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A B S T R A C T   

Ground-based observatories across a wide range of wavelengths implement cryogenic cooling techniques to 
increase the sensitivity of instruments and enable low temperature detector technologies. Commercial pulse tube 
cryocoolers (PTCs) are frequently used to provide 40K and 4K stages as thermal shells in scientific instruments. 
However, PTC operation is dependent on gravity, giving rise to changes in cooling capacity over the operational 
tilt range of pointed telescopes. We present a study of the performance of a two stage PTC with a cooling capacity 
of 1.8W at 4.2K and 50W at 45K (Cryomech PT420-RM) from 0 − 55◦ away from vertical to probe capacity as a 
function of angle over a set of realistic thermal loading conditions. Our study provides a method to extract 
temperature estimates given predicted thermal loading conditions across the angular range sampled. We then 
discuss the design implications for current and future tilted cryogenic systems.   

1. Introduction 

The pulse tube cryocooler (PTC) has evolved significantly from its 
original design in 1963, as built by Gifford and Longsworth[1], to the 
current commercially available multi-stage PTCs. The basic components 
of a PTC include a compressor, a regenerator, and a pulse tube with a 
heat exchanger at each end of the tube. The PTC operates in a closed and 
regenerative cycle through adiabatic compression and expansion pro-
cesses. Unlike the Stirling cryocooler and the Gifford–McMahon (GM) 
cryocooler, which use a mechanical displacer to carry out the adiabatic 
process, the PTC uses the residential gas in the pulse tube as a displacer, 
reducing the number of moving components [2]. 

The gas goes through two main heat transfers inside the pulse tube: it 
deposits heat through the heat exchanger at the hot end during the 
compression, and it absorbs the heat from the cold end during the 
expansion. As a result, the test sample at the cold end experiences a 
decrease in temperature. The cycle repeats until it reaches the unit’s 

base cryogenic temperature. More detailed explanations of pulse tube 
operation can be found in Radebaugh (1999) [2] and Raj et al. (2013) 
[3]. 

The gas in the pulse tube is subject to heat transfer by convection that 
occurs in fluids. In the normal operating mode at vertical orientation the 
gas column reaches an equilibrium with a thermal gradient from the top 
to the bottom of the gas column and minimal convective mixing. 

Once the PTC is tilted, convective processes can disrupt the thermal 
gradient, which can reduce the efficiency of the cooling cycle [2]. 
Therefore, the performance of a PTC is tied to the tilt angle of the system 
relative to the gravity vector, such that the cooling capacity of the PTC 
decreases as a function of the tilt angle. This convective effect in PTCs 
has been studied before [4–6], with efforts to mitigate the effect focusing 
on high frequency Stirling-type pulse tube (∼ 40  Hz) for space-based 
applications [7,8]. However, the impact of tilt angle on low frequency 
two-stage pulse tube systems (∼ 1.4  Hz) has not been extensively 
explored. 
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We examine the gravitational effect on a two-stage pulse tube cry-
ocooler, operating at 1.4  Hz, through a series of tilt tests. The results are 
of potential interest to systems that mount PTCs at an angle, especially 
PT-420 units, which includes a number of upcoming millimeter exper-
iments such as the Simons Observatory (SO) [9,10], CCAT-prime [11], 
and CMB-S4 [12]. 

Section 2 describes the experimental setup that was built to test pulse 
tube performance and our data reduction process. Section 3 provides an 
analysis of the angular dependence of the pulse tube performance and an 
empirical model to allow projected performance given loading and angle 
parameters. We discuss implications for instrument design and potential 
future work in section 4. 

2. Test setup & Methodology 

We developed a series of tests at the University of California, San 
Diego (UCSD) to characterize the pulse tube behavior under different tilt 
conditions. We recorded the temperature of each of the PTC cold head 
stages over a range of angles from 0◦ to 55◦ with respect to gravity and 
over a range of thermal loading conditions, from 0 to 51  W and 0 to 
1.8  W on the first and second stages, respectively. 

2.1. Pulse tube selection 

The test used a Cryomech PT-420 1 model, which was dictated by the 
available resources at the time. The specific PTC option we used for this 
experiment was a Cryomech PT-420 with the remote motor variation 
(PT420-RM) coupled to a CPA1114 Compressor, which has an adver-
tised cooling power of 50  W at 45  K (stage 1) and 1.8  W at 4.2  K (stage 
2). We focus on results obtained with a specific pulse tube, hereafter 
PT420–1, which has a manufacture certified performance at 50  Hz and 
260  psi static pressure of 68.0  W at 45  K and 1.87  W at 4.2  K. 

The PT420-RM units procured for SO have two minor customizations 

relative to the stock version sold by Cryomech. Additional bolt holes 
were added in both stages to provide better mating to the cryostat 
thermal shells, where the SO version has eleven M5 holes versus six 
holes in the standard unit. The second customization is a gold plated 
second stage cold head to improve thermal contact with the mating heat 
strap in the telescope. We expect the impact of these changes on the test 
results detailed here to be negligible when compared to similar units. 

The PT420–1 was connected to its compressor via the 20-m helium 
lines provided by Cryomech, and it used the integrated motor driver in 
the Cryomech compressor. The remote motor option was chosen to 
reduce vibrational pickup in the cold heads. We mounted it on a separate 
plate using rubber offset feet that isolate the motor both electrically and 
vibrationally from the mounting surface. The compressor was delivered 
with a helium pressure level of 240  psi, which we did not adjust prior to 
testing. However, the recommended pressure for a 60  Hz system is 
220 ± 5 psi. The manufacturer has indicated the increase in pressure 
may provide a small improvement in cryogenic performance, but it will 
primarily impact the power draw from the compressor. The magnitude 
of the effect can be seen by comparing our data to the manufacturer’s 
data in Fig. 2. We also performed a test to examine the impact on a 
different PT-420 system by changing the pressure from 233 to 240 psi, 
which yielded <  3% improvement on the first stage heat lift and a 
smaller change in capacity on the second stage of <  1% for the higher 
pressure setting. We chose to operate at the higher pressure as the sys-
tem will ultimately operate on a 50  Hz electrical grid, which requires 
260 ± 5 psi for best performance as specified in the Cryomech user 
manual. 

2.2. Testing chamber 

The vacuum chamber utilized for the tests was originally the front 
section of the Microwave Bolometric Array Camera (MBAC) [13]. We re- 
purposed a small section of the original camera along with the front and 
back vacuum plates of the receiver to make a cylindrical vacuum 
chamber 28  cm long with a diameter of 95  cm. The PT420–1 was mated 
to the chamber through an existing port combined with an adapter 

Fig. 1. Experimental setup in lab showing the diodes, heaters, and the rotation of the PTC for various tilt tests. The right picture portrays the negative angle (-θ) tilt 
tests, with the positive angle (+θ) rotating the other way. We also rotate at an axis perpendicular to the θ axis, ϕ, as a parity check to the orientation effect on the PTC. 
The top right cutout illustrates the rotation axis for both θ and ϕ. The left picture is a zoom in picture of the thermometry and heater setup on both stages. The 
breakout were as follow: a 20 Ω heater bank and 2 diodes on the first stage and 500 Ω heater and 2 diodes on the second stage. 

1 Cryomech Inc., Syracuse, NY 
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collar. A second port was also modified to allow attachment of an ISO- 
100 Accu-Glass2 hermetic feedthrough (50D2-L100) with two D-sub 
50 (DD-50) ports. The modified vacuum chamber is referred to hereafter 
as mini-MBAC (mMBAC). Heater wires used to load the separate stages 
occupied one of the DD-50 feedthroughs while the second DD-50 feed-
through was used for thermometry. The remote motor was mounted to 
an adjustable shelf attached to a metal frame that was used to stabilize 
mMBAC during testing. The motor head and the two ballast tanks were 
connected to the cold head with flexible stainless steel lines. 

A radiation shell was installed around the second stage of the PTC to 
decouple the stage from the radiative environment. A 6061-T6 1/2” 
thick aluminum plate was attached to the first stage of the installed PTC 
to form the top of the radiation shield. A 6061-T6 1/2” thick aluminum 
box was bolted to the plate to complete the shield. The box had a slit to 
allow wires to pass to the second stage and was wrapped in a multi-layer 
insulation (MLI) blanket composed of 10 individual layers. The esti-
mated radiative loading on each stage is < 1 W and < 1 mW, respec-
tively. The ambient loading from radiation are small in comparison to 
the loading applied from heaters for our set points. We ignore ambient 
loading from the PTC itself since it is intrinsic to the device. See Fig. 1 for 
additional details of the test setup and the following section for infor-
mation on the thermometers and heaters setup. 

2.3. Heat application and temperature measurement 

Heaters and thermometers were attached to both stages of the 
PT420–1 to characterize the performance of the unit. Parameters for the 
heaters were chosen to cover the range of power advertised for the units 
from Cryomech, as well as to cover the expected loading in the SO 
cameras and similar cryogenic setups. The design parameters from these 
inputs motivated loading values in the range of 0 to 55  W for Stage 1 
and 0 to 1.8  W for Stage 2. 

The first stage had a bank of five 100 Ω heaters connected in parallel 
(total resistance of 20 Ω) with fine gauge copper wires routing directly 
to a solder cup DD-50 connector. A power supply unit (PSU) with two 
30  V outputs connected in series was used to drive these heaters, 
providing a maximum loading of 180  W. For the second stage, we 
clamped a 500 Ω heater against the bottom of the cold head. The heater 
was connected to the same DD-50 hermetic feedthrough via fine gauge 
copper wires routed to the 30  V channel on a second PSU that could 
provide a maximum load of 1.8  W. The estimated loading from wiring 
on each stage is < 0.3  W and < 1 mW, respectively. The loading are 
negligible compared to the loads from the heaters; however, we have 
accounted for them in the error bars in the analysis. 

We used Lakeshore3 DT-670 silicon diodes mounted in custom cop-
per bobbins developed for use within SO. The diodes have an advertised 
precision of about 22 mK on the first stage and 12 mK for the second 
stage. The uncertainty on our temperature measurements was domi-
nated by oscillations in the cold head temperature itself and not by the 
thermometer performance. A cryogenic breakout board (CBOB) devel-
oped for SO was used to convert an input 50 pin micro-D miniature 
(MDM-50) cable into twelve four-wire thermometer measurement con-
nections. The CBOB allowed us to use existing manganin weave cables. 
We mounted the CBOB to a copper plate that was attached to the second 
stage cold head. Two diodes were bolted directly to the top copper 
surface of the PT420–1 first stage with wires routed to the CBOB on the 
second stage. An additional two diodes were bolted to the top of the 
second stage cold head and also connected to the CBOB. A 50 pin cable 
with a MDM-50 connector on one end and a DD-50 connector on the 
other was used to route the signal from the four thermometers to the 
hermetic DD-50 connector. 

2.4. Methodology 

The cylindrical vacuum chamber made changing the angle relatively 
easy as we could roll the cryostat with the PTC installed to the desired 
angle. We attached a digital angle gauge to the top of the PT420–1 using 
the lab floor to zero the angle. We confirmed the setup gave us repeat-
able measurements to better than 1 degree. The remote motor and 
reservoir tanks were mounted on an adjustable shelf, which allowed us 
to rotate the test chamber without disconnecting the remote motor and 
reservoir tanks. Fig. 1 illustrates tilt directions for these tests. 

We took data across an 8 × 6 grid over a range of power from 
0–51  W on the first stage and 0–1.8  W on the second stage at 0◦ , 27.5◦ , 
36◦ , 41◦ , and 48◦ . Fig. 2 displays the load curve at a couple of angles (0◦

and 48◦), where the change in performance from one angle to another is 
conspicuous. We also took more detailed angular data at five power set 
points: (P1,P2) = (0, 0) W, (0, 1.8) W, (24, 0.9) W, (51, 0) W, and (51, 
1.8) W. We did not tilt beyond 60◦ due to physical limitations of our in- 

Fig. 2. PT420–1 load curve data at 0◦ (a) and 48◦ (b) with 0–51  W and 
0–1.8  W on the first and second stage, respectively, forming an 8 × 6 grid. Two 
data points from the manufacturer are included in cyan in (a), which indicate 
performance differences between the Cryomech factory validation and our 
tests. We see 6–12  W of additional cooling power on stage-1 compared to the 
0  W stage-1 data from Cryomech and a small improvement in capacity on 
stage-2. However, some difference is expected due to variations in the test 
cryostat used and the fact we operated our compressor at 60  Hz and 240 psi, 
while Cryomech operated theirs at 50  Hz and 260 psi. We also expect each PT- 
420 unit to have slight variations in performance. 

2 Accu-Glass Products, Inc., Valencia, CA 91355  
3 Lake Shore Cryotronics, Inc., Westerville OH 43082 

T. Tsan et al.                                                                                                                                                                                                                                    



Cryogenics 117 (2021) 103323

4

lab configuration. 
We also rotated the test chamber in both positive and negative di-

rections (±θ) as well as around an axis perpendicular to the cylinder axis 
(backward tilt tests, ϕ) to explore dependencies of the PT420–1 on the 
axis about which it was tilted as the rotation axes were not symmetric 
with respect to the regenerators and pulse tubes as shown in Fig. 1. 

The tilt-test load curves were obtained over a period of four weeks in 
November of 2019 in a highbay facility with fairly stable ambient 
temperatures that roughly follow the day night temperatures at UCSD. 
We did not observe any dependence on the diurnal cycle in our data. 

2.5. Readout and Data Reduction 

The diode thermometer four-wire measurements were performed 
using Lakeshore 240 Series Input Modules (LS-240s). LS-240s are pro-
grammable cryogenic readout instruments, each capable of simulta-
neously reading out up to eight independent voltage or resistance 
measurements down to 1  K. The diodes used for this analysis were 
calibrated by cooling them down on the same stage as a reference 
Lakeshore calibrated diode. 

The LS-240s are connected via USB to a local computer, which re-
cords the temperature data to disk using the Observatory Control System 
(OCS) [14]. OCS is a distributed control system designed to coordinate 
data acquisition in astronomical observatories, and is used throughout 
SO for control and data storage across dozens of electronic devices4. The 
thermometry data was recorded at a rate of 1.6  Hz. PSUs were also 
controlled through OCS via ethernet to supply power to both stages. We 
operated them in current command mode, and at each loading step the 
current levels were set using the nominal resistance values of the stage 
heaters to supply an appropriate amount of power to each stage. To cycle 
through all the power set points, we applied power to the first stage and 
iterated through the second stage loading points. We then changed the 
power level on the first stage and repeated the process. A wait time was 
set between each change in loading to allow temperatures to stabilize. 
Steps on the first stage loading had a two hour wait time while changes 
on the second stage loading had a wait time of one hour. We iterated 
through all power set points before stepping the angle. 

To obtain a single temperature value per step, per stage, we defined 

temperature stabilization criteria to select the range of data to be 
averaged. First, we found the extrema within the step in the direction the 
temperature was stabilizing. Then we selected all data after the tem-
perature reached within 2% of the extrema, relative to the change be-
tween its minimum and maximum values during that step. In other 
words, we selected all data after the step was 98% ”complete”. We then 
applied a low pass filter to filter out the pulse tube intrinsic oscillation, 
where temperature fluctuated as a result of the adiabatic pressure 
oscillation in the pulse tube. Next, we selected the last 90% of the 
filtered section and calculated the median for the temperature data from 
this period to get a value and its associated uncertainty. The average 
temperature of the two thermometers on each stage determined by this 
method was used in the analysis. 

3. Results 

The extensive range of data we collected allows us to empirically 
constrain the performance of the PT-420–1 two stage PTC. We combined 
the high density load curve data at sparse angles (0 − 48◦ ) with the 
sparse load curve data with more detailed angular sampling (0 − 55◦ ) as 
shown in Fig. 3 and Fig. 5. The parameter space of the data with angular 
information combined with the loading and temperature at two stages 
presents a number of potential combinations for analysis. For simplicity 
we separate the data by stage and by power set points to compare 
temperature versus tilt angle. The following sections detail the results 
from the PT420–1 data. 

3.1. Quantifying performance versus inclination angle 

We empirically fit the data to an exponential function, 

Ti(θ) = aiebiθ + ci (1)  

where i is either 1 or 2 corresponding to the first and second stages, 
respectively. This formula provides a simple method to extract tem-
perature from a given loading condition and tilt angle over the range we 
tested. The fit has an offset value ci, which can be determined from the 
high density load curves at 0◦ (see Fig. 2), and it is equivalent to the 
temperature shift from extra loading at 0◦ . We utilize a parameter bi in 
the model as a scaling of the angular dependence in the exponential that 
we leave fixed over our range of heat loads. The ai term serves as a 
scaling parameter that can be fit as a function of the loading on the stage. 

3.1.1. First stage fitting 
We constrain b1 using a least-square minimization fitting method, 

Fig. 3. Stage-1 performance and fit results for 0◦ (solid lines) and 51◦ (dashed 
lines). The fits are results from using Eq. 1 with parameter b1 constrained to be 
the same for all power set points. Here we present performance of selected tilt 
test data at two extreme ends of power on the first stage. 

Fig. 4. Parameter a1 vs Stage-1 power.  

4 OCS Github: https://github.com/simonsobs/ocs 
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which allows it to remain independent of loading set points. This 
method fits all data sets at once with the condition that b1 stays the same 
throughout while a1 and c1 are fit to the data for each power set point, 
effectively fitting 97 free parameters. We found the best-fit value of b1 =

0.1152 ± 0.0013(deg.− 1). Fig. 3 shows that the first stage performance is 
well fit by an exponential function across the sampled parameter space. 
As expected, a1 exhibits a strong dependence on the first stage loading. A 
linear fit of a1 versus first stage loading (Fig. 4) allows the determination 
of the a1 parameter from a given loading value. The c1 parameter can be 
determined by interpolation of the dense load curves shown in Section 
2.4. We also note that the second stage loading primarily creates an 
offset at the 0◦ temperature for stage-1 which is captured in c1. We do 
not attempt to separate the stage 2 loading effect on the shape of the 

stage 1 exponential as our data set is insufficient to determine significant 
trends. 

3.1.2. Second stage fitting 
We use the same empirical model and fitting procedure to analyze 

the second stage data. Stage-2 exhibits a strong dependence on both the 
first and second stage loading values, which makes it more challenging 
to fit with a simple exponential. As such, the empirical model is less 
effective for the second stage, but it is still useful in describing the sys-
tem (see Fig. 5). In particular, the data from set points with P1 = 0 ex-
hibits unusual behavior that is not well fit by an exponential. For these 
points, the rise in temperature with angle is steeper and occurs at high 
angles, which meant the sparse angle data at this set point could not be 

Fig. 5. Stage-2 performance and fit results (solid lines) using Eq. 1 with parameter b2 constrained to be the same for all power set points. Here we include the tilt test 
data with fine angular sampling ( − θ) and the high density load curves with sparse angular sampling. The data sets with sparse angle information for the P1 = 0 set 
point are excluded as the response was flat over the angular range examined, resulting in an inability to fit an exponential function to that data. We also excluded the 
sparse angle data for P1 = 6 W and P1 = 12 W due to their similarly flat response. 

T. Tsan et al.                                                                                                                                                                                                                                    



Cryogenics 117 (2021) 103323

6

used as the response was flat across the 0 − 48◦ range. We did not include 
the sparse angle data for P1 = 6  W and P1 = 12 W for the same reason. 
Overall, there were 65 free parameters fitted to the second stage data, 
and we found the best fit value of b2 = 0.096 ± 0.006(deg.− 1). 

The a2 term displays a dependency on the loading from both stages. 
We develop a simple process to decouple the two power contributions to 
complete our empirical model. First, we fit a2 as a function of P2 with the 
slope, m2, fixed for all P1 set points, while letting the intercept float. The 
intercept is then plotted against P1 to determine the dependence on the 
first stage power as shown in Fig. 6. The end result is: 

a2(P1,P2) = m2P2 + d2P1 + f2 (2)  

d2 and f2 are the slope and intercept, respectively, of the fit to the a2 fit 
intercept values versus P1. From the fits, we have m2 = − 4.8 ± 0.5 mK/ 
W, d2 = 0.29 ± 0.04 mK/W, and f2 = 6.1 ± 1.4 mK. The linear fits 
effectively decouple the first and second stage contributions, allowing us 
to complete our empirical model as a combination of exponential and 
linear fits to the data we obtained. 

3.2. Temperature uniformity over tilt range 

For many of the instruments that use PTCs over a wide angle range, 
such as telescope cameras on pointed platforms, a primary design goal is 

to reduce scan dependent temperature drifts. The data here clearly favor 
constant tilt angle scan patterns that are already employed by many 
instruments. However, it is worth examining the relatively stable tem-
perature regime we observe across the loading steps and tilt angles. 

3.2.1. First stage temperature uniformity 
The first stage temperature inflection follows the expected trend, 

with more rapid temperature change versus angle as the first stage 
power is increased, as shown in the top plot of Fig. 7. The effect of the 
second stage loading on the first stage temperature uniformity is also 
observed to be small and sub-dominant to the first stage loading effects. 
For the range of data we sampled, we see a less than 2  K change in 
temperature up to tilt angles of 30◦ . For design requirements favoring 
temperature uniformity over wider tilt ranges, there is a clear preference 
for lower loading values on the first stage. 

Fig. 6. Characterization of a2. Top: a2 as a function of P2 with colors corre-
sponding to different P1 values. The linear fits all have the same slope allowing 
us to use the fit intercepts to decouple the first stage dependency. Bottom: The 
intercept values from the linear fits in the top figure plotted against P1 with a 
second linear fit used to complete the empirical model for a2. 

Fig. 7. Temperature Uniformity on both stages. The top and bottom plots show 
stage-1 fit functions and stage-2 detailed angular data, respectively, with the 
offset parameter ci removed. The top plot has the fits for every power set point 
shown in Fig. 3, with the different stage-1 powers color coded from purple 
(P1 = 0 W) to red (P1 = 51 W). The spread in the line of each color is from the 
changing stage-2 powers, which has a small effect on the overall trend. The 
bottom plot portrays the stage-2 detailed angular temperature data as the 
second stage fits are less effective at capturing the trends at higher angles. 
However, the inverse relationship of a2 with P2 can be seen in the P1 = 0 W and 
P1 = 51 W set points which results in a wider angular range of Stage-2 tem-
perature uniformity with increased P2. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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3.2.2. Second stage temperature uniformity 
The behavior on the second stage is more complex given the second 

stage’s cooling power is coupled to loading on both stages. As seen in the 
bottom plot of Fig. 7, the rate of temperature change increases with the 
first stage loading as one might expect. However, for the two sets with 
fixed first stage loading we see the increase in second stage loading 
actually produces a slower rate of temperature change with angle. The 
trend is also seen in the sparse angular data shown in Fig. 5, though it 
would be useful to have more detailed data at higher angles to confirm 
our finding. The behavior is also captured by the ai slopes, where a1 
increases with P1 as expected but a2 has the opposite trend, decreasing 
with increased P2. 

The fact that the second stage trends are more closely tied to the first 
stage loading offers an important design input for projects, which favor a 
wider angular range of temperature uniformity on the second stage. The 
widest regime of minimal temperature change versus inclination angle is 
achieved with low power on the first stage but higher power on the 
second stage. The trend suggests that for best temperature uniformity 
over a tilt range there is a preference to decrease the first stage loading 
over decreasing the second stage loading. 

3.3. Rotational axis dependence 

The geometry of a two stage PTC is not symmetric about the primary 
central axis with regard to each stage’s pulse tube and regenerator 
layout as shown in Fig. 1. To explore whether this asymmetry produces a 
rotational axis dependent effect of inclination angle versus cooling ca-
pacity, we tilted the PT420–1 unit in two additional rotational di-
rections. First we tilted the chamber in the opposite direction from 0◦, in 
the +θ direction, primarily affecting the relative orientation of the first 
stage pulse tube and regenerator. Second we tilted the unit backwards 
along a rotational axis, ϕ, perpendicular to the θ axis which primarily 
affects the second stage pulse tube and regenerator relative orientation. 
The results of these tests as compared to the primary rotation direction 
are shown in Fig. 8. 

The data suggest a divergence between ±θ on the first stage at higher 
angles and higher powers, favoring the − θ direction where the regen-
erator becomes lower than the pulse tube. However, additional data is 
needed to determine the magnitude of this trend. The backward tilt tests 
in ϕ are consistent with the other tilt directions which could be due to 
the fact that the second stage pulse tube is longer and narrower 
compared to the first stage pulse tube, which could reduce the impact of 
tilting in ϕ as the rotation primarily changes the orientation of the 
second stage components [15]. However, the challenges of tilting in that 
direction produced too sparse a set to fully explore the dependency. 

4. Conclusions 

Cryogenic cooling techniques have become prominent in telescope 
instrument applications as well as other branches of physics. Charac-
terization of these cryogenic components is critical to guide instrument 
designs and ensure the achievement of science goals. We examined the 
performance of a Cryomech two-stage pulse tube cryocooler and pro-
duced an empirical model to quantify its cooling capacity. Given an 
expected loading on each stage, P1 and P2, the projected temperatures 
on each stage, T1 and T2, can be produced over a range of angles, θ, from 
0 to 55 degrees using the following relationships: 

T1(θ,P1,P2) = a1(P1)eb1θ + c1(P1,P2) (3)  

a1(P1) = 0.476(mK/W)P1 + 9.9(mK) (4)  

T2(θ,P1,P2) = a2(P1,P2)eb2θ + c2(P1,P2) (5)  

a2(P1,P2) = − 4.8(mK/W)P2 + 0.29(mK/W)P1 + 6.1(mK) (6)  

Where c1 and c2 can be produced by interpolating the load curve data at 
0◦ . The exponential terms are b1 = 0.1152 ± 0.0013(deg− 1

) and b2 =

0.096 ± 0.006(deg− 1
) for the first and second stages, respectively. All 

the data sets, including the load curve for interpolation and fit results, 
can be accessed on github 5. 

We found that the first stage performance versus angle is dominated 
by loading on the first stage and shows little to no dependence on the 
second stage loading over the ranges we explored. The first stage ex-
hibits higher temperatures and a stronger angular dependence as more 
loading is applied. The second stage performance is more complex as its 
cooling capacity is dependent on the state of the first stage. The second 
stage tends to increase in temperature and exhibit a stronger angular 
dependence as more first stage loading is applied. However, we see 
evidence of decreased angular dependence as more power is applied on 
the second stage, producing an inverse relationship. This effect suggests 
designs that optimize second stage temperature uniformity rather than 
absolute temperature would benefit most from higher second stage 
loading and lower first stage loading. 

Fig. 8. Rotational Axis Dependence on both stages. Temperature data (T(P1,

P2)) for the +θ (squares), -θ (circles), and ϕ tests (diamonds) are plotted as a 
function of angle. According to Stage-1 data, the dependency on tilt axis be-
comes prominent at high Stage-1 power and large tilt angle. This effect, how-
ever, is not as obvious on the second stage. 

5 Data GitHub: https://github.com/ttsan2521/Cryomech_PT420_Data.git 
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We also performed tilt angle tests to probe any axial dependence of 
the tilt direction. The tests suggest slightly lower first stage temperatures 
when tilting in the − θ direction, while we did not see any significant 
dependence on the second stage. However, the data we obtained to 
explore this effect could be improved with more extensive measure-
ments that explore a wider range of axial tilt directions and tilt angles 
than what we did in our tests. 

The angular data sets we collected within our experimental time 
constraints were sufficient to construct a basic empirical model. How-
ever, the performance characterization of low-frequency two-stage PTCs 
would benefit from potential future investigations including measure-
ments with more detailed load curve at each angular step over a larger 
range of angles, which could be used to construct a more complete 
empirical picture or be used to inform an analytic model. 
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