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Abstract

Sub-Kelvin cooling has been generally demanded for the fields of low temperature physics, such as physical property
measurements, astronomical detection, and quantum computing. The refrigeration system with a small size can be appropriately
introduced when the measurement system does not require a high cooling capacity at sub-Kelvin temperature. The dilution
refrigerator which is a common method to reach sub-Kelvin, however, must possess a large He circulation equipment at room
temperature. As alternatives, a sorption refrigerator and a magnetic refrigerator can be adopted for sub-Kelvin cooling. This paper
describes those coolers which have been developed by various research groups. Furthermore, a cold-cycle dilution refrigerator of
which the size of the 3He circulation system is minimized, is also introduced. Subsequently, a new concept of dilution refrigerator is
proposed by our group. The suggested cooler can achieve sub-Kelvin temperature with a small size since it does not require any
recuperator and turbo-molecular vacuum pump. Its architecture allows the compact configuration to reach sub-Kelvin temperature
by integrating the sorption pump and the magnetic refrigerators. Therefore, it may be suitably utilized in the low temperature

experiments requiring low cooling capacity.
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Fig. 1. Schematics of dilution refrigerator [4]. 1) 4 K
pulse-tube refrigerator, 2) 3 charcoal trap, 3) J-T circuit, 4)
dilution unit, 5) inner vacuum can, 6) radiation shield, 7)
outer vacuum can.
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Fig. 2. Schematics of sorption refrigerator [6].
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Fig. 3. Sorption refrigerator developed by CEA-SBT [7].
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Fig. 4. Two-stage sorption refrigerator developed by Univ.
of Pennsylvania [8].
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Fig. 5. Tandem-type sorption refrigerator developed by
Cardiff University [9], A) 4 K plate, B) “He cold head, C)
3He precooler, D) *He cold head, E) expansion tank.
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Fig. 6. Schematics of adiabatic demagnetization
refrigerator. 1) Heat sink, 2) Heat switch, 3) Magnet, 4)
Magnetic material, 5) cooling target.
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TABLE 2
REFERENCE STUDIES OF MAGNETIC REFRIGERATOR.
Magnetic material Lowest .
Method & Field Temp. Cooling power
1ststage : CPA, 0.1 T
NASA 4-stage ADR, 2ndstage : CPAOS T
[12] continuous 3rdstage : CPA, 1.5 T 0.035K 6 uW @ 50 mK
4thstage : GdLiF4, 4 T
Sorption (0.3 K)
CEA13] +single-stage ADR, CPA/1T <0.05K 0.4 uW @ 50 mK
one-shot
2-stage ADR, 1ststage : CPA, 2T 0.05 K
ESA[14] continuous (tandem) 2" stage : GGG, 2 T (predicted) 7 HW @ 100 mK
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TABLE 3
REFERENCE STUDIES OF COLD-CYCLE DILUTION REFRIGERATOR.
Method Mass flow  Lowest Cooling
rate Temp. power
[15] Condesation 15 umol/s 57 mK 7 uW @ 100
pump mK
[16]  Sorption pump 75 wmol/s 8 mK 60 “Vr\;g 110
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(b)

Fig. 10. Cold-cycle dilution refrigerator with condensation
pump. (a) Schematics of the cooler and (b) the photograph
of the pump [15]. Fin structure is installed to enhance the
heat transfer.

I return valves

F = T
4.2K oryovalves | by
vacuum
can \
1K pot
charcoat <.
cryopum =
ryopumps e -
stilt collector T
L 1
| e e —————— 1
concentrated
phase i
dilute | 3 ZSg;an ers
phase | o

mixing
chamber

Fig. 11. Schematics of the cold-cycle dilution refrigerator
with sorption pump [16]. This ‘wet’ dilution refrigerator
utilizes liquid helium as a heat sink and has additional 1 K
stage for precoolina the *He.

%, He 28+ A28 9]
Astet, o whet gho] vt *Heol
5 A, ZIAA &8 HAE At =

=
A2/ o] 7Hs SR = 5 W2 ARSI HH



76 Review on innovative small refrigeration methods for sub-Kelvin cooling

=mm [hermal
linkage

2 stage of PTR

]
XXN]
XXX

Wlode%
ofetotel

R,
Sote%s
SRR

5K
oRe2es

R,
Sote%s
SRR

5K
oRe2es

,v
o
S
o262

X
o
%
o

Sorption pump

0%
o262

2
o2

RRR
[

o<

Magnetic
material

Superconducting
magnet

Mixing chamber

Fig. 12. Schematics of proposed dilution refrigerator.

A
|

kol

>,
o,
ol
N
RS
2

ot

E 39& cold-cycle WAooz ATt
A-5o] A Hejqloh

a) Condensation pump

$= I (Condensation pump)E *HeZS $EAAA 0.7K
2o F77] (SdlDellA SEsH= *Heeto] 5719k 2tolet,
‘HeZb F8o 9Jal olsste HEE ol8st <%
o dytdor 35 Wl S dE7] 5 HE9
€ & ¢ 03 K A== JZ-Eo 19 102 &5
0143t cold—cycle 344 ¥E7]9] Agr S Lhehdl
Zloltt [15]. o] Al2dolE Hx Yz-S $13] 360 mKollA] 500
e W 3485S 714 ‘He &4 95717t
AHEE QI & o AdAlgh o Hug Aok 1A
T2 BRI W He Abo]o] 2% ztolg | 4stslr] ¢4,
27 ALY ¢ 4 AUt 35 BZE o] 8o}, 15
wmol/se] *He §38 FASt o, 22 & &% 57 mK
2 100 mKoA 7 W Yzh-&

Zs

oL

[e)

i}

vl

=7

—

s

A
Alo
[}
I
)

of of oL 12

o)
BRI ]
ol

rr
H0)
me 1

=
o

b) Sorption pump

UA ARt e EA4S o83 FF FZE Sl
FR7INA ST ‘Heg BxZo] A7, SHAE
7tgste] *HeE 7HAAIZ &, thA] 8144 WE7]|2 *Heg
TaY & Atk 7 11o] oljt FA FIEE AT
cold—cycle 3|44 W&7]9] /&5 vebdtt [16]. F 7}9
2 Juot WER ARREY, she] Huvt Fas &

U 2] s gatete] A4l *Hed| oghe

o
i
<
I
&5

o] o, *He®] =&ko] 3t WFO g o] FoRA L E S22 HWH
(cryovalve)7t A48 ZAS 1T 4 oot &% HIE
o]-gstod, 75 pemol/se] *He fF-& BAstdoH, A4 =g

22 8mK ¥ 110 mKollA] 60  We] Y-85 2/dstart.

3. 47118 3144 WS I| Aot

5|44 W571oA = *He 82 919t B g gz}
Auet 80| ¢ £ FF(recuperative) 7|7}
YA FARLoI) SHAE HE Hme] B Ty At

Zleo] ARt Ao HHor flof ofEer AA oIt
P o] Ae W2 2kolA TASkE 7zt
(Kapitza) @AFo2 Q5] dwghy] Wio A Ha
=tietliof 5ft, o] & {18l A2} o=t uf-¢- . whetA,
HE HILE o837t “Hed &k WM, 1&& due]
Azrol 194 W&7] el 9lo] & BellE= EARI.

KAIST #1238} Aol A olejet BAES B3]
S8, e WAlel 24 8144 WIS 18 129} 2ol
Al¥steict, AotE WE71 *He WHL 91§54 M 9
He—'He BE2 512 918 47195712 T4 5] glon],
AE-sF Ao R AEshe Al due)rt Bashy) o
WS ML Atk Ad a9 S44 WUl A%

o
wEHoz AW FR7 A ST AWl He—'He
£9E 0] A7 FAH D, *He—*He 94 BeEo] AR7}
ol el e,

5) *Heol R4 §2H4 B ol5atn, *Heol BEL
W37 o £ AW gRe] UY Het 587 Zo=
ol555}e, o] w) B¢ Aol A W2k wavh w e,
6) £ AH Uiel *Het nawlw 844 WE7] A45S
W), oA 24 T RE MEste] A8 ERES Asjeln
EA I h50] 3HeE BHAZIE A4 A7 FH
o ARATES Fof ArHRol, A PFIE FL
SEHSIE WF &go] ¥ ‘Hewt ‘Hedl Helrt

2~
= . T
gloe], FAH WIsh oA R, 71 A4 ARk ons
2AF S4B A2 gut 7)ol

4% pA3 gel, B4E 5
AR AL ol 8T AH AT w7 PAom, AR
25571 g7 Bo] FAF EAT B A4S Tk
Aol gle. whebd, olelst AEES nito g Aze Ao
A9 B84 Y5l audoR AN 4+ UL How
7\efgic,

B =RoAE 1 K ol £ 94L % 44
Ardlom AgAsw o@in @7

&

ARt 7129 8144 571914 *He &

riol
il
-



Dohoon Kwon, Junhyuk Bae, and Sangkwon Jeong 77

(

]_

=t
ON

17} 259 Sf B of7letels] whel,
Azdel BaG SA4 Y5717t obd e
A2dE Fo 2398 olF 4 Ak mebA,
P1YE7)E 81494 W79 tigte] @ 4 glom
Belstoich. E3, 71E 5144 Y5719 *He
Aoto] £gatete A% mud & 9o,
5700 gg 49 a7s=

N ]
rﬂJbﬁr‘
48 o o M

o w34 N o o
[

i)

I
1>
g fo

e
>
r
Ol
pach
o
i)

o} s
[
Ja

o

oX |

=
m 5 -+ g
rlo oX, E 4
$327
lo
=

ox -
o ng my
18 A

WE
N,
)
)
2
offl
=2
=}
4o
g
o
S
o2
N,
e
e
luf
P
>
R

of,
Mo

A
re
+H >
o
olok
=
R

ACKNOWLEDGMENT

This work was supported by the National Research
Foundation of Korea(NRF) grant funded by the Korea
government(MSIT).(NRF-2022R1A2C2091842)

REFERENCES

[1] K. Pretzl, “Cryogenic calorimeters in astro and particle
physics,” Nuclear Instruments and Methods in Physics Research
Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, vol. 454, no. 1, pp. 114-127, 2000.

[2] S.Krinner, S. Storz, P. Kurpiers, P. Magnard, J. Heinsoo, R. Keller,
et al, “Engineering cryogenic setups for 100-qubit scale
superconducting circuit systems,” EPJ Quantum Technology, vol.
6, no. 1, pp. 2, 2019.

[3] K. Ono, T. Mori, and S. Moriyama, “High-temperature operation of
a silicon qubit,” Scientific reports, vol. 9, no. 1 pp. 1-8, 2019.

(4]

(5]

(6]

(7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

[15]

[16]

K. Uhlig, “Dry dilution refrigerator with high cooling power,” AIP
Conference Proceedings, vol. 985, no. 1, pp. 1287-1291, American
Institute of Physics, 2008.

A. T. A. M. De Waele, “Basic operation of cryocoolers and related
thermal machines,” Journal of Low Temperature Physics, vol. 164,
no. 5, pp. 179-236, 2011.

Xiaotong Xi, Jue Wang, Loubiao Chen, Yuan Zhou, and Junjie
Wang. “Progress and Challenges of Sub-Kelvin Sorption Cooler
and Its Prospects for Space Application,” Journal of Low
Temperature Physics, vol. 199, pp. 1363-1381, 2020.

L. Duband, L. Clerc, E. Ercolani, L. Guillemet, and R. Vallcorba,
“Herschel flight models sorption coolers,” Cryogenics, vol. 48, pp.
95-105, 2008.

M. J. Devlin, S. R. Dicker, J. Klein, and M. P. Supanich, “A high
capacity completely closed-cycle 250 mK 3He refrigeration system
based on a pulse tube cooler,” Cryogenics, vol. 44, pp. 611-616,
2004.

G. M. Klemencic, P. A. R. Ade, S. Chase, R. Sudiwala, and A. L.
Woodcraft, “A continuous dry 300 mK cooler for THz sensing
applications,” Review of Scientific Instruments, vol. 87, pp. 045107,
2016.

S. K. Jeong, “Magnetic refrigeration,” The Magazine of the Society
of Air-Conditioning and Refrigerating Engineers of Korea, vol. 24,
no. 3, pp. 271-282, 1995.

Q. S. Shu, J. A. Demko, and J. E. Fesmire, “Heat switch technology
for cryogenic thermal management,” IOP Conference Series:
Materials Science and Engineering, vol. 278, no. 1, pp. 012133,
I0P Publishing, 2017.

P. Shirron, E. Canavan, M. DiPirro, J. Francis, M. Jackson, et al.,
“Development of a cryogen-free continuous ADR for the
constellation-X mission,” Cryogenics, vol. 44, no. 6-8, pp. 581-588,
2004.

J. M. Duval, L. Duband, and E. A. Attard, “Qualification campaign
of the 50 mk hybrid sorption-adr cooler for spica/safari,” 10P
conference series: materials science and engineering, vol. 101, no.
1, pp. 012010, IOP Publishing, 2015.

J. Bartlett, G. Hardy, I. Hepburn, S. Milward, P. Coker, and C.
Theobald, “Millikelvin cryocooler for space-and ground-based
detector systems,” Millimeter, Submillimeter, and Far-Infrared
Detectors and Instrumentation for Astronomy VI, vol. 8452, pp.
484-499, SPIE, 2012.

T. Prouvé, N. Luchier, and L. Duband, “Pocket dilution cooler,”
Proc. of 15th ICC, 2008.

P. Mohandas, B. P. Cowan, J. Saunders, V. K. Chagovets, V. N.
Lukashov, V. A. Maidanov, et al., “Continuously operating
cryogenic cycle dilution refrigerator,” Physica B: Condensed
Matter, vol. 194, pp. 55-56, 1994.



