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1. INTRODUCTION

The current ATLAS SCT strip silicon detectéthas been designed to operate for 10 years at the
LHC with a luminosity of up to 3 x £ cm? s* and to withstand a 1 MeV equivalent neutron
fluence of 2 x 1t Neq /en?. In a second phase (SLHC), a 10-fold increaskérpeak luminosity

is expected, and for this reason the ATLAS detewitirbe upgraded. This upgrade is foreseen
for 2018 and R&D has started for the new Inner Kirag Detector (ID) of ATLAS. For the
ATLAS ID upgradé the complete tracker will be rebuilt using silicdetectors: strips and
pixels. An important R&D challenge is to ensuret thihcomponents of the silicon modules and
associated electrical, thermal and mechanical strinature withstandhe expected radiation
level. A specification has been defined for opdiwhip to a fluence of 1§ ne({cm2 for the pixel
and 16° nec{cm2 for the silicon micro-strip detector (this takesaunt of a 50% uncertainty in
the expected fluence).

The ID will operate at a temperature of ~ -10°GJ anmany ID designs (as well as the existing
SCT) grease interfaces are used to minimise distartduring thermal cycling while ensuring
good thermal contact between the silicon moduleistha cooling pipes. A power of 0.3W/chip
is currently used in the FEA simulations but hdltlos value is targeted for the next design of
the ABCN in 130nm technology. Therefore the expep@wer per module should not exceed 24
Watts.

An important goal of the R&D module progréiis to select a thermal grease having mechanical
and thermal properties that guarantee a good maduiact during 10 years of operation in this
severe radiation environmerfiwo parameters have to be evaluated: the mechamiopkrties
(mainly the viscosity) and the thermal conductivity

A program of test measurements has been establisheompare several heat sink compounds
and to check their suitability for the detector rgutg.

This report will focus on the thermal propertiedtuee heat sink compounds.

2. THE EXPERIMENTAL SET-UP
2.1 Description of the experimental set-up

An essential measurement for any candidate he&t @mpound (grease) is to measure the
deterioration of thermal conductivity following adiation.

The experimental set-up used for this measurenmrgisted of two identical channels, A and B
(see Figure 1). This allowed a direct measuremétheodifference of the thermal conductivity
of the samples in the channels A and B. The appsuld be used in two operational modes:

1) The measurement of the conductivity of the ilatetl grease relative to the identical sample of
non-irradiated grease

2) The measurement of different samples againstantiard”, this also enabled the monitoring
of the stability of the whole set-up over time.

We have chosen the latter mode with the non-irtadiddow-Corning heat sink compound
DC340 as "standard" in channel B and all other sampieshannel A. This compound was
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chosen as a standard comparison because of itesuseermal grease for the existing SCT
detector.

As the set-up was built to measure the differericeermal conductivity between two samples, it
was also possible to determine the absolute vdhlrethe thermal conductivity by the use of
reference samples with well-established thermatiootivity values.

Each channel consisted of a "heating" and a "cgbliiock, both made of aluminium. They
were separated by a Plexiglas spacer, which deflreedolume for the samples to be measured.

A polyimide thermo-foi’ glued on the outer face of the heating block weeduas a tuneable
heat source. The heat flux through the samples ats®rbed in the cooling water flowing
through the cooling block. The two channels weggrtially decoupled by a silicone hosepipe.

Figure 1: Set-up for the grease measurement. In this case, both channels were loaded with the white DC340
grease. Asillustrated on theright hand side, A channel is on the left and B channel is on the right when the
polyimide thermo-foilsarein front.

The temperature distribution across each of the pkmmwas measured by “Negative
Temperature Coefficient” (NTC) thermistors that evglued on the heater and on the cooling
blocks. Additional NTC thermistors monitored theteraemperature at the entrance and exit of
the cooling block, as well as the air temperatuosiad the blocks.

The whole apparatus was enclosed in a Styrofoanthaixvas placed in a climate chamber. The
Styrofoam box confined the air volume around thteupeand shielded the apparatus against the
forced convection in the climate chamber.

The aim of these measurements was to establiséretiifes in the thermal conductivity with an
accuracy of the order of 5%. Detailed thermal FHMuation studies with Abaqifsand
CATIA® software were made to optimize the experimentatupeand to compare the
measurement results. These simulations also fahthe temperature range where the desired
sensitivity could be achieved. In addition the demion calculations enabled an estimate of
additional heat exchange effects, such as radiatmohconvection, which significantly affect the
measurements but cannot be measured directly.

A thermal camera has been used as a complementdriotmap the thermal distribution of the
set-up and to control its homogeneity. In ordelndge a good response to the thermal camera the
surfaces of the aluminium blocks were anodised witllack layer. During the measurements in
the sealed Styrofoam box the thermal camera wassadtle.



2.2 Calibration of the sensors

A total of 8 NTC thermistors were used for this-spt They were calibrated against the climate
chamber in 5C steps as shown in Figure 2. Using a linear inletjpn between the measured
points resulted in a maximum spread of°C.lbetween the different NTC thermistors. This
uncertainty is given by the limitation of the reagt electronics (0.08C /bit) and the precision
of the climate chamber temperature display (@)X
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Figure 2: Calibration of the ther mo-sensor s against the climate chamber. The right hand-side shows a
magnification of the dashed area on theleft hand side.

In future measurements the precision of the readA@LCs will be increased by a factor of four.
This will decrease the measurement errors to W l&f the actual systematic uncertainties (see
chapter 6.3)

3. THE INFLUENCE OF PERTURBATIVE HEAT EXCHANGES
3.1 Radiation and convection

Radiation and convection occurs whenever the sarféca body is exposed to surrounding
material of different temperature. These contritmsi can become significant if the set-up is not
properly adapted.

The heat transfer by radiation is proportionalie éxposed surface, the emissivity of the surface
and the fourth power of the absolute temperatuhe @missivity of a body which has a dark
aspect can be close to unity.

Heat exchange via convection is proportional todkposed surface, the temperature difference
and a heat exchange coefficient which is itselfethelent of the temperature and the exact
geometry. For natural convection of air the heahexge coefficient is approximately 5Win

3.2 Measurement and FEA thermal modelling of radiation and convection

Radiation effects were initially observed using @tptype of the set-up where a heating

resistance was used as the power source (see Ryurethis case, a sample of Dow Corning

DC340 heat sink compound was used in channel A and B.darly sees the deviation from a

linear behaviour due to the power loss via radmbb the heating resistance. For example, the
temperature of the resistance was measured witthémenal camera to be ~ 40 at a power of

1 W, whereas the resistive film remained at *Q3see Section 4.2).
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Figure 3: Temperature gradient between the heating and cooling block for theresistive film and the ther mal
resistance as heating sour ce for DC340 compound (outside climate chamber)

The effect of convection was observed in the estdge of the experiment, when the set-up was
placed inside a 20mm Styrofoam box without the afsthe climate chamber. The temperature
gradient through the samples as a function of getdr power could be fitted by a straight line,
indicating a residual heat flux between the heaéind cooling blocks at zero power (see Figure
4). This effect was mainly produced by convecticgtween the surrounding air at room
temperature and the heating block with a typicailperature difference of 5 to 6°C.
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Figure 4: Temperature gradient between the heating and cooling block when the Styrofoam-box was outside
the climate chamber.



To study these phenomena the water coolant temyperatas varied in steps of 3°C from 10 to
25°C without any power on the heater blocks. Theprature gradient through the grease layers
as function of the air temperature is shown in Fegh. The expected gradient was evaluated
using the Abaqus FEA simulation tool, assuming & lransfer coefficient h = 5 WA and an
emissivitye = 0.8. The measurement and the FEA simulationeagrell in shape within the
experimental error of 0.9C.
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Figure5: Temperature gradient through the grease layer asfunction of the air temperaturein the
Styrofoam box.

To minimize the effects of radiation and convectiartlimate chamber was used to adjust the air
temperature inside the Styrofoam box to the tentpexaf the heating-blocks.

4. THERMAL CONDUCTIVITY MEASUREMENTS OF VARIOUS COMPOUNDS
4.1 Experimental procedure

The channel B of the set-up, as shown in Figuraldays contained a sample of DC340 to
monitor the stability of the set-up with time.

For each material sample in channel A several plaitats were collected, varying the power P on
the heating films. The power on the thermo-foil teem was adjusted to produce the same
temperature on the two heater-blocks. The air teatpee inside the Styrofoam box was also
tuned to the temperature on the heater-blocks eyse of the climate chamber. This allowed
minimizing the power-loss due to convection andia@oh in the apparatus. The temperature
difference AT between heater-block and cooling-block was meaksdor both channels as a
function of the heater power.

For each material sample the temperature diffeefidewere fitted as a function of the injected
power with a straight line through the origin, uding all data points for the sample. The result
of these fits determined the effective thermal stasice AT/P of the samples. This effective
thermal resistance was compared to results of Fiafulations for different values for the
thermal conductivity.



4.2 Measurement of the thermal resistance and thermal conductivity of the DC340 heat sink
compound.

Initial measurements were made using the Dow-Cgriieat sink compound DC340This
compound was chosen as a standard comparison keghiis use as a thermal grease for the
existing SCT detector.

Figure 6 shows the data collected for the DC340pmmd in channel B. From the raw data an
effective thermal resistanc&T/P = (8.24 + 0.17PC/W was measured. The error is purely
statistical and the straight line serves only talguhe eye.
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Figure 6: Effectivethermal resistance of DC340 (all data points of channel B)

The measurement where both channels were load&dDB40 revealed an asymmetry of the
overall thermal resistances between channel A anboBachieve the same temperature on both
channels channel A consumed ~5.0 % less powerdiamnel B. This difference was attributed
to the adhesive quality of the scotch surface eftthater film. Figure 7 shows the temperature
distribution on the two heater films with a powdrloW on both channels as recorded by a
thermal camera. One can clearly see the "hot" apeB87°C at the lower right corner in channel
B indicating that the thermal resistance to thddrelalock is increased.

The average temperature difference recorded byahsera between the heat film and the air
(same temperature as the heating-block), is ahéuR1C. From the Abaqus simulation, a power
loss of ~ (2.9 YAT) mW is expected due to convection on the badketheater film and ~ (1.06
x AT) mW due to radiation. This means that theretsta power loss of ~8 mW on the back of
the heater film. A correction of 1% was applied ¢bannel A.

At the hot spot, an ~25 mW power loss is recordleat, is half of the difference in power (i.e.
2.5%) to achieve the same temperature on bothhigatks.
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Figure7: Thermal distribution of the heater-blocks with DC340 filling at 1 W as seen by the thermal camera.
The polyimide FEP heater fifthspecifications include:

- A resistance tolerance of +10 %, including the nm& FEP adhesive and a pressure
sensitive adhesive for fixation. The two films used a resistance difference of 2 %.

- A thickness specification of < 300 pum, including t50 um Polyimide layer, the 30 pm
FEP layer and an adhesive foil backing of ~100 Andifference of 5 um in the path to
the heater block would produce a difference in tdraperature drop of 3-4 %, that is
between 0.06 and 0.08 at 1 W, at the limit of sensitivity.

These uncertainties will be included in the distus®f the systematic uncertainties (Section
4.6).

Figure 8 shows the thermal resistance of the DCS84dfhple in channel B during the
measurements of the different material samplegr dfte correction of 3.5 % power loss
discussed earlier, together with the measuremem@340 in channel A.
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Figure 8: Thermal resistance of the DC340 compound (all measurements).

The thermal conductivity measured for the DC340 poumd is shown in Figure 9.
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Figure 9: Measured thermal conductivity of the DC340 compound.

The values from channel A and B (0.706 and 0.71&nMVfespectively) agree well within the
estimated error of 4.8 % (see below) and are aedragthe final result (see Table 3).

4.3 Description of heat sink samples measured

The reason for an early selection of grease comgwisibased on the fact that this material is
one of the key parts for the thermal and mechaispéct to link the module to the cooling pipe.
The validation tests can be long due to the irtamha to be performed and thermal and
mechanical tests to be made.



Three heat sink compounds, as listed in Table e baen investigated so far, but only two have
been irradiated. The Fischer graphite compoundweasattractive because of its quoted thermal
conductivity. The other 2 compounds have been uséae current ATLAS experiment for strip
and pixel detectoty. The other fluids used in the set-up (Table 2) fare measurement
crosschecks for example water, glycerol and sili@ibn

]

Material Datasheet thermal conductivity [W/mK] Comments

DC34@ 0.4t00.6 Used in ATLAS SCT and other experiments
Silicon based compound, zinc oxide filled.

Fischer WLP@ 10.5 Not kr_10wn to be used in High Energy Phys
experiments.
Organic oil, graphite filled.

CGL 70189 >4 Used in ATLAS Pixel and other experiments|

nitride filled

Non silicon based compound,

aluminid

m

Table 1: List heat sink compounds selected for thistest.

4.4 Summary of measur ements

The numerical values of the thermal conductivityasweed for the different samples are
summarized in Table 2, taking account of the cdiwas described and the known sources of
systematic uncertainty.

Sample Comments Tablevalues Reference M easur ed ther mal
conductivit
[W/mK] CWImK] y
Silicon oil L-45 viscosity 0.163 (19°C) data sheet (7cstk) 0.159 £ 0.011
(Union Carbide) | unknown
(19°C)
Glycerol (16°C) 0.292 physics and 0.286 £ 0.017
chemistry handbook
H20 (18°C) deionised water | 0.597 (28) physics and 0.587 + 0.028
chemistry handbook

Dow Corning pasty — white 0.42 -0.59 2 data sheets from | 0.717 £ 0.034
DC340 (16°C) . Dow Corning

Silicone

compound +

zinc oxide filler
DC 340 polymerized 0.803 £ 0.0591
irradiated(16°C) | different

geometry
WLPG (Fischer) | pasty — black 10.5 data sheet 1.209 + 0.058
(16°C) L

organic oil +

graphite
WLPG irradiated 1.051 £+ 0.050
(17°C)
Al Technology pasty — grey >4.0 data sheet 1.178 £ 0.057
CGL 7018 (16C) .

non silicone

grease + AIN

filler

Table 2: Thermal conductivity of the tested samples. The measurements of Glycer ol and water allowed

verifying the absolute scale of the thermal conductivity.



A comparison has been made with samples of twoknellvn materials:
- H,O: measured 0.587 + 0.028 W/mK, nominal value 0\88inK (18°C)
- Glycerol: measured 0.286 = 0. 017 W/mK, nomirale 0.292 W/mK

The measurements are in good agreement with tlblissted values for both materials and
demonstrate that the absolute calibration is ctarrec

The values given in Table 2 for the Union Carbidé3._correspond to the oil with a viscosity of
7 cstk (mnd/s). It should be noted that silicon oils are conroisdized with different viscosities
under the same name. The thermal conductivitylmiosi oils with low and medium viscosities
(i.e. <5000 cstk) increases as a function of \@ggoSince the viscosity of the measured sample
IS not known, no conclusion can be made on theslidghe measured value.

Details on the irradiated samples are discuss&gation 5.

45 Commentson the Measurement Error

The limitation inAT represents an uncertainty of between 0.7% anihS%e AT range between
2°C and 18C. The resistance of the thermo-foils was measwittla precision of 0.07 %. and
the voltage supply was measured with a precisiofl<f) %.. Therefore the error on the power
measurement is less than 0.4 %.. The various dataspof each sample were fitted with a
straight line to determine the thermal resistanb&lwled to a maximum error dkR of 1.2 %.

4.6 Systematic uncertainties
Several systematic effects on the measurementamcwrere investigated:
a) Geometrically uncertainties.

The thickness of the samples (1.13 mm) was detedny the thickness of the Plexiglas-spacer
(Imm) and a double-sided tape (0.13 mm) which fikesl spacer on the heating-block. The
reproducibility of the thickness for different saeg was estimated to be 10-20um. This
corresponds to a geometric uncertainty of (1-2) %.

The difference in power consumption of the two ¢teds for the DC340 compound to produce
the same temperature on the heater-blocks codkttef difference of the thickness of the two
glue-layers of the heater films of 0.005 mm. Thiégedence of 2.5% which is not attributed to
convection and radiation is considered as a passidtematic uncertainty.

For all samples, except the irradiated DC340 comgdpthe geometry of the sample was given
by the probe volume of 17 x 10 x 1.13 rhrAs the DC340 had polymerized after irradiatioe, w

used a slice of approximately 1.96 mm thicknes® &) and 10 mm diameter and clamped it
between the 2 blocks. The material had remainestieland a good thermal contact could be
achieved under slight pressure. The sample had=apmately twice the thickness and only half

of the surface compared to the other material golbbshowed an effective conductivity of about
25% of DC340 in the set-up. A geometric uncertaoftp % is attributed to the measurement of
the irradiated DC340 compound.

b) Convection and radiation

The air temperature inside the Styrofoam box wgsséed to the temperature of the heater
blocks (the biggest parts in the heat path). Tloeeeknergy exchange due to radiation and
convection could only occur at surfaces which hatifferent temperature than the ambient air
(the heater film, the cooling blocks and the hoge) The monitoring of the in- and out-going
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water temperature in the Styrofoam box showed #@atan of 5% with temperature in the
climate box (due to heat exchange with the hose-pigide the climate chamber). Inside the
Styrofoam box the coolant temperature did not ckdrgween the entrance and exit thermistors.
The temperature difference between the heater dockthe heating film seen by the thermal
camera allowed an estimate of the energy loss duind combined effect of radiation and
convection to be less than 3.5% for channel B @addr channel A (film coefficient 5 W/PK,
emissivity 0.8). The relatively high value for tamissivity accounts for the black surfaces of the
aluminium blocks. FEA simulations with a variatiaf the film coefficient showed that a
variation of 20% produce temperature variations 6f1°C , which should have been detected.

c) Heat flow outside the sample volume

The measured thermal conductivity of the samplegedan the range from 0.16 to 1.2 W/mK.
Especially in the region below 0.2W/mK, where thexglas-spacer (k=0.19W/mK) had a better
conductivity than the material sample, the fractioihthe heat flux through the materials
surrounding the samples increased rapidly. FEAissuesult in 23% for a thermal conductivity
of 0.16 W/mK compared to 8% at 0.6 W/mK and 4.2%.26 W/mK. This effect was taken into
account by the FEA analysis. Due to the limitatdrthe finite element granularity, a systematic
uncertainty of 4.4 % at 0.16 W/mK, 2.8 % at 0.29"W/and 1.0 % for .6W/mK are included
in the results.

d) Finite settling down time

The usual waiting time to achieve thermal equilibriinside the Styrofoam box was 1.5 to 2
hours due to the large thermal resistance of tamfto the climate chamber. Measurements over
a period of up to 15 hours demonstrated that claofjenaximal 1 bit = 0.0 occurred during
this additional time. An uncertainty of maximum 04is attributed for the different samples.

e) Thermal profile of the heating and cooling block

Figure 10 shows the temperature distribution oftibater and the cooling block for water with
known thermal conductivity at 1 W. The differentetween the hottest and coldest spot on the
heating block and cooling block are ®5and 0.68C respectively. Due to the finite conductivity
of the aluminium blocks, the heat flux produce@mperature profile on the blocks and the NTC
positions have to be taken into account to compar simulations with experimental data. This
effect might have influenced the individual tempera measurements by 0°G5introducing a
systematic uncertainty of @@ for AT. The contribution oAR is estimated to be 1.2 %.
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Figure 10: FEA results for water sample. Left: heater block, Right: cooling block. The NTC positions are
indicated by the arrows.

f) Uncertainty of the thermal conductivity for the materialsin the set-up

The values of the thermal conductivity for the mials used in the set-up are known only with a
certain precision. For some materials (e.g. PolyaniPlexiglas, glue-layers, scotch...) this
uncertainty is on the level of several percenttha direct heat path through the samples this
could in principle affect the temperature drop tigio the different layers of the heater film and
therefore the comparison with the FEA simulatiofisis uncertainty contributes with 1.2% to
AR.

For the samples with very low conductivities thaction of the heat-flux through the Plexiglas
spacer and the double sided scotch would be inflee:nA systematic uncertainty of 1.2% will
be included in the measurement of silicon oil artsl % in the one of Glycerol. For the other
samples this effect was negligible.

g) Temperature dependence of the thermal conductivity

The thermal conductivity is a function of the temgigre. The maximum temperature on the
heater blocks was 28 (in the case of the silicon oil sample) and thelant temperature was
for all measurements ~ 43. The differencéT of temperature between the heating and cooling
blocks was for all data points in the range 2°C143C. For the samples analyzed in this
experiment only KO and silicon oil should show a measurable vamated the thermal
conductivity in this temperature range.

There was no possibility to measure the thermoHprahrough the samples, and for the
temperature between the surfaces of the heatec@wiohg blocks only an average value can be
given.

The thermal resistance of the different samples mvaasured by the variation of the power on
the heater blocks. This change of temperature neodihe conductivity in the sample. This
temperature dependence had been included in thedakAlations for the pO simulation and
gives a contribution to the systematic uncertaoit9.4% forAR.

The temperature dependence on the thermal condyatigs not included in the simulation for
the silicon oil due to lack of information (see ament in Section 4.4). A systematic uncertainty
of 1% forAR takes this situation into account.

12



The systematic uncertainties for the thermal resistance of the different samples are summarized
in Table 3.

§ | & | £ |k |3 2
8 © S |8 | % £
— B e % — s B
sample S e % S |9 i 2
— [} X~ ‘B
8 |s |35 |g |8 |¢% 5 ~
8 |8 | 3 |5 |2 |¢S 2 g
s |5 |5 | |5 | & | & I
(=] O T L o S = o
< = < S o fomn S =
Silicon oil L-45 (Union Carbide) 3.2 1 4.4 0.4 0.8 1.7 1% 5.9
Glycerol 3.2 1 2.8 0.6 1.2 1.3] none 4.8
H20. 3.2 1 1 0.5 1 1.2 0.4 %. 3.9
DC340 (Dow Corning) 32 |1 1 06| 12| 1.2] none 3.9
DC 340 irradiated 5.6 1 none 0.6 1.2 1.2 none 6.(
WLPG irradiated 3.2 1 1 0.6 1.2 1.2 none 3.9
WLPG (Fischer) 3.2 1 1 0.6 1.2 1.2 none 3.9
CGL 7018 (Al Technologyy’ 32 |1 1 06| 12| 1.2 none 3.9

Table 3: Contributionsto the systematic uncertainty of R for the different materials measured.

4.7 Overall consistency check

The correlation between the thermal conductivityakd the thermal resistancel/P of the
different samples was fitted by the potential fimetk = 10.262 * AT/P)>%?"2 (see Figure 11).
The difference from the purely geometrical coriielak = (thickness/area) A[T/P)* reflects the
variation of the heat flux through the samplestietato the flow through the surrounding
materials (Plexiglas-spacer and double-sided stofthe residuals between the geometrical
correlation and the fit are 28.5 % at 0.16 W/mK79%8.at 0.6 W/mK and 4.6% at 1.25 W/mK.
These values can be compared with the FEA caloulsitof the effective heat flux through the
samples and provide a consistency check for thienpesince of the set-up and the estimation of
the systematic uncertainties over the whole ragla@imeasured thermal conductivities. This fit
showed a difference of 5.5 % at 0.16 W/mK, 0.79%0& W/mK and 0.4% at 1.25 W/mK
compared to the heat flux through the Plexiglascepand the double sided scotch (Section
4.60).
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Figure 11: Correlation between the thermal resistance and the ther mal conductivity in the set-up.

This function allows a simple projection of the rinal resistance erroAR on the thermal
conductivity axis over our entire resistance ragék = 1.2272 xAR/R.

5. IRRADIATION OF GREASE SAMPLES & RESULTS
Two compounds were selected for the irradiations:

- DC34@ (Dow Corning): A grease that was used for thetmgsSCT and was considered to
be the best candidate when earlier selected atelltasthat time.

- WLPG? (Fischer): A non-silicon grease with an attractivermal performance (quoted by
the manufacturer data sheet as ~10 W/mK).

The two different samples were irradiated insid®iatainer with the same volume. The size of
the container was 10 mm diameter and 50 mm in kewyich correspond to a volume of ~3.9
cm®. The total weight was ~8.2 g in case of the DC8d@ ~5 g for the graphite loaded WLPG
compound.

The irradiations took place in 2008 at CERN PS Tithw 24 GeV/c primary proton beam. A
special Plexiglas container had been preparedHigeree 12). The beam cross section was about
15 x 15 mm (FWHM). The container of 10 mm diameter was alifyvédth the beam axis to
obtain a uniform irradiation within ~90% along thi length.
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Figure 12: Plexiglas containersfor the greaseirradiation at 10 1 MeV neq/cmz.

In order to obtain a flux of £ ne/cn” at 1 MeV, the samples were irradiated with thetqaro
beam to 1.5x18 p/cnf at an average rate of Qo/hour. The total irradiation period was ~ 6
days.

After irradiation the grease samples were storesiden the PS irradiation facility until the
radioactivity decreased to a reasonable level.

Apart from the thermal conductivity measurementgsorted in Section 4.4, two interesting
observations were made: the consistency of the Isaamq the radioactivity level after such
fluence.

Concerning the first observation, the DC340 whicasworiginally pasty polymerized into a
single and elastic block similar to a silicon rubfsee Figure 13). A change of the consistency
had also been reported eariféafter an exposure to 1 /enf. The Fischer WLPG carbon
loaded grease could be partly extracted and itsismmcy was dry and pasty as part of the oll
was lost during the irradiation and storage timee($igure 6). Depending of its use, the
mechanical properties of the DC340 may be unsatmfa The mechanical characteristics of
WLPG are not satisfactory, due to the loss of lndaly noticed when received from the provider
in its original container. The oil separation cetya depends on the storage and usage
temperature.

Figure 13: Samplesout of the Plexiglas container after irradiation at a fluence of 1.5x10™ 24 GeV protons.
Left: DC340. Right: WLPG.
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The second observation concerns the measured ctidialevel (see Table 4). The activity of

carbon loaded grease (WLPG) was at least 10 tiowesrithan that of the DC340 compound. It
could already be measured 2 days after the ertteafradiations while it took ~2 months for the
DC340.

DC340 WLPG
Activity measured after [days] 65 2
Activity at 10cm (with Plexiglas)dSv/h] 5 0.5
Activity against Plexiglas (at Ocmy$v/h] 100 7

Table 4: Induced radioactivity measurements of the 2 samples. The activity was measured at different times
after theirradiation, for the 2 samples.

6. CONCLUSIONS

Direct measurements of the thermal conductivityehegen made for several materials that are
being considered as a thermal interface betweemibdules and cooling pipes, in one of the
Inner Tracking Detector (ID) designs for the up@@@TLAS detector.

The measurements have been made, in the rangeéo0118 W/mK and with a precision of 4.8-
7.4%, using a custom built apparatus that compheesonductivity of materials in two parallel
channels. The measured thermal conductivity of mae glycerol are in good agreement with
the well established quoted valt®dor these materials. This gives a good confidetheg the
systematic uncertainties are limited to the estthdtvel.

The limitations of the actual set-up have been detated in the compilation of the systematic
uncertainties. The common biggest uncertainty i tduthe use of scotch films and the resulting
geometrical uncertainties. Solid glue layers ofirdet thickness should solve this problem in
future measurements.

The thermal behaviour of the two tested samplesam@snwithin specifications after irradiation
(the CGL7018 sample has not yet been irradiated).

The mechanical properties of the DC340 and FistMePG compounds are less satisfactory.
The polymerisation of the DC340 compound shows thatmechanical tension-free sliding of

the modules during heating-up or cooling-down may lme guaranteed following the expected
fluence at LHC. This needs further study. The FesaNLPG sample also showed a modification
of the consistency. The important loss of oil dgranperiod of ~1 week and the soiling of the
target-station demonstrated the risk of long-teorrasion of the associated electronics due to
oxidizing vegetable oil. Other compounds need tinbestigated.

Clear evidence is obtained that the specificatiohsthe producers of the three thermal
compounds measured are not reliable and must Ifieeddoefore use. As an example, different
DC340 production sites announce different numerigalues for a product which is
commercialized under the same name (“made in Chegglioted k = 0.42W/mK, “made in US”
is quoted k = 0.59 W/mK).

Our measurement of CGL7018 gave a higher value daaler measurements of the ATLAS
group?*? 2 and the result from the ALICE collaboratidh However it is less than a recent
measurement of k = (1.47 3:08) W/mK, using the Line Source Thermal ConduitgtiProbe
(LSTCP) methotf”.
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These measurements also provided the possibilitggbthe accuracy of the FEA-simulations,
which were used to calculate the thermo-mechatiebbviour of the silicon-detector modules.
The excellent agreement of our results fosOHand Glycerol demonstrate that the thermal
behaviour is correctly described by our FEA simaolzs.

The thermal grease study dedicated for the upgramtiule program is essential for the selection
of a thermal compound that will provide a satiséagtsliding join before and after irradiations of

an equivalent fluence of 1.¥01Mev n;({cmz. So far the silicon based gel and the organic oil
based compounds are not satisfactory. Several othessilicon based compounds are being
considered. The mechanical and thermal ageing prepas well as the radiation hardness will
have to be proven satisfactory for the ATLAS strgcker upgrade operation.
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