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Calculation of streamer development in MPGDs
In an axisymmetric hydrodynamic model
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Fundamental detector limits

this work: low rate limit = space-charge limit
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Figure 4. The maximum achievable gain, limited by breakdown, as
a function of the x-ray flux for various detectors: (1) PPAC with
3mm gap; (2) MICROMEGAS; (3) PPAC with 0.6 mm gap;

(4) microstrip gas chamber with | mm strip pitch; (5) microstrip gas
chamber with 0.2 mm strip pitch; (6) GEM; (7) microgap detectors
with (.2 mm strip pitch. Large counting rate densities require a
reduction in the gas gain to prevent breakdown. See [52-55] and
references therein for the original data and details. All data were
converted to total avalanche charge.
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Fast breakdown - experimental evidence

Very fast process featuring a “precursor” pulse

[RAEG4] PPAC RPC
' T puees

[FON91]

e

A signature of low-gain v
cathode streamer-only |
e e breakdown
Precursor pulse
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Figure 5.14, Current oscillograms of static breakdown [HO‘N%] )

in methylal. Optical method. Efp = 64-4, pd = 230 0 50 100 150 200

Torr ¢m, d = §-8 cm, T = 90 nsec RC = 5 nsec™® Fig. 1. The pulse shape of the SQS electrical signal ¥'="245kV,

Methylal/{Methylal + Ar) = 16.6%.
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Fast breakdown - experimental evidence

Cloud chamber observations (vapours, ~1cm gap)
High gain — anode and cathode streamers
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Figure 5.9. Development of one avalanche into a streamer, photographed FIG. 6. Schematic representation of the qualitative

(@) (b)

in the cloud chamber (air, 270 'l'orr). The expansion ratio was reduced, so that vl . .
in (a) only the head of the avalanche, as the region of the highest ion density, is d eacTiption of streamer dev elopment given h}r WHE“E}: .

visible as a track. If the voltage is slightly raised (at constant voltage pulse {Based on Fige. 22 and 27 of Ref. 11,) Ancde- and

duration), an ‘anode directed’ strcamer devclops out of the avalanche head -

(b, ¢). Further increase of the vollage produces the development of the ‘cathode cathode-directed streamer prnpag&tiun hEE—' ne &t boritfoal
directed’ streamer, so that a plasma channel bridges the two electrodes. Therein when the avalanche position equals x er i deals

occurs the spark. The same stages pass, if the voltage pulse height remains

constant and the pulse duration is increased®
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Fast breakdown - experimental evidence

Lower gain — only cathode streamer

n
o
9]
3
)
9)
@

a =
QD

=
w

—_ D
>
®
o -
0 =
5 D
@]

o 5
® o
o
]

ayoueene woli-
sayouelq Jaweans+
apoue Je 1sow|e
laweans apoyred
apoue sayoeal
laweans apoyred
paysi|qelss [auueyd
paysi|gelsa [auueyd

(1) (b) (c) (d) [RAEG4] (¢

Fignure 5,10, Development of the cathode directed streamer (with increasing

pulse length), From the head of the avalanche (near the anode) (a) starts the

cathode directed streamer ((b) (¢)) till a plasma channel connects cathode and

anode (A, e), These branched streamers resemble the discharge figures going
oul from a positive point, see Fignre 5.121
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Fast breakdown — accepted physical origin
(Meek and Raether’s “streamer”/”"Kanalaufbau” mechanism)

Photon-mediated local feedback in a strong space-charge field

-+ ‘
k‘ L l l ’) E,>Eq « Higher field: anode (forward) streamer
v E,<E, « Lower field: safe, but lowers avg. gain
E,
+
| . < Higher field: cathode streamer
/ B \ = (but needs a secondary process)
¥ v Streamers are triggered when the
space-charge field becomes comparable
to the applied field:
Complex physical process, involving: a Chﬂf‘ge-domina‘fed,

electron transport in variable fields geome'rr-y-dependen'r process.
electron multiplication in high fields B

space-charge distorted electric field
emission of photons able to photoionize the gas at a certain distance (gas self-photoionization)
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Hydrodynamic approach to streamer calculation

Charge transport good reference: [DAV73]
. cregtion tranjs&ort
on (r,t) - =S ‘
-~ = 5§ "‘(05_77)'\/\/ n—-V-(Wn)+DV®n electrons
at other h N 1 - S V_e§ej dif .
sources multiplication We Vi, =n, VW, Ttusion
~ attachment drift pile-up
n(r,t) = charge density inspaceand time
W (E) = velocity of charges Space-charge + applied field
E(F,t)=electricfield:applied+spacecharge ng _ e (n —h -n )
@ =first Townsend coefficient £ ' ° .

D =diffusion coefficient .
Boundary conditions

initial densities: ne,ii(F,O)

On,, (r,t) _ - M
Ot °

On._(r,t) =f7’v0
Ot ¢

n

° behaviourof chargesattheelectrodes

lons, assuming

n, stationary ions

Electrostatic B.C.

Slight drawback: no avalanche statistics



Calculation of streamers in MPGDs RD51 meeting, 24 May 2010, Freiburg P.Fonte ?gi!

Gas self-photoionization as a secondary process

It is possible that just transport accounts for the forward (anode) streamer
but for the cathode streamer (growing backwards) something else is needed.

e.g. photoemission proportional to the electron multiplication

On, (r,t) _she
Ot 'We

+ gas self-photoionization source term
r=r|/2

g J‘ 6nf(Fl’t)Q - - —~ distribute the photons
A

b1 (r—re dr’ around and ionize the gas

n, photon creation

S(r,t) =
Volume
6 = photon yield perelectron
Q = solid angle fraction from emission to absorption point
Q =quantum efficiency

A = photon's mean free path

All this for each relevant emission wavelength...
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Gas self-photoionization as a secondary process?

« Streamer breakdown seems to be an universal Closing the gain loop
phenomenon. (Generations of electrical engineers and by self-photoionization?
detector physicists couldn’t find a way to avoid it.) +

« However, self-photoionization hardly allows an k‘ L l l‘) E,>Eq

universal situation. Essentially every mixture requires
its own theory!

« Depends on the details of photoemission, E,
photoabsorption and photoionization spectra and

-
that must be considered for every component of a E3>Eg
gas mixture; I i \

« Photoemission yields are essentially unknowable. = o
Both hard to measure and hard to calculate. Yield m-L_j (s J’{Jbrr‘tlh: o o
depends on competing deexcitation processes: | | LT 1 |
very mixture-dependent.

* In pure propane, for instance, at atm. pressure the ]
absorption length at the edge of the photoionization
band is only ~10um. Hardly enough for closing a gain
loop, even without considerations about yield.

2

Cross sections (II:'.!'"1 cm’)

IS THERE ANY OTHER WAY? 10 15 20 25
Photon energy (eV)
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Diffusion as a streamer-supporting process

PHYSICAL REVIEW E VOLUME 55, NUMBER 2 FEBRUARY 1997

Propagation and structure of planar streamer fronts

TR, Analytical and numerical proof
Instituut-Lorentz, Universiteit Leiden, Postbus 9506, 2300 RA Leiden, The Netherlands that diffusion alone prOVideS a
Universite Paris VII, GPS Tour 2(;1:“';5;;22 .i{i.ﬁfe]ri;, 75251 Faris Cedex (13, France SUﬁICIent meChan Ism for
g positive streamer front (PSF)
ofxt) [ PSF:  E'=1,D=0.1,0'=6.32, v'=0.0149 : propagation in some

o simplifying (but quite
40 ) reasonable) conditions.
S
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i
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8
a
25 0
o]
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20 =
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FIG. 10. Emergence of the uniformly translating PSF on the left
for D=0.1. Initial conditions identical with Fig. 9. The time range
t=4000-8000 after an initial perturbation at /=0 and x,=60 is

shown in time steps of Ar=100. {Numerical grid size Ax=10.01
and Ar=10.5.)
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Simplified hydrodynamic model

(r,t) = charge density inspaceand time

( - e|+
| ’Wn—V(Wn)ﬂ“DVZe o .
E(r,t) = electric field=VV (r,t)
J _|n W_(E) =electron velocity
t i -
I e @ (E)=first Townsend coefficient
[VZV = ——(n|+ n,)

D.(E)= electron diffusion coefficient

Only electrons and positive ions

No positive ion movement (in such short time span)

No attachment

No photons

Assume axial symmetry (minimal condition for realism):
2D calculation )

 Applied field: boundary conditions on the potential

 Dielectrics: tangent  (no charge flow into the surface)
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Numerical approach: finite elements
Used the commercial program COMSOL Multiphysics

® COMSOL Multiphysics - Geom2/Convection and Diffusion (cd) : GEM5b

ot s e P e e s — | Solves a coupled set of a basic
s S =2 @eoped|vhraldi T . . .
ot & 1| differential equation,

# 3" d

eﬂ—u+fﬁg—u+?-f—c?u—&u+ﬂ+ﬁ-?u+au=f in £}

4 IE]:E at

n-{c‘?‘u+uu—]’}+qu=g—h?u on df}
hu=r on df}

with arbitrary coefficients (any function of
any variable) in a mesh (finite elements).

Covers most cases needed for applied
physics.

B ke EbBTp (R ebreoRel 0TS

[COMSOL]

v
(1.276e-4, 4.701e-4) — EQUAL [Normal Memory: (168 | 183)
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Gas: pure CO, @ atm. pressure

first Townsend coefficient

electron velocity %102
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3 o
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2r r
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MICROMEGAS

hole: 40 um
gap: 100 um
Ny=100 e-

Total induced current

< [ [iav =

Volume
[ nw_|dv
Volume

The details depend on
which electrodes we are
actually collecting this
current.
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Time=0ns Total charge [# ions]
surface: ion density [mu] Surface: E field intensity [V/m wf.: ioniz. rate density [m3s™! Induced current (n,*W) [a.u]
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L 1 P
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MICROMEGAS

hole: 40 um
gap: 100 um
Ny=100 e-

Proportional gain
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Contour: e- density [m'3]
Streamline: E field
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Time=1.5ns
Surface: E field intensity [V/m
Contour: e- density [m™3]
Streamline: E field
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wrf.: ioniz. rate density [m3s™!

Contour: e- density [m'3]
Stream line: E field
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Total charge [# ions]
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Time=2.2ns Total charge [# ions]
Surface: ion density [m3u] Surface: E field intensity [V/m wrf.: foniz. rate density [ms™! Induced current (n,*W) [a.u]

ikt oA i 18 ik

hole: 40 um o | i o |
gap: 100 pm - e -
N,=100 e o - B
Onset of space-charge: 1 l'ff s
maximum multiplication ‘,
region moves away from - )| "
anode owing to space- " N
charge. o 2 o |
This is not a streamer yet. -
Depends on the inflow of o B -
electrons from the drift for s
growth. > : -

o - o 1'

x10°5 x10°5 x105 x10°?
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Time=2.75ns Total charge [# ions]
Surface: ion density [m3u] Surface: E field intensity [V/m wrf.: foniz. rate density [ms™! Induced current (n,*W) [a.u]

ol ot oA M venine 104 e A

hole: 40 um -
gap: 100 um - N
N,=100 e = i
The induced current s u ,
actually decreases
because the multiplication - N
of the inflow of electrons is " N
not enough to compensate o . |
for the electron losses to
the anode. o B

- %6 - I 1'

x10°5 x10°5 x105 x10°?
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MICROMEGAS

hole: 40 um
gap: 100 um
Ny=100 e-

A streamer structure is
formed on the tip of a
plasma conductive
“needle”.

The current increases and
the structure known as
“the precursor” is formed.
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Contour: e- density [m'3]
Streamline: E field

-4

005 115 2 25 3
x10°5

0.95

Time=3.1ns
Surface: E field intensity [V/m
Contour: e- density [m™3]
Streamline: E field

-4

005115 225 3
x10°5

0.85

065

055

-0.15

wrf.: ioniz. rate density [m3s™!
Contour: e- density [m'3]
Stream line: E field

-4

005 1 15 2 25 3
x105

Total charge [# ions]
Induced current (ne*W) [a.u]

1% F

107 F

005 1 15 2 25 3
x10°?



Calculation of streamers in MPGDs

L 1P

RD51 meeting, 24 May 2010, Freiburg P.Fonte

MICROMEGAS

hole: 40 um
gap: 100 um
Ny=100 e-

The streamer is self-
sustained and propagates
towards the cathode at
very high speed.

Total charge [# ions]
wrf.: ioniz. rate density [m3s™! Induced current (n,*W) [a.u]
Contour: e- density [m'3] L B T O
Stream line: E field

Time=3.2ns
Surface: E field intensity [V/m
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Streamline: E field

Surface: ion density [m3u]
Contour: e- density [m'3]
Streamline: E field
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Time=3.235ns Total charge [# ions]
Surface: ion density [m3u] Surface: E field intensity [V/m wrf.: foniz. rate density [ms™! Induced current (n,*W) [a.u]

ikt oA i 18 ik
hole: 40 um i
gap: 100 pm - e -
N0:100 e’ 112 ll;z 11:
The streamer branches s L s /'1
sideways towards the -
mesh, bridging anode and "oe [N | oo 8
cathode with a conductive ~ °=[§ oxs| ) o
plasma path. oz 3 ol
Further discharge stages os | = oss |
will follow, eventually o B -
ending with a spark. s

x10°5 x10°5 x105 x10°?
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Owing to the strong density
Structure of the ool smasag oradiont som GleoTons
diffusion-assisted

Contour: e- density [m™3] Contour: e- density [m™3]
Streamline: E field Streamline: E field
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0.94 a3
092 942
09 09
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08 | . . .
- . | . density maximum, moving
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074 °7* | N high speed.
72 072 | e
The movement of the
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| of the density maximum,
: : 4 : . .
Very low field region > e not a physical velocity of
U | os |} 0s an object.
the anode potential appears at . 056
H 0.56 0.56
the tip of the streamer e e
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GEM

hole: 60 um
gap: 100 um
Ny=100 e-
V=1250V

surface: ion density [mu]
Contour: e- density [m'3]
Stream line: E field
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012345678
#10°8

Time=0ns Total charge [# ions]
Surface: E field intensity [V/m iwrf.: ioniz. rate density [m3s! Induced current (n,*W) [a.u]

Contour: e- density [m™] Contour: e- density [m™] T T
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GEM

hole: 60 um
gap: 100 um
Ny=100 e-
V=1250V

Surface: ion density [m3u]
Contour: e- density [m'3]
Streamline: E field
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Time=1.8ns Total charge [# ions]
surface: ion density [mu] Surface: E field intensity [V/m wf.: ioniz. rate density [m3s™! Induced current (n,*W) [a.u]
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GEM

hole: 60 um
gap: 100 um
Ny=100 e-
V=1250V

surface: ion density [mu]
Contour: e- density [m'3]
Stream line: E field
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Time=3.3ns Total charge [# ions]
surface: ion density [mu] Surface: E field intensity [V/m wf.: ioniz. rate density [m3s™! Induced current (n,*W) [a.u]
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Time=3.38ns Total charge [# ions]
Surface: ion density [mi2u] Surface: E field intznsity [V/m wrf.: ianiz. rate density [m3s™! Induced current (n,*W) [a.u]
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L 1P

GEM

hole: 60 um
gap: 100 um
Ny=100 e-
V=1250V

surface: ion density [mu]
Contour: e- density [m'3]
Stream line: E field
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GEM
lateral (ring)
avalanche

hole: 60 um
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Streamer-resistant detectors?

single-wire (SQS mode)

mV

[HON96]

50 100 150 200
Fig. !. The pulse shape of the SQS electrical signal V=2.45kV.
Methylal /{Methylal + Ar) = 16.6%.

t(ns)

0

Could there be a self-quenching streamer (SQS) mode in MPGDs?
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Array of needles
+ INGRID

diameter: 10 um
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Or course:
needle = low rate capability
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Array of needles
+ INGRID

diameter: 10 um
N,=1000 e-

It seems there is indeed an
SQS regime in the needle
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Array of needles
+ INGRID

diameter: 10 um
N,=2000 e-

It seems there is indeed an
SQS regime in the needle, but
there is still too much parallel-
field gain.
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Cathodeless CAT
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Cathodeless CAT

surf.: ioniz. rate density [m’s = Induced current (ng*W) [a.u]

Contour: e- density [m'3]
Streamline: E field

--------

Not completely successful, but
it sparks at a rather large
charge.
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Maybe such geometries can
be optimized for SQS mode.
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Summary

« Streamers can be supported by diffusion alone

* This seems to be qualitatively more in agreement with the empirical observations in
detectors than the classical mechanism based on self-photoionization

» The corresponding hydrodynamic model seems to describe qualitatively fast
breakdown in detectors

» Gives correct breakdown limit for GEM
« Seems to reproduce SQS in needles

» Useful tool for detector design and optimization. No SQS so far...

* Further work

* detailed comparisons with careful spark-limit measurements
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Emission suppression by “quenchers”

Photon ylelds In PPAC in the band 120 170nm
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There is some evidence that the emission originates mainly from fragments

(likely carbon atomic emission lines) at A>140nm.

Photoemission strongly suppressed for quencher concentration 1-10%

If “quenching” was the answer, people ought to have found a sparkless gas, or at least
one that would strongly expand the sparking limit.



