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The Standard Model of Particle Physics E= N

* The Standard Model is the theory that explains the
fundamental particles and their interparticle forces A

* The particles in the SM includes:

* Fermions: building blocks of matter, leptons and quarks
* Bosons: force carriers

* The four fundamental forces:
* Electromagnetic (y)
* Strong (g)
e Weak (W1,29)
e Gravity (unexplained in the current SM)

* The Higgs boson:
* Only particle in SM with zero spin

* Responsible for granting mass to elementary particles via the
Higgs mechanism

* Discovered in 2012 by both ATLAS and CMS experiments on
LHC

11/18/2025

Master Thesis Defense




* The Large Hadron Collider (LHC):

* The largest and most powerful particle accelerator
* Proton-proton collider system
* Four main experiments: ATLAS, CMS, ALICE and LHCb

* The ATLAS Experiment:

* One of the two large general-purpose particle detectors at the
LHC (the other is CMS)

* Forward-backward symmetric cylindrical design covering
almost 41 solid angle

* Various sub-detector systems to reconstruct different types of
particles
* Inner detector
e Calorimeter system
e Muon spectrometer
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* The Standard Model is still not perfect
* The nature of dark matter
* The origin of neutrino mass
* The matter-antimatter asymmetry problem
* The mass hierarchies among the fermion generations

* Experiment directions
* Precision SM Measurements: electroweak observables, Higgs couplings, rare decays...
e Vector Boson Fusion (VBF)
* Vector Boson Scattering (VBS)
* BSM Phenomena Searches: SUSY, extra spatial dimensions, heavy resonance...
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LHC HL-LHC
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HL-LHC TECHNICAL EQUIPMENT:

DESIGN STUDY ': ‘ PROTOTYPES / CONSTRUCTION | INSTALLATION & COMM. ‘ PHYSICS
* To explore new physics and develop the SM, CERN plans to complete the HL-LHC upgrade by 2030:
* Instantaneous luminosity will increase from 2.0to 7.5 X 103*s~1cm™2
* Average pile-up <p> will increase from currently 40-50 to 140-200
* To allow the new operation environment, the ATLAS detector will undergo several upgrades:
* A new all-silicon Inner Tracker (ITk) to replace Silicon Strip/Pixel Detectors
* High Granularity Timing Detector (HGTD) to deal with pile up
 New muon chambers: RPC (Resistive Plate Chamber), TGC (Thin-Gap Chamber)
* Upgrades of the existing systems: Calorimeters, Trigger and DAQ, LUCID...

11/18/2025

Master Thesis Defense



* Located in the forward region of the ATLAS detector

(In[>2.4)

e Based on Low Gain Avalanche Diode (LGAD) technology
to achieve excellent time resolution (~30ps for single

track)

* First time to apply LGAD in high energy collider detector

system (together with MIP Timing Detector in CMS)

* Operated at -30°C to guarantee timing performance and

reduce irradiation effect

e Chinese group makes the major contribution (led by

IHEP)

Electronics
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Physics Motivation of HGTD

* Assigning Timing Information to Tracks
* In forward region, ITk gives bad z, resolution for low p; particles

* Density of pileup vertices surpasses the spatial resolution in z, for low- p; tracks (first time
in hadron collider)

 HGTD: Assign precise time stamps to forward tracks
* Improve forward jets and leptons reconstruction, essential for processes like VBF and VBS

 \Work as a Luminometer

* Current luminometer LUCID-2 (upgrade for LUCID-3) faces challenges in high pileup
conditions

* High granularity ensures low occupancy per channel and linearity across the full range of
luminosities

* HGTD: Measure luminosity from mean hit count, complement LUCID-3

* Enable precise cross-section measurement, essential for SM precision measurement and
searches for BSM physics
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HGTD Module and Detector Unit

* Module

e 2 readout ASICs (ALTIROC): signal amplification, discrimination,
and timestamp recording

* 2 LGAD sensors: active thickness of 50 um, pixel size of 1.3x1.3
mm? in 15*15 array, developed by IHEP and IME

* Interconnection Technology: Dedicated flip-chip bump
bonding with tin-silver (Sn; :Ag) bumps

 Flexible circuit board (module flex): Power supply, signal
transmission, wire bonded to ASICs

* Glue: Araldite 2011 for fixture of sensors to module flex

 Detector Unit m
e 2-15 modules arranged in certain ways
e Glued to a Support Unit

e 24 different types for a quarter of one
side (24x4x2 in total)
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 Temperature variation during HGTD operation

Operation
temperature:
-30°C

Assembly temperature:
room temperature

| Detectorcommissioningl | Module replacements | | Data-taking periods | | Power off

* Experiment: thermal cycle, -45°C~40°C
e Target: survive 36 cycles (62 cycles for conservative estimation)

* Impact on modules

Coefficient of thermal Thermomechanical . . _
expansion (CTE) mismatch » stresses accumulate in - Cyclic fatigue failures
in module components material interfaces
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* Bump material: Ag, :Sn

| Conventional BGA Design HGTD Module

Pitch(mm) 0.15-0.50 ~1.3 Low I/O density
Bump Diameter (um) 60-100 90
P/D ratio ~2.5-5 14.4 Stress concentration

Significantly higher P/D ratio is subjected to more fragile bumps

= 0.03mm -0.07mm

Regulus 10.0kV 13.5mm x800 LM(L)
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* 8032 modules need to be integrated into more than 800 Detector Units

* IHEP responsible for assembly of 34% of modules (2730 modules) and integration
of Detector Units, in about 2 years

* Integration Challenges:
 Positioning Accuracy Requirement: micron-level (affects geometric alignment)
* Manual Assembly: Low accuracy, poor efficiency, and high risk of accidental damage
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Thermal Reliability Analysis of HGTD Modules



Motivation of the Analysis

* Peer experience of other projects

e ATLAS ITk: Sensor fractures and bump disconnections observed during thermal cycling in
the production phase

* CMS Silicon Tracker: Experienced similar problem

* Experience in HGTD module R&D

* Thermal cycling tests on prototype modules showed massive problems
* Bump disconnection was identified as the major issue
* Unable to meet HGTD project requirement

e Situation for HGTD project
* Lack of testing samples in R&D phase
* Limited time to move to production phase
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Research Method

 Numerical Simulation + Experimental Validation

e Establish a 3D finite element model (ANSYS Mechanical)
Simulate and analyze mechanical behavior under thermal load in one cycle
Model the module lifetime with mechanical results from simulation
Propose and simulate more robust module designs
Validate simulation predictions and optimization effects through thermal cycling tests
Establish statistical lifetime models

Numerical
Finite Element Thermal Desi Simulation . .
» » gn Proposals » Sies
Model Behavior Study - Validation Simulation

\ 4

Statistical « Thermal Cycling
Lifetime Models Testing

» Experimental Experimental
Validation . .
Validation
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* Key components: sensors, bumps, ASICs, glue, module flex

* Apply reasonable approximation and simplification to cut computational cost
 Module flex: "polyimide-copper-polyimide® structure and ignore surface components
* Generally apply linear elastic anisotropic (except silicon) material properties
* Use Anand viscoplastic model to model temperature-dependent behaviors of Sn, :Ag
e Approximation in temperature settings of thermal cycle
* Neglect gravity

* Local mesh refinement on the bumps (80-90 elements per bump)
* Bounded contact between different layers
* One vertex fixed to prevent rigid body motion
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— I

ASIC Silicon

Bump Ag;:Sn

Sensor Silicon
Glue Epoxy resin

Module flex layerl
Module flex layer2

Module flex layer3
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Polyimide (Kapton)
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15%15 bumps on LGAD pads + 15x2
bumps on top/bottom edge (guard ring)



Temeprature(°C)

-10
-20
-30

-40
& -50

* Testing: 2.5h, -45°C~40 °C, about 15mins at peak temperatures
e Simulated: 2h, -45.5°C~44.5 °C, no peak holding time, 24 load steps
* Temperature load directly apply to the full model (temperature change slow

Temperature variation in thermal cycling testing
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Simulated temperature variation in one cycle

6300, 44.5

7200, 22

1800 2700 3600 500 5400 6300 7200

Time(s)

2700, -45.5

* HGTD operation time=36 (62) cycles, leave enough safety margin



1( Ae

1/c
Modified Coffin-Manson equation: Ny= ~ (—)

!/
2 Zef

« Commonly used in estimating solder joint reliability within certain temperature range (including ITk pixel
module simulation)
* Parameter explanation:
* Np:average lifetime (50% probability failure, unit in cycles)
. %: cyclic strain amplitude/ half maximum total mechanical strain in one cycle
* € = 0.325, fatigue ductility coefficient
» c: fatigue ductility exponent, relative to thermal cycle setup:
c ¢=-0442—-6%x107*T + 1.74 X 10~ %In(1 + f)
 T:average solder temperature in one cycle, -0.5°C in the setup
» f: frequency of thermal cycle, in unit cycles/day, 12 in the setup
» c=-0.3971
* Set up the relationship between lifetime (prediction) and mechanical strain (simulation result)
* Use the minimum N, among all LGAD pad bumps to represent the N of the hybrid/module
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CTE (ppm/°C)
Copper: 18
Polyimide: 20
Silicon: 2.6

ASIC ASIC
* Origin of shear stress on solder bumps
* Deformation differs in layers due to different CTEs (represented by arrow length)
* Bump dimension is small and deformation is negligible
* Major deformation from module flex passes through sensors to bump upper surfaces
* Bumps at the corner are under larger stress (far from center leads to larger deformation)

* Possible solutions
* Thicker sensor (reduce deformation passed from module flex)
* More bumps (separate stress)
e Reduce glue coverage (create stress relief regions)
* Change smaller CTE module flex materials (reduce module flex deformation)
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* Thick sensor: 300 um—->775 pum (full wafer)

* More bumps: 15x15+15x2 - 15x15+60x4
* Maintain bumps on LGAD pads
 Add more bumps on the guard ring

e Optimization of glue pattern:
e Reduce glue usage

e Guarantee glue coverage in critical areas:
* Top edge to support wire bonding

* Wings part to ensure flatness and fixture into
detector

e Alternative module flex materials:

Copper + Polyimide = Tungsten + Ceramic Baseline

Pattern B
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Thin, fewer Thick, fewer Thick, more

775 300 775
255 465 465

Sensor thickness /um

Number of bumps per
hybrid

Average lifetime /cycles 119 108 393

* Both thick sensor and more bumps help increase module lifetime

e Both thin and thick sensor modules with no additional bumps were produced and tested:
e Thin sensor modules were the initial version that showed problems
* Thick sensor modules were the first attempt for improvement

* Modules with thick sensor and additional bumps will be used for production
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Glue pattern F;

Average lifetime /cycles 1240749 393
Glue weight /mg 0 18.8

566
6.7

* Pattern A shows the longest lifetime, and will be applied for production
* Several modules were produced and tested with this pattern and thick sensor, additional bumps

Middle layer material Copper Tungsten
Outer layer material Polyimide Ceramic
Lifetime /cycles 393 31565

* Match of tungsten and ceramic module flex shows significantly increased lifetime
* Approximately 10 times cost
* Technically unfeasible to achieve original thickness (need more space)
* Lifetime far exceeds HGTD operation span (over-specification)

* Reserved as a backup plan if necessar
11/18/2025 Master Thesis Defense 22




e Samples:
» Several prototype modules with 300 um sensors (without additional guard ring bumps,
predicted average lifetime 16 cycles)

* More than 20 modules with 775 um sensors (without additional guard ring bumps,
predicted average lifetime 119 cycles)

e 4 modules with 775 um sensors, additional guard ring bumps, new glue pattern (predicted
average lifetime 3029 cycles)

* Test Process:

* Modules fixed in protection boxes placed in environment chamber

* Perform electronic tests at room temperature after every 15/30 cycles

* Threshold voltage scan with different charges (36 DAC/12 DAC)
e Radiation source scan

* Failure Criterion: A module/hybrid is considered failed if any
bump disconnection occurs
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* Original 300 um sensor: Massive failures occurred within 10-20 cycles, consistent I
with the simulation prediction (16 cycles)

* Improved 775 um sensor (119 cycles):

e To achieve more statistics, the results are analyzed as individual hybrids instead of modules
(46 hybrids)

* No failures occurred before 30 cycles
* Most hybrids didn’t fail till the last cycle done, and they were assumed to “fail” at the last

cycle done
N N S N N
Number of hybrids

* Failed bumps were observed in the corner areas, matching the stress concentration areas
identified by simulation

* Production version modules (3029 cycles) : no failures before 120 cycles out of 7
hybrids
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* Data Processing Assumptions
* Failed Samples: Lifetime is the average of "last cycle without failure"” and "first cycle with failure”
* Non-Failed Samples: Conservatively take the "maximum number of test cycles" (right-censored data)

e Statistical Models:

* Weibull Distribution (left): f(x,4,k) = %(ﬁ)k‘le_(?k

* Lognormal Distribution (right): f(x, u,0) =

Average

L 1\
lifetime=AI' (1 + E) =5
129413 cycles
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* HGTD Lifetime Requirement: 36 (62) cycles

* Only a very small number of modules will fail
during their lifetime, and failures only involve oo
individual bumps, meeting project requirements 1w

1800

Failures

1600

1400
(62, 1195.67)

800

(62, 513.89)

* Prediction is based on modules with thick sensors
but no additional guard ring bumps and glue »
pattern optimization 200

0 |

(36, 239.60)

III|III|III|III|III|III|III|III|III

(36, 10.48)

1 1 | | L L 1 1 1 1 | 1 1 1 1 I 1 1 1 | | 1
20 30 40 50 60 70

Even if there are 1196 (240) failure hybrids,
actual failure ratio in pad is:
1196/(8032%2%225)=0.03%
240/(8032*2*225)=0.007%
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* 4 modules were produced and tested (7 hybrids)
* Thick sensors, additional guard ring bumps, optimized glue pattern (3029 cycles)
1 failed at 150 cycles, 4 failed at 180 cycles, 2 completed 210 cycles

 All failures are caused by wire bonds touching:
» Different failure mode from the study in the thesis
e 2 modules (4 hybrids) recovered after re-wirebonding
e 1 module (2 hybrids) still not functional, probably ASIC failure§

e Statistical model

 Average lifetime: 201 (lognormal) /210 (Weibull) \ a i [’ \\
* Failure hybrids out of 8032*2: R e IR
\ \ | Immyiﬁ R ﬂ
* At 36 cycles: 0/0 W “t\\ \ \\\ | £ ’Mﬂ, %”’”’
* At 62 cycles: 0/0 * \\\\ ‘r' ‘%\l gu i‘ w‘ ‘“’
e Better than modules with only thick sensors a ‘ Vit ‘L "ilam,
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Ansys

2022 R1

Lifetime: 393 k=3.01+ 051 102

* Arectangle module flex is easier for man. . os 1407 is weaker in thermal cycle (denied)

Glue thickness /um “““

Average lifetime /cycles

* Module with thinner glue can live a little longer
* Glue thickness within specification (20-80 um) does not make too much difference in lifetime
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Glue Thickness

e Glue thickness in specification: 50£30 um

Glue thickness /um ‘--_-

Average lifetime /cycles

* Module with thinner glue can live a little longer
* Glue thickness within specification (20-80 um) does not make too much difference in
lifetime
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Summary of Thermal Reliability Analysis

 Studied the causes of bump failure through FEM simulation

* Proposed module designs:
e /75 um sensor
e 240 guard ring bumps
e Optimized glue pattern
* Alternative module flex materials (backup)

* Experimental validation:
* Thermal cycling experiments verified optimization effects
e Simulation precision was validated
* Weibull/lognormal models realized lifetime prediction

* Conclusion: With the combined strategies, modules are estimated to fully survive
the HGTD lifetime
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Development of High-precision Detector Unit
Loading System



* Basis: gantry system at IHEP
* Coretech gantry positioning system (repositioning resolution

~ 1 um)

Keyence vision system

Nordson EFD Glue Dispensing controller

Air pressure piping system

Custom picking and gluing tools

Open-source C++ Qt program with QML GUI to control the
system

* Develop new detector unit loading function
e Design 3D-printed tools for picking up modules
* Design metal vacuum chuck for placing modules
* Develop procedures to load detector units

* Add new GUI for detector unit loading into gantry control
software

——1i|i||i|f

Peccecececcscee
i

GUI of gantry control software

Gantry system for module assembly
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* Mostly same tools as used for module assembly

e Vacuum chuck for placing modules (3D-printed initially, metal now)

* New tooling for picking up modules

New tooling used in DU loading for
picking up modules, soft contact part
for protecting modules

Left: 3D-printed vacuum chuck, cheaper but not flat enough for
all modules and vacuum

Right: metal vacuum chuck, better flatness and more expensive
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* Follow HGTD loading specification
* Main procedures:

Module Glue dispensing [ gl Support unit loading

placement

* Preparations: glue Araldite 2011, vacuum chuck, support unit, modules, different
types of screws, position pins, handle, travel packaging, torque wrench
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* Input module position information into gantry control software

* Fix vacuum chuck with screws and recognize its position:
* Recognize origin point for reference position of modules

* Recognize 3 benchmark points for calibration of vacuum chuck
position (through calculating rotation of the vacuum chuck)

Place modules:

* Take modules out of protection boxes and put on vacuum chuck

 Turn on vacuums to fix modules

* Recognize module position with two high voltages

=B Module Placement

e Calculate module positions with CAD file of SU and modules

Move modules to their correct positions:

* Pick up tooling for picking up modules

* Other work can be done by clicking on the buttons on control GUI

11/18/2025
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ok Loading Coordinate Setting

Module Number: <3

Waiting z(mm) 70.0000 output(Gantry): e 31
Del_OX(mm): 0.0000 Del_OY(mm): 0.0000
Moving Speed(mm/s): | 15.0000 Moving Acc(mm/s#2:  1000.0000
Search pos 1(mm): 10.0000 Search pos 2(mm) 0.0000

Placing speed(mmy/s): | 0.0100 Placing acc(mm/s#2): = 100.0000

Search force(g) 10.0000 output(VQC): - +
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Glue Dispensing

Prepare the glue

Get the gluing height:
* Run the “touchdown” function in gantry control software
* The program will return a height of needle contacting module
* Calculate glue dispensing height

Calibration for needle position: Support unit

* Dispense glue at a known position and input the difference
between the real glue position and the expected glue position
into the panel

* The glue position will be automatically corrected afterwards

Dispense glue:
* Dispense 4 glue dots in red circles
* Glue dots allow reliable fixture and feasibility to remove
modules
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* Put on screws for handle fixture

 Align support unit to the 3 position pins from top

* Move support unit down carefully until contacting

* Fix support unit onto the vacuum chuck with screws

* Wait for glue dry

* Remove screws and pins, turn off the vacuum and pick up the DU

* Fix DU to travelling package and remove handle

*Use torque wrench to control the torque applied to screws=0.05N-m
E L]
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e Corresponding vacuum chucks and handles are designed

* Module position array is calculated according to the DU CAD file

* Gantry control software allows a maximum size of module numbers for recording position
data and operation

¢ @ |v| e
|9 \¥ e
*% Loading Coordinate Setting = a X s | @ i ' ®
Module Number: S new - N —
¢ @¥]|e
Waiting z(mm) 70.0000 output(Gantry): =3 31 .
Del_OX(mm): 0.0000 Del_OY(mm): 0.0000 E . > o - T o
Movingrewerss xPlacing  Glue dispensing QENE
Moving Speed(mm/s): | 15.0000 Moving Acc(mm/sA2: | 1000.0000
Search pos 1(mm): 10.0000 Search pos 2(mm) 0.0000
Placing speed(mmy/s): | 0.0100 Placing acc(mm/s*2): | 100.0000
Search force(g) 10.0000 output(VC): — [EI +
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* Developed Detector Unit loading at IHEP using gantry system based on the experience of
module assembly with the same system

* The developed system was tested on loading 2 different types of DU successfully: FM02DU
and FOO1DU

* These Detector Units were sent to CERN to work for a demonstrator program to verify the
feasibility of HGTD and identify potential issues

1
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Summary and Outlook

* Achievements
* Proposed improved module designs to survive entire HGTD operation span
e Developed and tested Detector Unit loading with gantry system

e Qutlook

* Module Optimization:
e Batch test the production version modules and investigate the wire bonding problems
* Expand the model to include radiation damage effects
e Automation Upgrade:
* Introduce machine learning vision algorithms to improve positioning efficiency
* Further improve automation and mitigate personal operation
* Technology Application:
* Apply to future collider detectors (e.g., FCC, CEPC)
* Extend to designs of precision electronic equipment
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Answers to the Comments
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Answers to the Comments

B 22

(1) BYICEABEHELTHINE;

RO FH S SO S PR B AL SO 2 U e 25K (500057) Bt AANBEAS Tl 4 2258 70
(2) WP 5 R B A B 45 R Nvs B B Hi At

s B B AR A& 1 AL
(3) BNAESE _BENFE =8RKEHIN_E—3Sumnary.

CAES “F AR T summary, 55 =% 55 00 &2 B Wt S - A O<ER 70, Pt DAL 2 45 528 1
B .
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Ly B Answers to the Comments
© BRI

(1) ATLAS WIBERS: —> ATLAS ARG IHREMEE, CMS REIBERS: —> CMS R EN 2
2Ee

(2) It is a preliminary attempt for the LGAD -> It is the first attempt --
B

(3) guiding both gantry-based and jig—assisted assembly methodologies. —> how to
guide the jig—assisted assembly method is not evident, please elucidate with one or

more sentences.

i —aj o2 HiiA ;. Gantry-based loading can be done with similar procedures, while the

potential problems during loading done with jigs are also comparable.
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Answers to the Comments

(D) WICHZTAERCIFTE, 58X iR mD . 2iGHE—DRIFIFIE.

FEELE TN 1B o5 T AR 7y, B SCRBE P R ifig

Through the combined numerical simulation and experimental testing, the module quality witnessed a significant improvement

(1).

from not reaching HGTD project requirement to meeting the requirement with several times of safety margin. The implemented design

optimizations effectively mitigated the bump bonding thermal reliability issue before starting production, thereby preventing

potential project delays and financial waste.

(2). This is the first attempt in the HGTD project to load the detector units with gantry system, which provides valuable

experience for future production.

(2) WICIEHGTDERM 2% AR5 SBCAR BT X b . ETWHEELERL. JUTRE. MRS R-HUmILF
FHRREINE EFEEEEZR, BERRUSHEE AR, 2L BGA X,

BEAT R LE B R AL T A AR BRI, BOARR H P iR A R 22—, TITHGTDAE A R BN SEHEIEOAR,  BEMS SEIAN & HY A3 A X s
B HARESUT BITERE . AR IRAE LR RUBE R AR 7 20 B i DX 2 18 SO I U DRk — o FER SCHEIR B 1 BGARTHGTDAE Y B A A & T

EIAR R TERE, EIFFIIRR, HGTDE I HOARBENS S B X its Fr B HK
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1: Have multiple connection for one HGTD pad could enlarge both the strength and reliability. Even it is not feasible for current sensor

design, but it should be considered in your study to figure out which way is best for future.
FE BN FH 2 00 RO A pad (77 SRAEHGTDI H b i A 18, SZRAHERSN, IS AR MR SCOESCN 18, BEARIG I fi 8w ml LUR =
AN, E 2 b T I I H A B R A O T W I TR 73 o e el B T R R BAYR D s, RS S e UGS, B RS
AT L. R0 I E GHGTD, AREVE N T %

2: What thermal reliability changes if you change the thickness of polyimide or Cu layer for the module Flex?
i FH 5 JEE AT — AR 35 4 SR B vy 100 235 ) O R DT TSR A v 4 2 750 FAt G5 A4 O SE IR, AT R A5 iy o S B _E 24 BT BT 1] 3 U module flex C
23 7 T 2RI AR E R, B8 2 module flex /F BERILAL BT T RANATAT

3: Fig 4-6: it is really worrying that thermal cycling ~50 times will damage up to 10% of HGTD module, could you explain the strategy of

ensuring the success of the HGTD running?
WIHIRIA PP FE . B RATHEATO2R AN )5, LA T SWHR GBI I 2R i . BB R ME A B 5225 MR, XM THE
HGTDZ i Ji A5 RIS A 0. 03% ISR 3240 o BB AR Tk B2 A0 A2 75 i AR i A IR 2R 36 (B4R FH B F000H 7 A 1 R A 2
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Answers to the Comments

4: adding statistical positioning results of the produced HGCal modules will help a lot to understand the performance of your design.

RS, “Guit e M RAR S SO . S THCTDIE S RO 320K, @ ALIFAR LR, AL B 8 I8 i S R HERE FP gt AT B 1 . ATAE B A A AT 1 —
AT

5: explain why positioning accuracy of 5 micron is import in HGTD module assembly (you can always do alignment during the run, and CTE induced effects

will be much larger than 5 micron for the system)
R BT RE T, & AR AE IR A E AR B 2R R B SRR SRR 2 TR) AT JR) B2 5 A B T B R ICATAE 2 U A BOR K, DA G R A Al

EARRIENE, BHSEIE R SPEBE A IERE 35 18] B OU5000K,  HrTREAHERTOEK 2228,  IX it BRI A1 FE X HERE FEIA 20, 045 ——3XAH 24 TR SR B 7R 2 SEIL 2 13RUK I 70
e IR o

6: Generally, there is no much uncertainty associated with your studies. could add at least for part of them in the tables etc.

FEIXRWEFE R, BATTIE ALV T RIUOR ST %, TTARRS AT AN 2 L —— BN BRATH B Am 2 e — A AR vl SR BC BT 58, AR REAE66% G DL N I TAERS
Fo HEREWTHEIX A E B, 7B A G RN R AR P T S8 B3R TR RVl R G0 AR I b K, TS B T TG TD A i il S 2 D9 36 1A
W, RXEERIPHEEONRT . F4, BRROTi TR RBUE TR, A LPAEATER GRE) « ATEMAER GRZE) FEE TR S Wgkls CEED
JIFTAIEAC CIFTALD)  CRE/NER A /I 1) DA 2 BRARAN A S 52, E R ZE R ITHEE R]) ¢ BAY T4 R ANHA 5 REMIIR Z2 H B ORI . fEAWT T, (& R FE N TRbE
(RS A, I ARSRIBCR R e A A7 e T, RS 3RA PR AE T rh BEAT SEFRIGLE -
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Backup
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Material Properties

Thermal Specific heat constant
conductivity pressure (kJ/(kg-°C))
(W/(m-°C))

Copper 401 0.385

Epoxy resin 0.23 1
Polyimide 0.8 1.4

Sn; Ag 79 0.22

Silicon 154.3 0.7

Master Thesis Defense

18

70

20

19

2.578

Young’s modulus
(GPa)

110

3.78

2.8
Anand model

169/169/130

Poisson’s ratio

0.34

0.35

0.34
0.4

0.064/0.36/0.36




. d 1
 Flow equation: TP _pe [sinh (5%)] ",

. Evolution equation: 45 = { 1,1 5.
volution equation:. dr 0 g

e Saturation value equation: §*=S

 Solve for three variables as functions of time (t):
* Plastic strain (g )

 Stress (o)
* Deformation resistance (S)

11/18/2025 Master Thesis Defense

Parameter Value
Initial deformation resistance Sy 2.3165 MPa
Activation energy than universal gas constant O/R 10279 *C
Pre-exponential factor A 1.7702x¢10° s~
Multiplier of stress £ 7

Strain rate sensitivity of stress m 0.207
Hardening/Softening constant hy, 27782 MPa
Coefficient for deformation resistance saturation 52.4 MPa
Strain rate sensitivity of saturation n 0.0177
Strain rate sensitivity of hardening or softening a 1.0




Temperature Distribution

Time Environment Maximum module  Minimum module
(s} temperature("C)  temperature("C) temperature(”C)

-44. 775 Max
-4 784 0 22 22 22
L {44794 300 14.5 15.17 15.09
— 44303 GO0 T T1.72 T.64
-44.812 900 -0.5 0.23 0.14
Sl 1200 8 728 736
| e 1 500 -15.5 -14.778 -14.86
-44.34
44549 1 800 -23 -22.28 -22.36
_44 859 Min 2100 -30.5 -29.78 -29.86
2400 -38 -37.28 -37.36
2700 -45.5 -44.78 -44.86
3000 -38 -38.54 -38.01
3300 -30.5 -31.13 3122
3600 -23 -23.04 23772
3900 -15.5 -16.14 -12.23
4200 -8 -8.64 -8.73
4500 -0.5 -1.14 -1.23
* Environment temperature: -45.5°C 4800 7 636 628
5100 14.5 13.86 13.78
° H H H H 5400 22 21.36 21.28
Almost uniformly distributed temperature at any time oo 2 - -
G000 37 36.36 36.28
6300 44.5 4386 43,78
6600 37 37.61 37.54
6GO00 20.5 3022 30.13
7200 22 22.72 22.64
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61 Max

61 Max
54 54
46 @ ° & ® © ° ° 46
39 39
31 31
24 24
16 o ¢ ¢ ° ¢ ¢ ° 16
88 8.8
1.3 Min V3Dt

* Maximum stress on surface contacting to sensor (single bump)
* Global maximum stress on the bump at right top corner
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Pattern A (3029 cycles) Pattern B (566 cycles)

-

45 Max 51 M
. ax

45

35
39

30
25
20
15
10
5.3 Min *

34
L1 28
1 23
17
11
5.7 Min

* Pattern A redistributes stress to change bump with maximum stress to middle
* Gap between glue parts (Pattern A) allows better stress relief

11/18/2025 Master Thesis Defense




	幻灯片 1: Study of Interconnection Thermal Reliability and Precise Integration of High Granularity Timing Detector Modules
	幻灯片 2: The Standard Model of Particle Physics
	幻灯片 3: The Large Hadron Collider and ATLAS Experiment
	幻灯片 4: Limitations of the Standard Model
	幻灯片 5: The High-Luminosity Upgrade of LHC
	幻灯片 6: High Granularity Timing Detector (HGTD)
	幻灯片 7: Physics Motivation of HGTD
	幻灯片 8: HGTD Module and Detector Unit
	幻灯片 9: Module Thermomechanical Challenges 
	幻灯片 10: Bump Bonding in HGTD Modules
	幻灯片 11: Demand for Automated Integration
	幻灯片 12
	幻灯片 13: Motivation of the Analysis
	幻灯片 14: Research Method
	幻灯片 15: Details of Finite Element Model
	幻灯片 16: Module Layout in Simulation
	幻灯片 17: Load of Thermal Cycle Conditions
	幻灯片 18: Lifetime Prediction Model for Bumps
	幻灯片 19: Module Thermomechanical Behavior
	幻灯片 20: Proposed Design Improvement 
	幻灯片 21: Simulation Validation of Proposals
	幻灯片 22: Simulation Validation of Proposals
	幻灯片 23: Strategy of Thermal Cycling Testing
	幻灯片 24: Testing Results and Simulation Validation
	幻灯片 25: Establishment of Statistical Lifetime Model
	幻灯片 26: Lifetime Prediction Results
	幻灯片 27: Testing of Production Modules
	幻灯片 28: Module Flex Shape
	幻灯片 29: Glue Thickness
	幻灯片 30: Summary of Thermal Reliability Analysis 
	幻灯片 31
	幻灯片 32: The Gantry System at IHEP
	幻灯片 33: Tools for Loading
	幻灯片 34: Detector Unit Loading Procedure
	幻灯片 35: Module Placement
	幻灯片 36: Glue Dispensing
	幻灯片 37: Support Unit Loading
	幻灯片 38: Loading Different Types of Detector Units
	幻灯片 39: Summary for Detector Unit Loading 
	幻灯片 40: Summary and Outlook
	幻灯片 41: Answers to the Comments
	幻灯片 42: Answers to the Comments
	幻灯片 43: Answers to the Comments
	幻灯片 44: Answers to the Comments
	幻灯片 45: Answers to the Comments
	幻灯片 46: Answers to the Comments
	幻灯片 47
	幻灯片 48: Material Properties
	幻灯片 49: Anand Model for Bump
	幻灯片 50: Temperature Distribution
	幻灯片 51: Stress Distribution
	幻灯片 52: Two Glue Patterns

