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Abstract

FHEBHT2FEHERFEI v a U E DD @B E T, 9572 BRI & Bk
IR A bND X5, MHETOME (FrICBMYE ) 2RBSE20ERH D, 0D, M
HIPR A2 A T (£9-273 °C) I ETHHEL CEMES ¥ 2, FHAFRGHEKEIZ. 20X )
72 R EEBLAEEE T RO B LD 100 mK & ) KR 2. FH 22 IS 38V TG 2D m
Hae ) (A—72 %A 7 KD 100 mK TOHBEEE ] 0.1 uW 2% L T, 50 mK (2T 10 D
1 uW) 2545 L, R ek (=T YA 7 VBB Y o 7 WARE) L RKigREHmlb
(15— 54) #rEEL T2,

AWFEIx,. 7 v —X R¥ A 7 LA s (CCDR : Closed-Cycle Dilution Refigerator) M52
BlomEE D, BEETHDH~Y U A3 HRETHHRT D1-O DMK AT 2O L, 7
FTUALIFITHE L7 v — X N A 7 VERBERE S AT LD A7 LFHlREREZ 2 >0
FEE LTWD, BricEE L. 100 mK U FICBWTEVWEEE N ZEHMICEY B kiR o
FHAGEKEE LT, 77 2O & 1 L D I RO BT ERE & 72 > 7,

2015 4F 5 27 7 o AT T EHANSERE Tk, ASEBRERGH EORIKSEERE TH 5
70 mK Z R L, WIRE) 78 E O AR ERHEER ©BINTIT 9 2 &N T&E e, £, HIER
RATESWATIZ LV . 50 mK TOWEAES) 1 uW 2 BB T D=0 ORGHRESED Z LN T
X, YYIOBEEEERTH I ENTET,

AR TIE, 2011 48 & 0 FH A 22 70 B S BEAEIF Z0BR A S0 P9 25 —fF 98— = » b (IHAFZERA
AREET V—T") M HED T2, ~YU 7 L 3IEERIEAEHE Y 2T AORZERR., BL O/ u—
AR A I NFHFRGEE S AT DO AT AFHIEBRICOWTE LD, 5 1 5 TIIHFZERRR
DR &I D, FHHBEBAMEEOM B OERS, 7 17— X KA 7 VARG B O
JEBAFEDERIZOWVWTIRRD, # 2 ETIL, AMRMEBHEOEARFEORKD b D mEET, £
NEVRDENDLA~Y 7L ITERITMEES AT LD BEMEICOVWTEL DD, EI3EBLV
%4 T, RIESNTEMEH S AT A O RECHEARMERE R BBRAS 2D\ Tk 5,
BB, BHEETIXTY 7 AHYOIKIER & AA b=y 27 Al RIc> W TE L
HTW5D,
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0.1 Abbreviations and acronyms

IK-JT
28T
4K-JT
ADR
AXAF
BBM
CCDR
CNES
CNRS
FP
HX
MC

1K-class Joule Thomson cooler
Double-stage Stirling cooler

4K-class Joule Thomson cooler
Adiabatic Demagnetization Refrigerator
Advanced X-ray Astrophysics Facility
Bread Board Model

Closed-Cycle Dilution Refrigerator
Centre national d’etudes spatiales
Centre national de la recherche scientifique
Founatain pump

Heat Exchanger

Mixing Chamber
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1 MEREOEREIVCEMN

1.1 FHAEBIUSTREOIFRRERE

FHHEICE O TEEFCBNEE 2 ST 2 5. X D@ 2 0ImEs 28l gt L
TE OB R L L, THA AR OBIEM 2k 2 ¥ —Hiffi & hoTw2b, i,
HBREDIE R PR EREER I B T, BERERN e v OESORME 2 2 - DICAE
DEMiITH 5, FHEEFORIWTIZ, FHEHEICEB T 25 & WA~ Y 7675 82w
TFERIGHIT, N2 % LRl KERFEHR Y 7 2#Et L, 16 BIFERE TAHKZMZ XD
ET M ER 2 S N Do FWIEAEEZ LT, 2N THBIMIFMmIZ 1~ 2FER S THNT L
AETH T, BIEROBRGEEOBRIZ. I vy a vioikEl: EHFmibzEo 1Y
RO ENZ D,

T ZLTIE BT RS FEBAZEEFTClE. 2 oM REEIIEE O R EEE Mo —>Th %
IR H BT IC B\ T, R REOBSIER (AR | ABIREIC BT 2 W) 25 %
IRFER DB RS 2 BEA Y — V) v 7 HibE, ¥ 2 — )V b &Y U IHTHEE) 2 WFERFE L T &
72[2, 3,4, 26 DHHHEEZHAGDLEWHY XA T MCE ) BRARTFHBEI vy a vy o
BENIISICEED, o, Y AT a0/, K23 R Mu, EFEGLICOENR I E0 6,
SHLFHYEI vy a v AOKRES L EBIEI NS,

1.2 BIEVHBLOTIREE & A IRDRE

100 mK AR Z2fE D I FEAWAFERE L CUE, BREHO—D>ThH 2 WiEMNRaH E . ~
U LERCTARGHD 20035 %,

W ZAIH 415 % (Adiabatic Demagnetization Refrigerator = ADR) (&, M{EIRICE 1T 55
WtEtk DR e REZ L2 A L, G2 ha L ) —3 A4 7 Vv CiRiRZ2ED B3 mATF
BTdHb, ADRIBZFITHNMESARA 72V (pill), BEIER ISR 2 02 % 70 OBIEE~ 7 % v
b B EEMEAR L ORIOBWY On /O Z2ED T E—F AL v F DO 3ERTHRI N, £ TH
SUTTNEREGEE D, I EHOBHTERE LTI, AifmHEIRECHERT 212> T,
Wi & U CEIR L 2RI - 72, Z D%, KED AXAF (Advanced X-ray Astrophysics
Facility) FHHIIZ 3> CTHH 22T 100 mK PA N 2 /E ) (9o a2 £ . ADR 13 REE
N E ) DB % 32T 7 wFH I EIEAN & L CHOER Ik 5, 6).

ADR 23] & TFEHEBICHERI N DX, HAT S HH O X FERSHE R T X < (Astro-EIL,
2005 4T B TH % [7, 8], THUF, ZNFEF THIEFZHI N T XHR CCD % Lot &
Db 10 5L BENT: Z 2 VX — e 2 RO PEA M X i~ A 7 u v ) X — % 2 & T
ESE B 7o S, HRETHIO TFHZERTA LIS 60 mK 21D i 2 LIz L
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Rt kT2 L Detector
(pill)

Heat sink (Tgink)
(1.3-1.8K)

Figure 1: WiBaHGmmibg (BEGL) oE&I,

Too Flo, FHHAE L CQEETIRZENADR BERICEDODOH S, 2016 FEICH S EIF s
7HAT6HHD X AR & AITIE, FEo¥Ekv A r7aha) X =5 DBHIO 0
12 3 B¢ ADR 23 # S 41, Bl 112 T 50 mK DRI L TWw3 (9, 10, 11], 72, B
ROBKEDEHAIY A 7V % ZHIZA T, HHENIZ 100 mK BUT 2 1E D 3@ ADR 23F%%
ARSI NT WA [12], ZHUT kD, VYA ZLKE & W9 Dead time (BT & 72 WIKEH) 3
HZ 5 EFKHC, MHENAED D726 T 2 ENTE, HEDHHAFELE L THIHERD D5,

AR IX, 1 KL TOEAZ (Mixing chamber) (12T, ~Y 7 A4 (‘He) & Z DFIfAT
HH~NY L3 (PHe) DIHEPEZL 2 2MHME T3 He BB T2 2 LIk D, WESIGHIEZ >
THWHDMTHIN S, ADR DWHAESI DR %2 O TV 2 RKOER L, WIS 5 VI35
FETIERCHEFETH2HTH S (THIFEVIREZEREZEYHTDICBAETLH S), L
TeSo T, P EHEIE, M EICBWTIEZ 74425y MRBICEEETH 2~ 7 L DORFE
F v RBT, F V7D HEIRIBARIENY 7 LA ERERIE S 2 LT, ADR X D EWEHAES
ERBIEVHT I ENTE S,

Lo L., G A 70 Cix, dff (dilute phase, 6.6 %D 3He & 93.4 %?D ‘He) 10 3He
ZEPIICH LTER S 272012, BAZEDOHT3He DA L 7% % ¢ M (concentrated phase)
Az SIS 208D 0, M EHWHEEICE T 2@EFEOIETIFENZMHEL T 5,
5, RELREENKS v 7 OFE#EIX, fHES AT LREHI Lo TRERA VNI b TH S,

FH S BIIAE Planck IS S et — 7 v A 7 Vmksmigkix, TEIFM, &
V) BEZ B2 T A RIS EHIE 2 L L AR OFETH 5 [13, 14, 15, 16], AEHEETIX
RBAEZBEICBWT, EHofRo ) ICiEOEMENZHHL TWw53, iR TH 2 Survice module
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Figure 2: ST 5 BUEHEMEE Planck 1288 X 4172 Service module 2> 5IHER A B X — % T TOWHIT A 7 L

[13],

T=1LTK
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Figure 3: 7 2 —X F4# A 7 )L 3He - *He HiHUs OB [1].
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OISR RO A=Y FTORHT AT L 2K 21287 [13], WEETH L~V 7 L%, JlicH
BINY 2=V P LAY U InHEIC K > T45 KITTH I, S 5IKRAZED S5MU S Return
B R DN T LR RAZH OGS 2=V b AY YHANCE D, 1.6 KAMICTFAEINS, Eif
W4 BOISY v 7 (16 HTH OEKE 51 0) BT o, WETHLIN)VILIZ1Y VY
H7- 010,590 (I NS, ZUTE D, 100 mK 12T 0.1 uW DIRHEEN 2135 72 O Dt
(*He 22.5 pmol/sec, 3He 7.5 pmol/sec) Z T 5,

Planck IZIE# I N7 A — 7 v A4 7 UAHaEE L, 58 % (Still) PEMELR R v 7§
fii % RIS, BEMEI{EE 5> 2 48 < 100 mK OEBUCEII L T b, L, HRGH
70 212D ‘He & & U 3He (3 FH 22 EIANPRHE T 28%6GH L > T 5, MEHABE IR TR £
570, XoT, BT R~Y 7 AMEEDSE F AUE, AR & E Gy O LA R &
%h, SN, NV LARIERIE S 70— X PV A 7 VARG HEE (CCDR : Closed-Cycle
Dilution Refrigerator) XD AT v 7L 7% 5 [1, 17, 18],

B ZK 31CRd, REAEBEME LT, SHefGBRA v 7, ‘Hef@BA v 7, DHEE,
1.7 K O P, BEieis L ORGE L %> T\ 5, 3He DRUIA IR ORIt
V=7 a vt ETEBOH LR =T AAR Y P ESYEICEAL T [19], *He x5y
HEIREFIR TR TRE L B> T 5D, 2D He DIEERICIZ, R—F A 77 7z Hw
TEMEMAN R IC X 0 #ERE) *He O A2MEB T % Founatain pump (FP) Z V%, %4> T *He
(FT RIS TRT R TR D 720 SilICER T & N A 2 o 7 0 2R 2
b s,

7 7 v AD CNRS (Centre national de la recherche scientifique = 7 7 ¥ ZAE VB AW FE &
¥ & =) Zubicfrbite 7a b Y A4 TOEBTIE, 60 mK [T 1 uW OB HEE ZED T
LRI LT 17, L L A7 =X FH A Z7)VOFEBUTIE, 1 kPa Kiili DRV PGA 2 1
T SHe IEBRIEMIEI DI CTH 5 2 &, 1.5 K HifRIC T i liie 1 % K5 - 72 Pk
FTh b LI NI,

1.3 FEHAIJO—XIRYA 7 IIERAREOMERRE

B &9 e ouic, WHERFII TR, 1.7 K 24887 2 1Kk 2 —)V b &Y Vit
(IK-JT) K D b S SRR TH % 50 mK 24T 2@ L LT, 7 a—X P4 A 7 VAR
HHES A7 L%, 77 ADCNES (Centre national d’etudes spatiales = 7 7 ¥ A B2 FHib
Jit v ¥ —). CNRS & & O Air Liquide 1 & #0 L THFZEBHFE L 72 20, 21, 26], HHEDEHR
Bitiz X 4 1287,

70 —X FH A 7NV EEDOFEEN I, Planck THEEBLL 728 mz, #RHE) ‘He &
SHe %z 7Bt % 70828 (Still) EiiH) ‘He 218 9 % Fountain pump, # & ¥ 3He ZfEERT %

This document is provided by JAXA.
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‘He compressors (JP)
To circurate ‘He from

e 45K

still to heat exchanger
. i 4K-IT
Heat sink
“He fountain pump
ER}
Circulate superfluid 1.7K
‘He with porous plug 1K-JT
Heal sink
Still (FR
Separate ‘He from
_n".i:-cturF_- using l 1.1K l
different saturated F
Bl *He
‘He - ‘He
Bl ‘He
Iﬂfi't":;e- A% porous material
Mixing chamber #% superleak
{3 capillaries)
ER 50mK

Figure 4: 7 7 VAL ClED 3 70— X FH A4 7 VHmREGHEOM &N E X OB oH 2455y, JP - HA
PP Y, FP: 7 7 v AR ZHEY, PHREI7TKBIU045KIE, HEADY 2 —L b Ay v
WM ZRIPEE LT\ 3,

FEAREDS N EETH 5, FRIC SHe AR I, TEMBEFE MG EEM CTH 2 HARDZSHNIZ L > TH
IHEBIDHGFTE S 2 Eh 6, PHe [EMERROFERAEEZ HA, o EZR SRR EZ 7 7 v A0
HY T 2T L CED SN, B, 2O 70— FH A ZIVEREmHEEIC I, 1.5~1.8 K
FEOPHRENIHETH D, 1.7 KZEHT 2 HAD 1K-JT %217 2 mife TR H5E
6N 4,
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2 JO0—XRYAIIERSHEES T LADER & BEZE
2.1 HIRRREBEDSHRE

SHe-*He A A HIE D JFHIZLA T DM ) TH 5, 50 %IREED He MM AREAK Z WAL T <
. K13 K THe 2VHMEMRIEICZ D, 08K T3He D cHE dMHICHZEES 1L, X 51K
T cHIZH *He 12, dHIZF 6.6 %D *He Z & AZIRREIZED L, T 2T, dMHD 3He iK%
BROMERFEIZE TS 6.6 %fF> T2 503, 100 mK A ORI IZ 3\ TRV msRaE 2
FEOPAHEEZ TBE L LT\ 5, SHe*He UG HEETIZ, cMHE dMHDEEL TE D, WEIE
Y %87 I3EA = (MC: Mixing Chamber), AH7#ES 2 i8530 % (Still) &35, 77
IR (59 0.8K) Tld, ‘He DZEREIZIZIZ 0 T, SHe DEKIFEIZHRD 720, 3He 2RI
WCEFKTEETH D, dHHD SHe IREEDEHRIREE X DKL 2 2 H T c D6 d M~ 3He 231AME L |
oKy rurE—E2HT %I LT, BRAWRY SBRAEZE S THHINRET %,

Hol-OTK 4% A THS, IREEICTURGHHINEAKIE, 7HEIC T He ¥ A 2%
CETRAET A (10 WRREDOWM He % &8 90 %LA ED 3He A A) %3EIRIVIC 3He K> 71T
ARSI L9, oo THED D*He ld FP (Fountain Pump) 12 X > TIEERI 15,
i DIFBRILE 13 1K pot (K b 1.7 K#57) IS THAIZ L, ISR & Bt L 72 B OReik
FNCIFRA=E M IRE LB, BAREICTREAI NS,

DI 4 o BEFEOFHMZRL T, TTRAELY, ok H)IcELZHMHL T, BEHLIC
Lo TmHF 2 BT 2R3V, FHHTEBME 2L TWw5 [1, 17, 18],
AU AFRGERZE Y BISSIEEICE LT 1 ODOBHIE 2 @d S 58I, BHIE IsE 47k L
A C&EZHG, dfE c BTSN S, 2D, c D5 dHAD 3He DBENFEOLEGHIDS
¥ET D, FPIZ, *He EBRMENRIEIC A 2 217 K LT CEHE &, SR E LSz A —
28— ) — 7 [T 2> & ERRE (FP ARIR) ~ &R A2 53 72 B E) ‘He 2374 2 ZSHR0 R
ZRHLTWS, XoT, ‘HeiiBOKE ZIZt—% 2\ FP NEETHIES L5, 1K
pot 1, A 2T LFHliEER DM EEATSEEE T, 4.2 K DA He ¥ v 7 L& CTHERE L. IR
FET 2 2 & CABGINCE D 1.3 K18 K DIREZ KT 5, AREEFE L, FEEOFHET
ISR C PR EIT) PET, LTKZERTE S IK-JT PEHE 2D, S8EE X, EHIC
A7 L 7\ 0B & LT, SAVEM OEBROEIICEME I E H O TRARZ RIS TE
0. SHe fEBRIEAHHEAME D HTIRIE N ICADLE T, b=y EAm 2T 2 2 & T2 e
20, EENOIAIN 211X 0.5~1.0 kPa T, R 1.1~1.3 K (FHERAR T O 3He 12
JEA310 %A L) CTReE 2 BXENRE & 72 5,

FRDOEN 2R L 2D, fHUS OB HEE ) %2 E T % B L HE DY SHe fEBRITARE ©
H Y, ARDBEAED DK E BIESER I 4, FFELUWIEFHA L L T2 DERITS R 5 A

EHE

This document is provided by JAXA.
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BRISEE L 720257z, Planck THIEINEMICMZ T, 70— R A 7 VA2 FEET 5
72 OFRIEAMN & L TlE, SHe fEERHEAEREDAIMCIZ T =L FP L2 D, T oKt 7 7
VADMHY LT\ %, SHe fEBRIEMEREIC D\ T, 2009 £EEE (Z FRM A3 H 2 0 ¥ TS FH A i
WHEH L. BAEISHIERF ICET L%,

2.2 VO—XRTATILETIBEREICKD 5N 5 5HEE

RO X MRXHRICERIN 22 A 70hn) A—213, FERICHERETZ 2L ¥ —
SIREE (ha ) X —% O b HELRMER) 235 F 2720, TEIERE 50 mK) &) HR %«
TEIIMEE R D, UREVSEMERE L EiIck D, Buak b g S TERE 45
720, WHREOERAGRE X 50 mK X DK 2%, T4tk D A RGO HESRE X 45 mK
tloTwnb,

—HTWHEEIZ OV TE, Av ) X =7 DHEGDOFENIBIEN 2 HTF L L Tafew hundred
nW BETH 2, THICHEGEEZ L L T —Y v 2o 7ftins, 50 mK ISR § 2 Eski
W LD, Ko TERINZWHEIE, THRIREICH CIKET 5,

HHUBHRE I = - BHAE (50 mK) MOBGSHEIIC K E 2 BGEI23H D, 2 2 2
WERRB DT v h —EBE LCHIHT B 2 8 TE B 720, WiBGERETHRES & Ehx, XD/
R TG L PEN S,

2.3 ANUDLISBEREMES AT LICKDSNSIERE

70— FYA 7 VARG HEH LMK S aERE & LT3, WoALE X OMEEIA AT
BOPROHEBETH S, AHTIE, 7 7 v AHLEOERMOWHGABFIR L O, TRk 5
NBWEAEE L MEICOWTIEN S,

2.3.1 #HAOSHEFER (F.Martin et al. Cryogenics 2010)[1]

5%, 2010 41T Cryogenics IZ#g#k S N7 HHUSHFE D HEREAE RIS BT 5. S0 EN
FENC BT 2 EEIREE & e I OBRTH % (1], COHMPUGHE 7w & 4 713 HE R
DIEEHBES) 1 uW (50 mK) &> T b7, COHBEZLTODITHEE, HAZE, FP.
Capillary DGt & %2> T 5,

XI5 & D, W\ IAR 673 Pa DRHSEREES 1 pW 2MF 6 N FEREIZ 74 mK & 722 D K
VIARIE 18 Pa & T NI 7REDWREHAE ST 1 pW 233 6 1L 2 FEREIX 57 mK & 2> T3, i
30 K2 DIRFIZ= A F R8> Tw 5Dk, HHDOBAMIZ K 2 b DT, ZDHRTIE Parasitic

Db B AR pixel T L 223, BEFSH T2 %Y 72 pixel £k B,

This document is provided by JAXA.
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= 3.22 mhx
® DS See mbar

— ().;).-:54“'”:1\-' 1125 uW

=06.73 mb:
* Py 73 mbar

0, (W)

........ — Q_=3102T" -0.697 uw |4
/ e nx
® P~ 018 mbar

— Q,_=560.77_-0.785 uW

(
1
1
|
I
AP P | PP PN PPN IPSPEPr TP

0 0.005 0.01 0.015 0.02 0.025 0.03
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Figure 5: Experimental results of closed cycle dilution cooling tests in 2010 [1]. Blue : 18 Pa, Red : 322 Pa,
Green : 673 Pa.

REAMS 1 pW D 2 2 & 45 mK BREPSREFRERE (A& 2m0 37200, b
2V TH DI BT D,

Py n3 n4 Qi35 Qstin
(Pa) (pmol/sec) (pmol/sec) (mW) (mW)
322 16.4 127.2 3.05 0.71
673 14.7 85.4 2.10 1.03
18 11.2 134.1 2.52 0.18

Table 1: Experimental results of flow rate and estimated heatloads [1].

BWGAEIZE T 5, He B L O 4He Dt & 1.35 K FAERICRT 2 BV fif B X OV 8= (still)
De—YEBAMOERER 1I1TRT, 42K25 135 K £ T3He ZWHIT 572 DI 5 R E Bl
B3 0.5~1 mW EREED 5N BD5, Qrasx EBHSICZE D B KE . Fountain pump 2° 5
DBEAMEI) K5 7DD PN Z OIETHICHHETH 5 2 ED30h 5, 1KIT ORI
EHREEEL Z ENINE T TN 5,
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2.3.2 2011 FED 7Ty AAISHRERLER

WOAFEDMEN 1F EFERREE DMK  WEHEE I DSE K 2 %, 2011 SEDGHEEE R L ., 77 v &
AR U 7= PR 1

e 20 pmol/sec (60 pg/sec) BL E, 0.5 kPa
e 30 pmol/sec (90 pg/sec) Bk, 1 kPa

e 60 pumol/sec (180 pg/sec) Lk, 1.5 kPa

Elsole, THUIMEHAET 1.6puW (45 mK) 2 HIE L 2RO ZRME L b 223, 7721 L
FLOOfE T FERRAG R L SR I3 2 LA LD Rwnfic bz,

2.3.3 2012FD 7TV AASHAEZER

FELEFHIC, RERE 2 EZ R OWBBEER O ESTRoNTwS, Jiucks L
o <0.5 kPa : WHEIZTRAEBELENCKE REELZIT R0,
e 0.5< Py < 1 kPa: WHIERPIEEEICHOE THILT 5,
o 1.0< Py < 1.5 kPa : ¥WAWEREDIALE,

ED, A EDL 08 kPa AT THRFIUILE L -8EZ L, L PHEINLHERLE
o,

2.3.4 EXIAE

itk D, 50 mK IS THEEBEN 1uW Z3EK T % 7- O IIZWGARE 1 kPa H1UZ+0ThH
%, —/CHIRE LT, WHBES 1.6uW (45 mK) 2351213, BEAH 30 Pa TH D& D ELL W»
FMETH D EDTD, 1 kPaTIE 1.opW B (45 mK) SRR EEZEZ 5N 5,

—J7. WHWERD T ENESNCRECHEZZ TRV X)ICT 570121F, 05 kPall' T
DNETH Y, HHEZEBE T 5 L EMERETGATE X 0.4 kPa AN 2MAELE 72 % (2.3.3 HEIR),

7o 72 LER I 5 3He A AEER DB IRTWGA T X, 7= OHIFENGEE & X OB HaiB I il
M9 % Capillary DIEFE LRI 2 & O EHIKET 5, SBROBEIRURIC X > T, WaAEIZ X
2 IR IR I3 SGE S N5 WREMED & 5,

L2 AHE EHOPEER R v 7 Tld, BUAE L LT 10 Pa Kl & b s,
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2.3.5 EXEFAARE

AREEHIE, c 6 dHNRIAL PHe D v ¥ L E—2{0IC X > TRBESIGZED BT, Z
DI DEHEE ST Qe 13 3He DR A3 BT 5, b L a3 23 H0dH 284, ‘He DM nd 23
BN Z RO 5 Z LIk, RESE T, ZH0» T,

Que = 5.76 nd T2, (1)

EERIND (1], &> 7T3He DFLED 7315 6 1dUX, IS 3He 2B HRE T L 72 <
%5,

K 123D VZDRFIC 50 mK 12 T2 nd 12, WEHEES 1 4W Tl 70 gmol/sec & 7% 3%,
7212 LEBOIEETIE 25 WREORNEWEDRH D [1). ZhzxBET % LmHaE 1 uW Tl
100 pmol/sec, 1.6 W Tl 160 pmol/sec FEEE & 7 %, n4 2 H5°71213 Fountain pump O & —
S REZEPTHEDDH D 1 KIEFO iR~ OBAM XN %,

SHe DYitE n3 1Z, RECHMBL T4 D20 %ET 5L, WHAES 1 uW Tl 20 gmol/sec
(60 pg/sec). 1.6 uW Tl 32 umol/sec (96 ug/sec) FEEE L %2 5,

FAERRE S X N EEE ) 2 HR L 2B Ic b B e nd B X U a3 DfEZE 2 1R T, HEETAX
ZlZ, *Hell & o T3 I "RENE L) ETHH, Iz T2 Ll 235 72
FTh L SHe BREHRAE I 2 kD 5 T L1275 D | [FRFIC 03 DLE DS ERAE T DL I 2
H 25281k D,

Tmc ch n4 n3

(K) (uW)  (pmol/sec) (pmol/sec)(ug/sec)
50 1.0 100 20(60)

50 1.6 160 32(96)

45 1.0 120 24(72)

45 1.6 183 37(111)

Table 2: A BIRE R X CWRHHAE I L LB L S5 ‘He £ X U 3He DI,

2.4 ANUDJASEREMEES AT LADOBZMEEDEXES

EiRE D, AU L SIEBREMEHE S R T ISR 5 N A WEAEE X MEBI A AT IC
tHonsd, CNSGORMBERIY, HMHEENZEZED, ~NU DL ITERTEMES 27 L0
HIEEIZE 3D L) IciREI N,

1. WEAE] 1.0 pW (50 mK) D56
(a) WOAFE 53k 0.8 kPa. 0.4 kPa,
(b) 3He itz 20 pmol/sec (60 ug/sec) YA I
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2. ¥AES] 1.6 W (45 mK) D&

(a) WOAE 30 PaTHHELL W,
(b) *He ¥tz 37 pmol/sec (111 ug/sec) LA I

HEAERE
Vit (He) > 33 pmol / sec
WA T < 0.4 kPa
M > 20 kPa
EXEYE < 80.0 W

Table 3: ~YU 7 A 3 fEERILARE S 2 7 & 0 HEEMEE,

2.5 MBESNDZHEEI AT A

Heat exc hangar

2ST ol 4KJT

2ST [l 1K-JT

1.75K heat slnk

-3
45K heat 5In||: '

300K

EDmHI.

I Being developed in JAXA # Dashed line includes CCDR
[ Completely developed in JAXA

I Being developed for CCOR in CNES/CNRS

[ Heritage of Planck mission (developed in CNESICNRS)

Figure 6: 7 10— X ¥4 7 VAR HisE (CCDR) 2 v 7o By 2 v i s 2 7 &, mifNAY CCDR & 7% %,

A AR X BRI, S5 100 mK LT ZEHEEKTEZ 520D TlE R, 2 KAl E
TPFADBPBLETH S, RO X H I, 70 —X VA 7 LHHRGHED LA, 1.5~1.8 K fRJE
DFHIRIEZE BRER T 2 0813 H 5,

70— R A 7 NAEREHEEZ L5600, NSRS 2T 42K 613577, M
RMECH N DANERFED 7 0 — X P A 7 VG A7 0% KL CT05, P
Bl L IK-JT A E b 208, FEHEZE2 2 &, BRABMEIRD 72 DI 4K Y 22—
R oY VR (AK-JT) S EbN s, 20k D EWIREO R I, £ v a
YOEMICk B ERBbND,
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3 ANUDLIZERT DEMES XT LDFRFTRE

1500mm
vip T EEREGSR FERERER SEREGHR

™
Vg I Cooling fan
FLOW PH
D Pressure sensor
I Mass Flow meter *capaitance manometer 6160
® Temperature

VIl VI10 @ X-axis vibration level

. P
. Filter (<0.003um) , | @ Presur
VI3 VIl
[‘,;Eﬂ Valve
VJ1T VIS Getter VI14 VIl [}'cj] Throtile valve

VI2* * VI1 (I/F with the tube of still side; NW25 IS0O-KF)
* %12 (I/F with the tube of mixing chamberside: VOR ™)

Figure 7: 7 0 —X FH A 7 VARG HBE MRS 2 7 2 OBE&M,

FEAfbE s 2 7 L OWIZERIFE X, 1K-IJT A2 X — 2 & UTHIA L7z, 1K-JT Wif
R EAERE DWGAE 11X 8 kPa TH b, FHHDOEME CIIRIEENZHT %, L L, A
ZHFEDHEEL T2~ 7 L STEBREAIRRIZFEIC 1/10 AT OWEATE T %2 @8 T 5 %23 H D |
FERICHRII 2 B & V9 H O 5, HEMERZERT % 7:0., koMo (1§
%fbf#ﬂM)#% FEMEEBE & U C 3Bz BE L7z, FRICHEE & 72 5 1 BeH DIRTBEAiT

BV TR, BEWOARE N ZER T 2720, HEifEEz KE T2, kL D b KIFEIC
REVERERTOMm DEA R ZHEH LA, —HT28H (WHER) & 3BH (HHEE) iIcowT
. PERDY 2 —V b &Y VI AR CHEDH 2 E R F VIERE40 mm & 25 mm D
Mtk x 7z, MR IC D W Tid, EfiCEI N Ty FARY 2 — 2O, HEIiEK
I, SEIC B )20 @ P ) 72 IR E T 2 PSR NV 7 D IR A didi{ b G = S %
HOMRBLGEZFHEM L 72, ~Y 7 L 3TEREAMES 2 7 2 OB E X O/ 2K 7 £ X 81
ZNFIURT [22, 23, 24, 25], KA 2 7 213, HEAMEEIEAL— 7 CHEINTE D, &
BOHiBICERBER IR ON2 Fay /MKS) ZEE L CHEMHZERIIL v 5, BICHRERE
O MR TIHERERERT (HFM-300/Teledyne Hastings Instruments) (& CHEBRE 2 51 L Tw
%, PEIdEE L7 (VIT) 12T B2 % 2 HCHIENETH 5, HEREaT D
THTIE, AARDWAERH DTy ¥ — AWML Z v THDO 7 4 V& —% )0 7Y 212T
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Figure 8:

| hiulti fanctien generabor | BipH e Iy
. il fhrerion |munu'_ '_' Biplar pis Iy '_

. hbulti function generater

: (Lo pricssate stage ooa pesti) :_'

ETEETT ] Voliage i philosen [ B 0

(T Hi}
(THD Hz}
(TED Hz)

|

HIC

HIC

(b dudle- priine e AR o o) |
HICH

AEL 77 v —X F¥ A 7 VAP EfEiE s 2 7 4

__' Degital powar s ster I
{"-'llhuf'ru‘r,hqi:l
o  Dipitsl power meer IBEY
(Veluge Camamt, Pewer)

, | Dugnal power mueier [

i Bpel s powiigply ™ (valtage, Cument, Power) |~

| (Migh-presmre yige compeessar) _"

Presmue senmr 8041 |
FL) % | .
2 (11 Power mpply readow : 6T0BD21 3] |
Pressme sensoe: 815A1 | |© © ! !
{PL) |
Pressare sensor - 11143 |
(P, PAEL, FHD
Thermocouple« 15
Mass low mever= |
Coaling fmvd

1D Vikbrometer= I
OH Seiich (X, ¥, T, 1D

Power spply readewt - POR20AI) |

{ Pewer mapply for mass flow meter=1 ]

Temp 1k 1 Daia Legper

Thaea logper (30ch)

M-Cvml

Figure 9: 7 0 —X FH A 7 VARG HEE EAMTE S 2 7 2 O filiHle = & D EHiX,
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ERFRE L Ro T3, 207 —4 & LT, EREBREMBELGOIRE) L ~ L2519 5 7%
DIz, RS SN T (X M) OMEEEOFH & S ORI Z FZhi L T\ 5, RHEAE
B A7 L OFRFHBEIR AR E O I/F X VL £ VI2IZE>TED, VI el
BRI, VI2 BIRGHEIACE L i3, ~V 7 L 3IEREME S 2 7 & OIS
BHMEM ISR T, 777 avd L —FICTERLEIEKEZ AL R—FEIRICT
100 fFIC¥EIR L. BRI Z2 N L UEMEZBE S Tw5, 77— uh—Tld Lido LEoE
71, MEE, IREIL LIS, BT S NALEE - Bt - BT — Y HORH T2 M5O
F—%% 1 Hz l2Caddr % Eid 3,
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4 NUDLIZERT DEMES AT L ORI

1 L | | e

e

08 ettt g
3 3 ‘ ¢ " 3 3 3 ]

L4 N . 1
T S S R K
S P

r |  * Target | ]

0.2 j """""""" [ @@ iPinlet/Poutlet with 4He T o -1 18

L 5 . mm Pinlet/Poutlet with 3He ]

L A o Pinlet/Poutlet with 4He and GHS E

) o e s e s e e
0 5 10 15 20 25 30 35
Flow rate (umol/sec)

Figure 10: ~YU 7 A 3 JEERLAHE S 2 7 L D BARGFAM AU

SBIEL 72U 7 A 3TEBRITEHE S 2 F A2 oW T, £ 31TR L HEHERE 2L § 2 0
PRVERERAM RS 2 S U 72, VERERTAMGABRAS SR (CHe H0BRE, WOARET Piyers MHFETT Poyger)
#1019, ‘He FRIHIG 2 AL, SHe FRERFZ UM, 7 7 v AEERIC 7 7 ¥ A D 4 Al
s 27 & L L 2235 SHe R OHIERE R 2 =fA TR L T 5, & THEIZEMAIZIZIEF
—TH 5, *He RERFDOHTIVNS RMHHET & 22> T 0508, ZHUFEWMZE ISR T 2 )
BERDEVICLZ2HDTHS EEAONDS, —J7, BAENIZ=FTRE LZMBH ST,
#4133 pmol / sec IZEBWT 0.9 kPafREE > TED, HEMRZHE T 2#RIFE ok -
7o TS (NS WIZ EHEARINIIPGAE D) BRI (NS I EETIFRE W
DIPGATETT IR ) FEDOWBRIFRET 237 A =5 223 TH |, PoAFEI I 59 HEZ i 2
TELpol, Z0%, ¥ AT LFHIEERO FERAIRICET T 7 7 v A L2 TV FfR
TSRS T & 2 WJREMEDS D B ERE L LT R 4R X ) ICHi 7 HIRERE D RBE 217 -
Z(M10DED7 vy b)), JHUK L TmE T 2 RGNl /e ARHRAGUERIRZ
EAZY AT LA 2 Ei s 2R L L, Lk, BKEIEIIZ3 W e, BETH 2 80 WK
Wit 2 oy e 9 % H B MER T & 7o,

77 Y ATOY AT LR ERNC X, A HREOEGRKEEAR b T2 57, ZDKD
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(kPa), (C°)

0 100 200 300 400 500 600 700
Time (min)

(10x umol/sec), (kPa)
O=_2NWAhOIO

0 100 200 300 400 500 600 700
Time (min)

Figure 11: ~Y 7 A 3 JEERILHFI S A 7 2 0 HRGEAREABRRS R, §9 10 WefAIBKED U 72 e D IRFRIZE AL, AR - AR
T—7 VIR, T WHESD, R SHe HARFIE, Ak WOAIET), % (RIEBIERE T EREAEEI O K
(R D SR R 77 - R NS AR i (D) E S

HiZE:ne Al IR
Vit (PHe) > 20 pmol / sec 20 pmol / sec
(> 32 pmol / sec)
WA < 0.8 kPa (< 0.4 kPa) 0.79 kPa

H-HE > 20 kPa 21 kPa
FEET - 2.8 kPa
BREhEE 77 < 80.0 W

Table 4: ~VY 7 L 3 EERIEAEHE S A 7 L D HAREAERAS UL,

HERERZX 11127, BKEIZBIE L T 58 5 R T, B O FEEIC X ) HEfEtk %
WA 72T — 7 IVIRED D T *LﬁL’cm B, WO A A S ERICHE D 52 i
EIEMBPR 65, Z LT, “PHEIREIGE L 72RITLE L ZEEZHERF L T\ 5 2 & DR X
nr,
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5 HRSHEES X T LDY T LAFHEEER

YR 4 AT,
(BEF ¥ /%)

e - T

Yohs3 ﬁﬁEﬁIﬁJKTL

Poa- B

Figure 12: ¥ 2 7AiMz v 7 v 7Ok,

2015 5 A~E HIZDF T, 79V A 7V =7 dH B CNRS = — VERZEATIC €. HAHY
DAY 7 L3 IEEREMEES A7 L &7 7 v AL ORI Z fE S U 7> A 7 L 5HilliaER % FE i
L7z, 77 v AEMSEENE & ofE B OB EOMBXZX 1212, KEBICB T3 7—%
HAFAZE 2 X 13 128F, & AT LiHiliEAER I3 N Lo 3 BRFEI o3 1 TRl 2 S L 7,

1. Test 1: 70 mK #EHpIREEICTHL FH AR v 7000 i 2 3,
2. Test 2 : RIS 1 K 2> 6 FBRG TR AL
3. Test 3 : KIS 18 K 2 6 AR T,

Ko 257 LFEHEECHER L 72 7 7 v AHEYOEIRESBIZ, IBEE~NORABG EICL D, M
FHERER Y 720546 TH REFERE T 70 mKT%OfCD X oT. AT LFHiE
B LCix, 70 mK OEEHERF S —D DR E o 7z,

5.1 Test 1 : 100 mK (T T Helium-3 fERE#: % #t_EBER pump N5 E
MEEATIDE X

FFIE, BRMELZANY Y A STEBREEES 27 A2 O848 DR RGO MERE~ D2 % 5
HEEAETE 3 E LT, 70 mK AERA I EHAEERER > 7 o Ul ) iz 2 5lE #1772,
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EI;
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i
i

o
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o
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| i
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Figure 13: B> 2 7 & OIS O ML ERIER T 3 X OBV AR, *He Wi 2 &, 3He Wil 2 7R,
BAEN A2 W TET, MC2NRAE, BENZHCTICEET 2 2 L 26T 5720, BEAEIZTHE (still)

£ b EEICziE L T B [20],

Tmo Tpot 3H6 flow rate Pinlet Poutlet

(mK) (K) (umol/sec)  (PL)(kPa) (PH)(kPa)
2nd May | 70 mK 1.34 K 22 0.8 kPa 12 kPa
6th May | 70 mK 1.34 K 38.9 0.92 kPa 8.4 kPa
9th May | 70 mK 1.34 K 25 0.83 kPa 6.7 kPa
12th May | 70 mK 1.71 K 31 0.9 kPa 12 kPa
13th May | 70 mK 1.71 K 34 0.9 kPa 12 kPa

Table 5: Test 1 DREEFEHR D F £ 0,
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ARBREAS R 2 £ 5 1R T, RN O BIRILE = 1K pot DIRLE (K 13 D Tpoo) 13, AHUAERIC
o THEEHIEN S TH 2 134 K &, 1K IJT DERAJRELIREDIRIE L LT17T1 KD 2
TR o7, FERE LT, 5 Mo T TIEFICEEL., 70 mK 2/ CTE % 2 L 2%
AN,

52 Test 2:1 KUENSSEH

Test 1 DRDAT v 7L LT, IRAEN 1 KREDRED S, ~Y 7L 3TERIEMES AT 4
ZHOGTHIEHICE D 100 mK AT 24T 2 Test 2 217272, 256 % 1K pot imELS
1.34 K & 1.71 K DEAED 2FEO STl L, BnlD 5 X — & 28T, MM
TE5Z EZ2MERL 7,

5.3 Test 3:15 KU EMNSSH]

Test 3DIHH 707 7 A V2K 14~ 16 12T, RGHIERIZ, FEEOFHEOBHES 2 7 L
D&, FHin oA LT GERE 2 W CHER T 2 720 OBRERE L > T b,
H7ux A & LT, KIRHEAEZ 18 Kioff £ TR I ¥ 7%, 1K pot 2% 1K-JT CEEZEHH]
SNTWVRREZEL, ~Y 7L 3EREMES 2 7 LI THIRG A A 2 Kifis TIER S
¥, 1K pot &ESHEEZTHOE LRSI Z WA L T {, RRBTI, my AR R 2 46 3
70, HWAGIHY 25 LIS TRET ARE Y v 7 o TH % 3He A Z BN 51 TE
MBI AL 2o, MEZEARI KELTELHIICL TS, ZDEED 1K pot ~DEE
il 5 mW BRI T &> TED, IK-JT GHEEDOWEAES 10 mW at 1.7 K DHEEFAN & 725 T
%, LEtoffEIc X b, KIEEHIZH 3K T 1K pot IR L MARED 2 KU 2EKL T3
(X 14), 2 KEATIZ 571k, FPEBIO 720 ICRA A A % TR L 724, FP ICBEf
%5 7 BREN X T, WIAHBEDEKEN 2T o T3 (X 15), FP L@ MICENE LIk, 7R
HHEEDSRE) L 721212, ROV ADI 6L 2IREFEZ T o> TRl REBZED H L, KR
I DFEREIMEC 25 X H I L Tw 3 (K 16), AR E LT, Test 3 THHI 12 KT 70 mK
DEGEDVHER I N7z,

612> AT LMl R E R, ekl LT, BfEE L Twi, 1K pot A3 1.34 K
TORRGHEED B D A% 6T, GBI O MAGER T O EMEL Tokd > T
171 KIZBWT S, il EBRETOMIED» S OmHIZ B L 72 18 K 26 D% EIC T, 4
TR HEEDSERED L TR 70 mK ICERETE 2 HZ2MER L. UM TPHEL Tl Lo %25
BTET,

BABICAEMZ 525 2 & THEENDSIINE S 7, Parasitic 222 A=RIZ 3.3 1 W DH,
b 60, Z0id Kevlar XG2S PRHIS N AR ABGE L I13IF—FL 72, 7. 100 mK IZ
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25 - 100
. . . - S . o Tp[K]
B R R AR A3 (R R T A ERRECTHEE
< > ~Smw{ SPICAZLE TTFEL) ¢ TmolK] I
® T-pot[K] =
L) " =
20 | T-3i [K] - 80 2
o Tostill [K] =
°E
@ 3He Flow [micro-molfsec] 70 S E
JexaEFERL 2T LD 25
s & PLpressure [mbar] E=
. v12E8 BAE R~ anw 8. 5]
= 18 &— PH pressure [mbar] CEED
® =z
E B JAXA pump power [W] T 'g
£ —— g Qfp[mW] U w¥E
[ = g
B SOOI Qo
10 ﬂ-b-.b;obb‘bﬁ'b‘o'a"’d"b""m ;ooooooooooo p = P06-tank [mbar] w0 S z
RSHREIL £
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- ¥
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o o
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Figure 14: Test 3 @ A 7 LGl R (18 K 225 2 K A~ A,
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Figure 16: Test 3 @ A 7 AgHiiaii i) (0.3 K 225 70 mK ~A]),
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B 2 HEE 11X, ‘He it 2% 236 pmol /sec DIREET 3.5 pW EEP I, 25 5 HHEHNIC

FHRINAMEEIZIF T IERE o7,

T ot \ 134 K
Test 1 Succeeded Succeeded
Switch pumps (in 2,6, and 9th May)  (in 12th nd 13th May)
Test 2 Succeeded
Start from 1.0 K (in 9th May) (covered by at 1.71 K)
Test 3 Skipped Succeeded
Start from 18 K (covered by at 1.71 K) (in 11th May)
Extra measurement Skipped Measured
QipsQmo (covered by at 1.71 K) (in 12th and 13th May)

Table 6: > A7 AGHIABRIRD £ & o,

6 &

FHAZ B — X P44 7 VSRS HEOERIc T, BEMEREZECH 2~V 7 L 3TEHETEK
B> AT L OBIFZ TV, ORI T 2 BREN A5 FEH ), REA R (3He, 4He)
DYEDMERCTE ., Fo, HMBENIOEIEIFICL D, BHEL L CORBSAFE %
ERH R o b DD, 77 v AL OKIRTSORKENC AL EE KO %2H2 2 L
TE7, FEOBEZD EICEHEL 72, 7T v AT T OISR LG L TDY AT 4
FEAffiEER Clx, 1K pot MEEAY 1.71 K (1K-JT ¥ HFEA R DIRFET, (KIREEHY 18 K DR
BED S IREIZ AT\, AR Z S X &, RRFRERE 70 mK 238 L, Ao 77— F

YA 7 VARG RS AT L O EETFEEEIC Y L 72,
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AT LFHBEHEROD
2nd May 2015

(a) First trial of the test 1 at Tpo of 1.34 K (succeeded).
(b) First trial of the test 2 at T, of 1.34 K (not succeeded).

. 6th May 2015

(a) Second trial of the test 1 at T of 1.34 K (succeeded).

(b) Second trial of the test 2 at T, of 1.34 K (not succeeded).
. 9th May 2015

(a) Third trial of the test 1 at T, of 1.34 K (succeeded).
(b) Third trial of the test 2 at Tpo of 1.34 K (succeeded).

. 10th May 2015

(a) First trial of the test 3 at T of 1.33 K (not succeeded).

. 11th May 2015

(a) Second trial of the test 3 at Ty of 1.71 K (succeeded).
(b) The optimization trial of He / ®He ratio at 70 mK.

. 12th May 2015

(a) Fourth trial of the test 1 at Tpe of 1.71 K (succeeded).

(b) The cooling power measurement using Qe at Tpey of 1.71 K.

(¢) The inlet pressure measurement at Tpo of 1.9 K.

. 13th May 2015

(a) Fifth trial of the test 1 at T of 1.71 K (succeeded).
(b) The Qg, measurement at Ty of 1.71 K.
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1. Introduction
€ 50mK low temperature is needed to reduce a thermal fluctuation noise and realize
a superior sensitivity instrument, which revolutionizes our understanding of space
science and carries a new horizon in space.
€ Several field’s space science missions propose to use low temperature
instruments.
® X-ray astronomy: Astro-H (to be launched), Athena, DIOS
® [nfrared astronomy: SPICA
® CMB observation: Planck (launched on 2009), LiteBIRD
€ There are two methods to make below 100mK:
® Adiabatic Demagnetization Refrigerator (ADR): High thermal efficiency,
recycling time (no observational time) is needed, high magnetic field.
® Dilution refrigerator: continuous cooling, no magnetic field, low technical level.
€ Cooling chain from 300K to 50mK is also important.

120eV resolution

10eV resolution

Counts (arbitrary unit)

2eV resolution
: } e

Energy (keV) 2
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2. Introduction — Planck mission
€ Cosmic Microwave Background observation
€ Launched by Ariane V on May 2009
® 2nd | agrangian orbit
® 40K cooled telescope (1.5m, 30~900GHz)
® 2 scientific instruments: LFI (20K), HFI (0.1K)

€ The open cycle dilution refrigerator (OCDR) — (France) 3He / “He
® 1st dilution refrigerator in space. To Space
Space pump working gas (helium). G
3He as well as “He were extracted.

'4'.'5 K
12000 L of 3He and 36000 L of “He.
2 year’s operation.

Closed cycle dilution refrigerator for future mission.
4k

°
°
® Cooling power of only 100nW at 100mK.
°
°

1.6 K-100 mK Hom plate 15K
structure
L6K
100 mk .
cold tip Fitier plote:
_ 100 mi 0.6 K
IT stage Balometer plate
{=1L&6K)

100 mK
regulated plate

(£.1.9
plate

S.Triqueneaux et al. Cryogenics v46 (2006)

2. Objective of the development

1. To develop the low pressure helium-3 compressors system test model.
2. To demonstrate the CCDR cooling performance.

€ Closed cycle dilution refrigerator (CCDR) is desired for next generation space
science mission.
® Higher cooling power.
® Operational temperature (<100mK) continuously.
® No magnetic field.
® | ower mass and more compactness than other cooling methods.

€ Target: Athena, LiteBIRD, DIOS, eftc..
® Cooling power: 1uW at 50mK
® Lifetime: 5 years (requirement)

€ The helium-3 compressor is needed to circulate the helium-3 gas. The space
qualified low pressure compressor had been successfully developed for 1K-class
Joule Thomson cooler in Japan. Therefore, the helium-3 compressor system for
CCDR has been developed in Japan, as a new challenge of a R & D collaboration
between France and Japan in the space development.

€ Then, we tried to have the coupled test between the helium-3 compressor system

and the cold part developed by France (CNES/CNRS/AIr Liquide).
4
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3. CCDR system

€ What is a dilution refrigerator ? . .
A 9 € CCDR schematic drawing

® There are two separated phases

at low temperature mixing
S . 3H P & 300K
chamber in principle. 3He rich °He compressors (JP) *He
To circurate 3He from pImp

phase (c-phase) and 3He / “He , 4.5K
mixture (d-phase). still to heat exchanger ~1 4KAT
® Cooling reaction is provided by a He return | Heat sink
transfer of *He from c-phase to d- |,
phase. (FR) »
® The capillary force is used to Circulate superfluid ~ 1.7K
separate two phases under “He with porous plug Hcl?thTnk
microgravity (Planck heritage),
while a gravitational force is used Still (FR)
in ground. Separate *He from
mixture using 1.1K
@ A3He compressors as well as a still U SERECIEICERE o]
and a *He pump have to be e e open
developed. single phase e
heat exhanger ;
. JHe-"He
@ Because of each technological level, —
international collaboration is one of Planck He
best choice. . = twin phase o ST
heritage heat, exchanger
— B uperleak
. g er
@ Pre-cooler is needed. The use of Mixing chamber
(FR)
1K-class / 4K-class JT cooler 50mK operation 50mK 5
developed by Japan are proposed. L

4. Cryo-cooler system including CCDR
@ Proposed cooler system

3He compressor

2ST [ 4K-JT

2ST [ 1K-JT

4He pump

300K Mixing

chamber 50mKi
I Being developed in JAXA 3% Dashed line includes CCDR
[ Completely developed in JAXA

I Being developed for CCDR in CNES/CNRS

[ Heritage of Planck mission (developed in CNES/CNRS)

® Development should be proceeded by considering all over cryo-
cooler system on an equal relationship between JAXA and CNES /
CNRS.
® Pre-coolers are 4K-JT and 1K-JT cooler as a prior condition of cryo-
cooler system in the CCDR study.
® Division of study
« JAXA: 3He compressor, 4K-JT and 1K-JT cooler
¢ CNES/CNRS : 4He pump, Still, Mixing chamber, *He / ®He
circuit
+ System evaluation test by combining each component will be
performed.

This document is provided by JAXA.
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5. Target of the 3He compressors performance

€ Targeted performance and function are as follows

Size 20cmg diameter x 50cm length Prior condition
per compressor

Mass Lower than 25kg Prior condition
Operating Temp 273 ~ 303 K Prior condition, equal to
1K-JT/4K-JT

Driving freq. 10 ~ 70Hz Prior condition

Input power < 80W (AC) in total Prior condition

Operating life time > 0.5 year (5 year in future Constraint condition, for
development) the test model

Inlet Pressure < 0.8kPa (<0.4kPa as a goal) Constraint condition

Outlet pressure > 20kPa Constraint condition

Mass flow rate > 20pmol/sec (>33 as a goal) Constraint condition

Operating gas Helium-3 (Helium-4 is used in Constraint condition

HE3C performance measurement)
Can be operated in vacuum
Space qualified is considered 7

6. Key parameters of the 3He compressors
development

€ Pressure target
® The heritage of the development of 1K-class Joule Thomson cooler (1K-JT)
provided a level of advantage. However, these target performances in
particular low inlet pressure (0.8kPa) was challenging issues even when the
heritage of 1K-JT was used.

Target Flow rate* Required Required
inlet P outlet P
1K-JT 2,232 ug/sec 7 kPa 700 kPa

SHe compressors 20 umol/sec < 0.8 kPa > 20 kPa

€ Compression ratio and number of compressors
® \When actual performance of JT coolers are considered, typical compression
ratio of each compressor is 4. Therefore, 3 compressors are needed for the
targeted ratio of over 25 in total.
€ Contamination
® Cleanliness level has to be carefully checked for the concern of failure in
compressors as well as an iceplug.
€ Others
® Resolution of pressure and flow rate measurement.
® Operation sequence.

This document is provided by JAXA.
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7. 3He compressors system design

€ 3 compressors in series for 3-stage compression.

@ 4 pressure gauges are installed between inlet / outlet pressure of 3
Compressors.

€ The mass flowmeter is located to outlet to prevent the pressure loss, while the
mass flow can not be measured with lower than 1kPa.

@ Getter and filter are assembled in parallel for contamination issue.

€ V/J1 is the I/F of inlet line, while VJ2 is used for outlet line.

E Cooling fan

ﬁ I o

Cal

D Pressure sensor
capacitance MmAnomelar
= Pressure measurement
1 () (] 1‘*""*
Y enter V14 VILG T -
A1 (VF wath the mbe of il sade: MW2S [SO=-KF) 9

® AR (UVF wath the tmbe of moting chamber sude: VOR L5 ]

Transportation and preparation
@ Tsukuba Space Center, Tsukuba, Japan ,

@ Institute Neel, CNRS, Grenoble, France 10
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8. Performance Results

@ |n principle, inlet / outlet pressure are expressed as a function of the flow rate.
€ Measured inlet pressures are quite similar even when charged pressure was
changed from1 to 3kPa as well as from “He to 3He, while outlet pressure is not
changed. This means that a leak and pressure drop prevents the performance.
€ The measured outlet pressure with 3He is different from “He, which is mainly

caused by different charged pressure.

T g s————_—_y“—"
*  Target - 28
em PL/PH with 4He
09 AvY PL/PH with 3He = 4
am PL/PH with 4He and GHS o & 26
0.8 - X
T . 24
T 0.7 - o s 2
E . v . " . 2 E
E 0-6 = v . ' 2£
0.5 -
18
04 |+
| | e 16
03 0 20 40 60 80 100
Flow rate (ug/sec) 11

9. Coupled test results

€ Goal of the coupled test
® To achieve lower than 100mK.

® To demonstrate the feasibility of cooler system with CCDR, in which cooling power of

TuW at 50mK.
€ Coupled test result

® 3He compressors has to be operated to circulate the working gas in order to cool down
the mixing chamber, still and “He pump from higher than 10K.
® We could obtained 70mK from 18K with the heat sink of 1.75K

— 3He flow rate
(10 X pmol/sec)

— Inlet P (kPa)

— Outlet P (kPa)

— Heat sink (K)
— Still (K)
— Mixing chamber (K)

©
o
X
S
2
)
IS
>
X
2 : -
R
Time (Hour)
Startthe 3He 225 . .
compressors 20 7 (K)
17.5 | ' |
15 -
< 125 -
- 10 i (1
7.5

13, 14 15 16 17
Cooling down from 18K Time (H i

our) Condense He mixture

] 70mK achieved by
(houn) dilution process
———-
12 20 21

12
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Summary

@ The 3He compressors system has been developed until 5 years (from 2009) for
a helium-3 circulator of closed cycle dilution refrigerator, as a new challenge of
a R & D collaboration between France and Japan in the space development.

€ We have successfully achieved the preparation for the coupled test : I/F
definition, construction of measurement system with safety function,
transportation, and HE3C performance measurement.

@ Higher than 20umol/sec of 3He flow rate has been obtained at the inlet pressure
of 0.8kPa in the 3He compressors system single performance measurement.
We also confirmed that the compressors system performance after
transportation to Grenoble is almost consistent with the performance in Japan.

€ The coupled test has been obtained 70mK from 18K by circulating the working
gas with the 3He compressors system under the heat sink temperature of 1.75K.

€ We hope the great success of the coupled test would bring an opportunity to
realize the refrigerator in space in the near future.

13
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Development of helium-3 compressors and integration test of closed-cycle dilution
refrigerator system

By Keisuke SHINOZAKI", Kenichiro SAWADA", Yoichi SATO", Hiroyuki SUGITA", Kazuhisa MITSUDA?, Takao
NAKAGAWA?, Shoji TSUNEMATSU®, Katsuhiro NARASAKI®, Gérard VERMEULEN®Y, Philippe CAMUS®, Sébastien
TRIQUENEAUX?, Sylvain MARTIN® and Stéphane D’ESCRIVAN®

DResearch Unit II, Research and Development Directorate, JAXA, Tsukuba, Japan
D The Institute of Space and Astronautical Science, JAXA, Sagamihara, Japan
3 Sumitomo Heavy Industries, ltd. Development section, Industrial Equipment Division, Nithama works, Japan
D Institute Neel, CNRSJUJF, Grenoble, France
SAirLiquide Inc., Grenoble, France
O CNES, Toulouse, France

The closed-cycle dilution refrigerator for space application is an on-going development to improve the performance of the open-
cycle dilution refrigerator successfully used on the Planck mission. This solution has been considered in various projects in X-ray
and far-infrared space instruments for astrophysics (ATHENA, SPICA) and in advanced studies for future CMB polarization surveys
(LiteBIRD). It is shown that for sub-Kelvin applications, this refrigerator is fully competitive with some ADR-based solutions.

The helium-3 circulator is a key component to achieve the closed-cycle dilution refrigerator. JAXA and SHI have developed such
a compressor by adapting the compressor of the space qualified 1K-class Joule-Thomson cooler. A coupled test of this compressor in
combination with the dilution refrigerator developed by CNRS, Air Liquide and the CNES have been performed. In this paper, details
of the target, design and circulation performance of the compressor system are shown. The result of first integration is also described.

Key Words: Dilution, Refrigerator, closed cycle, compressor, low temperature

1. Introduction two capillaries in a Y-junction, and recover the mixture through
a third capillary. As low temperature (< 0.1 K), the dilute phase
Low temperature instruments are major means for superior has a finite solubility of 3He of 6.6 %. If the *He concentra-

sensitivity in science observational missions. Recently, 100 mK
or lower temperature is desired to obtain a high sensitivity

and a high resolution spectroscopy (Athena, SPICA, LiteBIRD,
etc.). V234 A closed cycle dilution refrigerator is a key tech- *He compressors ;;:fulfllp 1 300K
nology to cool down to be 50 mK with a higher cooling power (JPN) =
and a longer life time in comparison with existing coolers in i | 1 i N 42K
space. This is an advanced design based on the open cycle di-
lution refrigerator mounted in Planck satellite,” ® and created e fo 1\
a breakthrough in the space dilution refrigeration. In this de- B . 1.7K
sign, *He gas is needed to circulate as a closed cycle instead |
of rejecting into space, which provides higher flow rate without
no limitation of life time determined by amount of gas in the NN
storage tank. gl 1.1K
As a current target, longer than 5 years of life time with cool- ~ —--—e oWl oo ::)::i
ing power of 0.5 ~ 1 uW at 50 mK is expected. These target are B GHe
consistent with requirements in current proposed missions. To SHe4He
achieve this, a space qualified helium-3 circulator is needed as a B He
new important technology, and the low pressure compressor for Mixing AN sponge
1K-class Joule Thomson cooler is one of primal candidate.” chamber B8 supcrleak
Then, a helium isotope separator in a still and a fountain pump 50mK
to circulate a superfluid “He at low temperature are also needed. T =0.05 K
2. Conceptional design of the closed-cycle dilution re- Fig. 1. The schematic drawing of the closed-cycle dilution refriger-
frigrator ator. The helium-3 is extracted by pumping with 3He compressors on
the gaseous phase much richer in 3He (> 90 %) than the liquid phase
Fig. 1 shows helium circulation lines of the closed cycle di- (~10 %) and re-condensed into the still and mixing chamber. Helium-
lution refrigerator. ® 9 19 The key idea of the closed cycle di- 4 is extracted from the still through a superleak by means of a fountain
lution process is to inject and mix both helium isotopes through pump.

This document is provided by JAXA.
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tion exceeds this value, not all 3He is diluted, but some stays
in the *He-rich phase forming 3He droplets. The cross section
of the capillary is designed to be filled by these *He rich phase
droplets where the capillary forces play the role of gravity.

The saturated liquid mixture produced in the mixing cham-
ber enters the counter flow heat exchanger to precool the in-
coming *He before returning into the still. The *He is extracted
from the still through a superleak by means of a fountain pump,
which can only work below the superfluid transition tempera-
ture. The 3He is extracted by pumping on the gaseous phase
much richer in 3He (> 90 %) than the liquid phase (~ 10 %)
and then re-condensed into the dilution. In zero gravity con-
ditions, the vapor liquid phase separation must be achieved in
a porous material confining the liquid phase into the still. It is
possible to obtain the cooling performance of closed cycle dilu-
tion refrigerator with a still pressure in the range 0.5~1.0 kPa.
This relaxes the requirements of the He circulator compared to
a classical dilution refrigerator.

From the technological point of view, the design of mixing
chamber including Y-junction has a heritage of Planck mis-
sion.»®  We have performed the test successfully with an
upside-down version of the closed cycle dilution refrigerator
including the mixing chamber, still and fountain pump. The
construction and tests of the upside-down dilution refrigerator
are still unpublished. Then, a helium-3 circulator is a critical
component to realize the space dilution refrigerator and should
be obtained a realistic performance of the cooler with it.

When a cooling chain using the closed cycle dilution refrig-
erator is considered for a space mission, a temperature and a
cooling power needed for pre-coolig is also important. One pri-
mal candidate as a pre-cooler is a 1K-JT, which provides the
cooling power of 10 mW at 1.7 K. Therefore, 1.75 K is targeted
as a heat sink of a *He circulation line and a fountain pump,
and the rejected heat into the pre-cooler, mainly generated by a
fountain pump must be lower than 10 mW.

3. The target of the helium-3 circulator performance

The most important design parameter of the circulator is the
inlet pressure Piye, Which determines the operation temperature
of a still and also has an influence to a helium-4 circulation. As
a first trial, the target Pjye of 0.4 kPa was determined based
on the result of the closed-cycle dilution experiment using the
commercial scroll pump. A pressure drop of 0.1 kPa was as-
sumed between an interface of the circulator and the cold part
in this target. In principle, a cooling power is determined by a
“He flow rate as a function of a temperature at a mixing cham-
ber when *He flow rate is enough. Tab. 1 in Chaudhry et al 9)
shows that a *“He flow rate of 350 mumol/sec is needed to obtain
a cooling power of 1 uW at 47 mK for a *He circulation rate of
28.8 umol/sec at a still pressure of 10 kPa. Therefore, the tar-
get flow rate of *He has been 100 ug/sec (33 umol/sec) in this
study. Then, the outlet pressure of 20 kPa has been detemined
as a target based on the experiments of the cold part.

The compressors design was based on the compressor devel-
oped for 1 K-class Joule Thomson cooler (1K-JT).” Though
the inlet pressure of 8 kPa for the 1K-JT is assumed to be the
lowest pressure provided by space qualified compressor, it is
still challenging that the inlet pressure design must be improved

to achieve 1/10 lower target inlet pressure.

In this design, 3 stage compression was determined using
3 units of compressors in series. 70 mm piston diameter was
used to reach the enough flow rate for low pressure compressor
(H3CL), while 40 mm and 25 mm piston diameter were used
for middle and high pressure compressors respectively. New
suction / discharge valves with thin spring were installed for all
COMPIessors.

Fig. 2 and 3 show the helium-3 circulator test model. Cool-
ing fans are located close to each cylinder of compressors. The
mass flow meter is installed after the outlet port of the high pres-
sure compressor to prevent the influence of the pressure drop in
it. A high resolution pressure transducer MKS 690A is used to
measure the inlet pressure, while MKS 121A pressure transduc-
ers are used for three other pressure. A getter and a gas filter to
reject an impurity and particle in the working gas are installed
in parallel.

VIJ1 and VJ2 valves are used to connect the gas handling sys-
tem and dilution cold part. The performance test of the helium-
3 circulator is measured independently by closing these valves
and the performance with different flow rate can be measured
with the throttle valve located between these interface valves.

fvin 1500mm

’%\'JZ (UF with the tube of mixing chamber sider VCR %"

<) k)
Filter (<0.003pm)
e N

Pressure gauge
T Vate

Throttle valve

H3CL H3CM H3ICH

1" Compressor 2* Compresser 3™ Compressor

(Low pressure) (Middle pressure) (High pressure)
* VJ1 (IF with the wbe of stll side: NW235 ISO-KF)

V10

Fig. 2. The schematic drawing of the helium-3 circulator using 3
units of compressors. Mass flow meter is located close to outlet port
of high pressure compressor. A getter or a particle filter can be selected
in the circulation line.

Fig. 3. The helium-3 circulator test model.

This document is provided by JAXA.



7 v— XA 7 VA BRI SREE O L B JE 6 KO R im s 27 LG R 41

4. Performance measurements of the helium-3 circulator

Fig. 4 shows measured inlet / outlet pressure as a function
of flow rate in the performance test. These driving frequen-
cies for 3 compressors were between 22~26 Hz, which were
lower than typical driving frequency for Joule Thomson cool-
ers. The circulation performance was also checked by connect-
ing the gas handling system. Though inlet pressure provided
by the helium-3 circulator was measured with several charged
pressure, the lowest inlet pressure was 0.4 kPa even when the
throttle valve was closed to be no flow rate. This suggests that
there is a leakage at undesirable level between the suction and
discharge valves in the low pressure compressor, and the target
inlet pressure cannot be achieved unless the level of leakage is
reduced. Though the leak rate of around 1 pg/sec have been
already measured for each valve and piston clearance respec-
tively in low pressure compressor, these measurements were at
steady flow and different behavior must be assumed with fre-
quent dynamic gas flow in the circulator. Then, measured inlet
pressure at the flow rate of 60 ug/sec was 0.79 kPa, with which
the dilution process was still expected. Hence, the target value
of the inlet pressure was modified to be < 0.8 kPa.

In these measurements shown in Fig. 4, charged pressure
were between 2.28 and 2.53 kPa. Most of all circulation per-
formances were obtained with “He as a working gas, and the
performance with 3He was also measured and compared with
the performance using *He. As shown in Fig. 4, the relation
between inlet pressure and the flow rate was quite same, while
measured outlet pressure was different with same driving pa-
rameters of compressors because of difference of temperature
around the circulator as well as charged pressures. These indi-
cate that the effect of different working gas from “He to He is
quite small, and the limitation of the inlet pressure provided by
the circulator does not strongly depends on the charged pres-
sure. Then, a pressure drop is the primal candidate to limit the
inlet pressure, and the reduction must be needed for next im-
provement.

Tab. 1 shows the summary of the performance result of the

N

E Target 4 28
0.9 (2% BRI Ae i
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Fig. 4. Measured inlet / outlet pressure as a function of gas flow rate
in the test model. The measured inlet pressure of 0.79 kPa satisfies the
target value (< 0.8 kPa) under the flow rate of 60 ug/sec. The lowest
inlet pressure with no flow rate is 0.40 kPa with the condition of outlet
pressure of > 20 kPa.

Table 1. The performance test result of the helium-3 circulator test
model.* : the first target values before performance test.
Target Result
hline Flow rate 60ug/sec (100ug/sec)” | 60ug/sec
Pintet 0.8 kPa (0.4 kPa)* 0.79 kPa
Poutlet 20 kPa 21 kPa
Charged pressure | — 2.8 kPa
Total power <80 W 350 W

helium-3 curculator test model. Though the initial target of in-
let pressure with the required flow rate was not achieved, cur-
rent performance was accepted as a helium-3 circulation pump
by modifying the target for trying the closed cycle dilution re-
frigerator experiment. Then, total electrical power of all com-
pressors was quite lower than 80 W, which was an upper limit
defined as a prior condition.

5. Performance measurements of the closed cycle dilution
refrigerator

The helium-3 circulator test model was connected to the di-
lution cold part through gas handling system. The gas handling
system was mainly designed to switch the *He circulation pump
from a commercial scroll pump to the helium-3 circulator test
model, and manage amount of 3He and *He mixture working
gas in this refrigerator.

There are 3 steps for the cooling experiment, 1) switch the
3He circulation pump to the helium-3 circulator test model and
monitor these cold part temperatures when the temperature of
the mixing chamber was 70 mK, 2) cool down from 1 K to lower
than 100 mK with the test model, 3) cool down from 18 K to
lower than 100 mK with the test model. The temperature of the
heat sink was 1.35 K or 1.75 K.

As a preliminary result, 70 mK was successfully obtained
in all 3 steps of cooling experiments even with the heat sink
temperature of 1.75 K. It could cool down from 18 K to 70 mK
in less than 12 hours by injecting the mixture gas into the cold
part with respect to each temperature phase. The design of the
test model of the cold part in particular mixing chamber was
conservative and the lowest temperature using the commercial
scoll pump was also 70 mK. Hence, these results indicate no
significant defect with the helium-3 circulator to make below
100 mK.

6. Conclusion

In this study, following results have been obtained.

e The helium-3 circulator test model was designed, fabri-
cated and measured for the closed cycle dilution refrigera-
tor.

e Measured inlet pressure provided by the helium-3 circula-
tor was lower than 0.8 kPa with 100 pg/sec, with which the
dilution refrigerator process was expected, and the com-
pression performance with He as a working gas was al-
most consistent with the performance using “He.

e As a preliminary, the cooling measurement successfully
achived to cool down from 18 K to 70 mK by connect-
ing the helium-3 circulator test model to the dilution cold
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part through the gas handling system with no significant
defect with the circulator.

The closed cycle dilution refrigerator improves significantly
several limitations of the Planck open cycle dilution refrigerator
in view of future space missions with higher cooling power and
longer lifetime. On the basis of the study and the experimental
results, next target of the performance of the helium-3 circulator
will be determined by taken into account a required life time.

The experimental success is a small step in the world, but it is
a great step for the world of space cryogenics. We believe that
these types of dilution refrigerator will be a major means near
future for making 50 mK in space.
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Development of helium-3 compressors and
integration test of closed-cycle dilution refrigerator
system

Dilution option:

K.Shinozaki? and G.Vermeulen?
1) JAXA/R&D, Japan
2) Institute Neel, CNRS/UJF, France

B-mode from space, 10-16t Dec 2015, University of Tokyo, Japan

1. Introduction

There are several methods to cool down below 100mK:

® Adiabatic Demagnetization Refrigerator (ADR): High thermal efficiency,
recycling time (no observational time) is usually needed, high magnetic field.
* Multi-stage ADR
» Sorption cooler + ADR

® Dilution refrigerator: continuous cooling, no magnetic field.

Closed-Cycle Dilution Refrigerator (CCDR) is a key technology to cool down to
50mK with a comparable cooling power as an ADR but a 100% duty cycle in
space.

Recently, the coupled test between the dilution refrigerator developed by France
and the helium-3 circulator developed by Japan has been performed as a
breadboard test of CCDR, and successfully achieved to cool down to 70mK.

We believe that CCDR is fully competitive with ADR-based solutions.

This document is provided by JAXA.
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2. Introduction — Planck mission

€ Cosmic Microwave Background observation
€ Launched by Ariane V on May 2009
® 2nd | agrangian orbit
® 40K cooled telescope (1.5m, 30~900GHz)
® 2 scientific instruments: LFI (20K), HFI (0.1K)

€ The open cycle dilution refrigerator (OCDR) — (France) 3He / “He

® 1st dilution refrigerator in space. To space $
® Space pump working gas (helium). $

® 3He as well as “He were extracted. ﬁ [

® Cooling power of only 100nW at 100mK. w717 W
® 12000 L of 3He and 36000 L of “He.
® 2.5 year’s operation.

|:> Closed cycle dilution refrigerator for future mission.
4k
16 -1 mk Hom plate
slmadiung

LK

19 mE Filbex plate

culd tip

118 ik
Bolometer plate

06 K

10 mk
regulaied plase

(E19
plate

S.Triqueneaux et al. Cryogenics (2006)

2. The CCDR development

€ Closed cycle dilution refrigerator (CCDR) is desired for next generation space
science mission.
® Operational temperature (<100mK) continuously.
® No magnetic field.
® Lower mass and easily designed to optimize the size and assembly according
to the detector design.

€ Target: Athena, LiteBIRD, etc..
® Cooling power: 1yW at 50mK, 2uW at 100mK
® Lifetime: 5 years (requirement)

€ The helium-3 compressor is needed to circulate the helium-3 gas. The space
qualified low pressure compressor had been successfully developed for 1K-class
Joule Thomson cooler in Japan. Therefore, the helium-3 compressor system for
CCDR has been developed in JAXA and SHI, as a new challenge of aR & D
collaboration between France and Japan in the space development.

¢ A“He /3He separator in a still and a fountain pump to circulate a superfluid “He at
low temperature are also needed and developed by CNRS, Air Liquide and the
CNES.

€ We tried to have the coupled test between the helium-3 compressor system and
the cold part. 4

This document is provided by JAXA.
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3. CCDR system

€ What is a dilution refrigerator ? . .
o € CCDR schematic drawing

® There are two separated phases

at low temperature mixing _ 300K
chamber in principle. 3He rich ®He compressors (JP) "He

To circurate 3He from i

phase (c-phase) and ®He / “He . 4.5K
mixture (d-phase). still to heat exchanger ~— 4T
® Cooling reaction is provided by a He return | Heat sink
transfer of *He from c-phase to d- |
phase. (FR)
® The capillary force is used to Circulate superfluid 1 1.7K
separate two phases under “He with porous plug H;:t'gnk
microgravity (Planck heritage),
while a gravitational force is used Still (FR)
in ground. Separate *He from
mixture using 1.1K
@ A°He compressors as well as a still ClliRrE SEl I ELE = osed
and a “He pump have to be - TTTTTTTRMM T T open
developed. single phase B He
heat exhanges
. *He-*He
@ Because of each technological level, .
international collaboration is one of Planck - He
best choice. . I two phase SN sponge
heritage heat exchanger
— B auperleak
i Mixing chamber
@ Pre-cooler is needed. The use of Mixing chamber
(FR)
1K-class / 4K-class JT cooler 50mK operation 50mK 1
developed by Japan are proposed. _

4. 3He compressors system design
€ Pressure target
® The heritage of the development of 1K-class Joule Thomson cooler (1K-JT)
provided a level of advantage. However, these target performances in
particular low inlet pressure (0.8kPa) was challenging issues even when the
heritage of 1K-JT was used.

1K-JT 2,232 uglsec 7 kPa 700 kPa
SHe compressors 20 ymol/sec < 0.8 kPa > 20 kPa

€ When actual performance of JT coolers are considered, typical compression ratio
of each compressor is 4. Therefore, 3 compressors are needed for the targeted
ratio of over 25 in total.

1 50mm

l Cooling Fan

'\..1_3: VG D Piessnie vemoi
¢ X Feapa lm e W lo
— § File (< nmm,:ihl ’ W Presus meamremen
Wabse
* VIIT VI3 Geper V4 VG Thavide valve

= I (1F winh thie rabse of snill vibe: WS ISOHEF) 6
= VI (IF with thie mabse of miiving chasster shie: VR %7
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Transportation of 3He compressors system and
preparation for the coupled test

@ Institute Neel, CNRS, Grenoble, France 7

Experimental setup for the CCDR coupled test
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5. Coupled test results (1/2)

@ Goal of the coupled test
® To achieve lower than 100mK.
® To demonstrate the feasibility of cooler system with CCDR.

@ Coupled test result
® 3He compressors has to be operated to circulate the working gas in order to cool down
the mixing chamber, still and “He pump from higher than 10K.
® We could obtained 70mK from 18K with the heat sink of 1.71K

| — 3He flow rate
(10 x pmol/sec)

— Inlet P (kPa)

— Outlet P (kPa)

(10 x ymol/sec, kPa)

Startthe 3He 225 - — | — Heat sink (K)

compressors 1?22 I” P (K)'jrf.«.:ll — st ()

. 121.3 . \\\ - \ — Mixing chamber (K)
<12, \ \ y
- 1'0 I :r vh..,-.\

7.5 : N . 70mK achieved by

2 g | (hour) dilution process

0 13, 14 15 16 7 18 ;19 20 21 3
Cooling down from 18K ! Time (Hour) Condense He mixture

5. Coupled test results (2/2)

¢ Additional measurement could be obtained after the cool down test
® Step the mixing chamber heater Q,,,, to measure the cooling power of the CCDR.
® Step the fountain pump (fp) heater Qg, to measure the property of the fp.

Step Qmo results: *He-*He, Tyor=1.71K, peiy & 8.7 mbar

= f‘; — 20/ T2 -33 Fit simple 1st order model
o 10 * (o 'Ahﬂ-ﬁgﬁ=¢m+altnk
g 5| o fig = 235 pmols™!
< ol 2nd law using Q, and Ty,
5 s A=2091mol *K?
0 001 002 003 very close than theory
T2, /K2 o Quak = 33pW
. OK with Kevlar suspension
0.2
5 Xiquid Versus Qo
2 1 " 7 o use 1960 pyp( T, Xiquia) data
0 10.1% < Xiguia < 10.8%
0 .
0 5. 10 i no Xapor (RGA in CNRS GHS)
Qo /WW 3

This document is provided by JAXA.



FHIM AT IR SEMEAENT JERASE B JAXA-RM-16-007

6. Next step of CCDR development

@ 3He compressor improvement (TRL4).
® Twice higher flow rate is targeted with lower inlet pressure (<0.4kPa).
® Current performance is assumed to be limited by a leak and a pressure drop
around pistons in low pressure compressor.
® 3He reservoir tank is also designed.

€ Optimization of cold part design (as a prototype, TRL4)
® Parasitic heat load to the mixing chamber
® Reduced flow impedance test between the still and the heat exchanger.
® Recover 1yW at 50mK in negative gravity.

€ Next coupled test with Demonstration model
® The CCDR performance test to verify our improvement.
® Validate 50mK I/F and 300mK I/F (including thermal stability).
® Validate launch support structure thermally.
® Validate plug-in compatibility with CEA ADR (sorption cooler + ADR).
® The coupled test between the CCDR and 1K-JT / 4K-JT is also considered.

@ Engineering model (TRL5)
® Adapted to eventual changes in X-IFU specifications.
® Pre-qualification plan and procedure for all critical components.

® Mechanical testing. »

7. Cooling chain with CCDR (1/2)

® 1.75K temperature interface is needed. The heat load is about 5mW.

® (2X1K-JT +3Xx2S8T) + (2% 4K-JT + 3 X 2ST) + (2 x 2ST shield cooler).

® 4K-JT cools the telescope assembly.

® For example, Nominal operation can be done even when one 1K-JT and 4K-JT

are both in failure.
® Quite conservative in comparison with other cooling chains.
® More than 20 compressors, electrical power of 730W between 300K and 1.7K.
Harness and Gas circuit
300K
0S 145K
MS 110K
IS 25K
Precooling I/F
4.8K
1.75K
CCDR |12
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7. Cooling chain with CCDR (2/2)

® (4 x1K-JT + 5% 28T) + (2 X 2ST shield cooler).

® Easy to verify in the ground test because of few kinds of heat flows in failure
modes.

® Heat load to 1K-JTs can be reduced using three 2ST shield coolers.

® More than 24 compressors, electrical power of 700W between 300K and 1.7K.

Harness and Gas circuit

300K
2ST 0S 145K
ST MS 110K
IS 25K
2ST Precooling I/F
oST 1.7K
1K JT
2ST
1K JT 1.75K
2ST
1K JT
28T CCDR CCDR
1K JT
2ST 13
Summary

@ Closed-Cycle Dilution Refrigerator (CCDR) is a key technology to cool down to
50mK with a comparable cooling power as an ADR but a 100% duty cycle in
space.

@ The coupled test between the dilution refrigerator developed by France and the
helium-3 circulator developed by Japan has been performed as a breadboard
test of CCDR .

€ The coupled test has been obtained 70mK from 18K by circulating the working
gas with the 3He compressors system under the heat sink temperature of 1.75K.

€ We believe that LiteBIRD has a good opportunity to proceed the CCDR
development and to realize the refrigerator in space.

14
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