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Micromegas (MM)

( micromesh gaseous structure )

_30 v cathode

=5mm
E=0.6kV/cm
drift Vg = 45 um/ns

stainless
steel mesh 0V et smnmas e eeas Mesh + =128 um
e AR f, ampl.  _ y
Pa At ) Pafiahl resistive layer — “'50 kV/Cm

DLC resistive

anode layer 570V readout strips Gain = 10000
(diamond like gllt:;\e?: mm

Carbon readout electronics (x,y or u,v)

Ar CO, 93:7 Vol%
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X,Y layers
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Wire Chamber Readout:
Wires, Cathode Strips, Cathode Pads ...

the combination of anode + cathode information improves detector performance

Pads
\‘\l\‘\l‘-"— cathode
T >
sTGC (ATLAS) Wires anode
4 < e Carbon . cathode
Strips

position: wires + cathode strips (2" coordinate)
trigger: cathode pads
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Micromegas (MM)

( micromesh gaseous structure )

_30 v cathode

drift

ov h mesh 4
(—_E AR NN ammm
mr ol ] - . ampl

resistive layer

570V ??????F? ??? readout strips
pitch 0.4 mm
multlple layers

readout electronics (x,y or u,v)
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replace MESH
by GEM foil
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Micromegas (MM)

( micromesh gaseous structure )

-300 V

cathode

ov

N N

ety

readout electronics
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mesh

resistive layer

readout strips
pitch 0.4 mm

multlple layers
(x,y or u,v)

drift

ampl.



Micromegas (MM)

( micromesh gaseous structure )

309V cathode _
drift
replace MESH OV ... . ieeeereieadnndonndennslonnane. «ees Mesh |
by GEM f I A | resistive layer -1 amp '
5?0 v reta?]ogastrlps
mm
=> no “standard” mu(itlple layers
MM-GEM hybrld readout electronics (x,y or u,v)

Lithographically
etched strips

anode f(UGEM)
UGEM _f(Uanode)
GEM foll
with
etched strips

44 um ]
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GEM Strip-Readout ( at the Mesh Location )

—O HV

® use of a segmented GEM foil instead of the mesh
° here: strips on lower side of the foil :

1 1
< someres Tt —
m- 120um
* the segmented GEM foil is mounted on top of the o HY

pi”ars ( 120 um ) perpendicula. readout strips
* two amplification steps: $ APV

both: GEM + ANODE

can be opeated at relatively low voltages PN,

* readout using APVs:
on GEM strips and ANODE strips
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2D DLC Micromegas Anode
(DLC v1: 10 x 10 cm?)

p|IIarsI I HY

O [ ] O | B readout strips top x
I rcadout strips
® Resistive Anode Layer: bottom y
diamond like carbon (DLC)
120 um pillars on top

m m W / readout strips

* 2 perpendicular top

readout strip layers:
° 360 readout strips

° 250 um pitch
each 000 s s oz

readout strips
bottom

CERN det. Lab: De Oliveira
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Lithographically Segmented GEM FO'I 1

etched strips ]
S T S 3 bottom: strips top: one area

§

Bottom side (segmented) Top side (not segmented)

70 pm holes
140 pm pitch

hoibl!

"COR

' S

* Bottom side [segmented]: « Top side [not segmented]:
° standard GEM foil: 10 cm x 10 cm

° 4 mm thick frame (only on top side)

° 212 readout strips
° Strip pitch: 4 GEM holes £ 484 um

inverse layout exists: strips on top side, bottom side not segmented
=> works similarly well
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MM-GEM
Prototype 1 Prototype 2

® Anode DLC: ® Anode DLC:
° strips top layer: X: 0.25 mm pitch ° strips top layer: U: 0.40 mm pitch +45 deg.
° strips bottom layer: Y: 0.25 mm pitch ° strips bottom layer: V: 0.40 mm pitch -45 deg.
* GEM Foil with strips: * GEM Foil with strips:
° one side segmented ° both sides segmented (top and bottom)

X: 0.484 mm pitch 0 deg.

Y: 0.484 mm pitch Y: 0.484 mm pitch 90 deg.

* idea: compare performance of y-layers * full 4 layer layout

1 detector: GEM strips top 1 detector

1 detector: GEM strips bottom o
multiplicities up to 10 clusters / event resolvable
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Simulated Signal Creation

MM top strips

MM bottom strips <«

GEM strips
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signal [fG/ns]

ignal [fC/ns]

signal [fC/ns]

SG strips bottom

0. F T T T T T T

oF " ]
of - E
Y 3
0af E
-04f E
o5k —— signal wia election spraad_]

E SIgNal Wi EI8CITON SprEad

ﬂ'ﬁ‘ 100 200 300 400 500 GI;IU 700

time [ns]

(a) Top readont strip.

BGH] foil segmented on the bottom side.

o.02p

o g E
-2.02F 4
-0.04F E
012 E
—0.14f E— e signal wig electian spread—
—0.16| f— signal wi electron spread =

100 200 300 400 500 600 700

time [ns]

(¢) Bottom [Micromegas readout strip.

BGH] foil segmented on the bottom side.

T T T T T T
sk —— signal wie SEciron Spraaa
t signal wi elactron spread
06— i
s bottom
04 .
LE: S | =
of \/———
» . . A L S .
o 100 200 300 400 500 @00 YOO

time [ns]

(&) [CER strip on the bottom side.
BCE] [oil segmented on the bottom side.

SG strips top

0. T T T T T

signal [fC/ns]

—— sipnal wio eactron spread ]

signalwi electran spread
100 200 300 400 500 600 VOO

time [ns]

(b) Top reacdout strip.

BGH] foil segmented on the top side.

signal [fC/ns]

e signal win electron spread—

signal w' eleciron spread -
0 100 200 300 400 500 600 700
time [ns]

(d) Bottom readout strip.

BEGH] foil segmented on the top side.

- T T T T T T

2 ek —— sigrial Wi eteciron spread |

Q ) signal w/ alectran spread

-] 08~ B

=

g top
o4 -

0.2 Fa =]
o |

L L L L l L
100 200 300 400 500 600 700

time [ns]

() GER]strip on the top side.
EGH] oil segmented on the top side.
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SG: segmented GEM

simulated signals:
weighting fields: ANSYS
Shockley-Ramo-theorem

+ charge movement on the resistive anode

bipolar or late signal from ion
movement through GEM holes




Signal Creation:
Comparison Measurement - Simulation

SG: segmented GEM
GEM signal shifted

o 000 Eeimulton g o 3000 eauibon T o
i E o = - Imuiation 3
g 2500F SG bOttOm GEM strips g 2500 SG top GEM strips
8 = top MM. strips 3 8 = top MM. strips 3
) 2000:_ bot. MM strips™ O 2000:_ bot. MM strips™
<, 100" Measurement = = 1RBRE Measurement 3
‘o 1000F —— GEMstrips 3 — 1000E- —— GEM strips 3
% s top MM. strips 3 % = top MM. strips 5
© 500 bot. MM strips—3 @ 500F- bot. MM strips—
L of = i E ]
= oF - "’ OF -
-500F- = ~500F- =
~1000E- = ~1000F- =
""'1 500: [ 1 1 | 1 3 _1 50 - 1 1 | 1 1 3

0 L] 10 15 20 25 GU 5 10 15 20 25
time [25 ns] time [25 ns]

(c) Udrire =420V, Ugem = 200V, Uamp =400V (d) Ugeiss =420V, Ugem = 200V, Usupm =430V

measured signal shape and simulation are in good agreement
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FES5: Energy Resolution

g 250 ]
S 1
g I I
* investigation of the pulse height using Fe55 200 =<7: :
1o 1
* two peaks: 1501 : § | [FWHM:]
I +
° peak at 5.9 keV: y of Fe55 19 H 280
100 | | |
° peak at 2.9 keV: K photon (Ar) : § x :
. 5.9 keV 50| 1 ¢ L
= expected ratio: 22 "' — Q
P 29 kev ~ 203 ' ;Q:
* reconstructed ratio close to 2.03 00200 400 660: 800 1000 1éo; 1400 1600 1800
(top -, and GEM - readout strips ) pulse height [ADC counts]
@ 3 v v T v T T - T
AE g A, m, ®: top strips
T(Fe 55) = 22.2%(FWHM ) £ a5 A, 0, 0: GEM strips |
E 4
) g 2t i * G O | | ! 1
Good energy resolution: 22% T H ew
5 st 8 i .
2
&
32 _
Uge=300 V Ugen=200 V ;JEEM\;
0580 300 320 340 360 380 400 420 440 460
lJampl [V]
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Beam Times: H4 October / November 2021 PT1
H4 September 2023 PT2

Y [mm]

1

©0

20—

4 precision reference MM detectors

| LA N S S Sy B S S S B B S R R

2 Reference 2 MM-GEM 2 Reference]

e investigated MM_GEM hybrids:

- Detectors

Detectors

Detectors

o 1. GEM strips on bottom side L | T | £
° 2. GEM strips on top side Lo | R -
o808 =

15 =

14:.1...|...|...|...|..‘
0 200 400 600 800

Position along the Beam [mm]

*determination of detector efficiency and
resolution and pulse height for:

o different voltage combinations
° different inclination angles
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Muons: Pulse Height Comparison GEM-MM

— 5000 .
.g 00 —il— top anode strips Xum

4500 f . '
3 —e— bottom anode strips m
o : . -
o 00 GEM strips .
(] 5 .
< 3500 . o cathode
= 3000f| pulse height (cluster) ® .| Yeem
@ 2000f ."‘ ‘,A" ) HV
3 S IS top strips
a3 1500} ‘__,.' A v bot. strips

1000 | _!:A o @] Ymm

--“-l“"“"!‘““ ."‘.-‘“
soor.-- 0. 8. 00
0 380 400 420 440 460

amplification voltage [V]

* similar pulse height for top readout strips and GEM strips

° Pulse height, = 1.5 pulse height ,,

top

*  Pulse height, = 4-5 pulse height,
(Optimized anode design exists with strip pitch 0.4 mm, not shown here)

= 2D particle reconstruction is well possible
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Efficiency Determination (perpendicular p-track)

Det1: GEM strips Det2: GEM strips

L] o
on bottom side on top side
1 - W N M LREE —_— 1 —. T
é‘ -—.— top anode strips . '..:::“_ :_ chee] _;'-CB ——— top anode strips B‘E-U-E'§‘g:‘:
& 0.9 F—8— bottom anode strips R e 8 0.9 f—=— bottom anode strips D A,g @
o [ —&— GEM stri L e ] i . .
< 08 strips ’g - ((_)J 0.8 f—=— GEM strips 4 A R
o el rallis K
0.7 . o < 07 SOA ;
06 i 4 ':' ? 06 b ﬁ' )&." 155
05 b 2 st
E= ; @
04r¢F A7 .' 1 [ 04F ',' . '.'
03f 1 03F 4
Sl . e L
02 ] 02f s
01t * Um 200V & g
TE L. _"'. K ] = 1 0.1F " i _ ]
0 ke S d o Sl o Yen=200V
320 340 360 380 400 420 440 460 480 0 320 340 360 380 400 420 440 460 480
amplification voltage [V] amplification voltage [V]
.. .. _ #efficientevents
o efficient event: Xeack = Xmeasured < £ 1 mm efficiency = reference tracks

= similar efficiency for top and GEM readout strips

voltage offset: 20 V for all readout planes at detector with GEM strips on the top
side (assembly of the detector)

= efficiency > 90% for GEM readout strips and top readout strips
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Spatial Resolution Determination

20

T T T T T ]

Reference 2 SGR 2 Reference]
Detectors Detectors Detectors

Y [mm]

19

e residual: residual = Xirack = Xmeasured 8

* resolution determination via 17
double gaussian fit:

16"

15
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_ 2
01/2 - \/Ocore/tails - Ozn"ack 14

N N R NSRS N
200 400 600 800

o

o] xf gauss, + 0,X f gauss, Position along the Beam [mm]

fgaussl + fgaussz

O
O

Uy = 200 V3
U,,,= 430V

800
700
600
500
400
300
200
100

=66 um
=136 um
0-weight= 78 “’m

core

tails

coutns

e track accuracy < o,

.y

204 02 0 02

<
»

residual [mm]
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Spatial Resolution (perpendicular p-track)

U, .= f(UGEM) 20V shift
Det1: GEM strips on bottom side Det2: GEM strips on top side

'g O ) B B L L L 'g 02— T

£ 0'185_| Ugem Usem Ugenm _E E 0.185— Usem Usem Ugem Ij]_f

§ . ff=300v =200V =100V - I 5300 V. =200V ~100V ]

s ", E s O o

' T Bewd

0.12F A4 + H L " & 0.12F %XA & (1;3 g m=

0.1 Ai‘ 4 o o g - 0.1F 4% C% 0 % H

VY ole L_hat - 9 :

0.08F 4 - 0.08F o0 3

0-06:_I 1 1 1 1 1 1 _: 006:_ 1 1 1 1 1 | I_:

250 300 850 400 450 500 550 T 300 350 400 450 500 550 600

ampl. voltage Uanode [V] ampl. voltage Uanode [V]

*Best resolution for Ug,, =200V, U, ,..=440V

° Resg, =80 pm T

° Res = 80 um

anode top
° ReS, icpor = 100 pm  ( due to low pulse height ) =
*Discrepancy in the resolution between top anode strips and GEM ? ? ? ?

strips (charge movement on the DLC layer)
= improved by new design
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UTPC: Principle (20°)

reconstructed angle

= 5 = 43 400F v

[ e =
£, 240p £ 3 ossof ©=20°
] r — O =
E 2201 § soof  Yeem=200V
£ - © F
R R K 250F  Jamo

180} - ° 200F-

160} 150F-

140f 100F-

120:—GE|\’1 foll l ~{0 50 !

L t Stri — . L2 N
9% 97 98 99 100 101 102 O35 @0 25 20 95 o
strip number angle [deg]
* determination of angle and position using the strip times
t*xv,.
angle = 90° — atan(—2L —
Nstrips* pltCh
( position: uTPC track at t, , )
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Angular Resolution uTPC (20° and 26.5°)

UGEM = 200V
reconstructed angle _reco. ang. resolution

o) 35 g N —4— 0,20

ﬁ E . —A— ©,26.5

() ER

e I B A

% g i A A A A Q
3 - A L 4 4 A4
° - - * amplification voltage [V]
? o ©
S A T s
g 45 F
s A
£ «F A A
£ °F A, A N

390 400 410 420 430 440 450 460 470 3 A b, 2 AR

L 360 200 220 440 )

amplification voltage [V] amplification volitage [V]

*incident angle 26.5° and 20° T ==

* angular resolution:

o tor 0= 20 _— ——— o

© = Ffor =265 w
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Prototype 2: X/Y/U/V 4 layer detector

* Anode DLC: 1%y
. . ‘5\
° U strips: 0.4 mm pitch g (‘Oo,:%@
. . = % 6
° V strips: 0.4 mm pitch 2~ %, %,
* GEM Foil: 75
. 5 °
° X strips: 33
. @ >
° top side -
. . E Q
° 0.484 mm pitch (nominal) 5 ,5:-\
. \'Q‘ &
° Y strips: GEM readout strips top 2 b\o
. ( X coordinate ) bo
° bottom side P
. . { \-
° 0.484 mm pitch (nominal)
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UV strips: position reconstruction

* convert U and V coordinate
to XandY position

L Mt
- 2cos @

L H—10
y= 2sin @
with ¢ = 45°
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Spatial Resolution (perpendicular p-track)

ego L3
Amplification scan GEM scan
— 0.2 — 0.2
E —ll— UV strips resolution X E —l— UV strips resolution X
lE. 0.18 —@— UV strips resolution Y E. 018 —@— UV strips resolution ¥
o o
'-g 0.16 —%— GEM strips top resolution X -g 016 —A— GEM strips top resolution X
‘-._OD - —k— GEM strips bottom resolution Y E . —k— GEM strips bottom resolution Y
[] <]
o 0.14 | o 014
A
E ] A A A 4 n : A A *
012} 012}
® | ] e ® G ]
| [ ] °
01f ° ® 0.11 ®
L]
®
0.08 ] 0.08
006}  GEM ] o06f  ampl
520 530 540 550 560 160 170 180 190 200 210
LJampl [V] UGEM [V]

* spatial resolution < 120 um

Uanode < Uampl
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Efficliency Determination (perpendicular p-track)

Amplification scan GEM scan
@ >~
S 1F = Ll T [ [— | EEREREEE L (R
3 e TR P N— =
(@] & Y W [P
o 08}t o L b Ao B ]
T — - < “er kT AT JaY
) ool a A T
HY 5 A N
0.4 } —B— UV strips efficiency X ' 0.4r —B— UV strips efficiency X
; ; ; ; A —@— UV strips efficiency Y ﬁ —@— UV strips efficiency ¥
02r —A— GEM strips top resolution X ’ 021 —— GEM strips top efficiency X
—ak— GEM strips bottom resolution Y —— GEM strips bottom efficiency Y
0 520 530 540 550 560 0 160 170 180 190 200 210
Uampl [V] UGEM [V]
. . . # efficient events
¢ efficient event: efficiency = If
# reference tracks
= efficiency > 90% for U/V readout strips => ok!
= efficiency < 90% for GEM strips => detector not yet at the correct working point
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Summary: MM-GEM Prototype 1 + 2

® segmented GEM MM hybrids are working, multiple clusters per event are resolvable
* GEM MM hybrid 1: spatial resolution for perpendicular tracks

° 2D tracking with 0, =80 um = 0, 4, possible
* spatial resolution for inclined tracks

° uTPC possible on anode strips and GEM strips

° angle reconstruction: o, =2°3°

angle

*Ywm || Yeem
° Y-readout with segmented GEM works (tracking efficiency > 90 %)

° X-readout by standard resistive Micromegas anode strips (tracking efficiency > 90 %)
° 2" Y-readout by standard resistive Micromegas anode strips

(off working point => optimized anode design exists)

* GEM MM hybrid 2: X/Y/U/V detector works, but needs optimization
° MM: spatial resolution < 100 um, efficiency > 90 % ok
° GEM: spatial resolution < 120 um, efficiency < 90% optimization needed
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Backup
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charge [ADC counts]
g

*Two particles at the same time

o =Two signatures in each detector
- layer (X /Y)
%

P postion [mm] = 1D reconstruction works

= 2D reconstruction problematic

a5
position [mm)]

= Solution: 3 (and 4t) layer of
readout strips turned by +45 deg

[swinoa oQy] ebieyo
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X/Y/V Strips . Multiple Particles

charge [ADC counts]

simulation
- [T T "I "I " rrfrrrerrrr]
2 1.4 - Wstrlpﬁ __
£ position [mm] % . 2:_ —@— x/y/u strips _:
5 % i = —h— w/ylulv strips -
) § FUe § 4 4 , S
© 0.8~ L A 7
= - e 1
m = N
= 0.6 [} —
3 R - ® ]
o 0.4~ ¥
[siunco 0ay] ebieyo 0.2 E— u = —E
E " s om g

S N S S B T RN R
number of particles per event
* New setup:

° X /Y coordinate given by readout strips at the anode # particles ., oo reco

efficiency =

° V coordinate given by readout strips at the mesh location # particles

* Unique 2D cluster combination possible

= Further improvement by using charge and time information
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Spatial Resolution uTPC (20° and 26.5°)

amplification voltage [V]

£ osiBottom anode strips 3 £ osf Bottom anode strips 3
S g-jg‘GEM strips E 5 gj‘ GEM strips E
3 o7F E 5 o7F E
2 0se® =20° E 2 osb ©=265° *, E
e - E 0 g ° E
05Ea *®es %JD E 0SE i ®e
0.4F . 0 o 0.4 £
o 8 E_: = A A 3
0'35_ AA A = 0'35_ A 4 4 A A A_E
0.2 VYO VT 0.2f 4 E
0.1E - _ = 0.1E _ =
E o200V | U =100V 3 E Ugen=200V. 3

0 350 400 450 500 550 0 360 380 400 420 440 460

amplification voltage [V]

* UTPC position reconstruction works in principle W
° 1 mm efficiency > 90%

T vy

° Better resolution for GEM strips as for bottom anode strips 44
(low pulse height on bottom anode strips )

~22=520
IBEEI

* charge weighted mean spatial resolution (GEM strips):
° 20°: resolution = 350 um
° 26°: resolution = 450 um

* 25 ns trigger jitter not corrected (+/- 12.5 ns £ 220 pum)
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resolution [mm]

Spatial Resolution (perpendicular p-track)

02—
0.18- m | 4:300V | Top anode strips
016 | ® 200V | GEM strips E
014: A | B 100V .
F oA m .
0.12- A% =

C A 3
0.1 [ | —
0.08F- Soky o L < ® =
0.06F =

b

500 1000 1500 2000 2500 3000 3500 4000

pulse height [ADC counts]

*Resolution depending on pulse height (cluster charge)

*Best Resolution at pulse height = 2000 ADC counts
reachable at U ,,= 300V)

*Better transparency for GEM foil with higher U,
=Compromise needed

*Better resolution for GEM strips as for anode strips

resolution [mm]

o
o

0.18
0.16
0.14
0.12

0.1
0.08
0.06

Top anode strips
GEM strips

O
o
@
O
O
O
© 0O
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Pitch Reconstruction

Defects at Defects at
adapter board adapter board
— 2_ 1 1 1 — 2_ 1 1 1
£ F 14 £ = ' 18
E  15F E 15 , 16
o F ‘ 12 = E .
=] 1= ‘ 3 1= L 14
5=} c R 10 o = !
3 o0sE e 3 o5t ; 12
oF- il 8 oF- 10
E ", E 8
~0.5F : 6 ~0.5F
g 4 5 6
—15— —15— 4
-1.5F 2 -1.5F 2
ELo L ‘. , ..'|..I.|. :.I..I'. - R TP T
U T o 2040 0 T — 0 2040 0
X [mm] X [mm]

* res x VS x (GEM foil) dependency for nominal pitch 0.484 mm

* correction by pitch adjustment
° No res x VS x dependency for 0.491 mm pich
° Noresy vsydependency for 0.486 mm pich

= stretching of the GEM foil enlarges pitch of GEM strips
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Adapterboard (GEM foil)

adapter board
1 channel

4.9
4.8
4.7
4.6
45
4.4
4.3
4.2
4.1

wo adapter
w adapter

pulse height
pulse height

g
Y FRET FETTL ST FReT vt | FYET e I i

II]]IIIIII]][IIIII]II[II IIIIIIIIIIIIIIIIIIIII

GEM strip

| | 1 1 —
38 385 390 395 400 405 Cstr'i[:u_d"c”:"'lz

COfT
<
[&)]

Uampl [V]

* decoupling of each APV (ground potential) channel via a high pass filter from HV

= pulse height reduction by a factor 4.5
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