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ABSTRACT 

A recent need for "high temperature" cryogenic applications [150 K-200 K] has emerged in 
Europe with observation missions on-board micro-satellite platforms. Passive cooling can be 
used for some of these applications but sometimes, the operational constraints together with the 
mass and the size are too critical and require the use of mechanical cryocoolers. 

To address this need for mechanical cryocoolers, the CNES has awarded Air Liquide a 
contract for the development of the overall system (cooler and electronics) with Absolut System 
SAS responsible for development of the cold finger and cryocooler optimization. The aim is to 
develop an evolution of the existing 80K MPTC (Miniature Pulse Tube Cooler) towards higher 
operating temperatures. This cooler has been re-designed and optimized to meet micro-satellite 
budgets (input power, mass, size) and lifetime. 

The paper presents the optimization of the cooler design with discussions on the cooler 
configuration trade-offs. The expected performances of the cooler are finally described. 

INTRODUCTION 

Recent needs in "high temperature" cryogenics (150 K-200 K) have emerged in Europe with 
missions such as MICROCARB and HYPXIM. Such temperatures are achievable by passive 
solutions but require a fixed satellite attitude (with high baffling and/or mirror sighting change, 
and generally large size). For missions with high agility, active cooling solution must be 
considered and in some cases seems mandatory. Another major constraint of these missions is to 
embark on micro-satellites with limited size/weight/power resources. Typically a satellite of the 
Myriade-type has a nominal allowance of 60 W/60 kg for its payload. A version called "Myriade 
new generation", currently in Phase A, proposes to extend this potential to about 80 W/80 kg. On 
the other hand, the evolution of the standard chain is accompanied by an increase in the mission 
lifetime. Lifetimes of 5 to 7 years are proposed today, instead of 2 to 3 years before. 

It is therefore essential to have a cooler operating in the range mentioned above while 
optimizing these resources, especially electrical consumption, a strongly penalizing parameter 
for the carriage of active cryogenics on platforms with limited resources. 

Today, no cryocooler is completely adapted to the Myriad type micro-satellite exists: 
• Tactical miniature rotary Stirling cryocoolers embarked on-board inter planetary probes 

present a limited lifetime, 
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• “Small Scale Cooler” Technological Research Program from the European Space Agency 
is oriented to 80 K applications, 

• Miniature high frequency coolers developed in Europe are not mature enough for short 
term space qualification and flight. 

Finally, the optimization of the existing 80 K MPTC (Miniature Pulse Tube Cooler) towards 
higher operating temperatures ranges [150-200K] has been found to be the best compromise. 

SPECIFICATIONS 

The required cooling capacity has been specified at 2.5 W in the 150-180 K temperature 
range. The objective of the present development is to achieve this cooling capacity with a 30% 
decrease in the compressor input power compared to the existing 80 K MPTC performance, as 
shown in the summary Table 1. Besides power constraints, a decrease in the overall cooler mass 
has also been targeted.  

The main constraint driver in the thermodynamic optimization of the 150 K pulse tube 
cooler is to reuse the existing MPTC compressor. This active component is considered the main 
critical one in the overall MPTC Cooler Mechanical Assembly and benefits today of 5 years 
experience in lifetime test in continuous operation at 35 W input power without failure. 

The cold finger mechanical assembly shall be redesigned according to standard mechanical 
launch environment and be compatible with the thermal environment for minimum 5 years lifetime. 

PULSE TUBE CRYOCOOLER MODELING 

High fidelity pulse tube cryocooler numerical model has been established by Absolut System 
SAS experts, originators of the 80 K Miniature Pulse Tube Cooler MPTC 1,2. Absolut System SAS 
recently developed, manufactured and tested Small Scale Coolers producing 1.5 W@77 K for the 
RAPID project (Revolutionary Avalanche Photodiode Infrared Detector presented in a 
companion paper) using a modified LSF91xx type commercial compressor from Thales 
Cryogenics BV. 

To start with the redesign, the model has been run with the MPTC design and the predictions 
have been confirmed by the test results provided by Air Liquide.  

The conmparison of the model predictions to the test results is illustrated in the Figure 1. In 
this graph, the predicted electrical input power is obtained by considering a MPTC compressor 
efficiency of 74% above the calculated PV compression power. As shown, the model provides 

 
Table 1. 150 K cooler technical specifications summary. 

 Current MPTC Objectives 
Input power at design point 2.5 W@150 K / 273 K reject 16 Wac 11 Wac 
Input power at design point 2.5 W@180 K / 273 K reject 11 Wac 8 Wac 
Compressor and split pipe mass 2.5 kg identical 
Cold finger mass 0.6 kg 0.4 kg 
Lifetime 5 years min. 10 years goal 
Sine loads (3 axis, 2 oct/min, 1 sweep-up) [5-20.5 Hz] +/- 12 g peak 

[20.5-60 Hz] / 20 g peak 
[60-100 Hz] / 8 g peak 

Random loads (3 axis, 13.1 grms, 2.5 min/axis) 
 
 
Cold finger Eigen frequency 

[20-100 Hz] / +3 dB/oct. 
[100-300 Hz] / 0.3 g2/Hz 

[300-2000 Hz] / -5 dB/oct. 
> 140 Hz 

Cold finger Non-Operating temperature limits 
Survival cold finger design temperature limits 

Min. -20 °C / Max. +50 °C 
Min. -50 °C / Max. +80 °C 
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Figure 1. Cooling power versus cold tip temperature for various compressor electrical input power – 

Comparison of the model prediction to the MPTC test results – 273K rejection temperature. 
 

high fidelity to the tests results. A discrepancy of less than 5% has been found on the overall 
temperature range (150-200K cold tip, 273-303K rejection) and power range (5-15W). Our 
model is then considered valid for the redesign.  
 
The current MPTC cooler performance on the specified design points are: 

• 2.5 W@150 K / 273 K: 16Wac, 11.9 W PV, 12.6 N piston force 
• 2.5 W@180 K / 273 K: 11.6Wac, 8.6W PV, 12.6 N piston force 
 
Three steps have been considered in the optimization of the 150 K pulse tube cold finger. In 

all cases, the numerical optimisation is made by minimisation of the compression PV work of the 
resonant system at minimum force. 

• Optimization : the MPTC cold finger dimensions are not changed. The regenerator 
matrix is optimized, together with the phase shifter (inertance re-optimized for a constant 
buffer volume) and the split pipe. The MPTC compressor is strictly conserved with max 
40 bars inlet pressure. This presents the shortest (and cheapest) way towards prototyping. 

• Optimization : this is a step further than previous case. Here the cold finger dimensions 
(regenerator and pulsation tubes diameters) together with the aftercooler and cold heat 
exchanger dimensions are relaxed. A geometrical constraint is set to keep the pulsation 
tube and the regenerator at the same length for construction simplification in coaxial 
shape. The MPTC compressor is also strictly conserved with max 40 bars inlet pressure. 

• Optimization : in this case, the cold finger dimensions are also relaxed as per the 
previous case. Due to a small gain reported by the numerical simulations, the buffer 
volume is replaced by the compressor’s back volume. Furthermore, the compressor’s 
piston diameter is decreased to allow for an overall system damping decrease. 

 
The gains obtained over the current 80K MPTC performance for the three cases are reported 

in the Table 2 hereafter for the two design points considered. In order to reach the objective of 
30% decrease, it is found mandatory to redesign the cold finger at 150 K and to modify the MPTC 
compressor in order to get resonance at lower force (thus lower damping and lower input power). 
This is even more important at 180 K where the MPTC compressor is not matching the cold finger. 

Considering 8.8 W PV compression work and a force of 8.7 N for the fully optimized design 
(optimization  at 150 K), and keeping constant the MPTC motor design, the calculated 
compressor efficiency increases to 78%. At 180 K, the motor efficiency is maintained at 74%.

55150 K PULSE TUBE COOLER FOR MICRO-SATELLITES



4 

Table 2. Predicted gains on PV power and force and comparison to the MPTC current status. 

 
The predicted optimized performance will then be: 

• 2.5 W@150 K / 273 K: 11.3Wac, 8.8 W PV, 8.7 N piston force 
• 2.5 W@180 K / 273 K: 8.9Wac, 6.6 W PV, 8.6 N piston force 

PULSE TUBE COOLER DESIGN 

Cold Finger Design 

For the design, the split coaxial architecture using an inertance mode has been selected due 
to high relevant experience gained in previous 50-80 K developments and qualifications. Some 
CAD views of the cold finger design are attached in Figure 2.  

The hot flange sub-assembly is composed of two parts: the warm-end flange made with 
aluminium 6061 temper T6 (solution heat treated) and the Ti-6Al-4V titanium alloy lower 
inertance flange. The aluminium used for the warm end is class 1 of ECSS-Q-ST-70-36 with 
high resistance to stress-corrosion cracking. Moreover, this materials benefit from previous 
experience on Electron Discharge Machining (EDM) technique for the manufacturing of the 
warm end heat exchanger gained on several programs. The warm end also integrates the heat 
rejection zone for heat sinking. The heat transfer will be performed via conductive mode to the 
evaporator of a miniature loop heat pipe. 

The Ti-6Al-4V lower inertance flange integrates the pulsation tube connection, the inertance 
tube connection (interface with SS316L upper inertance flange) and the warm flow straightener.  

The cold tip is made of Oxide Free High Conductivity copper (OFHC Cu) material optimized 
with respect to the thermal conductivity at 150 K and brazing process with the titanium alloy 
regenerator tube. This material exhibits the highest thermal conductivity at 150 K (about 418 W/m.K, 
RRR=100, density 8960 kg/m3). The cold heat exchanger is designed also with EDM slots in the 
copper material. In order to reduce the radiative heat exchange between the cold tip and the 
surroundings at ambient temperature, a gold coating will be used. This coating enhances the 
conductance of the thermal contact during the thermal heat transfer via conduction with the 
attached load (or thermal strap). 

The regenerator and pulsation tubes are made of titanium alloy Ti-6Al-4V grade ELI (Extra 
Low Intersticials) material optimized with respect to the conductivity integral (lowest possible) 
and the mechanical resistance (as high as possible). The ELI grade provides the characteristics of 
low crack propagation and is recommended for low Stress Corrosion Cracking. Titanium alloy 
Ti-6Al-4V grade ELI also benefits from previous experience on all pulse tube cold fingers 
manufactured. The regenerator tube is 17 mm ØOD and 0.15 mm thick, which is a compromise 
between mechanical characteristics, manufacturing and conduction heat losses. The regenerator 
flange is machined together with the regenerator tube in the same part and is bolted and sealed to 
the warm end flange using aluminum plated Inconel metallic spring energized rings. At the cold 
side, the Ti-6Al-4V regenerator tube is brazed to the copper cold heat exchanger. A high vacuum 
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2.5 W@150 K / 273 K reject PV [W] Gain/MPTC [%] Force [N] Gain/MPTC [%]
Current MPTC performance 11.9 - 12.6 - 
Optimization  9.4 21 11.5 9 
Optimization  8.7 26 11.2 11 
Optimization  8.8 26 8.7 31 
2.5 W@180 K / 273 K reject PV [W] Gain/MPTC [%] Force [N] Gain/MPTC [%]
Current MPTC performance 8.9 - 12.6 - 
Optimization  7.0 21 11.5 2 
Optimization  6.5 27 11.2 4 
Optimization  6.6 25 8.6 25 



TO1-5 

 

silver bra
tube cold

The p
difference
heat exch
of the tub

The r
of 75% w

Final
suppress 
suppresse
small lat
thermal c
performan
regenerat
tube, are 
mechanic
screw loc
finger wi
adjustmen
locking c
spectra de

Compres

As m
take benef
assemblie
volume de
back volu

The d
increasing
design dri

The 
volume no
the end pl
ring and 
assembly
also mac

azing proce
d fingers ma
pulsation tu
e (lower wa
hanger are a
be. 
regenerator

which results
lly, as show
any lateral

es the shoc
eral motion

contraction 
nce is optim
tor flange o

used to lo
cal loading.
cated on th
ith a reduc
nt of the pe

can be added
ensity (over

ssor and Co

mentioned pr
fit of the exp

es are then c
ecrease (redu

ume.  
decrease of 
g the piston
iving the 150
connection 
ominally atta
late of one h

a bolted f
y comprises
chined into 

ss is used. 
anufactured.
ube wall is r
all thickness
associated w

r matrix is m
s from prev
wn in Figu
l motion o
ks that can
ns due to n
of the cold 

mal. The lau
on the warm
ock the col
 Each peek

he launch su
ced gap. Th
eek rods len
d if require
r 0.5 g²/Hz)

ooler Mech

reviously, th
perience gai
conserved. T
uction of the

the piston d
n stroke (com
0 K pulse tub
to the back 
ached to the 

half compres
flange mac
s internally
the inertan

 
Figure 2. C

This proce
. 
reduced to 0
s being diff
with a flow 

made of ann
vious numer
ure 2, the d
f the cold 

n occur in d
non-contact
tip, there i

unch suppor
m end side. 4
ld tip of th
k rod is cla
upport tube
his launch 
ngth and is 
d). This lau
 providing e

hanical Ass

he MPTC co
ined from th
The only mo
e piston’s dia

diameter allo
mpared to t
be cold finge

k volume of 
cold finger 
sor. An acce
chined in t
y a big part
nce assemb

 
CAD views o

ss has been

0.10mm thi
ficult to man
straightene

nular 316L s
rical optimiz
design mak
tip for ma

design whic
ting parts). 
is no more 
rt is compo
4 PeekTM 4

he cold fing
amped at ea
e, the other
support de
locked wit

unch suppor
efficient dam

sembly Des

mpressor sh
he on-going l
odifications 
ameter) and 

ows for decr
the stroke d
er). 

f the compre
warm end. T

ess port is cr
the inertanc
t of the tota
bly to conn

      
of the 150 K 

n matured a

ick because 
nufacture).

er to stabiliz

stainless ste
zation. 

kes use of a
aximal robu
ch makes u

During th
(or much re
sed of a con

450G rods, s
ger under w
ach ends in

in a Ti-6A
esign relies 
th controlle
rt design ha
mping. 

ign 

hall be conse
lifetime test.
gathered in 
connection 

reasing the o
developed by

essor allows
The connecti
reated and w
ce assembl
al inertance
ect the iner

Pulse Tube 

and qualifie

it is not sub
The pulsati

ze the mass

el gauzes w

a Ti-6Al-4V
ustness duri
use of a snu
he cooling 
educed) con
nical tube w
screwed int
warm cond

nto dedicate
Al-4V ring 

on reprod
ed torque on
as been qual

erved as far 
. The motori
the design 
of the inerta

overall coole
y the curren

s for suppres
ion is made 

will be sealed
ly (see Fig
e length. A
rtance pipe

 
cold finger. 

ed for all ot

ubmitted to a
ion tube and
s flow at the

with apparen

V launch s
ing launch 
ubber (whi
down phas
ntact and th
which is bol
to the launc

ditions durin
ed groves: o

adjusted to
ducible dim
n the screw
lified to hig

as possible i
ization and t
are linked t

ance to the c

er system da
nt MPTC c

ssing the sta
by the modi

d by a spring
g. 3). The 

A dedicated
e from the i

ther pulse 

a pressure 
d the cold 
e entrance 

nt porosity 

support to 
phase. It 

ch allows 
se, due to 
he thermal 
lted to the 
ch support 
ng launch 
one in the 
o the cold 

mensioning 
w (positive 
gh random 

in order to 
the flexure 
to a swept 

compressor 

amping by 
compressor 

atic buffer 
ification of 

g energized 
inertance 
 flange is 
inertance 

5 57150 K PULSE TUBE COOLER FOR MICRO-SATELLITES



TO1-5 

 

assembly
The total 

MECHA

Rega
element m
results. 2
finite elem
exhibit a 
cold finge
of a therm

Fema
117,346 n
hereafter.
v10.3 has

The F
load case
the use of
Q = 50.  

A no
bending m
illustratio

 

Figure 3. 

y to the cold
mass transf

ANICAL AN

arding the g
model has b
2D plate ele
ments have
linear beha

er and 50g 
mal braid. 
ap v10.3 (S
nodes and 
. NX Nastra
s been used 
FEM mode

es, the signa
f a rigid ele

ormal mode
mode of the
on of one of

Fi

Mounting of

d finger ine
ferred to the

NALYSIS 

geometry of
been built. H
ements hav
e been used
avior. Total
additional m

Siemens) h
85,462 fini
an v8.0 (Sie
to pre-proc
l has been l
al in each d
ement (RBE

s analysis h
e cold finge
f the cold fin

gure 4. Com

f the inertanc

ertance flang
e compresso

f the differe
HEXA8 fini
ve been use
d elsewhere.
l mass of th
mass attach

has been us
ite element
emens) has 
cess the finit
loaded with 
direction is i
E2 NX Nastr

has been co
er at 865 H
nger shape m

mplete 150K 

ce assembly t
 

ge as shown
or half for th

ent compon
ite elements
ed for thinn
. It is assum
he finite ele
hed to the co

sed to mes
ts. The cold

been used 
te element m
40 bars inte

input to the
ran) as show

nducted on 
Hz which is 

mode at 900

 
pulse tube co

to one MPTC

n in the ass
he inertance

nents of the
s have been 
ner compon
med that all
ement mode
old tip to ta

sh the finit
d finger me
to solve the

models. 
ernal pressu

e cold finge
wn in Figur

the whole 
far above t

0 Hz is attac

ooler mechan

C compresso

sembly attac
e assembly 

e 150 K col
used as the

nents and 3
l the materi
el is compri
ake into acc

e element 
eshed is sho
e different p

ure. For the 
er at the scre
re 5. The da

structure sh
the specific
ched in the 

nical assemb

 
or half side. 

ched in the 
is 340 g.  

ld finger, a 
ey give more
3D Tet10 (q
ials are isot
ised of 418
ount the co

model com
own in the
problems an

dynamic m
ew location

amping assu

howing a fir
cation of 14
Figure 5 as

 

bly. 

Figure 4. 

3D finite 
e accurate 
quadratic) 
tropic and 

8 g for the 
ntribution 

mposed of 
 Figure 5 
nd Femap 

mechanical 
ns through 
umption is 

rst natural 
40 Hz. An 
s well. 

6 58 MINIATURE 50-200 K SINGLE-STAGE CRYOCOOLERS

Inertanc
Ti6Al4V

In
To

Access 
back vo

ce assembly 
V 

nertance flange
owards cold fi

to compresso
olume 

e 
inger 

or 

 



 

7 

 
Figure 5. Overall FEM model of the 150 K cold finger and cold finger mode illustration 

 
For both the sine and random dynamical load cases (refer to profiles attached in the Figure 

6), the maximal Von Mises stress has been found at 261 MPa in the Titanium alloy regenerator 
pipe element which corresponds to the pressure load stress. The 5-100Hz sine loading case does 
not excite the structure due to its very high natural modes. Considering a Safety Factor of 1.5 on 
ultimate stress (896 MPa for Ti6Al4V), a comfortable Margin of Safety (MOS) of 1.3 is thus 
exhibited by the system under sine load. In the case of the [20-2000Hz] random load case, the 
overall structure is excited, and thus the launch support is stressed. For this load case, the 
minimum MOS of 0.07 is found for the PeekTM rods. It shall be noticed that this MOS is 
obtained for pessimistic Qfactor of 50 (experimental figures of 30 are generally measured) and 
huge thermal braid mass of 100 g (shared between the cold tip and the focal plane). 

CONCLUSIONS 

The design of a 150 K pulse tube cooler has been optimized with the constraint of using an 
existing 80K compressor. The pulse tube cold finger configuration retained is an inertance type 
coaxial shaped. The compressor back volume is used as the buffer volume. The pulse tube cold 
finger design has been validated against standard European launch load profiles. 

The simulated specific power at 150 K is as low as 4.6 W/W (excluding cooler drive 
electronics efficiency) as shown in Figure 7 for 2.5 W cooling power and 273 K rejection  

Figure 6. Sine and random mechanical load profiles. 
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 Figure 7. Compressor AC input power versus cooling power - Ron Ross type diagram of the 
optimized 150 K pulse tube cooler – 273 K rejection temperature. 

  
temperature which represents a gain of about 29% compared to the current MPTC performance 
(cooler designed for 80 K operation).  

The mass of the optimized cold finger is 420 g with overall dimensions of Ø75 mm x 134 mm 
total length. The complete cooler mechanical assembly weighs 3 kg. 
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