847 % 4 2 1) BT i 7 Vol.47 No.2
2026 4F 3 H Journal of Chinese Mass Spectrometry Society Mar. 2026

K BIARATE T R E 5 T8t

e~ 1 1 > L1 2 2 1 = 1
k&, FEM, X X', HK®, K B, Tiw,
oo, AR, Z A
(1. B PR G4 LA 7, A 2300005 2. oh RRE R AR KA IR, SR04 ME 230026)

178  AATTEE R R DU T B T4 R G, S5 12 S TR L, RGUMI TR | W% iz
TTBEOE TAHTEREM M o TR T2 07 A5 R, DU N B R R AT A, (EA 5 1 H XA e 3
FA AR A B T B AR R, BT UARAT A 7 A Al o R 5 5 , i E LA DU RAT (QO) S AT e
BB (iq0) A1 RESE AT 845, Y AIRE d<0.476r, 1, PTA RN KRG 51055518, MERAHEATIZRI], H iql B
FE2 X BT 254 i T x 7 Tl SN RE, Wl A BT G R AR, A RACR IR RETE 84% ~89%; AN IRl BT HL & T i A%
RLES SRR, B T RE i R S R AL RIE , QO S A5 18 20T X [ 350 7 — 2 T i /3 2
(QUIIIRIERY 0.57~0.85 Fif SR PERE R A . AT ST R R DU AT B S5 A BT 5 1847 A PH AL S it B
RIS TRS %,

SKGE R« DUBLHT; B TGk TTRR AT B Tl ISR ¢ EILE

R E S 2 S: 0657.63 MR EE: A X EH S 1004-2997(2026)02-0175-12
DOI: 10.7538/zpxb.2025.0118 CSTR: 32365.14.2pxb.2025.0118

Simulation and Engineering Design of a Secondary Quadrupole
Ion Transmission System

ZHANG Xin', YIN Ji-fan', WEN Wu', YANG Xin-yu’, ZHANG Qun', WANG Li-tian',
YANG Kai', ZHOU Yong-shuai', WU Xing-ke'
(1. Anhui Wanyi Technology Co., Ltd., Hefei 230000, China;
2. Department of Chemical Physics, University of Science and Technology of China, Hefei 230026, China)

Abstract: In this study, the secondary quadrupole ion transmission system was investigated, focusing
on its design and optimization using computational fluid dynamics (CFD) and ion optics simulations.
The primary aim is to elucidate the effects of airflow distribution, fringe field penetration, and
operating parameters on ion transmission performance, which is crucial for improving the efficiency
and resolution of mass spectrometry systems. The CFD simulations revealed that the airflow within
the quadrupole system is generally stable, although significant velocity variations are observed in the
inlet and outlet regions. These variations affect the overall transmission efficiency and ion trajectory.
Ion optics simulations highlighted the role of the truncated quadrupole entrance in generating axial
potential oscillations, whose amplitude increases as the distance between the transmission quadrupole

(Q0) and the front electrostatic lens (iq0) widens. Notably, when this distance is kept below 0.476r,
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oscillations and fringe field penetration can be effectively suppressed, thereby improving ion stability
and reducing transmission losses. The inclusion of a hard-sphere collision model further demonstrated
that increasing the absolute value of the iql voltage can markedly enhance ion kinetic energy in the
x-direction, reduce beam divergence, and improve focusing efficiency. The transmission efficiency
remains within 84%-89% under various conditions. The performance of ions with different mass-to-
charge ratios (m/z) was also simulated, revealing that the ion transmission performance was
collectively determined by both ion throughput and focusing quality. The optimal performance was
achieved when the QO radio frequency amplitude was set between 0.57 and 0.85 times that of the
first-stage quadrupole mass spectrometer (Q1), thus balancing both ion focusing and transmission
efficiency. These findings provide a solid theoretical foundation and engineering insights for
optimizing the structural design and operational conditions of secondary quadrupole ion transmission
systems. The results obtained from this study are notable for enhancing the sensitivity and stability of
mass spectrometry systems. However, the current simulations focus primarily on ion transmission
behavior and neglect some real-world factors, such as space charge effects and non-ideal conditions.
Future work should investigate these factors and extend the model to more complex multi-stage ion
optics systems. Experimental validation is also crucial to confirm the simulation results and translate
these findings into practical applications for advanced mass spectrometry systems. In conclusion, this
study not only quantitatively identifies key parameters for optimizing secondary quadrupole ion
transmission systems but also provides practical guidelines for their design and operation. It
emphasizes the importance of controlling the distance between electrostatic lenses and quadrupoles to
mitigate fringe field effects, which is vital for improving ion transmission stability. These insights will
be valuable for engineers and researchers working to enhance the performance of mass spectrometric
instruments.

Key words: quadrupole; ion transmission; computational fluid dynamics; ion optics; fringe field

effect; g-value optimization
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Fig. 1 Fluid mechanics simulation model
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Fig.3 Computational fluid dynamics simulation results of the secondary ion transport system
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Fig. 4 Analysis of fringe field effects in the secondary ion transport system
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Fig. 5 Ion transport behavior and collision statistics in the secondary quadrupole
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Fig. 6 Distributions of ion velocities in the x, y and 7 directions at the iq1 cross section, and

their projections onto the y-z plane
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Table 2 Transmission performance of ions with different mass-to-charge ratios

— gl U T i idiq1 5 T8 iql T EA R
g-Value Tons passing quadrupole ITons passing iql Maximum ion displacement ,/mm
200 0.1 532 293 0.1816
0.2 537 452 0.1839
0.3 567 549 0.1871
0.4 489 482 0.1732
0.5 485 481 0.1743
0.6 436 435 0.1690
0.7 384 383 0.1815
0.8 324 319 0.1822
609 0.1 922 819 0.1837
0.2 938 934 0.1768
0.3 897 897 0.1612
0.4 896 896 0.1358
0.5 868 868 0.1324
0.6 839 839 0.1158
0.7 775 775 0.1146
0.8 689 689 0.1190
1200 0.1 991 967 0.1792
0.2 991 991 0.1701
0.3 992 992 0.1442
0.4 986 986 0.1174
0.5 980 980 0.1240
0.6 983 983 0.1080
0.7 949 949 0.0955
0.8 883 883 0.1079
2000 0.1 1000 991 0.1798
0.2 1000 1000 0.1410
0.3 1000 1000 0.1293
0.4 1000 1000 0.1194
0.5 998 998 0.1032
0.6 997 997 0.1004
0.7 992 992 0.0959
0.8 963 963 0.1008

i L6 25 1 (m/z 609), Hoids i 8 4 5405 o HL 3
ARARL, (R R o e 2 R s . X EZIHN T
BRI J5T H A6 R[] 56 000 L (RF) 25 R 32 21 1Y)
A8 T o B TN, DT B 5 AR R AR A 1AL 4
i, BE R, 7E ¢=0.2 I, iql B B K i R A
AIK ) 93.4%, B o far bb i — 20 3 K (A0 miz

1200, 2 000), & FFEHA™ q (E 0 BN R T
FEIE 100% 7 A% . 3K 56 g BT ff b 28— £ Y
WA N iz sl Ak T AR e IXCURAL, I FLAE 3 S He
T A B AR ) A A, NIRRT A
KATE B R, AR F i g BT RS B 2 A
MR TR, BRI, AN m/z B0l g {8



184

g e Wl 4B

AR Ak £ AT o B e T DO A TS5 o Ao U g v
R RS M XU AE - 42 5 SR URK, Hl i %
Xt g B AR B i T R BT A T R AR E X
FEE LM g KX AR FE S B R, X —45 Y
T SCOE T 30 G 8007 B 5 SRR DL I, S D) sz ke
T AR F SR E TR 22 5 H8 05T
FEF PAR FU2S A, W AESEPR R G, iq0 H
5 Q0 ANfFTE M E . il FIERMAME
FH R 5 5 S A i 48 5 i 5 A3, DA 4 BEL 44 7
iq0 1M JC ik #E A QO; 1 5 & F I gl it K, 2K
TR BN 0 52 W 55 /N, RE 0% T R Ltk A DU AT
X RIALE N TR, iq0 55 Q0 Z A1 Hi ik
S50 X B 3 1 A R R iR T ) 2k 00
{EAFFE R M), Q0 R G RN — % 125
R G SR AT 300 47, IS LA B A FE K
TRE DU ABE ST, 24 g {E4 0.908 I, Ty &5
FEL TGk 3 i AR AT,

BT S iql Z AL E R TE T
WL B Y S0 SR A S i e B A [ A 23 R R HE
F1 0o T BEAE R, SR R WO A 3 B 14K
W, 2 BB W B TR J S A M A

550 @ " 10.188
=5 10.184 &
= | RS 2
'3 450 ! 10180 &
< \ =]
= \ g
5 10176 £
S 350 =
& o {0172 &

250 . . ! —10.168

0.0 0.2 0.4 0.6 0.8
q Value

1000 € 0.18
— /// NN 9‘
Z p N 0.16 2
£ 960} &/ 3
g 8
g 0.14 2
é 920 ~ 0.12 o;\
= \‘ 0.10 =

880

: . . —10.08
0.0 0.2 0.4 0.6 0.8
q Value

Fig. 8

uor wnwixew deuwnxorddy

uor wnwixew dewrxoxddy

S S, TS SR A R R R T AN T A
OYHERI I E RN R Z — YET R B A
[N ) b e ey G 2 N B A S €N b
IF1] JR& 55 . 5 - UIE I B B A AR AL 2% R DEC, DA T
R AR 0T Bt 23 HE 2 o AN ) T o Lb B 38 5 iql 1
Hoit 57E iql Vi oA R R R oR TR 8.
FEA™ g (88 BN, BRAKTT fr HE B (m/z 200) 7 55
FAR 1 I Bk A, A A LS Y
O3 A B R AR 1 2 BB g (3 I T 52 9 e 7
B R, BMETE S g (AT, A BT
i KA 26 AT DR FE 7 B F W0 46 A A R AR
(0.071r) LA I o B ForfibRmym/NELES
2R E VIS, — O, & iql J5, B
(18 /D 3 BT 4% 5 - 22 ) A AR B AR R DR 5 ,
PRHF B F AR R AR Oy — 7, BT AR A AR
BRI, i — P ai /N T oA At . BRI, B
FEM g E A ER P PUBRAT ) 25 1 I e 38R, i
W RGAR TR B RGN BT AR R EE
F o BRARAY g {8 0 Y 76 DR IR A s B8 il 20
], A 8 3 62 R G AR/ e K23 A 2
o X TAR AT L (m/z 200) 5 28 5 6 L (m/z

0.19
b
950+ 0 -
§
= . 10.17 &3
z | - 2z
2 850F ~ g 2
g, ( ‘) 1015 2 &
= 2 §
= 'n R
o N Cié
: 750 \ {1013 5 2
2 \ E B
\ 5
w B
s Ho0.11
650 . . . .
0.0 0.2 0.4 0.6 0.8
q Value
d
1000f = = . 0.18 >
— N o
-z D .\ 0.16 Z &
E 990+ L% \ =
2 . ‘ 014 § &
o \ @ E
= 980 28
3 - 012 > 5
= g8 g
S 970+ b 010 2 2‘
\ \ B
N
960 . ! ' —10.08
0.0 0.2 0.4 0.6 0.8
q Value

E: a. m/z 200; b. m/z 609; c. m/z 1 200; d. m/z 2 000

8 AR qET,BFEiql FESHRAFLESERYLE

Maximum ion distribution radius in the iq1 plane and transmission efficiency at different ¢ values



524

3 EBE: KBRIUBAT & TR R G0 H T S TR 185

609) B -, q {HTE 0.4~0.6 3t B PN BE % 76 55 =5 1Y
B I 3R A AR R R AR KT R
JF A B B 184 B (A m/z 1200, 2 000), A0S 19 ¢ 1
WHYT RZE 04~0.7, A% IEETRESER
B, q (HAE 0.4~0.6 X 5] 2 B 45 A 10 e 4 1
il FEIX—JE P, AN BT AT L B BB 7R 3K
R uRE P ST VS S AN N T Y NN
117 5 A 8 9 A% i 2 % 5 5 ) SR KO o 7 =
U FE TS R Ge T, B 2 AL e DU AR AT )
AR HE A — G VU 5 2 BT A8 (QU) E AT 5 i
Fhifie . SR fk Q1 HAT R 1Y 4 B, i B
QI ) ¢ {EE M 0.706, X —BUE AL T B T
WM RGN PR ERGEEITT, QO
ISP R T R AT Q1 A A R ARAS o BRI, A
¥ Q0 5 QI AYSTARHL i LR FRTE 0.57~0.85 YL [l
P, LS B A AR O 5 R B RO P-4

3 it

AT S A 2 5 B O A S
BT, R T IR AT & F L5 R 5 h A
oA . ISR S s AT BB B AL S b RE
MLEE ML . 25 R R, PUSRAE
PR, (H A D5 0 X 5 A 7R 5 g 3 i A
b, Xt B i A R LA R AR A
FEAE A 1Ak 25 7= Az il 1) ol 35 35, L 2 B
iq0 5 QO [1] BE Ay 3% Jn 1y 44 5 5 24 [ 5 9% i 7E
0.476r, LA B, AT A 200 i1 2 3908 5 5
T ke 36 B Ra R I . 4% S R Rl 4 A AR o —
AR, iql mEX B Fahae . BRERS 5%
SR LA PR VR A iql AR A X PR AR &
I x 5 0 BRI T BOR S, (AR R RUR
R R AE 84%~89% [A] . /N [R] 5 faf b B8 7 1)
LB B, QO S LR S Q1 Ay 4 K FL P4
£ 0.57~0.85 i B, A 300 A 58 ) 5 f& bk
fig. 2% b, AFRAUE B R T IRPDURAT
FELEM SR G BT AR AR, ol 2905
RGN TR MR THEML T 3%,
ok A A S 06 U6 UF B SE R b R AR R A A A
2R T RS, LAt — 3 T i A K
MPERE o

S % k-
[1] JAVAHERI H, SCHNEIDER B B. lon guide for

(2]

(3]

(4]

(5]

(6]

(71

(8]

[9]

improved atmosphere to mass spectrometer vacuum ion
transfer[J]. Journal of the American Society for Mass
Spectrometry, 2021, 32(8): 1 945-1 951.
COOPER-SHEPHERD D A, WILDGOOSE J, KOZLOV
B, JOHNSON W J, TYLDESLEY-WORSTER R,
PALMER M E, HOYES J B, McCULLAGH M, JONES
E, TONGE R, MARSDEN-EDWARDS E, NIXON P,
VERENCHIKOV A, LANGRIDGE J I. Novel hybrid
quadrupole-multireflecting time-of-flight mass spectrom-
etry system[J]. Journal of the American Society for Mass
Spectrometry, 2023, 34(2): 264-272.

COVEY T. Where have all the ions gone, long time pass-
ing? Tandem quadrupole mass spectrometers with atmo-
spheric pressure ionization sensitivity gains since the
mid-1970s. A perspective[J]. Rapid Communications in
Mass Spectrometry, 2025, 39(S1): €9354.

YANG Q, HUANG Z, ZHAO T, JIN S. Simulation and
modeling of quadrupole mass spectrometer fringing
fields using SIMION[C]//3rd International Conference on
Applied Mathematics, Modelling, and Intelligent Com-
puting (CAMMIC 2023). March 24-26, 2023. Tangshan,
China. SPIE, 2023: 72.

HUNTER K L, McINTOSH B J. An improved model of
the fringing fields of a quadrupole mass filter[J]. Interna-
tional Journal of Mass Spectrometry and lon Processes,
1989, 87(2): 157-164.

CHENG Y P, SHENC, WU Z X, LIS, LIU Y J, WANG
H, CHEN C L. Simulation study of a planar quadrupole
mass filter for MEMS mass spectrometer[J]. Chinese
Journal of Analytical Chemistry, 2024, 52(2): 100 364.
JUGROOT M, GROTH C P T, THOMSON B A,
BARANOV V, COLLINGS B A, FRENCH J B. Coupled
gas and ion transport in quadrupole interfaces[J]. Journal
of Physics D: Applied Physics, 2008, 41(2): 025205.
R, UK ZE, BRER, H#O, B, E RN, IVER . R
() S B DU ARAT LA 5 o Y5 Bl PE RE (17 L[], ELZS Rh
HHAR2AR, 2023, 43(12): 1 003-1 011.

FENG Tianyou, CHENG Yongjun, CHEN Lian, DONG
Meng, ZHAO Lan, WANG Xinghui, SUN Wenjun. Per-
formance simulation of quadrupole assemblies with dif-
ferent parameters over a wide mass range[J]. Chinese
Journal of Vacuum Science and Technology, 2023,
43(12): 1 003-1 011(in Chinese).

YANGL, GUY, GONG H, LIU Z L, XIONG X, FANG
X. Development and research of the quadrupole mass
spectrometry simulation model with the entire ion optics

system[J]. Scientific Reports, 2025, 15: 7 510.


https://doi.org/10.1021/jasms.2c00281
https://doi.org/10.1021/jasms.2c00281
https://doi.org/10.1002/rcm.9354
https://doi.org/10.1002/rcm.9354
https://doi.org/10.1016/0168-1176(89)80019-9
https://doi.org/10.1016/0168-1176(89)80019-9

186

g e Wl 4B

[10]

(1]

[12]

[13]

[14]

SONG J, ZHANG D, DAI X, HUANG Z, FANG X,
TIAN D, JIANG Y. Numerical analysis and quantifica-
tion of transfer efficiency coupled with capillary and
quadrupole ion guide in an API-MS system[J]. Journal of
the American Society for Mass Spectrometry, 2024,
35(7): 1 497-1 506.

DU S, JIA H, XU W, ZHAI Y. Field-gradient-focusing
ion guide for enhanced transfer efficiency of low-mass
ions[J]. Analytical Chemistry, 2023, 95(3): 2 079-2 086.
WU B, HE X, GUO X, DENG F, SUN H, PAN Y,
DUAN Y, ZHAO Z. Double-helix electrode ion funnel: a
new ion funnel design with an extended mass range[J].
Analytical Chemistry, 2025, 97(3): 1 612-1 619.

HU R, GUNDLACH-GRAHAM A. Simulation study of
digital waveform-driven quadrupole mass filter operated
in higher stability regions for high-resolution inductively
coupled plasma mass spectrometry[J]. Rapid Communi-
cations in Mass Spectrometry, 2024, 38(12): €9753.
HAGG C, SZABO 1. New ion-optical devices utilizing
oscillatory electric fields. IV. Computer simulations of
the transport of an ion beam through an ideal quadrupole,

hexapole, and octopole operating in the RF-only mode[J].

[15]

[16]

International Journal of Mass Spectrometry and lon Pro-
cesses, 1986, 73(3): 295-312.
RET, BEER, AT, PME, FhaL L, HANE, EREE. T
SRS BRI ) DA AT B i1 G s S B it
5 EWF (], B2 Bl 5 HOR 22 iz, 2024, 44(12):
1 059-1 066.
GUO Qi, HAN Yan, YUAN Cuiping, SUN Wei, SUN
Lichen, MENG Donghui, YAN Rongxin. Design and
simulation of key parameters of quadrupole mass spec-
trometer for large mass detection[J]. Chinese Journal of
Vacuum Science and Technology, 2024, 44(12): 1 059-
1 066(in Chinese).
K, WL, I, SCE, SREE, EarH, Pl 2%
RGO, — S E TR | RE LY TR S5 R
WE[]. 24, 2025, 46(5): 580-590.
ZHANG Xin, YIN Jifan, YANG Xinyu, WEN Wu,
ZHANG Qun, WANG Litian, YANG Kai, WU Xingke,
ZHOU Yongshuai. Multiphysics simulation and experi-
mental validation of the primary ion guide system[J].
Journal of Chinese Mass Spectrometry Society, 2025,
46(5): 580-590(in Chinese).

(ki H 38: 2025-08-29; &[] H 3B): 2025-12-05)


https://doi.org/10.1002/rcm.9753
https://doi.org/10.1002/rcm.9753
https://doi.org/10.1002/rcm.9753
https://doi.org/10.1016/0168-1176(86)80004-0
https://doi.org/10.1016/0168-1176(86)80004-0
https://doi.org/10.1016/0168-1176(86)80004-0
https://doi.org/10.7538/zpxb.2024.0199
https://doi.org/10.7538/zpxb.2024.0199

	1 实验部分
	1.1 流体力学仿真
	1.2 流体力学仿真几何模型建立
	1.2.1 网格划分
	1.2.2 物理参数及边界条件设置
	1.2.3 初始化求解

	1.3 离子光学仿真
	1.3.1 离子光学仿真几何模型建立
	1.3.2 电极电压设置
	1.3.3 背景气体设置与硬球模型求解
	1.3.4 离子定义


	2 结果与讨论
	2.1 流体仿真
	2.2 离子光学仿真
	2.2.1 边缘场效应分析
	2.2.2 次级四极杆中离子传输行为及电压参数影响
	2.2.3 基于q值的离子传输特性分析


	3 结论
	参考文献

