FERE: ¥IB% ¥ XX 2022 £ H 52 % £ 1H: 214514 CPIERRE ) Zekil

SCIENTIA SINICA Physica, Mechanica & Astronomica physcn.scichina.com SCIENCE CHINAPRESS
: , . A e 300 i S PN Mark
i R REATNMIEE SRS ENE S5 AL () Cross\ark

(TEFRE DRI

T2, ehF R FE, e, as,

1. R E R B S R P BT 7T, dERT 100029;
2. FEFFERBCR, 65T 100049;

3. R ERMERE ST, dER 100029
*Bk & A, E-mail: liuziheng@mail.iggcas.ac.cn

SRR H : 2021-03-15; 48252 H 11: 2021-05-07; M4 AR H 393: 2021-10-12
o E R B A VS SR LIRS XDA17010204), EFAMRIWIIH (ZR5: D020302)F1H [E A} 205 B S 3E 0 H (95 KT-2019-5)
Brgh

WE FTEERQERETUERES. WHREHELIBNTELRTEGRSEE T 2B LAY R LY —
FENTHRARAERAOGRMTERAETENENERER, 7— 7@ UWAYRSHRUEGH- TR, ga/L+F
RAEENRR, EXLWENERCTH R ARG FHR, flie, ARBHKIEIARET HAREZ
BEROONE, EXELRMNBFUAMKEFRERT KECEFALENAEE, 67PEEARME RN T
WIR LB AR REMTE, MAREE. ARZRNF, BERAEFZEL S RREEEFE, FUEL M AN
RWERFT & AXRETREZRMNFEL D WRB T EMG RS, FHTT ER LN E FUE KR AT.
Mesh, RXENBT RFBRZRNES R T E L5 RN o985

XgiE TEERL, By, @im A, kX

PACS: 96.12.Kz, 96.12.ka, 95.55.Pe, 82.80.Ms, 07.20.Hy

1 BEXTHREN 1.1 BHEL S HRUEX

B . B ) o FR4E A BRI o s MR UG, H BR A& | iR a4k

(PRI AR R AL WA g g py 5 27 0 4 3 B — B
S PR I R B DLSAH 7 3OMRE AR I TR T R R LM A R 2 SR T A BRE
. ?ﬂ!q%ﬁ%ﬁﬁﬁj\ﬁ’ﬂ‘{#ﬁiﬁ éﬁﬁ}iﬁﬂ%?ﬁﬁiﬁﬁﬁ BTN AN 3% 8% 2 (Lunar Crater Observation and Sen-
%ﬁ;ﬁk%ﬂﬁ%&ﬁﬂ%‘{ﬁf&ﬁ@?}%%, 1l LA Sy i A sing Satellite, LCROSS)HI)GiE%#E & 7~, Cabeusfiify
FORGERMABMANAR . BUERERNT g piieh oot woullkkREE . 450
REfE PR ORI HE K e E BB HER. KR /MT . AR g A 2 [ [ 5% 12 i % )R (Na-

= ¢ == £ = T I farey N
SRR U WA UAs BEAaYss. tional Aeronautics and Space Administration, NASA)&

IR X, T, BURT, S AT B R RIS, T E RN W S5 R0, 2022, 52: 214514
LiuZH, YeHQ, He HY, et al. Extraction and analysis of planetary volatiles (in Chinese). Sci Sin-Phys Mech Astron, 2022, 52: 214514, doi: 10.1360/
SSPMA-2021-0071

©2021 (PERE) FEHL www.scichina.com


https://doi.org/10.1360/SSPMA-2021-0071
https://doi.org/10.1360/SSPMA-2021-0071
http://www.scichina.com
http://physcn.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/SSPMA-2021-0071&amp;domain=pdf&amp;date_stamp=2021-07-12

XFAESE. FEEE WEY J0E RO 2022 48 2% 1

SRR 5, RER L 5 DB R S« H
i — 5 W R AR ISR 1 ) 3 1 e mh T s H R
Mo X O & B BT n, B AR UKERE™. H ERPIAR
TR R X B IR 25 At 4 R o S it T ORAF 26 1F,
ANRBHIR RN 75 RHE 3 7] (3.8-4.1 Ga)E 2 il
AT R RIINTT RS9 A AT K 034t T sk

BRI Hh XA i R R 41 23 A8 BT 3 2 A 55 )
CAWNBFTY, (ERA K H BRIE R 5 RIFAI ) i
] AN A L. T, X — ] R R Ft H BRI BRI
TAL I ORI 2. 18 BER AR it 70 B B e S, K
FHREN AT DL S BUK & BAA R = kAL, H
e K PH A B 4 R A A PR T H Bk L3 T
B RACAER, A AT R E % 7 R B X AL T 2.
AR, K BHRGEN S B K & AR H IR FE AR OE,
ALt H 3R LB R K & & 0] B bl 5 B RS B T R AR AR
. & F 2 FE B TR AS [F) 2 K & &, AT DR
TE K BA RA 3 N6 H A oK 2 & R K 4 1 2
Wi, 34 REA% P AA 0K BH X5 0 R o B AR BLAE R

H 0T H BRAOK R RIE IR A e, s H K
YR R 5y I LRI 2 A R, P DA J B T i
PR 5 BRI, 3 1T R i K PH 2R 5 0 4 o 4 10 40 )5
H .

HERSR T KUK IR A RS R R 0, il B AR
EREMFZE. LCROSS BRI 25 1 Jiit-Xil 7 (1) Ca-
beusHI K ABHRZIX, WARERM 27K 0K, BT LLK A2 X
B AT Re A KVK. H R 74K 2% (Lunar  Explora-
tion Neutron Detector, LEND)H T %4k th & 7R R 7K A
sz X 4h, FWE & H, #EELE &2 Y E
it P AR P A I, F R TR T AR AE I DR I UK, HEW
PR ] BE LLAN/INKORL I 200 AT 76 T $5erh, IRFPT e
BT 34, LCROSSE B B B 12 7R Cabeus I VK2 5
HEERAE—ER. HAh, KK AR IX LR
FERTAERABHREIX, 1 AT K A X # A
i I R R (FATE>100 nm 5 1 UK B0 R TH 1 %2 %41
TUKRL), 5 R i B 28 XK AR R A0, B
PAZKOKIRAFAE — &80 K AT IX, oy K A 52 X
I JE A, AR AR TAR AR BE . & DA S AEERAS (VCRE
HERA . UKE) A%,

KA LRI Fe A 9 H BRER 2 A AFE A K
), B CAEANT 18 H BRIKE . (B2, Sl FH H ek
KA GH AR RN 2%(Lunar - Atmosphere and Dust

Environment Explorer, LADEE)#&#k 1+ MR 1%
ACERIN B H BRAMER JZ oK & B R RARIG N, X AN 7K
BRI AT IR b UL 3 R R AR R A R
PO TE N AKX EE KR 5 BRI, a2 ui H Bk
A HIRAVE R EZ KK, 1 H AT BAFFER BRI K 5]
R IZISHERE, R H 3Kk AT BE AR CE K IR IE.
AR B AL b 45 R o I R B AL, el e
[ 2%, W AR R P B TS AEAE A B K A FR .

W BT H BRI R A BUR A K B A B o)
A RIS DA RS o) ) e, AT R R AL A
il 33 M R Oy RHAE R R e, R <Pk % 175 &
(1) H BR KA 4y 9256 (Lunar Atmospheric Composition
Experiment, LACE)ii {43 £ 4% #:  (1) H Bk A1 it 2
BT T RIAE R IE, (H e R A& ARl &
AL E R SR, BreA B B ATk, ERE A
IR AR B R T RE I BT R ACHE AT R I 4
RAY.

1.2 KREFELZFHRVEX

SR 2 BOAE B A e SR KR IR R ) AT
%2 . PIRKR A DU AR AN R AN R kb (14
. FrCALANASA N E B KRB, K PLHK 1
RNEBIR. ERCKREEBRIIRE K E 3 T R I
JESAYE AL R BRI, 2 fa <35 Meplid 5 8%
MR B R R I A KSR, <k BEMFRpESR
KIK R &R A KB RER E, <R 72
HRFK BN EHE T K EREKAFE.

RAE K BIRBKZ G, KRR 32 2 H brfe1a)
BHA. R AU A YRRIE W] AR R AR A7
fEE 2470 LA ML 2B M R I IR 26
JRAFERRFNRIR . 2 38757 R A e S AR 224 mT DUkl
PRI (1 AL AT, 201245 K B (14
SRR T BT A LA —— KRR S
= (Mars Science Laboratory, SAM), 7E — 352 AT
BB e s EAG LR AT AL, FH i e
i (500°C-860°C) il Z FEBUL Ak, SR Ja F A -
JRREACGHEAT 238, I T R (BRI ) 05 AR
N RAG S P A KRR SEA L1, KR ANEE X
1K ERIEBA R, SMEAEIR KRR
A IR B B ABh AR W DR R e, R B e T IA
(7.6+1.6) ppb, FIREARE L RRBEIIEE R, 31K

214514-2



XFAESE. FEEE WEY J0E RO 2022 48 2% 1

BGRR[0 F eIk B B AT Z 5 A AL AR,
FEAEE TR P, X R KR R A
LS.

1.3 /MTIEMBEFELSEMNEX

NAT RN B ORBH 2R 1 B A R A, AMEAD
KB RTE RI JRa6(E 8, Wam 7k
KRR EELR. K EARAEE KB R IR
R R AR Sy, B CLRRR It 5 K BH & U A AL 1)
“SEA

FEFER 53 710, — 77 TH KA AR f R YR A b o 72
il VAR EENER, 507, KX REENH
SRYEUE, T LAVE 9 N2 R A R P2, C2Bs
TR EMWAS, (ST BRI A, RUITRESH
20% 7K A2 4 R AT T8 1 FH ) 2 2 B )

HEENKHANEER A, BAMMT . B
Z . HXPEER. UK. BRI . B A
A KR E Big Ui H 7R 6], XX — IR0
WA A PR, B2 2K E 2 i Xy £ 2 w4 i
KPR AE AR, BRI A R % B B R
“HlEE”. HERPOANGRE TR KHNE = K
JRP. BRI B R A R AR R T AR DA
DX 3K, S MR B TR PH R L A R £ R,

KERX Cards ERKWMERY, & RREFE
KUK, N T UESEAROK AR AE, T ZKAE 040 30 %
1.5-2 pmPE B FRZURL, X £ 5 fiHale-Bopp™™,
9P/Tempel 1 230p). &67P/Churyumov-Gerasimenkoml%
BEATWLIAR R T AR K OK AEER p At . 7K
KA T B BRI, R FHERN B ESE
TR B A T 5 TR B AL R 7. B KUK B e 3 48
ARHLER FOKIORIEA EE S . L, SRR
B LR B R A B T NN R E B DUSOR B R BB
BRI .

R AT E TG S IR I AL S AR

2 EBERPRREE

R RTIRINIE R BT, SRR 1 i
FOHUR A PESE 2 Fh 5 5, (E 2 AR RN LA R 2 D0
A E SRR S, FEMBEZNEERMN. BT NE
NN ERARW A, T T RER, B2
DS TE SR AT BRI B B, 19755ENASA KRG
B T =N, Reks K B R ERE RN
500°C™. 2008 4ENASA K 5T Fry« KL 5% ok K J2 2 1
FLTE 2% 1 v b R DK AR XA 2 R G D A &
1000°C™, FAs FH J5 AR BRI 10 SMEAT 23

20044 KRN K SR (European Space Agency, ESA)
T FL6TP/ I B SRR U T TR B R A A
B, TE<B EERS S eSS A g DR T AN E K
SR HIG, 43l % ACOSACHIPtolemy, AEHEHEFE
A E]600°CHI800°C LA R A M &Y. 20114F
NASAERSHI“UF a5 0 T b KRR THE RS R
TEAEAE AT s ALRRE, SAM B % T WA v, &4
T ET A [ AR S N3 E]950°C-1100°CY. ix e
m# ) BARSH TS WKL

3 #ER7oH

BTG W] DAXHE R P 34T oM, (HZ2 2 AEE
PEHTET B, B DAEBEASIEIT i, B SO 2 ey
R 5E M SE B BT AOAX A, BRI R 2 AR v kR
MBGEAC . B ARE20 250 TS K
ST AR S TR T N TR A RN R
. R R VR H 75 A S 1 L R B [y
5 AT AN [R] T A 2 Al 8 HEAT 20T (R B4R, XL
(S VS PR 5 R0 Hh L T L, i R A
A& H B R, A Bt J7 g7 i AU
Gy ST/ o R B0 1 v o AR AN e ) B A I

Table 1 Heating temperature and material table of high-temperature furnace carried by planetary flight instrument
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FE i Hio 3 8 2 3 74
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Table 2 Comparison of magnetic field mass spectrometer parameters on Apollo 15, Rosetta, and Phoenix

2 <RI 2 1557 B gERE T K5
PRI H b5 AR 67P KE
FAAG I 28 ANF107" torr /NF107" mbar 1x107" mbar
R 3x10™ Aftorr N,) 10: A/mbar —
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Vg ES - 3000 (fi& R ) 5140
HE (kg) 11 16.2 5.7
4% (cm) 30%32x23 63%x63%26 24x23x18
& (W) - 19 13
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Table 3 Parameters comparison table of quadrupole mass spectrometer on Galileo, Cassini and Huygens
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23.3, W HPES A
i (W) 13 41

20.9, MEHT
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Figure 1 Schematic diagram of pyrolysis volatilization analysis of
regolith.
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FEESAHR 7Bt H BRI X #E 5 o7 1) — B8 A, 18 fir
AT LA AT H BRIRER 2 1.2 mAE e, A o0 FAGeL R ]
PAIKF900°C, [FII #8#k 1 &1 B ARG e S 1 4, wT
LAZ» #2200 amu 3% A 7y, % EA T EEAE10 ke
T, VAT RAETO WA

J&[E Open K224 H 19 H BR$E & A 5205 43 H69.(Lu-
nar Volatile Resources Analysis Package, L-VRAP) C. 4
HRIH T ESAKOR (19 BRAE HEGR AL 5. L-VRAP
IR FEAE 53 AU AN R FH 45 53 B2 R it
Z A IR LA AU IERE, SR )5 R Zh LA e
Fe, I A 77 AR R R . HER o o d
73 THI SR FH U5 T A 58 Gt (25 1 I I e ASC A i v 2 Joi i
%), AT LAGIH2-150 amufH5E K 55, R 2 AT 55 Xt
FER WA 8 S AVRRAE 20 B )R, il A A IE
LIEEOR, B AT BBk B R = BOR S (AR
EIHERY). b, HTFL-VRAPEG € R =4
R EE ST, AT RE R e AE H BR BRI RV EI RV (H
BRAE . FAb, IERAT S A B RIS ). 13T
HAT SO e ERAE10 kgL, FThEALEIOW
.

2 EINASATHKI20244F 52 it iy Bo] ELRF R #7° H 2R
THRILK FE 3 — S W 4% & 0 4RI 42 (Volatiles  Investi-
gating Polar Exploration Rover, VIPER). I H#R7ET
PRI H BROK B340 RIRFFI A, Horb BRI % &
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Extraction and analysis of planetary volatiles

LIU ZiHeng', YE HanQing'”, HE HuaiYu', SU Fei', LIU RanRan’ & LI JianNan'

" Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China;
2 University of Chinese Academy of Sciences, Beijing 100049, China;
3 Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029, China

Planetary volatiles refer to material components that can be separated from a solid sample as a gas phase via physical
processes such as impact and heating. On the one hand, these materials are crucial for studying the formation of the solar
system and the evolution of planets and their satellites. On the other hand, they provide resources for deep space
exploration. Along with the exploration of deep space in recent decades, the detection of volatiles has also advanced our
understanding of the cosmos. For example, the discovery of the Moon’s polar ice has changed the impression that the
Moon seriously lacks volatiles, the discovery of suspected biogenic methane on Mars has rekindled people’s hope that
Mars may once have harbored life, and studies of the hydrogen isotopes in comet 67P have suggested that most of the
water on Earth had come from asteroids instead of comets. The combination of pyrolysis in a high-temperature furnace
with mass spectrometry is the main method used to extract and analyze volatiles from deep space. This paper summarizes
the extraction methods used and the functional parameters of volatile extraction payloads in deep space exploration and
compares the performance indexes of the mass spectrometers used for volatile analysis. Furthermore, this paper
introduces some volatiles payloads that may be extracted and analyzed in future deep space exploration missions.

planetary volatiles, high temperature furnace, high temperature pyrolysis, mass spectrometer
PACS: 96.12.Kz, 96.12 ka, 95.55.Pe, 82.80.Ms, 07.20.Hy
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