1SCIPP 96-16May 1996THE M-MODULEInitial thermal measurements at room temperatureW. O. MillerHYTEC INC, Los AlamosT. Dubbs, W. A. Rowe, H. F.-W. Sadrozinski, A. Seiden, A. Webster, R.WichmannSCIPP, UC Santa Cruz, Santa Cruz CA 95064AbstractWe report the first measurements on a thermal prototype of a novelconcept to construct silicon modules. In order to safely cool both detector andfrontend electronics, we sandwich a heat spreader made from highly conductingPyrolytic Graphite between two single-sided silicon detectors. We measure thetemperature profile as a function of heating rate and find that the temperatureincrease of the silicon detectors is below 3oC for realistic power levels.CONSTRUCTION OF THE M-MODULE PROTOTYPEThe principle of the M-module is shown diagramatically in Fig.1: twosingle-sided silicon detectors of 300 mm thickness sandwich a so-called �heatspeader� of high thermal conductivity which conducts the heat generated both bythe frontend electronics and and through self-heating of the radiation damagedsilicon detectors to the side, where the �EAR� connects to the cooling channel.

Cooling Block

300micron Si1mm PG300micron SiCarbon-Carbon FiberCarbon-Carbon FiberEAR

Fig. 1 Schematic of the M-Module

2The heat spreader is made of Pyrolytic Graphite which has a thermalconductivity of 1300 W/cm/oK, and radiation length of 22cm. In order tominimize it�s contribution to the material budget, we reduced the effectivethickness with cut-outs as shown in Fig. 2 to close to 0.3% of a radiation length,comparable to the contribution of one silicon detector of 300 microns. Theasymmetric shape is choosen to have maximum heat conduction underneaththe frontend electronics chips, which will be located to the right of the brokenline in Fig. 2.

6.00 cm 6.0 cm

12.00 cm "EAR"Fig.2 Heat Spreader made of Pyrolytic Graphite (PG).The cut-outs reduce the mass by 28%

3Fig. 3 shows the thermal prototype including the location of the RTD�sused to measure the temperature profile. The frontend electronics contributes aconstant amount of heat to the module and is simulated by a Kapton basedHeater Tape [1] located across the module as in the widely tested r-f modules [2-5]. The solid part of the PG heat spreader matches this location (Fig.2). Coolingwas provided by tap water flowing through the cooling block. In the first part ofthe tests, the cooling block was made of stainless steel.

.

6cmx6cm Si6cmx6cm Si 1

6.0 cm

12.00 cm

18Bottom 13

HEATER TAPE 1"x3" 6

89111217Stainless steel Cooling Block

15"EAR"

COOLANT OUTCOOLANT IN

6cmx6cm Si6cmx6cm SiFig. 3 Lay-out of the Thermal Prototype of the M-Module. The circled numbersindicate the location of RTD�s to determine the temperature profile.

4The use of a stainless steel block with relative large thermal resistance hasthe disadvantage to change the temperature of the module relative to the coolingwater as a function of the heat input into the module. This is shown in Fig. 4where the temperature of the EAR and the cooling block at two cooling watertemperatures are shown as a function of the heater tape power. On the otherhand, it allows us to determine the heat input from the ambient air of 30oC intothe silicon wafers, using the data from two runs with the cooling water atdifferent temperatures, 17oC and 29oC.

152025303540-10123456Block(17) (17oC)Block(17) (29oC)

EAR(15) 17oCEAR(15) 29oC

Temperature [

o

C]Heat Input [W]Fig. 4 Temperature of the Ear and the cooling block at the twotemperatures of the cooling water, 17and 29oC, at 30oC ambient temperature

5Assuming that the convective heat input from ambient is proportional tothe temperature difference between ambient and the silicon, we can determinethe thermal resistance of the stainless steel block R and the effective convectioncoefficient of the silicon hconv from the data in Fig. 4 with the followingequation:TEAR = TBlock +Q*R + R*hconv*(TEAR+DT-Tamb),where the average silicon temperature was approximated to be DT aboveTEAR, with DT = 1oC from the following data. and the ambient temperature wasmeasured to be constant at Tamb = 30oC.The data in Fig. 4 results in R=2.56 [oK/W] and the effective convectioncoefficient of the silicon hconv=10 [W/m2/oK], averaged over the temperaturedistributions on the module. This value is close to the one measured by T.Kondo etal in a thermal study of the �classic r-f module� [6].We can now interpret the data and find the heat exchanged throughconvection for the two cooling scenario�s as a function of heater tape power. At acooling water temperature of 17oC, and a power input of 3W through the heatertape, a power of 0.5W is picked up from ambient through convection. At thesame heat input of 3W, but a cooling water temperature of 29oC, the silicon gave0.5 W to ambient, as shown in Table 1 (positive numbers are heat put into thesilicon, negative are heat supplied by the silicon). It should be noted that a powerof 0.5W corresponds to about 1m A/channel at 300V bias, about half theanticipated self heating load after 10years of operation of ATLAS at the LHC.Adjusting the relative temperatures of ambient and cooling fluid allows to tunethe amount of convective heat supplied by the ambient air.TABLE 1. Heat Power Input from Ambient (in Watt )as a function of Cooling Water Temperature and Heater Tape PowerCooling WaterTemp [oC]Heater Power0 W3 W5 W171.30.50290.3-0.5-1.2In the following, we will refer all temperatures to the temperature of theEAR to eliminate the temperature step in the stainless steel block.

6TEMPERATURE PROFILEWe have measured the temperature at several location on the modules asindicated in Fig. 3. Based on tests with the RTD�s we estimate the error to be0.2oC. During the measurements we observed that after change of the heatertape power, thermal equilibrium was reached extremely fast, due to the highconductivity of the heat spreader. On the other hand, we could not prevent ourmeasurements to be influenced by air movement, which might have introducedtemperature changes of less than 0.5oC. A better controlled environment-cooling box- is being targeted.Far Corner (RTD #8)The temperature in location #8, which is in the corner of the moduleaway from the cooling block, indicates how well the silicon detector is cooled,once it is self-heating and how efficient the heat from the frontend electronics isconducted to the cooling ear, without heating up the detectors themselves. Fig. 5shows the temperature of RTD#8 for two cooling water temperatues. Becausethe heat exchanged with the ambient air depends on the coolant temperature,the various data points correspond to very different �self heating terms�, asshown in Table 1. As expected, the module is slightly warmer relative to theEAR when the cooling liquid is cooler, because more heat is picked up fromambient. At 3W input into the heater tape and a heat pick-up of 0.5W fromambient, point #8 is 1.0oC above the temperature of the EAR, which agrees wellwith the results of the FE analysis.

-0.500.511.5-10123456Right Corner -EAR(17oC)Right Corner -EAR(29oC)

Temp Diff irence to EAR[

o

C]Heat Input [W]Fig. 5 Temperature of RTD #8 relative to the EAR.

7Edge of PG opposite Cooling #1Located on the PG heat spreader at the edge of the module in-between theends of the Kapton heater tape, RTD#1 shows how well heat from the electronicschips is conducted away from far away edege of the silicon detectors (Fig. 6).Again heat exchange with the ambient influences the data. At the point of zeroheat exchange, at a heater input of 5W at 17oC coolant temperature, point #1 is1.6oC above the EAR.

-0.500.511.52-10123456

Temperature Diff to EAR [

o

C]Heat Input [W]COOLING WATER 17oCCOOLING WATER 29oCFig. 6 Temperature of RTD #1, between the heater tapeson the edge of PG opposite to the EAR.

8Close to FEE #9RTD #9 is on top of the silicon, close to the far edge and to the FEE. Itstemperature depends much on the efficient cooling of the electronics andindicates how much heat from the electronics is flowing into the silicondetectors. Fig. 7 shows the temperature of RTD #9 relative to the EAR. Nostrong dependence on the temperature of the coolant and the heat exchange withthe ambient air is observed. We include a data point taken with only the bottomKapton heater delivering 3W of heating power at a coolant temperature of 29oC:no large change is observed. The temperature at this point is about 1.6oC for zeroexchange with ambient and 5W heater tape power.

-0.500.511.52-10123456Diff_#9-EAR{17oC]Diff_#9-EAR{29oC]

Temperature Difference to EAR [

o

C]Heat Input [W]Fig. 7 Temperature difference relative to EAR of RTD #9,close to the heater tape on top of the silicon.

9Electronics Top #12 and Bottom #18Fig 8 shows the temperature on the outer face of the Kapton tape (#12 onthe top and #18 on the bottom). For both coolant temperatures, the temperaturereaches a maximum of close to 3oC above the EAR. It is interesting to note thatthe bottom is about 0.5degrees cooler than the top at large input loads. We areinvestigating if this is due to convection or the extreme anisotropy of the heatconductivity of the PG material: the heat conductivity is about a factor 30 betteralong the PG than normal to it, i.e. in the direction from top to bottom. Thecooling channel is connected to the underside of the EAR.

01234-10123456Heater Top (12) [17oC]Heater Top (12) [29oC]Heater Bot (18) [17oC]Heater Bot (18) [29oC]

Temperature Difference to EAR [

o

C]Heat Input [W]Fig.8 Temperature of the RTD #12 (top) and #18 (bottom),at the outer surface of the Kapton heater tape.CONCLUSIONThe M-module allows safe and predictable heat removal both from Feegenerated power and from self heating of the detector. The largest temperaturesencountered on the thermal prototype are about 3oC on the Kapton at 3W heaterpower and 0.5 W due to convection. The largest temperature measured on thesilicon is 1.5oC, both relative to the temperature on the EAR.We will continue the measurement in an environmental chamber tocontrol and adjust heating from the ambient. We will also exchange thestainless steel cooling block with one made of copper to improve the couplingbetween the module and the coolant.