KHAERFEZATFHEERITEFRRANEMRMAR
WITEY Z%" IHY 2R kEY 2B FIEAY EF@Y X
26 7/#2 1)4) 1
1) (b RSB 22RE, bt 102206)

2) (FEdbE I REERIZ S TR, dba 102206)

3) (b I RZFHESEH 7 TREYEB, dbat 102206)

4) GuibAYH SRR E S0 E, fRE 071000)
R
ARCFETFH2AARIEH TR, R T RO 5 R 7208 FA EAE
FHICI15AT N, RGO A I S LR L. BF R B0,
& [6] 56 J RGN 115 1735 LA A5 R e 3 a e AR sk 4R %, (Hh A BT
AAE . ERAREIRVERE N, A [ b Bl O ik 48 FH s 18] B3 37 5
PRGN RRS: RAR, RBLNHE M4m0 SR A4 FH B0 B s il ) = AR H
G b ) 2 E IR G e, FE S Regk T80 E A — 8. 7
siZ AT, Bim b EA BRI AL, T2 R R b 2R,
H LS BEZRL T 500 B AR LA SR I B 4 AR AR . X HIaR b T3S
JiF, Bzl mvh EIG&ONIE; B eh U BE 22 ' 1A BLAE FH 21 AN
[H], RIHEAFE BTG R AR, #AR 0  ny 3k — D R fa it m) b K
ANFITT ), SRR AR AR R S 2 (R . @ E AR 5
0 TR, AT SEEE O KANRL T R A RO R, O PO R TR
5. B IR R PR 5 P S A B SR I EE e 4R S R S HO T

B

Kugia: oty RN 20T MEARN: JUR=RedUR ik
#

PACS: 37.10.Vz, 32.80.Qk, 42.65.Re, 42.50.Hz

|-

1 5]
FE AR — T SRR B O A R T REAT AR B . AR B (e 2

e ERARBIRESMES . 12541505, 12211530044), o g RS AR 45 2% 5 W ¥ S (L HE S
2026JC012) ¥ B LR
t IB{51F# E-mail: jicailiu@ncepu.edu.cn



AWM. ARG IR R 55, FAE T AR 1 0 2 OSE v 2 AN B
O AR R T, SRR RO e AT LU R, S S R R A AR AR
INZ O B A7 P, A A R AR R EAT RS R O T RE. B 1970
S Ashkin B M IR S5 0 SEDURORE I 22 IRV [, 96T 1986 4 A I R
WOt T O LAY BRBORE ) = 4= 3R DLRDY, e BB AT ARl . (R85, &
AR 2 R bR e S SR R, A R A ) B 2 00 A im0 A 2 K e 2L 1]
FLZ AR AR T Sk, AR BOEEARTEH A WL
FEUS2N, B HER) TOCERIEEORIIEED . WML B B R bk vk 98 152 5 A%
A D, RIE WP R R E 5P AR BAE R, & 3R TT 1 B i (8] 5y
HER G RERE ST, TR T i RIR T R 1 R %45

JEEA R TR TR T 5O AR B AR 228 AR (R ANy
St SR B A BAR 2 2 SR T eath ROk 1 Jesn 5 IR1
I T BEAT B A 2 A I BN R S T 0. Kumar SER4ABETE T Aok
BER I T AE WA Bkt ot T e AR 4T 08, LN RDE I BT I E S it
PHRA I Lin 55225 — DR TR BUE WO RSO 3R(EIIT . it in e
JE7 B R TR0 L 73 A [ 48 S T 0 1 Bl e A B B A S BB ) 1 o 2 IR
i o AR s R e B o i 2R — i 0 e AR R DORE R SR A S R ) e 5 3
W, AR TR AR SRARS HERR A% . Singh SFRTHRH T —FhEE T kHz KK
ROt AR QI AT i, L RRN, fEsRbR B0 0 5 RIUH 71 3k [FIR
T, Rp Al fE B I R A R IR G NS L HOIRAS . Yaday SEPSIBE T K
Bl B - A e 45 1K) Fano SRR nT 535 S M RIURL (¥ 06 5 70 o0 Al S R 44T
IHA BT 1R TH 9RO i Tk S s e 1

SO K ST BAE &7 R 2 MARZ e 2 RN, B BP0 5

2



FRURBNE SO EFIRIL (Two-Photon Absorption, TPA) B336158 2. 7E
YR COGOR T, IR EEARL R RN AT B RO iR e, BRI AR
XIRRBBE . 6 RS BORL (A AR L AR & 4 BT Y AT AP, fildn,  Zhu 45
FOVRIT 58 A L < AR RTRLAE S AR SR A v o tR B 0 7 1) S e, TR RRUR B Al 3R
A, Zhang FEHIRIFINOL T 1 RGBT R K IL 40 cm K KREDE A
51, RUBE G T3 & S A SEIURL T I AR

2t TR SR BT R GUELL R N RS ORI 2 A T, SELREZ AT AU AR
Mk Ye R X SR REE H BAT R BRI, RERIAL GO AT IR IR,

KRR 7 AR, AR OG8RI R AR, g T4,

oiF

AR BRI A G B A HE RN AAME. B TPA JAfl, {8 — Mt =

il

BrARZR M AR, HERITE R 56 aRF 7 BOE L, SR B3 1R 2 2
M. ARG IEIREE R, R e RGNS, TPA I RN
AR . IR AR SRS HEVR T S U B L ) RS2 A 700, SR, 2T
ORISR AL S AR R R, 206 TR AR ) 2 4545 U7 T ) RE 20 A0
REEA Rt — IR

ARETF ARG RRESAELE, X KO 5 R F 2 6 FAH EAE
FEHE S AT AT TS . SR = Re S AR, 3383 i SR A e
AR G EAT IR T RE, 1A R FL7 5 B B SR & 2 N TR O I50 J 11
R )6 B S AN R T VR, IR 2006 70 RIS S A R 2 5 % B Rk
FHAT SR AL T ORI, AT 22 6 6 s SR A b A 4
2 EAXFHE
2.1 IR

TE 2 IR T ORI 5T 20 TS WO0RL 74 AR R, 3@ %

3



F 2 RS PR S IR e, &7 iR o 1 1 sl 7y ke . BRI =
KHVE R EE R B R TR R, ROt & s 22 e i 5 il . fEF
A HAE AR RE BN , SR =R R TR R 5 HO 6 AT AR R s

L= CIE VR

H=H,+V (r,t), (1)
Reb A, RS TR B ISR, 1 (r,0) = —p- E (r,0) NET- 53065 1 BB
HAER W, w NETENGEEST, E(r0) R R T E A EO I H 58

FE. BOCIHI z T AL, r22DCHREEE, ONRTE, S ROk R IA
X H:
E(r,z,t):Eof(r,t)cos[a)(t—to)—kz], ()

P E, R IGWEAE Iz R f (r,0) R BKIH IR R 2, SR i R 23 70

ﬁﬂ"]i%ﬁj“ﬁ%f(r,t)=exp£—r—22—2ln2(t_§°) J, r=4x"+y? &5t A ) R

@, T,

B o, NEEDCRIHRENAR; 1 NIKTEER Z]; o, o6 A% 1) &
I o NEOC BB,
MR LR R, R Bk = RE 1A% 2 2% 5 P2 RELRE T MY SIS R R 748 7

IF, R HE XA AL B 8 7] & .

X = ! (3)
_(”o’ Voo Ups Vio Uys Vs Pooo P pzz)

DU A s 5 A T R B A P

(Z—)::M(r,z,t)X (4)

o M (r,2,0) AHAM E (r,2,0) SREHIR 0, BE B4 1, SRR 5, o

M ABOERE, Bk b




Y om0 0 0 % 0 0 0
o . . 0 % 0 B 2E]‘;uo1 ?_E;;uOl 0

0 0 72 0y, 0 E,;L‘;Ol 0 0 0

. ; o L E ,;:01 0 0 B 2Eh,u12 2Ehﬂ1z

0 E%Q 0 —E:m T Oy 0 0 0
E;‘n 0 E;l Ul 0 @, 0 0 0 0

0 E,;lto1 0 E:;;lz 0 0 0 ~7n V2

0 0 0o - % 0 0 0 0 V2

(5)

K poy s Py oy A BIIEE FERRREIR fTE, W O 1. 2 ARZ LIk T4
Mg ug(vo)~ w,(w)~ uy(vy) 23 BINBESR O F0 1. 1 A1 2, 0 F1 2 ZIAIH) 3 AR
REAEXT M TCIISERS CREED) 5y, RAHR B FEFEPETC IR IE R o, NAHRAE
Z A SEARPOEANER s g, AR R A RIE B BAR . FERH A, M

mn

I]0) > 2) ZIEAEAE L U BB ES BD =, =0, 11]0) 55[2) 2 Iyt

4 SN 5 o) A I s P 8 £ ) 0 I ol A A w0l i s R

S, SITREA R | 20t Tl BRI BT e R AR AR A A ) e B AR 2R

PER.
H 2 JEE R R R LAAS 2 0Bk = REZ 114 28 1) PR A R 249«

<,U> = Uty T UL - (6)



(60))
A A 1
A ng
w1
w? s f‘ 10
w3

K1 (MTPRG) S =R R h 2ot TIRIT RS-

Fig. 1. Scheme of n-photon transitions in the cascade three-level system.
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Abstract

Femtosecond lasers, characterized by ultrashort pulse durations and
extremely high peak power, facilitate strong nonlinear optical
interactions with matter on femtosecond timescales. These features not
only significantly enhance temporal resolution and dynamic control
precision in the manipulation of micro and nanoparticles, but also
provide new pathways for ultrafast non-contact precision manipulation.

Within the framework of the optical Bloch equation, the
optomechanical behavior of a cascade three-level atom driven by a
femtosecond laser field is investigated under multiphoton interaction
processes, with particular attention paid to the evolution characteristics
and control mechanism of the optical force. The results show that both
the transverse and longitudinal optical forces exhibit rapid oscillations
with approximately twice the carrier frequency, but their impulse
accumulation mechanisms are different. In the lower-intensity region,
the transverse impulse accumulates continuously with increasing pulse
interaction time or electric-field amplitude, corresponding to either a
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focusing effect toward the optical axis or a defocusing effect away from
the optical axis. In contrast, the longitudinal impulse shows periodic
oscillations, and its evolution is consistent with the population dynamics
of the atomic levels. For atoms initially prepared in the ground state, the
longitudinal impulse remains positive. Different multiphoton resonance
conditions correspond to different dominant transition pathways, leading
to different directions and magnitudes of the transverse impulse. Under
strong-field conditions, the transverse impulse no longer varies
monotonically, but exhibits complex fluctuations and oscillations
associated with population redistribution.

Carrier-frequency detuning can further regulate the magnitude and
direction of the transverse impulse, causing the transverse optical action
to switch between focusing and defocusing. Near the single-photon
resonance region, the transverse impulse can change from negative to
positive with increasing electric field amplitude, indicating a transition
from focusing to defocusing. Near the two-photon resonance region, the
transverse impulse is mainly accumulated in the negative direction,
while blue detuning weakens the focusing effect and may even lead to a
reversal of the impulse direction. Near the three-photon resonance
region, the transverse impulse mainly remains negative and shows a
relatively stable focusing feature.

The results indicate that effective control of both the magnitude and
direction of the optical force can be achieved by tuning the carrier
frequency and electric-field amplitude. This work provides theoretical
guidance and parameter-design references for applications of
femtosecond lasers in quantum control, cold-atom physics, and ultrafast

precision manipulation.

Keywords: atomic optics; optical dipole force; multiphoton interaction; cascade

three-level atomic system
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