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Motivating an Analytic Model for Silicon detector

A: Steady-State Thermal
Temperature

Type: Temperatu
Unit: °C

Thermal FEA of ATLAS ITk Petal

-15.7

o Goal: model thermal and electric properties of silicon modules

e Thermal FEA results offer a snapshot of the thermal performance

e Fixed power inputs

e Fixed coolant temperature
e An analytic model of the thermal and electrical properties would:

e Allow us to extrapolate to arbitrary inputs
e Enable modeling of the entire lifetime of the detector (and predict thermal runaway)
e Provide qualitative understanding of module behavior

e ... and obtain results much faster compared to re-running FEA

® [ he model discussed here is detailed in a paper in Nucl. Instrum. Methods
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https://www.sciencedirect.com/science/article/pii/S0168900210005498

Ingredients for the Thermoelectric Model

Five main components:

1. Electrical: Model of the module’s electrical components
e Including power estimates for each component, and interdependencies

Thermal: Linear model; estimate thermal impedances from FEA simulation

Silicon: Model of leakage current due to radiation damage

Radiation levels (particle fluence and total ionizing dose)

oA W

Encode any dependencies on temperature, radiation damage, etc. into the
model

e In the following, we use the ATLAS ITk Strip detectors (barrel + endcap) to
illustrate the construction of the model
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The Thermal Model Component
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e Model the thermal pathways in 1 dimension, by analogy with the electrical model:

Electrical
Electrical resistance
Current source
Voltage

AV =1 x R

Thermal
Thermal resistance (R)
Power

Temperature
AT =P xR

e Thermal impedances (resistance) must be determined using FEA (example later)
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Calculating Sensor Leakage current

® “[.f current taken at a reference temperature ( Trer) —15° C
e Relationship between It and Fluence is linear (see plot)

e \We can calculate the sensor leakage power at a given time using:

o It vs fluence (Right) < 25
e Current-power relationship: % L TV
jé 20:_ —— 500V
Q’ref — VbiaSIrefAsensor :
15—
e Relationship between leakage current & sensor T:
10
Q ~ Tg e~ Ta/Ts -
_ 5 Sensor Leakage vs
e Thermal balance equation: ! total ionizing dose
To _T, N N S B S S

Fluence [10'* ng, /cm?]

Q(Ts) =

Ry

e Solve (numerically) for Ts, Q(Ts) by setting last two equations equal
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Solving for Sensor Ts, Q(Ts)
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Sensor Q Headroom
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Coolant Temperature Headroom
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Case Study: ATLAS ITk Strip Detector

Case Study: ATLAS ITk Strip Detector
(Barrel and Endcap)
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Basics of ATLAS ITk Strip System

® 13 modules in Strip Barrel with ~same
geometry
e Short strip (inner) and Long Strip (outer) layers

® 6 modules in Endcap with different
geometry and electronics layout

e Labeled RO-R5

Endcap Petal .
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Anatomy of an |Tk Strip Module

e Silicon sensor
e Power Board:

e DCDC converter “FEAST"
e Hybrid board:

e ABC: Front-End chip
e HCC: Control / readout chip

e Bus Tape

e LV and HV distribution
e End-of-substructure (EOS) card

e One per stave or petal side, additional
powered readout components

CO; Cooling with a nominal operating temperature of —35°C

Short strip
sensor

K. Brendlinger
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Basic Inputs to the Model

Basic Inputs to the Model

e Electrical Model
e Thermal model (and deriving thermal impedances using FEA)

® Others
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Basic Electrical Model of the Module

P, (1/eff,...~1) LpGBT (x2for ss)

’ PLpDBT
|’°"°°°° 12 GBLD (x2for ss)

P2-5(1/‘eﬁ-1) DCDC2 L1 ' ’ PQBLD'.B

| S| |12 1
GBTIA

e LV and HV electrical models

efi(l.T) 25 - |25 1 ‘PCBLDZ.B
bPOL12V
Sl »" e Orange arrows are sources of power
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LV Module HCC (2 for ss) G d d
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 (IRae o) (10-5V-VEGG AV p'fg adequately described (shown later)
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*bPOL12V = DCDC converter
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Electrical Component specifications

Description input voltage Specifications for 1 component n components Total power
[V] current [A] power [W] eff | per module (1 side) | (1 side) [W]

AMAC 1.5V 1.5 0.045 0.0675 -

AMAC 3.0V 3.0 0.002 0.006 -

Total AMAC - - 0.0735 1 0.0735

ABC (digital) 1.5 0.035 0.0525 -

ABC (analog) 1.5 0.066 0.099 -

Total ABC — 0.101 0.1515 21* 3.1815* 11D

HCC (digital) 1.5 0.125 0.1875 -

HCC (analog) 1.5 0.075 0.1125 -

Total HCC - 0.200 0.3 2 0.6*11P

FEAST (ABC,HCC) - U= (Papc + Prce) | f(T.i) - 1.2605+T1D

“FEAST” AMAC regulators - - 0.415

Total FEAST - 1 1.6755* 1P

Total Module (R1) — 5.53*

EOS

VTRx: 1pGBTx 1.2 0.625 0.750 -

VTRx: GBLD 1.2V 1.2 0.0095 0.0114 -

VTRx: GBLD 2.5V 2.5 0.018 0.045 -

Total VTRx 0.8064 1 0.8064

GBTIA 2.5 0.053 0.1325 1 0.1325

FEAST 0.57 0.351

DCDC2 88% 0.57 0.1047

Total EOS 1.4

EOS both sides 2.8

* Endcap R1 values. TID Affected by TID bump t One side of endcap EOS only
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Thermal Model of the Module

Cross-section of the
ATLAS ITk Strip module:

Pucc Pasc

- -0

Silicon Sensor | REOS

Carbon fiber face sheet

RCommon+ModuIe RCommon

S
Foam

Titanium cooling tube
m___l“ Tcoolant

e Linear, 1-dimensional model

Each component has its own effective thermal impedance
° P P Electrical Thermal

e Common thermal path between cooling pipe and silicon sensor Electrical resistance | Thermal resistance (R)

e Thermal impedances determined using FEA (see next slide) Current source Power
' - Voltage Temperature
AV =1 x R AT =P x R
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Thermal Impedances: FEA Special Runs

HCC Powered On, Teo, = —30°C  Endca pS FEAST Powered On, Tco,= —30°C  Endca PS
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Region Region

® ‘Special FEA runs” powering each component type separately
e Three “special” runs total: HCCs, DCDCs, ABCs
e Four unknowns: Rem and Rucc, Rasc, Rreast (system over-constrained)

e Solve for common thermal path resistance Rcm first — remaining R are trivial

o If a component x is powered, its temperature is ATy = PxX(Rx+Rcm) (eq. 1)

e If a different component y is powered and x is off, ATy = PyX(Rcm) (eq- 2)

e Fit for Rcm using collection of (eq. 2) from each component;

e Plug in Rcm to collection of (eq. 1) to solve for Rx for each component

e (lgnoring effects like cross-talk between modules) Yu-Heng Chen
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Fitting for common Rcm: An explanation

K., Bsendlinger

Tmeas o TC [OC]

2.5

1.5

0.5

(Endcap Module RO)

B ABC measured temperature

Bl HCC measured temperature

m FEAST measured temperature
Sensor measured temperature

m AMAC measured temperature

— T(P)=PxR.; Fit result: R,,=0.793
+20%

e

\

Slope is Rcw thermal resistance
Blue is 20% error band

o ABC power source
+ HCC power source
A FEAST power source

1.5

Endcap Thermal Impedances — First Results
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Notes on Thermal Impedances

e Summary of endcap thermal impedances:

Module | Rem [K/W] | Rrrast | RaBc | Rucc

RO 0.802 26.045 0.917 | 12.632

R1 0.991 28.256 0.671 | 12.744

R2 1.410 28.883 1.550 | 13.794

R3 0.873 29.333 0.566 6.812

R4 0.744 26.816 1.432 | 13.027

RS 0.596 27.450 1.034 | 13.177

e Barrel thermal impedances:

in [°C/W] Re Rwm Rs Reos Rasc Rhcc Rreast
Short strip module at EOS 0.890 0.222 0.02 150 1.003 12.305 19.650
Short strip module at middle 1.160 0.02 - 0.928 13.157 19.751
Long strip module at EOS 0.960 0.279 0.02 15.0 2.194 24.195 19.062
Long strip module at middle 1.360 0.02 - 2.141 25.174 19.663

® Notes

e Could be some features caused by physical proximity of objects in some modules

e Cross-talk could also cause other features

K. Brendlinger
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Other Inputs to the Model

Other Inputs to the Model

e DCDC Converter efficiency dependence on temperature, current

e Readout chips affected by Total lonizing Dose (“TID bump")

e Flux and Total ionizing dose

e® Operational profiles
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Parameterizing DCDC Converter Efficiency

% EXPERIMENT

eff {,T)=a +b]load +Cllzoad +d113oad +e]liad +fT]load +gT

— 85
2 - el=05A el=25A
CC>; i o |= 1 O A o |=30 A Efﬁciency [0/0]
2 8o el=15A eI=35A 75
= : el=20A el=40A
= - — Fit
% 75_—
701 .
. | — Treast = -20°C — TggasT=20°C
65_— 65 — 7-FEAST =-10°C — TreasT = 30°C
- — TreasT = 0°C  — Tpeast =40°C
- — TreasT = 10°C
60_| ] | ] ] ] | ] ] ] ] ] ] ] ] ] | ]
40 20 0 20 40 60 | — Jioad [A
T [°C] 0 1 2 3 4 Ioad[ ]
e DCDC converter efficiency is dependent on current and temperature
e Data measurements of efficiency vs load are fit to an “arbitrary function”
for parameterized model
e When running the model we check that maximum current is (4A) is not
exceeded
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Input: TID Bump Characterization

e Chips (ABCs, HCCs) digital current is affected by Total lonizing Dose - “TID Bump”

e Parameterization shape picked to match data

e The scale of the bump depends on the temperature and dose rate

e TID bump is bigger at lower temperatures

e TID bump is bigger at larger dose rates

e Increase in current affects
performance of DCDC converter,
total EC power requirements, etc.

e Note that dose-rate dependence
causes shifts in the timing of the peak

K. Brendlinger
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Modeling of Flux / Total lonizing Dose

e Barrel: Flux and TID is relatively stable across horizontal staves

e Endcap: Large variations in flux and TID, so we model each module
(36 total) with its own flux and TID

Particle Fluence (1 MeV Neq) Total |on|zmg dose (TID)
E L i R FEAG rnal Ic“_ E l;l
= 100E KA Simulatio: 5 2 100 -
=t i enged '- 07 o 107 2
- - Qo o
- e o - s O
801 - = 80 %
[ o T Q @
60 P 100 8 60 10° S
. = =
| = 1 °
40 r - 40 . 1
****** - |10 > - e IIIT T T T T T T 1 =N Rl
20 E 2 oo T T T T T T 1 =
______ : = L s |
i — == [ T s et YV
O 50 100 150 200 250 300 350 400 b~ 50 100 150 200 250 300 350 400
z [cm] z [cm]

e Flux in the range 2-5x1014 neq/cm?

e IID in range 4.7-22.7 kRad
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Operational Profiles

Dose [kRad] - Barrel Dose rate [kRad/h] - Barrel
30000 — B1
20f | _B2
25000 — :gz
B2 1.5
20000 " as
— B4
15000 1.0 /
10000
0.54I_I7 |
5000 B B
_/_/—
— = Year Year
1 2 3 4 5 6 7 8 9 10 11 12 13 14 1 2 3 4 5 6 7 8 9 10 11 12 13 14

e HL-LHC plans to collect 3-4000 fb~1 over 14 years

e T[hermoelectric Model is run in 1-month steps...

® ... using output temperatures from previous month as inputs to the next

month

e ABC, HCC currents are temperature-dependent (TID bump)

e DCDC efficiency temperature-dependent

e Sensor leakage current temperature-dependent

Model’s skill is handling
interdependencies
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Model Outputs

Model Outputs

K. Brendlinger

Analytic thermoelectric modeling of the ATLAS ITk strips — Valencia — June 26, 2018

24




Power and Temperature outputs, one Module A@

EXPERIMENT

Endcap R3 Module Power Endcap R3 Module Temperature
E 18 Flat —35° cooling scenario = ggcvse?ro?l-(lc\)/nfe::gteo) s 8 20:_ Flat —35° cooling scenario ABC temperature
o ~ Safety factors: none 3 Cumulative LV tape loss - - Safety factors: none —— HCC temperature
161 = o 12V (for AMAC) Jof —— FEAST temperature
14 -Qgg - —— EQOS temperature
: TID Bump B AMAC - —— Sensor temperature
12— / o —— Coolant temperature
100 End-of-life -
~10
6 _20::_/'\
4 —_/-\
:__/—'\
2 —30r~
: | | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
Cb 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

) Ti
Time [years] ime [years]

e TID bump increases chip currents
e — lower DCDC efficiencies, more power in DCDC
® — higher temperatures in all components, sensor

® — temperature-dependent TID bump decreases (damping effect)
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Temperature and Sensor Q Headroom

Tcoolant [OC]

100
| Flat -35° cooling scenario : 8<r)i;3il:aarl1t_lf§mperature 1 06
— Safety factors: none
8o
- 10°
60~ Temperature Headroom o

Power headroom factor [Q _./Q]

_400

Time [years]

@ Sensor Q Headroom factor:

Flat -35° cooling scenario
Safety factors: none
Sensor Q headroom factor

Sensor Q Headroom factor

— 1E Runaway
| | | | | | | | | | | | | | | | | | | | | | | | | | | | Runaway 10_1_—| | | | | | | | | | | | | | | | | | | | | | | | | | | | | |
2 4 6 8 10 12 14 0o 2 4 6 8 10 12 14

Time [years]

e Sensor leakage power factor Qmax/Qs before thermal runaway is reached

e Coolant temperature headroom factor:

e Maximum coolant temperature before thermal runaway is reached

. Brendlinger
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Scenario Comparisons — Safety Factors

e With the thermoelectric model, opportunity to compare different scenarios

e E.g. update power/currents of components
e Test different scenarios

e Apply different safety factors (below)
Sensor Temperature

TID bump parameterization: “pessimistic”

o 1° .
o, | Flat -35° cooling scenario nominal
S | Safety factors: none — SF,,,=1.5
c —18[— sensor temperature —— SF =1.2
3 — P RThermal ;
- i ——— SF =12 SF_ =106
- ——— Pessimistic TID
s 0 -20~ —— All Safety Factors
Flux / Total lonizing Dose: +50% -
Thermal Resistance: +10% (+20% EC) ool
Digital current: +20% i
Analog current: +5% _oal - —

< N

| I 11 1 I | I | I | I I | I I | I | I | I (I

0 2 4 6 8 10 12 14
Time [years]
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Model can predict Global System Requirements A@

EXPERIMENT

Individual ECModules — Petals — Full Endcap System
E 16— Flat -35° cooling scenario Ring0 —— Disk0 E - Flat -35° cooling scenario Disk 0 E 50000 _ Flat -35° cooling scenario
2 | Safety factors: none E!ng; T g'SE; g 60— Safety factors: none - BISE; g  Safety factors: none
'é 1 4__ Module power (one side) (no o R::g 3 :___ D:zk 3 D_Q | Total power in petal (with EOS) (one side) :___' D:zk 3 0.'_ L Total power in both endcaps (no services)
o - EOS) Ring4 ———- Disk 4 - ———- Disk 4 40000~
19— Ring5 ----- Disk 5 0= Disk 5 L
o 40 P _ 30000 /" ~——
Mo 30f- :
- . - - 20000—
SW - §
4 - B
- - 10000
2:_ 1 0:— :
: I 1 I 1 I I I 1 1 I 1 1 1 I 1 1 : I 1 I 1 I I I 1 1 I 1 1 1 I 1 1 B 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 I 1 1 1 I 1 1 1 I 1 1
Y24 6 8 10 12 14 Y24 "6 8 10 12 14 Y274 % 8 10 12 14
Time [years] Time [years] Time [years]

® Module-level effects can be propagated, to model the full system

e Note that maximum power is not the sum of the individual module maxima
(offset TID peaks)

® (Can be used to understand requirements for e.g. cables, cooling system
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Testing Different Coolant Temperature Scenarios

Testing Different
Coolant Temperature
Scenarios

K. Brendlinger
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8 N Flat -35° cooling scenario gi - Ramp -35° cooling scenario
‘g -32 | Safety factors: none ‘g | Safety factors: none
S - coolant temperature S 10 — coolant temperature
= i S -
-33— B
i oF
_34|- [
B -10 —
'35: 20—
—36 __ _30 :_
B | | | | | | | | | | | | | | | | | | | | | | | | | | | | | | : | | | | | | | | | | | | | | | |
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time [years] Time [years]

e Nominal coolant temperature scenario is —35°C
e Can try different cooling scenarios to optimize for certain effects:
e c.g. TID bump (~year 2) is mitigated with higher temperatures

e e.g. Thermal runaway (end-of-life) is avoided using lower temperatures

Test the effect on the endcap modules

K. Brendlinger Endcap Thermal Impedances — First Results
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_)

5 20 = 12
S _ Flat 0° cooling scenario c | Flat 0° cooling scenario
= ~ Safety factors: pessimistic TID; '—5' i ﬁlie):)q fgf‘,t%rs: peis;ngshc TID;
g 10 fluxx 1.5 Rygmg x1.2 2 10/ 1, x1.20; 1,x1.05; Vype= 700
— liig<1.20; 13 x1.05; Vipe= 700 —  Sensor (leakage) current
~ Coolant temperature _ (one module side)
O - -
- 8: < thermal runaway
10> 6
Y — . s /
~30f : : 2 ;
:...|...|...|...|...|...|...|.. y
4y T2 3 & 8 10 12 14 b 2 4 6 8 10 2 14
Time [years] Time [years]
. y , . ——— cooling =flat 0
e Example: use model to find a “ramp” scenario to — cooling =flat -5 °C
. " — — o
keep sensor current < 2 mA at all times — ggg :28 ~ ]]: g} _1% 08
» I — — o
e Note: Cannot expect perfect accuracy from this - ggg :28 = ; g% _gg 08
type of tuning —— cooling =flat =30 °C
——— cooling = flat =35 °C
- = = = COOIING =ramp scenario

K. Brendlinger
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Benefits of a Thermoelectric Model

Input for Design Issues:

e Petal design with DCDC converter exceeding 4A maximum specification

e Input for chip designers to guide maximum allowable chip currents

® Avoiding scenarios with thermal runaway

e Choosing among materials with different thermal conductivity

Specifications:

e System-wide: Maximum power load on the cooling system

® Load on bus tapes (LV, HV)
® Load on LV and HV cables

e LEtc.

K. Brendlinger
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Conclusions

Benefits of an analytic Thermo-electric model:

e Indispensable tool for understanding full detector system
e Qualitative understanding of module, detector operation

e Allows fast comparison of multiple scenarios, safety factors

Caveat / Reminder:

e® [hermoelectric model is only as good as the inputs

e Important to understand the individual components of the module:

e FEA Simulation

e Data collection: chips, DCDC converters, regulators, etc.
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BACKUP
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Full Endcap FEA results, Tcoolant=30°C

A: Steady-State Thermal
Temperature

Type: Temperatu
Unit: °C
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o4{-ee-DCDC ]
—©— HCC ® @ E @
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—©— Sensor S © &
e o ® @ PPN
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Table 2.3: Thermal properties used as input to the FEA [1].

Thermal properties input to the FEA - Endcap

Part or Material K\/Ky/K, Thickness Comment
Interface [Wm K] [mm)]
s 191 (250K)
ASIC Silicon 148 (300K) 0.30
ABC
to Hybrid UV cure glue 0.5 0.08 50% coverage
HCC
to Hybrid UV cure glue 0.5 0.08 75% coverage
Hybrid PCB Cu/polyimide 72/72170.36 0.2
Power PCB Cu/polyimide 120/120/3 0.3
PCB to sensor ~ FH5313 Epolite 0.23 0.12 75% coverage
s 191(250K) -
Sensor Silicon 148(300K) 0.3
Sensor to Bus DC SE4445 2.0 0.1-0.2 100% coverage
Polyimide/ 0.17/0.17/
Bus tape Cu/Al 0.17 0.24
Bus to facing - (idealised) - co-cured
CFRP Facing ~ 0-90-0 CFRP 180/90/ 1 0.15 R13C2W tibre,
45 g/m
Facing to Foam Hysol'9396 " 1.0 0.1
graphite powder
Graphite Foam  Allcomp, 2g.cm-3 30 S mm (core)
Foam to Pipe Hysol.9396 * 1.0 0.1
graphite powder
Cooling Pipe Titanium (grade 2) 16.4 0.14-0.15 (wall) 2 mm inner dia.
, , HTC 49to 7.1 (at BoL)? simulated at
Fluid film Bi-phase CO, KW m—2 K- _30°C
, _ HTC 0to 15(13.7°C) adjusted to
Convection Air Wm2 K] match
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Tcoolant [OC]

TEOS [OC]

Coolant Temp

- Flat —35° cooling scenario Ring 0 Disk 0
_32__ Safety factors: none Ring 1 —— Disk1
L Coolant temperature Ring 2 ——- Disk2
B P —— Ring3 ——— Disk3
L —— Ring4 ---- Disk 4
-33— —— Ring5 ----- Disk 5
34—
—35_
36—
_ 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
0 2 4 6 8 10 12 14
Time [years]
5 Flat -35° cooling scenario —— Ring0  —— Disk 0
I Safety factors: none Ring1 —— Disk1
Of— EOS temperature Ring 2 ——- Disk2
- P —— Ring3 ——— Disk3
C —— Ring4 ---- Disk4
-5 ——— Ring5 ----- Disk 5
_10f-
15/
20
—25F
-30
_35: 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
0 2 4 6 8 10 12 14

Time [years]

TABC [OC]

TFeast [OC]

ABC Temp

1 8__ Flat —35° cooling scenario Ring 0 Disk 0
I Safety factors: none 2::g; T B:EE;
~ ABC temperature Ring 3 ——— Disk3

20— —— Ring4 ---- Disk 4
B —— Ring5 ----- Disk 5

ool

04— I

—26/=

-28

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
300 & 8 10 12 14

25

T Flat —35° cooling scenario —— Ring0 —— Disk 0
20: Safety factors: none 2::3; T 8:2::;
- FEAST temperature Ring3 ——- Disk3
—— Ring4 ---- Disk 4
—— Ring5 ----- Disk 5

_1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
Eb 6 8 10 12 14

Time [years]

FEAST Temp

Time [years]

Thee [°Cl

Tsensor [OC]

IIIIIIIIIIIIIIIIIIIIIIIIIIIIII
2T T T T 8 10 12 14

IIIIIIIIII
B2 4 e 8 10 12 14

HCC Temp

| Flat -35° cooling scenario —— Ring0  —— Disk 0
|_ Safety factors: none —— Ring 1 —— Disk
- HCC temperature — Ring2 ——- Disk2
- —— Ring3 ——— Disk3
—— Ring4 ---- Disk 4
——— Ring5 ----- Disk 5

I|I—|I|III|III|III|I

Time [years]

Sensor Temp

| Flat -35° cooling scenario B 2?”9? — B'SE?
- Safety factors: —— gl —— s
- Sane yr fcr:rsr“tm:e —  Ring2 ——- Disk2
- Sensoriemperature —— Ring3 ——- Disk3
—— Ring4 ---- Disk 4
—— Ring5 ----- Disk 5

Time [years]
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Module Power

S 1 6:— Flat —35° cooling scenario Ring 0 Disk O
2 - Safety factors: none Ring 1 —— Disk 1
3 [ Module power (one side) (no Ring 2 ——- Disk2
£ 14_— EOS —— Ring3 ——— Disk3
o B ) — Ring4 -——- Disk4
1 2__ ——— Ring5 ----- Disk 5
10 W o
2
C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
Y24 6 8 10 12 14
Time [years]
Z‘ : : —— Ring0 —— Disk0
— 35 Flat —35° cooling scenario Ing :
£ ) Safety factors: none Ring1 —— Disk1
s ABC and HCC digital current ~ — rrd 2 ——~ Disk2
= 3 an igital curren Ring3 ——— Disk3
—— Ring4 ---- Disk4
—— Ring5 ----- Disk 5

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
Y21 "% 8 10 12 14
Time [years]

HV Power

0.8

E - Flat -35° cooling scenario - 2?“9 ? - B'S::?
- C , —— Ring1 —— Dis

R 070 Safety factors: none — Ring2 — - Disk2
T Total HV power (with leakage — Ring3 ——- Disk3
— and resistors) (one side) Ring4 - Disk 4
0.6~ — RiNg5 - Disk 5

: 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1
24 6 8 10 12 14

Time [years]

$_o Flat —35° cooling scenario Ring 0 Disk 0
g 5 Safety factors: none Ring 1 —— Disk
E FEAST current (load, per Ring 2 ——- Disk2
@ P ——— Ring3 ——— Disk3
m FEAST) —— Ring4 - Disk 4
- Ring5 ----- Disk 5

N
||||||||||||||||

2 4 6 8 10 12 14
Time [years]

2

Peos [W]

Isensor [mA]

EOS Power

| Flat -35° cooling scenario Ring 0 Disk 0

2.5 Safety factors: none Ring 1 —— Disk1

EOS id —— Ring2 ——- Disk2

- power (one side) Ring3 - Disk3

L —— Ring4 ---- Disk4

2+ —— Ring5 ----- Disk 5
1.5
11—
0.5~

1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I L L L I 1 1
Y246 8 10 12 14
Time [years]

Sensor Current

1 4| Flat -35° cooling scenario Ring 0 Disk 0
[ Safety factors: none 2':9 ; T B'zE ;
- Sensor (leakage) current nge ——- 1
1.2 X —— Ring3 ——— Disk3
*&[ (one module side) Ring4 - Disk 4
- —— Ring5 ----- Disk 5
1
0.8 e
: /, //
~ ’,, /// Ve
— ,/’ 7 7 B
0.6 o
N s "
0.4~
0.2~ -
- 1 - I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1

2 4 6 8 10 12 4
Time [years]
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Power headroom factor [Qg ./Q]

—

Sensor Power Headroom Factor

7E Flat -35° cooling scenario —— Ring0 —— Disk 0
E Safety factors: none - R!ng1 T D!Sk1
= —— Ring2 ——- Disk2
= Sensor Q headroom factor ~ Ring3 ——- Disk3
:E —— Ring4 ---- Disk 4
- —— Ring5 ----- Disk 5

E
E

Endcap — Other, —35° C cooling scenario

Coolant Headroom

| Flat -35° cooling scenario
| Safety factors: none
— Coolant Headroom

Headroom T, [C]

0 2 4 6 8 10 12 14

Time [years]

______

Ring0 —— Disk 0
Ring1 —— Disk1
Ring2 ——- Disk2
Ring3 ——— Disk3
Ring4 ---- Disk 4
Ring5 -----

Efficiency [%)]

2 4 6 8 10 12
Time [years]

FEAST efficiency

84

80

~ Flat -35° cooling scenario —_— R?ng 0 —— D?sk 0
82— Safety factors: none — Ring1 —— Disk 1
- Feast efficiency —— Ring2 ——- Disk2

- —— Ring3 ——- Disk3
—— Ring4 ---- Disk 4

—— Ring5  ----- Disk 5

78
76
74
72
70
68

66—
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Time [years]
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First Endcap Rcm Results

5)

g 25
(@]
l_

|

: 2
|_

15

1

0.5

o 5
o
l_
|

2 4
g
|_

3

2

1

RO

W ABC measured temperature
B HCC measured temperature ®
M FEAST measured temperature
Sensor measured temperature
m AMAC measured temperature
—T(P)=PxRn; Fit result: R;,,=0.793
+20%

Module RO

o ABC power source
+ HCC power source
A FEAST power source

0.5 1 1.5 2 2.5 3
Power delivered [W]
W ABC measured temperature l
W HCC measured temperature |

M FEAST measured temperature
Sensor measured temperature

m AMAC measured temperature

—T(P)=PxRn; Fit result: R;,,=0.859
+20%

o

Module R3

o ABC power source
+ HCC power source
A FEAST power source

Power delivered [W]

2 3 4 5

Tmeas - TC [OC]

Tmeas - TC [OC]

3.5

2.5

2.5

1.5

R1

I mABC measured temperature

C mHCC measured temperature ®

- MFEAST measured temperature

— [ Sensor measured temperature

—  mAMAC measured temperature /

- —T(P)=PxR.n; Fit result: R;,=1.004

— +20% o

- '

:_ A

— Module R1

- {

- o ABC power source

- + HCC power source

C A FEAST power source

:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0.5 1 1.5 2 2.5 3 3.5

R4

Power delivered [W]

W ABC measured temperature

W HCC measured temperature

W FEAST measured temperature
Sensor measured temperature

m AMAC measured temperature

—T(P)=PxRn,; Fit result: R;,=0.873
+20%

|

|
Module R4

o ABC power source
+ HCC power source
A FEAST power source

| | |
2 2.5
Power delivered [W]

Tmeas - Tc [OC]

Tmeas - TC [OC]

R2

3.5

N
IIII|IIII|IIII|IIII|IIII|IIII|IIII|II

W ABC measured temperature
W HCC measured temperature
W FEAST measured temperature
Sensor measured temperature
W AMAC measured temperature
—T(P)=PxR.n; Fit result: R,,=1.432 t
+20%

Module R2

A

e ABC power source
+ HCC power source
A FEAST power source

—

Il Il I
214 16 1.8 2
d

i
Power delivered [W]

R5

2.5

1.5

0.5

W ABC measured temperature

W HCC measured temperature

W FEAST measured temperature
Sensor measured temperature

m AMAC measured temperature

—T(P)=PxR.n; Fit result: R.,=0.577
+20%

/

‘
1

) Module R5

>
=

o ABC power source
+ HCC power source
A FEAST power source

%

0.5 1.5 2.5 3
Power delivered [W]
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Fitting for Rem: Barrel Results (Short Strip)

Short Strip, “EOS” Module

%) 4.5
° E W ABC measured temperature
o 4 mHCC measured temperature
(o [ @ FEAST measured temperature
I C Sensor measured temperature
@ 3.5 _—T(P)=PxR,y; Fit result: Rgy=1.112
GE) C +20%
— 3
2.5
2
1.5 o ABC power source
C + HCC power source
1~ A FEAST power source
C v Tape power source
- * HVMUX power source
_/?4, v power source
_I*:II|IIII|IIII|IIII|IIII|IIII|IIII|

® 05 1 15 2 25 3 35
Power delivered [W]

Tmeas - TC [OC]

Short Strip, "‘Middle” Module

4'5:_ W ABC measured temperature
- MHCC measured temperature o
41— MFEAST measured temperature
- Sensor measured temperature
~ —T(P)=PxR.n; Fit result: R,,,=1.161
3.5 - +20%
3
2.5
2
1.5 - e ABC power source
F + HCC power source
1:_ 4 FEAST power source
- v Tape power source
- * HVMUX power source
0.5 - + R, power source
Al k| | | | L

|||||||||||||||||||||
B 05 "1 15 2 25 3

Power delivered [W]

e Barrel also checks Tape, HVYMUX, and Ruv power sources

® Rcwm is relatively linear in these cases; 10% safety factors are used for the

Barrel
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Tmeas - TC [OC]

Long Strip, “EOS” Module

Long Strip, "Middle” Module
3 [ ]

2.5 . mABC measured temperature ° g._). ~ MABC measured temperature
. mHCC measured temperature [®) ~ mHCC measured temperature
- M FEAST measured temperature = ) 5'_ W FEAST measured temperature
- Sensor measured temperature I ~L Sensor measured temperature
2— —T(P)=PxR,,; Fit result: R,,=1.241 @ - —T(P)=PxRn; Fit result: R;,=1.361
- +20% 2 B +20%
B — -
1.5 -
- 1.5~
1— B
B e ABC power source — e ABC power source
B + HCC power source B + HCC power source
- s FEAST power source - A FEAST power source
0.5 v Tape power source 0 5‘_ v Tape power source
B * HVMUX power source TR * HVMUX power source
- + Ry, power source B + R,y power source
_ﬁl|*III|III|III|III|III|III|III|III _III|*III|III|III|III|III|III|III|III
% 02 04 06 08 1 12 14 16 1.8 02 04 06 08 1 12 14 16 1.8

Power delivered [W]

e Same story — fit is decent.

Power delivered [W]
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CO2 Cooling
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100. 200. 300. 400. 500.
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e CO; cooling loop (2PACL system)
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Cooling Scenarios - Backup

— 20 %) B
L o , . —— cooling =flat 0
%._). | Flat 0° cooling scenario &0 :28—_ ffllaleltt95 °C QH 10% - F1at 0° cooling scenario — oolin 8 1an _?00 Co)C
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