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Timing detectors at HL-LHC

HL-LHC upgrade Phase Il (2027->)
o number of pileup collisions will increase to 140-200

> huge task to assign reconstructed particles to individual collisions and to extract interesting collisions
° |s there a way to separate vertices also not only in space but also in time?
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v N R x X % R * i typically >1 mm, which leads to merging of several collision vertices
0.4 * * * —
| ATLAS HGTD TDR (cern.ch) * - It is a task of the timing detectors to provide track timing resolution of
06—t L around of <50 ps for minimum ionizing particles.
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https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf

Motivation for timing detectors

Stochastic Hard
pileup jet scatter
jet

Vertex merging QCD pileup jet

PU oz ~5cm
vertex o; ~ 180ps
(Z,, 1;)
o )N/ |('|ZS \;e)riex Pile-up jets
or I

Main goals of timing measurments:

» Resolving primary vertex (pileup tracks contamination)

»cleaning up the pile up contamination (track fraction) in jets (at 1.6 collisions/mm from ~20% to ~3%)
»improvement of lepton isolation in high pileup environment

»improvement in forward PU jet suppression — larger fraction of Hard Scatter jets
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yﬁATLAS — High Granularity Timing Detector

O I
LS ™ = »Two double-instrumented disks per end-cap

~2.0— 2.4 - 2.6 points/track
24<n| <4,120mm<r <640 mm, z=350cm
»3.6 M channels operating at -30°C (6.4 m? of Si)

FLEX tail

HV connector

ATLAS-HGTD TDR
Module is very

similar to the pixel
20mm modules (less

m =N/ concern about the
Wire-bonding = ! ) s Module FLEX H
. < material)

5.5mm 8.4mm 14.5mm
LGADs (= 4 x 2 cm®)

Inner Ring: Middle Ring: Outer Ring:
70% sensor overlap 50% sensor overlap 20% sensor overlap

w " "
W W | >
W W \
120 mm 230 mm 470 mm 660 mm Bump-bonding

HV wire-bonding *not to scale
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https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf

CMS—ETL

MTD = ETL(LGAD) + BTL(LYSO+SiPM) CMS-MTD TDR (cern.ch)

Yk ETL Thermal Screen
Disk 1, Face 1

Disk 1 Support Plate
Disk 1, Face 2

ETL Mounting Bracket
Disk 2, Face 1

Disk 2 Support Plate
Disk 2, Face 2

HGCal Neutron Moderator
10: ETL Support Cone

11: Support cone insulation
12: HGCal Thermal Screen

+X towards center of LHC ring

§
g
CENDUEBN T

s

1: AIN module cover
¥ 2: LGAD sensor
' 3:ETLASIC
4: Mounting film
5: AIN carrier
6: Mounting film
7: Mounting screw
8: Front-end hybrid
9: Adhesive film
10: Readout connector
11: High voltage connector
12: LGAD bias voltage wirebond
13: ETROC wirebonds

Layout :
»Two “double” disks per end-cap
~2 points/track

1.6<|n| <3,315mm<r<1200 mm

| Different module arrangement
- : and connectivity as ATLAS but
essentially also “pixel” module

»8.5 M channels (14 m? of Si)
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https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf

Requirements for timing detectors

»both CMS and ATLAS will require sensors that provide in connection to electronics track timing resolution of <50 ps — if it gets worse than the
timing detectors lose their physics motivation

»the main obstacle is that sensors have to survive in high radiation environment (TID up to CMS~1MGy, ATLAS~2.2 MGy)

»occupancy <10% (ATLAS), <2% (CMS), hit efficiency and position resolution:
» size of the sensing element 1.3x1.3 cm™

»compactness of sensor assemblies — very small space available

= rrrjrrrr]yrrrerrrrrrrrrrrr ey
»difference to trackers — simultaneously achieved g Si only scoring
o 106 - |
good tracking efficiency, low noise occupancy and excellent time resolution = 107°F . -
~ ™ —
t [y ~6el5cm? FLUKA )
Fluence vs radius e B ATLAS HGTD TDR (cern.ch) |
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https://cds.cern.ch/record/2719855/files/ATLAS-TDR-031.pdf

Requirements for timing detectors

»both CMS and ATLAS will require sensors that provide in connection to electronics track timing resolution of <50 ps — if it gets worse than the

timing detectors lose their physics motivation

»the main obstacle is that sensors have to survive in high radiation environment (TID up to CMS~1MGy, ATLAS~2.2 MGy)

»occupancy <10% (ATLAS), <2% (CMS), hit efficiency and position resolution:
» size of the sensing element 1.3x1.3 cm™

»compactness of sensor assemblies — very small space available
»difference to trackers — simultaneously achieved

good tracking efficiency, low noise occupancy and excellent time resolution

Fluence vs radius
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ATLAS will do replacements:

»Inner ring (IR) R<230 mm - every 1000 fb!

»Middle ring (MR) R>230 mm && R<470 mm — every 2000 fb!
»Outer ring (OR) R>470 mm (42% of HGTD) — never

SIZEABLE CONTRIBUTION OF CHARGED HADRONS TO TOTAL FLUENCE
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Basics of timing measurement
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Basics of timing detectors

T , -peaking time 2 2 2 2
E D > %_t = 0; *0Owy tO0rpc
. >'| slew rate fime res
g g )
o — d?I} ~ 9n — Sp dVv/dt n0|se
t T time wa
p
R — S Ol Ay _ threshold
noise “yrTTTTTT T T T T s T s s
GJ - Jitter (ﬂ':p~ tcollection) o N
E 40— . o néisejitter —
= F saturated drift velocity in ENC=150 e reference time time walk t
2 35_— all depth at close to RT  ENC=100 e <~ uncorrectable due to different induced current
© 20 = (~100 pm/ns) ENC=50 e time over arrival (ToA) shapes (“Landau time walk” or/and “hit position”)
- ENC=20e
251 SMPV =G p h d time walk
C e- correctable for same shape by
20 Z_\ (constant fraction disc. or ToA/ToT)
g T »large electrode size of (~1.7 mm2) with C~4
15[ o p arge electrode size of (~1.7 mm?) wit pF .. . .
= LGAD "I‘"th G=10 g~ SIN gain in thin sensors is needed
10;“"*— i / ~fast electronics (transimpedance amplifier) with t,~1 ns
5;_ ......................................................................... - >3D sensors excluded due to Very |ar‘ge CapaCItance for g|Ven Ce” Slze
L | ]
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50 100 150 200 250 300

thickness [um] »Depleted CMOS as standard planar detector won’t be able to reach

desired resolution
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Measuring time — time walk

Gy,-time walk component includes G, 6, G Cr” =07 + O',le +
° 0q - fluctuations in amount of deposited charge —> correctable with ToA-ToT or CFD (not trivial)
° o) - Landau fluctuations in shape of the signal ->depends on hit position (segmented devices)

o Wf/ o,,— Weighting/electric field contribution (distortion component/un-perfection) ->depends on hit
position in segmented devices

. -__- > large pad dimensions >> thickness required to mitigate

weighting field effect

* */ » Saturated drift velocity required over the volume to reduce
U Gy O ‘* \ the dependence of time of charge arrival to gain layer
* * (saturated velocities ~100 um/ns) —induced currents are
: " GOl LT, WI) ~1 ns long
— : » Landau fluctuations can bot be removed — there by nature
v v time resolution limited to ~25 ps for 50 um thick sensors
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Landau fluctuations

50
45
40
35
30
25
20
15
10

oy [Ps]

O|¢- Landau fluctuations

LGADs
O'j<< O-t

at o, # o, (QMPV)

80 um LGADs (UCSC)

50 pm LGADs**

35 um LGADs (JSI)

**ATLAS HGTD TDR

30

40 50 60 70 80 90
thickness [um]

Simulation of signals in 50-um LGAD

— Shape 4 — WF2 LGAD pulses
distortion

Amplitude
variation

Time [ns]
Taken from Cartiglia PSD12

LGADs (planar sensors with gain) seem to be ideal solution to reach superb resolution for large pixels/pads
» large capacitance (noise) can be offset by gain -> good S/N (with discrete electronics 80-100)
» In order to reach the desired time resolution the thickness is limited to <80 um
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https://indico.cern.ch/event/797047/contributions/3638198/attachments/2308674/3928223/Position_sensitive_timing.pdf

Basics of LGADs

It all started with transferring the APD idea to particle detectors:
G. Pellegrini et al., “Technology developments and first measurements of Low Gain Avalanche
Detectors (LGAD) for high energy physics applications”, NIM A765 (2014) p12.
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Low Ga

in Avalanche Detectors (LGAD)

_[>

n**-p diode

n++_p+_p

_ /
/
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/

0.06

0.04

0.02

p — bulk
0.5-15 k€2 cm

‘:"III|III|III|III|III|II

— p - bulk
0.5-15 kQQ cm

Q_’I

A

4

avalanche
multiplication

Injection of electrons at the back of the sensor by red laser.

20
time [ns]
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Xy~0.7-2.5 me

Gain layer design

' iw~1-2 um
i Ng~1-10-10% cm?3

Parameters determining the gain layer (subject of extensive R&D):

»Xg - gain layer depth (depth of the p+implant) - 0.7-2.5 um

»iw — implant width (determined by the processing) - 1-2 um

»Impurities added to reduce the changes of gain layer doping after irradiation -

Thickness
D most notable carbon
]
1m — Vd
\
10* 10000 & ! s

- 1 1000 ] S A P
" " .4t 94

E 10 1 S— 100 o .e(m_at 23 V/ um
g ——— Phosphorus " 10 */ e "

= o ——Boron g L B

g 10 O, 1 -

: 1 't

g 10" ? 0.1 —

c 1" s

o 0.01 .

o 10" - R.VAN OVERSTRAETEN|and H.DE MIAN,

£ 0.001 5 olid-State Electronics 13(1970),583-608.

% 10" 0.0001 W.MAES, K.DE MEYER,IR.VAN OVERSTRAETEN
a “ NIM A765 (2014) p12 ’ Solid-State Electronics 83(1990),7Q5-718.

[ S S : " 8800 -
S 1 15 2 25 3 35
ept m
P Electric Field [10° V/iem]
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dN, =N, -a - dx
Doping should be such that in GL

E>25 V/um

»large x,, - large gain layer depletion
voltage less steep Q-V plot/larger
gain post-radiation

»small x, —more doping/less
acceptor removal

» Impurities added to reduce the
changes of gain layer doping after
irradiation - carbon




Signal and noise

_ T Gains are limited to G<100 — due to increase of noise
Xg~0.7-2.5 pm h ! iw Signals are usually given in fC more appropriate than electrons:

6250e =1 fC
o iw~1-2 pm A
: ~1-10-1016 3 S . Excess Noise Factor

Thickness ! Ng™1-10-107 cm ‘§ e <G

D i pMPV~65 e_h/Mm ighm‘ = [I."Iurfm'e_l_ (IBMH( )GZF]

— Best S/N ratio — | Shot noise

------------ t==m=========----==- Electronic noise

! (gain independent)

’ .
Signal in sensors in given by Ramo’s theorem: i | . taken from Obertino,Vertex2017

. . 10 100 1000 . .
I = qUE,, for particle track Q(t) = X_p .2 Iendt
ta,n tde __tde __tde tye ™ Vsare/D ™ 500 ps in 50 um
Charge: Q~(G—1)pD e Teffh e *Teffe+ PP ( e *Teffe+ e 2Teff,e) tyn™Vsge /D~ 700 ps in 50 pm
2 T T Tosrn™ Tesen> 1.5 NS at 2e15 cm™?
trapping of multiplied holes

trapping of primary carriers I Q ~GDp I G= Qcan/ Qi

due to trapped primary electrons
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https://indico.cern.ch/event/627245/contributions/2676708/attachments/1521419/2378178/Obertino_Vertex_2017.pdf

Thickness of the LGADs

Produced LGADs for timing ranged from 35-80 um. Smaller thickness results in: 45-55 um was chosen as a baseline for both
. . ATLAS/CMS
»faster signal — less Landau fluctuations - A
O
»smaller bias voltage required for given gain after irradiation — less power dissipation *g
»larger capacitance S
% 35um
» less charge generated by mip particle ©
(&)
» steeper dQ/dV - difficult to control the operation voltage particularly for sensors 50 um
where the variation of fluence is significant over the sensors
-
Simulation of the signal in 50 um thick device: V...
= = T o[— —_
= 140 — E — = -
+  gain layer 2 B/ T g = ol holes
120 ge Ietiyon St7 electric field in the bulk f_o ° _
o N W ~2V/um 3 mip 3
&0 f_ " =i ;_ %
a0 - Py =i L . = G~18 S
Wb =l electric field in the GL e 20°C
— _25 | —
= . . ~28 V/um E pri
"E__electric potential 9:/“ i"{:"
" dupthvmm}{fmn:uhclmduiuﬂ} 10 ﬁdupthy[pﬁ]ﬂmnturllmdulnm ”u:' I e T g <10°
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Segmented LGADs and Inter-pad region

DC coupled devices ----------

| 1 . - -
Passivation o Metal __distanceto edge =100}z
! : / \ ! ' NIM A821 (2016) 93. | :f‘-; 98:

. . . w S L 1.3x1.3 mm? cell size

1 — -
T / .| [ 18 T oo
NRi ! E -
CStop "9 Pstop " ITE - PAype Multiplicalion Cayer ~~ Jiighp 7| 3 %4F
p-type FZ 92—
90
, Lowp g sl
Inter-pad region IP p-type CZ 15 .
86—

_llllllllllllllllllllolllllolllllolllllollllalollllglolIll 0

0 10 20 30 4 5 6 7 10

Metal L

»JTE enables efficient isolation of the electrode — allows for segmentation of the LGAD — the key to multi electrode LGADs

»Inter-pad region is the distance between two electrodes. It is effectively the non-active region as it is without the gain and
effectively reduces the “fill factor” of the LGAD

»The IP distance can’t be too small as in a case of a bad connection — floating pad there is a danger of an early breakdown
(~30-90 um)

» Distance to edge determines the breakdown through the edges and is 300-500 pum
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Performance of prototype sensors before
irradiations

All R&D on LGADs has been done in close collaboration of ATLAS, CMS and RD50 groups.

19
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Latest prototypes produced by different vendors

FBK-UFSD 3.2 (2020) CNM-12916 (2019)

ATLAS 5x5, 1.3 mm, IP 37
ATLAS 5x5, 1.3 mm, IP 47
ATLAS 5x5, 1.3 mm, IP 57

<7t

LGAD Pad, 1.0 mm, IP 57
LGAD Pad, 1.0 mm, IP 47
LGAD Pad, 1.0 mm, IP 37

PiN Pad, 1.0 mm, IP 37
PiN Pad, 1.0 mm, IP 47
PiN Pad, 1.0 mm, IP 57

PiN Pad, 1.3 mm, IP 37
PiN Pad, 1.3 mm, IP 47
PiN Pad, 1.3 mm, IP 57

LGAD Pad, 1.3 mm, IP 37
LGAD Pad, 1.3 mm, IP 47
LGAD Pad, 1.3 mm, IP 57

ATLAS 2x2, 1.3 mm, IP 57
ATLAS 2x2, 1.3 mm, IP 47
ATLAS 2x2, 1.3 mm, IP 37

ATLAS 2x2, 1.0 mm, IP 37
ATLAS 2x2, 1.0 mm, IP 47
ATLAS 2x2, 1.0 mm, IP 57

- G e PLANAR TECHNOLOGY — more vendors
: | (e2V, BNL, Micron ...)
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Recent productions (>2020)

Manufacturer 2 Dopant/C | SE [um] Max. Array Size

HPK (HPK-P2) (6”) P2 (4 splits) . 50.5-54.5 B/NO 300-500 Single,2x2,3x3,5x5,15x
15,15x30

FBK (6”) UFSD 3.2 ~45,55 ~1-2 25-50 B/YES 500 28-49 Single, 2x2,5x5

NDL (6”) V3, V4 ~50 ~1 ~29 B/NO 2x2

IHEP-IME (8”) V1, V2 ~50 ~1 ~25 B/YES Single, 2x2, 5x5

USTC-IME (8”) V1.1, Vv2.0,V2.1 ~50 ~2 30-40 B/YES 30-90 Single,2x2,5x5,15x15

CNM (6”) R12916 (AIDAV2) ~50 &l ~40 B/NO Single, 2x2, 5x5

HPK serves as “gold standard” to which others are compared — the key results will be shown HPK

Mains specifications are in the TDRs.

The key property is collection of 4 (ATLAS) /5 (CMS) fC (G~8/10) at safe operation voltage over the entire
lifetime of the experiments (2.5e15 cm™?)

It was shown with discrete electronics that the required time resolution and efficiency can be achieved
with >4 fC and also for expected ASICs performance <70 ps for single hit resolution.
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Measuring the performance of the detectors

frTTTmTs i S .. Betascope — used for ?°Sr and in test beams
2 s I : ASICs -analogue part °, Timing and Charge measurements
E /U : : ,\ : :
: I : : V — : = similar setups at different labs
< —_— 1 1 | . .
£ o @ T G | ‘ i ves > some without Sci+PM
a 1 . .
3 - ! i L Vm ? Comparator i fetel s conmaror L] » systems inter-calibrated
£ 1 : : i
: i ! : = : g LR
| '
Sensor| | Pre-Amplifier i Time measuring circuit ,: - _
e : A : oscilloscope
v TTTTTT T 2 : =

i | Scintilator | light guide

UCSC boards is mostly used E 0.5[DUT:HPK Type 32.W14 . Emi L 2 %F Gt tamsie
o] B - 15 2 & H 2 ooE
> transimpedance amp 5 ol QeS0T em 120 | 8w v 212+ 001
(47OQ), Si'Ge E I T='3“nc 100 E- gg: Sigma 0.04629+ 0.00144
> wide bandwidth 3 GHz 0.3 soll ok o
> 1and 4 Ch. versions : i fourtr [19]
u.2 L so :- | ndf 71.02/39
| 4 LR
Less constraints with respect ** | I |
to the ASICs — exploring the ey L e
- 0 0.1 0.2

limits of the sensors.
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CV-IV measurements (HPK as example)

HPK-P2 is a 3" iteration of HPK LGAD production — deep gain layer design with 4 different GL doping splits
(2% apart) resulting in V4, from 140 V to 250 V — controlling very accurate doping is the key to LGAD production.

— 9.00£+22 LOE05 ‘
L s00e+22 ~3.5 pF Split il
(o]
§ 7.00E+22 HOEoe HPK-P2 . ' 500 nA
6.00E+22 L0E07 defines Vbd ,
5.00E+22 ‘ plit 3 ="
—&—HPK-P2-Split1 (W28) ) Cplit 4 )
#O0F 2 —8—HPK-P2-5plit2 (W33) 1.0E-08 J < devices break
3.00E+22 —8— HPK-P2-Split3 (W37) ° .. .' . down th rough
2.00E+22 —&— HPK-P2-Split3 (W43) 1.0E-09 .t:'. e o’ the bulk
. §880000e® o e bu
1.00E+22 e b s ¥ . $8335500eee PIN
0.00E+00 —_ 1.0E-10 )
70 80 T 0 50 100 150 200 250 300 350
O
S~
- At full depleti
] i
D+ At 1ull depletion HPK has demonstrated excellent quality
Novr & Ves — i drop of 52 Vin of production with >99.8% pads
eff X Vra = Vgi p—>u GLand 7 Vin .
N oV, ~4 x 1012 cm-2 e bulk functioning on large sensors arrays.
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‘emperature dependence of gain and timing

35

100 100

0 —=-293K %0 90
. 20 80
_-.L_;’. 25 ——278K = 70 70
) 3 =
20 263K = £ 60
& 20 § 60 5
; 243K % 50 5
o I © 40
_,80 15 2., g N
= Q )
o 10 E 3 £ li T
2 = I £ 20  HPK-P2 —split 4 (Vgp~250 V)
£ : 0 HPK-P2 —split 1 10

; HPK-P2 — split 1 Wt g P W42/W43

10 0
o W25 / W28 . / 40 90 140 190 240
40 60 80 100 120 140 40 50 30 100 120 140 Bias Voltage [V]
bias voltage[V] Voltage[V]

»Impact ionization — gain mechanism is a strong function of temperature — so breakdown voltages at -30°C
are much lower than at room temperature (50-80 V) — variation of temperature over the sensors in
experiments has to be well controlled in narrow window of few degrees

> If electric fields are high enough to provide drift velocities close to saturation lower temperature decrease
the drift time and by that improves the time resolution.
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Charge/Timing for different HPK splits

45

9OS 80
HPK-P2-W28 r measurements
” —+—HPK-P2-W33 . HPK-P2-W28
35 60
o —eHPK-P2-W37 — —e—HPK-P2-W33
& | ~—HPK-P2-W43 € 50 e HPKPZWET [==RJ.ci5 st3)
£ 25 % . ! : H
s g% A S »small difference in doping
2 . 2 L--- concentration results in very
ER i | different performance
90Qr meaciiremente —---------
£ PIN~0.5 fC . Srmeasurements
5 ~ e el .
________________ S -l_. . -30C » larger initial doping offers an
0
40 60 80 100 120 140 160 180 200 0 60 80 100 Volltzaoge[V]MO 160 180 200 adva ntage after irradiations} but
) bias voltagell] 0 requires operation close to the

breakdown voltage - in

40 HPK-P2-W28 70 HPK-P2-W28
5 s 6 bl considerations by ATLAS due to
2 —e—HPK-P2-W37 50 —e—HPK-P2-W37 |a rge fI u e n Ces

—e—HPK-P2-W43 HPKCP NS

Jitter [ps]

»lower doping allows for larger
) suitable voltage range away from

© Jitter is ~ 12 ps at Q>20 fC _ E=coifference insignal= breakdown
0 different bias voltages

0 5 10 15 20 25 30 35 40
Collected charge [fC]

Time resolution [ps]
ey
o

0 10 20 30 40 50
Collected charge [fC]
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Inter-pad performance

Optimized gain layer design — example of HPK-P2 run

IP3=30 pum
Floating to connected, IP4=40 um
voltage V virtual gnd IP5=50 um
IP7=70 pm

HV

single pad measurement
over the surface of the
detector with other pads
floating

27

ILeak[I\]

1.0E-04

1.0E-05

1.0E-06

1.0E-07

1.0E-08

1.0E-09

1.0E-10

1.0E-11

1.0E-12

HPK-P2 (split 1)
average pad current

——|P3
——|P4
——|P5
IP7

50 100 150 200
Bias voltage[V]

IP3 —is too aggressive
Similar studies done for other producers.
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Full size devices

More informationon {1

IMEv2 at the coming

e ATLAS 15x15-P3 1451
e ATLAS 15x15-P3 1452
e ATLAS 15%15-P3 1453
e ATLAS 15x15-P3 1454

9

RD50 workshop. 8

7

6

5

4

3

2

3
ATLAS 15x15-P3

1.0E-05
1.0E-06
1.0E-07
S.0£-08

ATLAS 15x15-P3 1455
e ATLAS 15x15-P3 1456
e ATLAS 15x15-P3 1457
e ATLAS 15x15-P3 1458
e ATLAS 15x15-P3 1459
e ATLAS 15x15-P3 1460
o ATLAS 15x15-P3 1461
e ATLAS 15x15-P3 1462
e ATLAS 15x15-P3 1463
o ATLAS 15x15-P3 1 464
e ATLAS 15x15-P3 1465
ATLAS 15x15-P3 2 466

1.0E-09 —" —
e
[ S

1.0E-10 —

1.0E-11
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e ATLAS 15x15-P3 2 467
s ATLAS 15x15-P3 2 468
e ATLAS 15x15-P3 2 469
e ATLAS 15x15-P3 2 470
e ATLAS 15x15-P3 2471
e ATLAS 15x15-P3 2 472
e ATLAS 15x15-P3 2473
e ATLAS 15%15-P3 2 474
e ATLAS 15x15-P3 2475

Leakage Current [A]

10°
10°*
10°
10°
107
10°
10°

10 10

X
—
)
©
-t

ATLAS-HGTD preliminary

™

Current [A]
—
o
&
T

IHEP HGTD
floating GR

PETE BTSN ST EPEEN S BT AT

o—b
LI L L L L L LA L

PERTTIT ERPETITT ERTERTTTTY M ETTTT MR T MW

sl
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80 100 120 140 160

Bias Voltage [V]
AD1 ADE A11 A16 AN B01 B11 B16 B21 B26 Co6 C11 C16 C1
AD2 AD7T A12 AT A22 & B02 7 B12 B17 B22 B27 Co7 C12 £17 Cc22
A03 A08 A1) A23 A28 BO3 B13 818 B28 CO3 C08 C13 C18 C23
A04 Al4 A19 A24 A29 BO4 B19 B24 B29 CO4 CO09 Ci4 c24
A15 A20 A25 B25 B30 C05 C10 C15 K20 C25




Full size devices

Can different vendors produce large arrays that are uniform?

FBK-UFSD3.2 W7 gmany 5x5 arrays)

o = FBK - Vfoot Distributions - Wafer 7
= = hfoot3
(l\) = AD1 AT D01 BE CI6 D01 016 §81 K16 FO1 GO G16 WS Entries 205 120'__ o E‘l;lﬂﬁe 576
- A2 A7 802 BY C17 D02 D17 €82 EY7 FR2 G2 G617 W6 Mean 54.84 an 23.65
- An 03 2 C18 06 O 1 FiE GE3 G18 MeY - - Std Dewv 0.39861
ABL AT BO4 B OM D04 D19 £34 E19 P4 FTY G19 W Std Dev__ 0.1666 — Underflow 0
ADS A BOS E20 C85 (20 DOS 020 E05 E30 FS F20 005 G20 M0 100 — Overflow 34
10—2 — A0 A2Y BO6 E21 C86 C21 D21 E% E F6 F21 GI6 Wit = ¥/ ndt 112.1/16
= AD? AZ BO7 B2 ON C2 022 E8) ER FOY F22 OOT Hi2 ~ Constant 83.72 £5.51
- A A2) D08 3 Do D2 £ ED F23 G0 GZ3 N — Mean 2364 £0.02
- A2 BO9 FO4 C89 4 DS E09 EM Fos FM 00 OM 80— Sigma 0.2577 £0.0119
- AV A B S Cw 5 O 29 B9 £33 FO0 F2S G G W0 =
= At B11 EM C11 C2¢ 011 0N E2 F11 F28 Ot OM M2 H PK-I P5-W28 —
AR 8 B C12 €7 0w O €27 F12 F7 G12 QI Wk 30 - FB K:
= ATl A B B8 C13 D13 0 E1) E2 F13 FI am 60—
o engrrronrdsm ol st oot (15x15 array) _ .
Jo S e oo o o e o o om _ Gain layer
= 20 40— .
= s ol n depletion voltage
L HPK-P2 ] , problematic roblematic - :
1 / | 20— T
- / | - / taken from N. Cartiglia
/ 'a C /
10_4 == .rf; cdrio o L. e Mol tdhoond L b fn. L g_l P EPEPERIN BT S L BRI B Y P P | Ea— T 1
= 93.8 54 54.2 54.4 54.6 54.8 55 55.2 1.5 22 225 23 235 24 24.5 25 255 26 26.5
VGL [V] Vioot [V]

xllllxllll]llllllllllllllllllll1111111111111111111

0 10 20 30 40 50 60 70 80 90 100
Bias Voltage [V]

The production of uniform gain layer on large devices has been shown for several vendors.
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Performance after irradiations
( radiation hardness of thin LGADs )




Radiation hardness of sensors (HPK-P2)

The decrease of V, leads to the loss of gain/collected charge — compensation by increasing the bias voltage.

A
0 : %0 +2.50E+15 Er--
HPK-P2 split 1 (W28) ~-2.50E+15 % . —1.50E+15 A~ BV47)
n-irradiated ~+1.50E+15 time ~+8.00E+14 D
30 — : V,
5 +~800E+14 & resolution 4.00E+14
et A0 § T rooee
s ' 550 \':'O-OOE+00 . thickness -
20 +~L100E+24  § \'\\ EL_- 3
0 @ —
g1s ~0.00E+00 ¢ V @
3 £ % 2 o
“10 20 &
s 0 %03y, -30°C S
0 0 thickness o
0 100 200 300 400 500 600 700 800 900 0 200 400 600 800 1000 EL_.y g-
Voltage[V] Voltage[V] 3 -
* active layer: N qeep=8c ‘Pe=0.02 cm™ -2.5e15 cm2=5e13 cm= -> V;-V,,<100 V
* larger electric field means faster drift — saturated drift velocity (V-V¢)/D>5 V/um —
better time resolution at a given gain as before irradiation thickness
e GAIN Layer: the concentration of acceptors is reduced through so called Compensation ends once the bulk
“acceptor removal” -> determines the radiation hardness — deep defects have multiplication starts ~ 750-800 V

very little impact on gain layer (smaller field, but large distance)
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Radiation hardness of sensors — leakage current

Radiation with hadrons requires much higher bias for operation of detectors to fulfil the requirements

14

10000

G|~ Gg - dashed lines calculated

1000

g
%
g —8— 2.50E+15 .‘:‘E 8
= 1w —8— 1.50E+15 (S
§ —e— 5006114 2 6 ~e-W28-2.5¢15
ATLAS can tolerate on average e 3 - W28-1.5e15
} ~2 um/pad before running into S 4 s
-4e
+ . problems with thermal runaway ,
1 (100 mW/cm?)
' 0 100 200 300 400 500 600 700 800 900 0
Voltage[V] 0 500 1000 1500 2000

Leakage current [nA]
» Leakage current is more complicated than for standard silicon devices
Ileak=1gen -Gp 5 G” GQ ’

, e _ _ Deviation from G =G, line at high fluences
Gy measured on the time scale of drift time ~1 ns (no time for de-trapping)

charge gets multiplied less than the current?

G; measured on the time scale of current met?r > ms. Samples from different producers give roughly the
Igen=a . q)eq - S - D, Independent on the device with GR connected same current at the same Charge and fluence.
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Effective acceptor removal

Gain of the LGADs depends on the doping of the gain layer -> the
doping of the gain layer is affected by the irradiation, due to the

~
process called “acceptor removal”. g S [
l:‘ : O M.Moll — Vertex2019 <> Wafer - neutron irradiated o J
e »gee coe coo P E SRR
J. Adey et al., Physica B 340-342 (2003) 505-508 . ' . . . ' Pad - MGz - 24 GeV/c proton inadiated
_ ) /. Pad - MGz - neutron irradiated _'
Acceptor removal 00 000 © 0’: of . oor o g -
— 0o /. LGAD {charged hadrons)
. . ’ . . . . . B . /. LGAD {neutrons)
00 000 000 10141 ]
Interstitial channel : I 4+ Bs — Bi (dominant channel) : B B onlv GL ]
(electrically inactive Bi can form different defect complexes) 5 - o _ . only 7
dNg ==Y ¢ Npd® , c= ) ¢,([0],[CL[B) 10715, DY
7 : 5 MW Pad - EPI (23 GeV protons) - this work o ]
B Pad - EPI (neutrons) - this work ’
Np = Ny gexp(—c cDeq)

B L i I (g

Assuming linear relation between Ng and V: N. - [em]
B,0

Two important points:
Ver = Vero - exp(—c - q;eq) > the higher the concentration the lower the removal — favours small iw

» charged hadrons are more damaging than neutrons
C(Ng o) - M. Ferrero, NIM A919 (2019) p16.
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Design of radiation hard GL

Two approaches :

» Replacement of B with Ga, which has higher displacement energy -> the results of the limited runs
showed no significant benefit in terms of acceptor removal

» Additional impurities added to gain layer which reduces the acceptor removal constant

» carbon is trap for interstitial silicon atoms which are then not available for displacement of Boron -> hence
smaller removal rate
» Carbon however forms defects during processing

Acceptor Removal parametrization - neutrons

1E-15

of the samples, hence the initial currents are usually o feg M. Ferrero, NIM A919 (2019) p16)
larger (up to one/two orders of magnitude) rbon, |
- --‘"-._ 3
. . . Srbong, Yy
» Carbon enrichment is not straightforward, however g, T
o b e ~ E
. o~ a. h"‘-.. - o o
~3 producers of LGADs have so far shown to master it. % S ey, e +~. 58
5 _ = o
O Boron not carbonated g I [~
000 X_ShaliowBerens 25 2t sesC (M) R &
. ‘ ‘ L ] Shallw-aamﬂi*ﬂ'.ﬂl::ﬂlﬂl: 5
# Shallow-Boron + 0.8C (CHBL =]
carbon as trap 00 O ... * Deep-Boron + 0.6C (CBL = b
‘ . ‘ . . . —— No Carbon: (N_Si*sigma*D2]/(0,8*rho_aA[(0)} 7
M 4 s Carbon_1, 0.6 (CBL/H): (N_Si*sigma®D2)/{2.7*rho_A(D])
for Inte rStltlaIS . - -~ Carbon_1, 0.8 (CHBL): (N_Si*sigma®D2)/{1,9*rho_A[0)} _
‘ ‘ . ‘ . . 1616 | = -Carbon_2,3,5, 0.4 [CHBL): [N_Si*sigma*D2)/{1,5* tho_A[0)) |

. ‘ . 1.00E+16 1.00E+17
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Vgl [V]

60
1. e HPK-P1T3.1
.. ATLAS-HGTD preliminary ® HPK-P2-W25/28 —
‘o ® FBK-UFSD3.2-W19 N6
50 o £
o m FBK-UFSD3.2-W7 5
-------- ... ® CNM-R12916 O
L e NDLv3 — 4
40 0 IHEP-IMEV1-W1 <
~ @ L2 e USTC-1.1-W11 —
¢ IHEP-IMEv2-W7Q2 © 2
30 Ld hd “$ USTC-v2.0
~. @ =:=‘..
.‘\-‘\ '..-"'.- .....
N . 0
T o > o \ >
20 “ S . & & 55 &
. ................................ _. ‘N c;\(.; Qg
................... . "o s S N
0 T I e
..................... ° i
.4-...
i ( )
1E+15 2E+15 3E+15 DV, —V
gli gl2
reactor neutrons (Deq [ cm?] Vi~V, + X
gl

Radiation hardness

of Gain Layer

acceptor removal constant

f========== 1
[ [
I carbon enriched I
I wafers I
| |
1IN NI
| |
< O A ©
SIS
S M X
e ¢ ¢ :
[

approximate voltage required to
restore the performance of the same
LGAD with different V,,

Large difference in c between the different runs/producers — several different runs were required to master the
recipe (combination of implantation depth of B and C with subsequent annealing steps)
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Correlation of V, and charge collection voltage
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Vgl [V]
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® HPK-P2-W28

¢ je1 D=50 pum
‘ ® FBK-UFSD3.2-W7
"*..i"6e14 D=55 Hm
FBK-UFSD3.2-W19
®.15e15
4e14 8el4
@ ..., O 1.5e15
..................... o 2515
2.5e15
10 fC collected charge
T=-30°C
o 1o 00 800 1000
V10fC [V]
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V, is correlated with the voltage required for

given charge collection — for a given design
the charge collection can be predicted by the
V, measurement — very useful for large
number of tests
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Performance of various prototypes at 2.5e15 cm

18

= (oY = =
o 0o o N IS o))

more on IMEv2 run at RD50 workshop

most probable charge[fC]

N

o
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-o-HPK-P2-W28 ATLAS-HGTD preliminary N
-=FBK-UFSD-3.2-W19 70
--CNM-R12916-W1 .
-+ |HEP-IMEV1-W1 §- ”
-o-|HEP-IMEV2-W7Q2 g 50
NDLv3 =
~-USTCV1.1 5 ¥
& 30
Q
£
10
0

0 200 400 600 800 1000
Bias voltage[V]

ATLAS-HGTD preliminary

\\u
-o-HPK-P2-W28
=-FBK-UFSD3.2-W19

-+-CNM-R12916-W1
-+ |HEP IMEV1-W1
-o-|HEP MEV2-W7Q2
NDLv3
--USTCV1.1

200 400 600 800 1000
Bias voltage[V]

The effect of the C-enrichment is clearly very beneficial and allows the sensors to be operated at
much smaller voltages — a critical point due to HV stability in the particle beam
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Large size devices after irradiations

< 107 2 S z 107
5 USTC HGTD z USTC HGTD
8 10°* "2 E 0+ _2
: 8el4d cm R T 3 2.5el5cm= ..
§ 10 HPK-P2 o DY $ HPK-P2 ii
sl Ao o 2

25

-6
10 10°¢

ok ) 107
single pad single pad
10 »
T=-30°C probe card measurement ;o T=-30°C probe card measurement
1090 - n l160l - : Lzéol - * 13&1 . * 1460L : . 1“!01 . * lsm 1D-i Ll 1L L ] LI L [ L L 1 I L L1 l L L L 1 I L 1 1 I I l L L1 1
Bias Voltage [V] 0 100 200 300 400 500 600 700 800

Bias Voltage [V]

»at the same voltage single pad and large array currents are the same

»very homogenous leakage current over the sensor
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T.-30C & =
V1: 690 V %
V2: 600V ¢ s

20

Detl 0

Det2
Det3
Det4
Det5
Det6
Det7

39
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Stability of operation —long term

—Tanlmi T -35C T.-25C
™ viizaoy V1650V
v2:600v  V2:600V

T:-20C T:-30C
V1:600V V1:690V
V2:570V V2:600V

Temp increased to -29C and led
to thermal runaway in Detl,

reached compliance. V1
lowered to 680V ‘
Det1-Pad

Det2-Pad
Det3-Pad
Det4-Pad
Det5-Pad
Det6-Pad
Det7-Pad
—— Det8-Pad

0LG-5X5I-SE3-IPI7-U BM
LG-5x5-SE5-IP7-UBM
LG-5x5-SE3-IP5-UBM
LG-5x5-SE3-IP4-UBM
LG-5x5-SE3-IP5-UBM
LG-5x5-SE3-IP4-UBM
LG-5x5-SE5-IP7-UBM

2.I50E+]5[|
2.50E+15
2.50E+15
2.50E+15
1.50E+15
1.50E+15
1.50E+15

150

T..35¢ T--40c  +-32C
V1: 700 V (went

into thermal

]
200
V1: 600V
V2: 550V (Temp

variation led to

runaway at 720V) thermal runaway

V1: Bias for Det 1-4
V2: Bias for Det 5-8

V2: 600V
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|
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time [h]

More fluctuations in temp




Surprises of the LGAD performance
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= 180T T T T T T T T
= — *  HPK-3.1 ]
%e 1680 - - wexaz ATLAS HGTD TDR (cern.ch) =
s o [ eea E
: : £ 120- -
~50-60 um larger effective IP with respect to = ook E
the nominal one — loss of fill factor g eof E
= u ]
N indi IP 50;_ ATLAS HGTD _;
o-gain Istance - L T L T

! ! MNominal 1P [rum]

I
= G "SI
2,100 = WS> @ |
— [ S @ |
g 98:— .4o§ 35 A .
= F g » i
z 96/ '“é 25 il I :
94— ) i
; D
[ 7] S 7\ i , | , | , ] .
E % 10 20 30 T — 60 s
- 50 60 7?([11"\8]0 . | .
90: drift to GL «—,— drift to JTE
7y ~7% loss Bending depends on GL, JTE design and thickness:
86— ! > increases for large x,,
i S P T T T I IR R T

0 10203040 5060 70 80 90 “d00 ~» increases for more doping
Puml 3 decreases with thickness and bias voltage
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Prototype devices have opening in metallization to study the effects with Scanning-TCT:
»several devices from FBK/HPK and IME studied at different fluences

» Two neighbouring channels connected to amplifiers and readout at T=-30°C

X-y scan @ 120V g 3 I I l ! [ j

S T g S so0- o, £
e - before irradiation| 1 = o)) - 50% — 50% . ]
= 400 T=20°C - © : TTFWHM ! 5
= | § a0 g
3001 —— 120V - r b { ]

. v : 3001 -

200 — 70V - - ]
200 —

100 £

OE— "'rr;.—.r;r.o.::'l:l:oé

50 100 150 200 250 300 A PP P | P TIE R R ) i

* -200 100 200 300

focused IR light injection along the red line X (um)
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120 Reduction of GL doping and increase of bulk doping with radiation

T 100 * . FBK-UFSD3.2 reduces effective inter-pad gap hence the fill factor increases!
R HPK-P2
o 80 . °
® Confirmed also by simulations !
S 60 g L
.:IZ: 40 ° 402—
E 20 352—
@ i
30 :—
0 25;—
0 5 10 15 20 25 30 F
®_,[10*cm™?] 2 1
» nominal inter-pad distance ~50 um "'_
» T=-30°C and VbiaS>V5fC s ?
) e e e e e e e e ) e e e e e e e e |

0 10 20 30 40 50 60 70 80

HPK-P2-W28 device irradiated to
1.5 - 10> cm~2 biased to 600 V
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Multiplication depends on density of ionization DUTSs positioned at different angles: 0, ~7, 14 deg

L fhe |
3 (3Mi\/l)"m b ‘ ~,::)n3maannM 9OSr J 1
when focused T
gl © |
25 !
EiE , | REF |
o= Bulk: 44 um e- will cross h = d/cos(a) um l| 2
8l 3 . L | 2%
E O Increase in Charge L ] 8 9
U5 Si 20— : : . . : : S|
ol 3 ———— ——— E T : | =k
\g 5 20+ +H+ @ 3 MeV (0%)] 13:_ HPK‘PZ'W31'SZ 14u 5§ =
S ~=-Laser —~ 16 : ; B SR S a2
dlo &, - : : : s Z
2 é @ 14__ ............................... g_ E
. . o C i 0| O
=15 Power intensity ~ 20 MIPs T 12F gl o
= G - . 82
g 10 - ] % B;_ % é
% Average Stopping Power ~ 75 MIPs g E’:_ Wl ©
= 4 | . . | 130% | geometry
di | ' DE e AT 1 9 | effect
U_I 1 -L T —— pL | - — j | - — j | - — | | —— J| W —— oL 1 1
100 110 120 130 140 150 160
0 . . . . . . . Voltage [V]
30 40 50 60 70 80 9 100 110 120 13
CMS tracks: 6-22° a beneficial effect for charge collection
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https://indico.cern.ch/event/1029124/contributions/4411287/attachments/2268368/3851803/Ecurras_GainSuppressionMechanismLGADs_RD50_CERN_JUN_2021.pdf
https://indico.cern.ch/event/1029124/contributions/4410381/attachments/2268429/3851908/Gain%20supression%20by%20IBIC-MCJR.pdf

» The majority of charge collection measurements performed in
the labs with °°Sr sources and prototype sensors work well up to
large bias voltages >700 V (very high average fields >14 V/um)
and good enough performance

»The measurements in the test beams were more problematic:

»Sensors in the TB die with a typical burn mark pattern — “star shaped

crater”

>They appear mostly at bias voltages that are much lower (>~100 V) ' ‘ e;nNMdfs,f,::,j,ze;ffm?

than those achieved in the lab

»They were not specific to any producer (observed for HPK/CNM

prototypes) and were observed in DESY/SPS test beams
HPK-P2 sensor at ATLAS

»This has been observed early in TB, but only recently DESY 2020 test beam
systematically studied by RD50, CMS and ATLAS (a collaborative T
effort of all three)

45
G. KRAMBERGER, LGADS FOR TIMING DETECTORS AT HL-LHC, CERN DETECTOR SEMINAR

11/05/2021



6h at 700V before beam -> 2 h at 500-600V -> died in 2 min @ 625V

CMS/ETL 120 GeV p : A smgle'beam particle is respons@le for the fa.ntallty
.. > thesignal from the event in which sensor died was recorded
TB at FNAL B e, -~ . . .
: \ and the tracking information point to the place of the crater.
» there seem to be no weak spot — craters appear at different
places over the sensor
- » after the event the sensor is “in-short” and not operational

R.Heller, 38t RD50 workshop

% 100F- — Dying LGAD
o OF "‘"‘——“"‘“"4 — Spectator LGAD
ke £
§ -100F- —— Spectator LGAD
g- -200 E ~— MCP reference
< E

-300F-

—400F-

_500F- ]

E | Saturated ringing in dying LGAD |
e No hits in 2 other active LGADs
-700F- 4| Slightly large hit in MCP

-80 G 1 1 1 L i 1 1 L [
056" "205 220 <215 210 205 200 -195 190 i85
Time [ns]

Death within 1 ns of proton arrival.
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Sensor list for both ETL and HGTD test beam carefully prepared |
in order to determine the answers to the following questions:
» different fluences LGAD — does irradiation matter? - NO

» irradiated PINs — does intrinsic gain matter? - NO

» 0.1 MGy vy irradiated PINs — does bulk damage matter? - NO
» 35,45,50 um thick LGADs — effect of thickness? - YES

» different producers — does process matter? - NO

Average electric field in the device is the critical driver:
» safe region - <11V/um

— » dangerregion- ~11-12 V/um

» SEB region - >12 V/um

Finding in the recent test beam campaigns:
(https://indico.cern.ch/event/1029124/contributions/4411270/)

» around 10-30 k 120 GeV p are required for SEB at voltages at
>12 V/um

» around 1M 3-6 GeV electrons are required for SEB at voltages at
>12 V/um (tested 3 thicknesses)

- » . & It is crucial for both experiments to show longevity of the sensors in
B 3 ol ey
» ATLAS-H@TD SEB TEST BEA . the beam conditions.
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This field collapse in the presence of high concentration of free carriers is the probable
cause. Electric field (V,,,//thickness) is the key parameter determining the fatality.

1.) larger deposition of the charge (fragments
and producing deposition in few um as large as 1000
o mips are possible) in few um (not possible with lab
and sources)

and

OoXi R —
e gnd

E>Ec 2.)larger density of carriers leading to collapse of
____________ the field (screening prevents the carriers from

* 2) being swept away

“---->»

1.)

3.) once the field collapses the HV is brought
closer to the pad which leads to very high field
strength and to avalanche breakdown causing full
discharge of sensors and bias capacitor

and Vi a and

b Ot gnd , v gnd

GR _y 4.) the discharge leaves a crater behind if enough
E>Ec I energy is stored to melt the silicon (~10 nF)

:
-
:

The process of large current in narrow path is

3. 4,
) called “Single Event Burnout” — SEB

http://telab.vuse.vanderbilt.edu/docs/albadri06-MR.pdf
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Probability to deposit at least X MeV (GEANT4)

102 »From the rate of the required 120 GeV p hitting the

CMS — GEANT4 simulations (UCSB) sensor before it dies (10-30 kp at 625-675 V) at the
——120 GeV proton threshold voltage E;.,>30-40 MeV in the active bulk is
required to create the SEB

107 ¢ .
I8 — 1 GeV pion

ime — 6 GeV electron

»Around 2-3 orders of magnitude difference between
the DESY and FNAL in probability for a
electron/proton to cause a fatal breakdown at similar
voltages — roughly agrees with our measurements
(backup slides)

1

R.Heller, 38th RD50 workshop

—
3
%)}

ATLAS-HGTD

108 £
= DESY TB »Studies with femto second lasers at ELI-Beams are
= compatible with the hypothesis as well
LCRiISIMFINIPERENE "EPENSTAFRRIE 0 I 1 ARR PN AR AR R (https://indico.cern.ch/event/1029124/contributions/4411279/)
0 20 40 60 80 100 120 140 160 180 200

Energy Deposited (MeV)

So far the only solution to avoid SEB is keeping the voltage low enough wrt
thickness — room for thickness optimization.
» a most obvious solution possible solutions the use of carbon enriched GL  —
where required performance is reached at lower bias voltages.
» device optimization (HPK) to allow larger bias voltages
49

Due to smaller fluence the CMS is less
affected even if “standard” sensors are
used. ATLAS would be more affected at
the end of lifetime (in the last 1000 fb-1)
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ASICs for LGADs

timing measurement is not a property of the sensor alone




AS | ‘ power consumption 250 (ETROC), 300 (ALTIROC) mW/cm?
Maximum leakage current SpA

Single pad noise (ENC) <3000e” =05fC _
..................................................................................... Cross-talk <5%
Preampiifer ' Hit Flag _ Threshold dispersion after tuning | < 10%
TOT Time to Digital § g : H o Maximum jitter 25 s at 10fC I
b — C“"“’éﬁ‘{:f‘jggf”“ S — it Bt Triggered Hit Matched Hit | | g 70ps at 4 fC 2
- E - TS : i u er - +- : ra : .

I : Selector Buffer E TDC contribution < 10ps E»
| conerter Ranoe? SnshiT2A_ ) Time walk contribution <10ps p=
Bin=20ps i 7his § Hit Processar] & Minimum threshold 2§C Q
i H : . - Q
— Configuration Dynamic range 4 fC-50fC =
: Processing Unit Registers H TDC conversion time < 25ns X
AN, I B et Mot DIGITAL : Trigger rate IMHz L0 or 08MHz L1 | 2
Trigger latency 10ps LOor 35ps L1 =
Lo/LL Clock phase adjustment 100 ps =

In functional blocks both CMS/ATLAS ASICS are very similar some differences (LUMI processing
A ST VDA et 2] unit-ALTIROC, waveform sampler after preamp-ETROC).

[>

ALTIROCO/ETROCO — preamplifier + discriminator waveform sampling on the oscilloscope

ALTROC1/ETROC1 — 5x5/4x4 array with complete analogue front end (discriminator + TDC)

ALTIROC2 — 15x15/16x16 array with almost complete functionalities

EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC EOC

ALTIROC3/ETROC3 — final ASICS to be used in the experiments

both use ToA/ToT for correction of the time walk
still under investigation is the optimum front-end amplifier

1T L] v v
fastcommand elink  320MHz clock 12Clink 320Mb/s, 640Mb/s or 1.28Gb/s 640Mb/s elink to
from IpGBT from IpGBT elinkto IpGBT 1pGBT

ALTIROC2 has arrived and in few months we will have first full assemblies.
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ALTIROC front end performance

T 80: T rr T rTr Tt L T . ? 16_ T T 1 LN B S B B B B B LI S B B B B ]
= b ATLAS HGTD . = - oo ’
o 710 — ~ 14 e®® . ALTIROC1
-‘::; - ®  ALTIROC alone C =4pF Dirac (testbench) - E u ec*"’ - ] i
60— — B o* S .
C ALTIROC+sensor Dirac (testbench) n 12 — .® e ? “:-‘ ]
50F- © ALTIROC+sensor LGAD (testbench+simulation) - o’ RS N
- ] 10— .® < =
40 © — 8:— .® E _:
305 ° o = N o © ]
- e ® . ° 5 R = 6 * g - i '. f’fqu?\&?x }(C"
20 ¢ s © o - N * < ] ‘
- * o8 e 0 02238 9 ¢ e of a- . R
10 — C ]
- - 2F ATLAS HGTD
0_ Il | 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1 I 1 1 1 I 1 N — . —
4 6 8 10 12 14 OD- L 1 L ) 1|0 I ) - 2|O Ll I I 3|0 ) I ) 1 4|0 [ T T 5|0 L
00 _ Charge [fC]
550 R, ATLAS HGTD Q [fC]
e »>very demanding requirement of 4 fC and <70 ps
ciun | > thresholds can be as low as 2 fC - full efficiency reached at ~2.5 fC
»TDCs work well close to the specifications
" > limited power consumption, very dense integration (analogue
% iR & digital) will add more challenges
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ALTIROC1/ETROCI1- test beam performance

LGAD+ETROC1 — Preliminary Test Beam Results (HPK-P1/P2 LGAD at 230V with charge 20 fC)simulation

u Before Correction: ¢, = 58.3 + 1.6 ps - (B1 0 B2) ETL Time resolution /expectation
250 :— After C " 463 1.4 —: ch i i I:l Three ETROC1 Boards telescope
B er Correction: o, = 46.3 + 1.4 ps 7 «
B t P ] I I I 120 GeV proton Beam LGAD+ preamp/discriminator + TDC bin | 35 ps
200 ATLAS HGTD E S
- Test Beam HPK-P1 LGAD at 230V | 7 : w : Time-walk correction residual <10 ps
- November 2019 with charge 20 fC ] / s EArs
150 / ] o '”’" 215‘”"" o g : g’ . - Internal clock distribution <10 ps
[ - 2 LS "k P System clock distribution <15 ps
100 ]
B T T Per hit total time resolution 41 P, |
B — #-ch3 (pixel 9) T ch2 (pixel 5) T ch1 (pixel 5)
50 [ . <& Clock
B _ - distribution
B N courtesy of Ted Liu (FNAL)
Ted

e | et T B BN B s b= =
90077300 =200 =100 0 100 200 300 400

A(TOA,tSiPM) [ps] 3
LGAD Landau 25 ps the reason for part of the high §
jitter found
Jitter+system/internal 37 ps | 26 (known reasons)
clock+time walk residual
TDC clock 7 ps Total resolution:
36 ps (likely achievable for
Per hit total 46 ps | 20 fc)/ 70 ps for (4 fC)
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Conclusions

»LGADs have come long way and are now a major choice for timing detectors for HL-LHC
»being a planar technology it is accessible by many vendors
»it is now the only mature technology that can offer intrinsic limit for timing resolution of ~few tens ps

» Operation of LGADs on the other hand is much more complex than ordinary planar sensors as they are
sensitive to operation conditions, density of ionization, very small fluence variations...

»The major limitation for their use is radiation damage manifested as initial acceptor removal
»The loss of gain layer can be compensated by increase of bias voltage

»The bias voltage is limited by so called Single Event Burnout in the highly energetic particle beam to
<E><11 V/um

» Carbon-enrichment of gain layer improves radiation hardness/reduces acceptor removal significantly
and likely allows the use of LGADs even beyond the required fluence

» a positive effect of radiation damage is increase of fill factor

»The production of prototype sensors for experiments is going well (~20 m? of LGADs required)
with many vendors interested in development.

»The development of electronics is very challenging, but ASIC prototypes results are promising
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