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Test goals

The PXL detector, part of the HFT vertex detector, features two concentric layers of silicon sensors that provide full azimuthal coverage.  The detector is composed of 10 sectors [
]. Each sector is composed of a carbon fiber beam support equipped with 4 ladders – 3 on the outer layer and one on the inner layer. The detector uses a cantilevered support, leaving one end of the detector unsupported as shown in Figure 1.
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Figure 1 Image of the mechanical model of one-half of the PXL detector composed of 5 sectors. Each sector is composed of a carbon fiber beam support and 4 ladders, 3 on the outer layer and 1 on the inner layer. The detector uses a cantilevered support, leaving one end of the detector unsupported.

The PXL detector is built to provide an excellent pointing resolution that can only be achieved if the mechanical stability of the detector is well controlled. According to design requirements, the position stability of the detector needs to be controlled within a 20 μm window. 

Silicon sensors in the detector are expected to dissipate approximately 170 mW/cm2 which amounts to 270 W for the whole detector.  In addition, each ladder will host buffers for readout and control signals, adding an estimated 80 W for the whole detector. This amount of power will induce temperature changes and thermal expansion and contraction in the mechanical structure, resulting in bimetal-type deformations that will affect the position stability. Thermal deformation studies indicate that the maximum resulting displacement due to a 20 °C temperature increase is 9 μm [
]. 

An air-flow based cooling system envisioned for the PXL detector is presented in Figure 2. The primary goal of this system is to limit the detector temperature changes and limit thermal deformations. 


[image: image2]
Figure 2 Graphical presentation of air-flow in the PXL cooling system.

The goal of the test presented in this document was to study the efficiency of the air-flow-based cooling system envisioned for the PXL detector. For this purpose, we have constructed a full-size mockup of the PXL detector and placed it in a prototyped air tunnel. In addition to the cooling efficiency, we have also studied ladder vibrations induced by the air flow.

Setup

The system setup is presented in Figure 3. The PIXEL detector mockup is visible inside the wind tunnel. A long sliding window in the wall of the air tunnel allowed us to slide an infrared camera along the selected ladder to monitor its temperature distribution. Detailed description of the detector mockup and electrical connections are presented in following sections.
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Figure 3 View of the test setup. The PIXEL detector mockup is visible inside the wind tunnel. The sliding infrared camera holder integrated with an infrared window is located to left of the wind tunnel. The air-pump duct is visible on the right side of the tunnel.

Detector mockup

The full-size mockup detector is composed of 40 ladders divided into 10 sectors, with 4 ladders each. Each ladder should be equipped with 10 sensors, but real silicon sensors were not available at the time of these tests. In place of Kapton flex cables with silicon chips, we used Kapton cables with copper traces forming heaters that allowed us to dissipate the expected amount of power in the detector.

There are two heaters on each ladder:

1) the sensor section (70 Ω resistance by design)

2) the readout driver section (30 Ω resistance by design).

One of the sectors (sector 1) was equipped with 10 dummy sensor chips per ladder. Dummy sensors are 50 um silicon blanks with a resistive Pt heater vapor deposited onto the surface. The Pt heater strips on the dummy sensors were wire bonded to the supporting Kapton cable to form one series resistance and to bypass the copper heater. Wire bonds between cables and silicon are well visible in Figure 4. The resistance of the Pt heaters was approximately 27 Ω per ladder.
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Figure 4 Images of three sections of a sector painted in black. (a) shows the wire connections to cable heaters at the supported end of the sector, (b) shows details and features of the location where the driver section ends and dummy silicon chips start, (c) the unsupported end of the sector. Wire bonds between cables and silicon are well visible and allow for easy identification of chip locations. 

There are 6 NTC thermistors [
] on each ladder (except for the ladders in sector 1, which have dummy sensors mounted) that allow us to monitor their temperature with an automated measurement system based on the Touch-1 cable tester. Thermistors, numbered 1-6 have are located along each ladder as presented in Figure 5.
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Figure 5 Numbering convention for thermistors located on each ladder. 6 thermistors are soldered near edges of the heater cable: 2 at the beginning of the driver section (supported end of the detector), 2 at the beginning of the sensor sections, and 2 at the end of the sensor section.

System architecture

Schematic diagram of electrical connections in the test setup is presented in Figure 6. Connections for monitoring thermistors are highlighted in blue; sensor heater connections are shown in red, Pt heater connections in black, and driver heater connections are shown in green.
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Figure 6 Schematic view of the electrical connections in the test setup, including power distribution, thermistor connections, and RDO PC.

A picture of the power distribution board is presented in Figure 7. Color ribbon cables provide connections to thermistors; CAT5 cables distribute power.
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Figure 7 Picture of one of 3 power distribution boards used in the cooling test setup. One card provides interface between the thermistors in 4 sectors and the tester unit and between the driver/sensor heaters from 5 sectors and the power supply units. Color ribbon cables provide connections to thermistors and CAT5 cables distribute power. 

Test equipment

The set of tools and equipment used for this test is listed below, including links to the appropriate source documentation.

1. Industrial 1.1 KW air pump (dust collector) RD-211 [
];

2. Power distribution boards [
] for providing power to all sections of the detector and testing points to thermistor connections;

3. Touch-1 cable tester from Cirris [
] to measure resistance of thermistors;

4. Air velocity transducer FMA-905-I from Omega [
];
5. C1-A capacitive probe from the Lion Precision Co. [
] for measuring vibrations of ladders;
6. Infrared camera;

7. Python-based software readout and visualization for resistance measurements with the Touch-1 tester [
]; 

Measurements

The main part of the air cooling performance study was accomplished at approximately 290 and 340 W and at various air-flow speeds.

We have performed the following measurements:

· Temperature of detector ladders was calculated from resistance of thermistors located on each of the ladders. The resistance was measured with the Touch-1 cable tester equipped with 2 test heads. This allowed for measurements in batches of 2 sectors (2 sectors x 4 ladders/sector  x 6 thermistors/ladder= 48 thermistors) at a time. Each resistance was averaged from 4 measurements.

· Temperature of dummy silicon chips was monitored using an infrared camera.

· Temperature of the input and output air stream was measured with thermocouples inserted into the input and output air ducts.

· The air flow was measured between the tunnel wall and the outside layer of the detector using the air velocity transducer.

· Ladder vibrations were measured on ladder 2 in sector 1 using a capacitive probe.

· The air flow speed was varied by adjusting the cross-section of the air-intake openings. 

Initial testing, observations and caveats
The heater cable design was not fully compatible with placement of dummy silicon chips and a set of wire patches had to be made to close the Pt heater loop. The patch wires are visible in Figure 4 b, c. These patches did not affect measurements.

The implementation of the detector proved to be sensitive to heater cable damages which can be attributed to the strain induced by cables soldered at the end of each ladder. Open and short circuit failures were observed.

Open circuits were fixed by re-soldering of appropriate wires. Shorts, however, most likely caused by the contacts to the carbon fiber support, were impossible to fix in the existing detector configuration. This resulted in two sensor heaters in sectors 4 and 10 being fully disconnected from the power distribution board. This has been taken into account when calculating power distribution and should have had no impact on the measurements.

Several problems with thermistor connections were found. In some cases, short circuits were observed when power was applied to the sensor heaters. This failure mode affected measurement capabilities of the Touch-1 cable tester.  Apparently, the Touch-1 tester is not capable of performing any measurements on either of the test heads when such a condition occurs. This limited the number of temperature measurement points but had no other impact on the measurements.

The Pt heaters must be painted black to get accurate temperature measurements with the thermal camera.  This is demonstrated in Fig. 8a, where the non-painted reflective surfaces appear much cooler that the painted surfaces.

 A silicon die with the platinum heater deposited on top of silicon (Figure 8 b) is well visible on non-painted dies. After verifying that the paint doesn’t affect the resistances measured in our system, outer ladders in sectors 1 and 10 were painted in black. The temperature measurements using thermal camera and on-ladder thermistors showed good agreement.

[image: image10.jpg]




[image: image11.jpg]



a)








b)
Figure 8 Thermal image of 6 dummy silicon dies (a).  Two of these dies in the middle of the picture are painted in black. Non-painted chips reveal the shape of the platinum heaters (b) deposited on top of silicon.  Each chip dissipates approximately 200 mW (8.7 W for the whole sector). The hot spot in silicon is at 37 °C.
Air flow calibrations

The initial set of tests was performed with air velocity transducer (FMA 904-V) that was limited in range to 10 m/s. The maximum available air flow in the system was saturating the probe. To avoid this limitation, we performed calibrations of the air flow in the wind tunnel versus the corresponding air speed at the exhaust vent of the air pump. The measurement and its results are presented in Table 1 and Figure 9.  A linear fit to the data points and its extrapolation allow for an estimation of the full air-flow speed at 12.2 m/s. 

Table 1 Air-flow calibration 

	vent (V)
	tunnel (V)
	vent (m/s)
	tunnel (m/s)

	0.35
	0.95
	0.7105
	1.9285

	2.25
	3.45
	4.5675
	7.0035

	2.55
	4.8
	5.1765
	9.744
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Figure 9 Air-flow calibration with a linear fit to data points.

Cooling tests at 290 W

The initial tests of the cooling system were performed with the detector dissipating approximately 200 W. This was consistent with the original detector parameters (100 mW/cm2 in silicon). However, the system power needed to be increased from 0.4 W/sensor to 0.68 W/sensor (a factor of 1.7) to accommodate for the current and expected in the future power dissipation of silicon sensors. Table 2 shows the estimated power dissipation in the detector, assuming 6.8 W/ladder in the sensor area and 1 W/ladder in the drivers section at the end of each ladder.

An example of the temperature change registered with a thermal camera at four different air speeds is shown in Figure 10. An image of the complete sector was created by stitching images registered at different locations along the ladder, as shown in Figure 11.

Table 2 Estimation of the detector power at the level of 290 W.

	Ladder section
	Measured resistance

 (Ω)
	Current 

(A)
	Power (I2R)

(W)

	Sensor section
	Sector 1 

(Pt heaters)
	26.9||27.2||24.4||25.1 = 6.4Ω
	2.06
	27.1

	
	Sectors 2-5
	4.5
	4.7
	99.4

	
	Sectors 6-10
	3.7
	5.8
	124.4

	Driver section
	Sectors 1-5 
	1.3
	3.9
	19.7

	
	Sectors 6-10 
	1.5
	3.6
	19.4

	TOTAL Power


	290


(2 sensor heaters are disconnected in sectors 2 and 10)
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Figure 10 Thermal images of a silicon section in sector-1. The measurements were made with the mockup detector dissipating approximately 290 W and the air flow estimated at 12.2, 10.4, 9.0, and 7.1 m/s.
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Figure 11 Thermal image of sector-1 at 290 W dissipated in the detector and at the air flow speed of 12.2 m/s. The image was stitched from 8 individual images of small subsections.
The complete set of measurements of the detector temperature was performed at air-flow speeds of 7.1, 9.0, 10.4, 12.2 m/s. The cooling air temperature was approximately 31 °C. 

The 2-D visualization of the thermistor temperatures is presented in Figure 12 using dedicated Python-based software. Sectors and ladders are depicted with their supported end towards the center of the picture. Sector 1, loaded with silicon chips, is presented at the “1-o’clock” location. Sector numbers increase in a clockwise direction. 

A closer look at this data is shown in Figure 13, where 12 plots represent 6 thermistors on the inner and outer layers. Thermistor resistances are averaged across all ladders on the inner and outer layers. Measurement data were analyzed in three sets: for sector 1, sectors 2-10, and all sectors together.

The results show that at 10.4 m/s air cooling, the temperature of the detector increases to approximately 42 °C, which was 11 °C above the ambient temperature.
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Figure 12 Visualization of the detector temperature measured by on-ladder thermistors using the Touch-1 tester readout. Sector 10 can not be measured when power is supplied to the system and the thermistors at the unsupported-end of sector 1, which is equipped with silicon chips, were not mounted due to the lack of space on the Kapton cable. In addition, scattered, faulty thermistor connections can be seen in sectors 4, 6 and 7. These were ignored in the data analysis shown in the text. The cooling air temperature was approximately 31 °C.

a)
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Figure 13 Plots of the measured ladder temperature at the locations of 6 thermistors on the inner and outer layers for 290 W dissipated in the system. Results are shown for sector 1, averaged sectors 2-10, and averaged for all sectors. Inner layer values are averaged over 4 measurements. In the outer layer, all three ladders are used for averaging. Error bars represent the standard deviation of the measurement distribution. Blue, black and red plots represent thermistors at the unsupported end, mid-section, and the supported end of the sector, respectively. The last set of points above 12 m/s indicates the measured temperature at 0W, effectively the ambient temperature of ~31 °C.

Cooling tests at 340 W
In this test, additional power was dissipated in the driver section, increasing the power from 1 to 2 W per ladder.

The power distribution throughout the detector assembly is presented in Table 3. It is corrected for the following errors:

· One Pt heater on a silicon die was damaged (cracked) and had to be bypassed;

· 150 “sensors” in sectors 2-5 – One sensor heater exhibited a significantly lower resistance and needed to be detached from the parallel resistor network;

· 190 “sensors” in sectors 6-10 – one sensor heater exhibited a significantly lower resistance and needed to be detached from the parallel resistor network;

Table 3 Estimation of the detector power at the level of 340 W.

	Ladder section
	Measured resistance

(Ω)
	Current

(A)
	Voltage

(V)
	Power (I2R)

(W)
	Power (V·I)

(W)

	sensor

section
	Sector 1 

(Pt heaters)
	6.6
	2.06
	6.97 + 7.96
	28.0
	30.7

	
	Sectors 2-10
	4.6 || 3.7
	10.6
	23.1
	230.3
	244.8

	drivers

section
	Sectors 1-5 
	1.4
	5.3
	8.23
	39.3
	43.6

	
	Sectors 6-10 
	1.4
	5.3
	8.03
	39.3
	42.5

	TOTAL Power


	~337
	~361


The complete set of measurements of the detector temperature was performed at air-flow speeds of  4.7, 10.1, 13.8 m/s. Thermal images of sector 1 at these air speeds are shown in Figure 14. The cooling air temperature was approximately 31 °C.

The 2-D visualization of the thermistor temperatures is presented in Figure 15. A closer look at this data is shown in Figure 16, where 12 plots represent 6 thermistors on the inner and outer layers. Thermistor resistances are averaged across all ladders on the inner and outer layers. Measurement data were analyzed in three sets: for sector 1, sectors 2-10, and all sectors together

The results show that with air cooling at 10.1 m/s the temperature of the detector increases by approximately 12 °C above the ambient temperature. This is adequate to keep thermal distortions well below the required limit.
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Figure 14 Temperature of the detector dissipating 340W and cooled with room temperature air (~27 °C) at air velocities of 13.8, 10.1, and 4.7 m/s.  Hot spots observed correspond to approximately 37, 41, and 48 °C. Images are generated by stitching together 8 separate images acquired with a thermal camera and using a round, IR-transparent window built into the air-tunnel structure. It can be easily observed that the last silicon dummy on the low-edge ladder is not heated correctly due to the damaged Pt heater.
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Figure 15 Temperature of the detector dissipating 340W and cooled with room temperature air (~27 °C) at air velocities of 13.8, 10.1, and 4.7 m/s. 

a)
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Figure 16 Plots of the measured ladder temperature at the locations of 6 thermistors on inner and outer layers for 340 W dissipated in the system. Results are shown for sector 1, averaged sectors 2-10, and averaged for all sectors. Inner layer values are averaged over 4 measurements. In the outer layer, all three ladders are used for averaging. Error bars represent the standard deviation of the measurement distribution. Blue, black and red plots represent thermistors at the unsupported end, mid-section, and the supported end of the sector, respectively. The ambient temperature in these measurements was ~27 °C.
Energy transfer

To cross check our measurements with theoretical expectations, we have made an attempt to perform a rough estimate of mass flow and energy transfer in our system. We tried to estimate the mass flow through the air duct connecting the wind tunnel and the pump by measuring air velocity. The measurement was performed horizontally across the output air duct at full air flow speed and with the detector volume not dissipating any power. The results are summarized in Table 4.

Table 4 Measurement of airflow in the output pipe.

	DISTANCE (inch)
	AIRFLOW (mA)
	Radius (inch)
	AIRFLOW (m/s)

	1.0
	11-12
	2.0
	12.8

	1.5
	13
	1.5
	14.4

	2.0
	16
	1.0
	19.2

	2.5
	16.2
	0.5
	19.5

	3.0
	17.0
	0
	20.8

	3.5
	16.2
	0.5
	19.5

	4.0
	17.0
	1.0
	20.8

	4.5
	18.0
	1.5
	22.4

	5.0
	18.5
	2.0
	22.7


This measurement shows that the air speed across the duct does not exhibit any linear distribution nor any symmetry. This might be due to turbulences and the fact that the air duct was bent near the connection to the wind tunnel, where the measurement was taken.

The arithmetical average of the air speed measured is 19.2 m/s. The average air speed, calculated by scaling the measured value  by the surface area of a half-ring with the width of 0.5” around each measurement point (the two outer half-rings have the width of 1.25”) , is 18.2 m/s.

The thermal energy calculations can be accomplished using an on-line calculator [
] or simply by calculating the change in thermal energy that is expressed with:
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where m is mass, c is specific heat capacity, and ΔT is temperature difference in Kelvin between the system’s input and output; ρ is density, V-air flow speed, and R radius of the input pipe.
Assuming:

air density  ρ @20°C  




1.2 kg/m3
air specific heat capacity [
] @20°C  

1.005 kJ/kg K
pipe diameter 




6” =  15.24 cm

At the air velocity of 19.2 m/s, the volumetric flow rate 
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 is 0.3466 m3/s and the mass flow rate is 0.42 kg/s.

Taking the input and output temperatures of 26 °C and 27.2 °C measured at 340 W and the full speed air-flow (13.8 m/s in the wind tunnel), the calculation returns ~500 W. This is significantly more than the actual power delivered by the detector system. The same calculation returns approximately 480W for the air speed of 18.2 m/s. 

It is possible to achieve a better agreement between calculations and measurements when the volume of the air passing directly above the detector in the wind tunnel is considered. This volume is restricted by the air tunnel walls at 11.43 cm radius (9” diameter) and 8.5 cm radius of the outer detector layer. Neglecting the small cross-section of the tunnel between the beam-pipe and the inner sensor layer, the surface area of this cross section totals 183 cm2, which, coincidentally, is comparable with the input pipe cross section of 182 cm2.

Energy transfer for the system dissipating 290 W and 340 W at different cooling air speeds is studied and summarized in Table 5. Input and output air temperatures were measured for each of the cooling efficiency tests described in previous sections. The calculated energy transfer can be directly compared with the system power. The mismatch between these two values is summarized in the last column. The calculations and measurements are in a good agreement (several percent) for high and low air flow speeds. At medium speeds, the mismatch is at 24 and 43 %. This is still a satisfactory agreement, considering our limited accuracy in mass flow rate estimates and temperature measurements.

Table 5 Energy transfer estimations for the cooling air temperature change measured at different air velocities. Power budget mismatch expresses the difference between the calculated and expected energy transfer.
	Power
	Air speed

(m/s)
	Input air

temperature

(°C)
	Output air

temperature

(°C)
	Temperature change

(°C)
	Calculated energy transfer

(W)
	Power budget mismatch

(%)

	290 W
	7.1
	31.1
	33.2
	2.1
	328
	13

	
	9.0
	30.2
	32.3
	2.1
	416
	43

	
	10.4
	31.0
	32.2
	1.2
	274
	-5

	
	12.2
	31.3
	32.4
	1.1
	295
	2

	340 W
	4.7
	27.2
	30.0
	2.8
	289
	-15

	
	10.1
	27.1
	29.0
	1.9
	422
	24

	
	13.8
	26.0
	27.2
	1.2
	364
	7


Vibration and displacement tests:
In addition to air cooling efficiency tests, we have performed a simplified study of air flow induced ladder vibrations. The measurement results described in this section are not intended to be definitive, but rather work in progress due to the mockup nature of the test setup used.

The vibrations of ladder 2 in sector 1 at different air flows were measured with a capacitive probe connected to an oscilloscope. The ladder vibrations were quantified as the AC RMS of the trace on the scope display. The first set of measurements is presented in Figure 17. Measurements were performed at different locations on the ladder and at air speeds of 4.0, 8.6 and 12.5 m/s. The measurement points reported below express the distance from the supported end of the ladder. “0” represents the beginning of the driver section and 26.7 is approximately the location of the furthest sensor on the ladder.
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Figure 17 Ladder vibration induces by air-flow as a function of the position on the ladder.
In the above measurements, the capacitive probe was supported with the fixture attached to the air tunnel. The setup was later modified to decouple the capacitive probe from the air tunnel by having it supported with an independent stand.

In the second set of measurements, the oscillations and deflections (DC offset) were quantified. The ladder locations chosen for measurements were: at 0 cm, 13 cm and 26 cm. The signal was observed on the scope and the DC average and AC RMS were measured to quantify deflection and oscillations, respectively. DC measurements were also verified with a digital multimeter for additional signal integration.

Two detector configurations were studied.

1. The original configuration in which the sector ends were left unsupported.

2. The unsupported end of the sector under test was attached to the neighboring sector 2 by means of an adhesive tape and a plastic spacer. These measurements are referred to as (sector coupled). 

In the first set of measurements, the main oscillation frequency was observed close to 100 Hz, with additional peaks at 210 and 410 Hz. In the measurements in which the movement of the unsupported end of the sector was constrained, the main frequency peak was at 200 Hz with a second peak at 400 Hz. this is demonstrated with scope pictures in Figure 18.
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Figure 18 Scope pictures showing vibrations and FFT analysis of the registered traces. FFT settings are 1kHz for the center frequency and 200 Hz/div. Data was taken at the location of 26.7 cm and with air velocity of 12.5 m/s. Sub-figure a) represents data taken with the sector 1 coupled to sector 2; b) sector 1 with unsupported end. 

The results of the vibration tests are summarized in Figure 19. It is clearly visible that by coupling the unsupported sector end, the vibrations of the system can be reduced by up to 20% in the most sensitive part of the ladder. The measurement results are consistent with the first set of tests presented in Figure 17. However, these results are not definitive and they might include a component associated with the support structure that has not been investigated in this study.

Figure 20 shows the DC deflection of ladders measured as a function of the ladder location and air speed. The repeatability of these measurements is questionable and they are shown here as a reference rather than a solid result. 
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Figure 19 Vibrations caused by airflow at different locations on ladder 2 in sector 1.
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Figure 20 Displacement caused by airflow at different locations ladder 2 in sector 1

The study of the sector vibrations was completed by trying to verify the influence of temperature on the presented results. Three sets of measurements were taken at the unsupported end of the sector (26.7 cm).

1. without air flowing

2. with air flowing at 11.9 m/s

3. with air flowing at 11.9 m/s and detector dissipating 340 W.

As expected, the measurement results indicate that vibrations caused by the air flow are independent of the dissipated power and stay at the level of 12 µm (11.75 at 0 W and 12.25 at 340 W). The displacement caused by the increased temperature of the detector is increased from 32.5 µm at 0 W to 77.5 µm at 340 W.  This can be attributed to the mockup-nature of our setup, where some of the support structures are made of plastic. The final support design will be more rigid with different temperature coefficients and the DC displacements are expected to be less pronounced.

Conclusions

Air cooling at 10.1 m/s limits the temperature rise of the silicon/cable assembly to 12 °C above the air temperature. This is sufficient to limit the bimetal-type deformations and provide the required mechanical stability.

Vibrations of 7 (m rms were observed with an air flow of 9.3 m/s which exceeds our requirement of  < 6 (m rms.  It is likely however, that a significant fraction of the vibration is a result of the soft sector support structures used in this thermal test.  Earlier measurements focusing on vibration limits using stiffer support structures more consistent with the final mechanical design showed reduced vibration well within in our requirements. (need to analyze the earlier results and post them so that it can be referenced here)
It is possible to allow operation of the detector at a higher temperature, for example by limiting the air flow to 7 m/s, without exceeding mechanical deformation limits (as per thermal deformation simulations) and, at the same time, keep vibrations below 6 μm rms.

The cooling test described in this document addressed the mechanical stability of the PXL detector, which is a very challenging aspect of the PXL design. The results obtained from this test validate the chosen cooling system architecture.

Additional work required for completing this study will include:

· detailed study of heat-induced ladder deformations using TV holography;

· tests with full support structure to better understand the airflow-induced DC displacement.
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