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Detector for high energy physics experiments

High energy hadron collider Requirement for inner tracker
- Higher particle density environment [ in future hadron collider \
e.g. expected pile up events for HL-LHC Timing Spatial Radiation
resolution resolution tolerance

&I!T&AENST \ ~30ps ~O(10)um ~3x1015neq/crry

One of strong candidates
LGAD sensor

It is difficult to get spatial resolution with
standard LGAD design.

Tracking becomes difficult due to pile up. We are developing AC-LGAD to
- Timing information may help solve this problem
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AC-LGAD detector

DC-LGAD (standard LGAD)
Individual gain layer for each electrode

@ finer pitch : non-negligible inactive area exists
AC-LGAD
100% of fill factor with finer oolvSi
. I & AI y SIO 0 V' I
pitch electrodes!!! AN t Y Potential issues of AC-LGAD

.
n* n n Crosstalk in n* layer
. critical in case of high
Lo occupancy environment
Uniform gain layer e-g‘\w AC coupled electrode | Smaller signal due to AC-coupling
o p* . bad signal-to-noise ratio

10/27/2022
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Signal readout model

What is the signal readout mechanism of AC-LGAD ?

—| > —’ > —’ > Two important parameters
Al electrode .
| C, | C, C., Rimp = larger is better
B— B— e clcClrOdE : n* doping concentration
/\I /.\ : ‘ /.\ : : : : I ;: : : nt Ccp = larger is better
Rimp %7 Rimp : Electrode size
— smaller electrode - smaller C_,
Coulk _ . Oxide thickness
Signal == = == =p-

thinner oxide = larger C
Signal size crosstalk (charge sharing) = == = =p ger Lep

: Impedance ratio of R;,,, and C,

To keep larger signal and smaller
Q. generated crosstalk in finer pitch electrodes,
charge larger n* resistivity and thinner oxide

R imp

readout _—~ Q =
charge

Zp

imp Ccp
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Prototype samples

To cover whole inner tracker with AC-LGAD sensors...
We prototyped following sensors in collaboration with HPK.

Electrode shape
Pixel

Parameter variation

50, 100, 150, 200 um pitch

10/27/2022 Vertex2022

(electrode size . [Q(j‘;’][pwmmz] 120 | 240 | 600
:40, 90, 140, 190um [1]) g
Strip 0 / / /
I
|| pitch : 80um LE0C VANAV4
=] Ie_ngth :~1cm 6types
—1 width : 40, 45um



Pixel signal height (R;,,, and C_, dependence)

Samples Pulse shape
* 150um pitch pixel O A i A
e 6 parameter samples 8 O-Z_E— — =
v 2 types of R, £ E
(n* resistivity) £ od " E
v 3types of C, o .
(oxide thickness) -+ . . E
B e - ]
Readout channels | ~ Time[ns] 005 — e v SmallR._ -
Pulse height distribution 23‘2‘: » Large R:::E
0 600 800 1000 1200

:I 1 1 | 1 11 111
00 200 400 600

2x2 . analysis
— » Surrounded

Cep [PF/mm?]

e
e 12pixels
\ !
remove
Larger R, .., and C
crosstalk 2! ?( Nimp ¥ cp
effect Tk e make signal larger
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Pixel signal height (R;,,, and C_, dependence)

Best optimized

Pulse shape

Samples

 150um pitch pixel S e 1 02 t lasl)
« 6 parameter samples £ % paseline 1 Soqsr e§ o

v 2 types of R, s o E

(n* resistivity) E o4 . E

-0.6F -

v’ 3 types of Ccp 08 . E

(oxide thickness) -+ : . . E

B T S R E R R R Ok .

Readout channels | ~ Time[ns] 006 — e + SmallR__

Pulse height distribution 20‘2‘— + Large Rim:,_f

Je— -
0 600 800 1000 1200

Covovv by v by 1y
00 200 400 600

surrounded

2x2 . analysis
Cep [PF/mm?]

L 12pixels
\ !
remove
crosstalk Larger Rimp and Ccp
make signal larger

Pl i 1]

effect
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Comparison of pixel pitches

Test samples with different pitches (max R;,,, and max C,)

Clear signal observed

200um 100um
pitch pitch
150um
pitch
........................... Poor SN ratlo ............................
50um
pitch

Small C,,?
Poor wirebond quality? :

"L e R AR AR AR R A AR R A N AR R R A A AR EE A EEEEAAAEEEAAAEEEAEAEEEEAEEEEEAEEEEEEEEEEEEEEEEEEEEEEEEEEER
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imp

—— 100um pitch

150um pitch

—— 200um pitch

Pulse Height [V]

100um pitch pixel sensor is
successfully working!
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Performance of 100um pitch Pixel sensor

Can 100um pitch
pixel sensor
perform as an
Inner tracker?

Signal size distribution

Signal MPV
. 122.4£5.5mV

I 1 1 1 1 Il
15 0.2 0.25 0.3
Pulse Height [V]

Crosstalk size Efficiency map
L B e LI (800MeVeIectrontestbeam)
10000ﬂ . T T E
i —— Next ]
80001 ~- Diagonal El
SOOOJ—L E
40001 of E
2000k ~18496.6+0.8% in LGAD region
i -18.61 Multiple scattering
~18.8F
%702 04 06 08 1 12 S L Is not ”eg"g',b'e
Pulse height ratio to leading pixel L T T Y

Position X [mm]

100um pitch pixel sensor has good performance
- Next step : larger sensor (e.g. 2x2cm)
with readout electronics (ASIC)

10/27/2022
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Strip sensor performance

Strip sensor is necessary : pixel cannot cover full volume of inner tracker...

[— ~ = Max Rimp @nd max C,, strip sample
|

| %? 7 v’ readout : 16strips
LSS ——~ | ¥ electrode length x width : 9880 x 45um :

—
M

Pulse height distribution g T
oy T ° " distance constant of
#Noise 1 3 - ) fitted exponential
10°] S|gnal MPV = o "= Crosstalk distance
: : 39.26%0. 08mV 2 06 : 62.4%£0.8um
1025 E ' i N
mé— % o4 80um pitch strip
I S 02 sensor has good
ﬂE 0,08 G04 008 008 0.7 0.1 0.14 616 018 02 0_"2'"'4"'6"'8"'10"'12"'1'4" performance

Pulse Height [V] distance from leading strip [Strip]
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| Max Rimp @nd max C, strip sample
— || i ¥ readout: 16strips
—J | : v electrode length x width : 9880 x 45um

] distance constant of
= ) fitted exponential

Crosstalk distance
:624i08um

—h
o

Pulse height distribution

w» Noise

—

o
o]

Slgnal MPV ;
: 39.26%0. 08mV

o
o

©
~

80um pitch strip
sensor has good
performance

Pulse Height Ratio to Leading strip

o
n
T T

_||||||||| [ |||||||||
0™2"4"6 8 10 12 14

|
0 {]ICIE {][14 DCIB {]ICIE {]1 012 014 016 018 0.2

Pulse Height [V] distance from leading strip [Strip]
Vertex2022 12
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Signal height of strip and pixel

Comparison of pulse height distribution between strip and pixel ...

| stip | Pixel

Area of electrode 9880x45 um? 100x100 um?

C,p size of electrode large small

Puise Height [V] S|gnal h€|ght
T (expected from C.)

Signal height 39.26 £0.08mV 122.4*5.5mV
(actual result) small large

large small

it Why signal height is Strip < Pixel
TR despite electrode area is Strip > Pixel?

Pulse Height [V]

10/27/2022 Vertex2022 13




Signal height of strip and pixel

Comparison of pulse height distribution between strip and pixel ...

| stip | Pixel

Area of electrode 9880x45 um? 100x100 um?

C,p size of electrode large small

Puise Height [V] S|gnal h€|ght
B (expected from C_))

Signal height 39.26 £0.08mV 122.4*5.5mV
(actual result) small large

large small

it Why signal height is Strip < Pixel
TR despite electrode area is Strip > Pixel?

Pulse Height [V]
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| stip | Pixel

Area of electrode 9880x45 um? 100x100 um?

C,p size of electrode large small

large small N

Puise Height [V] S|gnal h€|ght
B (expected from C,,)

Signal height 39.26 £0.08mV 122.4*5.5mV
(actual result) small large

it Why signal height is Strip < Pixel
L] despite electrode area is Strip > Pixel?

Pulse Height [V]
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Inter electrode capacitance

Result of small strip signal size comes from inter electrode capacitance effect

Inter electroge capacitance To check C., effect..
‘[> nt > The sample has 32 variations of
/ strip length by cutline
—L AI I— Pattern diagram
AVAVAvE AVAYAY L AN\t I |
- e e | | 16 StripS
P ) — | L X 2
v’ equivalent circuit : capacitance between electrodes : = 32 strip
v C,. induces charge flow to next electrode ————— ————| ] lengths
—> Introduce additional crosstalk by this
capacitance Compare signal from different
v' Strip sensor has larger C,, lengths of strip

10/27/2022 Vertex2022
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Measurement of strips with cutline

Signal size Crosstalk size
,;, 0.14 e e . CRTUTTPTTPTUT TP CPLTPIPITEE « @ © [T T O T T
= _ leading ST E
A2 . i . - 1
N Short strips channel x §1of :
@ odk Long strips ] T = & ]
c_cd ; ] ﬁg (s ]
= 0.081 .0.. \ B o E 0.8 ..... ]
D oo e ER- So | . :
0065 ....... : E 8 06;— .... » _;
0.04F - : Soa ° E
- ] " ‘ ot . —*— Short strips 1
0.02 . E _ : o 020 » Long strips ]
] : next of leading : B .
LR REA R SR A AT L channels  : O s e T e o
Stnp |ength [mm] LassssssssssssssssEsEmEnEnn " Strlp Iength [mm]

Strip sensor has large C,,; : Smaller signal and larger crosstalk
- Sensors with longer strip length to cover large tracker area might be difficult...
(e.g. 80um pitch and length much longer than 10mm isn'’t realistic in current design)

1/
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For inner tracker in hadron collider,
finer pitch AC-LGAD sensors are prototyped with HPK.

4

Parameter optimization was performed.
Best type sensor (larger R;,, and C) : Larger signal height and smaller crosstalk !

successfully developed !!

Pixel (100um pitch) | = larger area prototype with ASIC

Todo
- Timing resolution
- radiation tolerance

C,. makes strip signal smaller

-> Test longer strip sensor to check
If the crosstalk effect is saturated

Strip (80um pitch)

10/27/2022 Vertex2022
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Samples

2019-2020
Rimps Ccp, P dOping concentration Electrode shape Pixel
@ 2019 samples Pad (4 h) 50um pitch
@ 2020 samples a C
c 500um x 500um  +2um x 42um
5 e oY)
‘q:'; radlatron tolerance I‘E
=
S =3
=2 S -
3 |
T Strip (16¢chx3) |
& 80um pitch
9880um
n+ doping concentration x 30, 35. 40, 45um

10/27/2022 Vertex2022



Signal size measurement

Beta-ray measurement setup

HV LV
Thermostat (20degC)
PC _
o AT Y L, Sensorison
¢ Elgos_::)rce . EKlGCh ampbo'a ' COndUCtIVe tape
- [ S -> supply HV behind
m°ééé§§§é§ééé§ééééé Y [ e e - LR RN RN RN NI L RUDEZL P E N R
Wi Wl Pulse =2 0.4;— —;
CAEN DT5742 shape S °% L.celine E
5GS/s 10bit A E
12bit ADC HV LV E L :
1V full range I E
v Sensor is in thermostat keeping 20degC. - —
v' Trigger is scinti. with MPPC e Time
B J B L R R R SRR S | 0]
10/27/2022 Vertex2022 21




Timing resolution

1Pad sensor on ampboard stacked 7 O

S o EUUQ? ® large Rinp ‘

g 2008 1 small Ry, -

& 20.07F -

g _F ]

£ 'D.UB-:— g

— - .

] i 0.05; A A A l:l X ;

R IO it ORI 0.04F E

3 2 4 0 1 2 4 5 N . . .

3 timfa[ns;3 CI[:IE.:— ~45p5 Of tlmlng _:

e resolution E

. . . - . . 10:_ 1 :I 11 1 I 11 I I I | I I | | L1 I 1 I | | I L1 1 I:
fitted arrival time difference by gaussian [ 1 985065 170 75 180 185 190
y= — calculated timing resolution ; Bias voltage [V]

L] Timing resolution 4 1 - ~45ps of timing resolution
/7 6, = o(Ty —T;)/\2 2f - Why is not 30ps?
U t 1 2 =50 oz 07 - nGEd to inveStigate
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Radiation tolerance

70MeV Proton beam i 60Co gamma irradiation
E ] @ CYRIC (Tohoku University) @ Takasaki gamma facility
e : : : B pr—
e with irradiated level

]

A - > 700V cannot

- supply because of
sensor design :
any idea is needed for accepter removal

- Vbd is not change large

: | - xtalk is supressed
gamma makes sensor performance good

= 10¢ 1e14n, Jcm? & | = 10g E-bstri E :
2 : e14n,/cm Set4n, Jom? tg » i E-b strip ; g L R
g 1 2 @ 1 ; 0°C ; E —e— Non-irradiated |
=} E e g - E e 0.8l —e— 100kGy irradiated _|
@ [ [ ) = = Lo -
§10'1§ "r E;- ; 1(}-1? g 3 % .y 1MGy irradiated
o e
S 0207 © L 102f ‘*‘—_J 4 = 1
8 C r ] % i
1073 -~ 10—3__-. ’ ® non-irrad T 04
me = 100kGy o il
4 | T 0.2
107 107°% 1MGy 4 0 L
. ] i
TIPS EFUREEN IR EIIrEN RS R M W@M@J I I ISP I BT I I I
0 100 200 300 400 500 600 700 500 GO 2 4 6 8 10 = 0 20 40 60 80 100120 140 160 180 200 220 00 2 4 6 8 10 12 14 16
Bias Voltage [V] Fluence Level [10* n,/cm?] Bias Voltage [V] distance from leading strip [Strip]
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C.p [PF/mm?
e PFM™l 490 | 240 | 600
. a a I:'timp (/0]
. @ L/ 400 / / /
1600 VIV
Pulse height distribution Operation voltage
fit off-timing by asymmetric gauss do voltage scan
- fit on-timing by landau convoluted —> cross point which two fitted linear
> Mbh't'ihrﬁ}rj" ”Olflf' I gauss function function in mean of off-time
£ .;;%_5,39 iiing . histogram is operation voltage
= - e - = )
T .. i | e.g. pixel 150um E240
Q - N g O.Ip— e g
S CE ] 5008} | e.g. pixel 150um Vscan
O oes projection 2008 E R
ﬁzif,.ﬁ EO-W;— = 20.2:..‘.|....|....|‘.................‘....._
= T _ _EE’O'OS:_ E 50'18;_ -»-E120 _;
<4 2005 1 2016 -eE240 =
........ 1 So04r 1 So14b E600 E
E 1 = u -»-C120 ]
10’ 3 0'035_ ) E m0-12;— C240 E
g ] 0'02§ ’ E 0.1  —* C600 U 3
5 001 . 3 - ® .
10 - e ] 0.08F . ° =
" ] 130 140 150 160 170 180 194200 210 ¢ eF ao L. E
- S B b B I ¥ E ¥ R 'o:_3 S 0.041 o ® il E
e /i . S . . 0.021 =
- I,‘ ,,,,,,, L I|I||I|.I|; Pulse Helght [V] Opel‘atIOn VOItage P:..‘.|....|....|‘...|....\....|....|..‘.|....:
0 - nae e e na 20 130 140 150 160 170 180 190 200 210
Pulse Height [V] Bias Voltage [V]
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Pixel sighal size (pitch dependence)

Signal size

Measured samples
< %% T e C, i type (largest one)
> 0.253— = Small R, — * Rimp: 2type'
S | = « LargeR,,, | = ° Electrode pitch
T 02 S 4 : 50, 100, 150, 200um pitch _
5) 0 15- 5 / \ L
2 E L v Signal size is not changed significantly
ol © -
g o " e > Signal increase area ; 100~150um
0'05__ S E due to C., by electrode size ?
Qoo d » Signal decrease area : 150~200um
. . due to inter pixel capacitance effect ?
Pixel pitch [um]
10/27/2022 Vertex2022 25




Strip R;,, and C., dependence

E 0'05:‘ rrT | rrT ‘ rrTT ‘ rrrT ‘ rrT | rrT 'EBOO T 1 I| \\\\\\\\ | \\\\\\\\\\\\ ]
© 00450 . . = = B . ]
- Signal size s ..~ Xtalk size . E
= 004 - 7 - 250_ Q Cch1 i
) C (4v] L _
S 0.035- A i 2 o #Cepx 1.5 -
C 7 ic L _
0.025- e = g 150 0 N
0.02— = © I ]
0.015— & E 100 A .
0-012* * 50:_ ] 1-2"""""#'10000
0.0055 = - i 1 :
- ] - J Crosstalk distance,

o
RN
N
w

: 100.0x£0.2mV

=
@
2
o | S EE SRRV I S AT I | | | | | B
n*resistivity normalized to C type n'resistivity normalized to C type % 6000
@ 06
-g 4"Dt'_ _ > 4000
5 m_@ Ls%zamt Larger lep and Ccp % 0.4
— Pedestal fit | makes signal larger 2 0, 2000
E g o
. and crosstalk smaller
i _ " 2 4 6 8 10 12 14 0
h Slgnal MPV 3446:':002mv distance from leading strip [Strip]
g g g s

Pulse Height [V]
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Testbeam at ELPH (Tohoku University)

Trackin Trigger system

Setu N g g9 Ay
4‘2‘ ——— r 1—\_ \
W N N N 1 ]
Telescope Telescope ROI Scinti.

(25x500um)

I Pixel sensor

v'800MeV electron beam
v'beam rate : 200 ~ 400 Hz
v'beam current : 14.38mA

(50x250um)

WaveRunner 8208HD
Specify region

H Pixel sensor
2GHz, 8ch, 10GS/s, 12bit
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v'Sensor : Strip E-b
v'Bias voltage : 170V
v'channel ;: 9~15ch

_ v by bovr bona b b b v a b oon biaa oy
2—%.2 0 02 04 0B 0B 1 12 14 1868 18

X [mm]
Efficiency of strip is >95%!!!

10/27/2022

B20 02040608 112141618

|

X [mm]

Efficiency

0.98

0.96f

fit top region of
projection plot
94.5+0.6

”° pulse height distribution

0.94:
0.92:

0.9}

Cdobw e b e 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Pulse height [V]

consistent to
efficiency calculated
from pulse height

Vertex2022

threshold voltage [mV

R T T BTy [ 3 distribution
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Strip spatial resolution (testbeam)

Pointing resolution of beam
Residual distribution ____(Error func. fit)

e

: . 2] - . ]
- v'Sensor : Strip E-b = for each channel 52.4+-2.9um
v'Bias voltage : 170V N 14(’:_ (gaus fit) + + + =
- v'channel : 10~14ch S 120f56 5 41 4 um Ch137
- v'"Number of events : ~600,000 = ool | + Chi1 =
.............................................................................................................. - Sum -
| 80|~ -
1\ 60— =
Event selection I . Bl “F E
v'Good tracks 20 E
. have hits for all tel and ROI YT R Y S T R - RS
. X2/NDF : < 18 (x,y) Track position [mm]
v'LGAD hit : > 14mV Spatial resolution of strip : 20.3£3.2um
(95%etficiency) assuming spatial resolution of 80um pitch strip

(binary readout) : 80/sqrt(12) = 23um
consistent !}
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/PixelE600 (100um pitch) | Eventselection

. v'Bias voltage : 190V

vchannel : 1~16¢h . have hits for all tel and ROI
............................................................................................. : XZ/NDF - < 20 (X,y)
Efficiency map v'LGAD hit : Threshold at noise rate 10-4
T Tt . x
£ -172F ; 7
>j§: :: ' |Pointing resolution of beam
17.8" b 1 X:62.3x17.4um
rat Y : 136.8+20.8um
184 s g || multiple scattering...
—18.6F [re
1881 X:95.4+1.1% Y :98.1%1. 2% o |
T R e | _ Y pointing resolution of
LGAD region X Imm } conbined beam is worse than X
(200umx200um) 96.6£0.8% - Efficiency X'is poor
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