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ATLAS now ...

e 19 ->55 Pile-up events

... from 2029
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e High Luminosity LHC (HL-LHC)
 140-200 Pile-up events
e 1.5 vertex/mm on average 5
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Challenging reconstruction of primary vertices

e ATLAS vertex reconstruction and physics
objects performance will be significantly

degraded in the forward region compared to

the central one
* New Inner Tracker (ITk) has poor z
resolution in the forward region
* Need z;y resolution < 0.6 mm

Adding timing information improves
pile-up rejection and objects
reconstruction
* Improve performance in the forward
region by combining:
* HGTD high-precision measurement
* ITk position information
* In addition, HGTD will provide a direct
measurement on the luminosity
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The HGTD layout ATLAS

EXPERIMENT

* The HGTD is designed to provide precise timing information in the large
pile-up environment at HL-LHC up to the End of Life (EoL) of the detector
* Time resolution target:
* 30-50 ps/track (start — Eol)
* Luminosity measurement
* Count number of hits at 40 MHz
(bunch-by-bunch)

* Goal for HL-LHC: 1% luminosity
uncertainty

 Two endcaps located between the

barrel and the endcap calorimeters
* Two disks per endcap with detectors
mounted on both sides
* Located at £3.5 m from the
interaction point
» Active area coverage: 2.4< |n| <4
* Radius: 120 mm <r < 640 mm
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Radiation environment
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The HGTD modules ATLAS
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* Two single-chip hybrids (chip + sensors) FLEX ta
connected to the same flex PCB ey
» Total dimension ~2x4 cm?
« 15x30 channels (15x15 per hybrid) B
e 1.3x1.3 mm? pixel dimensions
* 35-70 ps/hit (start — Eol)
* 4 fC collected charge required

* 8032 modules
* The module flex is connected via flex tails,  wire-bonding
arranged in rows, to the Peripheral
Electronics Boards (PEB) @ 660 <r <920 mm
* Different overlap between modules on inner,

Module FLEX

2 LGADs (2x2cm?)
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LGAD sensors
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* HGTD modules need a time resolution of <70 ps per MIP:
beyond standard HEP devices
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* Low Gain Avalanche Detectors (LGADs) for HGTD

* N-on-psilicon sensors with p-type multiplication layer
*  Fast signal with enhanced S/N

* Thin active substrates (50 um)
* Reduce the Landau contribution to the time resolution
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LGAD sensors: radiation hardness
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Boron doping in gain layer became less active after

irradiation (acceptor removal)

* LGAD performance degrades due to loss of the gain

layer after irradiation

* Irradiated sensors require higher bias voltage
* Gain layer depletion voltage: V, = Vo % exp(-c x D)

Sensors from carbon-enriched wafers have lower

acceptor removal coefficient (1-2x101¢ cm?)
* Carbon dose and diffusion parameter also affect the

radiation hardness

LGAD sensors from many vendors (CNM, HPK, FBK,
IME-IHEP, IME-USTC) have been extensively studied

during the R&D phase of HGTD

LGAD sensors pre-production for the HGTD project

is ongoing

* Testing includes Quality Control (QC) and irradiations
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https://doi.org/10.1016/j.nima.2022.167697

LGAD sensors: laboratory tests
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* IV and CV measurement with probe station Readout boards

o 0Sr beta telescope
* Electrons from °°Sr source shoot through two sensors
* Controlled environment in climate chamber
(Temperature and Relative Humidity)
* UCSC boards with commercial amplifier and analog
readout by an oscilloscope

e Carbon-enriched sensors meet the HGTD
specifications after irradiation with lower bias

voltages (<550 V)
* C-enriched sensors: IHEP-IME, FBK, USTC-IME
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LGAD sensors: testbeam (2.5x10*°)
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Testbeam campaigns at CERN SPS and DESY to study the performance of
Carbon-enriched LGAD sensors after irradiation up to 2.5x10%> n.,/cm?
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LGAD single event burnout SATLA

* In testbeam sensors underwent destructive breakdown at lower voltages than in
laboratory

800
H ATLAS HGTD Prelimi FBK-UFSD3.2 (2x2, SPS) .

* Single Event Burnout (SEB) observed on 700 ST snivd
heavily irradiated sensors (~2.5x10%5 n,,/cm?) 600 ]
operated with high bias voltage S 500 i

HPK-P1 (single, DESY) @.
* Asingle particle depositing enough energy £ 400 X
. =) The line is is a fit: Vggg in=k - thickness
(~tens MeV) leads to destructive breakdown: %300 k=12.1 V/um
* Electric field collapse in presence of high 200
concentration of free carriers
. . . . 100
* Lifetime tests confirmed that SEB issue occurs End-Of-Lifetime Test beam results 2021 (DESY, SPS)
. . . 0
outside the safe operating zone with 5 w % = & = @& m
E>11V/um (>550V for 50 um thick LGADs) thickness [pm]

* Noissue if operated with lower voltage!

ATLAS HGTD Preliminary

Burn mark on a CNM sensor after proton beam irradiation

Beresford et 8/, 2023 JINST 18 P0O7030 in Fermilab in 2018 (picture produced by CNM)
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https://iopscience.iop.org/article/10.1088/1748-0221/18/07/P07030

ALTIROC: the HGTD ASIC
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e ASIC designed in 130 nm CMOS from TSMC
* Requirements to match the performance of LGADs:

*  Smalljitter: 25 ps at 10 fC (< 70 ps at 4 fC)
* Radiation hard (2.5x10% n,,/cm?, 2 MGy)
e 2 fC minimum discriminator threshold

* Prototype status:
e ALTIROC 0 and ALTIROC 1: Small prototype for analog FE
tests (2020 JINST 15 P07007, 2023 JINST 18 P08019)

ALTIROC2

« ALTIROC 2: First full size prototype (15x15 pixels, 2x2 cm?)
with full electronic chain (VPA and TZ amplifier types)
* ALTIROC 3: Prototype up to specs presently under test

I

640Mb/s elink to
1pGBT

faslco‘;,mandelink 40MHz ck .zc\[,"k 320Mb/s, 640Mb/s or 1.28Gb/s
. . from IpGBT from LpGBT elink to IpG|
(only TZ amplifiers implemented)

Preamplifier ; Hit Flag :

Discriminator - :
TOT Time to Digita TQT

.II_ — Converter Range=20ns 7 T Triggered Hit Matched Hit
Bin=40ps 9 bits : Hit Buffer [~ - g
e Selector - Buffer
TOA Time to Digital TOA
— Converter Range=2.5ns ~

Bin=20ps

L4 -
7 bits  :
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https://cds.cern.ch/record/2719855?ln=it
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https://iopscience.iop.org/article/10.1088/1748-0221/18/08/P08019

ALTIROC2 performance
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ALTIROC2 extensively studied with dedicated setups
* Tests with ASIC-only and ASIC+LGAD (hybrid) on

dedicated PCB and interface boards

» Tests with hybrids with 2°Sr and in testbeams

Minimum threshold with LGAD <4 fC
* Only Transimpedance (TZ) pre-amp
analog pixels enabled

Jitter ~25 ps @ 10 fC (with sensor)
* Discrepancies near threshold charge
due to parasitic inductances leading
to different sensor-preamp grounds

Efficiency

o
©

o
)

I
IS

o©
[N

0.0

Jitter (with std error) for one TZ pixel versus input charge.

200
ATLAS HGTD preliminary t
ALTIROC2 t

ASIC+HPK LGAD, All TZ ON, Pixel 165
ASIC alone, All matrix ON, Pixel 122

a=162 ps.fC floor=9 ps Fitjitter = y/ (%)2 + floor?

220Z d33ML "SbUaIoN "W

150 ZZZ7 Simu analog front-end post-layout view Cd=4pF
(with LGAD-like calib. pulse + assuming 10 ps Rj PLL

E + ignoring jitter from TDC/quantization)
2
= 100
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: board |
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https://indico.cern.ch/event/1127562/contributions/4904499/attachments/2511666/4317317/ALTIROC2_ATLAS_HGTD.pdf

Module assembly

ATLAS
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Hybridization

Bumping

UEM

2 o
.0

Sensor and ASIC | | ASIC

¥
o

RN
131413
ddand

Flip-chip

Flex alignment and gluing

e 6 assembly sites (IFAE, 1iCLab,
Mainz, MAScIR, IHEP, USTC)

* Presently, 2 procedures
*  Gantry system: Robotic pick
& place for systematic

assembly
*  Adjustable jigs: Manual but
repeatable
FPC Connector
Side view
- Stiffener
B . »
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e Tests on single chip hybrids and full modules
* Chip configuration and tuning
* Lowest threshold (<4 fC) achievable
* Pixel response to ?9Sr B electrons

Chip 0 Chip 1

ATLAS HGTD Preliminary ATLAS HGTD Preliminary

°
=14 70

row
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HGTD Detector Units and flex tails i{ft\s
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e Detector Unit (DU): modules are glued to a
support unit
* Support units made of PEEK (polyether ether
ketone)
* Gluing tests done using a vacuum plate
* Glue on top of the flex and support unit
lowered onto modules

Support unit

Glue dots
Module

* Flex tails
* Connected to each module and to peripheral electronics
board after assembling the full row
* Manufactured with different sizes

* Strict constraint for the thickness of the 19 stacks (4.2 mm)
Front side

Each colour
represents a

Direct contact different DU

with cooling plate
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Peripheral Electronic Boards (PEB) f\ﬁ?xg
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* Peripheral Electronic Boards (PEB) are integral components of the detector system:
* Play a crucial role in managing data transmission, power distribution, control, and monitoring

Optical

~ 3\ P Clock (320 MHz2) £ R, ) Fivers
225 c: ‘I Fast commands, trigger (320 Mbps) e VTRX+
> |__Main stream data (320-1280 Mbps) _, L %
_: ALTIROC Luminosity data (640 Mbps) o 1 Gl g d I |
» |
\_ Y, 1 : ePortRx O E’
LGAD ! 1 M°""°ﬂ9a (<% IoGBT |
25¢ch [ ) Clock (320 MHz2) = R B>
—_— B Fast commands, trigger (320 Mbps)
JR— <
—3 |ALTIROC |* i stream data (320-1280 Mbps) | IpGBT =
—_— Luminosity data (640 Mbps) - o ePortRx 3
. _ e PEB
Detector and Front End Peripheral electronics

* Intensive work on characterising all individual components on its prototypes
* DC-DC converter Point Of Load regulators (bPOL) 12V: in depth investigated regarding space
constraints and power efficiency
* Intense tests communications via I[pGBT with the FELIX readout card
*  MUX64: analogue multiplexer (for monitoring ASIC power and temperature)
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* Heater demonstrator ol |
* Validate the modules dissipating heat on S e S S\
CO, cooling plate /‘\'\ ‘“ 4j”tbj/
* Best thermal material: two graphite layers
with thermal grease in between »
o)
* Detector Unit (DU) demonstrator 2
* A demonstrator with 54 modules (3 rows and 4 >
DU) is being built with ALTIROC+LGAD modules o
3
@)
o
<
=
=
N
N
w
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Summary
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HGTD will add precision timing information to tracks improving the ATLAS
performance in the forward region during HL-LHC

* Improve pile-up rejection and object reconstruction
* Time resolution of 30-50 ps/track
* Provide luminosity measurements

Carbon-enriched LGADs are the chosen sensor technology showing good performance

after irradiation to the ultimate HGTD fluence
* No SEB observed within the safe operating zone (up to 550 V)
* Charge collection, hit efficiency and time resolution meet specifications at 2.5x10*> n./cm?
e Tests on latest pre-production runs is on-going and will proceed over next year

The ALTIROC2 full size prototype has been successfully tested and ALTIROC3 has been
recently released and its characterisation is on-going

* Only TZ pre-amplifiers (have shown good figures for ALTIROC2)

* Improvements and bug correction towards the final chip

e ALTIROCS3 is the final radiation hard prototype before production

Development of methods and tools for hybridization, module assembly and loading is
in progress
* Assembly sites already produced ~25 prototype modules (with ALTIROC2), mainly for the

demonstrator effort
* First detector units of the demonstrator already built. Testing is in progress
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BACKUP
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HL-LHC challenges ATLAS
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e At HL-LHC: average 1.6 collisions/mm B AT g A ai e ]
. g . / _ S B ATLAS Simulation ]
* Pile-up can add jets, create spurious jets, > i |
alter the properties of hard scattered jets £ 08t i
< rl B D 30 i
* Examples of improvements with HGTD 0.61F 200 i
* Pile Up (PU) rejection: 11 »
* PU jets identified by looking at the tracks " P §
associated to a jet - 118
. help identifying PU track iall Uei 11 =
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at large n [ 4 11 m
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* Electron isolation efficiency 0 05 1 15 2 25 3 35 4 45 5 | &
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specially at high PU _
<
1.1_! T T T L T T T T LI LI T T T ] T T T T T T T T T T T T T T T T T T m
g ;A'ITLAs' Simulatfon | _I._ mm; | E o 1.6:—ATL,I£IS Sin'llu|ati0n| T Ile E =
81 055 Vs=14 TeV, <u> =200 = o C ro ) ] 2
& E Zoe'e —®— ITk+HGTD : Initial (0fb™) = [ 1.4 85% HS efficiency — ITk +HGTD 1 o
c 1 HGTD , P a F24<n |<4.0 Timing scenario "Initial" o
o C —@&— [Tk+HGTD : Final (4000fb™) . =] 12 i t . s N
© = - Q2 “r 30 <p. <50GeV 2 ring layout . w
80'95—_ —] o E T ]
= C . o e
— — 2 L -
0.85—¢— —— 14 C ]
= — ¢ —— T 0.6 | ]
= — : - .
08E . E 045 -
0.75F- —— = 020 =
O_Yf— —f C L l Lo | L L | .
01 L 10¥51 L 1!]1 L 111.51 L |2|| L |2?5| L |é| L |35 94 26 28 3 32 34 36 38 4
Pileup density [vertices/mm)] ml 2 1




LGAD sensors: testbeam (1.5x10%°)

-

5

EXPERIME

@'?&‘G

NT

Collected charge [fC]

Testbeam campaigns at CERN SPS and DESY to study the performance of
Carbon-enriched LGAD sensors after irradiation up to 1.5x10*> n.,/cm?

ATLAS HGTD Test Beam
T T L B B
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Collected Charge

Q charge defined as the MPV of
the landau-gauss convolution

Minimum 4 fC required by ASICs

Charge collection above 4 fC for
all tested sensors

ATLAS HGTD Test Beam
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Hit Efficiency
. Reconstructed tracks with g > Q..
Hit Efficiency = 9> Qeur

Total reconstructed tracks

Q= 2 fC (min. ASIC threshold)

Hit Efficiency > 95% for all the
C-enriched sensors

Time resolution [ps]

ATLAS HGTD Test Beam
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Time Resolution

Time resolution measured
wrt. a reference sensor

Time resolution of the
reference sensor subtracted

Achieved <70 ps resolution
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ALTIROC2: Irradiation studies ATLAS

EXPERIMENT

e Radiation influence studied
e UptoTID: 220 Mrad
* Dose rate: 3 Mrad/h
* Temperature: 22°C

* Jitter stays stable with the increasing Total ionising
does (TID)
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