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Motivating an Analytic Model for Silicon detector

• Goal: model thermal and electric properties of silicon modules 

• Thermal FEA results offer a snapshot of the thermal performance 
• Fixed power inputs 
• Fixed coolant temperature 

• An analytic model of the thermal and electrical properties would: 
• Allow us to extrapolate to arbitrary inputs 
• Enable modeling of the entire lifetime of the detector (and predict thermal runaway) 
• Provide qualitative understanding of module behavior 
• ... and obtain results much faster compared to re-running FEA 

• The model discussed here is detailed in a paper in Nucl. Instrum. Methods

(a) Front sensors (b) Back sensors

Figure 8: Front and back sensor temperatures of a fully-powered petal.

Figure 9: Temperatures of the fully-powered petal for individual components on each module. In the x-axis, “I” and
“O” refer to inner and outer (referring to the hybrids), “F” and “B” refer to the front and back of the petal, and
“R” and “L” refer to the right (S0) and left (S1) sensors.
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Thermal FEA of ATLAS ITk Petal

https://www.sciencedirect.com/science/article/pii/S0168900210005498
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1. Electrical: Model of the module’s electrical components 

• Including power estimates for each component, and interdependencies 

2. Thermal: Linear model; estimate thermal impedances from FEA simulation 

3. Silicon: Model of leakage current due to radiation damage 

4. Radiation levels (particle fluence and total ionizing dose) 

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

• In the following, we use the ATLAS ITk Strip detectors (barrel + endcap) to 
illustrate the construction of the model
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Ingredients for the Thermoelectric Model

Five main components:
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• Model the thermal pathways in 1 dimension, by analogy with the electrical model: 

• Thermal impedances (resistance) must be determined using FEA (example later)

"4

The Thermal Model Component

Electrical Thermal
Electrical resistance Thermal resistance (R)
Current source Power
Voltage Temperature
∆V = I × R ∆T = P × R

Thermal schematic of the 
ATLAS ITk Strip module:

4/20 
 

1.2 Thermal model 
We build the thermal calculations on an extension of the minimal model [1]. 
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Figure 2: Thermal model used.  a) shows the full model needed to calculate the temperature of different components.  
b) shows the replacement circuit, which is used to calculate the sensor temperature, as in ref. [1], however differently 
than in this reference we use a temperature-dependent T0 (to accommodate the temperature-dependent power from 
the module and the EOS). 
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• “Iref” current taken at a reference temperature (Tref) –15° C 

• Relationship between Iref and Fluence is linear (see plot) 

• We can calculate the sensor leakage power at a given time using: 
• Iref vs fluence (Right) 
• Current-power relationship: 

• Relationship between leakage current & sensor T: 

• Thermal balance equation: 

• Solve (numerically) for TS, Q(TS) by setting last two equations equal
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Calculating Sensor Leakage current
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Solving for Sensor TS, Q(TS)

C]° [ST
30− 20− 10− 0 10

Q
 [W

]

0

5

10

15

20

25

30

35

40

45

TC = –35°C Powered components on module 
raise sensor T (TC+RCQM)

thermal balance equation:

ARTICLE IN PRESS

4. Thermal continuity and runaway

When the sensor is powered its operating temperature TS

satisfies the thermal balance condition

Q ðTSÞ ¼
TS$ T0

Rt
: ð5Þ

Fig. 4 illustrates this graphically for different values of Qref.
The thermal balance is given by the intersection of Q(TS) with the
dashed line, which may be termed a load line. The stable
operating point for the lowest curve is at the lower temperature
intersection (the higher intersection representing an un-
stable balance). For a higher value of Qref (about a factor two in
this example) the load line is a tangent to the curve,
corresponding to the limit of stable operation, which we will
denote by Qref,crit. For higher values of Qref the curve has no
intersection with the load line and in this case the system will
undergo thermal runaway: the sensor temperature will increase,
increasing further the sensor leakage power, and the sensor

temperature must run away. It is instructive to consider the effect
of changing the coolant temperature or level of electronics
heating (which shift the load line along the T axis) and the
thermal resistance (which changes its slope).

In order to assess runaway headroom in terms of radiation
damage it is usual to plot thermal FEA results for the maximum
sensor surface temperature as a function of Q(0C). In the minimal
model this curve is obtained from Eqs. (4) and (5) which give the
relation

Qref ¼
ðTS$ T0Þ

Rt

Tref

TS

! "2

exp TA
1
TS
$

1
Tref

! "! "
ð6Þ

We cannot solve2 this for TS, but it is straightforward to
describe the sensor characteristic by evaluating Eq. (6) over a
range of TS and plotting the results with the axes inverted (Fig. 5).
Here we express the power in terms of q, its density per unit area
of sensor surface.

The lower (solid) portion of the curve is usually referred to as
the ‘‘runaway curve’’, a misleading term since the curve describes
the region of stable operation. The continuation to the upper
(dashed) portion of the curve is of no physical interest but
emphasises that the stable region terminates, with infinite slope,
at a finite temperature, TS,crit. We expect that time-independent
FEA should yield stable solutions up to a similar, maximum
temperature. In order to observe the progress of runaway (beyond
that temperature) a time-dependent analysis is required, as
shown in Fig. 6. Here the detector is subjected to a sequence of
steps in qref. The temperature stabilises at each step, but after a
progressively higher jump, following the behavior of Fig. 5. During
the final step (after a total rise of order ten degrees) it runs away.

The response to a perturbation of the power from sensor or
electronics is governed by a time constant t¼ RtCp, with the
detector heat capacity Cp. In the minimal model this can be
included by adding a capacitor in parallel with the resistive path
to the sink. This time constant is typically of the order of a minute
for realistic low-mass detector designs. In the stable regime the
sensor temperature will adapt on this time scale to a load change,
whereas the temperature will run away on this time scale beyond
the critical point (Fig. 6).
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Fig. 3. (a) Minimal model used in this paper and (b) equivalent circuit after
introduction of the temperature for zero leakage current T0.
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Fig. 5. Sensor temperature versus sensor leakage power for the range of stable
operation in the minimal model.

2 The lack of a solution to the non-linear, non-homogeneous differential
equation describing an extended, resistive sensor was already noted in Ref. [4].

G. Beck, G. Viehhauser / Nuclear Instruments and Methods in Physics Research A 618 (2010) 131–138 133
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Sensor Q Headroom
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4. Thermal continuity and runaway

When the sensor is powered its operating temperature TS

satisfies the thermal balance condition

Q ðTSÞ ¼
TS$ T0

Rt
: ð5Þ

Fig. 4 illustrates this graphically for different values of Qref.
The thermal balance is given by the intersection of Q(TS) with the
dashed line, which may be termed a load line. The stable
operating point for the lowest curve is at the lower temperature
intersection (the higher intersection representing an un-
stable balance). For a higher value of Qref (about a factor two in
this example) the load line is a tangent to the curve,
corresponding to the limit of stable operation, which we will
denote by Qref,crit. For higher values of Qref the curve has no
intersection with the load line and in this case the system will
undergo thermal runaway: the sensor temperature will increase,
increasing further the sensor leakage power, and the sensor

temperature must run away. It is instructive to consider the effect
of changing the coolant temperature or level of electronics
heating (which shift the load line along the T axis) and the
thermal resistance (which changes its slope).

In order to assess runaway headroom in terms of radiation
damage it is usual to plot thermal FEA results for the maximum
sensor surface temperature as a function of Q(0C). In the minimal
model this curve is obtained from Eqs. (4) and (5) which give the
relation

Qref ¼
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We cannot solve2 this for TS, but it is straightforward to
describe the sensor characteristic by evaluating Eq. (6) over a
range of TS and plotting the results with the axes inverted (Fig. 5).
Here we express the power in terms of q, its density per unit area
of sensor surface.

The lower (solid) portion of the curve is usually referred to as
the ‘‘runaway curve’’, a misleading term since the curve describes
the region of stable operation. The continuation to the upper
(dashed) portion of the curve is of no physical interest but
emphasises that the stable region terminates, with infinite slope,
at a finite temperature, TS,crit. We expect that time-independent
FEA should yield stable solutions up to a similar, maximum
temperature. In order to observe the progress of runaway (beyond
that temperature) a time-dependent analysis is required, as
shown in Fig. 6. Here the detector is subjected to a sequence of
steps in qref. The temperature stabilises at each step, but after a
progressively higher jump, following the behavior of Fig. 5. During
the final step (after a total rise of order ten degrees) it runs away.

The response to a perturbation of the power from sensor or
electronics is governed by a time constant t¼ RtCp, with the
detector heat capacity Cp. In the minimal model this can be
included by adding a capacitor in parallel with the resistive path
to the sink. This time constant is typically of the order of a minute
for realistic low-mass detector designs. In the stable regime the
sensor temperature will adapt on this time scale to a load change,
whereas the temperature will run away on this time scale beyond
the critical point (Fig. 6).
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2 The lack of a solution to the non-linear, non-homogeneous differential
equation describing an extended, resistive sensor was already noted in Ref. [4].

G. Beck, G. Viehhauser / Nuclear Instruments and Methods in Physics Research A 618 (2010) 131–138 133
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Coolant Temperature Headroom
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4. Thermal continuity and runaway

When the sensor is powered its operating temperature TS

satisfies the thermal balance condition

Q ðTSÞ ¼
TS$ T0

Rt
: ð5Þ

Fig. 4 illustrates this graphically for different values of Qref.
The thermal balance is given by the intersection of Q(TS) with the
dashed line, which may be termed a load line. The stable
operating point for the lowest curve is at the lower temperature
intersection (the higher intersection representing an un-
stable balance). For a higher value of Qref (about a factor two in
this example) the load line is a tangent to the curve,
corresponding to the limit of stable operation, which we will
denote by Qref,crit. For higher values of Qref the curve has no
intersection with the load line and in this case the system will
undergo thermal runaway: the sensor temperature will increase,
increasing further the sensor leakage power, and the sensor

temperature must run away. It is instructive to consider the effect
of changing the coolant temperature or level of electronics
heating (which shift the load line along the T axis) and the
thermal resistance (which changes its slope).

In order to assess runaway headroom in terms of radiation
damage it is usual to plot thermal FEA results for the maximum
sensor surface temperature as a function of Q(0C). In the minimal
model this curve is obtained from Eqs. (4) and (5) which give the
relation
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ðTS$ T0Þ
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We cannot solve2 this for TS, but it is straightforward to
describe the sensor characteristic by evaluating Eq. (6) over a
range of TS and plotting the results with the axes inverted (Fig. 5).
Here we express the power in terms of q, its density per unit area
of sensor surface.

The lower (solid) portion of the curve is usually referred to as
the ‘‘runaway curve’’, a misleading term since the curve describes
the region of stable operation. The continuation to the upper
(dashed) portion of the curve is of no physical interest but
emphasises that the stable region terminates, with infinite slope,
at a finite temperature, TS,crit. We expect that time-independent
FEA should yield stable solutions up to a similar, maximum
temperature. In order to observe the progress of runaway (beyond
that temperature) a time-dependent analysis is required, as
shown in Fig. 6. Here the detector is subjected to a sequence of
steps in qref. The temperature stabilises at each step, but after a
progressively higher jump, following the behavior of Fig. 5. During
the final step (after a total rise of order ten degrees) it runs away.

The response to a perturbation of the power from sensor or
electronics is governed by a time constant t¼ RtCp, with the
detector heat capacity Cp. In the minimal model this can be
included by adding a capacitor in parallel with the resistive path
to the sink. This time constant is typically of the order of a minute
for realistic low-mass detector designs. In the stable regime the
sensor temperature will adapt on this time scale to a load change,
whereas the temperature will run away on this time scale beyond
the critical point (Fig. 6).
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2 The lack of a solution to the non-linear, non-homogeneous differential
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Case Study: ATLAS ITk Strip Detector

Case Study: ATLAS ITk Strip Detector  
(Barrel and Endcap)
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3.2 The ITk Layout

Figure 3.5: Schematic layout of the ITk for the HL-LHC phase of ATLAS. Here only one quadrant
and only active detector elements are shown. The horizontal axis is the axis along the beam line
with zero being the interaction point. The vertical axis is the radius measured from the IP. The outer
radius is set by the bore of the solenoid.

depending on the ring layer and h position. The pixel layout will be presented in detail in
Section 3.2.2.

The tracking detector is surrounded by a polyethylene moderator to moderate neutrons.
This decreases the 1 MeV neutron equivalent silicon damage fluence arising from the flux
of neutrons entering from the calorimeters. Gaps will be preserved between sub-detector
parts to allow for supports, services, and insertion clearances.

3.2.1 Layout of the ITk Strip Detector

The ITk Strip Detector consists of a four-layer barrel section and one end-cap on each side
with six disks each to provide good coverage to within 10� of the beam axis. The strip sys-
tem covers ± 2.7 units of rapidity (see Figure 3.5). The strip barrel extends from -1400 mm
to +1400 mm along the z-axis. The radii at which the barrel layers are located and the z-
positions of the end-cap disks are chosen to optimise the number of hits on a track and the
pT-resolution. An overview of the geometry with the location of the sensing elements in
the strip barrel section is given in Table 3.1. The two inner layers of the barrel are equipped
with short strips of 24.1 mm length. The two outer layers have longer strips with 48.2 mm.
All strips in the barrel section have a pitch of 75.5 µm.

The strips in the end-cap are radially distributed and pointing to the centre of the beam-
axis. The strip lengths in the end-caps are optimised to keep the strip occupancy below
1%, resulting in varying strip lengths increasing from 19.0 mm in the region closest to the

27

Strips

Pixels
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5 ITk Silicon Strip Detector Outline

strips on the inner two cylinders are 24.1 mm long (short-strips) and those on the outer two
cylinders are 48.2 mm long (long-strips). The strips (modules) on each side of the stave
are rotated with respect to the beam line (z-axis) by a ±26 mrad such that there is a total
rotation between the strips on each side of the stave of 52 mrad.

In the end-caps each disk is populated with 32 identical petals. Each petal has nine modules
on each side with six different sensor geometries to cover the wedge shaped petal surface.
In the end-cap sensors a stereo angle of 20 mrad is directly implemented in the sensors
to achieve a total stereo angle of 40 mrad. The staves and petals are loaded into global
structures (see Chapter 10) within a common mechanics for the ATLAS ITk (see Chapter 18).

EoS

1400 mm

modules

593 mm

hybrids

Figure 5.2: Local support components overview: End-cap petal (upper) and barrel stave (lower)
components overview. In both cases modules are mounted directly onto a rigid carbon-fibre sand-
wich structure. The interface to the off-detector electronics is the End-of-Substructure card at one
of the ends of the stave or petal. Titanium cooling pipes are directly embedded into the support
structures.

5.1 System Concept

From the start of the design phase for the ITk Strip Detector an overall concept was de-
veloped which is applicable for the barrel layers and the end-cap disks. Based on the
experiences during the construction of the current ATLAS SCT, simplicity in the design
was pursued for improved producibility: Silicon modules glued directly onto cooled car-
bon fibre planks which are designed to reduce radiation length. Kapton service tapes are

92

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

• 6 modules in Endcap with different 
geometry and electronics layout 
• Labeled R0-R5

"10

Basics of ATLAS ITk Strip System

Barrel Stave

Endcap Petal
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Anatomy of an ITk Strip Module
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7 Silicon Strip Modules Assembly and Quality Control

Based on the module design for the ABCStar, a material budget calculation has been made
for the barrel strip modules. End-cap modules will be similar with the differences due
to the fractional coverage of the sensors by the hybrids in the various rings. Assuming a
320 µm thick sensor, this yields a predicted average radiation length for short-strip barrel
and long-strip barrel modules of 0.65% and 0.55%, respectively. Figure 7.4 shows the frac-
tional contributions for the different materials to a module. As the sensor dominates the
material, the modules have been well optimised to minimise material. Further reductions
are unlikely as the second largest contributor to the radiation length is copper within the
hybrid. Reducing the copper thickness could affect the hybrid yield.

7.4 Finalised Module

A fully assembled short-strip barrel module is shown in Figure 7.5. The green frame in
which the module rests is used for connecting to power supplies and the read-out system
for qualification tests.

Figure 7.5: Fully assembled short-strip barrel module with ATLAS12 sensor and ABC130 chips in-
cluding power board.

7.5 Prototype Thermo-Mechanical Modules

To aid the quality control program for hybrids and modules, numerous building institutes
assembled and measured thermo-mechanical modules. The modules consisted of mechan-
ical grade silicon sensors, thermo-mechanical hybrids and glass and blank silicon ASICs.

152

• Silicon sensor 

• Power Board: 
• DCDC converter “FEAST” 

• Hybrid board: 
• ABC: Front-End chip 
• HCC: Control / readout chip 

• Bus Tape 
• LV and HV distribution 

• End-of-substructure (EOS) card 
• One per stave or petal side, additional 

powered readout components

CO2 Cooling with a nominal operating temperature of –35°C
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Basic Inputs to the Model

Basic Inputs to the Model
• Electrical Model 

• Thermal model (and deriving thermal impedances using FEA) 

• Others
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• LV and HV electrical models 

• Orange arrows are sources of power 
(heat) 

• Green parameters depend on 
component temperature 

• In general, these are linear networks, 
with a few important exceptions 
• All non-linear components must be 

adequately described (shown later)

"13

Basic Electrical Model of the Module

LV

HV

*bPOL12V = DCDC converter
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Electrical Component specifications

* Endcap R1 values.    TID Affected by TID bump    † One side of endcap EOS only

Monday 26th June, 2017, 10:24

1 Collecting Power Inputs for the Endcap Petal

Table 1 details the current, voltage, and power specifications for each component. Most of these numbers
come from Graham and Georg’s thermal model. Most are similar to Sergio’s numbers, with some di↵erences
highlighted in red.

Description
input voltage Specifications for 1 component n components Total power

[V] current [A] power [W] e↵ 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⇤TID

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⇤TID

FEAST (ABC,HCC) – (1�")
" (PABC + PHCC) 75% – 1.2605⇤TID

“FEAST” AMAC regulators – see below – 0.415

Total FEAST – see below 1 1.6755⇤TID

Total Module (R1) – 5.53⇤

EOS

VTRx: lpGBTx 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 0.5† 0.35†

DCDC2 88% 0.5† 0.104†

Total EOS 1.4

EOS both sides 2.8

Table 1: Endcap module inputs. Starred (⇤) values are representative and taken from Endcap R1. Values
with TID next to them are a↵ected by the TID bump in one way or another. The 75% FEAST e�ciency is
representative only; in reality it is temperature- and current-dependent (also TID-dependent?).

Some notes on the numbers in the table:

• HCC and ABC power numbers correspond to unirradiated values.

• The ABC power numbers (from Georg/Graham) di↵er from Sergio’s sheet by 1.7%.

• The HCC power numbers (from Georg/Graham) di↵er from Sergio’s sheet by 38%.

• TID The FEAST is a↵ected by the TID bump insofar as its power is determined by the ABC and HCC.
In the above it is assumed to be 75%, but it is temperature and current-dependent.

• The total power (before irradiation, before TID bump) of Module R1 represents all components ex-
cluding HV and tape losses, which are small in comparison.

• For the EOS, the total power for both sides is simply double the power of one side.

f(T,i)
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• Linear, 1-dimensional model 

• Each component has its own effective thermal impedance 

• Common thermal path between cooling pipe and silicon sensor  

• Thermal impedances determined using FEA (see next slide)

"15

Thermal Model of the Module

Bus Tape

ABC HCC

Silicon Sensor

Carbon fiber face sheet

Foam

Coolant
Titanium cooling tube

Polyimide   hybrid

PHCC PABC

PDCDC

PEOS

RCommonRCommon+Module

RDCDC RHCC RABC

REOS

TCoolant

Cross-section of the 
ATLAS ITk Strip module:

Electrical Thermal
Electrical resistance Thermal resistance (R)
Current source Power
Voltage Temperature
∆V = I × R ∆T = P × R
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Thermal Impedances: FEA Special Runs
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Figure 4.7: Box-whisker plot (min-[Q1-(mean)Q2-Q3]-max) of the temperature distribution of di�erent devices
in di�erent regions for the three di�erent power injection scenarios. Left: All ABCs powered on, rest o�.
PABC = 0.149 W. Centre: All HCCs powered on, rest o�. PHCC = 0.413 W. Right: All FEASTs powered on, rest
o�. PFEAST = 1.5 W.

Figure 4.8: The component temperatures versus injected powers from FEA are displayed together with the linear
fits with a safety factor of 20 % applied (black lines in blue areas) for the thermal resistances of each component in
each region (from left to right and top to bottom, R0 to R5) [18]. Di�erent marker styles indicate di�erent power
injection scenarios and di�erent colours indicate di�erent components.
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Figure 4.7: Box-whisker plot (min-[Q1-(mean)Q2-Q3]-max) of the temperature distribution of di�erent devices
in di�erent regions for the three di�erent power injection scenarios. Left: All ABCs powered on, rest o�.
PABC = 0.149 W. Centre: All HCCs powered on, rest o�. PHCC = 0.413 W. Right: All FEASTs powered on, rest
o�. PFEAST = 1.5 W.

Figure 4.8: The component temperatures versus injected powers from FEA are displayed together with the linear
fits with a safety factor of 20 % applied (black lines in blue areas) for the thermal resistances of each component in
each region (from left to right and top to bottom, R0 to R5) [18]. Di�erent marker styles indicate di�erent power
injection scenarios and di�erent colours indicate di�erent components.
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Endcaps

DCDCs Powered On

• “Special FEA runs” powering each component type separately 

• Three “special” runs total: HCCs, DCDCs, ABCs 

• Four unknowns: Rcm and RHCC, RABC, RFEAST (system over-constrained) 

• Solve for common thermal path resistance RCM first – remaining R are trivial 
• If a component x is powered, its temperature is ∆Tx = Px×(Rx+Rcm) (eq. 1) 
• If a different component y is powered and x is off, ∆Tx = Py×(Rcm) (eq. 2) 
• Fit for Rcm using collection of (eq. 2) from each component;  
• Plug in Rcm to collection of (eq. 1) to solve for Rx for each component 

• (Ignoring effects like cross-talk between modules) Yu-Heng Chen

etc...
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Module R0

• To measure Rcm: "17

Fitting for common RCM: An explanation
(Endcap Module R0)

Slope is RCM thermal resistance 
Blue is 20% error band
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• Summary of endcap thermal impedances: 

• Barrel thermal impedances: 

• Notes 
• Could be some features caused by physical proximity of objects in some modules 
• Cross-talk could also cause other features

"18

Notes on Thermal Impedances

3.2 Other assumed quantities

Assumed quantities are below:

• REOS = 15.0 K/W (guessed by Georg/Graham)

• Rsensor = 0.02 K/W (guessed by Georg/Graham)

• Rtape = 0.01 K/W per module (i.e. there are 6 such resistors in the endcap) (worst-case number)

Table 4 shows the thermal impedances calculated from the FEA simulations.

Module Rcm [K/W] RFEAST RABC RHCC

R0 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
R5 0.596 27.450 1.034 13.177

Table 4: Thermal impedances calculated from Yu-Heng’s numbers (in K/W).

4
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Table 3: Temperatures of different components for a short strip module next to the EOS from FEA and comparison to the 
predictions from our model with parameters listed in Table 4. 

Injected Temperatures above coolant [°C] 
Source Power [W] ABC HCC FEAST Sensor 

FEA Fit FEA Fit FEA Fit FEA Fit 
ABC 2.97 6.28 6.28 3.46 3.30 3.56 3.30 3.10 3.30 
HCC 0.6 0.70 0.67 8.05 8.05 0.57 0.67 0.52 0.67 
FEAST 1.47 1.77 1.63 1.40 1.63 30.52 30.52 1.51 1.63 
Tape 0.37 0.38 0.41 0.25 0.41 0.33 0.41 0.39 0.41 
HVMUX 0.25 0.30 0.28 0.08 0.28 0.21 0.28 0.27 0.28 
RHV 0.01 0.013 0.011 0.003 0.011 0.008 0.011 0.010 0.011 
EOS 2.81       2.28  

 

The thermal impedances based on the fit to these data are listed in Table 4. The values for REOS and 
RS are estimated. The first, because the thermal design of the EOS region is not sufficiently well 
defined, the latter, because the temperature variations across the sensor are larger than then 
temperature difference to the ideal temperature point for the module in the model. However, the 
value for this impedance is small, and therefore the estimate is probably sufficient.  

Table 4: Thermal impedances used in the model. 

in [°C/W] RC RM RS REOS RABC RHCC RFEAST 
Short strip module at EOS  0.890 0.222 0.02 15.0 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 

It should be noted that the thermal impedances listed are the impedances in the linear model, and 
have only limited relation to the real 3d impedances in the 3d geometry of the stave. In particular 
this is visible with RABC and RHCC, which differ by a factor 2, only because on the real stave the chip 
temperatures are similar for long and short strip modules, but the total power for the chip per 
module (the power number used in the linear model) differs by a factor 2. 

In the following we discuss the results for module next to the EOS. When we determine power 
results for complete staves, barrels or the ITk we simply scale the result of the last module with the 
number of modules on the stave. More detailed studies could evaluate the numbers using thermal 
impedances for middle modules. We expect that this would not lead to significant modifications to 
the final numbers. 
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Other Inputs to the Model

Other Inputs to the Model
• DCDC Converter efficiency dependence on temperature, current 

• Readout chips affected by Total Ionizing Dose (“TID bump”) 

• Flux and Total ionizing dose 

• Operational profiles
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• DCDC converter efficiency is dependent on current and temperature 

• Data measurements of efficiency vs load are fit to an “arbitrary function” 
for parameterized model 

• When running the model we check that maximum current is (4A) is not 
exceeded
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Parameterizing DCDC Converter Efficiency
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2 Inputs 

2.1 Powering efficiency 

2.1.1 Feast 

For the efficiency of the FEAST chip we assume a dependence on the load current and the 
temperature of the chip. During summer 2017 a student at CERN under the supervision of Steve 
McMahon made extensive studies of this efficiency which we have fit to obtain the parametrization  

 gTfTIeIdIcIbIaTIeff loadloadloadloadload ������ 432),( , (1) 

with the fit parameters (I in A, T in °C). The range of current and temperature for which the 
efficiency was measured was chosen to cover most of the results we observed in the thermos-
mechanical model. 

Table 1: Fit parameters for FEAST efficiency fit. 

a 45.8142% 
b 41.3822%/A 
c -22.08%/A2 
d 5.03683%/A3 

e -0.433797%/A3 
f -0.0222242%/A°C 
g -0.00890438%/°C 

 

 

Figure 3: Plot of FEAST efficiency fit input data (dots) and result (orange). 
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Figure 4: Feast efficiency parametrization. 

2.1.2 Supply of the AMAC chip 

We assume that the supply to the AMAC chip is provided by LDO regulators in the FEAST chip, which 

generate in the FEAST a power corresponding to the supplied current times the voltage drop in the 

regulator. The LDO regulator has a 1.9mA quiescent current.  

An alternative powering mode where the AMAC is supplied from the DCDC converter is under 

consideration, which would reduce the overall power. In any case the power for the AMAC is small 

and we are using a worst case here. 

2.1.3 DCDC2 

effDCDC = 88%, independent of temperature and load. 

2.2 Scale factor for digital current  
We parametrize the scale factor for the digital current by factorizing it into a shape which depends 

on the integrated dose seen by the chip and an overall scale factor, which depends on the 

temperature and the dose rate seen by the chip.  

 � � � �DdTsIDdTI ,,,, 0 u  (2) 

For the purpose of this model we do assume that this scale factor at a given time only depends on 

the temperature and dose rate at this time, i.e. it is not affected by the previous history.  

2.2.1 Overall scale factor  

We use parametrizations supplied by Kyle Cormier for the ABC130*.  There are two 

parametrizations, one deemed “nominal”, the other “pessimistic. The parametrizations are  

Nominal 𝑠𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑇, 𝑑) = 1.402 × 1011𝑑0.7𝑒−1.62√𝑇(3a) 

Pessimistic 𝑠𝑜𝑣𝑒𝑟𝑎𝑙𝑙(𝑇, 𝑑) = 2.64 × 109𝑑0.7𝑒−1.35√𝑇 (3b) 

Description
input voltage Specifications for 1 component n components Total power

[V] current [A] % bumped power [W] e↵ per module (1 side) (1 side) [W]

AMAC 1.5V 1.5 0.0517 0.0776 –

AMAC 3.0V 3.0 0.0012 0.0036 –

Total AMAC – – 0.0812 1 0.0812

ABC (digital) 1.5 0.0425 69% 0.0638 –

ABC (analog) 1.5 0.070 0.105 –

Total ABC – 0.1125 0.1688 21⇤ 3.55⇤TID

HCC (digital) 1.5 0.095 100% 0.1425 –

HCC (analog) 1.5 0.053 0.0795 –

Total HCC – 0.148 0.222 2⇤ 0.444⇤TID

BPOL12V (ABC,HCC) – (1�")
"

(PABC + PHCC) 72% – 1.55⇤TID

linPOL12V (for AMAC) – see below – 0.49

Total Module (R1) – 6.12⇤TID

EOS

VTRx: lpGBTx 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

BPOL12V 0.5† 0.35†

DCDC2 88% 0.5† 0.104†

Total EOS 1.4

EOS both sides 2.8

Table 2: Endcap module inputs. Starred (⇤) values are representative and taken from Endcap R1. Values with TID

next to them are a↵ected by the TID bump in one way or another. The 72% BPOL12V e�ciency is representative
only; in reality it is temperature- and current-dependent. Further notes are described in the text.
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Figure 3: FEAST e�ciency data versus temperature (x-axis) and current (indicated with di↵erent colors). The
parameterization of the data is represented by the fit lines at fixed current.
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• Chips (ABCs, HCCs) digital current is affected by Total Ionizing Dose - “TID Bump” 

• Parameterization shape picked to match data 

• The scale of the bump depends on the temperature and dose rate 
• TID bump is bigger at lower temperatures 
• TID bump is bigger at larger dose rates 

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

• Note that dose-rate dependence 
causes shifts in the timing of the peak
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Input: TID Bump Characterization
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(a) Nominal Case
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(b) Pessimistic Case

Figure 4: TID parameterization vs time, for two representative temperatures (indicated by color) and three dose
rates (indicated by line style). Nominal and Pessimistic cases are shown.

4.4 Summary of Power Contributions in R1

A stack plot showing the contributions of each component to the total power is shown in Figure 5.
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Figure 5: Summary of the contributions of each front-end component to the total power in R3 (Disk 5), given a
nominal TID bump parameterization and no safety factors, to illustrate the relative contributions of each component.
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• Barrel: Flux and TID is relatively stable across horizontal staves 

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

• Flux in the range 2–5×1014 neq/cm2 

• TID in range 4.7–22.7 kRad

"22

Modeling of Flux / Total Ionizing Dose

Particle Fluence (1 MeV neq) Total ionizing dose (TID)
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The radiation background numbers have been computed by Paul Miyagawa and Ian Dawson. A full 
listing can be found at 
https://twiki.cern.ch/twiki/bin/viewauth/Atlas/RadiationBackgroundSimulationsStep2X.  

The following plots show the results for the EOS modules, which are at the end of the barrel and 
therefore are exposed to the highest background rates. For the normal modules we scale the 
background numbers down by 10% (the calculated backgrounds for the z=0 modules are about 20% 
lower than for the EOS modules). 

 

Figure 9: Integrated dose versus time. 

 

 

Figure 10: Dose rate versus time. 

 

4.2 Cooling temperature profile 
To study the expected behaviour of the system we have used two types of operational coolant 
temperature profiles, the first assumes a flat profile over the lifetime of the experiment, at varying 
temperatures; the second one uses a more gradual run-down of the coolant temperature (ramp 
scenario). 
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Operational Profiles

• HL-LHC plans to collect 3-4000 fb–1 over 14 years 

• Thermoelectric Model is run in 1-month steps... 

• ... using output temperatures from previous month as inputs to the next 
month 
• ABC, HCC currents are temperature-dependent (TID bump) 
• DCDC efficiency temperature-dependent 
• Sensor leakage current temperature-dependent

Dose [kRad] - Barrel Dose rate [kRad/h] - Barrel

Model’s skill is handling 
interdependencies
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Model Outputs

Model Outputs
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TID Bump

End-of-life

• TID bump increases chip currents 

• → lower DCDC efficiencies, more power in DCDC 

• → higher temperatures in all components, sensor 

• → temperature-dependent TID bump decreases (damping effect)
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Power and Temperature outputs, one Module
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• Sensor Q Headroom factor: 
• Sensor leakage power factor QMax/QS before thermal runaway is reached 

• Coolant temperature headroom factor: 
• Maximum coolant temperature before thermal runaway is reached

"26

Temperature and Sensor Q Headroom
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Scenario Comparisons – Safety Factors
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• With the thermoelectric model, opportunity to compare different scenarios 
• E.g. update power/currents of components 
• Test different scenarios 
• Apply different safety factors (below)
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Model can predict Global System Requirements
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• Module-level effects can be propagated, to model the full system 

• 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
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• Nominal coolant temperature scenario is –35°C 

• Can try different cooling scenarios to optimize for certain effects: 

• e.g. TID bump (~year 2) is mitigated with higher temperatures 

• e.g. Thermal runaway (end-of-life) is avoided using lower temperatures  
 
Test the effect on the endcap modules
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Testing Different Cooling Temperature Scenarios
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• Example: use model to find a “ramp” scenario to 
keep sensor current < 2 mA at all times 

• Note: Cannot expect perfect accuracy from this 
type of tuning
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Trying Different Temperature Scenarios (II)

11.1 Ramp proposal: Highest coolant temperature while keeping sensor current max-
imum at end-of-life

When deciding on the ramp scenario, there can be a balance between keeping a safe BPOL12V current and avoiding
large sensor currents intermittently before end-of-life. In the following, the coolant temperature at end-of-life is set
at �35� C, and the coolant ramp is selected such that the sensor leakage current in a given year is always below the
end-of-life sensor current. Because the endcap R3 has the highest leakage current, it is used as the benchmark for
this study. The ramp that fulfils this criteria in R3 is:

T = 0 | �10 | �20 | �20 | �20 | �25 | �30 | �30 | �30 | �35 | �35 | �35 | �35 | �35 (21)

Figure 14 shows the R3 behavior in this case. The top-right plot (sensor leakage current) is the one used to visually
guide the coolant temperature selection.
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Figure 14: R3 performance using the cooling ramp scenario from Eq. 21.

Figure 15 shows the performance of this new ramp scenario on the rest of the endcap modules. The full endcap
results are also calculated in the main tables in Section 10. Compared to the current ramp, the new scenario has
+2.5% more LV power but 1/2 as much HV power and 58% less sensor current (from 5.42 mA ! 2.28 mA in R3).

11.2 Summary of studies

The studies above illustrate that a range of ramping scenarios are viable. The ramping scenario of Eq. 20 is the
coldest ramp available that keeps the R1 BPOL12V below 4A. The ramping scenario of Eq. 21 is the warmest
available ramp that avoids a maximum sensor leakage current before the end-of-life. Any ramping scenario that falls
in between will also meet these two conditions.
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11.1 Ramp proposal: Highest coolant temperature while keeping sensor current max-
imum at end-of-life

When deciding on the ramp scenario, there can be a balance between keeping a safe BPOL12V current and avoiding
large sensor currents intermittently before end-of-life. In the following, the coolant temperature at end-of-life is set
at �35� C, and the coolant ramp is selected such that the sensor leakage current in a given year is always below the
end-of-life sensor current. Because the endcap R3 has the highest leakage current, it is used as the benchmark for
this study. The ramp that fulfils this criteria in R3 is:

T = 0 | �10 | �20 | �20 | �20 | �25 | �30 | �30 | �30 | �35 | �35 | �35 | �35 | �35 (21)

Figure 14 shows the R3 behavior in this case. The top-right plot (sensor leakage current) is the one used to visually
guide the coolant temperature selection.
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Figure 14: R3 performance using the cooling ramp scenario from Eq. 21.

Figure 15 shows the performance of this new ramp scenario on the rest of the endcap modules. The full endcap
results are also calculated in the main tables in Section 10. Compared to the current ramp, the new scenario has
+2.5% more LV power but 1/2 as much HV power and 58% less sensor current (from 5.42 mA ! 2.28 mA in R3).

11.2 Summary of studies

The studies above illustrate that a range of ramping scenarios are viable. The ramping scenario of Eq. 20 is the
coldest ramp available that keeps the R1 BPOL12V below 4A. The ramping scenario of Eq. 21 is the warmest
available ramp that avoids a maximum sensor leakage current before the end-of-life. Any ramping scenario that falls
in between will also meet these two conditions.
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← thermal runaway →

11.1 Ramp proposal: Highest coolant temperature while keeping sensor current max-
imum at end-of-life

When deciding on the ramp scenario, there can be a balance between keeping a safe BPOL12V current and avoiding
large sensor currents intermittently before end-of-life. In the following, the coolant temperature at end-of-life is set
at �35� C, and the coolant ramp is selected such that the sensor leakage current in a given year is always below the
end-of-life sensor current. Because the endcap R3 has the highest leakage current, it is used as the benchmark for
this study. The ramp that fulfils this criteria in R3 is:

T = 0 | �10 | �20 | �20 | �20 | �25 | �30 | �30 | �30 | �35 | �35 | �35 | �35 | �35 (21)

Figure 14 shows the R3 behavior in this case. The top-right plot (sensor leakage current) is the one used to visually
guide the coolant temperature selection.
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Figure 14: R3 performance using the cooling ramp scenario from Eq. 21.

Figure 15 shows the performance of this new ramp scenario on the rest of the endcap modules. The full endcap
results are also calculated in the main tables in Section 10. Compared to the current ramp, the new scenario has
+2.5% more LV power but 1/2 as much HV power and 58% less sensor current (from 5.42 mA ! 2.28 mA in R3).

11.2 Summary of studies

The studies above illustrate that a range of ramping scenarios are viable. The ramping scenario of Eq. 20 is the
coldest ramp available that keeps the R1 BPOL12V below 4A. The ramping scenario of Eq. 21 is the warmest
available ramp that avoids a maximum sensor leakage current before the end-of-life. Any ramping scenario that falls
in between will also meet these two conditions.
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ramp scenario
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• Petal design with DCDC converter exceeding 4A maximum specification 

• Input for chip designers to guide maximum allowable chip currents 

• Avoiding scenarios with thermal runaway 

• Choosing among materials with different thermal conductivity 

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

• Load on bus tapes (LV, HV) 

• Load on LV and HV cables 

• Etc.

"32

Benefits of a Thermoelectric Model

Input for Design Issues:

Specifications:
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• Indispensable tool for understanding full detector system 

• Qualitative understanding of module, detector operation 

• Allows fast comparison of multiple scenarios, safety factors 

• Thermoelectric model is only as good as the inputs 

• Important to understand the individual components of the module: 
• FEA Simulation 
• Data collection: chips, DCDC converters, regulators, etc.

"33

Conclusions

Benefits of an analytic Thermo-electric model:

Caveat / Reminder:
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Backup

BACKUP
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Full Endcap FEA results, TCoolant=30°C

(a) Front sensors (b) Back sensors

Figure 8: Front and back sensor temperatures of a fully-powered petal.

Figure 9: Temperatures of the fully-powered petal for individual components on each module. In the x-axis, “I” and
“O” refer to inner and outer (referring to the hybrids), “F” and “B” refer to the front and back of the petal, and
“R” and “L” refer to the right (S0) and left (S1) sensors.
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(a) Front sensors (b) Back sensors

Figure 8: Front and back sensor temperatures of a fully-powered petal.

Figure 9: Temperatures of the fully-powered petal for individual components on each module. In the x-axis, “I” and
“O” refer to inner and outer (referring to the hybrids), “F” and “B” refer to the front and back of the petal, and
“R” and “L” refer to the right (S0) and left (S1) sensors.

15

(a) Simulation 0 (b) Simulation 1

(c) Simulation 2 (d) Simulation 3

Figure 6: Box-and-whisker plot of the four simulation scenarios described in Table 3. The box is the interquartile
range (middle 50%) of the component’s temperature, and the whiskers are the minimum and maximum temperatures.

11
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Thermal properties input to the FEA - Endcap
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Table 2.3: Thermal properties used as input to the FEA [1].
Part or Material Kx/Ky/Kz Thickness Comment
Interface [W m≠1 K≠1] [mm]

ASIC Silicon 191 (250K) 0.30- 148 (300K)
ABC UV cure glue 0.5 0.08 50% coverageto Hybrid
HCC UV cure glue 0.5 0.08 75% coverageto Hybrid
Hybrid PCB Cu/polyimide 72 / 72 / 0.36 0.2
Power PCB Cu/polyimide 120 / 120 / 3 0.3
PCB to sensor FH5313 Epolite 0.23 0.12 75% coverage

Sensor Silicon 191(250K) - 0.3148(300K)
Sensor to Bus DC SE4445 2.0 0.1 - 0.2 100% coverage

Bus tape Polyimide/ 0.17 / 0.17 / 0.24Cu/Al 0.17
Bus to facing - (idealised) - co-cured

CFRP Facing 0-90-0 CFRP 180/ 90 / 1 0.15 K13C2U fibre,
45 g/m2

Facing to Foam Hysol 9396 + 1.0 0.1graphite powder
Graphite Foam Allcomp, 2g.cm-3 30 5 mm (core)

Foam to Pipe Hysol 9396 + 1.0 0.1graphite powder
Cooling Pipe Titanium (grade 2) 16.4 0.14-0.15 (wall) 2 mm inner dia.

Fluid film Bi-phase CO2
HTC 4.9 to 7.1 (at BoL) a simulated at

[kW m≠2 K≠1] ≠30 �C

Convection Air HTC 0 to 15 (13.7 �C) adjusted to
[W m≠2 K≠1] match

a In the simulation, due to the lack of real data of how the coolant temperature and heat
transfer coe�cient (HTC) change across the length of the pipe at beginning-of-life (BoL), the
HTC is obtained by NIKHEF with CO2 Branch Calculator (CoBra) assuming a Multipurpose
Refrigeration Apparatus for CO2 Investigation (TRACI) temperature of ≠30 �C and total power
of 67 W at end-of-life as shown in Figure 2.4 within the range of 4.9 to 7.1 kW m≠2 K≠1. Based
on the understanding that the leakage power for the sensors is small compared to the total
power at ≠30 �C, the di�erence in the HTC at beginning-of-life and at end-of-life is negligible.
Moreover, the HTC is assumed to be the same in the coolant temperature range of ≠24 to ≠30 �C
for simplicity. It is worth noting that for a bi-phase CO2 cooling system the temperature at the
outlet is generally lower than at the inlet due to the bi-phase CO2 pressure drop.

16th March 2018 – 13:47 7



K. Brendlinger Endcap Thermal Impedances – First Results

0 2 4 6 8 10 12 14
Time [years]

30−

28−

26−

24−

22−

20−

18−

C
]

°
 [

A
B

C
T

Ring 0 Disk 0
Ring 1 Disk 1
Ring 2 Disk 2
Ring 3 Disk 3
Ring 4 Disk 4
Ring 5 Disk 5

 cooling scenario°35−Flat 

Safety factors: none

ABC temperature

0 2 4 6 8 10 12 14
Time [years]

28−

26−

24−

22−

20−

18−

16−

14−

12−

C
]

°
 [

H
C

C
T

Ring 0 Disk 0
Ring 1 Disk 1
Ring 2 Disk 2
Ring 3 Disk 3
Ring 4 Disk 4
Ring 5 Disk 5

 cooling scenario°35−Flat 

Safety factors: none

HCC temperature

0 2 4 6 8 10 12 14
Time [years]

15−

10−

5−

0

5

10

15

20

25C
]

°
 [

F
e
a
st

T

Ring 0 Disk 0
Ring 1 Disk 1
Ring 2 Disk 2
Ring 3 Disk 3
Ring 4 Disk 4
Ring 5 Disk 5

 cooling scenario°35−Flat 

Safety factors: none

FEAST temperature

0 2 4 6 8 10 12 14
Time [years]

35−

30−

25−

20−

15−

10−

5−

0

5C
]

°
 [

E
O

S
T

Ring 0 Disk 0
Ring 1 Disk 1
Ring 2 Disk 2
Ring 3 Disk 3
Ring 4 Disk 4
Ring 5 Disk 5

 cooling scenario°35−Flat 

Safety factors: none

EOS temperature

0 2 4 6 8 10 12 14
Time [years]

36−

35−

34−

33−

32−

C
]

°
 [

co
o
la

n
t

T

Ring 0 Disk 0
Ring 1 Disk 1
Ring 2 Disk 2
Ring 3 Disk 3
Ring 4 Disk 4
Ring 5 Disk 5

 cooling scenario°35−Flat 

Safety factors: none

Coolant temperature

0 2 4 6 8 10 12 14
Time [years]

34−

32−

30−

28−

26−

24−

22−

20−

C
]

°
 [

se
n
so

r
T

Ring 0 Disk 0
Ring 1 Disk 1
Ring 2 Disk 2
Ring 3 Disk 3
Ring 4 Disk 4
Ring 5 Disk 5

 cooling scenario°35−Flat 

Safety factors: none

Sensor temperature

"37

Endcap Temperatures, –35° C cooling scenario
Coolant Temp ABC Temp HCC Temp

EOS Temp FEAST Temp Sensor Temp
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Endcap Power and current, –35° C cooling scenario

Module Power HV Power EOS Power

Digital Current FEAST Current Sensor Current
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Endcap – Other, –35° C cooling scenario
Sensor Power Headroom Factor Coolant Headroom FEAST efficiency
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• Barrel also checks Tape, HVMUX, and RHV power sources 

• RCM is relatively linear in these cases; 10% safety factors are used for the 
Barrel
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Fitting for Rcm: Barrel Results (Short Strip)
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Fitting for Rcm: Barrel Results (Long Strip)
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• Same story – fit is decent.
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• CO2 cooling loop (2PACL system)
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CO2 Cooling
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19 ITk Cooling

Figure 19.2: The 2PACL operation in the CO2 pressure enthalpy diagram (State-point numbers the
same as in Figure 19.1).

CO2 freezing temperature (about �55�C). The lower limit is shown in Figure 19.2 with the
lower cycle. Both the minimum temperature lines with sufficient offset to freezing and the
sub-cool margin line come together, defining the lower limit of the cooling system.

19.2 Layout and Distribution System

The cooling system challenge in ITk is the increased number of parallel loops with respect
to previous systems. LHCb-Velo, ATLAS-IBL and CMS Pixel have respectively 27, 14 and
24 loops per system. For ATLAS-ITk it is foreseen to have more than 100 loops per system
(more than 1000 evaporators in total - see Table 19.1). This increased number of loops will
require two manifold levels, one split at PP2 and an additional split close to PP1. The
manifold in PP1 is inaccessible and thus should not contain any active regulation. The PP2
manifold will be located within the ATLAS muon system, where it will be accessible on the
time scale of a day, and may contain some active regulation components. This means that
the distribution must be carefully designed as the thermodynamics must take care of the
proper conditioning of the cooling fluid state in the detector evaporator loops [162].

Previous experience with the ATLAS IBL and LHCb-Velo cooling has shown that the 2PACL
concept in combination with capillary cooling pipes is sensitive to superheated liquid en-
tering the detector loops. Such liquid is above the saturation temperature, but has not yet
started boiling. This is a consequence of the purity of the liquid and the short time from the
exit of the capillary to the start of the evaporator. Therefore the detector loops have liquid
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Cooling Scenarios - Backup

11.1 Ramp proposal: Highest coolant temperature while keeping sensor current max-
imum at end-of-life

When deciding on the ramp scenario, there can be a balance between keeping a safe BPOL12V current and avoiding
large sensor currents intermittently before end-of-life. In the following, the coolant temperature at end-of-life is set
at �35� C, and the coolant ramp is selected such that the sensor leakage current in a given year is always below the
end-of-life sensor current. Because the endcap R3 has the highest leakage current, it is used as the benchmark for
this study. The ramp that fulfils this criteria in R3 is:

T = 0 | �10 | �20 | �20 | �20 | �25 | �30 | �30 | �30 | �35 | �35 | �35 | �35 | �35 (21)

Figure 14 shows the R3 behavior in this case. The top-right plot (sensor leakage current) is the one used to visually
guide the coolant temperature selection.
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Figure 14: R3 performance using the cooling ramp scenario from Eq. 21.

Figure 15 shows the performance of this new ramp scenario on the rest of the endcap modules. The full endcap
results are also calculated in the main tables in Section 10. Compared to the current ramp, the new scenario has
+2.5% more LV power but 1/2 as much HV power and 58% less sensor current (from 5.42 mA ! 2.28 mA in R3).

11.2 Summary of studies

The studies above illustrate that a range of ramping scenarios are viable. The ramping scenario of Eq. 20 is the
coldest ramp available that keeps the R1 BPOL12V below 4A. The ramping scenario of Eq. 21 is the warmest
available ramp that avoids a maximum sensor leakage current before the end-of-life. Any ramping scenario that falls
in between will also meet these two conditions.
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11.1 Ramp proposal: Highest coolant temperature while keeping sensor current max-
imum at end-of-life

When deciding on the ramp scenario, there can be a balance between keeping a safe BPOL12V current and avoiding
large sensor currents intermittently before end-of-life. In the following, the coolant temperature at end-of-life is set
at �35� C, and the coolant ramp is selected such that the sensor leakage current in a given year is always below the
end-of-life sensor current. Because the endcap R3 has the highest leakage current, it is used as the benchmark for
this study. The ramp that fulfils this criteria in R3 is:

T = 0 | �10 | �20 | �20 | �20 | �25 | �30 | �30 | �30 | �35 | �35 | �35 | �35 | �35 (21)

Figure 14 shows the R3 behavior in this case. The top-right plot (sensor leakage current) is the one used to visually
guide the coolant temperature selection.
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Figure 14: R3 performance using the cooling ramp scenario from Eq. 21.

Figure 15 shows the performance of this new ramp scenario on the rest of the endcap modules. The full endcap
results are also calculated in the main tables in Section 10. Compared to the current ramp, the new scenario has
+2.5% more LV power but 1/2 as much HV power and 58% less sensor current (from 5.42 mA ! 2.28 mA in R3).

11.2 Summary of studies

The studies above illustrate that a range of ramping scenarios are viable. The ramping scenario of Eq. 20 is the
coldest ramp available that keeps the R1 BPOL12V below 4A. The ramping scenario of Eq. 21 is the warmest
available ramp that avoids a maximum sensor leakage current before the end-of-life. Any ramping scenario that falls
in between will also meet these two conditions.
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