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Abstract

The mass spectrometer, being an essential scientific instrument for uncovering the origin of the solar
system and life, has been used since the early 1970s on board spacecraft to obtain information of neutral

and ionized elements in the atmosphere and surface of the moon, planets, asteroids, and comets.
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According to the 4th Basic Plan for the Promotion of Space Development (2023-2027), Korea plans to
conduct lunar landing in 2032 and Mars landing in 2045 as the core goals of the plan and focuses on
developing the technologies required for unmanned robotic exploration missions. In this regard, it is crucial
to develop the technology of a mass spectrometer, which is the most fundamental payload for space
exploration for maximized scientific achievements, however never tried before in any domestic space
missions. We describe in this paper the principle of a domestically developed quadrupole mass
spectrometer, its prototype model, and the test results of its performance. We conclude this paper with

intended future improvements.
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H AHE HHE AL QUHh o] FolA E35] 25 AR B B4, &34, §i 59 di7]
o} A3 9 RO 4 R 2o gt JEE olF HA 2Asks EFelA 5T
o} ol5 flsf L&t B HAM(spacecraft), A=A orbiter), 2+5-A(lander), = 2H
(rover)ollAl A=F £41715 GA o) W5af Sich

dlE &1 20049 HARE 88 2FH(European Space Agency, ESA)2] EAIENRosetta)
AL 20149 14 67P/Churyumov-Gerasimenkod}t HE|HS E3] 2016W71A] 314
FE TAsHAA AF E47](Rosetta spectrometer for ion and neutral analysis, ROSINA)
2 9 FrplA &= HIESt] & sRMET 71E § S 22 BSSIeITHLLL '
3t Rosetta®] @|(Philae) 2F5A412 dl1id 67P0] 5=ste] A% £47](cometary sampling
and composition, COSAC)Z &4 BH A7 &4 9 FHbg B4 A=S 4545t 3} 9
2 HESto] ofe] SR RYISRIEES st 3] 20119 AR v= 5 =
(National Aeronautics and Space Administration, NASA)2] 3 BAF 28] FE QAE]
(Curiosity)oll A% Ak 2497191 sample analysis at Mars(SAM)S 3HollA] Hgke B =35t
o] §7] SRIEES ISl ANEEA FAlol dith TS &8 4ol v SItH4l
2013¢0] 2ARE NASAS] SMd 7] ©ARA Mars atmosphere and volatile evolution
(MAVEN)?]| &A1= ZZFE47] neutral gas and ion mass spectrometer(NGIMS)= ¥4 5}
49] ti7]et 715 gHgof gt 4 HHE 7] R A 1S5S 50 HY S
dE W A== TAE FB5IATH5] E 22 201319 NASAoA HARE & 2J7]H FA}
4191 lunar atmosphere and dust environment exploref(LADEE}= 2 #H 50 km A5l
A A7k BA47] neutral mass spectrometer(NMS)E £35 =0 2 ul]-Q- jdlst &o] tj7|7}
FE ol2AnY} FEHe)CE =] U= A HWHol o] 2ok 1997d0f LA
H 7MY -3 A(Cassini-Huygensi= 2004¥ EA] FAlof AYste] EAT F9H 485
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o] 2Ask= 571, cliElEA W 7S Hdlea SRMHES S45ke  Fig. 1014 Ee Ht
o o] 1970\t o] $E-2 9 FAROIA A £47]7F A= AT

T Fig. 19] d=F £47] AxollA B 20009t %5t Rosetta AF o|&oll= &4 A=F
917} 150 Da oJ3}, Eafso] 100 o]t AE=AHquadrupole) FekEAl7|9t 2}7] A
(magnetic sector) FEQ] A £A47171 2 ARGl oH, o]¢ EXSE §71E9] EAout
Zgo] vt SRIEES] 34 AF-E0] AREHA Ao 8= A% He= 1,000 Da
oW, BT 1,000 oo 2 SE i, o] 2EHolut H|GPAIZEEH (time-of-flight) 4]
£ o83t A E47150] Bol AREEHI e AS & o Atk dlE S BlE AL A
15171 AT Al AmkA(ExoMars) 20229] roveroll= SMdollA A ABAE 2] gt o
go] Ygko g FARFo] 1,000 Dadll 012+ 7] RlEs ST ¢ e AgEAVIE E
A5k ok

A42} ARG 7124920232027 )M = Seuet A 717 AFEE
=Y WAAE o83t Bt 3Md AE, o& A%t AV S E BAISkL gleH, Ty
|02 =g WA ARESto] 2032|0] AHEAS HUl © "ARE sk, 20458714
M AEAE Bl A 0E FHoj itk HEo] 5 7IEAg0s et S5s/EAE A
T= FXIoto] iF o g2= 95 FAF 7IREE: 2/d0taL, tiejd o R A E S EEoto]
NASA, ESA 59 570 AX=59] 434, 3Md BAF 5ol ofskes Hehs g itk

oo} -2 ZUj Q] § HAR] A7 T} S W ke ARtehd nlE 5 "AR
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Fig. 1. Major milestones in the evolutionary history of mass spectrometry, applied for planetary

exploration (Adapted from Arevalo et al. 2019 [7]).



J. Space Technol. Appl. 3(1), 86-99 (2023)

2. Hg 24719] A&l

71 gt B AlRE A 241 2 Edlishal ol 28kt & &
Qo 2 Almof off Aol dupt E3tE o] Q= A& F75k= Ao,
AFEA7]= Fig. 200 BRI Hiel o] (1) $UE Al=E o0& THEo] F= 9]
](ionization source), (2) 0|52 A E BYRAFE A= B8] AX|(mass filter),
) AR £o4 ol2ES HAESke HE FA(detecton), E (4 BE71°MA Eg== A
SEE FHst] A AHEYRE Adsks As 3 9 AHEA|(data acquisition &
processing uni)= =, o]ejofx o] 23} A4 B ol2ES AT 28 A7t
A ZE&H o= HEsly] Azt o] WZ(on lens)Ht ©2 71o]E(ion guide)7t B a3ICHS].
SHH, AV APolM= F7H o E tdtt FHIQ AlmeS A o8k 4= = = vt
E0JA o] &3} AR FYAA F= Alm =Y AA(sample introduction system)Q} A
22 AAY A&7 5ol 4T 7 U IFEE FABH| S5t AFAIARE oA 495
ofof gttt AFEA71Y S A= xFH2 Y, y52 SHH 459 F7|(intensity) £
AEl= A AHEY O R BEET, o] AHERS Fofl ARE F5He =40] ojd &
oF P A, ZF JEELS o A= XFE o Q= AE & 5 ok
AFA EAo] 7hssitt. A 41719 8 G4 F2ol oigh A2 ohaat 2k
(1) o3} ZA|: 95 HARE AFEA7| o= AR AHAA 71 & 34 71A% &
EA1A 0]238} ok= El(electron impact) #419] o] &8} 2|7} 2 AR E=], T
o= 71£9 E& 7IolA ARE AAPA7 = E AR B=(thermal emission) ¥
vl o g2 AE BPAE & e BAUEREE o83t MAAAPYEfield
emission) 419 EI gA50] 7= o] AgAl7]o] ARG L Qlch
(2) A &2 A gt o g A= A B A ole A=Al ol Ef, HIgA]
7F SBATOP), A7) Al 5ol =t 43 40l FAR A8 EAZ A=
Ao}t o] Effo] =& AMETE T P2 AEA £42& BAH: dF-=e] Eot
AHA A% o] Edi(linear ion trap)o] 5 FAY ZEF7|%= Tt
) A= A AF A= AASH B electron multiplier)7t AREEH, 224 tiH ]
4
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Fig. 2. Components of a mass spectrometer.
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+Upc + Vgp cos Ot

_UDC - VRF cos Qt

Fig. 3. Quadrupole elements: (left) side view, (right) cross—sectional view.

Fo= o} BelRtHol. Fig 39 AEIA told A m, Ml ZeQl o] 29] L5
o237 22 Mathieu P& 402 SFojAt,

d?u
=t (a, — 2q, cos 28)u = 0 1)
A7 us T4 FOERE HI (x,y)°l1, & =0t/2, a, = a, = —a, = 8ZeUpc/

mrgQ?, qu= Gy = —qy = 4ZeVge/mr§Q* o™ U,V, 1y, Q= Fig. 33} o] 2z} vjoJo]A
(bias) AY, o]Q FuRP) A, wefe] ¥HAE 2 RF Fuj<rolct. 4] (1)9] Mathieu vl
B gae et 39 a, € g, HYol thal Fig. 49+ 2ol urt F4% FHolA 155
£ E AE 7H 4 Qltk olE 9 Fig. 4+ Fig. 59F 2o] o129] H&F m=50 amu, &
3} Z =1, olUAIE= 5 eVE 7FE51aL, Mathieu A% ¥1H8A(a,/q.) S 2/7E 1AL
o} mass filter HolA q, 2] HE}o| TE 0|29 HolZ3E=d], q,7F 0.6914 0.7 A

5] eXke)

U stability diagram®] QFZ2Q1 oA EePget ggoz Hol7ls AL & 4= Utk
Fig. 6& HH PYE 19 W= Upc 2t Vep 7t 3710100 et A= A & 5 e,
13 BEOA FgE 2] m/z Eo| FolEA HER o] BE-E o] 8ot A7Fo] Holls2
= 2 3 ® ER
q=0.6 “G=062 " “gE0B4 T TTg=066
0 A
= i i " i & -
DIRE EDXXE tPI1E DR
4=0.68 q=0.70 q=0.72 - g=074

Fig. 4. lon response according to the changes of RF-DC voltage (., a,) with constant ratio

of RF-DC (ay/qy = 2/7). RF-DC, radio frequency—direct current.
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" Name Expression Value Description

re r0*1.148 0.004592 m |Rod radius

0 4[mm) 0.004 m Inscribed radius
rsrc 0.4[mm)] 4E-4m Source radius
rcase 3.5%e 0.016072 m | Case radius

Lquad | 130[mm)] 013 m Quadrupole length
E] 0.2 0.2 Mathieu coefficient
q 0.7 07 Mathieu coefficient
f 2[MHz] 2E6 Hz Frequency

cmega |2*pitf 1.2566E7 Hz | Angular frequency
mi 50[amu] 8.3027E-26... |lon mass

Vac g*mi*omega“2*r0*2/(4*e_const) 22913V AC voltage
Udc a*mi*omega“*2*r0~2/(8*e_const) 32.733 V DC voltage

A 5[V] 5V Accelerating voltage

vx0 sqrt(2*e_const*A/mi) 43928 m/s | Initial x velocity

fd 1[mm] 0.001 m Fringe field depth

tp Lquad/vx0 2.9594E-5s |time of ion flight

rft 1/f 5E-7 s time of one RF cycle

rfn tp/rit 59.187 number of rf phase chan...

[ : fixed parameter [__] : variable parameter

Fig. 5. Simulation parameters.

(a)
20
— Stability diagram for 19 amu scan U bl
Stability diagram for 32 amu scan nstable zone A U
y iniaotas nstable zone
— Stability diagram for 37 amu scan (By imaginary) :

"""" i imaginary)
- Scan line (DC/RF=0.167) (Bx ginary

Stable oscillating

: i
() : I I ' I I

0 13 26 39 52 65 78 91 104 117

DC voltage (V)

(b) RF voltage (V)
—
< 4= 19 uscan spectrum
% ~— 32 u scan spectrum
g 4 4 =37 uscan spectrum
2
L
< 24
3 A
0 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45
Mass (u)

Fig. 6. Mathieu stability and mass spectra analysis of a quadrupole mass analyzer. (a) Mathieu
stability diagram calculated based on the quadrupole and RF-DC power supply developed in
Young-In Ace. (b) The experimental results of the corresponding mass spectra. RF-DC, radio

frequency—direct current.

=Y 5 AUtk wEbA 19 9] 3L} o] SCAN modedllAl Upe @F Ve o] HIE 2ASHA

FAISHAA o= viE offjo] Qg E s JFS Au=s A7HsHH AF of Ast vl(m/2Z)

7} 2 o]l FEES BF &A% £ 9lo, T Uy & Ve S 145} selected-ion-

momtormg(SIM) LOﬂH 573 ’Eﬂ‘ﬂ«l 13‘4 F=¢ & Utk 53] SIM 2=oflA DC A
S Heloto] HET 4= Sk
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3. AtS=A 2 247| Hd 22| M

Mathieu P2 37g 4]0l oJstd $4 & F99] Zdld =2 54l FEHE 7HIAT o
& W2 & ne ek AA 519 ol2o] TS IR PR shd 249 o
ellA 7hs-e] HelE f13f grie] e 959 2= 7PIE 4= St Mathieu e ®7E4]
o] FgE ol RkgZ ARt A=A Al AF Hiflet Eollse aLefste] Ihds] o

Upc =VVrr +6 )

Upc = 1.212mf?r¢ (m:amu, f: MHz,7,: cm) (3)
Vip = 7.219mf21¢ (m:amu, f: MHz,1,: cm) )
E;on(eV) < %fZLZAm (f:MHz, L: cm, Am: amu) (5)

71A Ejon> 01 AL AR 518 H 9, 1o rod aperture BHAIE, y+= DCet RF2
H|, f(= Q/2n)= RF ok, 9 L2 rod?] Zololtt. 6+ AA| 7id= DC power supply
9] offseto] &3] 00] ofd ¢ EAY5E7] I3t offset MIA|EA parametero|th. 4] 3) ¥
()= A4A A (1)ollA 71&3t Mathieu equation of charged particle motion®] EA5k=
Mathieu normalization parameters a, @} q, = ZF 0.237 18|31 0.706°2.2 17(stability
diagram®] g @ EHS, o|EFoE TR Eols AR)oA As=AE 15T
ol B33 DC ¥ RFE F2 ARE= 992 B8R 4ot} a, = 0.2372} g, = 0.706+=
@=AHmonopole) ¥ = Hdipole)’t = 7 o FAQ] ARs=AF ZElE oA of
AAR}F ANt siFE= gholt). Rt o= et AAs=AtE = 7H, £H
TAEA 59 FAAS 185}19] circular = planar-type rods FE|Z tARQIELE whek
A BRIl Bl whet stability tip®] a, 2} q,, el VARl itk 254 gEAH A
Al AlEdeld 2 AdE & wiofl= wEE AHUE S35 Y BRG] S

AA] AZOA rp= 0.4 em=E FFE=T, ©li= RE-DC power supply?] &8 A9 447+
FoRE 1EE golth &, 3) € @) Ao 2 RF 22442 Fui4=9] Aol vl=Hs)
A ARARE 2] AlFole BlFstEE A&t 7Rs3t AlFe] RE &9 ASto] disf & 24
Sto] =2 AR RIS A= olREE 40| 7FsSHeE SiltE ® 4] (5)&= FHTE &0l
I dolE 4A 55 =2 HolsZ 20 et Aol dis) & 2ol d &4 ke A
ToflErt. 37HAR1 Aok o= Qlsf| HolE Folof 3thA FulrE VIS EN Eolls=
A 2T 5= AUtk o] AF, & RF AYo] AAok sp7] wize] o]ZA& £017] Hsix=
As=A] T (apertureye EUCEA & REASS ARG ®ISIte g 2482 5= 3l
t}. Table 127y, f, Am 9 LE 30| UERd B} Zho] AT o], YAR== ov#]2] 3
& %912 DC ¥ RF AY9] 27|& HojErh

A=A S €171 HoiA= ol2io] A=A AR SYoE 22 v} 1
AZo7 S50l =E Aofgj|of git}. Fig. 72 o] §e] HkAlE 2715 0.5 mm, 1.0 mm,
1.5 mm, 2.0 mm=E ¥4I o ZH2 53kt S BARE Aatolot. AgRA719] A+
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Table 1. Design parameters

Rod Z0](cm) 8 8 8 8 8
Rod inscribed radius(cm) 0.4 0.4 0.4 0.4 0.4
Zlzk 2is(AM)(@mu) 1 1 1 1 1
RF ZIi=(MHz) 1 1 1 1 1
Mass(amu) 100 150 200 250 300
DC peak (V) 19.39 29.09 38.78 48.48 58.18
RF peak Hf(V) 115.50 173.26 231.01 288.76 346.51
A= OlHX| &2 HRl(eV) 1.60 1.60 1.60 1.60 1.60

RF, radio frequency; DC, direct current.

1.0~
2 10 (a) 2 ool ——0.5mm (b)
= 09 = ——1.0mm
a g 0.8} —1.5mm
E 0.8 .g 0.7+ —2.0 mm
g 0.7 S 06}
c
5 os S 05
L2 r [
2 os 8 %
€ 04 g 03}
% = 0.2f
0.3
I ~ 011
= 1 Y S S S A S S S S S = 0.0 L L L L L L L L )
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 01 02 03 04 05 06 07 08 09 1.0

Beam radius (mm)

Fig. 7. Transmission probability according to the changes of ion beam radius [10].

b
o @ 1.00 (b)
[
N S o0es5|
\ ©
-]
© o000} .
o —0.3 mm
=
S o085 —04mm
3 —0.5mm
— ——0.6 mm
€ o0.80
(]
\ =
\ ’y/“ A E 0.75

S 0 5 10 15 20 25 30 35 40 45
Cone angle a (degree)

Fig. 8. Transmission probability according to the changes in the ion beam cone angle [10].

At A=RoA AFEA719] A+ TG A7of o]250] Sol2thal 7MW o2 |
o] Wix|Fo] AZSE 0|59 5 FEo] FAashk=t, 1ol ¥HFo] 0.8 mm °JHi°]
kil /\]'%'11}9] AAAKGC] REEEANE o] BAE Hol7bd AFEAl7]o] SEste] &40]
Rt 22 & & Stk &, AgRA71Y ot Ad AIRFo)A o2 Hlo] S-S
0.8 mm °JHE &Y = ULF Z Aolgttd ARS=A2] A Aol tisf ol ®lo] &4
flol s} 7RssHA =t

o2 #=o] HAE fls AAFS] HFo W o2 W] 5 TES HARHY] Fig. 89
HERHICE Fig. 82 o2 §9] HIAEL2 0.3 mmollA] 0.6 mm, 2| ¥EZHcone angle)S
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0°0flA 45714 HSPAIAZFH 2] BARS SITE o] 43| BARS] Atz o] HEx]Fo] #|
A5 99| cone angle°] 25°Z Hol7hd &40 A IA AT A & 5 9leH,
55| HHAIE 6 mm, 45°9141= 23% ol EAEo] TAsH Fot. whA A7) ATt
At A=R = QA R19] cone angle©] 20° U]FEO 2 A|o]E] =2 Ffjof Jict.

Fig. 9% o]9} &2 4] HAR| AWE HHget HAIS v o® A A=A EoiF
o, Fig. 10 AR A=A 52 98t RE-DC A 32 (power supply) HEolch, A=A}
o] =3t RE-DCE S7Isk7] sliAl 5= Alof(main control) boardE &3l PID(proportional-
integral-differential) A|°1& 4=83tct. o]&gt PID Aotz 4= ms W= L=, 1 % 10-
30 ms &% o2 AF S Heth FHol vt dEvle EAAF RE Eeoldr1 B2
AR E= 00714 10° counts/s7HA] Aol & fAIEE 2
, OFdR T BEE 10-10° counts/sofl thafl #-g0] kst

£8 A%o] 7Ks), -
2 ehgo

l!.',a“

SLEEN

%

\--v

‘Iv;r

]

E

e
Q.

TANKCOL

ORVETRANS

oc2w xsz .

Fig. 10. Quadrupole RF-DC power supply board. RF-DC, radio frequency—direct current.
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