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Overview
This document outlines pumping, cooling and warm up procedures for TRICK.  Please refer to the table of contents to locate the appropriate sections.

At 63 hours, cooling time is longer than originally intended.  This is shown to be due to the shortfall in performance of the ARS Orca relative to claims made in the data sheet.  Rework by the manufacturer resulted in improvements to the low temperature performance at the expense of (even) slower cooling at high temperatures.  The lower ultimate temperature and greater thermal margin at low temperatures provided an acceptable compromise.

Rework of the cooling path from the detector was required, but was successful, delivering <103K unheated detector temperature and 105K working temperature which is safely below the 110K requirement set for low hot pixel intensity.

Slew rates are shown to be as designed and warm up completed safely overnight as desired.

The static and dynamic thermal behavior is for the most part well understood and predicted remarkably accurately by the complex thermal model.  The one exception is power flow into the detector mount, which increases to about 1W over a period of 10 days after cooling.  While puzzling, this should not cause loss of thermal control.  
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[bookmark: _Toc238045286]Vacuum
The TRICK vacuum data logging provided a number of noteworthy insights into the behavior of TRICK during the integration period at Caltech.   Pressure and temperature logs for various cooling cycles can be found at:
	http://www.astro.caltech.edu/~detlab/trick 
[bookmark: _Toc238044690][bookmark: _Toc238045287]Leaks, real and virtual
During the assembly process several leaks were detected using the helium leak mass spectrometer.   Typical causes were found such as scratched o-ring grooves, lint on o-rings etc.   Once all leaks were eliminated the pressure rise rate was still quite high due to outgassing and possible some voids where gas is trapped (not confirmed).   See Figure 1. 
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[bookmark: _Ref237756523]Figure 1:   Initial pressure rise test on March 28.   The bench is installed but no filter wheel, cooler interface, or lens tube. Blank-off plates are installed for the cryo-cooler head and detector hermetic connector. No desiccant is in place so the 400 mT/day pressure rise is probably dominated by water vapor
[bookmark: _Toc238044691][bookmark: _Toc238045288]Outgassing
Components of TRICK were ultrasonically cleaned and then vacuum baked to remove grease and particles. It was not possible to fit the larger parts in the oven, or in some cases like the cryocooler head and detector, the higher temperature would have been a problem.  Since not all components can be vacuum baked, significant outgassing still occurs after assembly.  Once final assembly was completed the following methods were used to accelerate the outgassing of water, a polar molecule which adheres readily to most surfaces and thus moves through the system quite slowly:

1. The dewar was wrapped in heater rope to elevate the outer wall temperature to be noticeably hot to touch.
2. The bench and detector heater controllers were set to 305K to drive off moisture form the interior.
3. During initial outgassing the dewar was flushed with dry air several times.  Note that the lines to the dry air cylinder were pre-evacuated to remove moist air from the lines.
4. The zeolite desiccant mounted on the top plate (ie at room temperature) pumps water vapor at all times.  Once the dewar had dried out, the zeolite was regenerated by an overnight bake in a solder pot (above about 300C).
5. Once dry gas flushing was doing noting to accelerate the process, a liquid nitrogen cold trap mounted close to the dewar valve was used to both speed up the pumping of water (removing the pump line impedance) and monitored progress.   
6. We periodically warmed up this cold trap to inspect the cryopumped material.  At one point we smelled organic material (dead insect?) coming from the turbopump but this dissipated over time.  During this period the cold trap prevented contamination of the dewar by the pump!

Figure 1 shows a pressure rise curve early in the outgassing process.  Compare this with Figure 2, after extensive cleaning and outgassing.  The pressure rise rate has dropped from 400mT/day to 8 mT/day but is still dominated by water vapor as demonstrated by the sharp drop in pressure soon after the cold head is turned on.  shows that the pressure rise has dropped to 5 mT/day, after a later cooling cycle when much longer time on the pump and the zeolite getter have removed most of the water vapor.  
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[bookmark: _Ref237762800]Figure 2:  On May 15, after cleaning, baking, dry nitrogen flushing, then pumping the pressure rise rate dropped to <8 mT/day.  The sharp drop in pressure at 08:30 in this plot corresponded to activation of the cryocooler, demonstrating that the residual pressure is still dominated by water vapor which freezes out rapidly.  (Pressure from air would only drop by the ratio 273/293.)
[bookmark: _Toc238044692][bookmark: _Toc238045289]Final pressure when pumping
It should be noted that the pressure rise rate from O-ring diffusion alone is projected to be as much as 86 mT/day, using typical post-outgassing O-ring diffusion rate = 5x10-7 Torr-liter/s per meter of O ring.  (TRICK has about 4m of o-ring and ~50 liters of vacuum.).  In practice we achieve <8mT/day.   Thus it is a waste of time to pump much below 1 mT.   The correct metric for “adequate vacuum” is a pressure rise test in which the pressure is logged after closing the valve.   The principal components of air are all non-polar molecules (N2, O2, Ar, CO2 ), which have low binding energy to the metal surfaces and activated carbon getter so that their pumping speed is governed by Brownian motion at the speed of sound.  After outgassing the water vapor then filling with dry air, these gasses pump to pressures below 1mT in only 5-10 minutes as shown in Figure 3.
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[bookmark: _Ref237768078]Figure 3:   TRICK was charged with 100mT of dry air to then pumped again.  Note that the pressure drops very much faster when little water vapor is present returning to the pressure prior to filling within only minutes.  This pressure floor drops much more slowly is due to the residual water vapor.
[bookmark: _Toc238044693][bookmark: _Toc238045290]Activated carbon getter
To expedite commissioning a relatively small activated charcoal getter was added in the center of the cylindrical cold head termination, which inserts into the clamp attached to the bench.  This is the coldest point in the system, apart from the cold head itself.  This charcoal getter starts working below about 180K and achieves high pumping capacity by 130K, as shown in Figure 5.   
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[bookmark: _Ref226783226]Figure 4: Pressure versus temperature of getter container for different amounts of gas deliberately introduced to a 6 liter test dewar with ~20ml activate carbon getter.
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[bookmark: _Ref226790419]Figure 5:  Fraction of the Nitrogen gas, which has been released.  Data in Figure 4 has been normalized by the final pressure and a correction for gas expansion has been applied to reference the pressure to that which would be seen if the gas warmed to room temperature.   

Figure 6 shows the pressure when cold with this getter active (but no ion pump).  The slow rise in equilibrium pressure appears to be due to o-ring diffusion: a getter can be modeled as a “virtual volume” (which increases at lower temperature due to longer residence time of adsorbed molecules).   As such pressure rise is expected to be linear as long as the cold head temperature is unaffected by gas conduction.    At 0.4µT/day, the time to reach 0.1mT with getter alone is 250 days.  Given the large thermal power margin, a pressure as high as 1mT could probably be tolerated, extending the vacuum hold time to ~6 years.
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[bookmark: _Ref237767694]Figure 6:  pressure evolution during and after cool down with charcoal getter present but no Ion Pump. 
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[bookmark: _Ref237795571]Figure 7:  Zoom in on one of the pressure spikes in Figure 6 showing a sharp rise followed by an slower decay, presumably as the getter pumps the gas released.  The rise in equilibrium pressure after such events is barely distinguishable form the 0.4 µT/day underlying upward trend.
[bookmark: _Toc238044694][bookmark: _Toc238045291]Ion pump
To maintain low enough pressure for gas conduction to be negligible (<0.1 mT) the gas diffusing through the o-rings must be actively pumped.  Even the very small charcoal getter described above seems to be adequate and could easily have been made much larger if it had not been added as an emergency measure when we had trouble with the ion pump.      The Ion Pump, <manufacturer and model ???>, requested  by WMKO appears to be unnecessary.  While it is effective in reducing the pressure as illustrated in in Figure 8, the pressure before activating the ion pump is already acceptable to maintain thermal control.
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[bookmark: _Ref237795833]Figure 8:  The Ion Pump also functions as a gauge.  When used in combination with the charcoal getter it reports pressures that are an order of magnitude lower than the getter alone.  It is prone to locking up when accessed through the internet port for logging (eg midnight through 10am on Jul 26).
The ion pump cannot be started until the dewar pressure is at or below 0.1 mT, so one must rely on the turbo pump to get there.   This is well within the turbo pump’s capacity but takes a long time.  Long pumping time is avoids by pumping while cooling, then activating the ion pump after the turbo-pump and getter have lowered the partial pressure of air sufficiently, and the cooler has cryo-pumped the water vapor.

We initially had trouble with the pump reporting errors and shutting down.   After cleaning and calibration it now appears to be working but still suffers from the requirement for low starting pressure and very low contaminants, and exhibits low capacity compared to activated carbon.  It also releases pumped gas if the power is shut down.    Even when clean the ion pump will typically shut down, reporting overpressure, on first attempt to start: it will generally succeed with one re-try. 

The ion pump also acts as a pressure gauge, but is prone to stop working occasionally when the pressure is read through its internet port.   Figure 8 shows one example of this lockup at about 10pm July 25 with manual restart at 10am the next day.   This is rare enough that it is generally not seen if only reading pressure occasionally, but can be a problem for regular logging.
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[bookmark: _Ref237795358]Figure 9:  These plots show both temperature and foreline pressure (just outside the valve) one the same time scale.  The foreline pressure drops more quickly after midnight July 25 due to the getter coming into play as cold head temperature falls below 180K.  The second drop at about 9am corresponds to the ion pump being turned on.  The pressure rise at about 3pm occurs when the valve is closed and the foreline is pumped only by the turbo pump.  And not the getter plus ion pump.
[bookmark: _Toc238044695][bookmark: _Toc238045292]Cooling 
[bookmark: _Toc238044696][bookmark: _Toc238045293]Cooling Procedure
It is good practice to run the bench and detector temperature servos at 305K while pumping prior to cooling to drive off water vapor. It is necessary to pump the dewar using a turbo pump with oil free backing pump for the first 41 hours.  By this time the cold head will reach 160K giving the getter enough pumping capacity to keep the dewar pressure below 2.5x10-5 T when the valve is closed.   Closing the dewar valve anywhere between 36 hours and 48 hours after start of cooling should be acceptable.  At this point the dewar pressure will drop below the base pressure of the turbo pump and gas will diffuse from the pump into the dewar.  The flow rate is low at these pressures so the timing of valve closure is not critical.    Figure 6 and Figure 9 show a typical pressure curve during cool down.  Note the pressure drops inside the dewar when the valve to the turbo-pump was closed.

To protect the Ion Pump it is a good idea to turn it on only after the valve has been closed.

Figure 10 illustrates how cooling can stall if not pumping.  The temperature curve flattens where a “gas emission event” from a small internal void caused a pressure step.  With no pump active the resulting pressure rise to 9 mT caused enough gas conduction to overwhelm the cooling capacity which is only 6.9 W at the temperature where this occurred (232 K).     Figure 10 also shows that pressure inly needs to be below 3 mT for the cooling to proceed, and below 1 mT there is no appreciable change in the slope of the cooling curve.

The small pressure spikes in occurring about daily in Figure 6 and Figure 7 appear to be real, judging by the step seen when valve was closed (Figure 10).   Similar events have been reported in other vacuum systems and are generally attributed to release of gas from very small voids such as the inside corners of o-ring grooves, however this is an educated guess by other experts and we have not attempted to substantiate this.     The pressure rise after these events does not exhibit any detectable offset so the total gas released appears to be negligible compared to the o-ring diffusion over the course of a day.
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[bookmark: _Ref237849107]Figure 10:  During cooling, valve to pump was closed at 15:30 on June 14.  At 00:30 on June 15 gas presumed to be emanating from a void causes at pressure rise from 3mT to 9 mT.  The increases gas conduction causes cooling to stall.  At 10:00 pumping was resumed and cooling proceeded again normally.
[bookmark: _Toc238044697][bookmark: _Toc238045294]Cooling Curves
Figure 11 shows a typical cooling curve for the final system (after installation of the “corset” discussed below).    Many more sensors were logged during commissioning than will be logged during operation.  All sensors remain wired an available, so this is just a limitation imposed by the number of Lakeshore Controller input channels available.
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[bookmark: _Ref237949618]Figure 11:  Measured cooling curve after installation of corset and 2nd thermal link to cold head.  The cooling is no faster but the ultimate detector temperature is now 102.5 K.  (Data on several sensors was corrupted near the start.) 
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[bookmark: _Ref238035878]Figure 12:  Cooling curve predicted by the thermal model using measured thermal resistance values reported in  Table 1 and the Orca cooling power curve measured by Caltech.   
All sensors that are tightly coupled to the cold head follow essentially the same curve as the cold head but are offset by an amount that depends on the thermal resistances between any point and the cold head plus the power flow in those thermal resistances which is proportional to the upstream heat capacity times rate of change of temperature.  

The cooling rate is slow enough that the thermal RC time constants are exceeded and all points settle into the same slew rate so each heat capacity delivers
 
Heat flow  =   C  * dT/dt

Under these conditions the thermal slew rate, dT/dt depends only on the cooling capacity of the ARS “Orca” Joule Thompson refrigerator and the total heat capacity of the system.
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[bookmark: _Ref238036075]Figure 13:  Measured and predicted detector temperatures during cooling. 
The detailed thermal model developed during the design phase has been updated to reflect the measured cooling power of the ARS Orca cooler.   This model takes into account the dependence of specific heats and thermal conductances on temperature.  While heat capacity and bulk thermal resistance can be predicted reliably from the mass and dimensions provided by the solid model, approximations are required for emissivities and radiative transfer “shape factors”.    Contact resistances are notoriously difficult to predict.  Resistances of the joints between the detector and bench, and bench to cold head, have been measured by monitoring the temperature change when a known power is injected via the detector heater and (as discussed further below).

The predicted curves using measured contact resistances are shown in Figure 12. Measured and predicted curves are shown on the same graph in Figure 13. The predicted cooling time, 63 hours, comes very close to the 65 hours measured.
[bookmark: _Toc238044698][bookmark: _Toc238045295]Thermal resistance measurements
During the first cool down, the detector only reached 122 K unheated (rising slowly to 129K).  Thermal resistances along the path to the cold head as well as the stiffness of the cold head itself, were measured by injecting a known detector power and measuring the temperature for the sensors on detector mount, lens tube, bench, on the thermal link (both ends), cold head clamp, and cold head.   Since the temperature sensor calibration is only good to a degree or so, it is the change in temperature drop across each resistance, which is the best measure of resistance. 

The resistance from detector mount to base of the lens tube was found to be, 17 K/W, implying that the power flow from detector mount to lens tube was initially 1.0 W rising slowly to 1.4 W.    While this power flow is about double that expected for radiation plus wiring conduction (no explanation has yet been found for this excess), the predominant problem was the excessive thermal resistance.
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[bookmark: _Ref237939455]Figure 14:  Cooling curves prior to the installation of the Aluminum “corset” and 2nd bench to cold head l   The detector initially reached only 122 K, then rose to 129 K over the next 20 days without the application of any heater power. 
The cause of the high resistance was diagnosed as the failure of the plan for establishing contact by thermal contraction of the Molybdenum detector mount to 
the invar tube.  The as-built difference between the internal diameter of the detector mount and the outer diameter of the Invar turned out to be greater than the differential contraction of the materials which had been erroneously based on room temperature values instead of integrated expansion.   Taking into account the variation in CTE with temperature, the total contraction of the Moly between 293K and 110K is 0.0794% while the contraction of the Invar is 0.034%.    For the 67 mm diameter, contraction reduces the radial gap by only 15 µm.  Since this is too small compared to machining tolerances a new thermal contact method was required.  

Lack of space around the rim of the detector mount limits the number of bolts while the wall thickness of the lens tube limits their size.  Furthermore, it was undesirable to disassemble and modify the lens tube and/or larger bolts between the detector mount and lens tube was not possible due to wall thickness in the lens tube.   The solution adopted was to make an aluminum sleeve, dubbed the “corset”, with diameter closely match to the outer diameter of the detector mount providing a slip fit.  The cylinder had to be cut into two halves and bolted together so that it could under-hang the detector mount.  
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Figure 15:   Half of the Aluminum corset is shown here installed behind the invar lens tube without the detector mount.   Two thermal links between the bench and cold head are partly visible.  (Cold head clamp is behind lens tube). 
[image: ]
Figure 16:   View with top plate removed to show detector installed within corset.
The Corset was made from Aluminum which contracts by 0.353% so the gap between the Moly detector mount and Aluminum corset is reduced by 92 µm as the instrument cools.  The room temperature gap was set to be less than half this,  so engagement is guaranteed.   The corset has grooves cut in the sides to provide tool access to the six steel bolts, which clamp the stacked flanges of the corset and invar lens tube to the bench.   These slots break the corset into stiff fingers, to assure that there is a bit of compliance in the corset, which serves to assure contact at least once per finger.  A similar contraction driven clamping force is applied adjacent to the lens tube flange to reduce the contact resistance there too.  The bulk resistance of the Aluminum corset is estimated to be 0.76 K/W which is much lower than the invar lens tube that it surrounds.

Initially only one thermal link flexure was installed between the cold head clamp and bench.  The measured thermal resistance was 1.2 K/W plus 1.1 K/W for the contacts.   The second link was added in parallel to halve these numbers.

Table 1 shows the measured thermal resistances before installation of the corset.   As illustrated in Figure 17, the total thermal resistance from detector mount all the way to the cold head was reduced from 22 K/W to 1.5 K/W by the installation of the corset.  Peak unheated-detector temperature was reduced from 129 K to 103K.  (Compare Figure 14 to Figure 18.)

	
Detector power 
	T @
0W
	T @
0.8W
	R  
(K/W)
	

	Detector 
	128.7 K
	146 K
	17.0
	tube+mount contact

	Lens tube base
	104.5 K
	108.2 K
	0.7
	contact

	Bench-1
	102.2 K
	105.3 K
	0.3
	contact

	Link near Bench
	101.1 K
	103.8 K
	1.2
	link

	Link near cold head
	97.1 K
	98.9 K
	0.8
	contact

	Cold head 
	95.3 K
	96.5 K
	1.5
	cold head stiffness


[bookmark: _Ref237943238]Table 1:  Thermal resistances calculated from temperature rise in response to 0.8 W detector heater power, BEFORE installation of 2nd thermal link or corset.

	
Detector power 
	T @
0W
	T @
1.6W
	T @
3.1W
	R (K/W)
	R (K/W)
	

	T Detector 
	102.48
	105
	107
	1.0
	1.0
	Mount+tube+
bench contact 

	T bench-1
	98.81
	99.62
	100.25
	0.04
	0.04
	Contact to link 

	T Link near Bench
	98.49
	99.24
	99.8
	0.09
	0.10
	Link

	T link near cold head
	96.26
	96.86
	97.27
	0.09
	0.09
	Contact to head

	T cold head 
	96.28
	96.73
	97
	0.3
	0.2
	Head stiffness

	Total
	
	
	
	1.5
	1.5
	


Table 2:  Thermal resistances calculated from temperature rise in response to 0.8 W detector heater power, AFTER to installation of 2nd thermal link and corset.   

[bookmark: _Toc238044699][bookmark: _Toc238045296]Cryocooler performance
The Joule Thompson cryocooler delivered by Advanced Research Systems exhibited low pressure indicating a leak so the unit was shipped back and repaired.   ARS returned the unit without testing it.  Upon first cool down we noted that the cooling time was much longer than the 130,000 s predicted by the model, using the published cooling capacity.

We measured the cooling capacity by attaching a heater and temperature sensor to the cooling head (making no other connection) and then used a lakeshore controller to servo control to various temperatures.  We measured the final power required to sustain each temperature.  This method is optimal given that most of the power curve is close to flat and sometimes negatively sloped, which tends to produce slow settling if a fixed power is delivered.    This measurement confirmed that the cooling capacity was well below specification and the ultimate temperature was much higher (Figure 16). 
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[bookmark: _Ref237861699]Figure 17: Orca cooling power published by the manufacturer, Advanced Research systems (heavy black) is much higher than measured by Caltech (thin red).  ARS agreed that the unit was deficient at the low end but their cooling power measurements before (thin blue) and after (thick blue) were consistently more optimistic than Caltech’s measurements.   Putting each of these curves into the thermal model showed that the measurement by Caltech after “repair” provided the best prediction of cooling rate, and thus seems to be most plausible.
The unit was returned to ARS for a second time.  They tried recharging the unit and even rebuilt and shipped a new head.  At some point it seems they changed the gas mixture.     This time they agreed to measure the power prior to shipping.  While not as good as the data sheet it was still inferior.  In fact the “repair” degraded the cooling capacity above 150K by several watts.  However the ultimate temperature was lower, and the power margin was increased below 130K.  The much steeper increased slope below 105K makes the cold head temperature much stiffer.   

The consistent discrepancy between the ARS measurements and Caltech’s was cause for concern.  Our measurements seems were more detailed (more data points per curve), and the method used is believed to be robust.  Plugging each curve into the thermal model showed that the Caltech power measurement predicted the actual cooling rate in TRICK quite well while the ARS data produced curves with different shape and higher cooling rate.  We believe, therefore that the ARS curves are incorrect.

The main deficiency now is just the longer cooling time.   It was our impression that ARS no longer have the technical expertise to do more than fabricate to a recipe.  Further effort on the problem my not have been productive and would certainly have delayed delivery of the instrument significantly so we decided to live with the slower cool down.  
[bookmark: _Toc238044700][bookmark: _Toc238045297]Detector heater & setpoint
The detector heater power resistor was adjusted to 375 ohms (two 750 ohm resistors in parallel) and thus delivers at most 6.67 W at the peak output voltage (50V) of the Lakeshore controller.   Figure 17 shows that cold head stiffness is 0.25K/W while the detector requires 1.7 W/K.  While temperature from 102.6 K to 114 K can be reached, it is advisable to maintain at least 20% power margin.  This reduces the useable range to 105K to 122K.   Given the desire for low hot pixel intensity (i.e. low dark current), the bottom of this range, 105K, is the preferred operating temperature.

The peak detector slew rate was measured to be is 0.7K/min, when the heater was switched from zero to full power (setpoint change without ramping).    This is deemed safe.  While Teledyne recommend no more than 0.5K/minute that specification was created prior to improvements to increase safety margins.  They now test detectors at 10K/minute.

When unpowered a 0.16K/day temperature rise in the detector was observed for over a week.  All indications are that this is due to increasing power flow into the detector but the source is not a change in ambient temperature or gas conduction.   One theory as that the temperature dependence of the wiring conduction is causing a change in the temperature distribution along the wire which changes the conduction and that this feedback process is very slow to settle.  For the thin copper wires which are responsible for most or the heat load on the detector the sign of this effect is correct.  Lower temperature leads to greater conductance and thus lower temperature.  When the detector temperature servo is running this effect will be manifested as a slight decrease in heater power. 

	Heater power
	Detector temperature
	Cold head temperature

	0
	102.5K
	96.2 K

	27%,  1.8 W
	106 K
	96.5 K

	68%,  4.5 W
	110 K
	97.6 K

	88%,  5.9 W
	113K
	97.8 K
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[bookmark: _Ref237839523]Figure 18:  Detector and cold head temperatures versus heater power. 
Given the 1.73K/W total resistance from the detector mount, 0.16K/day is equivalent to 280mW.  Over a 2.5day period from July 27, the detector heater power dropped linearly from 33.5% to 26.9% = 180 mW/day.    It is hard to see where this would be coming from!  An alternative hypothesis is change in thermal resistance between detector mount and the bench, though this too seems implausible, especially since it is so linear. 

It should be noted that after 6 days the temperature of the unheated detector has only reached 103K so the 105K setpoint can still be used.  At Keck the ambient temperature will be lower, so radiative and conductive loads will be reduced providing a little extra margin.

[image: ]
[bookmark: _Ref237939478]Figure 19:  The reason for the 0.16K/day rise in detector temperature (when the detector heater servo is off) is unknown since other temperature sensors remain stable.   The small wiggles in these plots are larger for sensors that are further from the cold head, suggesting that these are due to small fluctuations of unknown origin in power into the detector mount.

[image: ]
Figure 20:  Detector heater power drops from 33.5% to 26.9% in 2.5 days = 180 mW/day after initial cooling with detector setpoint = 106K.
[bookmark: _Toc238044701][bookmark: _Toc238045298]Active warm up
Figure 20 shows the almost linear ramp to room temperature when the setpoint is changed to 305K.   This slightly higher-than-ambient temperature was chosen to promote outgassing of water vapor.   At Keck it is recommended that the setpoint be whatever is the current ambient temperature.  For 305K setpoint warm up takes 13 hours, including time for all internal parts to equilibrate, as indicated by the settling of the heater power after the setpoint temperature is reached.  

When warming the system it is preferable to start the detector setpoint ramp to a setpoint, which is matched to ambient, at 0.5K/min, do the same with the bench heater setpoint, then turn off the cryocooler.  By allowing the detector and bench to get ahead of the cryocooler, the servos can back off on the power to maintain a more constant rate when the cooler is shut off.   While this produces the lowest stress on the optics, it is more for peace of mind and is not believed to be required!  

80% of available heater power from the Lakeshore Controller is utilized, 80W from 2A (current limit) through 20 ohm total heater resistance.   This delivers 0.5K/min at lowest temperature, a slew rate that is not expected present a significant risk to the brittle BaF2 optics due to differential contraction.    At higher temperatures the heat capacity of the system increases and there is less assistance from radiation, so slew rate drops to 0.2K/min.  This lower slew rate is beneficial since it allows the lenses to keep up, minimizing risk of thermal shock if gas is introduced too soon.    

It takes 10.5 hours for the bench to be heated to 305K.  In the warm up shown in Figure 20 we had set the setpoint higher than ambient temperature since we wanted to drive off any water vapor (allowing the zeolite desiccant tot mop it up).  The detector reaches this temperature half an hour later.   Another 2 hours need should be allowed for remote parts to reach room temperature.  

To avoid thermal shock to the BaF2 lenses during dry gas backfill or opening the dewar, these should not occur until the bench heater power drops to near zero.  For normal ambient temperatures only about half an hour is saved.    Ideally an hour would be allowed after dry gas backfill and servo shut down, before opening.
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[bookmark: _Ref237842151]Figure 21:   Active warm up with detector heater running at full power (setpoint = 305K) and bench heater setpoint ramping to 305K.  With cryocooler running the detector servo attained 113K at 88% power, but still lagged the bench by 4.5K arriving at 305K half an our later.
During warm up, the pressure remains low until the getter reaches about 130K and begins to release trapped gas.  The resulting gas conduction tends to increase the thermal slew rate but not to the point that the lenses are endangered.   Once the getter has released the air it had pumped,  the pressure rise follows the universal gas law (pressure is proportional to temperature). 

 As the shield crosses 273K, a small pressure bump is produced by the release or water vapor into the vacuum.  A much larger water vapor spike occurs an hour later, by which time the shield has reached 279 K.   Over the next 15 minutes the pressure drops again as the zeolite desiccant removes this water vapor form the vacuum. 

The final pressure is only 150mT after being valved off for 29 days (June 13 to July 12).   The 5 mT/day pressure rise rate is much lower than expected from standard o-ring diffusion rates illustrating that outgassing is well under control.

[image: ]

Figure 22:  Pressure during warm up.   Getter pumping efficiency declines with rising cold head temperature driven by the bench heater, then accelerates around 23:30 when the cooler is shut down and the getter temperature exceeds 140K and releases most pumped gas.  Between 00:30 and 06:00 the pressure rises slowly according to the universal gas law.  Overlaid on this is a small pressure rise at 02:00 due to water vapor released as the shield reaches 273K.    A large water vapor spike occurs at 03:00 as more remote parts release cryopumped water, perhaps the G10 support cylinders.  Between 03:00 and 05:30 the pressure declines again as the zeolite desiccant adsorbs water vapor.
[bookmark: _Toc238044702][bookmark: _Toc238045299]Passive warm up
Initial warm up without heater power is slow due to the good thermal isolation of the TRICK interior.   The dominant warming mechanism is conduction through the cryocooler cools, until the getter begins to release gas at ~140K gas.   Figure 22 shows the warm up without active heating. 

 < Get this on next warm up ???>

[bookmark: _Ref238036247]Figure 23:   Passive warm up curve, measured after shutting off cryocooler with no detector or bench heater power applied.
[bookmark: _GoBack]The thermal model currently underestimates the passive temperature rise since it does not include the conduction in cooling coils when the Orca Cooler is powered off, not does it account for gas conduction when the getter or ion pump releases air.  The outgassing of water vapor can be neglected since this only occurs late in the warm up and is adsorbed by the zeolite desiccant.  The present model prediction is provided in Figure 23 to provide a lower limit to warming rate due to radiation and conduction.


[image: ]
[bookmark: _Ref237848756]Figure 24:  Warm up curve predicted by thermal model.  In reality the warm up will be faster than this since the model does not include conduction through JT cooler (when powered off), or conduction by gas released from the charcoal getter above 140K.   Tick marks are at 12 hour intervals.  The plot spans 6 days.
[image: ]

Figure 25:  Warm up curve predicted by thermal model for the case where bench heater fails and only detector heating is available.  This under estimates the true warm up rate since it neither models the conduction in the cooling coils when off, nor the gas conduction which will become significant above 180K.
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