of electrons with time steps of the avalanche for electric fields of 49.85 kV/cm, and 5o kV/cm, (a)
without space-charge effect, (b) with space-charge effect, (c) considering negative ions .

Parallelization of Garfield++ and neBEM to simulate space-charge effects in RPCs, Dey et al., CPC, https://doi.org/10.1016/j.cpc.2023.108944
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Effect on gain distribution
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Distribution of electron gain for 10* avalanches (a) without space-charge effect, and (b)with space-charge effect.

Parallelization of Garfield++ and neBEM to simulate space-charge effects in RPCs, Dey et al., CPC, https://doi.org/10.1016/j.cpc.2023.108944

14/25

3rd International Conference on Detector Stability and Aging, 20th November 2023



Space charge in GEM — particle model

¢ Existing:

. Electron cloud

° point -
® line e
® ring |

® area

® volume (point in cell - PIC)

0.106

. 0.1055
Future: o105
0.1045
0.104
0.1035

® disc (formulation available; long expressions, but

0.1025

doable)

volume (??7?

0.15
0.14
0.13
0.12
0.11

0.1
0.09

0.15
0.14
0.13
0.12
0.11

0.1
0.09
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Different field lines o
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Section 3: Discharge simulation

Difficulties with particle model

® Occurrence of discharges [ streamers are
considered disruptive » Large number of charged particles

® The detector can go blind for a short period of time * PICis a possibility, but beyond that

° :
Detector daging Can occur . Extremely time-taking

® Detector can get damaged beyond repair computation even after using

_ simple representation such as lines.
® Electronics can get damaged

* As discussed earlier, some
Very, very complex phenomena progress has been made for RPCs.

ad * The number of charged particles
i .~ E,,49.8kViem . . - .
200" 0 o i e considered in these simulations has
s | P alz 91 S
£ 1ok E,,. 51.8 kV/cm been ~10°.
s |
o .
§100;
E I s
2 50 P
i ) ,’/ "._I.‘\\\
O_é , _u-_-;'.i« L [ Sy |

15 20 25
Time (ns)

3rd International Conference on Detector Stability and Aging, 20th November 2023 17/25



RPC streamers using hydrodynamic model

Inclusion of Primary Electrons

400~ Entries 1300082
C | Mean .
Time=0 ns 3506 w StdDev  22.38
Surface: Concentration (mol/m?) E
o T o 0% | Number of Primary Electrons
' 5250
2 1 W30 gt
1.8¢ ] 3200
1.6 1 825  ©150- L\
1.4r . ]
1ol 1 150 1005 .
1k - 50 T“M
0.8+ 1 t115 0E L B o T T T T
0.6- i 0 20 40 60 80 100 120 140 160 180 200 y
0.4 | Hio number of electrons Mean Z Position of Electrons
Kl i E 1000 e
1600 Std Dev 002486
-0.2r .
0 1400

0 1 mm
Initial Electron Distribution

O
No. of electrons = 10 £
0, =0.01mm, 0, =0.1mMm

an

o

o

o
TTTTTTT [T T T[TT T[T T[T T TTTTTT]TTT
R RN RN R LR RN R L

Study of streamer development in Resistive Plate Chamber, Datta et al., TR IR L PR LR EEE
JINST, https://10.1088/1748-0221/15/12/C12006 Mean Z Position of electrons
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Streamer Probability

® In simulation, use different number of primaries for each voltage.
Find out whether streamer occurs, which is defined by the
situation that the electrons have reached the cathode.

® Find out the probability of occurrence of that number of electrons
from the HEED primary electron information. Add up the
probabilities.

® For experiment, first find out whether more than one pulse has
come or not, if yes then whether the amount of charge is more
than 20 pC or not, which is equivalent to Raether Limit.

Scope of improvement in simulation

mm

1.8¢
1.6r
1.4f
1.2¢

0.8}
0.6f
0.4r
0.2}

ol

1. Carry out 3D computation Voltage (in V)

%.Ollr?prove the relative tolerance in computation (currently at

0]0)
3. The initial position of the electron distribution was taken at 94
the middle of the whole gap. But there is a distribution of that. 600
So error due to the initial position will affect the result. 9

4. While calculating the streamer 1p]fqbability we have divided 9800
the number of events which will give stréamer by the total
number of events simulated in HEED. Fluctuation in the latter 10000

Time=0 ns Surface: Concentration (mol/m?)

x107H

30
25
20
15

10

Streamer simulated

From experiment

0.00087 +/- 0.00011
0.00091 +/- 0.00015
0.00411 +/- 0.00181

0.02681 +/- 0.00052

15 2 mm

From

simulation

0.008
0.008
0.0135

0.0224

that will also add up in the error.
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GEM

Collimator

Mylar
Drift

*'Am mm

alpha
radiation

Yo W @ W Woem

1% transfer gap - 1 mm

Nean_ G @0 € >ocmm

2" transfer gap - 1 mm

Nogo__ & € € > cems

Inductiongap - 1 mm
Anode
X

Experimental setup

Drift gap - 3 mm

al., JINST, https://doi.org/10.1088/1748-0221/16/02/P02018

https://doi.org/10.1088/1748-0221/16/09/P09001

3D model

Fast simulation of avalanche and streamer in GEM detector using hydrodynamic approach, Rout et

Numerical estimation of discharge probability in GEM-based detectors, Rout et al., JINST,

2]
1.57
1]
0.5]
F
-0.57
1]
-1.5]
-2
2.5
_3_
-3.5]

Axis-symmetric model

(incorporating appropriate

corrections)

3rd International Conference on Detector Stability and Aging, 20th November 2023

20/25



1) L. L L 0 L. L

|_| Entries 10000

2000 H Mean 7696 N
Std Dev  331.1

= 1500

1000

500

gl{l{l[l 6500 7000 7500 8000 8500 9000 9500 10000
Number of Primaries

()

Counts

4500
4000
3500
3000
2500
2000
1500
1000

500

Mean

Std Dev

20.98 |-
10.7 |

10

15 20 25 30 35
z position of electrons [mm]

(b)

T LI B =
— i 3
Entries 10000 3
Mean 01799 3
Std Dev  0.1155 B
1 3

0.2 0.4 0.6 0.8 1

Cluster Spread [mm]
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Introduce some effects of statistical processes

T T T
Entries 161718 -

(a) Geant4 display of the collimated alpha
tracks with an angle of +-30 in Ar-CO2
(70-30) gas volume.

(b) z position of primary electrons in an
event.

(c) Distribution of number of primaries
within 3mm gas gap for 10000 events.

(d) Cluster spread distribution in 3mm gas
gap for 10000 events.
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density as a driving factor of discharge formation in GEM-
based detectors, Nucl. Instrum. Meth. A 870 (2017) 116
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Discharge probabilities
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® Comparison of discharge probability estimates in single GEM
® Comparison of discharge probability estimates in triple GEM

® Comparison of discharge probability estimates with asymmetric distribution of voltages

Discharge mechanisms and their prevention in the gas electron multiplier (GEM), Bachmann et al., Nucl. Instrum. Meth. A 479 (2002) 294.
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Conclusion and future directions

lonization detector simulation is in a very interesting and rapidly evolving phase.
Several complex phenomena are being addressed with reasonable success.
Both particle and hydrodynamic models are found to be useful.

Ouroboros BEM has already successfully implement GPU computation for
Garfield++. Similar efforts for neBEM will be taken up.
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