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A report on the 2017-2019 balloon experiments of the stratospheric bioaerosol
sampling (Biopause project)

MIYAKE Norimune™', OHNO Sohsuke ', ISHIBASHI Ko ™', KAWAGUCHI Yuko ', OKUDAIRA Osamu”,
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ABSTRACT

The aim of Biopause project is to conduct a sequence of bioaerosol sampling in the stratosphere, in order to determine the
location of “biopause”, the upper boundary of the biosphere. By using JAXA’s scientific balloons equipped with our newly
developed world’s first descending inertial impactor-style sampling device, we managed to collect some stratospheric bioaerosols
in 2016. For the next step, to understand a vertical distribution of those stratospheric bioaerosols, we conducted the simultaneous
bioaerosol sampling at the same location different altitudes in 2017 and 2019. We also carried out the cultivation analysis to have a
quantitative comparison between culturable and unculturable stratospheric microorganisms. The results of a successful
experiment in 2019 show the collection of zero number of bioaerosols including unculturable stratospheric microorganisms,
which indicates the number of microorganisms at that time and altitudes of sampling was below the detection limit of our
experimental methods. In this paper, we report the results from both balloon experiments of the Biopause project in 2017 and
2019.

Keywords: biopause, stratospheric aerosol, balloon experiment, extremophile, bioaerosol
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72T 5T =M VT REKOX LV PRHEHR TR TE 2D, T U5 TORKIZY — VT H
ENOEDOHEDTHDZ ENRBREIND, S5, REGTNEI A BEEIC5 AR LIIRETORT
B (707, 8), BREGBEAZIGEIC L2REETOHR TikBr (729, 10) Z1T-o7225, BREERN~
DRAKITEZ SenoT-, BBEREZE LD E, —DHIZ, bLAKRIRADEZSZETD L
= RNV T RN S TH D AREVEREWNZ &L 220 HIZ, 7 — h 2V T ERENE DN Hh > > TR U R
RECEREGA N KT & K EIZIE WAL TEHEK LG EICORRZKNEZY 952 &, AL,

T TCRFEBHRA~OKRE LT, 7 — ML TERENHZEROEE OfEZ AT L, T—IRISCER
FREENRA > T, BRI — bV 7 BN LT ZER BN N0 | BN ESE S 72 &
INZTH e LT, FICEMAEERL, 7F— M L7 OEEZER & ERIrE AND 5
JERMNORFZER 2 PHTE HHMEICEE LT, £72. F— L T7BBAOMIZE 59 —oH A
2o L, 7— MoV TN E KRR T ENEND Lol Lz (M7, Fio. K[ERER
DOBIZEBGRN OB EAMET- N T2 Z & 2R T D= 012, FEBREEE R (BB PN E 2 1) E
T5HZ L b LT,

— T, LTI A R RO 8 A /) 58RI K S IR ORI A 5~ 2 5lER
1ol (K8), FDFEHE. BN N ATEDOIRE TERAR SES L DEDRKNBFEAET S
ZENghol, 0%, WEAEOREGT O —H O AR R AR S 23828 0 & U7 R.
ZOBEDEKEITIIEREGER 2 — 2 DINST T D0 7 ThhH I NS hoT-, BEERND A
YRGB AR AT L— N LRI - ORNER DTN L TV EA, TEUREZ S0
FoR—2F7 VL= E2EL Lz, DO ETOY U VICEZES ) A2 8495 2 L T, NEAEIRET
BHMBAEZESETHRANDEZ SRV L 2R L, AF3MoOBREE 2 AW CREORBRZ21T-
TENETRAKITEZ B2V 2 & DRI 4 . WEBROBRITIRAKRHK & L TRERICIST 720
OV UV JICEZET ) AWM 52 LT,
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6. FEEROKTHRTRBOET, BEEOKKERTHOAIREM ZE Y T 2L 7 L— TR, 7y 7
ERHOWTKEZIFOTKE~ERE T3, HKERLEET D, HKBEENEROREKIR R U7 misOHE (T
V1) TEHEE2S m b, HFAREENEBEORIRER L YD KEW9 misDHE (F22~10) THEHEELI m L, Zh
FNHET LT,

s
H29E E B DB E IS :... ,,’F.,Eﬁ’c:lJT—J-gi Ty ...:
Bg 4
F—h
AV
il THisH 5 E

LR R R R RERREREERENRER n el

MEBYYEZ

H30,315F E RE D & & BBE

B YAy )
F—hk
AVl
5 BHAFEEE.

EEEEEEEEEEEEEEEEn’

X7. B17-0232% M (L) &B18-07, B19-02%EEA (F) D47 — b L7 BRENHZESERLE ORAK

[XI8. BRI AKBERAER DR
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25.B17-02 £ & ®

20174 DBI7-02 KR 5 ERFERR Tid, A& B O SRE A 2 EHE 5 7o oD [R]IRe [R) b i 52 15 2
(BT DRBHRIRZAT A DHEE DR ZAT o 7o, TREGEE L, BETHICTEE Y O THRPADAT
b, £ LTERCEI SN, Ll 2HTOBIC, EREFEINEA~ORKPHER S, £0%
BEQREGABHZI E TRATWIZZ L ZDORDGITRRATRE L 72072,
AREBRTRAELLRAKDORRFEHADEE TH DD, RERBERIC X 2 K 8 T iR b OUK 3R
BT olz, TORK, BAKPESF/LRMEZ LM Z ENHKRZ, ThaliEx T, RErI72RxR
EMRL, TOMK LN LIZBREET A~ DR T TORKPHEEIEZ 5202 & 2R LT,

3. B19-02 KRRERFER
3.0, =

20184 FE I F it T/ E 72 - 72B18-07 KK EREER Clk, AiIfEE (B17-02) &[] UalEHREEGHSHL (S1,
S2, S3. S4, C1) Z## L7-EhrikE o, HE2.4I50H L7 IR/AKKRR 2 i L 7= doE i & YEfif L
2o Bx DEBRIT N —TIIEFER T N —T DR CTHRAONCERE 252 7 LA L7722, EBRIR 2
U CRRERERICVERL[GEFMENELEDT ., BERZW ST S5 2800 o7z,

T EESE 2. 20194 OB19-02 KA ERFEER TIL, BiIEE O R H O FEERIEE XA KT 5B
T AT o 72, 7272 LRVEHRBGSHLIZEE L Cik, FHERSE S LI L OfW G, THH2.2I1Z5
#H L7 PRSI D PS8 o 72, 7272, BEGERE<OREHEVHI 2L H Y, BYIDOK
e 2 L 72 B e 72 03, RO BEER S — SNV T A T Z— (AT A KA T R)
[ZDIRITU, HIFEUK (70~80 C) TOWEFITHE D=, HHEL LT, RIEIETHE->TW=hA V3
— (BK) OEEEH (V2 7 v277el Y ) 7L 2201) BEEERS>TCLEoD, AV a—
(BR) DHERS 3 2 BElEEE D7 7 =7 J — 2 200EF (Fuchioka Co.) & /37 1 A2 J —7— (Harp Co.)
PR LTz, ZDH%OT V3 — )L PEiE-Cun 20 E I ONSHNL X ET R (TEE2.2) & RIBRICITV, 528k
AFZBETETFORM AV a— 2B TER LM% Uiz, BREER% OO FIEO ZEHNIZ R
HIZIR XD,

B19-02 K5 EREBR Tix, sEHREGEN 2t 2 Rt EEZHEET 2720 OMEFHFLIM X, HE
S OFE Z FHHT 72Dl T RIABICERRORZERE Lz (K9), THEWNEICITEK
JEU#EF (KANOMAX, model 0962-00) Z#¢iE L., BEHEIK6332DZ W L T7 — ¥ Zhldk L=, Z DA
AJRGHEFH L, RO SvO IR E W IR ETO B OB EN Y vE(TOIZB X2 pl+5 2 L &
FIALEZb0Th s, ARGIKRKEMECOFRAZRFEE LTV, JFEMICIXRIED K R F5
HHDD, o ERRBR AT A DBRENR N LD F2OMEMRE T+ 5 & e L.,
FIE 2O SFINEOFEZHEE T 5, SE3r > TR2OE NI O b A B EZBR I L v kb7,
FIFOEAIC LY, WEDOTFT—ZICRELNTLE-722, FDOHITEIEIO ~ 30 m/s 123V T0.83 ~
0.89ThH 5 Z &, RO EN20ELL F 72 BIXZDREII/NS W ERroTe, 7ok, BIENFIHT
XD LI VKRE., KERE CORBRE LTS TETHD,
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X9. BI19-02 KKEREBRTHH Lm0 R ITHEH SN ERFL L F2ONEICHRE L iEzt 7o —7 05 H,

3.2, fE R
321. EREBORAT 0 7 7 A VR OVEE) T — &

7H 6 HAFRi4RES /o, Frox OFEERIEE & T 72 KKERIT KRBT ZE T ZBRG D ik Sz (K
10), KERITHITRERT300y 00 CTHEIE27.6 kmE T EF L, £ DOH%K100M OAKFERIT 21T - 72, RIS
RF4503 . Fhx OFEBIEEIIZERN DUV BES L, @E27.7 km) 587 2 — M X DB T A E
ST, BETFHIC, PE@EY ST (FE20km~26.5km), S2 (FH16.5km~20km) . S3 (F/E12.8 km ~
16.5km), S4 (FE12.8 km ~26.5km) |Z K DB Tz, LarL, S1&S4&LCl1 (AU &
Foarha—) [ZBWT, —HHEENOEENMER I NIz, FEMITRICERDN, LoTS2&
S37E T BT EEEM O TORBHEER L 7o 7-, F LT TR HK350 %I ~EK L
7o KREREROWAT 07 7 A4 NV EKIIIRT,

FBRAEE ORI IS, BN O o —HMEE 2 08T L7ofES. S2& S3OEEGE N IcH Y
I CTHD7— bSOV TIZIEFICBEHE L T2 Z E MR S VT2, 72381 Tk, AEHm Y IZE ER
20.6 kmTH — F VLT N U214, EE17.0 ~20.1 kmDE, B BRIl 7 — oL 723460,
D7 — RSV T R E72D . SHICEELRY ~ 159 kmDRE], FHIO 7 — R SV T RYER & 7o
Tro TIZTCEREEF. TLARNVICE o THERENTS— SV T DORAT—H AT, BHNTHEN
ARINCIE R > TWRVIREEZ R T, EN L HWBIW TV TR TE TV Ry, S4 Tk, 7 — b
PNILTNEBITHAHIET OEE13.9 ~15.4 kmlZBWT B 7 — b SV T 3 EBRRE & 72 > 7=, Cl
T, = F LTI E S BNRWIET A, B4 ~ 18.5 kmiZEB W T BRI — F oL T R
B & 7272,

FEERAEE N DB A SN EREGERIE . EBRIGIC TERA D I 2 AKGE K T L, R g
R DA (Ba—TF v 7 A°0200& 7 ik) TRE Lzth, KBHTZe 58 ZBRGE HIEN OB E
HEANR—ZANE LT, fFEEANR—RZTORE LENMIRE SN2 ) —2 XUFNT, FEIGH
DODWNKEY — 27 HR— MZ7 4 V% — (Minisart®, FL£20.22 pm) IR0 AHTTHE U — 7 1B 41T
STz, V=7 1EEIL, ®IT—T 4 7 Vv % — (KANOMAX, model 3889) T2 U — X2 F N
ORI EZ s Hll L7 &, R L pmPL EOBRKRLI 723 7 > b S TWRWERI T 72, F2RUKR
— MIZESE ¥ — (MEAS, PRESS XDCR US341-000005-3.5BA) & BV f-FiF . BREGEBINAUE & lE
LN BTz, TOFER, UV —2Ri0OST (N/E19.4 kPa, B ER12 kmfHY) . S2 (NJE12.8 kPa,
K145 kmFE2) . S3 (NJE21.1 kPa, @ EKI11.5 kmiH ). S4 (NE92.7 kPa, 1T H EKEE) .,
Cl (NJE27.8 kPa, @109 kmfHY) WO NKIET —# 2157, S4LSOT —H %, HlERBHN
O —HIMEOFRER EREOFRBNTIZIE L TEBY ., IS KEZICEH L ST b EK
BLIOEIRENDET, V—TERRNoT=Z EDRMERINTZ, L LS4DgGE, B —m /T
ITRZICEE 13.9kmTHA LU TWAICH B0 67 FIZITIZINESNZIFEH ERKJEIZR > TWnWe Z
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LMD fILNTY =7 Rk EEZE X BILD,

U— I EERE D T BRBENX. 77— MV T OIS FEE S 2 #NT e 3 HIEEA =AW
RE LTce BTATRICT — b SV T ~OIENZHMERF LT EFETTELRE TRIEL, £OFEEXK
BN 2 — A o 7 RIS TRE LTz,

X10. B19-02 KK EKEBR O HEREHE

&

4:00:00 4:30:00 5:00:00 5:30:00 6:00:00 6:30:00
%l

K11. B19-2KKERFEEBROEE T 7 7 7 A )V

3.2.2. RBH v ANV OS5 ET FIER F OhE R

WERH B4R % OTHIOH . BEBEENIEE v 2 —4miohh 7 RICRE SN ) — 0 XU F N
W CEREGH4%E (ST, S2. S3. Cl1) DOBHEMEEK OVo#r HFaidlB 21T > 72, 20174 L8R T A
L= BR BRI ~DIRKIL, ARERTIT OB S e o7, BEEEDIICE S TEE 728428 Y
— 27 LCLE oA, SADEFRIEDHTIIIT O Z E DNk o7z, TDF, 26k, MOBREGEBAF D
HALUINT B—HDAT A NI T AT DEE@IEmTIcfES Z & & LT,

TP, BRI & SEMBIZ O FNEE DL FITBR 5,

WAIDIZ, 7 V= X FRNTHREHRBES OBEEEZTV, WEDA /X7 Z— RN —=2 7 L —
N2 S Uiz, SRBETHRARRIZ 7 U — 0 XU FO RT7 2 KRE BT 2BE. AN O IR 103
AT DAREMED & D 2 WAL RIS A BHE 2 A1, K7 % 3 om 1% EBT 72K BE T~/ (HEPA,
High Efficiency Particulate Air) %8 L72 £ 430 027 V— 0 XUFNEENMRBS L=, £
e V= ROFHNRIZAN—T 4 7 V10— (KANOMAX, model 3889) Z 3% & L, KifE 1 pm
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PLEDTRI T30 7 R SN TWRWELHER L T OEMEEZIT o7,

QA 2RI B —RAR—= AT L — "B T X — (K, | ORERDHK 7.5em®) & A »F— (Uh, 1
KD EEREA K 4.25 cm®) AT A RH T A%HY 4L, dH,0 (Millipore water for Molecular Biology)
T 1000 {57 SN - MY ya#  (Lonza Sybr® Green I nucleic acid strain; excitation at 494 nm,
emission at 520 nm) 7 U X —Z 10 ul, A > F—IZ6 plIFEA L., ZD LTI NN—T T R EHHE,
UE D A B~ =X 27 TEE L, B0V A LG afEERfRE A B L T, /EEROXRT
T4 7 ary ha—VHCOIZKREHDAT A AT A% 7V — U FHNTK 108 4 fH &% L.
D C2 bRBRICYEEIToTz, £, BRRBRICEBEZITORPSTEREHDO AT A R T ADH
DY HITo T, P INTEEHT, TV IBR/IRE L, FHBHEZIT- 70, BURNTIX, ESL
HOGEAMSE (Nikon Eclipse Ni, GFP filter®) @ 400 > 600 {5 T#{H 21T\ >, NIS-Elements BR /
ANVENE 2 ARG ¥ I ooV

Q) v /RXTHZ—RRX—AT L — b=y A EERVA L, 7R ha Ay ZEEE (Vacuum
Device, MSP-mini) % i~ C&##E L=, sUEIOMY 4 LIEBEAE L C, /EEROXITF 47
av ha—/VH (C2) IKREHDOD = rNVEE 7 V=0 RXUOTFNTH 40 pEEREL, D C2 L
FRERICBARE T o Te, BRBEITORDPSTEREA D= T VIEOHRDEEE bITo T, BAE
Shlc=y ViR, RERENIEE 2 —WESITEICH S SEM (JEOL) ZfEH L Tothz
1To7-,

WIZ, EEHER & B IENIT O FINEZ LU ISR~ %,

(D) F T EBRATNCE I ERL 21T > 72, REF 12 1E . mTGE medium (1% Bacto tryptone, 0.6% beef extract,
0.2% glucose) & 1.5% Agar powder & dH,O (Millipore water for Molecular Biology) #/EY T, %
NaEA— b7 L—7 (120°CT 20 43 WE L7212, F20ml F 202 ¥ — LICHEXHEE S L,
AR HIIZIZ, mTGE medium (1% Bacto tryptone, 0.6% beef extract, 0.2% glucose, Bacto) & dH,O

(Millipore water for Molecular Biology) Z#/EY T, T a4 — 7 L—7 (120°C T 20 57 MH) W
L7212, £ 15 ml TR 0@ LTF 22— FITHEWTE, ERLL 725512 2l 20 30°Co
TERMENT 8 HE DA v FaX—Ta VEIToIER, av ¥ Ix—rvaritlidan=—Fwk
ITRO LN TeZ b, HAREREHTHD Z L 2R L, 7R ITWmERIC TR LT,

QEREEERZITIE, Yoo TR (1) TRR7ZZ@EY ., BREGRORE &, NEICh DA 3T X
—RAR—=ZAT L — FOWMV I L E1To T,

Qv s A /I Z—RRRXR—AT L — NN ATA RAZAZRVH4L, THLEIZ 10 mM
potassium phosphate buffer (PB: pH 7.0) % 10 ul #51 L7 mTGE ZEREGHD LT, EDAT A NF
T ADOERM U TmAEHICET 2 X0 IZEES . AT A4 N7 ZAOFBEIZA] S OWAED DB
X, EADRERIIAHETE D L9 LT, b LAEDOEERSM (mTGE i, 30°C) THiFErIHE
IR ISFEREEHD FITATET 2 Z L HERIVUE, ZN b0 an == S, FHIZS AT EE
L5,

(DRI RGO FIZRETZAT A RAT A2 MU REREHDS A S T2 )R 0@ LT 2 — 712,
ATA RHT ADEMmMPBIRDND X I AT, S EIOEEFESM CHEIErTRERMEN S, FERE
WZAETETATA T T AORIEIZIERE L TWEGE, 00 OEY OB 2 IR 1T
D,

G @TiIFE Y FERAEHL, HHBRICIESNT EmE N—F— T\, £z, ROy 44
LA~ IR Z B L C, (FERORTT 47 ar hue—H] (C2) ITRIEHDAZ
A RHT A% )= _UFHNTH 70 32 L, & FRIERICIERE & RIS A~ LT,

6)> ¥ —L DT HZIZONTNDLKFEZBRHT —ETRERY, vry—LEBBLT 2—T 2 BHT—
TTLonh v —n 17,
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(NFARNT AR 2 RN O Y = — U — 2, v — L LT 30C T3 B ARMA v Fa—
varETole, TOMM, oG EEE TR 72,

AR O FNEICRI Y BB 21T o T2 kbR, S3OMEIFIZZ V— XRUFNTRBE LA T T 4 7T a
Fa—VHATA FHTZ(C)3MD ) BIMhb a2 I x—y g URNERSNZET T (X12),
fhdS1, S2, S3. CIMHLHVALIZAT A AT A5 1%, FEREFM & RIS I | HEHE X 7%
AT A TE ot Fio, EERYIZ X5 S8 CBRMEBEBLIN 21T - 785 5%, S1. S2. S3. Clif
2B LI AEMDOIFEIIMR TE o T2, Ak, BAEMOHIKENIC S 2 RN Yt 55
(Sybr® Green ) #6202 & T, K494 nmDERIL TORIEIZ LV . K520 nmD I THOL
PMTHOI., TN EECHMEEESR CTHRRATE 21T TROEN, TOWREWTORNIT—YWRZIT S
Niemoi-, Ziud, BEGRUEHZ IR Z FF MR FE L TWWRho 2 2 L 2R T, £, &
TITHRH AR TRE R R B M AEM ORI b EA SND Z Enh . REBRIZEB W T, iEE o
BGAEN D ST B E O b B O AW TR S N o 7o 2 E BRI N, H5 & LT, BREL
FERCWHEERFO XA T 4 T ar b — L Bl H L T2 WIEEHRE AR D A Z
A RH T ADHDZHT S FRRIAT - Tk R, AT s ho 7=,

BZICSEMBIZRIZ W TIE, B16-02 KA ERSEER & [RERIC, A > 24— TSN -7y
VA DY T T4 MEEZEOMEI T OREF 132, 2017 V) 2#LHFER LT, Zhickv., K¥EER
TEE TR ERE (FE12.8 kmd B E26.5 km) (2B W TRk 23 BRI Sk 7212 6 B &3, BATMEEE]
B CBEINTMAEY IR TE T, ERLOEL M CHIETRERMAEM I E CEdoTe, Z
EMREIFEEI T,

BiEayv bao—n (C2)

S2D RS S3DEHMERER

X12. FBHEEG (S2£83) OBHHEFCZ V= RUTFWNTRE LD T T 07 T A (C2) HHAREEHIZ AL
TIHEELE-FERHE GHE) . S303KD Y LI bar I x—va il kb HEBHERINT,

3.23. MEFHHI O R

e (F1EF2) THELNL-., BRECEENENE L TV 2 IR O EiEME %2 X 131279, e
W L 72 BGEE R (KANOMAX, model 0962-00) 1%, IEEMEILT 5 & ODIRESCLLE T
HZERIEE LI DO Th > T, FRICKRIEDOFEAMIE L2 T IUXEBREOFGE & 1372 6700, L,
HATRBRICH T & 2800 T oR 2 ERBR LT AT, IR CTOREME MR TX
20, FZTRICAE, AUKIEFICH 22200 O ok 2FH L it zHtE Lz, £9°
T2 R IHERDEE (F2) NOFREVe ZME Tl IZIE G U, B R B (2R 52 5R ) 5 K 720.86
(772 UEEME) 28 U720 E Lz, ZHICFIEROHIMEDHZTE U2t O ZF1OHEE R IEVE,
LLlc, ZEETICGPST —# M OELNIE FHE $nEEE) ZX14Rd, BREoT -4
NE, ZOMBEFROREFH O X IISELUNTH - 7=, = OHEETEHZ W TRRBUEE O &%k
WHE, RIDXHITRD, 12721, AHISLESATIT a7 — bV 7 HBRIRRE GAMESY) 23
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CCEBY, TORBELWET D LIXNE -, ZHORIFEIN R o7 b D L RE L TEHEAL
7o MZTEIFAFERIC L AERN —HRIEMTHL &0, ZRHITHENREEMTHL Z &
IZHEE SN2V,

FATHFE D —f & LT, KERICHEHE L7 AR o 7R U & 2 O 72 BTk, SE 12 kmd D
35 km~_E5-F112#£90.35 m® STP (Standard Temperature and Pressure, 0°C and 100 kPa) ¢ K& & % £HL
LTCW% (Yangetal,2008b), AZFEERIZI T HIMEFFHOMBRICLY, HEHTIEHLHOD, [
TA 7 F—RECRHER L E I W T O EITE L RE O RKENRINTE 2 2 &L HEE S
iz,

FERRBEAOTE FBETREICKSHE)

40
I
1
35 —HIP |'||'||.q 0.7
_30 1 l*l ll' M 0.6
£25 1 "ﬂ'ﬂ 105
i u -
20 + ! tl L-l--‘ A 404
= 1| A Ak \n‘ J, 1 1
F }Hh =
{15 + {J,\ ' 403
# f 1
10 1 02
5 4 - 0.1
0 |||||||||||||||||||||| : |||||||||||||||||||||||||||| 0
5 5 5 5 5:
-4‘5_.42 -47_.42 -49,42 :57. 45 ‘53,42

— Vg — Vg, P Eft{vnfvfz)

K13, B19-02 KKERFEBRICE T DHEETED 7T 7, Ve i3 EEEE (F1) WNWOWRHE, VelliEESE (F2) No
i E R,

BETEE (GPST—XIZL D)

-10 +
-15 +
-20 +
_25 =+
30 +
35 1
-40 +

R [m/s]

-50

S:q 5. % S:q . % S:q 94 > S5 14 > S5 3:q >

K14, B19-02 KR ERFEERICB W COBREEEEDGPST — X I L M THEER L=/ T 7

#1. FREUEENOHREE TR (STP; Standard Temperature and Pressure, 0°C and 100 kPa) , S1&S4D 47— h/3L 774
FERIOEBIIEEN TV AR, BEMTH DL Z LITHEE,

0.14 m3 (0.176kg)

0.27 m3 (0.356kg)

| s2 |
B 0.45 m3 (0.583kg)
R S 2—

0.88 m3 (1.143kg)
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33. 3 IR —T g VITONWTDELE

RFEBRIZBN T, BRI THON IR EHREG ~D Ul « oD o % I x— 3> (RWIBAN)
IIRHRAUT Tho12E 25,

BREGRCUX, X T T 73y ba— b LT, AKKe OMOBRBETFEM, i - ofrdLicF CF
NETIT 5 M, BB T — b SV T 2B WP ETH o7z (THA21), Zhick v, ik mk
DA IR SN2 WIT ORBETH Y, b LE T, (MONOMAEMD BT S NTZHGE .,
FUISHER « DOWTHRIC o o 2 I 32— a URBRAEL TWEZ L2 RTZENHERS, £/-. ERET
e bV T BBV OFREG & T 5 Z Lk v, BB TR E A L Fn s o
AVE IR arEXBTAHZENARETH D,

UL, KFEBRIZBWT, CUIARESENAL (HHE32.1), BEE T LS — M7 03I -
TLEoTMER, CITHEE B EDOBAED XTI SR WIRERHERF S L, L3S 27 <
ol FOEHFRICHRW LR T T 7 ar ba—L e LTEBRERTIIE AR ot
T EL, MOBEERO X 5 IZBETHIC ETOF— ML 7 R0 L&, C1TIE ED 7 —
PNIVT DBEDPER E o272 TH Y | BREERO THE O OFAITELS | B FAEREEE & LT
BERE LIS o 7272 BB B A N S D fREMEIFIR Y < IBWE S 2D, T L b,
CUTFEEMIZIZA AT 4 72y ba— /LY ORERXME- N TW =B XD,

0 LT, EETORBFAEENRTTIHAT-S1-S3 K O EFL D C1 DAEREER 4T h B AEM 13 4 <
B SR olcZ b RREICREHE L2l - o a2 I x—v g IR ALIT T
ol E XD,

34. F— "SIV T DREAS & XHE

ARFEBRCHH S 7-8REGT (S1. S2. S3. S4) T NFIIRE SN-EEXB TORNKIE R Y
HIZEY 7P — VT OREMNMTOI., TOMICHREIORREITY>, * AT 472> be—VHT
HHCULIT TA PRI —EHNRVWEED LD THh -7, SI-S4TIE, TOHKIE Y HITEiF
FERESINTZEEICBN TS — ML T OlMAa~y RBBERITSN T, 7 — ML 7 OBAN
fThivlz, LarL, S1&S4&ClizinT, —#EESMOEENHERINT (FHE3.2.1),

COREAEORNELTEZOLNDDIE, BEMINIVELEIZLY F— VT REELTL
FoltbnH I ETHD, F— b7 IE= T ERECT, B & BRI ORIINE I ZEIZ X EifET 5
23, H ERUBRICE W TIIEEDSIVRELL T CEIET 5 Z L i3 o 7o, EEOHR L, 7— v T
FEEERFOEIL 2 F IR T2 LT L WA, 1RELLEIZRD Z & iF 0o T, 7 —Fh
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(LODEWAVE : LOng-Duration balloon Experiment of gravity WAVE over Antarctica)
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LODEWAVE
(LOng-Duration balloon Experiment of gravity WAVE over Antarctica)

TOMIKAWA Yoshihiro %, SATO Kaoru™, SAITO Yoshitaka *, MURATA Isao °, HIRASAWA Naohiko 2,
KOHMA Masashi®, NAKASHINO Kyoichi®, AKITA Daisuke ', MATSUO Takuma®,
FUJIWARA Masatomo’, YOSHIDA Lihito

ABSTRACT

Atmospheric gravity waves transport momentum in the atmosphere and play an important role in determining
temperature and material distribution through driving the meridional circulation in the middle atmosphere. However,
they have wide spatial and temporal scales, which make it difficult to capture the whole feature of gravity waves with
any of the latest observations and models. The first Mesosphere-Stratosphere-Troposphere (MST)/ Incoherent Scatter
(IS) radar in the Antarctic, PANSY, which was installed at Syowa Station in 2011, can directly estimate the
momentum flux of gravity waves in all frequency bands by observing 3-dimensional winds with high precision and
high resolution. On the other hand, the super pressure (SP) balloon observation can also estimate momentum transport
due to gravity waves in all frequency bands, and its horizontal distribution is also clarified. In order to carry out this SP
balloon observation in the Antarctic where the observational constraint on the momentum transport due to gravity
waves is especially insufficient, we proposed the LOng-Duration balloon Experiment of gravity WAVE over
Antarctica (LODEWAVE). By combining it with the PANSY observation and the state-of-the-art meteorological
reanalysis data, the 3-dimensional picture of momentum transport due to gravity waves is acquired, which contributes
to the improvement of the future prediction by the climate model.

We have performed a test production of SP balloon and onboard instruments during FY 2019. The further
development and test of the SP balloon and onboard instruments will be carried out in FY 2020. In the first half of FY
2021, a domestic balloon experiment will be carried out at Taiki Aerospace Research Field in Hokkaido. In the latter
half of FY 2021, a maximum of 3 SP balloon observations will be carried out at Syowa Station in the Antarctic. By
developing the SP balloon and onboard instruments which are light and small enough to ease the restrictions of the
Civil Aeronautics Act, we aim to establish a regular observation system in the Antarctic.

Keywords: Gravity wave, Super pressure balloon, Antarctic, momentum flux
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LODEWAVE FEBRIZTelF T2 A— /R =T Lo v —5ERDBI% (1)

TR OTMET, OR SRV, BKM K, R AT
FARE LR, B BN, MBS RsE T, Raug TERE

Development of a super-pressure balloon for the LODEWAVE
(LOng-Duration Experiment of gravity WAVE over Antarctica) (I)

SAITO Yoshitaka™', IZUMI Fuyumi ", AKITA Daisuke”,
NAKASHINO Kyoichi~®, MATSUO Takuma"‘, TOMIKAWA Yoshihiro™ ™,
HASHIMOTO Hiroyuki ' and MATSUSHIMA Kiyoho

ABSTRACT

Development of super-pressure balloons for the LODEWAVE is started. A 94 m’ super-pressure
balloon NPB01-4 was developed for the first trial production and tested its capability in the pressure
resistance and the gas permeability. This balloon is based on the technologies covering the polyethy-
lene balloon with high-tensile net for the pressure resistance and setting a rubber balloon inside the
polyethylene balloon for the gas permeability. For the ground inflation test, the balloon withstood the
differential pressure of 3,400 Pa and kept positive differential pressure for 289 hours. These capability
shows that the balloon can fly at the atmospheric pressure of 85 hPa for 289 hours with a payload of 3
kg. These results gave us the clear prospect for the development of the super-pressure balloon for the
LODEWAVE. Following technical subjects to be solved were also found : 1. Development of slightly
larger balloon to fly at the altitude of 60 hPa to meet the requirement from the mission, 2. Stable
deployment, 3. Durability beyond 289 hours. In addition, for the flight operation, developments of
the technique to measure the inner pressure, the launching procedure, and the termination device are

necessary. We are going to solve these problems for the LODEWAVE.

Keywords: Scientic Balloon, Gravity Wave, LODEWAVE, Super-pressure Bal-loon, Membrane Structure
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B

A MR C D K& S LIS B LODEWAVE (2] 1), A—/"—T7 L v ¥y —KEROBHI & D T
5o BFE94 m® DA— =T L vy —5%EK, NPBO1-4 Z#k{E L. =D& EMERE & MtEVERE A 2741 L
7o ZORKIIRY =F U U RIEICERIRHEOM A 58 5 2 & CTEMEREZ M E S8, NEIZ T A
RERZ AN THRIELZ “HIZTHZ & CREMREZ ML LRI TH 5, MHEMEEIL 3,400 Pa, K& M
AEIT 289 BEIICHZ 0 EEA R T 2RENNH D Z E Wby o=, Zhit, 3kg O3 u— &2
LT, 85 hPa OXJERE %A 289 R > CTIRAIFIBE TH L Z L2/ r L CEY ., RO BLNR T 5T,
LODEWAVE CHIHT& 25ERE T 5121E, ERE 5 60 hPa OXEEEZRAIEH72DICH H Ok
b OREROE R, KERO BB OMEFENE, 289 K2 # 2 DAL, EWo -tk B2z 25 ME N
D BRI LT, £z, KERENOFHAT L, KEROBEITIE, [EROBEETTEORENL &\ o TR
FNEHERHC L E RN ORBE L LETH D, 4%, TNHO %2 % L, LODEWAVE CHIHTX %
K[EROBRZHED 5,

HUGE - FREBIIHSER, RAEE, LODEWAVE, 2 —/"—7"L v v —5XUER, TEHEEY

1 FU&HIC

FAMI I N D 2 =8 =T Ly & v =B 2 A & &, REE IO 2218 oAt 2 JE 5 FEEEtH
(LODEWAVE : LOng-Duration Experiment of gravity WAVE over Antarctica) 235#® 51T 5 [1],
REENPE, KK OB R 2 #H . PGB O BKE) 238 U CiREE - YE A O RGEICEHE 742
BHEZRTIEDHMONT WD, HIBkY I 2 L — 1 X 2 SRR T 7L TORBIBGHEOREH
51, HERDEREE 7OV TIERBIT & 0 WM 2 RS i D BR U~ D 58 & ANRESEMR X, R
MBS B TIRR E 425 2 EAMHBIL TE D 2], MR TORKE BB, €702 & 2 Blfekids
DL, FERAED P, BN 2 BHETF MOV TRICB W THHEETH S, L, RAENEDO2E
A7 — W E B km 5> 68T km, WA 7 — V385 S B L IRIA . & 6 W 53R - I
DRREN P 2R, 215 D3&MRE L § 28 E) P L 2L X — 2 Bl < & 2 288 13 F kU 12 13 E
L o7z, 2011 FRIC I R AL I KBRS L — 4" — PANSY (Program of the Antarctic Syowa
MSTIS radar) HSa¢iE S 41 [3][4]. 2BEERFORK[RE NP OMEER E 7 7 v 7 A2 EHEHEET 5 L
MTEL LI H>57b DD, BLIHH R IF R 220 — R o niTw 3,

Z 2T, Bl B2 A =R =T Ly o —KERZ A S R, RS 7 i 0 ) Bk o K P03 A 2 B
52 L, PANSY L —%"— & OERFBINC & 2 = RIui 72258 O Bifif % H 5§ LODEWAVE % Gt L
T3, ZOFEBRTIE, FEBOERICA— =71 v ¥ v —5ER%ZHE 19 km(KZUE 60 hPa) IZTRAH S
¥, 3 kg BEO/NUSKEROHIZIZA S XA 10— FIC k> TRIRDOEE, K, B X ORIRORHZLZ
REHEHS 2 2 & CRAEIEOBIMN 2 FEMid 5,

A—=R=T Ly ¥y =58k, KERNEOIENZEICRALEL D R RO I LItk > T, BEDIFE
NEEZE, RO Z /JHICT 25IRTH 5, IMEZA—R—=TL v v —BRIC K 2581
X CNESOREL T2 LEIATHY, & A1, 2010 412id Concordiasi ¥ + ¥ X — ¥ D3 S 11T
%[5, LorL, 2ol ciInsz<fa—Fd20 kg b, A—=7L v vy —GBRIZER
10 mAifEH H, A= =7V v ¥ v —KERDODMD P ITHM L 72 CNES KEKIRT )V —T DX w3 =73
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BHSML 2 FRBH 2T 2 2 L3 CTE hdot, £, 1HOF v v R— VHEICHKE 12—
UDVHEEZBELE T 270, EHNZEMOE/IIATETH>7, L, N, BELES 2T 200
FHTEIULEFNRBEMSTREE 20, BETHORESEGEINDIZTTH S,
BOEICBWTA—==7"L v ¥ v —RIRDOBFE X, 1990 FFR K D EIIISHED S1TE D [6][7][8].
WAETIE, BA DD & 2o TR Z 2> SE T EERE 2 5 O 2 FIETORIROBFDNED 5 T E
72 [9][10])[11], T4 D BAFEZ HED TEKIRIIABME D 72 ) OFEEIVINES (| BOKIRDIEUYETE 2 DOV
#Mchh, H-ESEORAE/NUOLRIRTHEIT 2 2 3 TES, 51T, 2020 FITIEFAY ZF L VA
oW 258k E2 ANZJ@UT 2 2 Eic k> TREEDEE 2 2 EBRME N [12), 22T, 2
o DR %ZITIC, LODEWAVE TOMHZ&ICE &, 48 94 m3 o/ k& 7% NPBO1-4 KBk %
#EL 72,

AKiwlE, 2D NPBO1-4 KIBRORHEFHiFE R Z R THDTH 5, RFEICKIRDOG!, 3 FIC T L5KEK
ZRY) ZF L VRERONINC TR S 7B, 4 RIS R, 5 BB RER, 6 RIS IR
DR ZR L, THERTHEZ X LD 5,

2 NPBO01-4 UKD

NPBO01-4 &BRDFILEFE 1 1T, ISR L 72 NPB001-8 %BRiE. I 25%Ek%ZWHlic AT %
FEAG L 229D CORIRTH 5 [12), T L&BkZ AN ZHORETIE, ZOKBRICZ&ZHEA LT 1,000
Pa D% 21T 7B D A AKX 4,000 Pa-h™! TH 72D L, TLERE AN L TH AR
NHKIE 3 Pa-h~ 1 IcHIfl S 41, 400 R Ricb 7 D IEEDR72 5 2 La3bdh b T8 Bk%2 Al
ANS E W) HFRTREEDED NS Z LR E N, L L, LODEWAVE Hlicix X b KAL L.
FHOEEORMEZ MBI T 2068 3H 5, INET, LD RELFEORIKE LTX, 1 106 m3 ©
NPBO01-2 5Bk Z 8/E L T\ %, BEFOR%GHIHEDH > 72 b DD, 1,800 Pa DIMEMEREZ 10 pm [ED
7 AIVLTERL TS,

LODEWAVE F T3 60 hPa DRIEEEIC 3 kg D4 B — F 2RI 308N H 5, KIRNAT A
DEMOENZEME D S 10 B REL 22 L PREN, WHICEAKRELD S 10 %ECENE2ET S
XG5 & IMHEMERE L LT 1,200 Pa DEHIMEDSBIEE SN, 25D~ —2 %2 AT 2,400 Pa
DINETEREDSLTE & 72 5,

s DRI EHEA, LODEWAVE [0 72 5ERDEAE & LT NPB01-4 5Bk % #fE L 72, NPB01-4
LRERICIZDLUT DR H 5,

o KIRMETBRBH DML 77 —u =D v JILfEIE, EEOV v I Huknwl LT
"Lz fro7,

o NENEE S ER/MNIT S Z LT, WEMEZRIMLL, KEROBEI X 2 T,

o MERKEMEDBINDS 20 pm JED 7 4 VLB VB ZE E L, ZHICED, KIRERIZ 1 kg
FEERINT %, fERE LT, RIRERIZ78kg &40, 3kgD XA 0— F2EHKT 5 & 85 hPa D

REREZRMT 2ICHE 2 2L Eho7z, 60 hPa 2T 21213, 2 OFBRAER & H L T,
ARRIC LT 1.5 RO REULINETH 2,

o HMEL7ANLEZHELIHKH L, ZHE. 74 V20502 LL L, RYVZFL VY 740L
LETLIRIROBZEEEZEDLILZHNE LD TH B, KEIGER, 72 & 213, NPB2-1 &8k
T, FHEATAD 7 4 VLADESIZ ORI IN L 3AELTEI LT, 74 VLANDIBIHE
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% 1: NPB001-8. NPB01-2. NPB01-4 "EkD T

SBRAT NPB001-8 NPB01-2 NPB01-4
N PIEH M NEH » M L » M
PR (m3) 9.3 106 94
[EfE (m) 3.03 6.76 6.5
25 (m) 3.97 8.86 8.5
HE (m) 1.81 4.05 3.8
2FOVEL 18 12 8
RS 2OVIE (mm) 524 1768 2551
7 4 )V L FESE rYLFLy RXJYZFLry FYZFLV
7 4 VLR (pm) 10 10 20
TLKIRER (g) 600 — 1,200
MR (N) 415 415 415
fit @ — 74 402 603 804
422 s IR (mm) 101 101 103
ARTE R — 7THkE (mm) 48 71 48
FHEEERE (mm) 530 530 300
SHESRE 0 — 758 (N) 11,000 11,000 11,000
SERE = (ke) 9.8 19 7.8

izl 23EHE LTw 5 [13], ZOXIKRTIERFDI 20 T & TEMERES T2 b DD, Bikit:
HRIGERTES L PRINL D N 2HEL -,

o RV ILF L VRIROWERIC T L5k%E A, [Z DM ExK->7:, TL5IKIE, RETDIHE
FEREX D, b=F v 7 A8 TA-1200(FEE 1.2 kg) ZFAH L 7,

3 IJLTEOY A X EREERAEDRE

LERERMET 2 LTAHZE 572028, Al VWil TLRKDO YA X TH 5, TLKIRDY A X2V
ST, EREOBIAD S IEN LD, BRIHE)BIHO Y X 72358 % 5, NPB001-8 5ERNICIE F —
T v 7 AfEEL D ARIR TA-600(FEE 600 g) 2 AdL7z2d, RSB, T 2RKROEIEVIAE—TH
D, HE EHHDOIZERPIRE LW EBPRBIN TS, ZIUITLEIRERY =F L VAR S 3
BEDOWIHID S B Y F L v iciil L Cu 7 DEMORESIIH S L7200 L E 2 5, TA-600 IFE
BTmIETZ2ETHIRT 2 2 LS NTED, NPB001-8 JBRVERE 3 m ICBE LW, 4D
A HIIFFARTE S0, EE6 m &7 % NPBOL ¥4 ATl 25RO —fNic X h 3455k
WHRYZF L UVRIRDY A RNET HETHCHEAT 2 [IESE 6N 5,

%Z 2T, NPBO1-4 5EROBEICHNL> T, RV ZF L UV RIRNT T LRIRZ IR S € - BR 0 %6H) % 51
HT 570, NPBOI-AXIROR Y 2F L Vv IEOAZFH L, ZDH T3 L5k % IR I ¥ %5l x 5
il 7z, SORBRIZ, RVZF LY 74 VANEEI NI DD, MRS KRUILT, @S> Touk
WIREETH 5, TLKERE LTIE, TA-600 12#22 T, TA-1200(FE i 1.2 kg) 2 H 72, TA-1200 DT
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%%ﬁ%@?‘ﬂﬁﬂﬁﬁ&i 22mTdHh b\ ?ﬁﬂ%gﬁﬂitﬁofzﬁ%&i,ﬁ JyrF 1 V%fﬁ?@'ﬁ‘/{ XT% % 85m i’CﬁaCi
SN LR, ZORFIIZIETH D, —MRITT LK b ARSI GEICHAT 57
O, TLRIRPIGFINZIRT B 4 S EMEIE R0, R OREIC L > TE X DEL, XD RE VKR
FTRRTE 2 TL5K2MHT 208035 %,

3.1 RUIZFLYVERERNTOILATIKROEREAR (ZK/EL)

fgaEaiziE, 2019 4 6 H 17 HIC S W22t 7a B Fe s 5=t Bl AP i Sedm 5= i B BRI 7
FITTHML 72, NPB01-4 5ERD KD F- oz fi> T2 L —rThH O T, @illofis: 5 TA-1200
TLRIREFFAL (K1), TLRIRKITEDHSH LD TFFRAIANC 10 cm T EICe—2 %221, TED
WS I > TOREDPS 2/ETHES DT Z2ITo7, HEP IR S0, B2 SIHICES DR
6N LTS, KIRODEEILB TV, HEMd e — F7—7"Cfis 2 L TeR%EZ/NhEC L, &
N T LARROOEZ R ZF L VEERE I 2R TROTRYIZF LY 74 VA E T LEERD
MICZER DA D 2 L2\, B, T2RRICELRZEATIHIIC, RY ZF Ly XIRNDOZEL % T
ELINE PR L,

TLRIRICHELRZ 707 7 THEAL, THREDED 1T mBEL %2 £ TRIE (K2), FRiELL
TOITLLRD~— 7 ORIfEZME L 72 GHII17-1), ZORKRT, KY ZF L Uy RERDFE IR BT
WILEHRDT— 7139 FETHo, TLEROD—7DhMEIZ 11 FTH Y, T 25k Bl (04
5Ol DEEERERPRKENT EWRRINLGHERTH S, BICKS L LTRTLIIC, TLRKD
< — 7 OMRIZEISECIEENE L, RIEEHURRELS LoTE Y, WETE LR EHD 10-11 &
DENZ BT 360 mm IZ7E L Tz,

Y ZF L UVRIROTPRREDREMEIZ 85 m THH, TLEIRD 0FEDS 9FE TH Ly ZHS
LT 2E, TLARBROMONETEECIZATHRACELTEY, FOFIZEHURREIVI L2 EET 2
&, VHIEESCIIEROBHLTH 2 5 522 2 [REED D > 7=, % 2T, K[IKOFEZ Z DR CfFE Ik
IE, ZORETLIXS AL 72,

—RREIRER, KERIZNS B> TE D, T25kD~>—7BEZHE L 72 GHIl17-2) L2 A, 20
ZNOMFEIZ KT D /NS o TEY, AT 2 EBEMNT SN, KERICHEZRG Z
WAL, Rl & MREOMNIC 2 2 £ CRS ., HE, v— 7 REZHE L2 GH17-3), 50
DFER, OO D RANIR S B L D DEEE I N by o7, TLKREZ XY F
LYyRERDP S L, = — 27 R OFHIZ 175 72 (GHHl 17-4),

IO H L 72 TA-1200 2 A %3K (2 L%k No.1) OBZER T O IZiRiREE % FEi L 72, BROEH T4
B (FHHI 17-5, 17-6, 17-7, 17-8) DA FEfi L 7z, KV T F L RIRNIC AN B & Rk IC D4 o
DMK E (|, FEERIPRIBHI N,

3.2 MRUIFLYVERERTOILATIKROEREE (2KHBD)

201946 HIS HICHI U TR Y ZF L v 7 4 LA L T LKIROMIC S % AN BE DEER
Bzl 72, Zid, BICRBRAE2 ANSE 2 ET7 4 VAL TLRIROEEZBS T E2H-72bD
ThHhd, FE1IM? DELXEZOHLIEZHBEL L, T25BKERY ZF L yRIRDEIC 707 7T 22
B (7 a7 ofiiiZ 2.7 m3 /min), Z5E2FTEALL (K3), BiHEFAKICTLZREFAL, 707
7 TILRIRICHELREZTEAL 2, TLRBRIGHTHAH L 72 258Kk & B 2905 % v, B/ H OER &
FRRICH & 0 O FFEAIC 10 cm Z &I —27 %22, OEOWHL S EICH>TO0HEH» S 22
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1: 7L —vTip ) FiF7 NPBO1-4 D BB, 2: I AIZIRIREEDLIK (Ho22&7z L),

3: IiC 225271 A L 72 NPB01-4 D B, 4: AR OLIR (M5 H D ),

KETCHTOT 2T, WROKTZETH LT 2 & TLGIRERY ZF L V7 4 )L ADRICZER
DEDH 10, EDWOLICTLERYZFLUYE->TWS I ICRZIT SN, BiH EFRBRED
NE o 2R C, TLRIKD~— 7 [lbE 2 HE L 72 BRI 18-1), IR L 7- 2 2 50k03 D PP s
WsET 2 2 L 2R L (K4), WiEEEILLA, 22 TTLGEk0~— 7RI ZHE (GHI 18-2) 2
iz, TLRIRONEZME L2 2 A, RRELE DAL 61 Pa THhoT, TLEIKD S EREK
g, TLRHKER) F LUKk SN L, ~— 7 IO Z 175 72 (FHI 18-3),

Z DB TR\ 72 TA-1200 T A58k (2 255k No.2) DBIRZERI TR b FMi L 72, 2 L5ER
ZhgR S, @A 2 [ (GHI 18-4, 18-5) DFMHMZFEME L 72, 1l 18-5 DI TOD T L&D
FEZHELZEZ A, RAHEEDEFEIZF A8 PaTH o7z, 72, WIRSEIRETOFMK T, T4
IR B R E GBS B ERINL 72 (R 18-6),
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3.3 fEROFHM

5, 612KV ZFL Y74 ADHTITLKIREBR S & 7BRD ~ — 7 W& O T FHR 7 17 ORI
2R Y, WEFEMRNZE2ICE LD, FFRTMOMMEIZ, T 25K N8 Ll 10 T2
DHHIED S D & 2> T %, K5 3%ELA L, K6 B%EXAH ) DRI TH S, Z2NZNDKF DK
e, TR BRI 17-3 0413, NPBO1-4 XBREEO A X D & 1 m v 7.5 m, 31l
182 DEAIE85m & L7z) %222 TH2 2 & TROFEN R~ —7EZ R L Tw5, DUTF2SHAE
ns,

o X 5D%R% L., X6 DERDH DMFICE W TIFHMICH > THUEBIKRELS %2,

o il N BN N LM% Tll>TE D, 2D FIEBMIRE {HATWS
EBTRING,

o X5 DL LICE VT, FHll 17-3 DIHM D 3 HOEZERT 7 4v T4 » 7 L7 (Kb o
FR) (FBHTEIC B \WT 500 mm 282 CTE D, BHIEHOMNIIE T 2 HLD 5 5282 2 B0 dH
%, T2l Rl 17-3 IZ@ P TR E KT W S,

o X6 DEXD D IZE VT, FHIl18-2 DUHH 3 HOMZEMT7 4 v 7 14 ¥~ 7 L 72t (IKIF OBEHR)
FIATHIZ BT 500 mm AN TH D, BHIEFOMPOIIHAE T 2 HL TIZINE > T 5,

o Ml 17-1 EFHMI17-3 2T 2 &, ~ELIFEFETHERS 97508 MEBEL koTw3
ZEDbD D,

o TA-1200 I L%Bk%E AtL, TLEIRE RV ZF L VL DICZE5%E AILS 2 LT, TL%BK
FARY ZF L RIRTE £ 2 KB EE TERATGETSH D, NPBO1-4 5BROHIZ At 5 T L 5EK
¥ TA-1200 2584 TH 5,

WHZC7-dIiE, RYZF LV EHE TLRIROMICELRE ANLDVBHENTH S, L L, ZE5
EANTZZEICED, 74008 TLKIROBEEEEZTEL kb0, [ERBOSILIBREINS,
DFHiMiIE 5 ETEMT %,

B 7, 8 ITHZARERERIC 7 3 A KBk % BURCIZIR S ¥ 72 BE D < — 7 [IRE O 7/ F 05 1 O fEE %2 7
T, IN6EADELEZODITLRIRTHKIAEDIRES RE 2 2 b5, TLITIERY Vv ARE [14]
EXENZHNRH D, —EMIEINZ L IABHEPLTOLIEDHSN TS, MHDENIZID
BIRERTCORbDEEZONS, MIKINGDEREZERTRYT, WEBROHAEZ XS A3 L,
RESCWRIGLFEIZERES > TED, FXNo2DABEINEH-THLZ LB, T,
No.2 D25 % AT EED TN T LR[IRO R Y TF L v RN TOESYE—72>7- 2 L 2 L Tw»
2HbDEFZEZLND,

4 EMERE D FH

FYZF L UVRIRNTO T LGIROFERRFERZ 321, TA-1200 T L53Kk%Z2 KXY = F L v SERO NI
Wi, NPBO1-45BkZ28EL 72, ZORBRDIEFICERT 2 2 &, 2,400 Pa Dl EMREEZH T2 L %
WERR S % H I T 5B % 206 L 7z,

4.1 WEHREZD1

FEhIE 2019 4E 8 A 27 H. BEEMIEEANG | TIGRIRB O OB g; (B4 ICTEMEL 72, Z ZICBET
LEJAMOE EICiZ, 2L —yBHD, B/ MO TITEIE08TES, LrL., BYOEED S DIED
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#* 3 MER & TPRE

Rzl Hh REERE TrRE
[Pa] [mm)] [mm)]
13:35 310 19,574 8,364
13:44 360 19,637 8,364
13:46 520 19,760 8,386
13:54 710 19,863 8,396
14:01 870 19,932 8413
14:10 1,070 20,008 8,434
15:46 740 19,936 8,410
15:48 1,070 20,018 8,438

7% 4: 1,070 Pa HIMRE D2 2 )V IE

NENVES I [mm]

NENVES I [mm]

SNENVES I [mm]

NENVES I [mm]

1 2,496

2 2,480

3 2,476

4 2,510

5 2,454

6 2,521

7 2,491

8 2,559
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6 MIREDRE
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B DP-340 5 kPa L v ), BX U, BVEMI X 2KMDMEZITo 72, N7 LA ATFEARD 6, K-
3HMA, BXO, KIFLSEFA A AT TOIEEIT- 7,

LRIRDREIHMD S 7 VBT AR EGLRELAE TLEIRE R Y 2 F L v ORI 1 m? FBEHEA L
7o WMPIDFETIE, NV T LAHT A% TLEIRICOD BRI THIFTE I E2EZTORH, EHFH
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M EVERE X 4,100 Pa TH D, 55 172 ENERE 3,400 Pald 20D 83 %Il H 725, T LRERICIZIEED
2, Fle, JIRT 4V LD B RO T ICRE I LTz,

X 35 I PR &2, M 36 ICRBEDAEDLS b Lo REE R E ZEORETRT, 26 DK
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WADTHBENPORDE-ZNEFNOMHEZRL TS, EBEICIZ, MOHEHDBHL 720, Mh otk
BNEREEZ>TED, ZHUIHHOHBL LItk 2bnr LHENIEN %, K37 ICHRER & 745
FEoBREZRT, MEDLIELIEL 2TOBE, 2622 THL I DA NTED, HFoiflizAib
L IEL RIS FMEN I%BREROIBIRE o Tw 2 EBbh %, BB 3L D
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The development of an attitude control system for a balloon experiment

DOI Akihiro™', KONO Yusuke >, YAMASHITA Kazuyoshi*, SATOU Yasutaka'

ABSTRACT

An attitude control system for a balloon experiment using a telescope has been developed.  This system was developed for the
balloon-borme very-long-baseline interferometry (VLBI) experiment, and can be used for other balloon-borme missions of the
altazimuth system. The azimuth control is achieved by using a pivot and a reaction wheel. For the elevation control, we
experimentally adopt the Wallops Arc Second Pointer (WASP) concept, in which the effect of pendulum motion is reduced by
placing a telescope on a shaft rotating at a constant speed. We carried out hanging tests at the assembly room in the Taiki
Aerospace Research Field (TARF) on 2017.  The azimuth and elevation residuals were stabilized to 0.015 deg and 0.016 deg
(1o), respectively.  Under the pendulum condition, the elevation stability was within 0.02 deg, which was nearly independent on
the amplitude of pendulum vibration.

Keywords: balloon, attitude control, pointing system, stratosphere, telescope, antenna
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LB AR LTI 272 O RERFBRD T2 ODEEE o AT LOBFE B Zip Tz, TOUAT AL,
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v a OO SN, thoREAEROERE v a ACHERTLIZ N TELEE LN
5o TNAFENL, Ry &V T 7 v g ViRA —/VOMBE Y TER TS, (AR, IR FE
FOFEAZ B S5 NASA O WASP D= &7 R 2FRAIZIY ATV D, 2017 4, HERA%H
DOZERVLBI 22 B 2 Kt H79255 (Taiki Aerospace. Research Field: TARF) O#HN7=IZTY L—
VRRR L, SR Z I Z e o T, FORER, A AT END 1 o ZERIL 0.015 deg, 0.016 deg
Tholz, IR FEEEREE NIV TH, #IRY FESORIBIZIZE & A CIRFET, IAZEREIT 0.02 deg
W E ~ 72,

1. IZT®IT
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N & A FEER pGAPSTE S [E PE D LBHIE S 2T A& EBNCHTE LT\ D, Fox BBUEED T 5
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2. YRAFADaLES LR
EN - NI v a COREOER - REAORSRMEEZEBE L, TaxIXLLTO L 9 7252l 3853
IS A7 AT HZ LI LT,
1) F7TLAFAL LT N RTA )R
(2) BV FEBC L 2R TNEMELED A=K A
B) TUHNFIHET—X— R T A NOHH
(4) BEBRERL D TR A v X —T = — R

Fio, FTxOKEK VLBI 2 vz VERREEROZEEF~ Y o FERHA L Tn5, ZOHIEOZDIC

3ODT IV Fax—R2 T HZ LT LT,
Q) FhrAatE o 7= Reaction Wheel ("RW")
(1) RW ofEshE T v o —F ¢ 7 (L0 E LR "PIVOT")
(i) WASP = >t 7 b &2 H 0 AN 7= LB AHE T 7 F oo —X

INHTRTOE—F—IZ, Kollmorgen tLDOX A L7 N RIATE—X—5HH LT, T—F—T %
7 NERT—E =R RTINS L, vk Eﬁﬁ’(“%«“?ﬂﬁzt L7eE—F — 7 — R TE LTz, W10
OTHARTED NI TEET HZ LIITET, AT —F =¥ v 7 MEHATHERITIL, %W?V—
AW, Flo, X7V U B RIRFICEAT D LEN D D L EDTDOT L BIELZ, BEARRC
‘(b\f:?&ﬁ?ﬁ’ﬁﬂ IRV L, g REEREE i cx 5> ) 227U — X (Dow Corning Molykote 33 Light)

WCHRHELE L, AT a—F SRS LT,

F—4%— RKZ7 4221, Elmo Motion Control #tOF P Z Y —R KT A4 NE2HEHA L, ZHi@EE
DX v ar PHENEX, pGAPS (Zffi~»72b D ThH D, E—F —DOFFIF o2 —=2 7 CIIH B Tk
DOFNEN M, EHEFCIZS 77 MV 7 i £ 213 RiREE Mm% RS-232C TEA 721 T,
T —ZBETHZ LN TE D,

Bk VLBI ClX, B —AME~0.6 FEO B LmBE AT 5, 5 A LICTE D 10%D 7 1 AR EZTE
T5HE, 0.1 BEAOKMIIEBAOMEDERLELRD, T RIREOEREITI~T80kg 37 & MAKR),
ALAJE O OEMEE — A > MI~150 kg m2, E I LiEEEOMAE O OEMEE— A MI~15kgm2 Th 5,
RW EPEE— A2 MZE 0.727 kg m2 TH D, RW I[ZiZX¥ ALV 27 h KT A4 7E—4%—KBMS-17TH03-D
(Kollmorgen ##., ¢85 mm, EME—A b 1.2X104kg m2, & 1.97kg) %. PIVOT &Ml
77 F 2 —#121%, KBMS-43502-B (Kollmorgen #18!, ¢ 160 mm, 1EPEE— % > k 3.7X103 kg m2,
B 3.89kg) HiEE LT,

2.1 PIVOT

PIVOT |%. KERENOEDLTNDETTIA LA v &I FTOMEERT 2 HMAFTINOT 7 F =
T—XThb, %8 VLBI ® PIVOT O¥#ix, A4 L7 s RIA 7 HRZEH L TW5ETHH(H 1),
774 MM A UENLT, M EFEPCIIHEREZ L= B, 774 PHITRERENSANEL b v
MMRAL, KVRLE—F—OXTHEETL2MOVEERH o7, o, I T7IEANy 7 7 v VEHEHD
RAUNC L DEEDORA N H D, £ 2T, NASA ® PIVOT Th % Coarse Azimuth Pointing System &
FIRE, XAV 27 N RIA4T7HXERA L, STRR0WED, £—X—0ER% OFF 23w seic 7
U—[mfizl 720, AELILVZ B2 RTMEZD I EEEIRMICEH S Z ENTE 5, BREFIC R 224
SLEAVIZBMRALTH, AT TEIS>TLEIRZTTEA LY B RIATE—F—DFREMTIZHEY
K& LW, BEE~OIEHEIZAE T,

—H T, REREL 1T P TL RS ARNC & X, Bl ZE, ERPICRESRIC LTIy
R Z OEBPHIFEIRE~NE IR TE RWVIEED R LR %5)%&%@@ FDI=W, fﬁ:ﬁwi
V—X% &AL T-, Flo, ¥4V 27 B RIATE—X—201F, VBRI EZEBTH-DICLD K&
fxi;k*]ﬁ%%%&#ékb\oﬁtﬁﬁ%é# %:h%:x FTANASZ Iz LTz,

Z® PIVOT OE)#HI%ENT. RW OfEEIEEZ 7T (4 b b LA &l U CREkE~PEH ("7 o
~T4/aﬂf%50k%’";@ﬁbm%"&@iné ERHDHMN 3ETIEARD X HiT, 2D PIVOT
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<, FUL RW TEBIL TNV,

{g & i ! = 180 mm
B 1: PIVOT EHDEELEHMER, ENAEI -4 ZOLIZFALIMNSATE—L2— ENRYYTILY,

22 V77 va vk —v
KEKVLBI @ RW (X, 22 FT 2RO G AGIEZHE S, MoKEKI v a O DITx LT, FrEk
ORFIT 2, 7272, RFV XA VLI PR IATE—F—52FHALTWE([X 2), TDIZDXT DNy
Z v vOMENSIET7 Y —Tbhb,
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X 2: RW EH#DOEE LR ER

2.3 MABRE)T 7 Fax—H
EFREDOPIVOT & RW 8 = > R IIRICRE S L, 2> BT 2EROEEGI#E 21T 5 DI L &%EK VLBI
DI A BREN T L HBEER O 2 B E T 5, FiL, LIV F AV R IATHAEHEAL TN LA TH
5(X 3), [IRICH LT FTIFRY FIEEIOREL T, £ ORI 2 REmB DRI G £ DR
EZTRD, B FEBAZITHHET IO ICHElE T 5L 77 azl <L IZIRY FEBD RS
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Rl - EH CTEERT 280 FICHE 5 2 & C, fIEEENG 7 U =220 | BIERORE CHREix "%
NEL"a T NERAL TS, TOEDIC, B X —0 oA MR WA ERSEO T OLE TIA
HZRE D, MABRENIZ A L2 b RIA TE—F =Ko THIBET D720, ITE2NSR, TR
FIWIAECTEAEL V7 i3, EESEICIFEAEEDLRY, 2O, I RIBREVWZELTH, EiE
O X IXEMEERICE E VBRI Z#EEE LT 5, BEALDANTZGRICOR, X4V I N RITAT
E— X — CHIEMICHIET 5, KER VLBI Tk, ZmsioMaskElc = o a2 HH Lz, Ko T, i}
AR - B CHRER ST 57200/ NE—% — 2 B HNIHRE SN TWD, T, AT BE L 704 il
DT TA A "IN ERINT D202, I r~T 4 v 7 ~T 2 O LIZERESN TS (X 3),

RO FEBIE Y F - n— AW HAICECH L2, ZREMETS7201E, FHEMIC, BY 72
K OMEM 2 RS 5 28h & EEERT RS R T 5 180T 7 Fax— 2 P8 ETH S, KB VLBI
T, HEEOMAIZOZ WASP =2 &7 b2 FRANTERM L TV 5720, ZOFECK L TI3sEaT
372, F2 KT Ou—J5m & EEEEOMAORE SI2E CTRmAEN AT 5 (KRER VLBI 2 v
v a COFRIAREEZERIT 0.1deg FRE L THIE LR < R0, EERFEBICITR 520, RO X
DERERMEERT D v a VOBAIIE, 28V SV EEAT 2SO E T HNERD D,

3: (MAEREIHEAE D (A L) EERETERTE (A £)& 3D-CAD KI(TF),

2.4 BEFIHa L Ea—H

ZEK VLBI @ Operation PC for Attitude Control (OPC-AC) (%, Raspberry Pi ® Linux OS T 5,
LR E TR ¥ 2 — 4 Operation PC for Attitude Determination (OPC-AD) 7>5 10 Hz T/ &h
% [FhifarkzE, MA%E] © 2 >O8fEE A —H 3y b TZITIRY . 3FETHRRLHEANCTE—H —
BAfE%E C-7r s T M TRHEA LR, FF—F —DF—X%— KT A 3~ M7 Sl E 7z 13l m
iz USB @1 1C#Eke L7- RS-232C iy — 7 IVCTEET 5, AWM, Z ORBEIERIT., @
WRERIND DT SBENRWVIRVITEEE TS 5, 207D, BEPERND DT v 3l
Z1E 15 Hz T TL UL, EEHIERIX 15 Hz TEIET 5 (RGRSCTIE, 2017 4EI2EB 278 - 72 10Hz
TOEBREREZRET S, 2019--2020 4E(21% 20 Hz ~HfE L72), Lo T, HAROHI#EHIL— H ik OPC O
REOWRE LD, A —W %y MEEI2IZ UDP 7u b L2 L, il & 22 etk 2 35 k- T
BLTWD, 77y ba ATk L THREEEIZ SR N B,

ZDOEHNT, BEHIEH L AT MIFHT R D EBEREL AT A ETZEICHEEL TR, SEIEHH
BOBBREREMBEDEDLZENTEDHO, WHERSL EEZBND,
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2.5 BBREV AT A

2.4 BT X oo, BEMEIEINTEBVRER O L — NS bETEIET 5, AL TlEra—7
GO 7= O FEIR I FbE %%:mx LER VLBLIZIZUA T O X 5 BB EE o 0##E S, OPC-AD (ICHHE S
nNTnsd, ) 774 3—=Yxv A1 (Yaw), (2) MEMS ¥ ¥ 1 = (Pitch, Roll, {114%). (3) FEEfh—
a—& (), (4) IEEE (Z#h, Zmsifimah, (6) HiEZSEE (Yaw, Pitch, Roll), (6) GPS =2/X
2. (1) KoY, ThbH, %I VLBI TlEEIC, OPC-AD 71275 AOHT complemental filter
ZEL, U¥Aud R 7 M 3K H O I TIESH TS (TR E LTGPS 2 /S A £ 213K
YYD 5), HBEREHT XD BBUEIL, HIBIR Y FVIENYD OFRHEEMENE D 120, &Y 1 E
X DEb\H#F"ﬁTi&@m§+mj}%7wv§' Vo7 L, BRI M ERD TRREGEEZ 52 T0WD, Z0
L 9T, BEREIZEB T D LEEITEI A DREED Y ¥ A v TEAE L, Mot OREEET 0.1 FEA D RS EE D
ﬂﬁmmir »ﬁkfbfh\é HiliSFHE TARF OB H 5 ERAR IR E 2 WV CTRIESh, R2e8gEi©
HIEMTFIEZ B THREINS,

3. BXEhAl
OPC-AC OWTEIWET S C-7u s T aid, BEANLOERZE [INIAKRRE, MAKE] Ln) 2950
B2 OPC-AD /50> T A7-ONS, BBHIHM S Z2HE L TE—F— I/ NZEET D, &0
AN—TThH 5,

3.1 JFhif ORI
T R REROFAAFNIL, 7 IV R KK I v 2 3 > BLAST? THW b7 il
EFHEHLTWS, RW ~O b7 S fE Tew 13, BESFMANG OFKE AAz 5% K
proportional-integral-derivative (PID) il L T\ %,

Trw = PrwAAZ + Tpw f AAz + Drwvaa: [Nm],

Z ZC Prw, Irw, Drw [FLEBIIE, FEOIH, O HETH D, £720 voa ITHFMAORRHEETH D, b
V7 iz 2.5 Nm (IZHIR L TWD (R KER~9.1A), b7 ofifHelE9EE ~0.0024 Nm Th 5,
F72. RW DOEERE2Y 250 rpm ZB2 CWAH AL, ML 7ZadfEixsy oL ans,

PIVOT #il#ix, FArMA G ORI EEHWV OGNS0 TidZe< . RW O fiER) &4 K ERE~ T 72
WIZBZbivd, LoT, OPC-AD 26 OEEBYEMIZA WAV, OPC-AC BENE—X— KT 4
SNINBEET S RW [HEEE VW5, BARRIZIE, RW OEEEEY, 25 rpm (2725 X9 ICARL T
794 ML AV ERLD LD, PDﬁ?'Jﬁﬂa' ZCInlisE S E Vey 2 AR5,

Viy = Ppy(Vaw — Vi) + Dpvagy [deg sec ],

Z ZC Ppv, Dpv IZLBIIRE, HECTH S, Vorw (X RW O BAEERE, arw X RW O[EERINEE T
H5, KER VLBI O5A. REHEEEMSEL 1.6 deglsec (27 7 4 /L FRELTEY, HEMmSD
I REREITSEE ~0.0016 deg/sec Th 5, I KR HE LT o~ REMICE D L0 KRERE~BIREET S
ZLEMNTE D,

3.2 A @ﬂ%ufﬁlﬂu
MAIZHSNTIEL, T RIERTIZARL . EESEHS DL BE4 %5, OPC-AD HEESINTL %
HIEMA 6 057 AEL Ea ki, sLrro PID HIfCHEES 5, Akt 5 M7 i Te 1

TpL = PeLAEL + I f AEL + Dgpvapr [Nm],
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Z ZC Pgr, Ien, DeL [3ERGITE, FE0E, 0 CTH D, £72. v eL (TNADEEEHEE CTHDH, ~Lo
M EIE 2.5 Nm (ICHIFRL TV 5 ( jciE?% 4.8A), b7 fiEREITSEE ~0.0024 Nm TH 5,

4. 7Y IREETORBHIHAR

2017 4 7 H 26 H, KEHIZeFHEBRE O =ICT, 7 I/~‘/’C“%of:%ﬁéf@%%ﬁﬁﬂ?ﬁﬂ%ﬁ%%ﬁ
Thotm(®4e), Torx, [IRVLBLZ> RTIVATAEIT T4 MNELIFIER UM L 72> TV, A
T A NELREH LRER 789 kg OIRRETH -7, RW HIEE— A MIBEMTH 5 729(0.727 kg m2)
T 72EMERBRZB 220, T RT2KROEMNET—A 2 M 154kgm? EHEE Sz, MNLED Y
L—2OHFEIT 99 m THY, S FTZELETOMRY EIT 8.8 m, RV T EEFHOREEHYIL 6.0 B
ThHhol=y Fiz. 774 PHIINEIED T X —XZATDT7 74 ~ bl A TRIRELFHERDONTWNDED,
ZITEHZ =07y 7 3EE D EHEE LAWK S ICEE L, BORWAY 71 ARTHD TIF5Z
EC, LY ASROEH 8 R ORI A B LTz, BEBURER/MIEROEEL— X 10 Hz Th-o
7o S KOMADONERT » FIREE M 5 1R T,

CH 4 ABHEEROBRT (FHOME BRI RS
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iz, Fkx RERBEET 07 7 A NV ERBRIINT 22, KiaSU T F O~ X— R 2777,
[FRBR 1] RV FIEEBREE T CHEM RS T AIEERIROE 5225 L & FALANNFA /N FEIE
[FBR 2] J7Rifl o KA FEZE o

4.1 #Br 1

E B 1O R TH D, [ERVLBI 2 v ¥ 2 v BIEERIE CH 2k #E#HE IPSTAR (~19.7
GHz) (W EEREEN AW TERE L7RE T, A ELR S 5w (Pitch f51H) ~ABNFTI L KT
B L CIRY HE#EZ ML CUME ey FLbDOTh D, TO%, IWNSRMAEEEZB IR
STEREFEZEATZBEEZRL TS, IKOBRDEELZ T L), HIEEEOBRZEAT S0
2y v v X =% CTOERTH 7=, X 6@iZHiAAz) EMaEL O v 7 7 A L Th b, EL=35.1
deg MDIRREM D 36.0, 34.6, 34.4, 34.2. 34.0 deg E - T &, EBHRBERKICR-T2Bbh b
EL=34.2 deg |ZHT S 7=, FIIAIE Az=212.6 deg & LW/ 5 IE LW JTIHTERE L TV =28 B 100
BEBE =570 T, FMNANLND FHE~ABN T TALNRNLE 5 2 72, BEEEEO £ — L0
HAZEN DAL, 2 2B Ie D AR L T <BETFRRTEN D RV TIRENCFEM L7 IREi 23 )5
NAFKRZICRONDN, 2 RT7OARERLEVERKERAZICBY 3 —iiy v 4 23 AT L
TOTRIENTND Z ERFET, V¥ A mRRY TIREIO A28V AL A 6 S ~TRAVA A TS
HLOLEEL TV D), X6, BAEMANLOKAEAEL &, I RZMTEHU LIy T A TH D,
REBREANCH 2 2 NGIAELIZE D, IR FEERN D> < DR L2285 btk L CWDEREE L 720 |
FNHAE Yy FAOFHRIZEN TS (100 i LIRS, IR0 FIRIES REFIC /NS <o TWDH DX, 5
NAZELT LD G2 NENLOEETH D), —7 T, JEL 1ZEBERRI DA EHN2R 6, IR
D FIEBORIBORE SITIFEACEEETICLEL TV DTN R TEND, K6k, EREmsED
BZAE Y —%7, IPSTAR OFMIZIEL<$ERTETHY, AL IOH AR T L 12X
AR /NT — IR LTo AR 703508k S AU T 5, REZ 50 FOAHE DI 1 A4 2K 3 & T(EL=34.0 deg) E
— AT Z A X 7SR L 100 B3 E OJEIE A A RISNELIZ L 0 LA 3T 2 SR LT
W5,

fER L LT, i Ao ELEE ITZE JAz = 0.015 deg, /EL =0.016deg (16) TH
ST, T, BV FIREIZB T 2MAOLZEEIIE TREL JEL=0.02deg 2 TH -7 (XEk VLBI
DA, BREEEDO E— LY A X1T 0.64deg THH=D, HoRIBAREETHD),
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SUNRISE-3 Balloon-borne Solar Observatory:
Development of Scan Mirror Mechanism for Spectropolarimeter

OBA Takayoshi !, SHIMIZU Toshifumi *!, KATSUKAWA Yukio 2, KUBO Masahito >, TAMURA Tomonori 2,
SHINODA Kazuya 2, NODOMI Yoshifumi %, URAGUCHI Fumihiro %, TSUZUKI Toshihiro 2, HARA Hirohisa?,
KODEKI Kazuhide™, SOLANKI Sami K.™, del TORO INIESTA J. C.”

ABSTRACT

The scan mirror mechanism (SMM) enables a slit-spectroscopic observation system to diagnose physical quantities of an astronomical
object in the two spatial dimensions. The SCIP (Sunrise Chromospheric Infrared spectroPolarimeter), onboard the international joint balloon
project SUNRISE-3, adopts the slit-scan observation system to diagnose the physical quantities in the solar chromosphere precisely. Since
magnetic elements in the chromosphere has broad spatial scales and they behave highly dynamic, the SMM needs to scan rapidly and widely
with high accuracy. To meet such requirements, we have developed the SMM in which the mirror tilt is controlled by electro-magnetic
actuators with sensing tilt by gap-based capacitance sensors. The optical measurements verified the performances required to the SMM; a
wide scan range (larger than 1005" in mechanical angle), high stability (3 0 <1"), and rapid response (shorter than 32msec). Thermal
cycling tests and thermal vacuum tests have verified that the SMM achieves such performances in the thermal-vacuum environments expected
in the balloon flight.

Keywords: Solar physics, Spectro-polarimetry, tip-tilt mechanism, accurate pointing
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WE BSCY, Al B, UE B, HE 2B, B RS, FAS, B BHES,
Saml K. SOLANKI*7, Jose Carlos del TORO INIESTA™

Development of the Polarization Modulation Unit for SUNRISE-3/SCIP

KUBO Masahito ™', SHIMIZU Toshifumi?, KATSUKAWA Yukio ™', KAWABATA Yusuke"', SHINODA Kazuya ",
ANAN Tetsu >, ICHIMOTO Kiyoshi*4, TAMURA Tomonori ', NODOMI Yoshifumi”', NAKAYAMA Satoshi >,
YAMADA Takuya >, TAJIMA Takao °, NAKATA Shimpei °, NAKAJIMA Yoshihito °, OKUTANI Kousei °,
SOLANKI Sami K., del TORO INIESTA Jose Carlos™

ABSTRACT

The Sunrise Chromospheric Infrared spectroPolarimeter (SCIP) for the SUNRISE-3 balloon experiment is a slit-scanning
spectropolarimeter that simultaneously observes multiple lines in the 770 nm and the 850 nm bands with a polarimetric precision
of 0.03 % (1o). The key to high-precision polarization measurements by SCIP is a polarization modulation unit that rotates a
waveplate continuously at a constant speed. The waveplate consists of two birefringent plates made of sapphire and quartz to
achieve a constant retardation in a wide wavelength range. We have confirmed that the retardation is almost constant in the
wavelength bands of SCIP and its variation is negligibly small under the operational temperature conditions (20 +/- 10 degree C).
The rotating mechanism is a DC brushless motor originally developed for the high-precision polarimetric observations in a future
space mission, and we developed the control logic optimized for the uniform rotation at 0.512 s/rotation. The fast polarization
modulation is essential for investigating the magnetic fields of the dynamical chromospheric structures. We have verified that a
rotation uniformity by the control logic can achieve the polarization precision of 0.03 % (10) required for SCIP, and also verified
that such an excellent rotation performance is unchanged under thermal vacuum conditions simulating the flight environment of
the SUNRISE-3 balloon.

Keywords: Polarization, Magnetic field, Rotating mechanism, Balloon, Solar Physics
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