) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070301

ST IR

¢ 1E Paul (R S A B TR ERRS SR

KEF2
TR

E )

B A 18 )

B 4 O

FTERY RAHERY

NN

1) (FHERFYHR, R FYHE R E A0, JL5 100084)
2) (W ERFEEGE YRR, LT 100049)

(2025 4£ 10 H 12 Bk, 2026 4F 1 A 14 HUE B k)

TEINES B T I 5 T HOR T, X 24008 TR G KRG BB TR H 4530 U1, AR ) 2 A 50 X 45 8
Ry B A R S AR SR B - JR IR A B, A 1 SO B B B0V 201G STRb ST A R TR L
AR IS F L RO, (N =12, ). ZESRAELR AR S B b 3R B 43308 D5 91 14 A i 2558 Bl 0
R(~1:1/2:1/3: - ) WA N U 2 B0 WD AT I ] 3, UL ) b R 2 53 B T B B Y
B4 STRT B FAEHUL S B T EIR U 19 Mathieu 240 ¢ RRGE X (g > 0.908) FHREPRIGRE INEE. 724"
JEH R E S BUX N, W E BB 15 5 7F ¢ ((RbT) &~ 2 Ab EBLRUR BN /N, 4H7 W, R IX A 4 | 2 L
A VA ARG R 0 22 A0 1 1 A ) I T A B RN 5 i A S A R D TR T DA A S S A DR T S T
SRR, T EOHRR . ASCIR W] TR T A A 2 400 B 1 3h ) 2 b i S AR T, i IR R
PRI R T M S A0 S5 TR BT S R i Tk A

KER: H-E RGP, W HIE, Mathieu 2%k, ®ATH R, S804k

DOI: 10.7498/aps.75.20251381

1 5 =

BT PPN TR R R R TR B AL,
TSR RO . Tk, 241
OrE TR R, it TSI T E Y R
B SAEAR L, ORI Ti%F 5 R B A S
FORRETs, AR H— R VAT S O] FE 105
BREh AR TR 2O S U R
5, AT X ICTE B0V SNSRI 58S T R
WFSEIRCR AT RE; 7R B 5250 % 55 B TR DTS
Hh, AR Z N BB R AR N AR S 2R R TR
ZH A BT B PR BRE TRRSe .

CSTR: 32037.14.aps.75.20251381

BT R RA AR — TR I
AR, RO — T BT (18 a1 ul
PRIEE 1) SRAMBEFER R (DL e 1) PriE
NS T[] — S4B b AR B2 Ao L 2 )7 A
e Ho—, D2 T i A, s Bl
XF G B 1 N AR T A AR B S R T
VLI VR KRR E 1 i R e, i i
FEN RS B B A4S 50 BE , A B
TR R AT FERT S AMEE, TR G AE R G it
o SR E B A2 W S IE T 5 10, XL hE
DAL A S WS R RS i N i 7B N
- A A SR B g 2 B e S e )
IE_ [7711].

* bR FHAARRE RS (IEHES: 1262044, 1252033), T EIMIZS BHFREA (FiEES: 20230022161001) FIEIR A AREHE S (HEHES

61975091, 61575108) ¥ B,
T iBIE1E#E . E-mail: xuep@tsinghua.edu.cn
1 BIE1E#E. E-mail: zpzhong@ucas.ac.cn
© 2026 FEYIEF% Chinese Physical Society

http://wulixb.iphy.ac.cn

070301-1


http://doi.org/10.7498/aps.75.20251381
https://cstr.cn/32037.14.aps.75.20251381
mailto:xuep@tsinghua.edu.cn
mailto:xuep@tsinghua.edu.cn
mailto:zpzhong@ucas.ac.cn
mailto:zpzhong@ucas.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070301

PIRRIVS AN o — RN BOAR, 8 JCikE i B
RO BRI A B T, i id 5 —Fh O A
(2 AL AR HISC B A B i 020 R S
TR HOLHE LRI L 0 T IR RO RE
77, i 35 B RIS LIS AN TR B 3 h 2 AR 1
P R o SCBERiT B AT, AHOCHIFSE R 2 S A
WA ETHRRZ b, MEZ 2 H AR BHE
FINMBEFRA. R BEZHNMEIE, A ERWIHA
FORWIRE ST, I T RGN S T e

TEAE B TR LS RARY BRI, e A
CATAET NI B ARG E TRB R T RAME S
FUE R OAFR R . AT I 2T AR ) £
el " IURRY, B ) B RE S MR S S TR PR 2 4
OEETIRRGE, Bl X G2 B R b i & Ha i
AR Z AT B TIAR . R R IIITTEAL
Je Al A B T A BRI 1], SR T
THOML B 2 R AR B G 0 GRS 8 1
BF R NS S SN R PR AY S -, n] RO B
Hay I R B TR ) 2L 70 B T RS, AU R ARER
BN AR, X — T AL B IE 2 4 55
JEA A B AR BB AE SR SR E R S I 1 O i
SR 17, FHOC R XU R AL AR | Sl
SR TR BA E A 101,

JE Z B TR R AR TR B SR I
HA SR B R DI H, A A B S8 R A ek
i BN, FE T AR SR T, IR A TR T
FAAES RO HARES T ROTERE 1. Ik, infer e
U R Z AR REFAHTSE T, SEBURRrE 28 110
VPR S RGHERSBR, CC B T BRSSP i —
AN RBRA L FEX —F 5T, PR R TR
PRX FHERF R T RGN LA | RTHOEIE IR
JFEBAT AL T 20221,

TER TR, ZME T R OS2
RILIREEARZ 24T . SR, A IR &2
FeT L S BRI A AL, MELAVER 1 1A 22 401
T RISEPRYBRIEIR. AR, ST E A °Cat-
TBet XULH 73 2L b A v WL )42 1] 2558 S AR A
P T 7 2R A LR AT IR 291, SR W 45 2800 A
A2 SR, X T 2 BT AR A i 22 4y
BTARR, HARMRS 12247 AT = R GENER) S8
e

AWFTEEET B - R A PR, Wit %

S5 L B REOE B 898 STRb JE T, il £ T B fr He
EEESMME L (SR, (N =1,2,---)).
I A B AR SR AT R S PRI, TR &
Ay At [R5 T 2 B TR R B
[ NESREE, Bt — S8R T TSR S
VeREME B PR BR I SE 6y 75

ARSI T B IR IR A BRE G . SR
B 2 B L T SR [24] W A, PRGN A T S
Mk [25]. A7 EA M T, 1208 R AR U A R T G B
MLt Paul B, Ji+ = B+ 7625 1 EIL
farrt 2 E A0, B R D NERE RN
90 mm ., = E 2R 74 mm ) 2R R AR RETE A
B, BOCBE R ERES BN T - ¥R
BN N 1x108, ¥R F 1% N (2—4) x
1019 em=3 | BT =10 1/e 424K 0.5 mm, &
BE T 2520 200 pK. AL Paul BFZ5 146 5
VURAHEL A TS FRARAT . P FEL A A T
41251, B A AR AT I BLAR 24 3 mm, KN 10 cm,
FFEIEE 15 mm; i B B PR E AR, 42 10 mm,
iR AEY 1° PFE O LA RIR, Al akk b = A i
L, P v F AR e R R 10 em. T
YRR, PUGAT B — XS0 +Ure , 5 — XT3
AHSIHI —Urp , PR i FEL BRI 2848 ] B9 1 F e, DA
DS F Y INEE 5 S . 26 Paul BEREE 210
0.7 eV, BEINZE A i K e F402 0 100, &1l E
E10°—10* K ZJH). EFEdRitSEsek s
R B (D Nion M 478.8 nm) XA HN R T 47
WAL B, WIAGTEE H R - B R PR
5 R ARG

B B A () 5 1) 38 8 LA RRE (i, 1
Az, BRDURR AT A4 7 1)) A1 2 3 B A (48
55 DUBR AT BT SR X AR m A T TE R
= (r,y) RME, Hor& o 5 y 588104 58
BRI BB B B iR 5y 2627
22 — g2

o

U, 2 2
+/€Z](5%ND<Z2_$;’Z/>7 (1)
Horp Upe M 8005 5 B & IR BEE  Upnp M St
AR it fin A B LAY, Une A AV BRGS0 47 (1A W {1

@ (SC, Y, z, t) ~ [UDC + URF COS(.QRFt)]

070301-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070301

HL . (RPIAZS S I PRIR ), Ore R INEESSI 1
FAPTR, A SCH FIr A 5258, T8 Upe A Upnp 14351
S0V F90.0 V. [AIZE 545 7 W (B FE R 0 A A1 3
AR G5 R E U8 1. 7o = 9.1 mm R PUZK
FEFE BB TR ORI /NI B, 20 = 50 mm Ky
ity L AR B 5 S - B O I R /NI S R = 0.065 /&
JUAAT 7, B+ PR LA, 3 3 COMSOL
Multiphysics #4007 LA E .

ARSCHYZRNE Paul B4R () AT 1) BHR 231 Ay 28]

2772 2 2
_ e“Up exkUpnorg  Ugp
L 202 2 2
mrg2xe 22§ o

D, = keUgnp , (2)

Horp e HE TG, m NE TR,
TEXAER S, R8s T an i & 240
BTSN T N MEEL a, g, Z1E ) Mathieu
Jr Rtk 2030 BARHE UL (3) 50 Herp, g, 28
SIS AR Qre FIHRIRE Ure EAEARDC.

d2
u(;) + (ay — 2qy cos27)u(T) =0, u=x,y,2, (3)
dr
T = (Rpt/2. a, M q, N Mathieu Z%{.
4€URF
r — —qy — s 4z = U, 4
¢ Oy mri 22 ¢ =0 (4)
a. —4erUqpg
Go =y =779 = mzd 2% (5)

MEF PGS BRI E Upc = 01, 2F—Fa5E
XTI T g =0, 85T ¢, = 0.908. B F 4
[i1] 732 B A Ay 19:23]

o — @ _ 46URF 2/27 8I<66UEND
" 2 mré 22 mz2$22:

~ (ﬂeURP ) (6)

mr% QRF

XANES T HIAR 1) s SRR, TR

f . V2el
TR IN, FT LA, i LA 2R wr ~ (m;()l:; '
0
TRl ) 7 32 ARy 1929]
_ [ 2reUgnp
Ye T mz2 (7)

X T AR SR04 2 Al ) 5 08 SR w,
255 10 kHz, B 10 18 SR w, 5 NEE 5
WA SH Ore, Ure K, 58 F TR EBURR L,
I, (6) =K.

TEZ 7 B FARFR T, Q] SE I R R 2 25
THORTBA U0 54845, 2 il oA 0 Sy it A 42 il
SN ORI, BA B FREE AR Z M2
B, Horb i T IR O R ER R O s LR S A Y
U PRI I A 32 . X2 vk R ELE L RS
() S g BRATL AR SE B 57 B8 SR Sl A S LR B (i F%
UKy 38 Ao it — ST R L 0, R B
AR, KB T2 A RS . S E R
S RSP R ] DA AR A AR By Y 2280 (1) 4n Sft
AT IME R, RSB < EE ) B2 2 8] T i 15
FRIB IR AR BUEERT, UK BS Fis SR IR

EROGC, BBk, DA S B R
SCHR [31] ARFRER I, SRS ST LU AL 5K
7.

VA S5 4551 47 V0 90 256 308 2 1 T B - W 4308 B
AR, H SRR B TR IS S A A2
B R R, AR, Y STRE N B
FIB BRI (BAlh 2 45%) B, s Mk
SRR B ok . A, %R A Mathieu
Z8 q. N V2, AT

U fRe 1, Sk
wr R g =

2 2
WHTFTR, ¢, > 0.908 B}, B+ L JCikAa e [AAE, ik
17 1% JC B3R F DN AR 5001 7 0 ke S 50 R 1) 52
YO HRIE . P A S U0 X838 o X A S AT A T4 R
AT ST, LA R 5 B ) S Rk R
;l:ﬁgﬁf [31;33]'

BRI AR 1 iR, BT R REEBE,
BRI T BAE; RGO CBET S, RIEHT
T BT S B, DT A5 R A B HURE .
S BV IR — BERHA] Tree S, RIS DG AT RE
BIF . HL B O A E ST 3 A AR A e H B (T 1Y
Endcap?2), Pf457 (A2 5 37 10 25 38 18 A 79 v FL
e (B 1 #9 Endcapl) JFa, B B 252 248 )
PG T A ) RS E L, W b e B S 1) G E A Y
BT Rl AR S, Lot s AR RO R AR
5, HEA R 7 RATH R B (E 5

PSR AT ] BT e, A ORI0 38 7 A Xt
PRI, Fob, AT A (A1 A0 Y 1 (350 1) 5
JE A v FLIGE I8 5 T QAT (R 504 i i e (33 0
2) D5 R A Ik LI 4 5 . FRATTRIT I T4 BY 3R,
T 1R 2 430 T JE T R B SR S
S TFETRbL(N =2,3,---).

- ¢ =V2.  (8)

070301-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070301

Time sequence

Rb loading 35 s

Treac = 750 ms
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Fig. 1. Time sequence. Load the magneto-optical trap for
35 s until the cold atoms are saturated; then turn on the
478.8 nm ionization light and the ion trap. Keep the mag-
neto-optical trap, ionization light, and ion trap on together
for a duration of Tieac; then turn off the magneto-optical
trap, ionization light, and the endcap electrode near the mi-
crochannel plate (Endcap2), and export the ion time-of-
flight mass spectrum. In all experiments, Tieac = 750 ms.
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Fig. 2. Total ion number as a function of the Mathieu para-
meter g, for atomic ions 87Rb™T . The total ion signal was
obtained from time-of-flight mass spectra. Each data point
represents the average of three measurements. Solid dots:
the g5 (87Rb™T ) parameter was varied by scanning the fre-
quency of the trapping RF field while its peak RF voltage
was fixed at 140.0 V. Hollow dots: the ¢z (37RbT ) para-
meter was varied by scanning the peak RF voltage of the
trapping RF field while its frequency was fixed at
350.0 kHz.
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Fig. 3. The radial relative trap depth of our linear Paul
Trap as a function of the Mathieu parameter g, for atom-
ic ions 87RbT . Solid line: the gy (87Rb* ) parameter was
varied by scanning the RF frequency with the peak RF
voltage fixed at 140.0 V. Dotted line: the g (87RbT)
parameter was varied by scanning the peak RF voltage
with the frequency fixed at 350.0 kHz.
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Fig. 4. Signal intensities of atomic and molecular ions as a
function of storage time. The dotted line is an exponential
fit to the molecular ion data. Experimental conditions: trap-
ping RF frequency 346.0 kHz, peak RF voltage 140.0 V
(qz(3"Rb1) = 1.52, w,(3"RbT)/2n = 185.5 kHz). Each

data point is the average of three measurements.
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Abstract

Trapped ion systems are pivotal for quantum information processing,

simulation, and precision

measurement. The manipulation of multi-species ion mixtures is not only crucial for advancing quantum

technologies but also for fundamental research in plasma physics. However, existing theoretical models, often

based on single-species or weakly coupled approximations, cannot accurately describe the complex collective
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dynamics of strongly coupled multi-species systems. This work aims to investigate these collective effects
experimentally, specifically exploring cooperative confinement in multi-species rubidium ion clusters and
establishing a highly selective ion manipulation method via parametric resonance.

An advanced ion-atom hybrid trap system was employed, integrating a rubidium magneto-optical trap
(MOT) and a linear Paul trap. Laser-cooled 5"Rb atoms were continuously photoionized to generate multi-
species ion clusters 8"Rbj; (N = 1, 2, --), whose mass-to-charge ratios form an arithmetic sequence. The ion
dynamics were characterized by scanning the frequency ((2r) and amplitude (Urr) of the confining radio-
frequency field and monitoring the corresponding time-of-flight mass spectra. The key parameter for analysis
was the radial Mathieu stability parameter g .

The principal findings are as follows. First, we observed that S3"Rb™ ions remain stably trapped at
¢= > 0.908, significantly surpassing the theoretical stability boundary (g¢. < 0.908) for a single species. A
lifetime analysis yielded a lower bound of =1.3 s for these atomic ions under such conditions, far exceeding the
characteristic decay time of molecular ions (~0.34 s). This extended stability is attributed to a cooperative
confinement effect arising from the collective Coulomb interactions among ions whose secular frequencies form a
subharmonic sequence (~1:1/2:1/3:---). Second, within this extended stable region, the total ion signal
exhibited two sharp minima near ¢.(®'Rb") ~ +/2. Mass-resolved analysis confirmed the selective loss of 3"Rb*
atomic ions at these points. This phenomenon is identified as a parametric resonance directly excited by the
trapping RF field ( Qe ~ 2w, ), with the dual-minimum structure presumably induced by trap nonlinearities and
coupling to higher-order motional modes (e.g., 2w, +w. ). Finally, the measured resonance linewidths (2.2—
4.1 kHz in frequency, 2.5 V in amplitude) demonstrate the high selectivity of this resonant ejection method.

In conclusion, this work experimentally clarifies the dominant role of collective interactions in the dynamics
of strongly coupled multi-species ion systems. The discovery of the cooperative confinement effect expands the
effective operational parameter space of ion traps, while the direct excitation of parametric resonance by the
trapping field provides a novel, high-selectivity pathway for targeted ion removal. These results advance the
understanding of multi-component Coulomb systems and open new avenues for applications in quantum
technology and laboratory plasma physics. Future work will entail molecular dynamics simulations to

quantitatively model the cooperative confinement mechanism.

Keywords: ion-atom hybrid trap, rubidium ion clusters, Mathieu parameter, ion time-of-flight mass

spectrometry, parametric resonance
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