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Arc Second Pointing System of Near Space
Observatories WASP

CUI Yulang LI Yijian = ZHOU Jianghua

(Aerospace Information Research Institute, Chinese Academy of Sciences, Beijing 100094)

(School of Aeronautics and Astronautics, University of Chinese Academy of Sciences, Beijing 100049)

Abstract The Wallops Arc Second Pointer (WASP), developed by the National Aeronautics and
Space Administration (NASA) in response to the challenge of sub-arcsecond-level pointing stability for
high-altitude scientific balloon platforms during long-duration observational missions, is a near-space ob-
servatory-grade sub-arcsecond pointing system designed to establish a multi-payload-compatible near-
space astronomical observation platform. Comprising a Pointing Control System (PCS) and a star track-
er subsystem (Camera Attitude Reference Determination System, CARDS), WASP serves as the core
technology for achieving high-precision fine-pointing control in near-space environments. By integrating
precision mechanical and electronic components with super-pressure balloon technology, the system en-
ables extended-duration missions in near-space while maintaining sub-arcsecond-level pointing accuracy.

Its modular design and standardized interfaces allow seamless adaptation to diverse scientific payloads,
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fulfilling varied mission requirements. To transition early-stage ground-test hardware and software from
laboratory settings to real-world flight conditions, the WASP team collaborated with multiple research
groups to conduct five successive test flights. These flights validated the system's technical methodolo-
gies and performance capabilities while enabling further optimizations based on operational mission re-
quirements. Following the completion of WASP’s development phase, the system has engaged in scientif-
ic collaborations with numerous research teams, producing notable achievements. Since 2014, WASP has
supported missions including the X-Calibur hard X-ray polarimeter, BITSE (Balloon-borne Investigation
of Temperature and Speed of Electrons in the corona), PICTURE-C (Planetary Imaging Concept
Testbed Using a Recoverable Experiment-Coronagraph), SuperHERO (Super High-Energy Resolution
Observatory), and XL-Calibur, yielding groundbreaking scientific results across astrophysics and plane-
tary science domains. In the field of space science, WASP not only expands the research scope of high-al-
titude balloon platforms but also provides innovative solutions for constructing near-space observatories,
advancing the exploration of near-space environments. The successful test flights and operational deploy-

ments of WASP have laid a foundation for its applications in planetary science, astrophysics, and Earth
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observation, while offering a reliable reference for the development of near-space science in China.
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observatory, Space science exploration
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Calibur [ EARZEH. X-Calibur & —MEEAE RS S
R b EEs, L1 T & & XS4
(15~50 keV BT L) (I 303 0 B X iy
T, AT AZRASSC T 08 KA (91 2 2 1 i AL 48 A
TEWE)Z) WX L5 S, 33X 8 DB 2
Yy AE SR 5| J1 5 AT R DA T8 T iR K G
EPSivy

2016 4F WASP RGE 45 1ok B 56 EH 22 75 EF N
5% U 40 4% () X-Calibur 8 K Bl 22 54T 5%, I 16
2018 47 3R T v F ma B I 1) 5 [ 22 e R 2 0 X-Cal-
ibur 55 2 Y ®AT, WIEl 20 BT P2. g gEA T AT
%, X-Calibur #J ] NASA GSFC X SF£k KAy sse

SIP

Instrument
batteries
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frame
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frame
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=g
T
Ballast f
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Fig. 18

WASP HySICS #it
WASP HySICS design
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I RHULAY 255 78 X PIERR AL, DL 8BS Witk
JRAT R AR P e e PR 11

X-Calibur WIHFIFFE T — 365 WM 451 >k
YR FEAXSHE, T WASP RGHEAE TORE 4T 1), 34}
TR X SR RN T 8 m AMAIHRI 2% 22 18] ()
XFE R OCHE B, 78 RATRERE T, IR ) CRAEHS B
TERT 1 mm. WASP 2GS SR E T
X-Calibur {£55 R %*[3”.

2016 4E 9 H 17 H, WASP R4 65 T K o7
IFIA) 20 57, 3542 KAT T 1477 min. K 21 450 T KAT
L X-Calibur. 7EILK KITH, WASP R 40214t
TSR FE R A R, (75 X-Calibur M)W
W7 AL FE R R = KB X-1, KRS X-1 A
GRS1915+105 7 N 9 X 2k B br. R TE AT
WASP 4654 1] P 8 32 B 2L 38 B 2 R BT 1l o3 o
JG (Inertial Rate Unit, IRU) 2 [A] X ¥ {5 2 A 52 1)
JEHGRAE IR @SR R T, Al R ok Rl

A 19
Fig. 19

X-Calibur HiAH AR T
X-Calibur truss and gondola design

K20  X-Calibur A8z S H 3 202 e B2
IR B Y e 28 e A 1 Dk

Fig. 20  X-Calibur payload and its main components
during the final compatibility test at the McMurdo

long-duration balloon facility
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JE . AH K S n] AR RAT SE 8 AL B CARDS il
TRU #& i it i 7 =045 20 TR0 A ) i,
4.1.2 XL-Calibur £5

XL-Calibur T 55 /& 25 [R B2 Ul s XS4 A
PR 005 1) VE AT 55 . Ho& X-Calibur 1155 #9565 — A%,
LB T AR T 25 ] 5 25 ROF & 3T XS
2 (15~ 80 keV) it #% Ml i . XL-Calibur 7£ X-Cal-
ibur FYEEAN AT T 0 3 AR R R, DR R
AE X SRR i) £ e .

XL-Calibur B LG —4> X s, K X 4t
28 AL B ARG 2F4% (Cadmium Zine Telluride,

& 21
Fig. 21

’ATRFE T Y X-Calibur 517
X-Calibur pointing during flight
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CZT) #RM LI Be  ImARAL b IR T — A AF
G BERAARN, ARG -00 2 T A AR R R 715 55
T B RO A3 I 20 T 1 2 e A — AR K
12 m AR WS, 1 WASP DL ADAS B UEA T
% i . XL-Calibur 1% 55 38 32 {8 F 55 K A &4 i ALY
X GHERBT . TR CZT BRI A8/ 5 DL R itk
REFE R RS, BERTT R, 8 T X-Cal-
ibur. XL-CALIBUR SZ50R LT TH MARE T, SiF
ik TSR WASP 5 3 AN EIREEAS A 1AL E
N TEI K B S Y WaIST # 1, LA A48 48
ST R BH R R A R L IR 22 45 th T 7E Wal-
lops ¥AFHUOE BN #AI] 19 XL-Calibur™.

XL-Calibur F 2022 4E 7 A 12 H, ity
B R, RERME A AT B T 29 40 km 195 B
E#) 202245 7 H 18 H, fEMME R L2k, 1
#h, XL-Calibur {£45 T 2024 4E5 H 7THZE7H 15 H
FESG ML A R AT T8, R4 R R IR 7K
Hir,

i 5 X-Calibur £ 55 #l XL-Calibur {55 1 &
£, WASP RGEAGIE T HAE &2 SERRHATE 5+
S PR RN AT SEE, 1 LA HESD T X% F e X ST fhd
IBFFE. PRI GAER I R T WASP R GE7E CHF

&l 22

Wallops &AT O BIN]89 XL-Calibur. (a) 7 ] R % I3 3 6] 5w en 1

(b) FIR KB s 01 1a] i 2 1l

Fig. 22

XL-Calibur during integration testing at wallops flight facility. (a) Front view during nighttime

star tracker testing, (b) side view during daytime sun-sensor testing
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SRR S AR g B R R R T TR BE ), A
AR AR AAT SR 1 5 DA 30 AR LAY
42 HPHEBRTFERESEESEZE (BITSE £5)

BITSE (Balloon-Borne Investigation of Tem-
perature and Speed of Electrons in the Corona) {T:
55 & 3% [ NASA F1 5 E KASI (Korea Astronomy
and Space Science Institute) ZERHIFHLIA I [E] T 1
1723 BBk 2 40k v oK BH R BH XUIF 5 1) — A B
] AT 55 1 228 H AR (T8 R SRS a0 PR B
AR H 2SR I A BH H 52 7 H ik B e
BITSE i i 76 A FHOG 35 849 W5 s 6l 4 787 i
AR UK B H %6, IR i A AR ATL ] s H O 41
5 T G, AT AE K B KD 3 X8 (3~ 15 R,
Ry R R R B A2) Pl & H %6 L 19 4 3 Re 1
BITSE 1145 %¢ 511 ¢ T K B H %8 (14 I B2 7k i
A0 B, 3 S SOGT T B AR O I XU i s A AL
M. e AR |, BITSE {145 #IJ] WASP
A RS HHALER, LS B B 1) 75K

BITSE H %1% 5 WASP R47E NASA ) Wal-
lops &ATH O SE BUAE AL, JFEAT T sk, 4n &
23 i . 42 S 9 BITSE 7 A 54 0 i 29 3200
% (29 1450 kg), ¥4 1 — A HEHE I8 2 Fe ey e BE 1
B, A 3.9%107 £t (1.10x10° m®), - & By
H1.3%10° ft (£ 40 km).

£ BITSE {145 ', WASP RGEHEHE T XK BHI)

(€]

Alt: 4532 m
P: 581 hPa

(c)
Alt: 38995 m
P:3.25hPa

&l 24
Fig. 24
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KRR 1, DO TR B 5 Re s R B 2 K FH H
B AE S AR H ek i X AR 45 1, BITSE
REA% 7 B 21 55 /IN B 2 b UL 28] 5 BH H 88 9 i
TURTIRCAR, DT Ay e A BE XA A I A AL P20 T 5
BIEE.

BITSE F 2019 4F 9 A 18 H 7 & [E 3 5 v 2 M
BRI AN R ) K 4T, THA R Bk T WASP 240 H
tPEfE. AT, BITSE 7££ 1.28000%x10° ft (£
39 km) A7 EEARTE T 17060 5K H B KR, & 24 45
T BITSE MHLESRGHLARHE R H A S = FIFR 5
e R L e AR T O DR R R LS 1
w2 RMS K 0.15"~0.20".

¥l 23 BITSE H%{UERE] WFF (Wallops ¥4T
Huly) BB ARRT WASP 248
Fig. 23  Coronagraph integrated to the gondola and

WASP system at Wallops Flight Facility (WFF)

(b)
Alt: 39017 m
P:3.23 hPa

(d)
| Alt: 38224 m
P: 3.62 hPa

HALARBARALIAHE A H 5 130 HL ] R PRI A PR

Snapshots of the coronagraph and its surroundings made by the on board video camera
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BITSE {T: 55 W) A0 25 R 3R B, ZAT: 55 J 2 il
17 1K PH H %8 1 BE A Ui, 3306 T4 7m K PH XU
JEEHLHIFN H 2 B 0 3 A R R R
SC. BITSE S 55— Ut )4 FH i £ AH AL £ K 5 08 0
Sy, WASP 4t 5 BITSE 155 (041 & 28 [ Rl2f
AU I — ARG, R T RS KRG TR
PR FEB 5T B0V ST AR (B X — B EARER = TRk
WFREAIRBCR, AR 1 K BHANZS [ RS S5 T
A AR SR 2556,

4.3 NASA ZIMTERBGERATRR
(PICTURE-C {£%)

PICTURE-C
Testbed Using a Recoverable Experiment — Corona-
graph) B 5542 1 NASA =5 19723 [ Bl2g 45 p 2 41
TR BUE A B 5B ARG 1) — B T5 1) %AE 55
B A I S AR SRS U 60 cm B Y i Al 22
G BE AN % 1 IR JiE &L % {Y (Vector Vortex Corona-
graph, VVC), ELH: G 4R T 1H 2 J8 Bl iYL 3 2 A ok
HE AR,

PICTURE-C 1 3248 H A5 a2 e A 1 ML 23 [
B UR R IMT R SRR, I s MR
YRR e v B ARG o I8 T 42 Tl R e R4 7 8- T g
FIACIE. 3 i X 264 R, PICTURE-C B 7E# 5%
BE, MBS G55 1 R AMT BG5S, IRk 2s [\
1145, ANl JE AR B % (Habitable Worlds Ob-
server, HWO) %, B *F-HAR & e #%. ek, PIC-
TURE-C FIH T WASP RS PStHgm1 68 )1, DL
S e 17 DRSBTS B B X H A
TE R RSB AE 7). (8] 25 25 0 T FE ML TET 3 R QAT
#1 PICTURE-C. HAl, L5 E 8 2 AT

5 1 WCRATHE 2019 4F 9 H 28 H, PICTURE-
C 3£ %47 T 20 h. PICTURE-C 1T 45 it #7837 25 [1]
WEE AT 7 TP & R R IE R (Corona-
graphic Dark Hole) fll#. X — gt R T WASP &
GEAE SR R g e T T TR ), 10O
Xif L BE ST 55 28 K 2L,

55 2 W KATLE 2020 4F 9 A, PICTURE-C 1% %
BIR T 1 mas G2FF8 BRI, 90258 i IR I
HIH R4 (LOWFC) SEEUAY. bAh, i i A s
AR (HODM) 454 A4 (EFC) A1 %
W& R (FPWFS) #i R, PICTURE-C 1 ¥Ki7F 6 |

(Planetary Imaging Concept
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TURBIEE T — A R (R B X, 3 -4k b 3%
EREAIE T ES . S

PICTURE-C {T: 55 7& H 5 BUE R M7 B R HOR
KBTS T R (LA 26)™. R 1E 4T
i 2 T T A WASP 35 [ Gl 7 LR AR R 50
SR, e n) L 5 ) T ShAS A BT Hh R T
JE H A5 2, oA Sk KRN 23 ] B 5 A W D A
FEPERMIRB A4 H R A T 5 B

Ry sk B o] {O T E— Ak M e, PICTURE-
C K HJG 4845 PICTURE-D #3544 WASP ‘-4
HEAT R, IR R TR . PICTURE-D %55 114 F
2024 4FF1 2026 4EHEATRAT, H bR A ek Y
LB TR A R e 2 R AR, i — D3R TR
BAEE . AT 55K AT R T RLA T, B BSR4 e
JUABRBE R R G R, A BTG 9 22 B2 I i 4 11
(MSWC) HEARTEXUE J& Pl A o v) Lo PG, A Bl
XA B 0 e H B A (dgVVC) SEPBR A% 5% 1 4%
T, DA Ry B A% FR AT L R 2 TRAT: 55 Al -
%[39].
4.4 HEFHPWER X LRI

AR (SuperHERO fE%5)

SuperHERO 1T: 55 1 i & /& HERO & 54T 55 .
Kl 27 451 T HERO (High Energy Replicated Op-
tics) 76 B 85 V4 BF N 5% 46 4 B8 E AT TRAT AT A9 4R
" HERO % H & NASA Marshall Space Flight

Bl 25 FEMIATS N RATHIER ) PICTURE-C
Fig. 25 PICTURE-C prepared at the ground

station for pre-flight
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PICTURE-C 1T 45 17 16 2 F AR L Ay 8 X LU BE 4l
High-contrast imaging process and results of the PICTURE-C mission on a specific stellar target

A. Optics

B. Detectors

C. Elevation drive

D. Azimuth drive

E. Star camera and baffle
F. GPS antennae

G. Battery box (1 of 2)
H. Optical bench

1. Flight data recorder
J. Reaction wheel

K. Gondola structure

* Focal length: 6 m

* Total mass: 2.5 t

* Balloon type: 40 MCF

* Launch location: Ft. Sumner, NM
* Typical flight duration: 28 h

€ 27 HERO 7E# a2 P4 AN B8 €2 04T AT RIS ik
Fig. 27 HERO is undergoing pointing tests prior to flight in Ft. Sumner, New Mexico

Center JT & W) X FreeBHims, B 76 F H &S Ek
B TR RSN . 30 H SR U R A e B
5¢, Bl ® A Wolter Type I AY, i i P ¥Rk S 81 SR £
X 28, 2001 4F, HERO 258 s MR BOR H 4= 7 5
()1 ik o BRI X SR EE, B A ERCE B 7
X PR AE 45 7 f1 . HERO A9 TH44 ) HEROES
Ha5R TR BN T B8, BEAE LU AT Hp RIS XL K S
HARFIA B, ifif SuperHERO N F —fi%it, it
KI5 G B PR Fg Al CdTe BRI AE, i K30
SERRATEE RN GE 7, AR A5 A 55 T i B A
PGEARAT T Sehh.

SuperHERO 17y it #1 4 &% 2% fa7 4n [#] 28 fr 7 i,
SuperHERO i (UHESLIEH /N, AL F T2 %
R RN A = I 1 G R O W i e S s
HI NASA WFF $2fE (05K J) i 4 R GEFNIERG 2. i 4%
F| WASP UG TAE & 1Y A 45 14 i HI ek,
[ AN HEZR AR S WASP R 4E L.

SuperHERO i FH > F 848 17 K248, — T
RICHI, 55— HF KEMI . SuperHERO &4
W LA —NR BN SR L A4
WASP RGUAEMEIHHESR T, DISCHE MR 5 18]
KR SRR B K ) SR /AT, T AR
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ik 4 J. SuperHERO 1T:55 H ajAb FHEE M B KL,
XFF WASP R4 1 o I 72 B A AR S v 1 Su-
perHERO 1T 55 B 25 AR B ARAN W 58 511 i —
AL,

5 WASP &4k @i

WASP Gt 786 1/ 2 (8] R SO sk 74521 7
R, FEAEARZ AT 55 HiE il T HT ek S5faoe
P Z RGOS B G LTy .

(1) A5 FEFE 7] WASP R GL4R— 1L /1 B0 22 (4G
g ), DTG T LI 5 i B v A RHE TAE Y
A,

(2) RGAE AT RECR R E 93 ], A &0 b
TSRS RS, T 5T T R 2=
f14 J

(3) WASP RS REMIE il 2R B 5 FRl 28
faf, W6 T ORRBRHAAT 55 TR, on HHER K 158
T R

(4) RGEHIH EH MR LR R, BB M
PORHAE A BATE kG HEF8 T R 1 R, BRAK T &
BAR, JE—FR 2 B A R B AR R

£ WASP ARG K RIS, WASP AU Z5
NASA H EBR MG R AT H, 77—

Cable assembly

TDRSS
Star camera,

shutter and baffle

WASP outer
gimbal
WASP
inner gimbal
Detectors

Optics
modules

Optical bench

Instrument

Pitch-yaw

aspect system

(part of the

solar aspect
o m)

Solar panels

Kl 28
Diagram of the SuperHERO gondola and

SuperHERO 3 fifs 1 3% 28 oy
Fig. 28

payload with major components labeled
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RINFARAAC S0k, WASP RG IS5 K ik —
RS T IS R U & .
5.1 GHAPS (NASA IGiEZEXXA)

AT R FE B M (Gondola for High Altitude
Planetary Science, GHAPS) J& NASA J & i) —IiiE}
SEAINITH . 20 450 T GHPAS w361+, %
T H B A @R B 25 MR S, AT 4040 AT
WIGUA BT 2T AN B i AR . GHAPS (19151t
H A5 2 SR T BB AT 55, 38 76 I 3 23 (] 47 0
N, T LA s RS 4 b 3RO ASOG II F TE, ATiTAR
TR A T i P

GHAPS ¥ T7—4 1 m ORI EIEE (OTA),
HEA NG MEGE AT R PERE, BB 1L 251
2. Al DGR L AME B T I Ah, GHAPS
FIH WASP 2482k 52 B kG B2 i 9 1) 42, 1 1 <
PV AR 9HE R B . SRR b, 75 GHAPS 3 H
WASP Z G — 1> B2 SRR 245 21 He i o B B 11
ML 7. [FE, GHAPS Mt B 448 T 6745
il R G E RIS T3 GHAPS i) IR
AR REAT S5 PSR R B2 , XS i
FEMAH, Il BIs s U, )5, GHAPS K

Kl 29  GHPAS BREk AT 2B G0 B
Fig. 29 GHAPS gondola preliminary design
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RS S R RE ST, X fe i R BT 55 SE U 42
T3 2855 e A R, B (S FT AR AR A, BT
LIRS

30 s GHAPS Al DL iR R 22 ZE 7).
GHAPS Wit H AT KL 100 RS CITHE5,
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B RSP I G, X LR L R NMT R B AT
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GIPRE ST SIpIESS
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— A I AR 1) R SCOURIN 7 %€, HAi 58 T NASA

UV-Vis-IR
spectroscopy
and imaging
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100-day
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Surfacesg
cloud performance
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TE 53 [ RR A 4008 AT 55 FUAE, DL 2 NASA 1728}
% EIARFI NASA 4R rpiiid iy B bz,
5.2 AU E
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(RPERE. BLAh, WASP WAERRRAT 55 sh it T H R ik
M

XFFEAFHR 5, 2017 4 WASP &R 48 A BAXT &AT
HL IR A R T SEOBT, f AT AR RS B SR T AL,
217 T A Linux #8445 240, FIH X040
ICRATEE, B T — Rk B e R A R
FRRURER I UE A w22 1 7 . Mot SRR 4T &
SEIL, HFVE MG AL AR FRAT I AR L DU ST R
A2 AR 1 A B UK AR A5 A Bl LA S o Xt
AR T, DU R AL AR X T L U ) T A
SRR AL B T B AN ERRE T, R AR AL
7RG R AR 4

X AR, B 5T AT AT 3 At i B e e
RS R MLG R AR SR AR RS, WASP B2
FEVEAS R E R T, A, WASP RIPLRSSH (R4
HF T HELR) kAT T AR DLE N R MR T
5 A R R 3 7 1 7 ok . CARDS £ WASP £ 5 fiy

Minimal
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KBO, NEO
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binaries
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dynamicsy
s

Kl 30
Fig. 30

GHAPS W] LA s 0827 25 A B SRR S 5 AT BB R f k) 2 3
Example science cases that GHAPS can address, along with the principal advantages offered by

a balloon-borne observatory for planetary science
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With per-flight spectral

optimization, GHAPS can
access 200~30000 nm

IR access

>
Responsive
instrumentation

Instruments can be
swapped or reconfigured
for each GHAPS reflight

& 31
Fig. 31
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GHAPS will deliver
diffraction-limited
performance at 500 nm
with a 0.12” FWHM PSF

High
acuity
imaging

cadence range - GIAPS can probe
¢

ging

{pts

months in a single flight

GHAPS Fr kit Rrae J1 UK GHAPS 15 15K BH A 0L (4 FCA 3 7 =22 [ £y B ) 1
Unique capabilities afforded by GHAPS as well as the synergies between GHAPS and

other assets used for solar system observations
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Calibur T 45 o B FH T — Bl BT (0 25 & 7 B 25 4%
WalST. WalST #5| A XL-Calibur {£/E%f £ 5+,
A &30 IS 56 i K PRI BE 11, [RIB REG B4
L = R IR A AL DL SR A R AT S5 B
CARDS AL e,

TEE I T7 1, WASP H BN T T 4H 40k
5. /£ WASP RATHEAFH, B PID #HIHE4, i
BN T A 2 g% oy e L R TR
WASP ({5 P48 i FasE PR RE, O BRI TR S O Z60iF
T AR S K S S HE TS (SNNARC) Fl
BRI S (MSO) $AR. SNNARC FJFH—4~M
JZM%, it — NS IR R R A T
ARG EhAS. MSO TE4i A% H R B8 A ds il 5 v 48
FHEZ R TR PR 6] #54F PICTURE-
C 42 WG TR] A 2021 AF 5k s B2 b AT 7 I, )
IREERANE 33 Frs. WASP [ BAA 185 28 WAk

p—

Kl 32

WASP H IR ERER AT
Design for WASP daytime star tracker

Fig. 32
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Fig. 33  Empirical cumulative distribution function shows that MSO and SNNARC have minimal changes

in pitch pointing performance, whereas the PID control system degrades quickly
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* 2 HEHEREEZERERLE
£IE DAL B R
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