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* Principle - MICROMEsh GASeous detectors

One-dimensional Floating Strip
Micromegas

« Drift region

S : charged /particle
 Collecting ionization charge cathode 2 /J 100V

drift region

e-
« Amplification region Ne:CF,

(Ar-CO.) ampllflcatlon 6mm 0. 16kV/em

region

L.Iﬁ\‘I%Urnj*‘ 40kV/em
_— C +520V

high ohmic R

copper
readout strips

« Anode: copper strips (floating):
individually connected to HV via

high ohmic resistors (~20M())

mesh
pillars

copper

_ anode
« Copper readout strips (~10pF) strips

« Fast recovery after local discharge 500um
(1-3 strips) - high rate capable

Is a two-dimensional readout possible?



Signal Formation — Electric Field Configuration

2d FSM detector model designed in ANSYS (three copper strip layer anode)

geometry, amplification region E-field solution for FS @ 580V

FS: floating strip
YS: y readout strip
XS: x readout strip

s*\‘%‘ﬁ IW ti s : @w gyg/;
ST g}},;nﬂé%ﬁ:%x%w%:w Fama M%ﬂ"«ﬁ?‘ﬁ s
kV/mm
b EEEEaa. | =

o 3400 6800
1700 5100 BS00

Strip Pitch: 0.5mm; Strip Width: 0.3mm (FS), 0.4mm (YS), 0.3mm (XS)
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Signal Formation — Charge Carrier Movement

charge carrier drift and amplification simulated with GARFIELD++

0.01

z (cm)

Garfield++
mesh electrons ions

0.005 [
ol

-0.005 |- ,'

-0.01

— 128 um

R [— ﬂoatmg Strip MR

B
-0.02 y-strip 25 pHm
-0.025 X-Strip 35 HM
-0.03 . : : - - . : - -
“0.05 004  -003 002  -0.01 0 0.01 0.02 0.03 0.04 0.05

X (em)

what kind of signals to be expected on the readout strips?

- combination of directly induced (by charge movement)
and capacitively coupled signals
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Signal Formation — Induced Signals

signals induced on electrodes by movement of charges through weighting fields

Shockley—Ramo theorem

z (cm)

0.01
: (1) = —q/V,, - E;[T(t)] @ T(t
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time [ns]

~0.02 y-strip Positive, bipolar signal:
0025 x-strip g = electrons
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Signal Formation — Induced + Capacitively Coupled Signals

Capacitances simulated with ANSYS
- Charge sharing between floating- and readout-strips calculated

X-strip y-strip

— . —_ 2 0.07
g op— 0 g £ . g
23 n © 23 - 0.06 ©
T -0.1f o T 45l 3
5 F - 0010 s 157 005 ©
(7 - 5 7 i S
-0.2 c i c
- . . o i 0.04 G
u — directly induced | 002C 10 ©
-0.3H capacitively coupled T m | < 003 O
. combined 8 i —— directly induced T8
-0.4 1 combined, integral | -0.03 = : —— capacitively coupled | 002 =
: 5 0.5F —— combined c
c - . . c
—05H e} L —— combined, integral | 001 8
H — -0.04 G i &
-06{] > 0 0 g
-0.7 - T B B S B -0.05 E [ el e e e b e b %

"0 100 200 300 400 500 © 0 100 200 300 409 500
time [ns] time [ns]
dominant signal: dominant signal:
capacitively coupled floating strip signal directly induced signal from avalanche

Here: only ~5% of avalanche charge transferred to the readout strips
- needs optimization of strip geometry
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Signal Formation — Front-End Response

delta-pulseresponse

» simulate frontend electronics (APV-25 hybrid board)

response to delta-pulse (transfer-function) RN
» take into account finite input impedance of electronics s ]\ — simulation
. . 5025 -
channel and detector strip capacitance Pk ) —+— APV 25
« convolute current signal with the transfer function % skl |
—> chip response for both readout strips & 0 ‘ N
0.05 [~ | M i
. i . - i : A, L ‘
Simulated & measured electronics response to a MIP: ok Ll T A A
time [ns]
X-Strip response y-strip response
Z o s Z sf
. - A A . r
g - A 2 5 simulation
A A 9, C
% E N . A 8 4;— 4 A —&— measurement
e oL . A §E Y a A
_3:_ { — simulation 0 . Lk
_103_ A‘iA —A—measuremeint —1;— AA_AASAAAAA
0 50 100 150 200 250 300 350 400 450 20 50 100 150 200 250 300 350 400 450
time [ns] time [ns]



Anode PCB Designs

different anode pcb concepts have been developed and tested, mainly distinguishable by:
classical straight readout strips (left) and novel pattern-based (right) readout strips

classical design

novel design

500 pm

floating
strips

400 pm

y-strips

X-strips

floating
strips

y-strips X-strips y-strips X-strips

floating
strips

150 pm 500 pm X-strips

floating
strips

floating floating
strips : i strips

X-strips 80 um 300 um

150 um 500 pm
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Comparison of Classical and Novel Anode Signals

. ) I detector 55 o
« S5Fe source comparison measurement in climate ”“derte\s; e-souree |
: - chamber
a temperature/humidity controlled | ——— |
environment (climate chamber) 1 — | meshsignal_
| preamplifier | E
.
 Detector gas: NeCF, 80:20 vol.% strip e Ll
e LMJ

\i
— )
average signal on strip with highest charge:

g 1200 71000 classical -  novel
S 1000 — classic £ — classic
c [ L 500 um
3 — novel f—f 800 — novel floating e — floating
g _8 strips
'6' 800 r & 600 -
g g
] =
S 6007 £ 400|

400 + 200 - 400 pm y-strips X-strips 150 pm 500 um xestrips

200 . )

° —> increase of pulse height on
0% 5 10 15 20 o5 2007 5 10 15 20 25 both readout Stl’ip Iayers
time [25ns] time [25ns]
x-layer y-layer
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Performance in High Energy Beams at CERN

Setup at the SPS H8 beamline

- 10-150 GeV muons at kHz intensity
- 150 GeV pions up to MHz intensity

9x10cnT trigger scintillators

_39.5 mm

T

55 mm . 42 mm . 85 mm . 201 mm . 179 mm . 39 mm B

——
I I

I I

B ][]
pions, 1. I_ I_ _l _I : 5
muons | i ] 1
150GeV : : . |
55 I ] o
v'I2 FSM1| FSM2 FSM3 FSM4 TVH‘I/I3 1JIVI'NI4
design 4 q / _ T design 4
(70-30) Mesh esign 6 design 5 (38-25) Mesh

(38-

25) Mesh  (38-25) Mesh

used detector gas:
Ne:CF, 80:20 vol.%

Investigation of
spatial resolution and
efficiency at:

perpendicular tracks

inclined tracks

perpendicular tracks at
high rate



Resolution/Efficiency: Perpendicular Tracks

« extrapolate track from TMMs into the floating strip Micromegas
» residual = predicted hit — measured hit - fit distribution with double Gaussian

7 | |
g_ 1200 __ Entries 12036 | g. 1200 B Entries 12054 |
0‘_'3 L Mean -0.002 0‘_3 L Mean -0.002 |
- B RMS 0.087 - — B RMS 0.066
41 1000__ %2 | ndf 89.71/55 | a 1000__ 12/ ndf 62.39/46
= - Acore 7073 £334 { T - Acore 1084 £57 |
c B GCDI’E 0.070 +£0.002 N o B Gcore 0.0509 + 0.0008 N
® 800 __ A 104.6 + 344 | © 800 __ A 59.99 + 11.70 |
- e 0.127 £ 0.010 | - il 0.122 £ 0.007
600— — 600— —
400~ — 400 —
2001 — 200 —
0 ] o TN 0 L ‘|‘ RN R R |'“|.'::"';'i;:' v [ |_ B BT ey -‘f.‘:l“]“;-ll.--|“|-"|"|".|"|-"|"T:‘l.:.)'- . * M |_
—%.4 03 02 -01 0 0.1 0.2 0.3 0.4 4 03 -02 -01 0 0.1 0.2 0.3 04
residual [mm] residual [mm]
x-layer y-layer

« very good spatial resolution: x-layer: 79um and y-layer: 54um (core + tail weighted)
» charge discretization on floating strips - degradation of spatial resolution on x-layer
« efficiency in a 56 window: 98% (at an intensity of 420kHz/cm?)
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Signal Reconstruction — Inclined Tracks

simulation: muon at 40 degrees measurement: muon at 40 degrees
7 1 |
0.6 Y 12 EXuTPC 12 I ndf 0.05198 /7
N > 11 i intersect p_ 65.93 + 10.85
0.5 f— E 10 g slope p, ~0.767 +0.144
; - 9IIIIIIIIIIIIIIIIIIIIIIIII miml i ;Xcharge mean ] 1600 E
0.4 8— g : 9:’
- 7 g g — 1400 g
0.3F Bl : . 11200 §
B = . _ 9
: 5l : ; 1000 2
0.2:— 4 : : — 800 o
B 3 - i -| 600 =
0.11 o : - 400 G
B 1= : - 200
0172 73 74 75 76 77 78 79  °
strip number
—> centroid position distorted by charge better approach: uTPC method

clustering along track
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Spatial Resolution/ Efficiency — Summary

amplification scan

g §
:g 0.992— X R i
200 g 098- N
B = g oe7- N
= - —@— simulation = 096- - ) °
& 600 —m— x-layer, centroid - 0.95; & .
= - A y-layer, centroid A 0.941 c} o
o - 0.93F —&— inclination: 20.0 degrees
8 500 - l X'Iayer, }’LTPC 0 925_ ! —l— inclination: 29.7 degrees
: L — y-laye r, MTPC - 0.912 ; —— inclination: 40.0 degrees
.© — * 91F
T 400 0935~ "3 a7 a8 a8 B0
73 - Eamp [KV/cm]
3001 - drift scan
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- S 0995
B =) F ; ® &
200— £ o0gg M . " s & & .
- * T SRR S
- ® '3 ¥ R *
10Qg; g Sl o
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0.94F
O 11 1 1 | L 11 1 | 11 1 1 | L1 11 | L1 11 | L1 11 | L1 11 | L 11 1 | 1 1 1 0935
0 5 10 15 20 25 30 35 40 “"E  —®— inclination: 20.0 degrees
o 0'925 —l— inclination: 29.7 degrees
angle [ ] 0.91; ~—4— inclination: 40.0 degrees
X S P Y S
0 0.2 0.4 0.6 0.8 1
E [KV/cm]

- Spatial resolution below 150um on both layers for all angles
—> Efficiency above 97% for dedicated choice of drift and amplification field for all angles
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High Rate Performance — Pion Beams

i~ eventdisplay

fw @ 4.7MHz/cm?

PN W multiple particles in the detector at
5 i i'!\.i nearly the same time

3 LA | - resolvable in both dimensions

50 60

strip number
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- ~ constant up to 5SMHz/cm?
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Measurements with Neutrons and 1°B Cathode

Neutron capture process produces
densely ionizing nuclei at the cathode:

@
+— "\ \ N\ \»
\\

n B10 8 He3

-~ Low gain required: U,y,, = 450V

19Boron coated cathode centroid UTPC at cathode
with copper tape

701 701

60 60
50 50

a0l a0

30 30

120

20 - 20 -

10 - 10 -

115

e g T e e s I 1
30 4 5 6 70 8 9 100 110 30 4 50 60 70 80 90 100 110
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Novel Two-Dimensional Floating Strip Micromegas have been developed and
operated successfully

Detailed simulations explain the signal formation:
« optimized anode PCB strip geometry to increase directly induced signals
* optimized capacitances between the strip layers
Perpendicular readout strips with alternating width:
* increase of pulse height on both layers
« similar amplitudes on both layers
Spatial resolution
» between 50 to 80 um for both layers at perpendicular incidence
* below 150 um for incidence angles smaller than 40 degrees

High rate capable: ~constant efficiencies above 95% up to particle fluxes up to 5SMHz/cm?

Stable under Neutron irradiation THANK YOU
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Performance of 1d Floating Strip Micromegas

2500

N
o
o
o

pulse height [adc channels]

" 2Cbeam = FSMO

I = FSM1 |

., « RSM 5000

.* * . -

- ] ' {4000
* -

R 13000

[ % ]

- 12000

w

5 {1000

: *

| [PhD thesis, Jona Bortfeldt, 2014] * .

i 1 [0 .-X‘IO

cv b P b by e b i B B
0 10 20 30 40 50 60 70 80
mean particle rate [Hz]

* pulse height almost constant up to
several MHz beam intensity

» possible to assemble with very
low material budget

—> afttractive to medical imaging
applications
[doi.org/10.1016/j.nima.2016.05.003]

- two-dimensional readout possible
but different signals on the two
readout strip layers observed

—> detailed understanding of signal
formation necessary
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Sighal Formation in 2d FSM (3)

induced signals based on weighting field theory:

The current induced on a grounded electrode by a point charge g moving along
a trajectory (1) is I (t) = —q/V,, E,[z(t)| v(t), where E,(x) is the electric field (Shockley Ramo Theorem)
in the case where the charge g is removed, electrode n is set to voltage V,,, and all
other electrodes are grounded.

YUY, mu‘ [ o g A LB ER 1 Ll ﬁ?l; ;1' | " il
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T A & '}_ F et S e :&\; ..h I uf s o
"“"""""*""—*'“ b ?JH"%”J"”%‘;/“ [RSSes——-——— ’""—";:—”':E‘E\.}EL‘F?T‘I? %&é %fi" T
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H - _5|:| H - _50
» weighting field of x-strips » weighting field of y-strips
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Sighal Formation in 2d FSM (5)

10"-6

signal [fC / ns]

heavily supressed

induced currents on
all electrodes as a

—0.0008 /
// --------- function of time
0 50 100 150 200 250 tD-IDme [ns:i]SD 0 50 100 150 200 250 3;:)i0me [nsiiiﬁﬂ
(a) floating strip (b) parallel readout strip
'E 018 j J N
3 107-3
2  also bipolar signal induced on parallel

readout strips

* but: three orders of magnitude
supressed

1] 50 100 150 200 250 300 350
time [ns]

» capacitive coupling not considered!

(c¢) perpendicular readout strip
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Signal Formation in 2d FSM (7)

. . . . — 0.06
« combine induced currents and capacitive coupling 5 [ s
é 0.[)4;
—> simulate fraction of signal coupled to all electrodes = oozt 10
in the amplification process: T
- small coupling to both readout strips observed T 1
> needs optimization! s
O e e e 10
X-position [cm]
gc'-f Mean 3016]| 5 | Mean  3.016 s - s B 1013
o 0.5; Integral 0.9498 %0_05; Mtegral 0.0637 ] %0.06; fintegral 0.08704
é 0.2:— 20.02:— -,%0.02:—
I
1 ? : f|oati;g strip nuf;nber parallel strip number perpendicular strip number
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Signhal Formation in 2d FSM (6)

« capacitance network of anode simulated with ANSYS

« capacitive coupling from floating strip to both readout strips:

X-Strips y-strips
— 50 < =
S~ - > =
E_' 45;— —@— 100 um floating-/parallel-strip width E 0_9;— —&@— 100 um floating-/parallel-strip width
E 40;— ¥ —l— 200 um floating-/parallel-strip width ? 0.8;- —l— 200 um floating-/parallel-strip width
% 35:_ o —A—— 300 um floating-/parallel-strip width E_:t: 0 7:_ ——— 300 um floating-/parallel-strip width
S — U . —
8 305_ l —W¥—— 400 um floating-/parallel-strip width 'é 0 65— —W¥—— 400 um floating-/parallel-strip width
s o v 5 0'5§ y X
> Tk 9 s J m =®
== O . x
s 20 L = O Y m ¥ o ©
“ - = =
> 157 v 5 03— Y = °
£ - o ‘ - e
S 10 v 5 02— °
8 5 v 2o §
- a -
07|||\ll\|\l\l\|‘|\|\ll\ll‘ll\l‘l\l\l\l\l‘ll\\ 8 Oil\l\l\||\‘|\||‘lll\l\l\l‘l\ll‘\l\ll\lll‘l\l\
0 005 01 015 02 025 03 03 04 045 © 0 005 01 015 02 025 03 035 04 045

perpendicular strip width [mm] perpendicular strip width [mm]

—> coupling to both strip layers strongly depending on perpendicular strip width

—> parallel signal fraction up to 40%, perpendicular signal fraction below 1%

23



Measurement: MIP Signal Front-End Response

Typical signal from a cosmic muon measured with APV25 frontend boards connected to both
readout strip layers:

2 1000
APV c_onflgured to expect S ool o
negative currents: S I e 0263
& 600—
X-strips response p03|t|v§: oo
- negative, unipolar signal i
200—
07 2I I zll I é I é I I1IOI I I1|2l I |1|4| I I'Ilﬁl I I'I|8l ‘2};
time [25ns]
é 5005
— 'FE 400§
APV configured to expect ¢ Z 300F
positive currents: § § 2008
3 100
y-strips response positive: S oF
- positive, bipolar signal  ® -
—200

TR BRI B AR AR |
g 10 12 14 16 18 20
time [25ns]

o]
'h_
=
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Anode PCB Designs and Detector Geometries

different anode pcb concepts have been developed and tested, mainly seperable by:
classical straight readout strips (left) and novel pattern-based (right) readout strips

classical designs

novel designs

floating
strips

y-strips X-strips

(a) design 1

500 pm

floating
strips

400 pm

y-strips X-strips

(c) design 3

500 pm

floating
strips

y-strips X-strips

(b) design 2

floating

150 um 500 pm X-strips

(a) design 4

floating 80 um
strips :

150 pm 500 pm X-strips

(c) design 6

floating

X-strips
150 pm 500 pm

(b) design 5

floating

80 pum 300 pm x-strips

(d) design 7

Felix Klitzner — A Novel 2d FSM Readout Design

ICHEP 2020, 30th of July

25



Anode PCB Designs and Detector Geometries

Two different detector geometries: low material budget on a 20cm x 20cm active area (left)
and 6.4 cm x 6.4 cm active area with a stiff base plate for R&D studies (right)

classical designs (except design 1)

novel designs

6 mm
frame (PVC)

10 mm
frame (Al)

10 pm entrance window
(Kapton + Al)

gas infout-
7 lets

10 pm cathode (Kapton + Al )

20 ym wooven micro-mesh
(stainless steel wires)

128 pm solder resist

35 pm anode strips (Cu)

||||||||}r ~50 pym glue
“Hlllﬂl 10 mm honeycomb (paper)

||“ 10 pm ‘stretch’ foil and
~ exit window (Kapton + Al )

384 strips

6 mm
frame (PVC)

10 mm
frame (Al)

screw

glue

10 ym entrance window
(Kapton + Al )

gas infout-
lets

10 pm cathode (Kapton + Al )

press
frame

1.6 mm PCB (FR4)™
2 - 5 mm plate (Al)

20 ym wooven micro-mesh
(stainless steel wires)

128 pm solder resist
35 pm anode strips (Cu)

S

128 strips
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Quick Summary on low material budget FSM

Fe-55 pulse height on both readout layers:
» large fraction of active area working, pillars visible
* homogeneous and similar pulse height on both layers
pillow'-like structure at borders due to not properly attached mesh to the pillars

pulse height x-strips - pulse height y-strips
E
= 1000 £ 200}
E 200 : | 1400
:é 900 -‘§ A mf i <
2 z et o A : : 1200
X 800 A
150 ;
150 -
700 1000
600
800
100
100 500
o, 600
50| 300 50 - 400
200
200
100
0r ok
: : : : : 0 ' ‘ : : : 0
0 50 100 150 200 0 50 100 150 200
y-Position [mm] y-Position [mm]
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Signal Reconstruction — Perpendicular Tracks

cathode

)

reconstructg article

position P
charge £ pillar
spread micro-mesh

gL

\ ~ -/ anode strips
cluster of 3 strips

Centroid Method

search for strips with a deposited
charge > 3 X ostrip, no further cuts

@ charge spreads over strips

— gaussian distributed charge signal

typically more than 2 strips hit
—— forming cluster of strips

Z Xstrip ‘Ustrip
cluster

Z Astrip

cluster

Xcen =
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Resolution Scans: Perpendicular Tracks (muons)

resolution as a function of amplification field (Ieft) and drift field (right)

— 0.11 T | :
g : —e— design 4, x-layer g r —e— design 4, x-layer
= : —m— design 4, y-layer = 016 —®— des!gn 4, y-layer
L2 0.1r ; i —— design 5, x-layer 2 o des!gn 35, x-layer
% [ —— —»— design 5, y-layer g 014 des!gn 5, y-layer
o 0.09[ —f= —+— design 6, x-layer & | —— design 6, x-layer
= S S design 6, y-layer = 012k design 6, y-layer S 63
— L = . | * o
© F '_‘I'_' l © I i L
s POF * BE e 5 o4l i e
é I i o =TT ‘g I " ®

0.07 ‘ i:ﬁ: — 0.08 _ ;

0.06} 4 g j 0.06F 4 . R T S

: * * T I v v m 4 ' -
0.05! ' : : : . . ’ . - 0.04 | | | | | , ,
4243 44 45 46 47 48 49 0o 02 04 06 08 1 12 14
Eormp [KV/CM] £ KViem]

« amplification scan: plateau reached at around 46kV/cm ( = ~590V over 128um gap)

« drift scan: resolution depending on transversal diffusion of electrons in the drift region
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Efficiency Turn On: Perpendicular Tracks (muons)

« Efficiency as a function of amplification field

1

0.95

efficiency

0.9

0.85

0.8

0.75

0.7

0.65

0-6|||\

3 . © o O O O

= @ —A—++$*+

- e A

- A m

e m

= .

— -@-design 4

= B design 5

R A design 6

I | | I | ‘ I I | ‘ L1 1 1 | | | I I | ‘ L1 1 1 | | | I |
42 43 44 45 46 47 48 49

Earnp [KV/Cm]
(a) x-layer

efficiency

0.95

0.9

0.85

0.8

0.75

0.7

0.65

0-6\|\|

- o o 0 & ¢

u S -

- e g ——m T

- L, TH

L ——

- A

- =B

— - design 4

= B design 5

= A design 6

e ‘ I ‘ I 11 | | I 11 1 | I ‘ I 11 | | I 11 1 | I I | ‘ 1|
42 43 44 45 46 47 48 49

Earmp [KV/CM]

(b) y-layer

« X-layer efficiency depending on designi.e. capacitive coupling strength to floating strips

» design 4 best performance, plateau around 95%

« around 3% efficiency loss caused by pillars (0.4mm x 2 mm size)
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Spatial Resolution— Inclined Tracks — Amp. Scan

centroid method u-TPC method
T £
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Eamp [KV/om] Eop [KV/om]

—> spatial resolution below 150um up to 40 degree incidence with the pu-TPC method
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Spatial Resolution — Inclined Tracks - uTPC Method
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—> spatial resolution dependingon electron drift velocity
- below 150um up to 40 degree incidence for small drift fields

Egi [KV/cm]
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Efficiency— Inclined Tracks - uTPC Method

variation of amplification field variation of drift field
== 1: > 1:
Q - [3) C
S 0.99- g 099
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£ 0.98- £ 098 . a
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- 4 A inclination: 40.0 degrees -~ inclination: 29.7 degrees
091 @ 0.91 4 inclination: 40.0 degrees
= I I I R S e ]y
0-9%5 26 47 28 29 50 0-% 0.2 04 06 08 1
Earmp [KV/cm] E,.q [KV/cm]
—> Efficiency follows gain and mesh transparency behavior
—> Efficiency above 97% for dedicated choice of drift and amplification fields
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Spatial Resolution — Inclined Tracks — Drift Scan

centroid method u-TPC method

T E E
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- U-TPC spatial resolution depending on electron drift velocity
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Efficiency— Inclined Tracks

centroid method u-TPC method
P SR T O T .
$ 0995 § = 3 S 0.99F .,
= 0.98F = 0.98F X A
ke, = O =8
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0.9%5 46 47 48 49 50 0.9%5 46 47 48 49 50
Eamp [kV/cm] Eamp [KV/cm]
- Centroid efficiency close to 100% (independentof pillar size)
- U-TPC efficiency above 96% reached for all angles (at small drift fields)
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High Rate Measurements - Pions

event display
@ 4.7MHz/cm”2

-
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charge [adc channels]

strip number

Sometimes more than 4 particles
simultaneously within 20 strips

pulse height for different rates

o B —— design 4, x-layer
% B —l— design 4, y-layer
5 2500~ —A— design 5, x-layer
:"é N —¥— design 5, y-layer
o 2000 —k— des!gn 6, x-layer
2 - design 6, y-layer
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beam flux [MHz/cm?]

- Almost constant up to 5MHz/cm”2
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High Rate Measurements - Pions

spatial resolution (core) efficiency
— 0.2 > (=
= - @ design 4, x-layer o -
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- ~ constant up to 5SMHz/cm” 2
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