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https://lpc.fnal.gov/fellows/2022/Fengwangdong_Zhang.shtml

LHC/HL-LHC schedule

HiLuMi

LARGE HADRON COLLIDER
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HL-LHC TECHNICAL EQUIPMENT:

PROTOTYPES CONSTRUCTION INSTALLATION & COMM. ”” PHYSICS
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https://e-publishing.cern.ch/index.php/CYRM/issue/view/127/111
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High Luminosity LHC upgrade:
Increased of pileup to ~200

Peak Luminosity ~7x1034 cm-2s-1
Integrated luminosity of ~3500 fb-1
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Peak luminosity [10 cm'zs'l]

Data up to 2022-07-15 2022 (pp 13.6 TeV)
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A, Or (gV/2v)“2

19.7fb" (8 TeV) + 5.1 fb" (7TeV)

3000 fb (14 TeV)
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¢ Benefits from HL-LHC CMS:
e Achieve percent level precision for Higgs couplings

e Allow exploring more weak vector boson scatterings
e Enhance the searches for SUSY and extra dimensions




I’m in the center of the CMS
I’m responsible for tracking particle trajectories
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One blade in disk3 - ring1

One ladder in layer 4 (4 modules inside)

e 3 disks with 2 concentric rings

* Pixel endcap:

e 4 concentric layers
e Array of ladders

e Pixel barrel:
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SiO, Al

n-type Silicon

V > 0 (bias voltage)

® Bias voltage is influenced:
® Silicon thickness

® Electric permittivity of silicon
® Mobility of electrons (holes) in n-type (p-type)
® Bulk resistivity

— .« 20pm wide strip
i . _50 - 100 ym interstrip distance

—

® Silicon sensor is based on P-N junction
® A depletion zone is formed at the junction
® A bias voltage makes the depletion zone enlarged
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front end
electronics

e Pixel dimension: 100 x 150 ym?=

under-bump metal -<— pbump connection

e Small conductive bump balls (In/
SnPb) bonds pixels to the electronic
chip pads

SENSOor

particle track



A bit about silicon detector leakage current ...

Depletion region
Majority Majority
current

curren
carriers C LB‘ carriers
il 60> = P —— e— I’m a mad proton

4 nm . Iil TR LY Leakage current ‘messssssss

L~
P s
34 (4

@ Minority Current Carriers

= +

External Voltage Source "’
(e e

e When the silicon is in bias (reversed) voltage, there is still a small bunch of electrons
(holes) penetrating the depletion region (quantum tunneling effect), which forms a
leakage current

 When particles traversing through the silicon body, they can damage the silicon

lattice structure, which result in more electrons (holes) could escape from depletion
9




Pixel barrel module leakage current evolution (measurement)

CMS Preliminary

JINST 14 (2019) C05008

& 10001
S qoob. ¢ Layert CMS Barrel Pixel Detector
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* MD: Machine
development

e TS: Technical stop

* YETS: Year-End
technical stop

* Leakage current increased gradually due to accumulated radiation dose through the year
e Closer to beam spot -> more accumulated radiation dose -> higher leakage current (layer 1 >

layer 2 > layer 3 > layer 4)

* Leakage current drop during MD/TS/YETS: anngaling or changed high voltage settings



https://iopscience.iop.org/article/10.1088/1748-0221/14/05/C05008
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o key features:

e Quter layers: 100 Mrad
e Operation at -35°C

e High granularity with relatively low budget
e Contributes to the L1 trigger, using pr of tracks to reduce data volume
e Radiation hardness (total ionization dose):

* |[nnermost layer: 1.2 Grad




TEDD

Dee

e PS: Pixel-Strip sensors
e 2S:. 2-Strip sensors
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e Support structures: carbon fibers/foams/composites




e Two closely spaced silicon sensors for pr discrimination
e PS module: macro pixel sensor + strip sensor
e 2S5 module: 2 strip sensors back to back

Readout Hybrid Frontend Hybrid

. 8xCBC, 1XCIC
Frontend Hybrid
8xSSA, 1XCIC

Lo,
OO’O}}’OIG
2S modu Ie\

.
.
.
oy

.
e,
o/
L

Frontend Hybrid

Service Hybrid
8xSSA, 1XCIC

Frontend Hybrid
8xCBC, 1XCIC

Power Hybrid

" Correlated pairs of clusters identify particles with pt > 2 GeV

1+4mm[ OB

14 Bottom sensor



My past representative contributions @CERN

Assembly of latest four 2S modules

Electric readout test of the 2S modules

Analyze the noise behaviors of the 2S modules

Built a customized module test setup from scratch
Design an automated control interface with LabVIEW

Conduct thermal cycle tests on the latest modules

15



1. Gluing Kapton foils
and HV flex circuit on

2. Wire-bonding and 3. Gluing sensors

' encapsulation of HV on AICF bridges
the sensor backplane flex circuit
QCheck dcmg ' .
(metrology) % Optical inspection % HV test backside isolation % Module metrology
4.Sensor I(V)
5. Wire-bonding

% Module test

6. Encapsulation of the
' wire-bonds

between sensors and

front-end hybrids
4. Gluing of
front-end and
service hybrids

on bare module

% Optical inspection
%Module test A HVILV test

16



3. Glue sensors on Al-CF bridges 17




JINST 17 C05019 (2022)

_"_/j‘—; Nearly identical (mechanically & electrically) to the final version
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https://iopscience.iop.org/article/10.1088/1748-0221/17/05/C05019/meta

e Thermal tests for the robustness of the design of 2S modules in a cold box:
e Far beyond the number of the cycles normally expected in module lifetime (~100)

e Module noise measurement

e Perform systematic visual inspection to check for mechanical failures

e TJest more modules in the similar condition to gain statistics

19



Cold box setup with grounding configuration

Sealing foam
Module base plate
(grounded to earth)

Thermocouples

Peltier element (cooled
by a medical chiller)

gl
- L -
\
[ [
. &
N Iy
&
-
i
[

Aluminum cover plate
(Faraday cage)
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Module test setup & LabView control system
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e | designed a LabVIEW virtual machine to control the hardware devices running thermal cycles
automatically

e The current interface can be also operated manually for each individual device

e The DAQ readout will be executed periodicall%during thermal cycles
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e First checked if mechanics and electronics behave in varied temperatures:
e Ranging from 20°C to -30°C (manual controlled thermal cycle)
¢ Channel noise decreases when the temperature goes down as expected
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o < An example of automated thermal cycling test

Lab teperature SEH heated up during DAQ readout S .

Peltier top o
AZ189/537 |1 | Type K 20.34 °C
Peltier bottom °

az189/53712 Typek ~0-99 °C

DCDC shield

AZ189/537 | 3 | Type K 20.22 °C
R-FEH

AZ189/537 | 4 | Type K 19.80 °C

inlet °
AZ189/537 | 5| Type K -7.66 °C

outlet °
AZ189/537 |6 | Type K -6.96 °C
outside air °
AZ189/537 |7 | Type K 22.31°C

box cover o
az189/537 3 Typek 19-790 “C

KECHSHCHCHCNC L

Chiller 1/O
temperature stays
around -10°C

|
\

-45°C

-~ DAQ readout launched at -35°C and 20°C in each cycle Peltier cooled/heated

' i em e em e mm mem wm e mm e e e ew MW module base plate to
achieve plateaus

Our 2S module prototypes are consistently functional in automatic thermal cycles

23



Top sensor noise peak
-35°C

+20°C

250

#Channels

200 Bottom sensor noise peak

150

100

50

y— |II_I_I|

11 12

Noise count (DAC)

.[;—IIII|IIII|IIII||III||I|I||||

¢ No additional broken channel observed after 135 thermal cycles

24



At CERN, we performed:

e A step-by-step process assembly evaluation
e 2S5 module prototype reliability tests
Modules survived 135 thermal cycles between 20°C and -35°C

Valuable feedback and input were provided to the CMS outer tracker collaboration

® Silicon tracker (pixel + strip) performed well during the LHC operation
® While also damaged significantly by the accumulated radiation
® A new robust CMS tracker will be constructed for HL-LHC

® Module pre-production will start in April 2023; mass production will begin from 2024

25



20



Frontend electronics of outer tracker modules

PS module

Top wire bond
/ 8xSSA Folded Flex\
Al N

Silicon Strip Sensor 1

1.6, 2.6 and 4.0 mm spacings Carbon Fibre
MPA ASIC Stiffeners

,‘:m: | ——

v Macro-Pixel Sensor | CIC
Bottom wire bond
|

e SSA: Short Strip ASIC e CIC: Concentrator Integrated Circuit
\:_:_/ Jargons —} e MPA: Macro Pixel ASIC e AIN: Aluminum-Nitride
e CBC: CMS Binary Chip ¢ ASIC: Application Specific Integrated Circuits

2S module
K Top wire bond 8xCBC3.1 e \

Top Silicon Sensor

1.8 or 4.0 mm spacings Folded Flex —9{ <¢— Spacer
¥—— CTE Compensator

Bottom Silicon Sensor

Bottom wire bond Carbon Fibre
K Stiffeners J
o7




Module 9

1.8mm with increased mass in

1.8mm with increased mass in spacers

Module 10

spacers and second stump 4.0mm with second stump
Module type 251.8-5 251.8-6 254.0-6
TB2S nominal quantity 2992 1424
TEDD nominal quantity 2768 424
Total nominal quantity 2992 4192 424

* More materials will be added into the new generation of Al-CF bridges

28
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https://indico.cern.ch/event/991721/contributions/4333172/attachments/2237885/3796896/2021-05-05_2S_module_types.pdf

® Module leakage current could increase over assembly caused by:

3000 A

| =¥ Module after hybrids glued
—l— Module after encapsulation

—8— Top + Bottom sensors before assembly

2500

2000

1500

Leakage current(nA)

1000

500

100 200 300 400 500
Voltage(V)

700

800

Original strip silicon sensor quality not good
Glue quality degrade

Saniti

zation measure failure

Non-precise controlled assembly procedure
High environment humidity

900




9.9VCIn
6.3Vcth
Noise [Vcth)
40 50 6.0 7.0 80 9.0
1.00 - LY
— 99.5%
5 * 99.0%
S 098
)
1Vcera = 156 electrons s | | 1 1
L 5 ' '
|F =5x10"n_/cm? (n)
096 U = 600V
§T=2¢C
094 a M M i
17.6 22.0 26.4 308 35.2 396
4 4c threshold (Vcth)
——— ——

e Plot taken from Alexander Dierlamm’s talk
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https://indico.cern.ch/event/1097368/contributions/4617015/attachments/2348702/4005682/News_2021-11-18_aldi.pdf

e An observed problem: wire damage observed after transport and handling of an
8CBC3 2S module shipped from KIT to CERN (encapsulated at KIT)
e Could transport vibration damage modules?

Control
(shaker)
e Ve investigated the movements of:
® Sensors
Module e Hybrids

frame e Support structure

e \We performed the resonance test and evaluated
the resonance frequency through:

e 5-1000 Hz sine wave sweep at low
amplitude with few accelerometers attached
to the modules was performed to find the
resonances

Thanks to CERN QART lab for the facilities
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Vibration frequency test result

profile(f) © input2(f)  input3(f) il inputd(f) I control(f)

mm
0.5591

Dangerous resonances

Control Module
(shaker) frame

0.1000

0.0100

0.0010

* A slow sweep of the resonances using the
stroboscope running just off the resonance
frequency

0.0001

1.00E-05

e Measure the magnitude and directional
movements of the various parts of the module

: : == °* Resonant peaks at lower frequencies
Displacement (Y-axis) vs frequency (X-axis) P d
BEEEE  observed for encapsulated module: ~250Hz

1.00E-068

- Transportation suggestions:
One should always encapsulated the wire bonds, for their protection and it makes the
modules more robust (especially the hybrids)

> The hybrids should not be free to “flap” during transport, they should be secured on their

outside edges (this has been done in the latest module carrier)
32



Thanks to CERN QART lab for the facilities

e The 8CBC3 module was packed in the index
order

e The package was subjected to a typical vibration
spectrum for transport

® Accelerometers were placed on the non-
encapsulated FEH to see the energy reachingSit




Transport vibration test result

Control Module
(shaker) frame

e Packaging dampened the resonance

e QObserved resonance at lower frequencies—
peaks showed lower displacement compared
to bare module vibration test

e Unencapsulated (and possibly encapsulated)
bond wires could still be damaged at these
frequencies from the displacement of hybrids
creating stress at the bond foot heel

® These area around 200 Hz were the cause for
concern, if this occurs during transport then it

Displacement vs f

may have stressed the wires
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