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Introduction

Concern for the baseline forward module thermal and mechanical viability has led to a
proposed modification to the design described here. In view of the tight schedule to
finalise the module design, proposed changes are constrained so that calculations and
prototyping can be carried out without major changes to the key elements in the module.

The following constraints were considered in the process of this work:

• The hybrid contributes the bulk of the power to be removed from the module.

• The temperature and its variation across the detector are the key specifications for
the cooling design of the module. The hybrid temperature may impact via
(secondary) convection and radiation heating, but its operation temperature is not
assumed to be the major constraint.

• The forward hybrid design is well advanced and represents a large effort that
should be preserved.

• The overall design of the module, in particular overall dimensions and placement
of precision mounting points is well advanced. Assembly jigs based upon these
dimensions are also advanced.

The following problems are addressed by the current proposal:

• The constraint of the small cooling point required to cool both the hybrid and the
detector in the baseline is considered a serious limitation demanding high
performance in the design and implementation of this contact in the basline.

• The small surface area of this contact is critical. Concerns that distortions of the
block or relative distortions in the module between the detector and the hybrid,
might further reduce the critical effective contact area, as well as possibly causing
other problems, give further impetus to the proposed design modification.

• Thermo-mechanical stress due to the cooling points at both ends of the module.

• Lack of support of the hybrid near to the cable connectors.

• Close proximity of the cooling pipe to the front-end electronics and the wire bonds.

The proposed modification to the module design

The proposal involves extending the hybrid substrate with two "cooling tabs" to cool the
hybrid separately from the detector. Single point detector cooling is performed from the
"far end" of the module.
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The precision mounting points are in similar positions to those in the baseline design.

The quartz fan-ins are replaced by thin kapton fan-ins, providing thermal separation and a
degree of mechanical independence between the detectors and the hybrid.

With single point cooling a wider TPG spine is required for the middle and outer ring
modules to maintain AT across the detectors to the specified 5°C

The cooling pipes are moved to the extremities of the module. A circumferencial piping
layout is proposed.

The hybrid cooling pipes are not constrained against contraction in this module, thus
aluminium contacts on aluminium pipe could be foreseen for the cooling circuit.
Alternatively, contacts of PG700 or carbon-carbon are braised to the thin-walled stainless
steel (or cupra-nickel) pipe as shown in recent NIKHEF prototypes. The mass penalty of
this solution must be investigated against aluminium pipes. Initial designs for this
proposal used the baseline 4mm OD pipe, however, following recent considerations for
evaporative cooling, the designs shown here use a 3mm OD pipe. (It may be that some
or all of the pipes can be reduced depending upon the allowed pressure drop in the
cooling circuit.)

Contacts to the modules are via grease joints, to facilitate removal. However, only very
small relative movement between the hybrid and a thermally contracting pipe is needed,
as the kapton fan-ins provide mechanical de-coupling between the detectors and the
hybrid. Considerable pressure can thus be applied to the contacts between the hybrid
cooling tabs and the cooling blocks, important for providing reliable thermal performance
in a large assembly.

The outer ring, with the hybrid at the inner edge of the modules and with 52 modules per
ring, provides the strongest constraint on the area and geometry available for the
proposed cooling tabs. Figures land 2 shows the modified module with the cooling tabs.
Figure 3 shows three such modules arranged at the radius of the baseline outer ring. The
cooling tabs have been designed to minimise interference to maintain ease of module
insertion and removal. (Some vertical overlap of cooling tabs from a module with the
adjacent module remains. Module insertion and removal appears quite feasible, although
some care will be required to slide the lower modules under adjacent (upper) module
cooling tabs.)

Figure 4 shows a sketch of the proposed cooling blocks, showing the contacts at two
different heights to allow for adjacent modules to overlap, with a vertical separation.

Preliminary Dimensions

The total contact area of the cooling tabs is approximately 150 mm2. With a 50um grease
joint and the upper limit design power of 7.2W per hybrid, this area leads to an estimated
temperature difference of less than 3°C across the hybrid cooling contacts.

A single point contact for detector cooling to remove the (specification) 2W power (at -
7°C) produced in the 4-detector modules, leads to an estimated temperature variation
across the detectors of 6-12° with the baseline 12mm wide spine. To maintain the AT with
the single point contact on the 4-detector modules at less than 5°C, it is estimated (before
FEA calculations) that the TPG spine of 0.5 mm thickness would need to be 32mm wide.
(Recent suggestions to reduce the detector temperature below the -7°C baseline would
reduce the required material in the spine.)



To maintain the same temperature drop across the contact as in the baseline, the area
between the TPG spine and the detector cooling block would need to be doubled. With
the contact area of 32x5mm2 = 160mm2, and a 50|nm thick grease, a temperature drop
across this contact of 0.7°C would be expected for 2W detector power. Thus based upon
conservative assumptions a temperature drop across the contact of approximately 1°C
can be realistically expected. This is considerably better than required, but is matched to
the wider TPG spine.

The inner ring module detector area is less than 0.5 that of the middle and outer modules.
Also the path length for these modules is approximately 0.5 of the other module types.
These properties result in a considerably easier task of cooling to specifications in the
inner ring. The estimated temperature variation across the detector in the inner ring
modules would be within the specified 5°C, using the baseline 12mm wide spine.
However, to obtain the same performance across the detector cooling block contact, the
area of the contact would need to be 0.5 of that for the middle and outer ring modules,
assuming 1W power to be removed from the detectors. This would suggest a spine width
at the cooling point end of 16mm width. Tapering of the width of the spine would be
suggested to reduce the material.

The additional material in the spine and its impact on the module radiation length is
discussed below.

(Ratification of the estimated temperature drops listed above with FEA calculation has
now begun. Some preliminary results are described later in this report.)

Layout Considerations

The inner and outer rings of modules are on the same face of the disks. The modules are
placed with the hybrids of each ring placed close to one another. In the design presented
here, two pipes are provided for each ring of modules. It is assumed that the 3mm OD
pipe is used. For the lower power requirements of the detector cooling circuit, a smaller
diameter might be sufficient. The actual pipe diameters require consideration of the total
power on each cooling circuit and of the allowed pressure drop along the pipe.

The middle ring on the opposite face of the disk also has separate circular pipes for the
hybrid and detector cooling. No through disk connection is assumed.

The pipes are circular. Contraction is allowed. The hybrid cooling contacts are well
clamped, as the hybrid is allowed to move with the pipe contraction. The pipe is not tightly
constrained on the disk.

The detector cooling block is tightly coupled to the disk. Thermo-mechanical stress from
pipe/disk CTE mismatch is transferred to the disk. This could be limited by bending small
wiggles into the pipe between cooling points of by wrapping the bare sections of the pipe
in carbon-fibre as shown by NIKHEF. Contact to the detector is via a clamped grease
joint.

The wider TPG and cooling block, together with the precision slot in the hybrid end of the
spine, provide a more stable base than the two point support of the baseline. A precision
location pin, and a fixing screw attaches the baseboard to the detector cooling block.

The spine cross pieces need not be AIN as in the baseline design. The cross piece at the
hybrid end should not be of high thermal conductivity material. Alumina ceramic or quartz
could be used. At the centre, the wider TPG provides a good thermal bridge across the
gap between detectors. The cross pieces are butt-joined to the spine. They can be



alumina also. It may be advantageous for the end cross piece to remain AIN. It is
suspected that even here alumina would suffice. This can be studied with FEA
calculations.

With the hybrid cooling pipes running outside the modules' "footprint", achieving a "thin"
wheel design is made easier. Centre-to-centre spacing of the "upper modules" on either
side of the wheel (with 4mm pipe diameter) is 29.5mm, even with larger clearances
assumed for wire bonds than in the baseline (which aims at achieving 32mm thickness).
From outer detector surface to outer detector surface the total thickness is still within an
envelope less than 30mm thick. Alternatively, the additional space could be used to
increase the clearances for wire-bond regions to make for safer installation conditions.

In the baseline, the electrically conducting cooling pipes pass close to the bond wires at
the input to the FE electronics with possible pickup problems. In this proposed layout the
pipe is kept away from the front-end.

A cross-section sketch of the arrangement is given in Figure 2.

An advantage of the connection of the hybrid with the two cooling tabs to the cooling
block is that it allows for a natural support of the hybrid near the cable connections on the
hybrid. This offers a mechanical support of the hybrid for insertion and removal of cables
to and from the rather delicate hybrid structure.

Radiation Length Considerations

The additional cooling pipe circuits are compensated somewhat by the removal of the
additional length of the large wiggles in the baseline. Overall an additional 25-30% of
cooling pipe length is required. On the detector cooling circuits smaller diameter pipes
may reduce the impact of this additional length.

The cooling blocks presented here a simpler and less massive than in the baseline
design. A detailed comparison would need to be carried out, however, estimates suggest
that overall differences will be small.

An estimate of the difference of the module material follows.

At the module level, the additional TPG spine width would be compensated in several
ways:

• The spine need not extend with full width to the hybrid, nor even as far as the end
of the silicon. An optimisation of a wedge shaped spine could be carried out.

• The centre crucifix cross member (at the join between detectors) is
correspondingly smaller

• The quartz fan-ins replaced by thin, flexible kapton fan-ins, produce a reduction in
material.

The increased volume of TPG in the wider spine is approximately 1100mm3. The quartz
volume removed is 460mm3. The radiation length of TPG (190mm) is 50% longer than
that for quartz (120mm). The increase in the TPG contribution to the module material is
0.078%%o, the decrease from the quartz removal is 0.052%xo-

The cross member of the baseboard at the hybrid end would be simplified, with reduction
in material dimensions and would be replaced by an insulating material such as PEEK,
with subsequent reduction in radiation length (Xo(BeO) = 144mm, Xo(PEEK)=319mm).



The volume of the lower cross piece in the 400mm3. In BeO this corresponds to a
contribution of 0.037%%o, whilst a similar piece in PEEK would contribute 0.017%%0 to the
module radiation length.

With the other minor reductions in material the overall effect on the module material count
is at the 0.005%%o level.

The cooling tabs on the hybrids also contribute additional material. The additional volume
of TPG hybrid baseboard is approximately 145mm3 or 0.01 %%0. This is small and in any
case must be considered with the other changes to the cooling system layout.

The total amount of material required in the piping system can only be determined once
the pipe diameter, average fluid density and final level of segmentation required of the
cooling layout, have been determined.

A detailed analysis of the total material in the cooling system is needed before an
accurate comparison between this design and the baseline can be carried out.

FEA Calculations of Thermal Performance

The results presented here are preliminary and incomplete. However, the initial results
are very encouraging and are presented to support the modifications proposed.

Simulations of the baseline ("Liverpool") design, and the proposed modifications ("Mel2"),
were performed with the ANSYS package. The results presented here are limited to bulk
coolant temperature of -25°C.

The cooling blocks were modeled as Carbon-Carbon, with a thermal conductivity of
400W/mK in-plane, and 75W/mK out of plane. The design was modeled with the direction
of poor conductivity in two directions, x- (parallel to the cooling pipe) and y- (out of the
plane of the module).

The cooling pipes were modeled as a 4.0mm OD CuNi pipes with 200(im wall thickness.
A 25|xm thick grease layer was assumed between the pipe and their respective cooling
contacts. A 25u.m layer was also assumed between the cooling contacts and the TPG
spine. Elsewhere a lOO^m glue layer was assumed.

The silicon wafers were modeled with a temperature dependent resistivity*:

I)

where 7 is the temperature, po is the resisitvity at 7=0, and eg is the effective energy gap
in silicon.

Figure 6shows the highest and lowest temperatures on the modules modeled as a
function of the power generated in the silicon detectors. The points labeled "Liverpool
design" correspond to the baseline module design. Mel2 refers to the module with
modifications as proposed here.

What is clear from this plot is the excellent thermal separation between detector and
hybrid with this design. At zero silicon power, the temperature spread over the silicon is
less than a degree, and the silicon temperature is just above the coolant temperature.

* T. Kohriki et al., "Cooling Test and Thermal Simulkation of Silicon Microstrip Detectors for High Luminosity
Operation", ATLAS Internal Note, INDET-NO-094



In the baseline, the large heat leakage from the hybrid to the detector substantially raises
the silicon temperature, even before power generated in the silicon is added. The steep
temperature dependence of the current in the silicon makes this effect extremely
deleterious to the performance of the baseline module.

The proposed module with a coolant temperature of -25°C has far better performance
than is required. Obviously at higher coolant temperatures performance will degrade.
Detailed calculations are underway, however, scaling from this plot indicates that at a
coolant temperature of -15°C, the proposed module still has better performance than is
required.

The preliminary conclusion is that for coolant temperature range -15 to -25oC, the
proposed changes are too conservative. There is still room for significant
optimization which will result in material reduction.

Figure 7 shows the minimum and maximum temperatures on the hybrid as the silicon
power changes. A BeO substrate is assumed. The proposed changes result in no clear
difference over the baseline in spread of the hybrid temperatures

We are currently extending the calculations to higher coolant temperatures and are
improving the thermal transfer coefficient fits for C3F8. More complete results will be
reported as soon as they are available.

The high temperature results will allow an analysis of the tradeoff between material
(predominantly the TPG baseboard width) and thermal performance.

Conclusion

Concern for the critical thermal contact of the baseline forward modules has led to a
proposed modification that can be accommodated whilst maintaining much of the
baseline design.

Extending the hybrid substrate with two cooling tabs and separating the cooling of the
hybrid from the detector cooling provides a considerably improved thermal margin over
the baseline design.

Maintaining much of the existing design would allow fast prototyping. For example, the
kapton hybrid can be relatively easily applied to a modified substrate to incorporate the
proposed modifications. Some optimization of the hybrid layout would be useful before
production if these changes are adopted.

Optimisation of the TPG spine shape, and simplification of the region around the
precision mounting point at the hybrid end are still to be carried out.

Detailed layout and cooling pipe routing remains to be done, once the new cooling
baseline is better defined.

We believe that these proposed changes warrant serious consideration before we commit
to a final forward module design.



Figures:

Figure 1 shows the modified module with the cooling tabs.

Figure 2. A cross-section sketch of the proposed arrangement.

Figure 3 shows three such modules arranged at the radius of the baseline outer ring.

Figure 4 shows a sketch of the proposed cooling blocks, showing the contacts at two
different heights to allow for adjacent modules to overlap, with a vertical separation.

Figure 5.Heat Transfer Coefficient data for C3F8

Figure 6 Maximum and minimum silicon temperatures in proposed model and in baseline
module as function of the power density silicon deposited in the silicon. Coolant
temperature -25°C

Figure 7. Maximum and minimum hybrid temperatures in proposed model (with BeO
hybrid substrate); and in baseline module as function of trie power density silicon
deposited in the silicon.
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Comparison of design thermal properties.
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Comparison of design thermal properties.
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