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HL-LHC and CMS Phase-2 Outer Tracker Upgrade ﬂ(IT

Karlsruhe Institute of Technology
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® Accelerator upgrade to reach £ETE Lo | | .
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® Reduced material budget =R e 4.0
® Quter Tracker (OT) consists of
13200 pr-modules
® 2S: strip/strip sensor . correlation layer
®  PS: pixel/strip sensor E OB
& Contribution to L1 trigger — | I I I\I | | | | I I I I | | | | dal
® Two-phase CO- cooling to reach a o seed aver
sensor temperature of ~ —20°C 90 pm
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2S Module for the CMS Outer Tracker ﬂ(IT

Karlsruhe Institute of Technology

2 Front-end Hybrids

8 CMS Binary Chips? each

® Binary readout of
sensor signals

Service Hybrid

Powering
Data transmission

® Fold-over to read
bottom channels

® |dentification of stubs
1 Concentrator Chip each

AI-CF' Spacer 2 parallel silicon strip

Spacing between sensors Sensors
Main cooling path 2 x 1016 strips each
Mechanical fixation 5cm length, 90 um pitch

" Aluminum / carbon fiber composite
2 Prydderch et al., CBC3: a CMS microstrip readout ASIC with logic for track-trigger modules at HL-LHC, CMS-CR-2017-383
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Module Thermal Performance Simulation ﬂ(IT

Karlsruhe Institute of Technology

® Finite Volume Model (FVM) simulations
® Simulate cooling performance after irradiation

®  Adiabatic model ~ | 5 cooling
® For some module positions, thermal runaway sets OO L points
in at CO, temperatures below —35°C : 20 __ 6 cooling
. . . . o oints
= 2" stump bridge inserted to improve module cooling é) I P
at these critical positions |15l
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Tracker Barrel with 2S Modules (TB2S) Design ﬂ(IT

Karlsruhe Institute of Technology

® 372 |ladders with 12 modules each
= 4464 2S modules in total
® Two-phase CO, cooling to reach a
sensor temperature of —20°C
® |ayer2and 3:
® Module at position 1 with gth cooling
point at long cooling insert
® |ayer1:
® |nnermost layer
® All modules with 6! cooling point

on

3 5
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Tracker Barrel with 2S Modules (TB2S) Design AT

Karlsruhe Institute of Technology

& 372 |adders with 12 modules each

= 4464 2S modules in total e I h
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® Two-phase CO; cooling to reach a o= 825 by, h b
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E 1 1l ” TEDD ” " {22
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® Module at position 1 with 61 cooling SISy w oy w g " " iy [ee
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a Layer 1 : 9, 500 Too0 E] 7000 0 n
2 [mm]
® |nnermost layer
® All modules with 6! cooling point
o
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Tracker Endcap Double-Discs (TEDD) Design ﬂ(IT

® Each double-disc formed by two discs of two
"dees" provides one hermetic detector plane

@ 1 TEDD unit formed by 5 double-discs

® Seven cooling circuits per dee

® Cooling inserts for 2S modules
®  Carbon foam blocks for PS modules

Double-disc

The Phase-2 Upgrade of the CMS Outer Tracker
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Integration Tests ﬂ(IT

Karlsruhe Institute of Technology

Mounting modules on final detector structures and performing functional tests

® Test module integration itself

® Module handling
® Tooling

® Test optical and electrical services

Test power supplies
Test cooling performance
® Validate Finite Volume Method (FVM) simulations

Check for possible crosstalk between modules

= This talk covers an overview of
TB2S and TEDD integration tests
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Thermal TB2S Integration Test AT

Karlsruhe Institute of Technology
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Thermal TB2S Integration Test — Overview ﬂ(IT

Karlsruhe Institute of Technology

® March 2022 in cold room at CERN
® 3 modules mounted on a TB2S ladder prototype cooled using two-phase CO, cooling system
® One module with irradiated sensors (equipped with 16 temperature sensors)

® Cooling of air around modules unavoidable = effect has to be estimated with thermal simulation
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Module Temperatures During Calibration

Karlsruhe Institute of Technology

%
® Measurements %

(S
) 4,
® Minute 1 to 6: IV curve (0V to 800 V) Irrad. Module During Calibration o’:f-
® Minute 7: Set HV to 600V, switch on LV

720 =
® Minute 14 to 23: Calibration of module F , IV , LVon , Calibration,
® |ong cooling insert and missing 6" cooling point 20 :
® Higher temperature at left bridge 5 oul ! : I
® All temperatures on left side higher than on right < F : ‘
T 4 : , . 1 g
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Module Thermal Performance

& Current limit of 5mA

reached during
measurements

= Thermal runaway not
observed during
measurements

Difference between
measurements and
simulations with reasonable
choice of heat transfer
coefficient for air convection
<*x1°C
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Irrad. Module @ 600V

Top sensor: $eq = 5.2 x 10 cm =2

Bottom sensor: ®q = 3.8 x 10" cm™
old spacer design, 5 cooling points
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Module Thermal Performance
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Full TB2S Ladder Integration Test
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Full TB2S Ladder Integration Test — Overview ﬂ(IT

Karlsruhe Institute of Technology

® January 2023 at IPHC in Strasbourg
® 12 2S modules from 5 assembly sites
® Prototypes of electrical and optical services
® Two powering possibilities
® [ ab power supply
® Prototype power supply for the Phase-2 tracker

Tests Performed
® |(V) curves
® Noise measurements

® High-statistics measurements
® High rate trigger studies

- . )
with 60 m long cable Common mode noise studies
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Module Handling and Integration Tooling ﬂ(IT

Karlsruhe Institute of Technology

@ Test of module handling and integration tooling during ladder integration
® Tooling worked fine

® |deas for minor changes came up
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Noise Comparison Test Bench - Ladder - Power Supplies

The Phase-2 Upgrade of the CMS Outer Tracker

17/21

Module noise extracted from S-curves
of binary readout

Module noise shows no significant
increase on the ladder compared to the
measurement before integration

Noise level independent of power
supply powering the modules

No noise degradation throughout
integration test

06.09.2023
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Noise Comparison Test Bench - Ladder - Power Supplies ﬂ(IT

Karlsruhe Institute of Technology

T 1 []
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. 1
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% 10501 1
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e
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2 900 : :
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Noise Comparison Test Bench - Ladder - Power Supplies A“(IT
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800 850 900 950 1000 1050 1100 1150
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Noise Comparison Test Bench - Ladder - Power Supplies ﬂ

Karlsruhe Institute of Technology
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Noise Comparison Test Bench - Ladder - Power Supplies ﬂ
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Noise Comparison Test Bench - Ladder - Power Supplies ﬂ
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Noise Comparison Test Bench - Ladder - Power Supplies ﬂ
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TEDD Dee Integration Test A{])
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TEDD Dee Integration Test — Overview ﬂ(IT

Karlsruhe Institute of Technology

June 2023 at DESY in Hamburg
13 2S and PS modules from 4 assembly sites
First integration test with 2S and PS modules

First time mounting 2S modules on a dee
prototype
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TEDD Dee Integration Test — Overview ﬂ(IT

Karlsruhe Institute of Technology
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Noise Comparison Test Bench - Dee ﬂ

Karlsruhe Institute of Technology
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Noise Comparison Test Bench - Dee
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Summary and Outlook

Summary

® CMS Outer Tracker upgrade moving from R&D to
production phase

® |ntegration tests with 2S and PS module
prototypes on a TB2S ladder and TEDD dee

®  First exercises of mounting CMS Phase-2 Outer
Tracker modules on larger structures

® No increase of noise and no crosstalk between
modules observed

® Thermal simulation results fit measurements for a
reasonable choice of heat transfer coefficient for
air convection

Outlook

® Further integration tests planned

& With final modules
®  With final support structures

The Phase-2 Upgrade of the CMS Outer Tracker Thermal TB2S Integration Test
21/21 06.09.2023 Lea Stockmeier: Integration Tests with 2S Module Prototypes

Full TB2S Ladder Integration Test

Ui

Karlsruhe Institute of Technology

TEDD Dee Integration Test

Institute of Experimental Particle Physics



KIT

Karlsruhe Institute of Technology

Backup
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Irradiated Module ﬂ(IT

Karlsruhe Institute of Technology

® Study module performance at the end of HL-LHC
® At 4000fb~": maximal fluence of ®eq = 3.7 x 10" cm~2 for modules mounted on a ladder
® Module components irradiated (before module assembly) with 23 MeV protons at KIT
= Top sensor: Peq = 5.2 x 10" cm=2
® Bottom sensor: ®gq = 3.8 x 10" cm”~
® Total sensor annealing: 154 d at room temperature
® Front-end hybrids: ®eq = 1 x 10" cm~2 (dose of 150kGy)

4000.0 fb~* (Ojnel = 80.0 mb)

2

le+16
<
- £
£ &
S, le+15 g
< £
o
3
w
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Module Arrangement T

Karlsruhe Institute of Technology

® Position 1 (left): Irradiated module
® No additional 6! cooling point
(foreseen at position 1)
® No extra mass in spacers
("old" design)
® Position 2 and 3: Non-irradiated
modules
® Heating resistors at ladder inserts of
the other positions:
® Powered to have a total power
consumption of ~ 70 W across full
ladder
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Module Thermal Performance ﬂ(IT

Karlsruhe Institute of Technology

® Changing CO. set temperature by adjusting pressure
® All modules: HV =600V
® Heating resistors with summed power of 70 W
® Two different environmental conditions during measurements
Warmer Room Condition Colder Room Condition
0 —e— Box air 0
5f —=— Sensor mean _5h
—— Bridge right (8)
—~ b - - Bridge left (9) ~ _nb
8 -10 —+— Cooling pipe front 8 10
Cooling pipe back -
g —15F Room air g -1
E E
g —20 |- a —20 |-
£ £
& -2[ & 250
_30f / =30 |-
35

JI 13 v IV VIO VRIS AN B IV TN S O ocdbenedbeenleeedeendbeee e b b b
)730 —34 =32 =30 —-28 -26 —24 —22 20 —18 —36 —34 —32 —30 —28 —26 —24 —22 —20 —18
CO; set temperature (°C) CO; set temperature (°C)
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Module Thermal Performance

Temperature (°C)

Changing CO. set temperature by adjusting pressure
All modules: HV = 600V

Heating resistors with summed power of 70 W
Two different environmental conditions during measurements

‘Warmer Room Condition

—925 [

—30 | /

—35

—e— Box air

—=— Sensor mean

—— Bridge right (8)

-+~ Bridge left (9)

—+— Cooling pipe front
Cooling pipe back
Room air

R I P S R O R O B
°T 36 —34 —32 —30 —28 —26 —24 —22 —20 —18

CO; set temperature (°C)

Temperature (°C)

KIT

Karlsruhe Institute of Technology

Colder Room Condition

Small temperature difference at
left and right bridge indicates cooling by
convection instead of conduction

T I I B B B B B B N N
—36 —34 —32 —30 —28 —26 —24 —22 —20 —18

CO; set temperature (°C)

= Compare with thermal Finite Volume Model (FVM) simulations (Take convection into account)
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Thermal FVM Simulation ﬂ(IT

Karlsruhe Institute of Technology

HV power dissipation of
», unirrad. module 2 negligible

Prvmodt = Ubias - @ * (Prop + Ppotiom) - Vsensor * % T exp (_m (1T - %0))
Updated HV power dissipation

for irrad. module 1

No 6t inserts and
"old" spacers design

S ndf\takgn into account
ts withiirrad. module 1)

Updated LV power dissipation
to match the test conditions

Probes at the positions where
the thermistors are glued

Q= har-A- (Tair - Twall)
Convective boundary conditions == Effect of convection with air to the modules’ external surface

Detailed presentation of simulation in

Cristiano Turrioni’s talk
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https://indico.cern.ch/event/1181099/contributions/4961685/attachments/2481610/4260202/2022_07_19_TEST_VS_SIM.pdf

Results: Colder Room Condition

27/21

® | ower air temperature and

different LV power
dissipation with respect to
the case on slide 13

Thermal runaway not seen
in the range
—-45°C < Tcog < -18°C

06.09.2023

Temperature - Tcoz2 (°C)

Irrad. Module @ 600V
Top sensor: Py = 5.2 x 10 cm ™2
Bottom sensor: ®.q = 3.8 x 10" cm™
old spacer design, 5 cooling points

2

KIT

Karlsruhe Institute of Technology

HTCcos = 5000 Wm 2K !, HTC,;, = 15 Wm 2K ~!

— [
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o

ot

—45 —-40 =35 =30 =25 =20
CO, temperature (°C)
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Sensor temperature
simulation

Adiabatic model
— Convection model
Air temperature
input
— Convection model
Experimental
-+ Air temperature
-4@-- Sensor temperature
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