A High-Granularity Timing Detector
for the Phase-Il upgrade of the

' ‘1;* ATLAS Detector system
Wi

s A C.Agapopoulou on behalf of the ATLAS Lar-HGTD group

’ = 2017 IEEE Nuclear Science Symposium and Medical Imaging Conference
24th Symposium on Room Temperature X- and Gamma-Ray Detectors

TMIEEE

NPSS

NUCLEAR & PLASMA DE
SCIENCES SOCIETY L

@ UNIVERSITE
S PARIS
SUD

R E .
CELERATEUR universite
3 | R E

PARIS-SACLAY




Outline

°The High Luminosity LHC

®Motivation for a High Granularity Timing Detector

°Detector Overview

®Sensor Technology and Testing

®°Electronics

®Conclusions

IEEE-ATLANTA 2017 C.Agapopoulou — LAL Orsay



The High Luminosity LHC

*increase in instantaneous luminosity from 1034 to 7.5x103* cm2 s

*Increasing the integrated luminosity from 100 to 4000 fb!
*Scheduled to start at 2026

*Main challenge of HL-LHC will be pile-up interactions

ATLAS

EXPERIMENT *Pile-up: all interactions happening around the interaction

HL-LHC t event in ATLAS ITK

at <yp>=200 of interest
* Run 2 (now) : 30 PU/event
e HL-LHC:<p>=200!

Pile-up particles contaminate all physics objects, degrading
the performance of the current detectors...
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Motivation for a High Granularity Timing Detector

*Time information is completely orthogonal to space information 6

. e e . . E AT AS Simiilatinn Praliminare
* Pile-up mitigation by rejecting out-of-time tracks £ | ATLAS Simulation Preliminary ]
- : : : . c 5/ —
* Improvements in: jet reconstruction, electron isolation, b-tagging and 8 - 1 GeV i
. . = | — 2 GeV i
MET, Primary Vertex ID and track-to-vertex association S 4 —— 88V ]
@ | — 10 GeV ~
* HGTD can also be used as a luminometer: - i §
* High granularity=> good linearity between n. of hits and n. of 3t
interactions . 2:
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- - 0 3 Z0 resolution of ITk as a function of n: for [n[>2.5 M
e = resolution increasing above the average vertex
-0.4 0.5 density (1.6vertex/mm).
0.6 ¢.0 Tracks matched to vertices by
20 15 -10 5 0 5 10 15 20 _ _ -
2 [om] comparing their z positions:
. 4. Z0 — Zyertex
At HL-LHC: vertex spread in time ~ 180ps <2

Oy

Time resolution of 30 ps can greatly help disentangle merged-in- 0

space vertices
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Detector Overview

HGTD will be placed in the forward region, between the
Inner Tracker and the end-cap EM Calorimeter and will
include 4 Layers per side:

* Time resolution: 30ps/mip (60ps/mip/layer)

* Granularity (<10% Occu): 1.3x1.3mm?

Pseudorapidity coverage: 2.4<|n|<4

Radial extension: R=110-1100mm (120-640mm
active area)

Position in z: 3420<z<3545mm (50mm of
moderator + Az=75mm HGTD)

After %2HL-LHC, fluence @ inner-radius region about 4x10** n_,/cm?
and TID of 4AMGy
- Replacement of pads planned for R<300mm
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Off detector
Electronics

Si sensors + ASICs:
Ri, =120 mm ; n=4.2
R, =640 mm ; n=2.4
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Detector Overview

Sensor Material: Si - radiation hard, compact, sufficient time resolution, 1.3x1.3mm? granularity achievable

SO0
XKy
T

Blue: Active Area (120-640mm)
Green: Off-detector electronics
Gray: Moderator + support

P
=3

K2 %9
XTI XXTTS

Modules placed on top of kapton flex staves in
both sides of cooling plate with small overlap to
minimize dead areas p

Polyboron 20.mm outside HGTD
HGTD back cover, CF panels & honeycomb

ITK Moderator, Polyboron 30.mm inside the HGTD cold volume
- . el _'- .-- ..

Sensors bump-bonded to 225
channel ASICs (1x1cm?)
Modules: 2x4cm? (2 ASICs

Total envelope: 125.mm/ HGTD=75.mm & moderator=50.mm

[ 610 ront sover, e panets & honeycoms
4

4
20°C cavern ambient temperature;/
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Sensor Technology: Low Gain Avalanche Detectors

LGAD: n-on-p Si detector with extra doped p-layer:
> The doped layer causes internal amplification = x20 gain Odet = OLandautOElec

> Increases S/N w.r.t external amplifiers

Ragion

A -

w Ring

Manufacturers: CNM , FBK and HPK
Sensors produced in single pads and arrays

HAMAMATSU

PHOTON IS OUR BUSINESS

14

FONDAZIONE
BRUNO KESSLER

Centro Nacional de Microelectrénica IMB

2x2 Array

2 2 2

l

Sensor dimensions that optimize the time resolution:

> Thin sensors (50um) = higher slew rate and minimum Landau

contributions
> Small area—> minimizes the detector capacitance

2.063 mm active

' § ' . 7 ~———area Metal
{ ‘e s T 7 ) ‘ Passivation . 2mm p-type |
‘ . implant l
T NRi I
CStop "9 pstop P-type Multiplication Layer P

Metal

Buried oxide y
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wrl go¢
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Sensor Testing

c
0 G
*Sensor characterization in lab probe stations (laser, B-source measurements) = qEJ
Q >
*Testbeam measurements to estimate performance in more realistic conditions % 23
* August/October/November 2016 and June/July/August/September 2017 @ Cern, 2 g 8
lines HEA and H6B of SPS with 120GeV pions £ ©
()
. . o 9
Results Before Irradiation: 2 £
()
*Gain = Charge in LGAD / Charge in p-n diode without amplification layer
* increases as a function of Vbias and for lower T
. i . = - —20
*Time resolution reaches a 25ps plateau for gain>20 £ 2000 E
* Operation at g=20 meets the timing requirements 5 15002 2 g 9
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Sensor Performance After Irradiation

Sensors were irradiated by neutrons at the JSI research reactor in Ljubljana up to 6x10% Neq /cm? fluence
*Reduction of gain because dopants are removed => need to operate at higher V,

*Increase of leakage current = need to operate at T=-20-30 C

*electrically active defects in the bulk = high fields in the bulk

Time resolution worsened due to the loss of gain Sensors irradiated up to various fluences —higher V,,,. needed
70 4 HPK 50D Time Resolution, -20C 100 —
C o HPK 50D & 50C Gain vs. Bias, -20C
60 - i
o &O A Af‘
E 50 - g é r o B A & OHPK 50D pre-rad
S g - o° n A dz‘ OHPK 50D le14
g 40 1 c (o) A e
= g & 10 1 © ) A HPK 50D 3e14
g é A © P o O A A &
e 30 - i r A . ] AHPK50D 6el4
£ é ¢ i & “ - HPK 50D Lel
E 20 $ 3 oo s o (o) OHPK 50D 1e15
= I 9 [IHPK 50D 3e15
© Resolution at VBD I » (o) 0O [n]
10 - DIResolution at VHR g WHpii el
A Resolution at 20% CFD at VBD 1 } : : | | } = | HHPK 50C bel4
e - A 1 0 100 200 300 400 500 600 700 800
1.E+13 1.E+14 1.E+15 1.E+16 Bias Voltage (V)

Neutron Fluence [neq/cm?]
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HGTD Front End Electronics

e - ﬁ NATIONAL
_! — ACCELERATOR M EGA
aad e " N ® | ABORATORY

Microelectronics

Convert the LGAD signal into a time measurement integrated
into the 225 channel - 1x1cm? ALTIROC ASIC.

Each channel of the ASIC contains:

Preamplifier that shapes the LGAD signal

Discriminator for a TOT (=Time Over Threshold - pulse width
above threshold)

Time-to-Digital Converter (TDC): digitization of the TOA and
TOT measurement

Local FIFO memory : stores information until trigger signal

Contributions of the electronics to the time resolution:

2 — 2 2 2
Oclec = OTimewalk + O-jitter + OTpc

*TimeWalk: large signals cross threshold faster than small

ones biasing the time measurement = can be corrected with
a TOT measurement (offline) Expecting <10ps contribution.

. : . . dv
*Jitter: Noise contribution to the signal — gjjster = N/(E :
Minimized for high slew rate and small detector capacitance.

* TDC error due to the TDC binning = 20ps . o7pc =
20ps/V12

ONE CHANNEL PIXEL READQUT

Xum

TOT/Arming Discri
TOT

Lumi_hit<i>

[

L

TOA TOE L1
8 bit for cell position
0 Hit Flag

L

Preamplifier scheme. The sensor can be viewed
as a current source with a parallel capacitance
(Cd=3.4pF for 50um 1.3x1.3 LGADs)

TOT (TOE) Time-to-Digital Converter JERNISS ]1;‘1]}5“0] ‘ Time measurement (TOA, TOE)
(TDC) - i = Offline Data Out
Range = 10 ns Bin=40 ps 4 L
WR=A0MHz | 0L 7 24 bits ‘@ LO (0.8 MHz) / L1 (1 MHz)
- i , RD =1 MHz .
TOA Time-to-Digital-Converter (TDC) One line 19.2Mb or 24 Mb/s per channel
Range = 2.5 ns Bin = 20 ps
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cccccccc

First Measurements with the ALTIROCO

ALTIROC-0 prototype was designed by Omega — 7 boards received in March
2017

e 8 Channel chip with preamplifier + TOT

* No TDC - test analog characteristics

Prototype tested @Omega Testbench using a ps generator, without
sensors

40 Time resolution increases as a

function of the detector
capacitance:

*Small area LGADs favored
(1xImm?2 = 2pF capacitance)
*Capacitance in measurement =
Cqet T 1.3pF parasitic capacitance
(due to the board)

RMS, ., [ps]
Jitter [ps]
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First Measurements with the ALTIROCO

Prototype also tested @Cern Testbeam line H6B — September 2017 with a 2x2 un-irradiated bump-bonded
Sensor array.

Time resolution as a function of the preamplifier pole capacitance:
* Pole capacitance=adjusts the preamplifier rise time

Best time resolution achieved for C, =0 - 48ps

e Testbeam results show preamplifier slower than expected

70

Preliminary N T R
Testbeam results! + + +

Time resolution [ps]
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Conclusions

*The HGTD is a timing detector that can significantly improve the reconstruction of all physics objects
and the selection of events of interest by mitigating pile-up interactions

°|ts requirements to be radiation hard, compact and highly granular are well met with Si sensors, while
the LGAD technology meets the time resolution requirements

* Sensor tests have proven that a <30ps time resolution can be achieved pre-radiation

*First prototype of the electronics ASIC, ALTIROCO has been fabricated, integrating only 8 channels with
the analog parts of the electronic design:

* So far, tests of the preamplifier and TOT, with pulse generator @ testbench and bump-bonded sensors @
testbeam

* Next iteration: improved preamplifier, include TDC and local FIFO memory

Results preliminary but very promising — 30ps time resolution achievable!
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Motivation for a High Granularity Timing Detector

) 600 ——— T T T T T T HL-LHC: Average density =1.6 vertices/mm
ﬂ ~ Recoz=7303mm ATLAS S:mufanon Internal 7 . g > y /
= T Truth 2 = 73.02 mm, t = -104.86 ps B BUT long tails = density can reach up to
E 400— sym pi = 129072 Ge\/? B His tracks — 3.5 vertices/mm
I— _ ] _.g T TTT T TTT T TTT T TTT T TTT T TTT T TTT T TTT T TTT T TTT
2001— . " racks ] s I~ | | | /lt'-\TLAS Prellmlnallry 4
L _ g | |'| HGTD-Si Simulation |
— . - s - Electrons p_= 45 GeV .
— "l - - < p8F T —
= - - B i
: ....-i:i'..: - : : Run2,<p>=30,oz=30mm :
~200 :_ u _: 0.6 T Nominal,<u> = 200, 5, = 45mm |
400 - o }:l_ -
B L [ B L | [ [ (I A N BB B 0-2__ __
~600, 2 1 0 1 2 3 B i
Track z0 - z,, [mm] Do_' L I

0.5 1 15 2 25 3 35 4 45 5
pileup density [vertex/mm]

pr weighted 2D distribution of the time and z position of

tracks from a VBF Higgs to invisible event with on average Local pile-up vertex density comparison between Run 2
additional 200 pileup interactions and HL-LHC. The density is calculated as the number of
Merged tracks in z can be disentangled using time truth vertices in a +- 3mm range around the signal
information! vertex.

IEEE-ATLANTA 2017 C.Agapopoulou — LAL Orsay



Motivation for a High Granularity Timing Detector

@ L e e e L IS =
Q = -
™ - Vs=14TeV, <> =200 ATLAS Simulation Preliminary ]
2 ~ Inclined Barrel ]
2 - 6,=50mm g
& 4o PowhegPythia i _
5 = 20<p <40 GeV g
> - 2.4<n[<3.8 ) ]
Efficiency for PU jets as a function of HS jet efficiency for § N o |
HS jets with 20<p**<40GeV. R ; jet variable to £ 102 .

distinguish between PU and HS jets. - _ — 1Tk
The selection efficiency for jets improves by using track ~ [loco---oem T T - ITK + HGTD, o(t)=30 ps
time selection provided by a 30ps resolution HGTD!

-
a®

________

1073 = - -+ Tracks from hard scattering—

§|....|....|....|....|....|....|....|....|:
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

Efficiency for hard-scatter jets

trck
Ryr = LicPr jet(PVO) ~ 0.5 for HS jets ,~0 for PU
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Motivation for a High Granularity Timing Detector

*Time information is completely orthogonal to space information
 Pile-up mitigation by rejecting out-of-time tracks

* Improvements in: jet reconstruction, electron isolation, b-tagging and MET
e Also in: Primary Vertex ID and track-to-vertex association!
* HGTD can also be used as a luminometer:
* Sampling n.of hits before triggers
* High granularity—=> good linearity between n. of hits and n. of interactions
* Time information before and after nominal interaction can help study

afterglow
g I T T T T I T T T T I T T T I T T T
= — ATLAS Simulation Internal 240 <n| <3.15 ]
2 10000— jeTpsi a=4859 +0.02 —
z B 59 +0. i
I | ITk Inclined Barrel b=-00+0.1 ]
(=] - 1
= 8000 L First layer -
Fe! B ]
E L i
2 6000— —y=ax+b ]
c — —
M
D _
= 4000 —
240<| <2.80
2000 a=2168+001
b=-0.0%0.1 _|
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Detector Overview

HGTD will be placed in the forward region, between the Inner Tracker and the
end-cap EM Calorimeter and will include 4 Layers per side

Pseudorapidity coverage: 2.4<|n|<4.2

Radial extension: R=110-1100mm (120-640mm active area)

Position in z: 3420<z<3545mm (50mm of moderator + Az=75mm HGTD)
Time resolution: 30ps/mip (60ps/mip/layer)

Granularity (<10% Occu): 1.3x1.3mm?

Occupancy as a function of the radius for 1x1, 1.3x1.3 and 2x2mm?
sensors — inner radius with the highest particle rate

services

=10 =— —e—Si-1ximm* ~ e Layer1 —
2 £ —=Si-1.3x1.3mm° MB - <>=200 o layer2 =
Q C Si - 2x2mm° —
S WF e Si, E~0.02MeV . Eﬁﬁ 1
© 20 _
Y
B ITK
10 EB_-@ ......... _.._.é_.._l...‘ ........................................................................ _:
e 4 B Ty .. -
- e ® 9 Tty ATLAS Preliminary
3 e . © g =8, Full simulation .
2F = ] 8 @ = c2 -
bt =] 2 a
= 3 - 8 = = '
i = = g = A2 4
= e, g g g = I
= e 4 884 - R
— - e - @ 8_ —
3x107 - - 2 . —
- = Z
210+ _
8}(11&.—_21 ; | L1 | | | 111 | L1 | | L1 | L 11 | [ |E

450 500 550

150 200 250 300 350 400 B
Radius [mm
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Moderator +support
Rout=110 cm

Off detector
Electronics

Si sensors + ASICs:
Ri, =120 mm ; n=4.2
R, =640 mm ; n=2.4




Sensor Testing

IV Characteristic

ﬂ- B ] | LI L L B L
= 1= O ATLAS Intemal —
[ i HGTD test beam Autumn 2016 -
N if o ]
0.8 :;u' ; —— M1 220V ]
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< 08 ; --- Y —
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10" e e e T 1 o0 2000

0 50 100 150 200 250 300

Reverse Bias (V)

I-V curves of un-irradiated sensors with different
doping dose. Sensors with high dose exhibit lower
breakdown Voltage due to higher internal field

Average single-pad un-irradiated sensors with
different doping doses and preamplifiers
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Sensor Testing
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Gain increases as a function of V,,_. and doping

concentration.
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Gain increases for lower temperatures due to higher

impact ionisation
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Sensors After Irradiation

Comparison measured - WF2 pulse of HPK 50D 50-
micron thick sensors

O pre-rad —WF2: pre-rad
© 6el4 neq/cm2 ——WF2 6e14 neq/cm2
4 6el5neqfcm2 ——WF2 6e15 neq/cm2

—_ 1.1
E 1 At high fluence, part of multiplication
3 22 happens at the bulk of the LGAD, due to
% o7 high fields induced by defects = rise time
< o5 decreases

0.4
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Electronics for the HGTD g ZMEGA

Microelectronics

Front End Electronics: convert the LGAD signal into a time measurement Contributions of the electronics to the time resolution:
; ; ) 5
X];chzit:tiil::? the 225 channel - 1x1cm? ALTIROC ASIC. Each channel of the 020 = Olimowalie T szitter + 02pc
. . *TimeWalk: | ignal threshold faster th Il
* 2 Time-to-Digital Converters (TDC): digitization of the TOT and CFD onI;nsebiaasin f;ietfrfgfnsezgsrzm;ii ; caisbzrcofrzsttj
measurements. The TDC has 2 Vernier Lines, one ‘slow’ with a 135ps delay with (1) 2 T(g)T measurement (offline) or (2) a CFD (online)
that receives the TOA and a ‘fast’ one with 115ps delay that receives the ‘¢ E " 10 tributi
end of measurement window. The time needed for the fast signal to measurement. txpecting <10ps contribution.
surpass the slow one corresponds to the time measurement with a bin of
135-115=20ps.

. : . . av
«Jitter: Noise contribution to the signal — gj;¢ter = N/(E :
Minimized for high slew rate and small detector
capacitance.

Time-to-Digital Converter (TDC) . .
End of Diims  uises 1isp  1isps - * TDC error due to the TDC binning = 20ps . a7pc =
measurement 20ps/V12
ASIC READOUT CHANNEL OF ONE CELL\ Lumi_hit<i>
_> >
TOA TOA TOE L1
0 ) /—‘ﬂs bit for cell position|
TOT/Arming Discri HITHRS
TOT TN " i .
i TOT (TOE) Time-to-Dy,**al Converter K 0T m% Time measurement (TOA, TOE)
o ..E Vth Rauge - f(l)‘]]:::;}m=40 - 4 173400 = Offline Data Out
st Bn B ey WR=40 Mz " 24 bits @ L1 (1 MHz)

i 16 bits
A‘>_ A D F 104 | RD=1MHz One line 24 Mb/s per channel
CFD Discri :l_ B o
S

A CFD
7
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Preamplifier Speed

Vin | M1
||:[g“' Cr
Lin Ca l Ry =— = =
Jitter optimized when preamplifier rise time = LGAD drift time ? T -
s N N hetta o NhatGC, [4KIT N .+
I d_V S i \] gm an F Qi'n gm ‘\/rr_a
dr g N 4kTT C, ¥ "-°

Optimum value: t. _=t; o 7 94 Cd Ak \ fd
- f
O | &n
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225-Channel ASIC conceptual design

225-channel ASIC to readout 2 x 2 cm2 sensors made of 15 x 15 pixels of 1.3 mm x 1.3 mm
Pivel FE ﬂffﬁg ASIC 225 lines of Time Data x 24 bits @ 0.8 MHz/l MHz speed contralled by

Lerert B = Klone Control parameter:
I(-" OFFLINE TIME DATA: (i Rewdowt Data - FE;'{HGE A20 Mbsx or 128 Gy
i 5 s 3 I
DATA FORMATTING Nbunches ofx 24| s average the elink to LpGBT
= readoul speed 20 Mbss o 128 Gl
Tragrears: 225 5 24 Pavx i

= "Nl Clramued™ Supprevs e TN

- Traoripirensonr of thet ff chamrals only: N iy ~1 i TEETTETI

f‘f-."i' h ‘r ar (UE o aff W or 24 b i e e evarage FTEO lw-'ﬂh

I\- i DATA
Jor fimme measurement

LUMINOSITY MEASUREMENT
Lumi_hit <1:225>

i Kuirmr 2
I . witlvin
B : | o OK_40 MHz Be

Irumcaiion
Mt 5 hity

aelink fo LpGRT
a0 M

Lrepnaimeassey olimsar woathein avre B
+

'I_. --..
AT OLATS

Lramri dlivtar envisiale the 3 ps windo

12+ ity (@ S0 WHz = 640 Wi

Tunealle width window
3125 ms, 6,25 ms, 12.5ns

T
Sor Lupdnosity measarement

datl MHz F20 Mz clock

320 MHz 1
i o | A a4
Qo6 ATHz |

DEE —— 320 MH:z

40 MH= Fuost commmanals efink
T
BC rexer | Commund decoder I BeTI) |
Calib Pralse
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w
o

Average # Cells

Data Transfer to Offline Electronics

N
o

N
o

ePortTx 320, 640 and 1280 Mbps ePortRx 10.24 Gbps

LGAD . CML 10.24 Gbps
sensor Altiroc | Flex (up to 74 cm) > |pG BT — VL+OM —— fiber
\ J ( J
! Y
Detector front-end Off-Detector Electronics

*Data is transferred from the Altiroc ASIC through a Kapton Flex along each
stave: 100 200 300 400 500 600

* Transfer with 320/640/1280Mbps e-links (depending on ASIC position) Stave FLEX

* Only channels with hits are transmitted to minimize the readout amount (and  [Bum bonding HV Wire bonding
power consumption?)

* Average n. of readout cells radius dependent ~30 hits for inner radius.
* <Hitchannels> x 24 bits (7bits TOA, 9bits TOT, 8 bits pixel position)
* FIFO memory averages the rates to “fit” in the LpGBT entries

ASIC Wire bonding Cooling plate

* Off-detector Electronics: at the periphery of the detector containing

A
DC/DC converters Optical readout board
* HV R (LpGBT + VL + OM)
DC-DC

IS
° LpGBTs that serialize the data in preparation for optical transmission n converters
3 (FEAST2)

* optical link transceivers/transmitters
* Research for the best design is starting

udisap 9|qissod
Se][S[eJLETE!
10109139p-40
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