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Laser-modified electron correlations and deflection of atoms by laser light
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The influence of laser-induced two-electron excitation processes on the deflection of atoms by a standing-
wave laser field is investigated. In particular, isolated-core excitation processes are studied in which, after
preparing one valence electron as an electronic Rydberg wave packet, the core electron is driven resonantly by
the standing wave. The dynamics of the two electrons are entangled through laser-induced electron correlation
effects. A theoretical approach is developed that clearly exhibits the intricate interplay between these correla-
tion effects and the atomic center-of-mass motion that originates from the stimulated light force. Various
examples are analyzed that show the manifestations of this interplay in the diffraction pattern of a deflected
atom.[S1050-294{@7)06610-9

PACS numbgs): 42.50.Vk, 03.75.Be, 32.86t

[. INTRODUCTION process. In the first step one of these valence electrons is
excited to a Rydberg state close to the photoionization
Recent advances in the field of atom optics have renewethreshold. Subsequently, the other electron is excited to one
interest in the deflection of atoms by stimulated light forcesof the lowest excited states of the ionic core. The electrons
and the basic physical mechanisms that are responsible foriitfluence each other by electron correlation effects. Recent
[1-5]. The momentum transfer from a laser field to thework on laser-induced ICE processes has concentrated pre-
atomic center of mass is characterized by the fact that ilominantly on the question of how Rabi oscillations of a
proceeds essentially only by excitation of the internal electesonantly excited ionic core influence the dynamics of the
tronic degrees of freedom of the atom. This is due to theRydberg electron via these electron correlation effects. Both
large mass difference between the atomic nucleus and eletime-independenf11] and time-dependerntl2—-1§ studies
trons. The resulting strong laser-induced correlation betweehave been performed and have demonstrated, for example,
the internal electronic dynamics of an atom and its center-ofthat the resulting laser-modified electron correlations of a
mass motion offers the possibiliti€s to deflect atoms in a resonantly excited core may even cause a suppression of
controlled way by an appropriate choice of the laser-induce@utoionization[14]. However, vice versa, the dynamics of
electronic excitation process afid) to investigate the inter- the excited Rydberg electron also influences the laser-
nal laser-modified electronic dynamics of an atom by obserinduced transitions of the core electron. This influence of the
vation of its center-of-mass motion. It has been shown thaéxcited Rydberg electron on the dynamics of the core elec-
for these purposes the high-level density of Rydberg systentson manifests itself, for example, in the characteristics of the
offers interesting perspective§6—8]. In these studies spontaneous emission of photons by the ionic ¢di@. Fur-
schemes for atomic beam deflection were investigated ithermore, the dynamics of the Rydberg electron also influ-
which the coherent momentum transfer from a standingences the processes by which momentum is transferred from
wave laser field to the atom depends strongly on whether tha standing-wave laser field, which drives the core electron
laser field excites an isolated or a large number of Rydbergesonantly, to the atomic center of mass. In the following this
states. In the former case the momentum exchange is doniatter aspect will be investigated in detail by considering the
nated by the wave aspects of the electronic dynamics, in theéeflection of fast atoms by a standing-wave laser field. In this
latter case by particle aspects of the Rydberg electron. So farase the Raman-Nath approximatif#] can be employed
most studies on laser-induced correlations between atomiand the intricate relation between the atomic center-of-mass
center-of-mass motion and the internal electronic dynamicsnotion and the internal, laser-modified dynamics of the elec-
have concentrated on laser excitation processes that involveti@ns can be worked out most clearly. Our theoretical ap-
single valence electron only. proach will be based on semiclassical path representations of
In view of these developments the natural question arisethe relevant transition amplitudes. Thereby these amplitudes
how laser-induced two-electron excitation processes and thare expanded into a sum of contributions that are associated
resulting electron correlation effects influence the stimulatedvith repeated returns of the excited Rydberg electron to the
light force. It is the main aim of this paper to explore this ionic core. The scattering processes induced by electron cor-
guestion theoretically and to investigate the coherent morelation effects and the laser-induced excitation processes,
mentum exchange between a standing-wave laser field anhich both take place inside the core region, may easily be
the atomic center of mass that results from such excitatiotaken into account with the help of quantum defect theory
processes. A basic two-electron excitation process that h445,18.
received considerable attention recently from both experi- This paper is organized as follows. In Sec. Il the deflec-
mental and theoretical points of view is isolated core excitation of fast atoms by a standing-wave laser field is discussed
tion (ICE) [9,10]. Thereby two valence electrons, typically of within the framework of an effective two-channel problem.
an alkaline-earth atom, are excited optically in a two-steprhis model problem is capable of describing the basic physi-
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. wave laser field is assumed to be tuned in resonance with a
: 2z E) transition of the ionic core from its ground stdtnergys ;)
X Y to an excited statéenergys,). Due to electron correlation
effects, in general, the standing-wave laser field will be well

P detuned from any excitation of the atomic stpgg. Thus the
" —— atom will not be excited significantly by the standing-wave
laser field so that the light force exerted on it may be ne-

glected. After entering the standing-wave fiétdR,t) the
atom is exposed to a shdrunning wave laser pulse

-— Ea(t)=E(t)ee' @ +c.c., (4)
L
with polarizatione, and frequencyw,, which propagates
FIG. 1. Setup for thg model prqblem of Sec. Il A: After the.atom with wave vectorkaey along they direction perpendicular to
has entered the standing-wave fi#d), the short puls&,(t) IS the incoming atom and the standing-wave field. This choice
applied. By preparing the Rydberg wave packet, the pulse triggergt girection of propagation implies that the short pulse trans-
the Rabi oscillations of the core and thereby the momentum transf%rs at most only one unit of photon moment to the
to the atomic center of mass. atom. The pulse envelope is assumed to be centered around

cal processes that result from the simultaneous excitation cH‘m eto and is taken to be of the form

two valence electrons during the flight of an atom through a £,1)=E9 exd —4(In 2)(t—tg)2/72]. (5)
standing-wave laser field. For the transition amplitudes that 2 a

describe the deflection of atoms by this laser field a semitt js also assumed that the pulse duratiois short in com-
classical path representation is developed with respect to thgarison to the time of flight of the atom through the standing-
orbital round-trips of the excited Rydberg valence electronyave laser field. The frequenay, is chosen such that the
around the nucleus. This theoretical approach EXhlblt%tom is excited frorﬁg) to h|gh_|y|ng Rydberg states close
clearly the intricate interplay between laser-modified elec+o the first photoionization threshold. If the pulse duration
tron correlation effects and the atomic center-of-mass motiofs short in comparison to the classical orbit time of the ex-
during the interaction of an atom with a standing-wave lasetited Rydberg states, a radial Rydberg wave packet is created
field. The physical contents of these theoretical developthat orbits around the nucleus. In addition, however, the
ments and numerical examples are discussed in Sec. llstanding-wave laser fiel&(R,t) will excite the ionic core

Conclusions are given in Sec. IV. resonantly as soon as the electronic wave packet is prepared.
The subsequent Rabi oscillations of the ionic core will trans-
Il. THEORETICAL DESCRIPTION OF ATOMIC fer momentum from the standing-wave laser field to the
DEFLECTION BY LASER-INDUCED CORE EXCITATION atomic center of mass coherently by the stimulated light

force. Contrary to the well-known case of a resonantly
coupled two-level system, this momentum transfer will be
In order to present the main ideas most clearly, in thisinfluenced by the dynamics of the excited electronic Rydberg
section an idealized model problem is examined, which isvave packet via electron correlation effects, namely,
depicted in Fig. 1. Aspects of possible experimental realizashakeup and autoionization. Thus, when leaving the
tions will be discussed in Sec. Il B. In the following, Hartree standing-wave laser field the momentum distribution of the
atomic units are used. atom’s center of mass will contain information about the
An atom, e.g., an alkaline-earth atom, with m&ésand  dynamics of the Rydberg electron and the electron correla-
well-defined initial momentunmP;, of its center of mass tion effects during the interaction with the laser field.
traverses a standing-wave laser field at right angles. The In general, three main contributions can be distinguished
electric-field strength at the position of the atomic center ofin the momentum distribution(i) If the atom has not been
massR is given by excited by the short laser pulse it will leave the standing-
ot wave laser field undeflected, approximately. Alternatively, in
E(R1)=&R)ee ' +c.c., (1) case a Rydberg wave packet has been prepared by the short
laser pulse the atom may leave the standing-wave laser field
with its core either in the ground or in the excited stdi¢.If
the core is excited, the atom will autoionize and the resulting

A. Model problem

with @ ande denoting field frequency and polarization. The
standing-wave envelope is approximated by

_ _ ion can be removed easily by a static electric fidid) If
ER)=0(2O(L-2)&(x), @ after the interaction with the standing-wave laser field the
with core is in its ground state, the atom will not autoionize and
thus will remain neutral. Therefore, a natural observable that
E(x) =&, sin(kx). 3 contains information about the influence of the Rydberg

electron on the core electron during the interaction with the
The modulus of the wave vector is denotedibyinitially, at ~ standing-wave laser field is the momentum distribution of
t=0 immediately before entering the standing-wave laseatoms that leave the interaction region with their core in the
field, the atom is prepared in an energetically low-lyingground state. To obtain further insights, the measurement of
bound electronic statég) with energyey. The standing- this momentum distribution may be also performed state se-
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tonian of the Rydberg electron in channelwith angular

Energy |&5> . Energy momentuml; is given byhj; +V;;(r) + &, with
X: 4 o
le, * . > B o) N ANUES
P 9 ==t e — .
Xu | === A 12 W=2dre"  2r° r

] gl = |n,1> - e ::gc1 - -

] £ The short-range potentiad;;(r) describes the effects of the

Dhe.s 5(31)-.1 .‘D‘g;)_z residual core electrons. The radial coordinate of the Rydberg

ey ——Ig> VAR 1% electron is denoted by. As the excited channels have op-

posite parities there is no configuration interaction potential
Vi5(r) coupling the two channels. In an ICE transition the
angular momentum of the Rydberg electron is conserved so
thatl,;=I1,=I [10]. In the rotating-wave approximation the
channel thresholds are given by;=¢,, ecx=€,— w. Ac-
cording to standard treatments of ICE proceqdds12,2]

in the dipole and rotating-wave approximation the coupling

means .Of ramped field ionizatigd ). e of channels 1 and 2 induced by the standing-wave field can
The interplay between laser-modified electron correlatlorbe modeled as

effects and the atomic center-of-mass motion is exhibited in

a particularly transparent way in the case of fast atoms. At- 1

oms are considered to be fast if their kinetic energy is much Vice(X)=— 5021(X)(|¢’1><<D2| DN P4]). (9
larger than the electronic interaction energy with the exciting

laser fields and if their deflection inside the laser field iSThereby, the position_dependent’ real-valued Rabi frequency
small in comparison to the wavelength of the standing wavegf the core transition is denoted

These conditions imply that inside the laser field the atomic

center of mass moves with constant velocify=|P|;,/M on Qp1(X)=2(D,|d- ] P1)E(x), (10

a straight-line trajectory perpendicular to the standing-wave

laser geld Undér the)éep cgndltlons the eikomap] a%d with the atomic dipole operatod. The interaction of the

Raman-Nath 2] approximations can be used in the theoreti-210mM With the short laser pulse is described by

@ (®)

FIG. 2. Excitation scheme describing the internal atomic dy-
namics:(a) bare Rydberg series arfl) “dressed” Rydberg series.

lectively with respect to the excited Rydberg electron by.

cal description. Thus t_he state| (7)) (_)f an atomZ _vvnich Voumd 1) = —d-e&x(t)e 1@+ Hoc. (11)
has crossed the standing-wave laser field at poskiovith
an effective interaction time df=L/v;,—ty, can be decom- The main purpose of the applied pump putgt) is to

posed into the components of the almost resonantly coupleprepare an electronic Rydberg wave packet and to trigger the

electronic states. For the two-channel excitation scheme ddRabi oscillations of the ionic core. Thus, for the sake of

picted in Fig. 2 it is found that simplicity, it will be assumed in the following that this pump
field is sufficiently weak so that its influence on the atomic

dynamics can be described perturbatively. In this case it is
KD)y=a"(0lg)+ 2 afi()[n, 1] Py) found [22] that

all)(x)= ie1elo(n, 1)(d,|e HONTE, (Ho(x)—&)d- &,]g),

(12
with the mean excited ener@yzs + w, . The Fourier trans-
The summations in Eq6) refer to both Rydberg and con- form of the pump field envelope is given by
tinuum states. The probability amplitude in the initial state .
lg), i.e. am(x) and the exmted Rydberg states in channels 5a(8)=f At £,(t")el*t' ~to) (13)
land?2,i.e. a (x) anda 5(x), are determined by solving —o
the time- dependent Schfrmger equation with the Hamil-
tonian

+§ alli(x)|m,2)|®,). (6)

and HO(X) = Hatom+ VICE(X) '
The probability amplitude of observing after its flight
7) through the standing-wave field a deflected atom in state

HO=Hatont Vice(X) +Voumd 1) In,1)|®,) with transverse momentum, is given by[2]

In the two-channel approximation the atomic Hamiltonian is . A . ,
given by al)(p) =+ fo dx &) (x)e” P, (14)
Hatom:89|g><g|+ 2 [h+V(r +8cj]|q)j><q)'| with A=2=/k the wavelength of the standing wave. Equa-

tion (14) shows how the state-selective atomic transition am-
(8) plitude a (x) acts as a diffraction grating for the atomic
center- of-mass motion. This diffraction grating is determined
The channel statds,) and|®,) represent the ground state by the interaction of the two valence electrons with the laser
and excited state of the ionic cdi#8,20. The atomic eigen- fields. In order to exhibit clearly the influence of the elec-
states in channgl are denotedn, j)|®;). The radial Hamil-  tronic Rydberg wave packet on the atomic diffraction pro-
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cess it is convenient to use a semiclassical path represent@g;)(x) depend on the positiox at which an atom crosses
a

tion for tatf?'l()?)' .AS cb)utllned in the Appendix, this the standing-wave laser field. If, however, the standing-wave
representation 1S given by field is tuned in resonance with the core transition, ife.,
=g5—e0=0, xY(x) and ’Dg;a)(x) become independent of

_ (=1 ©+i0
aﬂ(x)ze"mo(z—l.) f . X. The effective quantum number of the Rydberg state
T M=0 J-e+io In,1)|®;) is denoted byv,=n—u,.
dee—i57vgs/z[eiwynw(x)_e—mnw(x)ezmax)] On the basis of previously derived resulis] Eq. (15)
can be interpreted as describing the Rydberg wave-packet
X[’)‘('(X)ezﬂ-i;(x)]M:bg;;(x)ga(s_8_). (15) dynamics in terms of propagation of the excited Rydberg

electron in the photon-dressed channél®,(x)) and
This is a main result of this section. It shows explicitly how |®,(x)). The Mth member of the sum in Eq15) can be
the repeated returns of the excited Rydberg electron to thassigned to a process in which the Rydberg electron per-
ionic core influence the spatial dependence of the probabilitfjorms M complete orbital round-trips around the nucleus af-
amplitudesaﬂ(x). According to Eq.(14), this spatial de- ter the initial excitation by the pump field. This excitation is
pendence determines the momentum distribution of the desharacterized by the amplitud@(gga)(x). On each complete
flected atoms. round-trip in the dressed chanrjethe Rydberg electron ac-
In Eq. (15 all quantities with a tilde refer to components quires a phase of magnituderijj(x) that is equal to the
in the basis of photon-dressed core stafg$x)) [11,15. In  classical action of motion along a purely radial Kepler orbit
the case of a real-valued Rabi frequenfly(x) these with zero angular momentum and energy s;(x) <0. Be-
photon-dressed core states are related to the bare core stag@een two round-trips the Rydberg electron may be scattered
|<I>j> by an orthogonal transformatio®(x), i.e., |®;(x)) by the Rabi-oscillating ionic core. This process is described
=Ei=1’205(x)|61>j>. The orthogonal transformatio®(x) by the scattering matri%(x). During the M + 1)th round-
diagonalizes the laser-induced coupling of the ionic corefrip the atom leaves the standing-wave field and the state of
ie., the Rydberg electron is projected onto the bare Rydberg
stategn,1)|®,). This projection is described by the term in

1 the first set of square brackets in E45). In Sec. Il the
c1 N §Q21(X) influence of the internal electronic dynamics on the atomic
O'(x) O(X)="g(X). center-of-mass motion will be discussed in detail with the
_ EQZl(X) o help of the semiclassical path representation of (&§).
2 In the above treatment, autoionization of the excited chan-

(16)  nel 2 and laser-induced transitions of the Rydberg electron to
, o~ , " continuum states well above threshold have been neglected.
The diagonal matrixe(x) contains the position-dependent 1y, ever, the formalism may be adapted easily to the treat-
energies of the dressed states of the ionic core. The matrixient of more general excitation processes in which these
elements of the X2 9'3290”"” matrixp(x) are given by  effects can be includefd5]. Also, the spontaneous emission
vij(x)={2[&¢(x) —€]} " The scattering matrix(x) de-  py the jonic core is not taken into account. This is justified as
scribes scattering of the excited Rydberg electron betweeﬁl)ng as the interaction time between atom and standing wave

the photon-dressed core channels. This scattering takes plageshort in comparison to the spontaneous lifetime, which is
inside the core region. The matrix(x) is related to the of the order of several nanoseconds.

diagonal bare scattering matrx by

')}(X)ZOT(X)XO(X). (17) B. Experimental realization

In view of present-day experimental possibilities, the
The matrix elements of the diagonal bare scattering matrivatomic diffraction experiment discussed above is somewnhat
are given byx“:ez”'ﬂj, with u; denoting the quantum de- idealized. Therefore, in the following an alternative, more
fects of the bare channels. THenergy-normalizedphoto-  realistic experimental setup is discussed briefly that involves
ionization dipole matrix elementgl8,2Q that characterize short pulses.
the laser-induced excitation of the dressed channels by the Typical parameters in a realization of an experiment of
weak pump field€,(t) are denoted by the column vector the kind described above would be a mean excited quantum
i)é;;(x) = OT(X)'Dé;a) . In the excitation scheme of Fig. 2 it humber around:= v(¢) =80 corresponding to a classical or-

. . _ 1’_ .
is assumed that the initial statg) excites Rydberg states in Pit time of aboutTe,=27=80 ps, an atomic center-of-

- _ 71 - .
channel 1 onlv. This means that th mponem' 1) mass velocity pi;in—lo_OO ms , a standing-wave laser field
on'y S means that the compo e’mg&)g with a maximum intensity of the order ofl .

vanishes and that Eée;)f—le'”’”dsg with d.q the =10 kwcmi2 and a wavelengthh between 250 and 450
standing-wave dipole matrix element between stgleand  nm. For these parameters the conditions for the applicability
the continuum states of channel 1. The row veet¢x) has  of the eikonal and Raman-Nath approximations are very well
componentsw;(x) =04;(X)/[en1—ec1— &t &¢j(X)]. By in-  fulfilled. However, as the interaction times between atom
serting Eq.(15) into Eq.(14) one arrives at the semiclassical and standing wave should be of the ordefTgf,, the stand-
path representation for the transverse momentum distribuing wave would have to be focused onto a diameter of about
tion. In Eq. (15 the quantitiesw(x), ¥(x), »(x), and 100 nm, which is smaller than the wavelengthA realiza-
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tion of the standing wave with cw laser fields as describednce the momentum transfer from a standing-wave light field
above would thus lead to severe practical difficulties ando the atomic center of mass. For this purpose we consider
limitations. the deflection of a fast atom by a standing-wave laser field as

An alternative that avoids these problems is the realizadepicted in Fig. 1 schematically. Inside the standing-wave
tion of the standing-wave field by two counterpropagatingfield an additional short laser pulse prepares an electronic
short pulses. A possible experiment could be performed ifRydberg wave packet in the atom. In this way the standing

the fo”owing way. The Standing wave is created by Superwave is enabled to excite Rabi oscillations in the residual
posing two short optical pulses counterpropagating inxthe ionic core and to transfer transverse momentum to the atomic

center of mass. This momentum transfer is influenced by the
laser-induced interaction of the electronic Rydberg wave

region where the two pulses overlap first, the standing wav acket W't.h the core electron. Its character_lstlcs may b? ana-
- . . é/zed efficiently with the help of the theoretical tools derived
exists for a time equal to the pulse duration. As soon as th

: . ; . dn Sec. Il A.
standing wave ha_s t.)u”.t up the shor’F pump pulse is qpplle " For the sake of clarity, the internal atomic dynamics will
In case the atom is inside the standing wave at the time thBe

: T S ) i described in terms of two non-autoionizing Rydberg se-
pump pulse is applied its interaction time with the St"J‘nd'mgries (Fig. 2. In Ref.[15] the neglect of autoionization was
wave therefore is not determined by its position in the

L ) . : ! X shown to be well justified for moderate autoionization rates
direction and its velocity. Instead, the interaction time de-

d | the delav bet th | d thand interaction times of the order of several wave-packet
pends only on the delay between the pump puise and Mgy times. However, autoionization could easily be taken
destruction of the standing wave. This setup would thus al

| ¢ t th : t not onlv with sinal into account in Eq(15) with the help of complex quantum

OtW ong to Icarry.t(r)]u ? expe;men fnﬁ. ﬁny. Vt‘” .?lng € defects. In the absence of autoionization the laser-induced
atoms but also with an atomic beam of higher Intensity as igocyon-electron correlation is determined solely by the ex-
is no longer necessary to control the atormiposition. In

! . . : . tent of shakeup. A quantitative measure for this is given b
order to guarantee a well-defined interaction time and fiel p- 24 d y

; X he difference(mod 1) between the quantum defects of the
strength the profiles of the counterpropagating pulses shoul&;v0 Rydberg series involved

res?mble the form of square pulses as closely as possib_lg and In the following numerical examples resonant excitation
their !nten3|ty should be §pat|ally homogeneous. I_n add't'on.(A=scz—sc1=O) of a Rydberg wave packet with mean
the diameter of.the atomic beam shoulq be small in Compa”(quantum numbew=[2(e.;—&)] ¥2=80 and u;=0.0 is
son to the spatial extension of the optical pulse alongxthe considered. The duratiom of the short pulse is equal to

dlrect'lon. I . ) _ 0.3Tgp, With Top,=27v3=77.8 ps unless otherwise stated.
This excitation scheme involving short laser pulses is ar, envelope of the standing-wave laser field of &yim-
good approximation to the excitation process considered 'Blies that the distribution of transverse momeptaof an

Sec. Il A. The entering and leaving of the standmg-waveatom leaving the interaction region with its core in the

I'ﬁld k:y tg.e atom is aqtct?r:;]pl|sr]h?d b¥ tchreatlng ?nd destro;;!ng]round state contains only components equal to even mul-
€ standing wave wi € help of the counterpropagatin iples of the photon momenturk and that this momentum
short pulses. This scheme requires of course very good co

. o ; Yistribution is symmetric with respect to,=0. In the fol-
trol_ of the shaping and synchronizing of the PUISES 'nVOIVeQJowing examples only the part of the momentum distribution
which does not seem to be out of reach in view of the rapi

progress in the technology of manufacturing pulk2; 24, with p,=0 is shown. For the sake of clarity, it is depicted in

. : : . . gwe form of a continuous curve instead of discrete points at
Furthermore, as the relevant interaction time is determine .
even multiples ok.

only by the timing of the short 'I:.:lser pulses this 'e>'(per|ment S 1t the quantum defects of the resonantly coupled Rydberg
not expected to be very sensitive to effects arising from the__ . ; - ) :

oo o : ; Series are equal, i.ey1=u,, the dressed scattering matrix
longitudinal velocity dispersion of the atomic beam. In order;

. o Lo is given by y(x)=e? 71| [15]. Thus the shakeup effect of
to increase the prob_abll!ty of gxutatlon the short pump pmsﬁheglaser—izglgczad core tra[nsiilions on the wave-pgcket dynam-
£,(t) should be of high |_ntenS|ty. If the pump pulsg depletesics is minimal as no core scattering takes place between the
the ground state on a time scale short in comparison to thShoton—dressed core channels. The momentum transfer to the
wave-packet orbit time, the above derivation that originally '

assumed a weak pump pulse may easily be adapted to thffléomlc center of mass, however, is determined by the char-

: acteristics of the Rydberg wave packet prepared. To discuss
case. One simply has to replace the pump pulse of &js. ; o )
. ) 2. _this momentum transfer it is convenient to sum up the geo-
and (5) by an exponential pulse, the decay time of which is . o . ; -
) . S - metric series in Eq(15), which yields for the position-
twice the laser-induced depletion time of the initial state dependent probability amplitude
One could also think of performing the experiment by P b y amp
preparing the atoms in a Rydberg statel)|®,) before they 4
enter the standing wave. In this case the short pump pulse aﬁ)(x)=(—1)'e_i“O—sg%[e_i8n~+(x)78a(5n'+(x)—s_)
would no longer be necessary. This setup would obscure the 2v,
effects to be discussed in the next section significantly with- —iF _(0TF —
out, however, leading to their complete disappearance. e =t (en, - (x) —8)]. (18)

direction. It is not necessary to focus them tightly; their di-
ameter may be of the order of millimeters. In the spatia

In this way the probability amplitude is expressed in terms of
the contributions of the two dressed statés,=+)

In this section the physical aspects of the question are=(1#72) (|n,1)¥|n,2)) in the standing-wave field pertaining
discussed how the ICE-induced electron correlations influto the two bare statd®,1(2)). Their energies are given by

Ill. PHYSICAL DISCUSSION AND EXAMPLES
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~ En+(X)=ec1+305(x). According to Eq.(18), one can
distinguish three limiting cases.
— ® € 1/T>Qz;,max- The energy spread 4/of 'ghe prepargd
e wave packet is much larger than the maximum Rabi fre-
— 0 quency{),; max OF, in other words, the wave packet is pre-
3 2lmax pared by the short pulse almost instantaneously in compari-
son with the characteristic time scale of the Rabi oscillations
of the ionic core. In this case one may approximate
ga(En,+(X)_8)%5a(5n,—(x)_8)%5a(8n,1_8) [cf. Fig.
3(a)]. Therefore, in this case the deflection pattern is almost
0y indistinguishable from the well-known one of a fast two-
level atom that enters a standing-wave fiéid rectangular

shape in its ground state and interacts with it for a tirfle
< (b) [2]. As an example, in Fig.(4) the state-selective momen-
-3 tum distributionP{? (p,) =|a‘? (p,) | and the total distribu-

v
<1 < 1 Uy tion P{"(p,) ==, P{7(p,) summed over all Rydberg states
' are shown forTgapi min=0.1T o> 7=0.03T o, They display
the rapid oscillations familiar from the above-mentioned
< two-level case. The distributiorﬁﬂ(px) differ from each
other only by a multiplicative constant that is due to the
energy dependence of the envelope functigte).
(b) U7<Q3 max<27/ Ty, This condition implies that, in
17-3: general, only at most one pair of dressed states belonging to
© a certain principal quantum numberis excited[Fig. 3(b)].
As apparent from the conditiors> T, the Rydberg electron
is not prepared in the form of a wave packet. The momentum
21,max distribution could also be obtained from a pure two-level
system that is excited correspondingly from a low-lying
state. However, due to the strong position dependence of the
excitation amplitudest, (g, +(X) —¢) and Ey(en —(X)— &)
- interesting effects may be observed. If one chooses, for ex-
ample,e equal to the energy of a bare Rydberg state, i.e.,

FIG. 3. The relation between the maximum induced Rabi fre-®~ £n.1» then the atom is excited to the two dressed Rydberg

queNcy Q1 mae the excited energy range *, and the distance §tates]n,;) only in the vicinity of the flelq npdes. Therg the
between adjacent bare Rydberg stated=2/T,,, determines the  induced light force(and thus the deflectioris large while
characteristics of the momentum distribution in the case of equalhe excitation in regions of weak induced light force is sup-
quantum defects. This interplay is indicated by displaying the lasepressed. In this way an efficient beam splitter is real[Zeg.
pulse shapé&, and the relevant excited dressed-state enegies  4(b)]. The maximum momentum transferred is approxi-
a function of(),, for the casesa), (b), and(c) discussed in the text. mately given byl py|max=KQo1 masl 12
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(©) U7<Q )1 max@nd Qo1 mae> 27 Ton,. Due to the second 1
condition a number of dressed states with different principal |Dx|max=§k921,ma£rorb- (20
guantum numbers are excited significantly and, as ex-
pressed by the first condition, their excitation amplitudesThis value is independent &f. Like in the case of vanishing
vary strongly with positioiFig. 3(c)]. The resulting momen-  shakeup, the maximum momentum is transferred to atoms
tum distribution cannot be obtained with a two-level systemthat cross the standing wave at the field nodes.
and thus reflects the presence of the Rydberg wave packet. (ji) At interaction times equal to a small even multiple of
Figure 4c) shows that the atomic deflection is indeed selec-T _, the relation
tive with respect to the Rydberg states. Dressed states of
principal quantum numbenr with |, ;—&[<1/r are excited 3., Tow
only in the vicinity of the field nodes and are deflected |px|max:§k921,ma>7 o
strongly as described in cagb). States WithQ,1 ma>len1
—e[>1/r are excited only in regions of weak stimulated holds. This result also applies to the case of large interaction
light force and are therefore less deflected. In the latter casiimes, irrespective of whether the number of returns is even
only one of the two dressed statest ) is excited so thatthe or odd. The maximum transverse momentum of E2f)
momentum distribution does not display the usual oscillatorygrows linearly with7. It is associated with atoms that cross
behavior. The state-selective deflection pattern in Fig) 4 the standing wave at positions with siki@=0 at which the
can also be interpreted in an alternative way: It maps thelectric-field strength does not vanish.
position-dependent ac Stark splitting of the channel thresh- For interaction time& up to the order of severdl,,, and
olds in the standing-wave onto the state-selective momentumaximum Rabi frequencies comparable to the mean excited
distribution. level spacingv_l‘3 Egs. (20) and (21) imply that the maxi-

If the quantum defects of the resonantly coupled coramum momentum transferred at odd multiplesTgf, is sig-
channels are not equal, the Rabi oscillations of the ionic corgificantly larger than the one transferred at even multiples.
cause a shakeup of the electronic Rydberg wave packet. Furhe transverse momentum distribution is thus of oscillating
thermore, Eq.(15) shows that any effects of shakeup canwidth with respect to the interaction time. The laser-induced
only be observed after the prepared electronic Rydberg wavscattering process between the electronic Rydberg wave
packet has experienced at least one scattering from the lasgracket and the excited core electron causes the time evolu-
excited ionic core during the flight of the atom through thetion of the momentum transfer from the standing-wave laser
laser field. field to the atom to be reversed at each return of the wave

In the extreme case of a maximal difference of the quanpacket to the core. For larger interaction times the oscilla-
tum defects, i.e,—u;=0.5, these shakeup effects prevail. tions in the width of the distribution are gradually washed
The corresponding scattering matrix that describes the laseput. The core scatterings then manifest themselves in the fact
assisted core scattering between the photon-dressed catfat the maximum momentum transferred is much smaller
channels is given by than it would be in the absence of shakeup.

These characteristic features are exemplified in Fig. 5,
where momentum distributiora{”)(p,) are depicted for dif-
ferent values of interaction times with the standing-wave la-
ser field. Figures ®)—5(d) illustrate the oscillation of the
width of the momentum distribution as a function of the
interaction time. They also confirm the more detailed predic-
This scattering matrix is independent of the positiorat  tions of Egs.(20) and (21) as they show p,| . to be ap-
which the atom crosses the standing-wave field because gfoximately constant for odd multiples iy, while it in-
the resonant character of the excitation. With each return tereases proportionally to7 at even multiples. The
the core region the fractions of the initially prepared elec-corresponding proportionality constant and the width of the
tronic Rydberg wave packet that propagate in the photowlistribution at odd multiples of ,,, are also in good quanti-
dressed core channels are scattered from one channel into ttaive agreement with the values inferred from E@8) and
other one with a probability of unity. This extreme case of(21). However, for sufficiently large interaction times the
core scattering influences the momentum distribution of anaximum momentum transfer will be given by E®1),
diffracted atom significantly. In this context it is particularly approximately, irrespective of whether this interaction time
interesting to study the width of the momentum distributioncorresponds to an even or odd number of returns of the ex-
as a function of the interaction time between the standingeited Rydberg electron to the core. This behavior is apparent
wave field and atom. This question is conveniently examinedrom Figs. ge) and 5f).
with the help of the semiclassical path expansion for the For an intermediate difference in quantum defects, i.e.,
transverse momentum distribution given by E¢s4) and  0.0<u,— u,<0.5, the dressed scattering matrix can be de-
(15). The results of the analysis that is detailed in R86]  composed into a diagonal and an off-diagonal part, je.,
and is based on a stationary-phase evaluation of the sen#}diagﬂ?oﬁ. This decomposition reflects the fact that at
classical path expansion may be summarized as follows. each return to the nucleus the Rydberg wave packet may

(i) At interaction times equal to a small odd multiple of either be scattered between the dressed changgs ¢r not
Torns 1-€., 7=(2N+1)T,,, With integer values olN up to (}diag). As the foregoing discussion has shown, both pro-
about 5, to a good degree of approximation the maximuntesses have completely different effects on the momentum
transferred momentunp,| max is given by transfer from the standing-wave field to the atomic center of

2/3

(21)

oy 2im(uq+ )0 1
X(X) = T2 1 o) (19
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FIG. 5. Total momentum distributioﬁ’(lT)(pX) for parametersu;=0.0, wy=0.5, Trapimin=0.2T o, and various interaction timeg
(other parameters as given in the jext

mass. As long as the core has not experienced a scattering @mplicated deflection pattern at tinme=2.5T,,,, where

the wave packet between the dressed channels the momey-=2 is dominant, in terms of the different histories con-
tum distribution grows linearly with time. However, as SooN nected with two wave-packet returns to the core. In this ex-
as such a scattering has taken plgcg thg momentum tran.sfera{%me, a time of approximately 075, has elapsed since the
“reversed” and the momentum dlstrlbut|on begins to Shrlnk'second return. The width of the contribution pertaining to
Correspondingly, subsequent scattering events lead to f“rth%‘ﬁoms that have experienced no scatterings of the wave-

reversals” in the time development of the momentum Ipacket fractions between the dressed chanfetssescon-

transfer. As the events of scattering and nonscattering aig, ¢ 1o grow linearly withZ. The distribution correspond-
superposed quantum mechanically, the momentum distribu- . .
tion consists of a superposition of the various distinct deflec"Y to a scattering at the secpnd retutriangles, on the
tion patterns arising from the different “scattering histo- other hand, has begun to shrink due to the reversal effect.

ries.” Therefore, the internal dynamics of the atom that iSThe distributions for scattering at the first retynircles and

determined by the interaction between the Rydberg Wavgiamonqs are both rather narrow because the correspondipg
packet and the ionic core is reflected in detail in the momen@oms did not possess any transverse momentum at the time

tum distribution of the atomic center-of-mass motion. of the second return of the wave packet. However, their
The quantitative analysis of these kinds of processes mayyidth increases with growing interaction time.
be accomplished easily with the help of E¢s4) and (15). The notion of the reversal effect may be defined more

As an example Fig. @) shows the momentum distribution Precisely. To this end we consider at a tirfieequal to an
for an atom with u,—u;=0.20 and interaction timer m_teger mulUpqu of Ty @ c_ontrlbutlon to_the momentum
—1.7T,. In this case only thé =1 term in Eq.(15) con- dlstannon that is charact.erlzed by a particular sequence of
tributes significantly to the probability amplitude. The mo- Scattering and nonscattering events. Kamot too large the
mentum distribution consists essentially of two distinct peakVidth [P/ max Of this contribution can be determined in the
aroundp,~0 andp,~50k. Using the decomposition of the fo_llowmg way [25]. Between two returns to the core the
dressed scattering matrix, the inner peak can be attributed #§idth of the momentum 9|strlbutlon is changed by an
atoms in that the wave-packet fractions have experienced @nount of =Ap with Ap=3k€Q; madorp- The maximum
scattering between the dressed channels at their first return fBomentum transferred to an atom is given b|max

the nucleus, while the outer peak corresponds to atoms witfr Zi=1AP; . The contributions\p; are determined by the fol-
unscattered wave-packet fractidifég. 6b)]. Thus the inter-  lowing rules: (&) Ap;=+Ap; (b) if S)_;Ap;=0 for some

nal dynamics is mapped onto the momentum distribution in &N<q thenApy;;=+Ap; (c) if Er’\,'zlApia&O thenApyn.1
clear way. Figures @) and d) show the analysis of a more =Apy if the Rydberg wave packet is not scattered between
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FIG. 6. (8) M=1 contributionP{"=Y [as evaluated from Eq$14) and (15)] to the total momentum distributioR{”) for parameters
#1=0.0, £2=0.2, Trapi min=0.1T 4y, and interaction tim&/= 17T, (other parameters as given in the jexb) Contributions toP(lM:”
from atoms in which the Rydberg wave packet has been scattered between the dressed channels at the first return[to tleealasted
by replacingy by Y. in Eq. (15)] and atoms in which the wave packet leaves the core unscatteresvaluated Witrﬁdiag). (c) Same as
(a) but forM=2 and7=2.5T,,;,. (d) Contributions toP(lM:Z) from atoms in which the wave packet has been scattered between the dressed
channels twicd ¢ ), only at the first returfO), only at the second retur@\), and neither at the first nor the second ret(x). (e) Same
as(a but forM=4,5, u,=0.28, and7=5.0T,,. (f) Decomposition ofP(lM:“’S); for an explanation see the text.

the dressed channels at Rgh return to the core; otherwise
Apni1=—Apy.

As an example in Figs.(6) and Gf) the transverse mo-
mentum distribution for parametegs, — 1= 0.28, Trapi min
=0.1T,,,, and7=5T,;, is analyzed. For this interaction time
only the terms withM =4,5 contribute significantly to the
transition amplitudg(15). For the contribution of atoms in

have a width of Ap according to the above rules. This is
confirmed by the numerical calculation. The superposition of
these contributions is depicted in Figfeby the curve with
triangles. It explains the behavior of the momentum distribu-
tion for p,>50k. For all other contributions the above rules
yield | py| max=Ap. This prediction is confirmed by the curve
with circles in Fig. &f), which shows the superposition of

which the wave packet is not scattered at the first four returnthese contributions and explains the momentum distribution

to the core the above rules yielg,|no=5Ap, with Ap

for p,<50k.

=31.4. This contribution is shown in the magnification in
Fig. 6(f) (crossepand is evidently responsible for the out-
most maximum in the total momentum distribution which
occurs aroung,~15X. The simultaneous laser excitation of two atomic valence

The contributions that are characterized by the sequencesectrons and their influence on the momentum transfer from
of scattering eventssqinn), (nnng), (ssnn, (nnsg, and a standing-wave laser field to the atomic center of mass have
(nssn (with s denoting scattering and nonscatteringall been investigated. This coherent momentum transfer that

IV. SUMMARY AND CONCLUSIONS
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originates from the stimulated light force leads to the deflecfor the following, Coulomb functions of complex energy

tion of atoms that traverse the standing-wave laser field. Irare defined by

particular, cases have been investigated in which during the ]

flight of an atom through the standing-wave laser field one of ! Ve N 2miv(e ).

these electrons is prepared as an electronic Rydberg wave C(r,s)—§[¢< (rie)e™" =g (rie)],  (A2)

packet by a short laser pulse and the other valence electron is

excited resonantly to an energetically low-lying bound stateVith the effective quantum number(s) =(—2¢) "> and

by the standing-wave field. the energy normalized incoming- and outgoing Coulomb
A theoretical description of the resulting atomic deflectionfunctions ¢)(r;) [18,20. Except fore real and positive

has been developed that is based on the dressed channel giee functionsC converge to zero for—c. The radial wave

ture and semiclassical path representations of relevant trafiinctions appearing in EqA1) can be evaluated far=r

sition amplitudes. In this approach the state-selective transwith the help of multichannel quantum-defect thef®29,26].

tion amplitudes of interest are represented as a sum ofherebyr. denotes the radius of the ionic core, which is of

contributions originating from repeated returns of the laserthe order of a few Bohr radii. Defining wave functions of

excited Rydberg electron to the ionic core during the interbound states as in Rgf20], one obtains

action of the atom with the standing-wave laser field. With 141 —32 —imp _

each return to the ionic core this Rydberg electron may be (NAr)y=(=1)"" v, " ""C(rien1—ec1)  (r=ro),

scattered from one photon-dressed core channel into the (A3)

other. The probability amplitude describing the resulting mo- ith &, ;=s.,— 1[2(n— x2)] denoting the energy of the
nl1l— €c 1

mentum transfer to the atomic center of mass depends critjs dberg state[n,1)|®;) and v,=v(e, 1~ se1). Further-
cally on the shakeup processes that are caused by these scat- == "= - .0 funclztion appenaring ?hlmﬁi s given by
terings. Details of the internal electronic dynamics of an g] '

atom that crosses the standing-wave laser field manife&L
themselves in the momentum distribution of the deflected 1 _ _
atom. Thus even different “electronic scattering histories” <r md-eag> =F,(r;e,X)|®1(X))
can be distinguished in this momentum distribution. This in- 0

tricate interplay between laser-modified electron correlation +E2(r;s,x)|52(x)>, (A4)
effects and the atomic center-of-mass motion might have
particularly interesting applications in atom optics. with
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andF'=(F,,F,). All quantities appearing in Eq$A4) and
APPENDIX: DERIVATION OF EQ. (19 (A5) have been defined in Sec. Il except for the diagonal
matrix C”(r;s,x):C[r;s—'ECj(x)]. In order to perform the
radial integration in Eq(Al) one assumes that the main
contributions come from values ofwith r=r . In this way
Eq. (15) is obtained by making use of the relatifiil,27]

To derive the semiclassical path representation of Eg).
for the position-dependent probability amplituaiﬁ}(x) Eg.
(12) is rewritten with the help of the resolvent bif;(x) and
the closure relation for the radial Rydberg coordinate the

form o e211'i v(eq) _ e271'i v(ep)
D ) i -1 ©+i0 (o7 3 ® frcdrc(r;sl)C(r;SZ)zz_ﬂ €17 &7
o —lelg —le
an(x)=ie o waiods e . dr{®,|(n,1r) (AB)
1 _ o and expanding the inverted matrix of E@\5) into a geo-
X{r|————d-e,)0)&(s—¢). (A1) metric series.
e—Ho(x)
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