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B TR, BOGHHE U, fE A R TR, AraillE

BRI T G i S MR N PR R R HEM R, BT EAR K R —
ARI L T 2R (R DGR A, LR AR O J T T 7 R TR v A 4% S TR A
AL 6 S AR EAE, R TR E A AR O SR T R ] e e
R B BB TR AR RTE IZ AU R BB AR, WAL AhhE T
BB R %, BB TR A R T B T AR AR, BRIEE A
BARHIFE B, iltn. BT B B3 N 4% 1 G A 02 A 0 A6 0 T
L OGS BRIEREL R AT, Jut A B R AR L TS R T
PO, B AT B KRR T MR R, T A 0 B AR 1 R 8100,
SELS B PRI SR SR RN, AT IR AR ARG e B AR s ) 43 % 5 B TR
HERR 2 B8 77 IO Hf 8 LV A8 TR

WO HA N FHR, BB B FIRIERE ToRng e, @il e
B R ER A BT RAZHREEMA: H—, BOAHEARAEK R T
AHIAETE pK SRR, 7oA B AR R R DR A, ERRAT
AR A R B AT SE B B 2 R s 2, ORI H AR B R Eh N TG &R A R
R 27 FEF, PO ERI RN S SRR R E A . BT, BT
T % ORI SE PRV B U5 E PR A0, B I S R (Magneto-optical
Trap Ion Source, MOTIS) F1¥4 i+ W &+ (Cold Atomic Beam Ion Source,
CABIS). #:F Cr. Rb A Li &5 R 7 R # MOTIS! 7, St g8 Jil 37 AL i) v
BRI R ERE, A REEURZE 20 meV, SEIA 1.2x10° Am?Sr'! eV

L REHER 6.0x10" mrad eV, 13T Cs Ml Rb J& 744 & ) CABIS 18201,
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JEF 7 A 1 p o SR RTEE N BB X A 4 MOT WA £ H uK CRETAIRLED),
ZJEHOCRB AR BT, IR ENS 2.4x10" Am™ Sr' eV

FABE T FORE MERR 1538 SR 1 B A 2 1 T 40K FURE R SE B 18] 1195 e
ORECEE (RS 1, ERITIT 2 PR V8 B0 B U2 HOR DR B R . 2017 4, fIE
FLPEIT 57 R EE R 2411 Ott /NHRY, 7E MOTIS S Atk A B - B8 X R I 1]
RIRRRIE, BFR T W A S s TR, SCI T s R R, T AR
5 4x10* s, fREETL 98%, FEE 1.29%x10° A m? Sr! eV, 2018 4F, WLAF
S2RA K[ Scholten /N2 HE T IR o B0 iR 1 S 4 17 180 X 1tk b v B 2 1 U
22, F5 &A%k 89.5%.

N T SEAN E N AERA E M S TR BRI LU 2 B, SCHE R TR R

W

T BJE BT R AL SR DL ST SO HE S 2 S5 TS NP AT 7T, A SCHUL T o)

\

— BT OGP E MR B TR E . 2R E T LSS R BT
BB T E S, BUHE TR T 50107 m rad eV'?, RE&E T
1.0x10° Am? SrteV's Bl Bk Hbx, FAIEET B ETFRE MOTIS *F &, 5%
LT 1 8 TR VS PR B TR I ) & R RERAE, TR COMSOL R At kAT 1 @A
A ETH S FER B TAERR, RSO A 57 A 1 B - B 10
FE 51 B E R R 200 6Ia) & E ERIES, AR B S TR 4%
R4, GRk B R E VT R B 7, DAl e 7 m R A S H . 3RAN
W& T HF/EFIECE. BB PSR MRS RERGIN RS, 3K
BT ETFIRTERESEL, R M B B P YR R B AR R B4 52 i
2. S B AN AR

El1 (b) /R T MOTIS V& M Ie 3 BoR s B, AEaHE R4
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BT EWN ARG & T HERGE=AEr. S35k, WATIEF A COMSOL
Multiphysics 3 7 SERAR B HAAR, IR SER sk T 1 U5,
UG A5 RAATRELE, A 7 AGCT A D SR A R

B 1. (a) RyZEEaERE: (b BETEEESEER; (o BTZRMCEERE
Fig. 1 (a) Spatial position image of electrons; (b) Schematic diagram of the single-ion source

setup; (c) Spatial position image of ions.

A. HOLHE RS

AT SR JE TR C B, B i E SR OGS A I L I E 2%
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BRILHN 5°S1a(F=2) — 5°P3n(F’=3). A1, R ERIEERETA &) lE4Lh
5%P3n(F =2)Re it F K FESTIBIE 5S1o(F=1)4, MM &% #1753, IR
PRAJCHIE RN . Aot dhis sl E Rk, 51N — B A BOGE, X
Bi 5%Sia(F=1) — 5’Psp(F’=2)BKiL, JETH —EJLRBBMAE 5Sin(F=2)4, H
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HrENAHIEIR . S0 H R B 780 nm HIELLIROE A, @R AR IO T
BEATHU . AHBOLRKBUEE 5°S1n(F=2) — 52P3n(F’=1, 3)% X%, T
52S12(F=2) — 5?P3n(F’=3) I IEAFEL) 212 MHZz I 8. XF 8Rb i T, B
[RJV8 1 — R ER VA ENWOC A I B TE 3-18 MHz 2 (8] A6 FH 75 ' 1 il 25 X6 ¥4
HIBOLHEAT 200 MHz B3RS, (A ANBOEARXS T ERIZ O 402K 184 12 MHz.
B2, AEBOCEEREOLEEE RGME E R, ST HRaENN
CSHRONER”, SEUUR TSGR . NERRT R R B R U 2L LR R
t, Hlh i AR REIARE 2 B9 10 Glem Rl 5 Glem. N T WFFEREI GBI R T
(AT AR E T, S50 op R BRSO T VE A 8 SR TR IR BE IR G B A 1
PRI 5% SE I 98 B 1 B OGS T R B SR SR T B E TR 8 A A
Hraft (charge-coupled device, CCD) FHNLREWIEIG, SR IEE b G i E
PRI RS FTES . 7B SERG 6 R, A TR T I3 B0l 3400 5x106 /s,
BSR4 RO BT 1074y, 3R 200 uK, AR FHm i (162 0.5 mm.
Sgnrh, SRAMPZHIREE IS ARE T, WK 2 (b Pix. J5ENH
AEOEK SR JR T IS SS WU FI SP RS, BEERI MK 423 nm [ 4E
WG SP AR . bR B REES R SRR TE, HTRFRELN
LT R 16 Jifi, Hmid s i s RS N B B, W R EL) 2.2 m/s, AF

R EZ) 79 17 mK e 81T B EOC DGR, TTLOESERT Rb J5 1A A,



B2 (a) "Rb RFHAHBHRRE; (b) pEEIETEE
Fig. 2 (a) Schematic diagram of the cooling cycle of Rb atoms; (b) Schematic diagram of

the photoionization process.

B. B 75| th 5 R 4

Seae b, JEIdE) gl H AR R AR I g, HEEOG B AR T
BT & E PR . BERRARSE 20 FdEd BEALMFEE (120
mmx90 mm) WA, XFRLEER R T =HM, FEILR T = 1WA RIR
B8 20 mm, FHAPMARFELA 10 mm. 00 AR K EFLER AN 60
mm, FHARMAR LI AR 80 mm,  MRASUAH N2 F A7 T3 B8 BLA% 20 mm (115 4L,
DI Rl e B 074 B i

MR G E 4 h B REERINES (Photek, VID240) ZHM. 1ZHUEIR
I3 B P9 WGEIE R (Microchannel Plate, MCP). %3¢ CCD AHHLAL K -
PRI AR A, Y8 e PR A MCP I, 272422 100 538 0 HL 7 IR
T SR IGHE . SOCB RS, B CCD ARNLICR IO GhE EIR . IEi,
HH MCP % H 0915 5 8 € /3 11 “ATH (] (Time-of-flight, TOF) {5 .,
CCD ERIC % 1 oL /1 3 AE PRI 21T ) — 4R A (5 S

SR, TR ES T ERINAS 15 1 X (B 43 5079 28 om A 65 om, LA
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2 F-f) TOF BE] 43514 21 ns F1 48 ps, X —15 B NG S TR & mikit gt 7

[, J34h, BT R RN CCD BB NRIEES TIRIERESH, s+
R B o AT AR 4%, 2t T Bl 5%
C. A TIERS
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T seierh, BRI AR A T EARI, HT ) TOF /55 H
T E R N B T AT TR, Z Rl B TR AR S, SR T ) H

ARG, BT I HERG R R T T B B0 X in# bkt e IS 1K1 AT
W . BOA HT TOF R PR T, AT — Moy s s, 85K E
(e T TR B AR A% A T T B R HNIRES s 2 R0 25 R0 21 11
HL7 TOF {5 580K BAIAERS &, fdos ikt ims BT o, HAl Hi B PR MG
P, SPATIRAEZ S I 2.5 ps WAL TR AR, SCVEXT R & Il , A0
TR ARG o IR i e R AT S R A, R T TR R E
THAE MNP TESE NS MR TS, BTE iz 2 2%
1628 713 Faz sh B BN EOR, BRI 5~ TOF N 8] RS B2 00 455 6 5 5~ B 2R
FIREAFAE— R . A SCRIF COMSOL H X} s i ot FR Ul & R i, |
¥ TOF W RIS Z2/NT 0.1 nse BRI B T ORS T, B I RIS 2.5

us AL PALERAE H b & 1 IR s .

D. COMSOL 1Jj E A

AR COMSOL Multiphysics 344 7 i FLRE I AT FURE T8 BT He, 5%



AT BRI TE R P IS B, JFE AR T RS T RERB I R Ak
EKEMT: &%, £ COMSOL Multiphysics HF4 2 T SZi6% B K4 R ~F =
YEO FARAL, WPROBBRE A . Bl HIg AR, BT IEIE AT . MCP R I3
SERE AT TR AL, Bl R R RSP AT AROTK R R A R 2 R SR A% 1Rt
ATTE . H, RIS & b (TR ) RIRRESIEAT %
S, VIO E NBENLER 20, 42 0.5 mm, HIEETESE KD 2.2 m/s, 7 A% 30
FIvE. 534b, BT REE T, AP AR EN R T R PECAHEAEA .
B Ja s ARAEAEAL ) JUAATRFAAE LA B 3 B o A 368 1) XA 30 40 vk T SR AR 2%
BEATVRSE, X5 B4 RBEAT S 734
3.4 RS R

B, ARHE R TR R E TR, B R AR A S
AR R, LR UR 1 B I [ 13— B THFIPIRAS, Ml P47
WA AL TS HAL, B PSR A M ESE S H, a2 MOTIS i) LAERA .
MR, PRESTRIRN, BSTIRIEI 19T TOF E5alK, R ImIEmN S
FAREBIAIRINEE X 0 5 T B B VR
3.1 LR

FEVESRBET, WAV THEER 2 & T B S I EeR. 4
il 3 s, T ATE TR THECRBIE A H B WO TS A O LA E S
B 5N 4.9%103 s Fl1 4.9x10% 57!,

LR R T IR THECR N T 10 10 £, 155 AR AE B B IR oF
JE: e, HEA RTINS IR R AR R, TERH

R AR keV B OLT, MCP SR #8501 HL 510 S (51 203 N 281
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B 2B, BT — EIR MRS 6 BAE M XA T E
Ly BCARAFAE S IR RE 20 2 Pl 7 2B (B L S, T AER LI 51 H I R v 22
Blse a7, BUER > BT PO R AL, RBESAIRIN G . & T R
R 16 T34, BB mEEEUN, JLPFAma 8. &l 1 Bosi CCD K
B AIR, A & BT RERIE RIS, BB TR AE, B ERI
e B SRR M8 T Uil Ee P AR a5 G, REUR /N

3ETHHE (RALOLI) METHEER (LEZLER) SROTIRKRLRR. iR
EERSLRAHERE, EERETTREFNER RS .
Fig. 3 Variation of electron count rate (black solid spheres) and ion count rate (red solid
spheres) as a function of laser power. The error bars represent the experimental standard

deviation, primarily derived from the counting statistics of repeated measurements.
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FLR 72 (1) 32 BORE /& MCP TR I8 AR, 53 Mk i ian s B PR 75 126 R 47 T D
I T T BOR 2 AR . AT R TR A SR B O T R IR
F, SSRWNE 4 Pros. BEEREREOCIRNEM, TR 230 ETHE MR
s, e 53.5%.

ALV, B HE RO Th R RGN % 180 mW/em?, L7
- TSR 2, FEESHENN. M2 R, BT MCP A #
MEFE (20 30 s LA HL TR e A 7 AR B Ak A A 5 FE AT TH R R o B bR P
1€, DL & SR Pd . Yl SR ThR % I 180 mW/em? I, e e g5 A4
TR T R TR . T BRI T, BTRAaiitReEnE
AT B A v AL A B B e AR R, R A R kR S T A 2 51 RS
THRITEINER, SBRERETREER.

iAh, WEEE FSRYE, B TR AR AN B R IE T R R A HEE 100%01
FEE R . Scholten /NI 5% i 45 A 2835 89.5% 22, i A S v Bt s 14 B AN
53.5%. IEHIX —ZRKFEERE, WOERRKP R T MCP i, HA
BR AT 1 B AR I AR T R sei A I MCP 4RI 2%, FL4% 12 pm, FLIA]
FE 15 um, FFOA58.0%. XEEWRE, KLH 42%M 8+ F AR Ge i A MCP
(I T AR A R . WU, ERFETER RS, 42%1 0
F7AE T4 B0 AR AR B 88 T AT o i SRR B A 400K, B i & R K

2174 0.535/(1-0.42)=92.2%.
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54} — BF-BETRHEE
52}
& 48|
44}
4 0y 50 100 150

0 100 200 300 400 500 o000 700
BAINE (mW/em?)
4 BTF-EFRFEREBOCTIRNIKBIR R, REBR N LERERE, FERIE
FEREIIRA L«
Fig. 4 Dependence of the electron-ion coincidence rate on laser power. The error bars
represent the experimental standard deviation, primarily derived from the counting

statistics of repeated measurements.
RELEACER 7 A 1 R ILAE FUSEAR A T T i L, DR B 1 MCP 5800 4%
TR EWRNAT & TR LN, OREEE AT DUA ORI 2800 1 45 =
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Hr, P(ny > 1ng = D&M — AN THEE S, HWSZ T DE TR+

B P(ng > 1ln; = DRRRMBIAANE T, S TN ZATHEE TR
TR P(ng = Oln; = DFRRIRM BB ST H1EA 5 Z LR T HEE S 5%

TR Ppg o R O BOCIE I, B SR 7 A 11215 5 ISR
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LI KA 4000 4175 A8 T (0 TOF {55, W B T5 115 (5 ST R
Bro Gika R, THBEEOUR B R 8o 2h 30 51 UL IT R BAF
HAET RN, BFMiEER 240 s FFETEHBETESME)E, ®
FHHMEE T BN 2460 s, SRIE RS TR BN 1804 51, BIANES T
TN 155871, =B TFREN N 1357, 48R UERE R B RER S (a)
o BHSE, KEH 555%M0 1 MR IR AR E S 7E S, EEERT
A& MCP FRMAABRIIF D H . HR, BT AT AR IR T TR K, 2F
BT, FLE A SR AR . 535h, B S (b) BR TR
WU 0 B IR BN [ )5 SHE IR, 83.9% M FE S SR —1iEF
PESRER, AR 16.1% K98 T ARA I IR B 1215 5 .

R A M SLIG M R A5 R, A LA B0 E MR B IO R BN 80.1%. 1F
Ott /NHFJSRIG S, MAIEM 7 RBCEE K CEM Sl , SRR & S
B RATERAR R, B THORESEIAR T 98% . AT ES R, RE
JEE 11 3 LRI 2 R B 5 58 1 A0 5 2 UERC I T 105 S I S AR . 5 8
B MCP R MZR AR S B ONTF 10 s, DRk & & 5 PRI i 2 Fe 37 itk
T I BB TR TH B Z A I E Tk . R, N TIRIMRETE, ARRFEM
FE b SOk B A I R 1T, R TR T A
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(a) _ 0.839 (b)

R

0 1 2 3 4
BB Z-BET

B 5 BET-TIRERBRAT . () ZERATTEE (n=D) KM FHRUBBTHE (n) HHE.
(b) FERNETF (n=) KA TRWENTREE (n) KR,

Fig. 5 Ion-gating correlation analysis. (a) Probability of detecting the number of ions (n;)
under the condition of a single gate (ngs=1). (b) Probability of detecting the number of gates

(ng) given the detection of a single ion (ni=1).

33 T RES G

BT Z M5 IR Wit 5a T 4EA B USRI, BRI BB T
ANFITRE 7B TRERBEK. Lid, MEBOLIREREREN 164
mW/em? DU FF & B F R T 7R85 7 AT b, JRATTEIR 3 1 s in 4%
HUE, MERERIES, ORI BIE 6 (a) PruR. BE MCP R &
(RIAT RIS AE, CCD ANLZRB OB B R I 7 R BE /A, Wil 6 (b) Fiw,
B amfEhERGH 0L 2 MEE (pixeD B, HEZOGRSHHTETET
JA XK. WHZEG X i (&6 (D s #rmbia, weEs
TR RGE, HEARN 91 pm. HJEE] CCD AN R oo B505E R
N 1 pixel=1/14 mm (=71 pm), #EAKF MCPIBIEFLAER T (12 um), SEFRKE T
ERATRE SN AR SEI S HOE T, AT COMSOL AR, 1 v
B AR ESUR . S &5 ARG E MCP FT L 1) 2 [/ A 6
(o) fr, BFEGHE X Wz wE 6 () BESLHR, 5LREREE
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R (1.4x10% m rad eV'?) B9, W 4F T McClelland /M4 Cr-MOTIS ) 45 2R
(6.0x10"° m rad eV"2) D71, fij A< S5 )58 FE LE Ot /N IR 285 SR AR T2 5 #5021,
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B 6 BETRESRBRILBREAMEME R, (a) FIHEFH BN KRB EER B

fi; (b) ERER, CCDMIMBRIEFR/RIANETFEEL, BFE—MPIHRERRI—

#BE (pixel), SMHIFGEFRR A 1 pixel=1/14 mm; (¢) COMSOL M E; (d) LK

SRS TR E A X 5 MR T, LARLRRRERER, BEALZLIR
RAEMER, LERFZNNAEGHE.

Fig. 6 Experimental conditions and results for single ion focusing and imaging. (a) Potential
distribution of the extraction electric field and the electrostatic single lens; (b) Experimental
results, ion images captured by a CCD camera on a fluorescent screen, Each small square in
the figure represents one pixel, with a corresponding fluorescent scale of 1 pixel=1/14 mm; (c)
COMSOL simulation results; (d) Comparative analysis of the projected ion spatial
distribution along the X-axis for both experiment and simulation. Red solid spheres
represent experimental data, black solid spheres represent simulation results, and the solid

line represents the corresponding Gaussian fit.
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Abstract

The preparation, manipulation and detection of single particles represent one of the key
research directions in the development of experimental physics. As the core objective

of next-generation ion beam technology, the deterministic generation and nanoscale
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positioning of single ions can break through the technical limitations of on-demand
extraction in conventional ion sources, providing critical technical support for the
advancement of cutting-edge fields such as quantum technology and atomic-scale
manufacturing. This paper reports on a deterministic single-ion source technique based
on time-correlated measurements. By exploiting the time correlation between electron-
ion pairs generated by photoionization of cold atoms in a magneto-optical trap, and
using coincidence measurement where electrons serve as a trigger signal to control the
ion trajectory, the technique achieves the deterministic preparation of a high-fidelity
single-ion source. We characterize the ion source performance in both continuous-flow
mode and single-ion mode: in continuous-flow mode, the electron and ion counting
rates are 4.9x10° s and 4.9x10* s}, respectively. In single-ion mode, the maximum
electron-ion coincidence rate is 53.5%, and the single-ion fidelity is 80.1%. The results
of single-ion focusing imaging and numerical simulations based on experimental
parameters indicate that the emittance of the deterministic single-ion source is (1.01 £
0.06)x107'° m rad eV'2, and the brightness is (7.2 = 0.8)x10*> Am™ Sr'! eV"!, meeting
the requirements for the development of deterministic single-ion nanobeam technology.
This approach offers excellent scalability in terms of ion species and single-ion
manipulation, on the one hand, the method is applicable to all atomic systems that can
be laser-cooled; on the other hand, by combining dynamic lens electric fields with
electron-ion momentum correlation control, it is expected to enable ion beam aberration
correction and spot optimization, further enhancing its overall performance. Therefore,
this deterministic single-ion source holds broad application prospects in cutting-edge

fields such as ion microscopy and high-precision single-ion implantation.

Keywords: Single ion, Magneto-optical trap ion source, Deterministic ultracold

single-ion Source, Coincidence measurement
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