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Type Rinner (mm) Router (mm) detectors number
outer 438 560 2x(W31,W32) 936

middle 12 334 453 2x(W21,W22) 560
middle 6 399 435 2x(W22) 80
inner 258 332 2x(W12) 400

Table 1: Types of forward modules: Rinner and Router is the inner and outer radius of the
detector area, detectors tells the number and type of detectors required and number the
number of module needed

1 Introduction

2 Baseline Design

2.1 Module types

The forward geometry [1] implies the use of for di�erent module types:

� outer: used in the outer ring of the disk, made out of four detectors.

� middle 12: used in the middle ring, using four detectors

� middle 6: used in the middle ring where only about have of the area needs to be
covered. Layout is identical with the middle 12 module, but only the detector pair at
the larger radius is used (this reduces the length of the module from 12 to 6 cm).

� inner: used in the inner ring. Only one pair of detectors is needed.

More details are listed in table 1.

2.2 Design

The basic design is based on two (one) pair of single sided detectors with radial strips,
arranged in two adjacent planes with 40 mrad stereo angle. The detectors are mounted on
a cross shaped support structure based on a 12 mm wide heat conductor made of pyrolytic
graphite and AlN pieces for support and sti�ening. The readout electronics is on a hybrid
mounted at the end of the detectors. Two mounting points are foreseen, one at the end,
one in the hybrid/detector interface region. The mounting points act as cooling contacts,
however for the short modules with 2 detectors only (middle 6 and inner) only one cooling
contact is foreseen, at the hybrid/detector interface. Details of the design are shown in Figs.
1-9.
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3 Thermal Properties

The module design should allow to keep the detectors at temperatures around -7o to reduce
reverse annealing. The main concern, however, is thermal runaway. Since the leakage current
increase strongly with rising temperature uncontrolled self heating could occur if the heat
produced by these currents cannot be removed.

3.1 Requirements

The nominal power density Q0 of irradiated silicon (3�1014p/cm2) is 120 W/m2 at 0oC. For
safety reasons it is required that the module can be operated up to twice this value.

3.2 FEA calculations

The thermal properties were simulated using FEA analysis. Following assumptions were
made:

� The module is cooled entirely by the cooling blocks. No heat transfer to and from the
ambient gas is allowed.

� The coolant is assumed to be a 
uorocarbonat with 3750 W/m2 heat transfer coe�-
cient. Baseline coolant temperature is -15oC, although the cooling speci�cations allow
for lower temperatures.

� The cooling block properties are taken from a separate FEA analysis. Typically the
thermal resistance is 3 K/W for the detector and hybrid contacts and a cross term
of 0.6 K/W modeling the temperature rise of the detector contact due to the hybrid
power. The high cooling block is simulated.

� The temperature dependence of the silicon power density is modeled using:

Q(T ) = Q0

T 2 exp
�
�

Eg

2kT

�

T 2

0
exp

�
�

Eg

2kT0

� (1)

For silicon, the nominal band gap is Eg = 1:1 eV. Measurements of irradiated silicon
detectors indicate a slightly larger value ranging from 1.15 to 1.26 eV. As worst case
1.26 eV is used in the calculations.

The thermal conduction coe�cients and dimensions of various material can be found in table
2. Recently the power produced by the readout electronics on the hybrid has increased from
4.5 W to 7 W (worst case). This leads to an deterioration of the thermal properties. Firstly
the heat 
ow from the hybrid to the detector part of the block is increased, resulting in a
higher temperature of the cooling block. Secondly some heat 
ows via the fan-ins from the
hybrid to the detectors.
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material conduction W/m/K thickness (mm) comment
Silicon 136 0.3 outer/middle

0.26 inner
TPG 1700 0.5 thinned to 0.225 mm at joints
TPG 8 transverse
AlN 180 0.5 two layers of 0.225 mm
glue 0.42 0.1 Silicon/TPG
glue 1.0 0.05 TPG/AlN
BeO 260 0.5 Hybrid
grease 0.9 0.03 cooling contact
quartz 1.5 0.25 pitch adaptor

Table 2: Material properties used in simulation

3.3 Results

The runaway curves for the outer module with 4.5 and 7 W hybrid power are shown in Fig.
10. With 4 W hybrid power the module just meets the requirements (at Q0 = 240 W=m2).
However, with 7 W hybrid power runaway occurs slightly below the safety margin (at
Q0 = 210 W=m2. As shown in Fig. 11 a slight decrease of the coolant temperature to
� �16oC allows to operate the module safely.
The inner ring modules are more critical. Firstly they have only one cooling contact. Sec-
ondly the use of thinner detectors (260 �m) reduces the heat conductivity in the silicon
itself. As seen in Fig. 12 even with 4 W hybrid power the module fails the specs (runaway
at Q0 = 180 W=m2). With 7 W hybrid power the situation is even worse (Q0 = 140 W=m2).
While with 4 W power a reduction of the coolant temperature to � �18oC cures the prob-
lem (Fig. 13), for the 7 W case a rather low coolant temperature of -21oC is necessary. An
improved cooling block design reducing the cross talk between hybrid and detector cooling
is needed for this module type. Similar problems are expected for the short middle ring
module, which also has one cooling contact only.

3.4 Hybrid Substrate

All the simulations are based on the hybrid made from BeO. Alternative hybrid designs are
proposed, e.g. a Kapton hybrid on an graphite encapsulated TPG substrate. The higher
thermal conductivity should o�er some advantage. Figure 15 shows a simulation with the
standard BeO hybird and the TPG hybrid. This simulation does not accurately simulate
the cooling block/coolant interface, so the point of runaway has no meaning. However, it is
evident that the performance improves using the TPG hybrid.
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Figure 10: Thermal properties of outer module. (Top): Maximal temperature in the de-
tectors as a function of the power density (normalized to 0oC). (Bottom): Power produced
in the detectors as a function of the power density. The vertical lines indicate the nominal
power density and the safety factor. The horizontal line is the limit of the power supply (1.75
W). Solid line: 4.5 W hybrid power. Dashed line: 7W hybrid power. Coolant temperature
at -15oC
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Figure 11: Maximum temperature in the detectors and total power produced for various
coolant temperatures for 7W hybrid power (Outer module). These curves are derived from
the full simulation at -15oC using a scaling law. The dashed lines indicate the uncertainties
of this scaling.
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Figure 12: Thermal properties of inner module. (Top): Maximal temperature in the de-
tectors as a function of the power density (normalized to 0oC). (Bottom): Power produced
in silicon as a function of the power density. The vertical lines indicate the nominal power
density and the safety factor. The horizontal line the limit of the power supply (1.75 W).
Solid line: 4.5 W hybrid power. Dashed line: 7W hybrid power. Coolant temperature at
-15oC
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Figure 13: Maximum temperature in the detectors and total power produced for various
coolant temperatures for 4.5W hybrid power (inner module).
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Figure 14: Maximum temperature in the detectors and total power produced for various
coolant temperatures for 7W hybrid power (inner module).
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Figure 15: Thermal performance of outer module with BeO and TPG hybrid.
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