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State of the art : the existing solutions

Planck Space Telescope [1] Suzaku Space Telescope [2], Hitomi Space Telescope [3], XRISM Space Telescope [4]
100 mK 50 mK
Open-Cycle Dilution Refrigerator Adiabatic Demagnetization Refrigerator

Triqueneaux et al. [20006]

Kelley et al. [2006]

Shirron et al. [2016] 4
] Ezoe et al. [2019]
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The Open-Cycle Dilution Refrigerator

dHe 3He SPACE
N\ / N/ £ A
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Planck Space Telescope [1]
100 mK

Open-Cycle Dilution Refrigerator

[1] Trigueneaux et al. [2006] 5



The Adiabatic Demagnetization Refrigerator

A magnetic field is applied
to a paramagnetic material

I‘.

Suzaku Space Telescope [1], Hitomi Space Telescope [2], XRISM Space Telescope [3]

50 mK
. . L. _ The magnetic field is
Adiabatic Demagnetization Refrigerator slowly reduced

F 1

] Kelley et al. [2006]
2] Shirron et al. [2016] 6
3] Ezoe et al. [2019]




State of the art : the existing solutions
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Operates indetinitely

TRL 5 or more



The limitations of the OCDR

LiteBIRD Space Telescope

Operation time: 2.5 years
Cooling power at 100 mK: 0.2 yW

3He: 12 000 liters STP

Operation time: 3 years
Cooling power at 100 mK: 2 pyW

3He: 63 000 liters STP

4He: 36 000 liters STP

4He: 234 000 liters STP

Necessity of a closed-cycle that requires much less heliums
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State of the art : the future solutions

Open Closed L. Continuous
Cycle Cycle gd|abatlct. " Adiabatic
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Martin et al. [2009] Duval et al. [2020]

LiteBIRD baseline




From OCDR to CCDR

Fountain pump recovers

the superfluid “He from the still | Fountain pump

~
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3He circulator

SHe circulator recovers
the 3He from the sitill
Porous material separates
the liquid from the gas
F I |Em
|
CounterFlow Heat eXchangers : \ /
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Still
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100 mK

Focal plane
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What about the space CCDR?
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|Isotope separation works [1]
Requirement in term of cooling power [2]

8 W @ 100 mK, 1 pW @ 50 mK
Operation in negative gravity achieved [3]

Development of a
Demonstrator Model for Athena X-iFU
by Vermeulen et al. (Institut Néel)

--------------------------------------

TRL 4
Component and/or breadboard
functional verification
In_a laboratory environment
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Martin thesis [2009]

Chaudhry et al. [2012]

Volpe thesis [2014]

Sauvage et al. [2022], Sauvage thesis [2023]

S s e e EEEEE .

.---------------'

11

Structural and Thermal Model [4]
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Development of an
Engineering Model in progress
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The Structural and Thermal Model

Thermal aspects:
* Hosts the SHe-*He dilution providing 2 pW of cooling power at 100 mK
* Aheatsinkat 1.7 K

Mechanical aspects:
e Supports a focal plane of 750 g on top of it
e Supports the vibrations of the launch (under 100 g), pushing the first mode above 140 Hz
* Limited size and mass (35 cm diameter, 25 cm height, 6 kg without the 3He circulator)
e Holds the various sub-systems (capillaries, still, ...)

Support of the Planck HFI dilution DM of Athena X-iFU (Institut Néel) First design by IAS Last design by IAS
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The struts

Purpose:
- Thermal insulation of the 100 mK stage from the 1.7 K stage
- Strong enough to withstand launch vibrations

Mechanical requirements:
 First vibration mode > 140 Hz (good stiffness)
* Choice of an isostatic structure

.S
Thermal requirements: O = Z,[ k(T)dT

Strut sizing:
* Fixed length (limited by the requirements)
 Maximise IgZ/A (moment of inertia by surface area)

()-0

Carbon Fiber Reinforced Polymer

* Low thermal conductivity

* High resistance on tension/compression
e Lightweight
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e D|n—685 mm
* Dout =7.85 mm
e L =245cm

. Q = 1.3 pW per strut

TOTAL: 7.8 yW from 1.7 K to 100 mK

Institut d’Astrophysi
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The end fittings

* Avoid mounting stresses (no bending)
* Once tightened, it behaves like a fixed connection

Pt N e

\— CFRP T700 \— Al6061-T6

End fittings have to be glued to CFRP (no data of the glue characteristics
available at low temperature)

Inheritance of Planck: the glue have to work on compression to avoid breakage

Differential contraction tested a 77 K:
e CFRP contracts more than aluminium
* The end fittings are glued inside the CFRP tubes (Hysol 9395)

14 Hysol 9395 is pressure-injected to avoid air bubbles



The thermal interfaces

Same thermal contraction to avoid differential deformations

Choice of Al6061-T6:
* Light and machinable
 Thermal isolation of the 100 mK cold plate (4 x 10-6 W.m-1.K-1)
 Good thermal coupling at 1.7 K (4 W.m-1.K-1)

100 mK crown

- This work
Barucci et al.
——— Marquardt et al.

Thermal conductivity [W.m™ ' 1]

Small surface
contact area 1.7K stage—/
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Only the STM cold plate was steady at 100 mK.
The 100 mK was produced by the cryostat.

Bluefors LD400

D
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A gas gap heat switch helped cooling down the 1.7 K stage.
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The Structural and Thermal M

1.700 Bluefors LD400
1.699 -
1.698 -
v —— 1.7 K stage - thermometer 1
% 1607 1.7 K stage - thermometer 2
s —— 1.7 K stage - thermometer 3
% Base heat switch
2 1.696 Top heat switch
1.695 -
1.694 -
N P e i s e b 8 e s s s e 3
le—6
3.25
Injected power
= 3.20 A f\ Smooth mnjected power
oL LU LA A e AR A A ik At Aotk i
z |
~
3.10 4 \

15 22:30 15 23:00 15 23:30 16 00:00 16 00:30 1.7K

Qinjected = Ustruts — Qwires T Cheat switch

17



------------ Bluefors LD400
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Temperature [K]

From 1.7 Kto 100 mK
* Predicted: 7.8 yW
* Measured: 2.7 yW

Thank you Kapitza resistance! We can do better! |Addition of intermediate stages to intercept heat
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The Heat Exchanger Crowns

100 mK crown

___, To the mixing chamber

Free Collar
—_— olla
= —
Brazed = — 250 - 350 mK
3 i
Free
—— Ny -
Brazed O
1.7K stage—/
Free

Heat interceptor collars HECs will be used to thermalize
Designed to be repositioned the electronic harnesses
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The small struts

 No structural function

* Flexible blades used as end fittings to have isostatic hexapodes

* Fewer parts than in Planck’s design (used for main struts) —> easier mountin

AS -

Institut d’Astrophysique Spatiale

Orsay

Din =2 mm
Dout = 3 mm
L =50 mm

O = 22 nW per strut

e Dihn=2 mm
e Dout =3 mm
L =26 mm

Q = 45 nW per strut
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The Structural and Thermal Model

Reduced STM, from 1.7 Kto 100 mK

* Predicted: 7.8 yW
* Measured: 2.7 yW

Full STM, from 1.7 K to 100 mK
* Predicted: 0.63 pW
* Measured: .. yW

ENTROPY

21
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What’s next ?

Next step (next January) Design and integration

Determination of the STM thermal performances . .
Finalise the design

‘ to hold the free capillaries
Integration of the sub-systems
Vibration tests of the STM (mixing chamber, capillaries, still, fountain pump, ...)
Recheck the STM thermal performances Planning
=+ — May 2025: Validated STM

December 2025: First still prototype
June 2026: Final still version
End of 2026: First EM of the CCDR

X
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Take home messages

 Accommodate future CMB missions requirements (e.g. LiteBIRD) but not only. CCDR could provides:
* A continuous 100 mK (or 50 mK to be demonstrated)
* A large cooling power (8 yW at 100 mK and 1 yW at 50 mK)
* A compact and light system (3He circulator excluded)
e A support for the focal plane
* A thermalization for electronic harnesses
 Compatible with any detector technology (e.g. no magnetic field)

* |AS is pushing the CCDR to TRL 5.

* \We provide also properties on various materials

See you next time

* Cryogenics in April 25°
 Low Temperature Detectors in June 25°
 Whenever you want at IAS

23
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The state of the art

OCDR installed on the ARCHEOPS Isotope separation for a
balloon-borne experiment Closed-Cycle Dilution Refrigerator.

for multiple flights.

Martin et al. [2009]

Benoit et al. [2002]

First design of

the Open-Cycle Dilution Refrigerator
for space applications.

Benoit et al. [1994]

Operation of the
Closed-Cycle Dilution Refrigerator.
INn negative gravity.

Volpe et al. [2014]

Final design of

The open-cycle dilution
reached 53 mK.

Benoit et al. [1991]

for Planck HFI.

Trigueneaux et al. [2006]

the Open-Cycle Dilution Refrigerator

Insensitive to gravity.

First design of a spatialize-able
First dilution (open-cycle) Open-Cycle Dilution Refrigerator.

Benoit et al. [1997]

1980 1990

OCDR installed on the
Planck Space Telescope.

Planck collaboration [2011]

__

2000
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Principe of the dilution

] 2.5
7 -
2.0 1 Liquid 3He in
6 - 8, liquid 4He
— ﬂG{‘
— 011,'
N %,
S - 1.00K 2s,,
E 0.95 K M 1.5 - <
o 2
S 4 £
<= 9 Liquid 3He in
5 = superfluid 4He
5 3 - 5 10-
5 J
§ e Q‘(\ase G oy,
c
2 - &
@
0.5 1 ’0’5@&0
1 - Phase separation regia
0 0.0 . . . .
. . | | 0 20 40 60 80 100
0 20 40 60 80 100

3 . 3He concentration [%)]
He concentration [%]

26



Principe of the fountain pump

Heater Thermometer

----------------------------

* L4 * v
----------------------------

<«—— Fountain pump chamber

Thin wall stainless steel tube ——» <+«—Vortex capillary

: Turbulent ﬂOW:

Superleak

Superfluid 4He

|—>T0 the 4He injection line
N r v

Pure 4He Pure 3He 3He -4He mixture Superleak
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Principe of the fountain pump
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