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Superconducting RicH Nearly mass-less, based
magnet sygtem on the most advanced
silicon technologies

« Excellent
« Secondary
e Baoconctauation officiency

Silicon-based
Time-Of-Flight (TOF)

Required time
resolution

Muon
chambers

Several innovative
technologies are
under evaluation

ALI CE 3 : a next generation heavy-ion experime
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LOW GAIN AVALANCHE DETECTOR (LGAD)

Developed to detect charged particles - Evolution of n-in-p standard sensors

Additional gain
layer implant

\ 4
Internal,
low gain (10-70)
multiplication
mechanism

Electric field

Large and fast signals

in respect to sensors without gain layer

p epi layer |

i Drift region

Excellent timing
performance




STATE OF T E ART Extensively studied in

recent years

!

Hamamatsu, 50-micron thick sensor Jitter at T =20 °C -
ki s most mature silicon detector
? A Jitterat T=0°C

O Jitter at T = - 20 °C technology for timing
g Time res. at T=20°C applications

Timeres.atT=0°C
Timeres.at T=-0°C
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Landau noise: ~ constant with gain

~+=» 50 um: time resolution ~30 ps
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—> Already envisioned for the
detector upgrades at the
Jitter term: scales with HL-LHC both in ATLAS
gain (dV/dt) and CMS for 2026
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Garfield++ Simulations M OT I VAT I O N S

Already envisioned for the
detector upgrades at the
HL-LHC both in ATLAS
and CMS for 2026

Time resolution (ps)
w
o

ALICE 3 Timing Layers
need an even better
time resolution -20 ps

L A thinner LGAD
design could match
the requirements




TESTED LGADS First very thin LGAD prototypes produced by FBK

25 pym and r ‘
35 um-thick FBK |
50 pm-thick HPK LGAD single channel
With known resolution 1%1 mm?

+ Comparison

* Results confirmation 1x3 mm?2

Matrices 1.3x1.3 mm?2
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ELECTRICAL
CHARACTERIZATION
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LeftUp LGAD

s+ RightUp LGAD

+ RightDown LGAD
LeftDown LGAD

1~22V

—

10

20 30 40
Bias Voltage (V)

Sensors with the
same wafer (25 um)

Pads of a same
matrix

Totally negligible
non-uniformities

Gain layer
depletion V

Full depletion V

Connected to the
doping profile




TEST BEAM
— * { { * SETUP

35um  25um 25 um 50 pm
LGAD FBK LGAD FBK LGAD FBK LGAD HPK
(Ix1 mm2)  (Ix1 mm2) (I1x1 mm?2) (1x3 mm?)

LeCroy WaveRunner 9404M-MS
Sampling rate: 20 GS/s
Time discretization: 50 ps

CAEN power supply
r N
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CHARGE

DISTRIBUTIONS

Charge MPV increases with the thickness
. Measured Charge MPV vs |deal

» 0.08
2 - G~23 50um 200V _25um 100V _ 40
= = Entries 79783 O ® 25m
w [ — 25um 100V | | »?/ naf 830.8 / 38 ~ :
5 0.07f 25 um h e s o 35 o 25 ym ideal
N - — 35um 210V | I 21 au MPV 10.84 5 30 ® 35um
© - . Area 0.6166 c o 35 um ideal
£ 0.06— Landau-Gauss!an Gauss Sigma 1616 O 50 um
o - \ convolution 3Bum 210V 25 50 um ideal
— Entries 76038
0.05[— 35 MM 22 I ndf 107.3/38 20
B Landau Sigma 1.294 35 IJm
= Landau MPV 12.66
0.04— Area 0.6172 15 e
[ Gauss Sigma 2197 10
- 50um 200V = E 25 um
0.03[— Entries 62194 W‘-’—-_:ﬁf ________ gt S M
N 2 I ndf 1799 / 74 5 e ho
[ Landau Sigma 1.755 R
0.02— Landau MPV 25.92 0
B Area 0.7954
: Gauss Sigma 3568 0 10 20 30 40 50 60 Ga 70
0.01— ain
- Ideal Charge = Chargepiy X Gaingeas
o I I A Er—— e - results are in good agreement with the expected values
0 10 20 30 40 50 60

Charge (fC)




\
DATA ANALYSIS FOR THE TIMING PERFORMANCE

M in full Smoothing to remove
easurements in fu high frequency noise

Constant fraction discrimination (CFD) technique

bandwidth (4 GHz) 1 GHz
(7))
;OE) . Measure time difference distributions Entries 41286
uﬁ sl Mean 7.379e-11
18 = 5 = ofy + o3 — 033 Constant 2081
- : 2 Sigma [3.59-11] Difference between the threshold
- 2 L 2 _ q-value left 1.23 crossing time of each couple
3 = o1z T 23 ~ 013 -value right 1.13
102=— | %2 2 : 9 :
S E _ o3+ 0% — o7 ) fit . .
- |37 2 Gaussian shape of the arrival times
10 _ small tails (2.5% of the measures)
— - solved for sensors
— time resolution -
E t35um J[25pm
B (CFD 70%)
TE =
1 11 1 g il Ut QN [ [ Ix1 0_9
-0.6 -0.4 -0.2 0 0.2 0.4 0.6
t eaKas™ tEaKes (S)




TIMING PERFORMANCE

5 160 ~75V | 3 160 165V
< 25 um-thick LGAD —«s80v | & 35 um-thick LGAD  —-170V
S 140 —-90 V 5 140 —-—180V
= —~—100 V = ——=190V
% 120 110 V 3 120 ——200V
o 115y | & 205 V
O]
g 100 —~120v | g 100 210 V
= =
80 80
60 60
40 40
20 20
0 0
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
CFD (%) CFD (%)

Trend and values of 50 pm LGAD totally in agreement with previous results
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X 25 um-thick LGAD

Jitter contribution

10 20 30 40 50 60 70

 Thickness
« S/N

Electronics
Detectors
Shielding

25 um: 6-24
35 um: 16-63
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S/N
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e 25 um
e 35pum
50 um

[ L

80 110 140 170 200 230 260 290
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CFD (%)

Trend and values of 50 pm LGAD totally in agreement with previous results
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TIMING PERFORMANCE

um LGAD~ ~

_I—> worse S/N, not optimized wafer production

Time Resolution (ps)

30

20

10

Time resolution improves

v

confirms previous results
Better values for thinner detectors (v Landau term)
25 & 35 um are compatible within the uncertainties ~25 ps & 22 ps

Time resolution improves
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Time Resolution (ps)
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TIMING PERFORMANCE

DRIFT ELECTRIC FIELD

e 25 um
} e 35 um

20 26 30 35 40 45 50 55 o060 65

E arift (kV/cm)

*Edrift —> Electric field inside the silicon bulk (drift region)

Time Resolution (ps)
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CHARGE
e 25 um
e 35 um
50 um
0 5 10 15 20 25 30 35 40 45

Charge (fC)

20

—> extracted from the data considering V and Thickness (Weightfield simulation for the 25 um)



To obtain a good time resolution, a combination of both
high gain and drift electric field is necessary

65

855

45

35

25

25 30 35 40 45 50 55 60 65
E drift (kV/cm)




CONCLUSIONS

First 25 and 35 um thick FBK LGAD sensors were tested

. , for the first time in a beam test setup
50 um (reference) sensor in line with

expectations 2 34 ps

> Experimental setup and analysis ) 80
) Qo e 25um
procedure have been validated —
5 70 e 35pum
= y 50 pm
3 60 %
Thinner detectors: L \
> 25 ps at 120V g 90
|_

> Slightly worse than simulations 40 }% % .
(maybe due to fabrication design) % %}%
30 \ N

= 22 ps at 240V §
20

> in agreement with MC simulations

10

60 90 120 150 180 210 240 270 300
V(V)

Both > Improved time resolution with
thinner LGAD detectors
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BACKUP SLIDES




Difficulties in the wafer production =2 Different doping concentrations

25 pm-thick LGAD

n*+* n*tt
P — |
~ process p*

High doping

N :

[ |
p++ p"""

35 um-thick LGAD

n++ n++
— —_—1
p* process p*

‘ Type inversion
n

P oxygen diffusion

(support wafer 2>

| active substrate) |
p++ p++

p-type bulk n-type bulk

ACTIVE THICKNESS

throught C-V measurement

25 um

Low resistivity due to high doping
of the bulk, which results in a
higher E near the junction

> is still depleting and reaches
a plateau at around 100V

> lower final active thickness

50 pm, 35 pm

are independent on the V
measurements range

—> only info on the total depletion V from CV
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Active Thickness (um)

25
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e 25 um
e 35um
50 um
90 0 ¢ 009 o9
¢ 999
#§
80 110 170 200 230 260 290

ACTIVE THICKNESS

throught C-V measurement

25 um

Low resistivity due to high doping
of the bulk, which results in a
higher E near the junction

> is still depleting and reaches
a plateau at around 100V

> lower final active thickness

50 pm, 35 ym

are independent on the V
measurements range

—> only info on the total depletion V from CV




Current [A]
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Comparison between 25 and 35 pm-thick LGADs
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amplitude

Signal example

Trigger: all the signals
Slmultaneouslyabovethe .................................................................................................................................................
threshold

Completed signal waveforms recorded and analyzed offline
- DUTs time resolutions without problems relates to the front-end electronics



25.m  AMPLIFICATION
35 um

SantaCruz single-
channel LGAD read-out
board V1.4 SCIPP 08/18

Gamplifier ~6

Second stage external amplifier

+ Gamplifier ~13-14

low-noise current amplifier

Gamplifier ~ 196

_EEE e~ coww

/\\ ‘\ —



First very thin LGAD prototypes produced by FBK

low-noise current amplifier

Gamplifier ~ 196

25 ym and
35 pm-thick FBK |

single channel

i

50 pm-thick HPK LGAD

1xX3 mm?2

i 5 | SantaCruz
uonc s fg single-channel LGAD

~ read-out board V1.4
i SCIPP 08/18

Gamplifier ~6

Second stage external amplifier

Gamplifier ~13-14 ==



CHARGE

DISTRIBUTIONS

Charge MPV increases Charge MPV increases

\ 4

A 4

@ 0.08 550m 100V 3 - 200V 210v
= B G~23 50um 200V _<oum 2 - — 200V
E‘ = Entries 79783 E 0.045— 210V Entries 29864 || Entries 76038
L o 07 s — 25Mm 100V X2 / ndf 830.8 /38 L [ ¥2/Indf  453.4/141 || %2/ ndf 395.7 /142
8 ) = Landau Sigma 1.041 © [ 230V Landau Sigma 1.134 || Landau Sigma 1.259
N B — 35um 210V | [ 2 gau MPV 10.84 GNJ 0.04— 240V | |LandauMPV  10.56 || Landau MPV  12.68
© — . Area 0.6166 © N Area 0.4149 || Area 0.4167
g 0.06 B LandaU'GaUSS!an Gauss Sigma 1.616 g 0.035 - Gauss Sigma  1.971 || Gauss Sigma  2.258
§ [~ convolution 35um 210V § ' ~ 230V 240V
0.05 - Entries 76038 N Entries 75726 || Entries 73631
Uor 2 I ndf 107.3/38 0.03— s Indt  757.8/137 || 2 /ndf  413.3/125
B Landau Sigma 1.294 - Landau Sigma  1.601 || Landau Sigma  1.507
= Landau MPV 25 0.025F LandauMPV  19.25 || Landau MPV 249
0.04[— Area 0.6172 . - Area 0.4212 || Area 0.4253
- Gauss Sigma 2.197 B Gauss Sigma  3.137 || Gauss Sigma  4.113
B 50um 200V 0.02F
0.03|— Entries 62194 TE 35 um
| x2 / ndf 1799/ 74 [ u
B Landau Sigma  1.755 0.015
0.021— Landau MPV 25.92 -
| Area 0.7954 B
B Gauss Sigma 3.568 0.01 B
0.01— u
- 0.005F
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Width of the distribution

Charge MPYV inc

MPV

Normaliz

o 0.08 : :
2 - fluctuations in the number of e-h decreases *
E -
< 0.07 Landau Sigma 1.041
.&9 - = 35um 210V Landau MPV 10.84
© - . Area 0.6166
o 0.06 [ Landau-Gaussian Gauss Sigma 1.616
2 - convolution 3bum 210V
— Entries 76038
0.05— o2 / ndf 107.3/38
- Landau Sigma 1.294
B Landau MPV 12.66
0.041— Area 06172
B Gauss Sigma 2.197
B 50pum 200V
0.03[— Entries 62194
B 2 / ndf 1799 /74
B Landau Sigma 1.755
0.02— Landau MPV 25.92
B Area 0.7954
| Gauss Sigma 3.568
0.01—
0 [ > 4 I | | C S I " — — |
0 1 20 30 40 50 60

* S. Meroli, D. Passeri and L. Servoli, Energy loss measurement for charged
particles in very thin silicon layers https://doi.org/10.1088/1748-0221/6/06/p06013
W.RieglerandG.AglieriRinella, Timeresolutionofsiliconpixelsensors
https://doi.org/10.1088/1748-0221/12/11/p11017

Charge (fC)

CHARGE
DISTRIBUTIONS

Charge MPV increases

v
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Entries 76038
%2 / ndf 395.7 / 142
Landau Sigma 1.259
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0.005

Area 0.4167
Gauss Sigma  2.258

240V

Entries 73631
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Landau Sigma 1.507
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TIMING PERFORMANCES

Mm LGAD = ~34 ps confirms previous results
Better values for thinner detectors (v Landau term)

25 & 35 um are compatible within the uncertainties ~25 ps & 22 ps
_I—> worse S/N, not optimized wafer production

Time resolution improves R Time resolution improves R
. 80 . 80
2 e 25 um s e 25 um
Tc:: 70 o 25 pmintrinsic | = 70 o 25 pm intrinsic
S e 35um 2 e 35um
D) . . . 35 . . .
re o 35 um intrinsic ro o 35 um intrinsic
¢ 60 50 um ¢ 60 50 pm
Dq:) 50 um intrinsic Dq:J 50 um intrinsic
£ 50 £ o0
— —
40 40
30 30 1
20 20 %é
10 10
0 10 20 30 40 20 60 70 60 90 120 150 180 210 240 270 300

Gain V (V)




7" 0 CES
8% [ rver ~. | PERFORMANCE
£ 2 g2 — o2 50 pm :
= 60 0-1ntr1ns1c O-measured O-Jltter evious results
50 Landau term)
40 e uncertainties ~25 ps & 22 ps
30| % I
20 by = n Time resolution improves _
10 LI » <% 80 -
0 2 e 25 um
50 80 110 140 170 200 230 260 290 intrinsic | = 20 o 25 pm intrinsic
viv) O e 35um
= intrinsic | = 5 o 35 pm intrinsic
2 50 um 3 50 um
s 50 um intrinsic | & 50 um intrinsic
© 50 Q 50
£ I=
— —
40 40
30 30 )
) ) 4
10 10
0 10 20 30 40 o0 60 /70 60 90 120 150 180 210 240 270 300




NOISE RMS

3 01— — 25pm 120V 25um 120V Extracted considering a time window before the signals
= | Entries 41712 o : ot : ;
E —35um 240V | | Mean 0.003315 More Gaussian distribution for the thinner sensors
- B StdDev  0.000868 » Lower for the 35 um LGAD
N T DMV | Constant - oi0aeas - Stable MPV between 1-4 mV
‘s 0.08— — gaus Mean 0.003126
= : Sigma 0.0007642
= - — gaus
S i 35um 240V _. 6
< B gaus Entries 73631 E e 25um
Mean 0.001698 = e 35 um
0.06— Std Dev 0.0003315 $ 50 um
B Constant  0.09817 o
— Mean 0.001646 D 4
i Sigma _ 0.0003051 =
0.04— 50pum 245V +
- Entries 67630 3
u Mean 0.004924 +
StdDev  0.002058 H’ +
B Constant  0.02015 2 +
0.02— Mean 0.003259 s D egan 80
| Sigma 0.0007228 1
0: L L | N | Tt 0
0 0.002 0.004 0.006 0.008 0.01 0.012 50 80 110 140 170 200 230 260 290

Noise RMS (mV) V (V)




FUTURE PLANS

» We are in contact with FBK to continue the
R&D focused on the design of LGADs optimized
for the TOF system requirements

« Validate the results on 25 um
-» maybe considering a new production
with the right doping concentrations

« Eventually study the timing performance of
even thinner sensors

> Beam tests 2022

* Two slots in July and November




Time Resolution (ps)

WEIGHTFIELD SIMULATIONS
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Capacitance (F)
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CV example for 25 and 50 pm-thick LGADs

Gain layer
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Bias Voltage (V)

Asymptotic
behaviour to
LGAD

Gain layer
depletion V

Full depletion V

Connected to the
doping profile




C (pF) 25 um
300 300
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200
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100
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Current [A]

IV W6_10-3_35um 35 um IV W5_9-3_25um
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PERFORMANCES STUDY

. OSCILLOSCOPE .

Y AN e

LASER HEAD NS

BLACK BOX




Signal (mV)

signal (V)

PRELIMINARY TESTS

0: --J...l_l--a-“-.-.-.ﬁ.. Ll smmuum)l g y=8.129 mm
[ - .
- i e through automatic scans
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01 — » Evaluate light sensitive areas
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3 Light conditions
4ME 1\ Focusing of the spot
G = mean charge of the LGAD GAIN
~ mean charge in the reference PIN (without gain) EVALUATION
62 Related to time
Z .
< 0 ——50um 1x3mm? resolution
s ——50pm 1x1mm? ‘
151(5) 25 um ——25um 1x1mm?
. Voltage in which
o to operate the
30
22 50 pum LGAD
20 50 um

50 75 100 125 150 175 200 225 250 275 300 325 350 375
BIAS VOLTAGE (V)




3 cadidates for
ALICE 3 TOF

aluminum

Epitaxial layer — p

substrate — p** A p**-Substrate -8

« Only for photon
detection so far
- ~ 20 ps

« Low material budget
« High SNR
* Low power

SiPM

* Investigation with
charged particles

* Investigation on
innovative designes

CMOS MAPS

—> already started - required time
in Bologna resolution




ALIC E 3 A next-generation LHC heavy-ion experiment

‘ Photons and low-mass dileptons \
‘ Soft and ultra-soft photons \

>0

‘ Heavy flavour and quarkonia \ g o
= Luminosities
o9 20-50%XRun4
Q o
D0

Photons

|dentified
hadrons

Excellent:

« PID

« secondary vertex
finding

Significant advances & rich physics program




ALICE 3

‘ Heavy flavour and quarkonia

Photons and low-mass dileptons \
Soft and ultra-soft photons \
Other topics \

Unique tracking and vertexing capabilities

Production mechanism of
heavy flavour particles

High-precision

measurements
Crucial new
window on

hadron
formation

| Multiply Heavy
‘| Flavoured baryons

Observation & quantification

Capability for
quarkonium
physics

enhancement in AA

Test of
hadronization

| mechanism in

the QGP

Properties of QGP

Prompt & secondary charmonia




R I tivisti H -L C ” i arffii:l:alest::i?ziions
e IO e p; very close to the natural scale « 1/Rggem

j SR : L; Precision measurement of
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Soft and ultra-soft photons \
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Comprehensive studies and simulations to fully
exploit the physics potential




