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In isolated-core excited Rydberg systems the destruction of quantum coherence by spontaneous emission of
photons is investigated. For this purpose a theoretical description is developed which is based on a decompo-
sition of the atomic density operator inkd-photon contributions. Using methods from multichannel quantum
defect theory, the relevant atomic transition amplitudes are represented in the form of semiclassical path
representations which are associated with repeated returns of the Rydberg electron to the ionic core. Apart from
numerical advantages, this approach also yields a clear physical picture of the intricate interplay between the
incoherent photon emission process, the coherent laser-modified electron correlation effects, and the semiclas-
sical aspects of the dynamics of the Rydberg electron. Various examples of this interplay are analyzed within
the framework of the developed theoretical to81050-294{@6)04012-7

PACS numbg(s): 42.50.Ct, 42.50.Lc, 32.80.Rm

[. INTRODUCTION tems the study of dissipative and stochastic influences which
destroy quantum coherences has not received much attention
Electronic Rydberg wave packets are physical objectso far. This might be attributed to the fact that in general in
which are situated on the border between microscopic andystems with a large number of relevant states, as in Rydberg
macroscopic physics. This implies that their dynamical besystems, the solution of the appropriate master equations
havior shows an interesting interplay between classical andonstitutes a difficult mathematical and numerical problem.
guantum mechanical aspects. During the past decade, mu&uch studies, however, would be important from both a fun-
effort on both the theoretical and the experimental side hadamental and a pragmatic point of view. Motivated by recent
successfully been invested to shed some light onto this inteinvestigations on ICE wave packet dynami&3] in this
play in various context§l]. In particular, attention was article the influence of spontaneous decay processes of a
drawn recently to the study of wave packet dynamics inlaser-excited core on an electronic Rydberg wave packet is
isolated-core excited atoms in which the near-classical Rydinvestigated. The purpose of the presentation is twofdlg:
berg electron interacts with a purely quantum mechanicalo obtain physical insight into the intricate interplay between
object, namely, a Rabi-oscillating two-level atomic core.laser-modified electron correlation effects, which take place
This system was shown to display new interesting dynamicahside the core region, the spontaneous emission of photons
propertieq 2,3]. by the core, which is of a stochastic nature and tends to
In isolated-core excitatiofiCE) processe$§4] which pro-  destroy quantum coherence, and the semiclassical aspects of
vide the basis for these studies, initially an outer valencahe dynamics of the excited Rydberg electron &dto de-
electron is excited to a Rydberg state with one or severalelop an adequate theoretical approach to this problem,
laser pulses. Subsequently, transitions in the positivelyhich is capable of dealing with the difficulties associated
charged ionic core are induced with the help of a secondavith the description of dissipative phenomena in Rydberg
laser. Thereby the Rydberg electron essentially plays the rolgystems close to a photoionization threshold.
of a spectator and is affected by the core transition only Our theoretical approach is based on the combination of
through the process of shakeup, which leads to a change t#o efficient theoretical tools, namely, Mollow's pure state
its principal quantum number. This shakeup is made possiblanalysis of resonance fluorescer{d®] and multichannel
by a difference in the quantum defects of the two Rydbergjuantum defect theoryMQDT) [17]. According to Mol-
series involved in the transition. Perturbative isolated-cordow’s approach to resonance fluorescence the solution of a
excitation processes with a weak laser field driving the coranaster equation for the reduced atomic density operator,
transition nowadays provide a well-established tool inwhich describes the decay of coherence due to spontaneous
frequency-resolved studies of highly excited Rydberg stateemission of photons, can be obtained by averaging over an
in two-electron-like atomg$5] and have also been used as aensemble of pure atomic states each of which is character-
means of preparing autoionizing wave packét3d]. Nonper- ized by the number of spontaneously emitted photdrend
turbative effects due to ICE or related processes and inducdtie associated random photon emission times- - - <t.
by a short and strong laser pulse have been investigated Byhis pure state approach, which is also the theoretical basis
various groups experimentally in the recent pf&t11. for recently developed quantum Monte Carlo wave function
Similar studies for an intense continuous-wave laser fieldapproaches to dissipatidi8—20, is expected to offer sig-
have been performed theoretically in both the energyhificant advantages over a direct solution of a master equa-
resolved[12—-15 and the time-resolved domaj@,3]. tion, in particular, in cases in which an electronic Rydberg
In the context of wave packet dynamics in Rydberg syswave packet is prepared close to a threshold and the number
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of relevant atomic states is large or even infinite. Whereas

Mollow’s approach allows one to express the solution of a  +nersy 122> 65> 22>
master equation in terms of pure states, MQDT is a powerful I3 Xzz I Xz
theoretical tool for dealing with threshold phenomena arising  {¢,, leps L
from the presence of infinite many Rydberg and continuum Xu | 9 € | Xy ﬁz
states. Thus the combination of these two theoretical meth- :gﬂ == F Ten ==k

ods is expected to offer significant advantages in the treat- 26 2 N
ment of dissipative phenomena in Rydberg systems. Further- g1 fea $}22 N
more, with the help of MQDT semiclassical path gf L s 7?9 L ERPS — g
representations can be derived for relevant atomic transition | ¢ J !

amplitudes which clearly exhibit the intricate relation be- @ (b)

tween coherent laser-modified electron correlation effects,

the incoherent spontaneous emission of photons by the core, FIG. 1. Model excitation scheme&) three-channel system in-
and the semiclassical aspects of the dynamics of the exciteduding laser-induced core coupling and autoionizatida), two-
Rydberg electron in a quantitative and qualitative way.channel system with channel coupling only through spontaneous
Though in the following our discussion will concentrate on core decayconsidered in Sec. Ill A

Rydberg atoms, the theoretical methods developed are ex- _ L i .
pected to be applicable to dissipative phenomena of any kinB"0CESSes Is developed which is based on Mollow’s descrip-
which affect the dynamics of a Rydberg electron only indi_non_of resonance f_Iuores_,cence and MQDT. For the sake of
rectly through the ionic core and which can be described bglarity our discussion will concentrate on a three-channel
a master equation for the reduced density operator of th0del problem which will be introduced in Sec. Il A. The
Rydberg system. Furthermore, due to the universal properti¢?esponding pump-probe signal with which the wave
of Rydberg systems which originate from the long-range naPacket dynamics can be monitored may be represented as a
ture of the Coulomb potentif21] most of our results are not SUM Over contnbut_pns of subensembles each of which has
only valid for atomic but also for moleculd22] Rydberg Undergone a specific number=0,1,7 ... of spontaneous
systems. emission acts. F_or the relevahlt-photon trans.mon.ampll-

As to the physical applications of the presented theoreticalUdes, semiclassical path expansions are derived in Sec. Il B
approach, we consider in particular the influence of spontawhich yield a clear physical picture of the influence of the
neous emission on the effect of stabilization of a Rydbergstochastlc photon emission process on the semiclassical as-
wave packet against autoionization by synchronizing theP€cts of the dynamics of the Rydberg electron. For the sake
Rabi period of the oscillating core with the orbit time of the Of clarity, details of the derivation of these results will be
wave packef3]. Due to the stochastic nature of the sponta-Presented in the Appendix.
neous photon emission process, this synchronization will be
disturbed as soon as a photon has been emitted by the core. A. Description of the model

The ensuing modifications of the autoionization dynamics The essential features of the problem may be investigated
can be well described with the help of the theoretical toolsyith the help of an excitation scheme as shown schemati-
developed. The effects of spontaneous emission are shown gly in Fig. 1(a) (however, the discussion could immediately
be of relevance in certain kinds of experiments studying thgye ‘generalized to more complicated casestomic units
stabilization effect. _ with e=%=m,=1 will be used in the following. Initially the

ideas of our theoretical approach are presented and semiclagy with energys,. The atom is situated in a cw-laser field
sical path representations for the relevant atoMiphoton _

transition amplitudes are derived. For the sake of a clear E(t)=&ee '“'+ c.c., D
presentation our discussion will concentrate on a model

three-channel problem and details of the derivation of thevith amplitude & and polarizatione, which is tuned near
theoretical results are summarized in the Appendix. In Sedesonance with a transitiof;)—|d,) of the positively
Il with the help of this theoretical approach characteristiccharged ionic core. The field intensityis assumed to be
physical aspects of wave packet dynamics in the presence §mall compared to the atomic unit, i.é< 10" wem™2,

a Spontaneous|y decaying cof@ the absence of a core- Typlcally electron correlations Imply that as Iong as the atom
dressing laser fieldand in the presence of resonance fluo-remains in the initial stattg) this laser field is well detuned
rescence of the ionic core are investigated. Besides studyirf§om any atomic transition. Therefore, it has a negligible
the interplay between autoionization and spontaneous emigffect on the atomic dynamics. Around tinig=0, a short
sion we also examine the influence of dissipation on theéind weak pump pulse

long-time dynamics of nonautoionizing model systems. E (D) =&(1) e,e @i+ coc. | @

Il. RESONANCE FLUORESCENCE IN ISOLATED-CORe ~ With & (1) denoting the pulse envelope of wid, is ap-
EXCITED RYDBERG SYSTEMS plied to the atom which excites Rydberg states in channel 1

close to the photoionization threshold, thus preparing a radial
In this section a theoretical description of electronicelectronic Rydberg wave packet. As soon as the wave packet
Rydberg wave packet dynamics in isolated-core excited Rydis created the ionic core starts to perform Rabi oscillations
berg systems under the influence of resonance fluorescendee to the presence of the cw-laser figli). Whenever the
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ionic core is in the excited staté,) the Rydberg state can with
autoionize into theflat) continuum channel 3. In addition to

stimulated processes, the excited core is also allowed to de- 3

cay to its ground staté®;) by spontaneous emission of a Ha= >, {[hjj+Vj(r)+ e @;{(D;[}

photon with a decay rate aot. The influence of this core =1

dynamics on the dynamics of the excited electronic Rydberg FV oo 1) (| D D] + | D) (D) (9)

wave packet can be investigated with the help of pump-probe
spectroscopy by means of applying a second short and we
laser pulsdenvelopet,, frequencyw,, polarizatione,, pulse
durationt,) centered around timg,, which induces transi-
tions to an energetically low lying bound stdte. For the
sake of simplicity we setq+ w1 =g+ w,=¢. In the follow- _ o )
ing it is assumed that spontaneous emission of photons dufnereby the radial Hamiltonian of the Rydberg electron in
ing the application of the pump and probe pulses can b&hannel j is given by hj=—3(d*/dr?)+I;(l;+1)/
neglected, i.e., 2r2—1k (I; is its angular momentum The short-
range potential®/;;(r) describe electron correlations which
KTy <1 3 arise from the presence of the residual core electrons. The
relevant threshold energies in the rotating wave approxima-
In this case the pump-probe transition probability, i.e., thetion, which are shifted appropriately by, are denoted
probability of detecting the atom after the interaction with g¢j- The Rabi frequency) characterizes the laser-induced

Vice= = 5Q(| @) (D] +] D )( D). (10

both laser pulses in staté), is given by[1] core coupling between channels 1 and 2 and is assumed to be

real valued for the sake of simplicity.
Py—t(th—ta) =(¢ilp(to—ta) [4). 4) The stochastic part of the atomic dynamics is described
. - . he Lindbl

It gives a measure for finding the electronic wave packet a?y the Lindblad operator

time t, close to the nucleus and the core in stide,).

Thereby, the reduced density operator of the atom is denoted L= \/;|‘Dl><‘b2|' 1D

p(t), and

_ which characterizes the spontaneous decay of the ionic core
| 1) =1E(H—g)d- &) f) (5)  from statg®,) to statg®,) by the spontaneous emission of

a photon.

designates the atomic state onto which the density operator is
projected by application of the probe pul2g]. Similarly,

. . B. Semiclassical path tati
the atomic state prepared by the pump pulse is given by emiclassical path representation

of N-photon transition amplitudes

|¢g):i31(H—g_)d.el|g), (6) The optical Bloch equation, Eq7), may be solved nu-
merically by expanding the density operator into a basis set
with d denoting the atomic dipole operator, of operators constructed from the Rydberg system eigenfunc-

tions. This method, however, is only applicable efficiently in
= _ [~ ie(t—ty p) cases where the number of energy eigenstates involved in the
&1de) J,wdtglvit)e e dynamical process is sufficiently small. Another approach to
the solution of Eq.(7) which was originally proposed by
the Fourier transforms of the envelopes of pump and prob&ollow [16] is based on a representation of the density op-
pulse, ancH the Hamiltonian which would describe the sub- erator in terms of dfictitious) ensemble of wave functions.
sequent time evolution of the electronic wave packet in thé’ursuing this approach the appearance of such wave func-
absence of spontaneous emission processes. In the numeri@ns allows one to make use of semiclassical methods which
examples of Sec. Il the envelope function is chosen to be ofiave already proven useful for the description of the dynam-
the form &; (oy(t) = E0ex —4 (In 2)(t—t ) %/ 7] ics of electronic wave functions and threshold phenomena in
1(2) 1(2)f a(b) : | h h ¢ ical point of
The main problem'is thus the evaluation of the reduced€lated contexts. On the one hand, from a practical point o
density operator of the atop(t) (in which the unobserved, View these methods are partlcularly_ useful in situations
initially unoccupied modes of the radiation field have beenWhere the number of emitted photons is small and the exci-
traced ouk describing the dynamics of the Rydberg systemt"?‘t'or‘. takes_place very _close to threshold. Examples of such
under the stochastic influence of the photon emission pros|tuat|ons will be given in Sec. Ill. On the other hand, these

cess. This density operator obeys an optical Bloch equatioﬁemiclassical methods yield physical insights into aspects of
[16] the photon emission process which are not obtainable from

the direct numerical solution of Eq7).
o(t)=—i[H,p() ]+ {[L,p(OLTT+[Lp(t),LT]}. (7 The starting point for the second approach is a formal
Pt [H.p]+2{[Lp(OLT+[Lp(O,LT} () integration and iteration of Eq.7). Thereby,p(t) can be
The deterministic part of the atomic dynamics is described!®composed into a sum dfi-photon contributions, i.e.,
by the Hamiltonian p(t)=E°,j:0p(N)(t). In the case of an initially prepared pure
statep(t,=0)=|yg)( 4| the N-photon contributiorp™(t)
H=Hp+V|cg, (8) can be represented by the statistical mixture of pure states
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t tN ty T(I\L)S e
P(N)(t): JOdtNJo dty_q- -+ JO dt1|l,0(t|tN, o 1t1)> g f(en+1 1

1
=(f|d-& L---L d-e|g). 18
12 e At At e (9

X((tty, ... )],

with For these amplitudes a semiclassical path representation can
be derived with the help of MQDT, which expresses them as
l(ttn, . .. ty))y=e Het"W@ (t—t)L a sum of amplitudes which are associated with repeated re-
Mty =) turns of the excited Rydberg electron to the core region and
X MefiINTIN-L0 (ty—ty-1) which include effects due to spontaneous emission of pho-
L. _LefiHeﬁtl(tl)|wg> 13) tons by _the ioni?Nfore between su_ccessive returns. _
To this end, T i(en+1, - - - ,£1) IS expressed as a matrix

and O(t) the unit step function. According to Mollow eleme_nt in\(olving solutions of inhomogeneous Sciimger
'_equations, i.e.,

[(t|ty, - .- t1)) may be interpreted as describing the state
of the atom at time after N photons have been emitted at N) —
times O<t;<t,<...<ty. With each emission of a photon Toor(enes - 8)=(Mensa)[L N ey, . . - 21))
the state of the ionic core is reduced to its ground state by (19
application of the Lindblad operatdr. The dynamics be- .
tween the photon emission processes is described by the dpr N=1 with
fective (non-self-adjoint Hamiltonian

(81— Hem|N(g1))=d-&]g),

Heg=H—(i/2)LTL. (14
(Sn_Heﬁ)|)\(8n, I ,81)>:L|)\(8n,1, e ,81)>,
Inserting Eq.(12) into Eq. (4) it is apparent that the evalua- o
tion of Py ¢(t,—ta) can be reduced to the evaluation of (e¥.1—HIDN(ens1))=d &f). (20)
pump-probe transition amplitudes
The second of these equations gives a recursive definition of
AN (tty, . t)=(rlgtty, ... ), (15 |\(ey,....e1)) for N=2. The corresponding zero-photon
amplitude is given by

with
] T (2)=(f|d- & [\ (21)). (21)
t tny ty
Pg—»f(t):,go fodtho dty-y--- fo dy With the help of methods from multichannel quantum defect
theory physical solutions of the inhomogeneous Sdimger
XlAé’\ﬂf(t“N, 1k (16) equations(20) can be constructed which are valid for dis-

tancesr=r; of the Rydberg electron from the nucleus.

To calculate the pump-probe probability, one has thus finallyr hereby,r¢ denotes a typical core radius which is of the
sible numbers of emitted photons. In our context this method!Niquely by the requirements that they have to remain finite
is therefore particularly useful if the structure of the problemfor r—0 as well as for —o. Having determined the solu-
or the interaction times are such that the number of emitte§fon of Eqs.(20) the matrix element of Eq19) can be evalu-
photons is small. ated with the help of the overlap formula for radial Coulomb

The main problem in this approach is the evaluation of thevave functions thereby assuming that the dominant contri-
time-dependent  N-photon transition amplitudes bution to this matrix element comes from distancesr .

AN (tlty, ... t1). They are related to time-independent gte:[‘ﬁ?ls of t?is deri;/ation t"‘t’i" be ‘i,‘*‘t””tﬁdti!’ the f‘pptet”dl)r(]-
° ; (N) ; is point we only want to mention that in contrast to the
tl\rlag;?c:(r)rg iaemp“tUdeS To=i(ensa, o e) via Laplace g o i third of Eqs(20), which have short-ranged inhomo-
T geneities and can be solved with methods derived previously
[1,24], the second one has an inhomogeneous term which is

N+1 fooqi
AN (t]ty, . .. ,t1)=(l—) J e densy: - nonzero even for large distances of the Rydberg electron
9 2@ —®+i0 from the ionic core. Despite this complication this equation

0 can be solved as this inhomogeneity is a Coulomb function
XJ dsle—iENJrl(t—tN)—"'—i€1t1 forr=r..
—w+i0 Thus using Eqs(19)—(21) as a final result the following
~ —(N) semiclassical path representations are obtained which are
X$(8N+1_8)Tg_>f(8N+1: e iE1) valid for Ime,>0,n=1,... N+1:

— —

XE(e1—¢€). 1 0 P S TV (Ta2iTY (-
1(e1—¢) 17 Té)f(gl):'rés) (+2m D(f;)MlEZO g2 |V1(X62| Vl)MlDE;el)’

The time-independent amplitudes are given by (22
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. © * N positive imaginary part, in general, which is related to the
Tgﬂf(sz,sl)=2wi’D§gj > D (e2miM2 autoionization rate of the mean excited Rydberg state by
M2=0 M;=0 Io=47 Im(u)/ Torp [11]?: The mean wave packet orbit time
S (2T T \Migy(—) is denoted byT,,=2v" with the mean excited quantum
X S2a(Xe ) 1 Dy @39 number v=[2(e;—¢)] ¥? and the threshold of the bare
channel 1le,. As the pump-probe and continuous-wave—
laser interactions merely affect channels 1 and 2, only the
parameterg., and u, of the scattering matrix enter explic-
w “ itly into calculations of the pump-probe signal.
:2wi’1~)§<;) E o The smooth part of the zero-photon amplitude is denoted

k1) My+1=0 Mi=0 by Tgslf and is essentially given biw’f)%’}‘l’b(ggl). The

and

N
T(gj,f(SN+1, PP ,81)

pro
® w diagonal 3x3 matrix €™ has elements

X 2 E (eZWi;NH})MNH

Mi =0 M=0 (eZ’T‘;k)”=exp[21-ri[2('é'cj—sk)]71’2}-

><~ iy eZ’lTi;k ~)Mk .
SN+1'k”X( X0 The matricesS;, « are defined in EqA17) of the Appendix.

><§k e (e T ) M Their physical significance and the definition of the first sum
pp-l of Eq. (24) are explained below.
X’éKl'l(’iez"Ti";l)Mli)(ggl) (24) In the spirit of recently developed semiclassical path rep-

resentations the expressid2®)—(24) for the N-photon tran-

for N>2. These general semiclassical path representatioridtion amplitudes may be interpreted as describing the time

of the time-independerit-photon amplitudes are a main re- €volution of the Rydberg wave packet in terms of repeated

sult of this article. returns to the nucleus. Thereby, all the various possibilities

All matrices with a tilde refer to components in the basis@r€ taken into account by whidi photons can be emitted
of photon-dressed core Statkfé-) [2,12]. In the case of a spontaneously by the ionic core with respect to the course of
1 1 . -

real-valued Rabi frequency these photon-dressed core statgke wave pa_cket retums as explained below.

are related to the bare core statds;) by an orthogonal The ph_yS|caI contents of E(Qg)_ are aIrgady well known

transformation O with complex mjatrix elements. i.e from previous worK2]: after the initial excitation those frac-
D= T'®) The orth 't f t'o@l d'. " tions of the wave packet which are excited into closed chan-

la i(zn_aligézfrﬁijl|aS(je>r.-indSc2:j c?oguor:% rgptshgrirggicl: corcla- o nels perform repeated orbit_al round-trips _around t_he nucleus.
9 piing ' *=-0On each complete round-trip such a fraction acquires a phase

O e.—ir/2 D MNP — 2D MNP |+ DN D|)]O of magnitude 27(1{1)”. Thereby, the quantity 2(w,);; is '
[ec=11/2/D2)(D2| =2 (P2 (Pl +|P1)(P2D)] equal to the classical action of motion along a purely radial
=¢;. (25  Kepler orbit with zero angular momentum and energy

_ &—&,;<0. At each return to the core, the wave packet can
The diagonal matrie, contains the complex energies of the be scattered into other channels due to electron correlation
dressed states of the ionic core. Ttenergy-normalized effects. This is described by the matf Alternatively, it
photoionization and recombination dipole matrix elementsmay be deexcited to the final stafd. An emission of spon-
into these dressed channels are denoted by the column vegmeous photons does not occur.

tors’1~)g;1)=OT’Dggl) and’fD%)T=OT’D$;)T. For the excita- The case in which one photon is emitted during the time
tion scheme of Fig. (B) the bare dipole matrix elements are €volution of the wave packet is described by E2@). This
given bypggl)T: (Dg;f,o,O) andpggz): (D%Q,0,0). transition amplitude is represented as a sum over all different

. o . T ways in which the initially prepared wave packet first per-
The scattering matrix is determined gy= O xO and de- forms M;=0 complete round-trips, then experiences the

scribes the .Iaser—asssted scattering betweeq the dressg ontaneous photon emission by the ionic core during the
channels which takes place inside the core region. The bar

-tri =
channel scattering matrix is defined as the unitary symmetrigext round-trip and subsequently performs agip=0

omplete round-trips before it is deexcited to the final state

matrix |f). The effect of the photon ‘emission process by the ionic
@2ming 0 0 core is described by the matr ;. To a very good degree
; of approximation it is given b
X= 0 e217|,u2 X23 | . (26) pp g y
0 X32 X33

’§212 deT,e2m§2<1—T'/T)(e—iw/z'l_‘)ezm;lf’/T’ (27
In the case considered here, the matrix elemenisand ' 0
Xj1, j=2,3 are equal to zero, as channel 1 and channels
2,3 are of opposite parity, respectively, and cannot beavhere T has to be taken equal td,-t,)/(M,+M;+1)
coupled by electron correlation effects. The matrix elementsvhen performing the Laplace transform of E47). In this
X23 and y3, characterize the extent of configuration interac-physically transparent description it is taken into account that
tion between channels 2 and 3 leading to autoionization othe photon emission may take place at any time0<T
channel 2. Due to unitarity, the quantum defect has a between two successive returns of the wave packet
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to the core. At this time the electron has acquired a phase amitted in the above discussion for the sake of clarity. An-
magnitude 27, 7'/ T]. The effect of the spontaneous emis- other way of calculating théd-photon contributions starts
sion is then described through the action of the Lindbladrom the alternative representatigA14) of the N-photon
operatorL =0"L O, whereL ;,= Vx, Li;=O otherwise. In  amplitudes which is derived in the Appendix. The time-
addition, the emission is accompanied by a phase change @épendent amplitudes are obtained from this representation
magnitude (- 7/2). After the emission the wave packet ac- in the usual way in terms of residue and branch cut contri-
cumulates a further phase of magnituder3(1—7'/T))  putions[24]. In cases in which the wave packet is confined
during its subsequent way to the core. As the photon emisgnergetically to a region well below the thresholds all terms
sion process can take place at any time between two successntaining branch cut contributions can be neglected and the
;Ic\J/sesirbﬁteur\?alegstZ? tchoereeﬁpeiti/n;pjlgr%%e?i nﬁsﬁg\?ée?ov&h alime-dependent amplitudes are calculated as a sum over resi-
added coherently as described by EZj). ggﬁstowtf;:ghshsmdienteér;(lzij).by the €N —1)-tuple contribu
Equation(24) for the N-photon amplitude may be inter-

preted analogously. The first sum has to be carried out over

all p-tuples g, ... ky) with N=k,>--->k=2 and . TIME EVOLUTION OF RYDBERG WAVE PACKETS
N—1=p=1 which can be formed from all possible subsets UNDER THE INFLUENCE OF SPONTANEOUS
of {N,...,2 and over the empty set which corresponds to EMISSION PROCESSES

the terms containindsy. 1, only. Every single summand . . ) .

then describes a process in which the wave packet first per- !N this section the influence of spontaneous photon emis-
forms M, complete round-trips, during the next round-trip SION processes by the ionic core on the time evolution of
experiences K;—1)=1 spontaneous photon emissions Rydberg wave packets is studied with the help of the theo-

. = : retical methods developed in Sec. Il. In order to demonstrate
(characterized by, ), then again perform#1, complete characteristic physical effects first of all a simple case is

round-trips followed by the emission ok{—k;)=1 pho-  gnsidered in Sec. Ill A in which the laser-induced core cou-
tons during the next one, and so on. Before the deexcnauoB”ng is turned off and two channels are coupled only by the
the wave packet finally performd .., complete round-rips  spontaneous decay of the core. In Sec. Il B the influence of
following the emission of N+1—kp)=1 photons during  yespnance fluorescence of the ionic core on the dynamics of
the preceding round-trip. This physical interpretation of thean electronic Rydberg wave packet is discussed. Results on
quantitiesSy, i follows from their approximate representation the influence of spontaneous photon emission on laser-
as induced suppression of autoionization and the long-time-

_ T T - ~ behavior of an electronic Rydberg wave packet are pre-

Sm,kZJ dif drysq J drp_ €2 (T~ m-2/T sented.

0 Tk

m-2

—iml2] a2, - T . .
X (e”'™2L)e? ™ ¥m-1{Tm-1" Tm-2) A. Wave packet dynamics and spontaneously decaying core

x(e*iﬂ/ZE). . .(e*iw/ZE)ehi?kH(mrTk)/T In this subsection we consider the simplified excitation
o . scheme of Fig. (b). There, the laser-induced core coupling
X (e 2L)e2mwi/T, (28) is turned off and autoionization is neglected. The wave

packet is prepared in channel 2 from which it can only make
a transition to channel 1, where it is detected, through the
> ; - spontaneous decay of the ionic core. This pump-probe detec-
one round-trip. By the first sum of E4) all different ways  jon scheme is particularly sensitive to the details of the
of emitting N photons during the evolution of the wave ,,40n-emission process of the ionic core and its influence
packet with respect to its returns to the nucleus are combineg, he dynamics of the initially prepared electronic Rydberg
coheren_tly. In analogy to E¢27), T has to be taken equal to 46 packet. The pump-probe probability is given exclu-
tp—t, divided by the total number of wave packet revolu- gjyely by the one-photon contribution in E(L6). From the
tions between excitation and detection. discussion in Sec. Il together with EGA17), it follows that

Inserting Egs.(22-24 into Eq. (17) the time dependent i this case the relevant time-dependent transition amplitude
N-photon pump-probe transition amplitudes are obtainegg, pe written as

from which the pump-probe signal can be evaluated by Eq.

which is an immediate generalization of E&7) to the case
of the emission of in—k)=1 spontaneous photons during

(16). This method of solution is particularly useful in cases 1 * _
in which only a few photon emission processes are relevant. Aj”((t|t;)=— 5 > e (Mot M)
The actual numerical calculation ®-photon contribu- Mz My =0
tions with the help of these semiclassical path representa- ®+i0 ©+i0 _
tions is especially convenient if the excitation takes place in Xf . d82f de &5 (e 8)
the immediate vicinity of the threshold so that a very large or —@Hio —eHio
even infinite number of energy eigenstates is involved in the . @2mvy _ g2mivy
wave packet dynamics. It has to be noted, however, that for X Dig)e?mM2"2 5
accurate calculations also the contributions of the integration ez tikle=e ten
in the lower complex half plangsvhere the integration paths X eZWiM1V1pg;1>gl(81_8_)e*isz<tft1>fislt1,

have to be chosen from to —« below all branch cujshave
to be taken into accouf5]. These contributions have been (29
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12.0
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P, ¢(ty—talts) = PP, (ty— o[ ts) /(| DI EP D) &0 72T o) as

ol a function oft, for the parameters of Fig. 2 ang—t,=4 Typ-

e Dotted curve: u;=pu,=0.0; full curve: u;=0.0, u,=0.5. The

:320 dashed curves show the contributions R§" ((t,—t|t;) from
T 6

i g N it spontaneous emission during tkeh round-trip of the wave packet
‘ ‘ (M=1,2,3,4) as evaluated from E(9).

B

<
&

- 1l recurrence contributions in the pump-probe signal. It may be
= L ————————————————, explained with the help of the semiclassical path representa-
0.0 50.0 100.0 150.0 200.0 tion by the following picture: according to Eq16) the
(to=ta)/Tom pump-probe probability, and in analogy the wave packet, at
timet may be partitioned into contributions from all sponta-
FIG. 2. Scaled pump-probe probabilityﬁgﬂfz Py_.t/ neous e_mission times with 0<t;<t. Each of these contr_i—
|D$;;)g(20)pgg)g(lo)7.|2 as a function of the time delayy—t,) for the _butlons is represented by_E(ql9) as a sum of terms describ-
excitation slcheme of Fig. () and u,=pu,=0.0 (a); u;=00, NG wave packet fractpns after a total number of
4,=05 (b). The other parameters areT.,=1/15, v,=119 M;+1+M, complete orbital round-trips and spontaneous
(To=256 p3, 7=0.3T,,. The revival imeT,,= 2v,T, is also  Photon emission during theM;+1)th round-trip. The
indicated in(a). shakeup effects are incorporated into these terms only
through a global phase of magnituder@,u,+Mquq)

h h : ith | ch ith i which arises because of the core scatterings. At given times
where the notation with normal characters without tilde re-.¢ ) seyeral different,,M,) terms will contribute to the

fers to the corresponding individual bare channel quantitiesg ;" of Eq.(29), in general. Only in the case of equal quan-
The bare channel thresholds are denated and e1,. The  tym defects are the phase relationships between all wave
semiclassical path representation is now particularly helpfupacket fractions such that their superposition describes a co-
to explain some characteristic features of the combined inherent wave packet through Eq46) and (29). In the pres-
fluence of the spontaneous decay of the initially excited cor@nce of shakeup the phase relationships are disturbed so that
and the shakeup process on the electronic Rydberg waute decoherence of the wave packet can be attributed to in-
packet. terference effects between wave packet fractions having ex-
The effect of this influence is illustrated in Fig. 2 where perienced different numbers of core scatterings in the excited
the pump-probe probability for the excitation scheme de-and the unexcited channel. As a consequence the decoher-
scribed above is shown for two examples which are distincénce is the more pronounced the larger the number of core
only in the difference between the quantum defects of the&catterings in the excited channel before the spontaneous
two channels involved. In Fig.(2) the two quantum defects emission, i.e., the smallex.
are equal. It can be shown that the one-photon transition To illustrate these considerations, in Fig. 3 the conditional
amplitude A" (t|t;) is then given by the product of the one-photon  pump-probe  probability P (t]ty)

. . L . g—f
zero-photon amplitude at timedescribing the detection of =|Aé1lf(t|t1)|2 is shown for the examples of Fig. 2 at time

the wave packet if it was prepared in channel 1 and an en=4T . as a function oft;. In this case only terms with
velope factore™ “'/2 characterizing the decay of the excited M;+1+M,=4 contribute significantly to the sum of Eq.
core. This implies that for timest>1, i.e., after the spon- (29). At timest, aroundnT,,, the terms withM,;=n—1 and

taneous decay of the core, the wave packet has simply passgfl =n interfere constructively in the case of equal quantum
from channel 2 to channel 1 without any further modifica- gefects and destructively fqr,— u,=0.5.

tion. In particular, its initial coherence is completely main-

tained. B. Wave packet dynamics and resonance fluorescence
In the presence of shakeup processes the coherence of the of the ionic core

wave packet after the core decay is diminished. This is

shown in Fig. 2Zb) where the difference in quantum defects

is maximal, i.e.,u,— u1=0.5. The diminution of coherence In this subsection we discuss a slightly different experi-

can be inferred from the decrease of the amplitudes of thenental setup which is particularly sensitive to effects of

1. Spontaneous emission and autoionization
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spontaneous photon emission and which could be realized arient and which also yields a clear physical picture of the
the basis of present-day technology. It is shown that the efphysical processes involved by making use of the methods
fects can be analyzed efficiently with the help of the theo-derived in Sec. Il. In the framework of Mollow’s approach
retical methods developed in Sec. Il. the total ratey(t) may be decomposed into a sum of
In the excitation scheme of Fig.(@ the lifetime of a  N-photon contributionsy™)(t) which in turn can be repre-
Rydberg wave packet evolving in channels 1 and 2 is of th&ented as integrals over conditional autoionization rates

order of the inverse autoionization raIé;—l, in general.  yMN(t|ty,... ty), i.e.,

However, as it was shown recenflg], it is possible to in- . .

crease this lifetime by orders of magnitude if one synchro- (N)(¢ :f dt f zdt (N)(t|t t 31
nizes core and wave packet dynamics by choosing the orbit Yo o N o Y (tty, - ota). (3D

time T, equal to an integer multiple of the Rabi period o ) )

Trabi- If initially the wave packet is prepared with the core in APproximating the continuum channel population by the part
its ground state, in the course of its successive returns to ty@_JtsMe the core region the conditional autoionization rate is
nucleus the Rydberg electron will always encounter an ungdiven by

excited core so that the wave packet is virtually stable and Nt t))

autoionization occurs only with a very small rdte<I'5~ If 7 Nowril

now spontaneous photon emission by the excited core is pos-

sible, in the simplest case, i.&.g,= Trapi, the first sponta- =WV (rotlty, ... ot), 59ttt ]

neous photon will predominantly be emittéithus reducing 2i ¢

the core to the ground stateshen the wave packet is at its (32)
outer turning point because the core is then in its exciteq;in W[ ¢, ] the Wronskian ofp and ¢ and ,J,(3N) the con-
state. This means that at its subsequent returns to the nucleggional continuum electron wave function. Thus with the
the wave packet will face an excited core so that it will decayhe|p of MQDT and the results of the Appendix one obtains
rapidly on a time scale of the order . In the case of from the above expression for the case that in channels 1 and

I's<« the overall decay of the Rydberg population which is2 only bound states are populated significantly the result
reflected in the decay of the pump-probe signal therefore

occurs on a time scale given y *. As typically k<I';, it N)t¢ t)= i)2N+1(1_e47|m#2)
is rather improbable that a second photon is emitted sponta-” No---r1 2

neously before autoionization takes place. The relevant _

physical processes are therefore very well described by tak- % J #Hi0 d o
ing into account the zero- and one-photon contributions only. Cotio- oN+17TEEL

The manifestation of spontaneous photon emission effects . A
through enhancement of the decay of the Rydberg population X e len+1t=tn = —leaty( 1 0O
would still be difficult to observe under realistic conditions % (o271 %)~ 1Y
in conventional pump-probe experiment due to the smallness (e X) N+IN
of typical spontaneous emission rates Therefore in the X(e—Zwi;N_;)—l_ ) -V~V21
following we turn to the discussion of the time-dependent ’
autoionization ratey(t) of the Rydberg atom. This quantity
is much more sensitive to the effects of spontaneous photon
emission. Furthermore, a streak-camera technique for the
measurement of ionization rates suchyds) was developed (33
recently by Lankhuijzen and Noordai6].

In the three-channel model of Fig.(d the time-
dependent autoionization rate is given by the change of th

population of channel 3, i.e., very similar to the corresponding expression for the pump-
d d probe probability from which it only differs by the replace-
Y(1)= GPa(D) =~ [P+ P2(D)], (300 ment of & DY) by the vector (0,1,0p times a constant
because only channel 2 is autoionizing. Similar expressions
with P;(t) the total population of channél at timet. A may also be obtained for the populations of channels 1 and 2.
straightforward way to determine this rate would consist in In Fig. 4@ (full curve) y(t) is shown for an example
calculating the population®;(t) and P,(t) by solving the with parametersy;=73, ©;=0.0, ©,=0.50+i0.10, and a
master equatiofi7) by means of a finite basis set expansion.spontaneous lifetime ok =7 ns=118T,,, which is a
For this purpose the influence of th#at) autoionization typical value for alkaline earth atoms. Comparison with the
continuum on the bound channels 1 and 2 can be describetlitoionization rate fork=0 in Fig. 4a) (dotted curve
by an optical potential15,27]. It should be mentioned that shows the significant influence of spontaneous emission on
this approach is only valid as long as the initial wave packethe behavior ofy(t) which is manifest already for times of
is exclusively prepared in the bound channels and the Lindthe order ofT,,. This means that these effects might be
blad operatof11) acts within channels 1 and 2 only. observed not only when the core transition is driven by a
However, the autoionization ratgt) may also be deter- cw-laser pulse but also in the case of a core excitation with a
mined in a way which is often computationally more effi- ns pulse as discussed in RE3]. Further calculations show

2
X (e72MM=X) Dy Ex(e1—¢)

The matrices\'/Y/m'n are defined in Eq(A15). The integra-
tions overey.1, . . . ,&£1 Mmay be performed with the theorem
&t residues. It should be mentioned that E2p) is of a form
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tive to y(%(t), can easily be varied by altering the mean

excited quantum number.
@ A further confirmation for the above discussion of the
ionization dynamics is obtained from the time evolution of
the zero- and one-photon autoionization rag®(t) and
y®)(t) which are depicted in Figs.(d) and 4c). The zero-
photon rate is always very small exactly at tinmek,,, as the
core is then deexcited. However, for the first few round-trips
yO(t) is peaked in the vicinity of times T, whereas later

.06

0.04 0
|

I’7 (tb_ta)
0.02

0.00

SN AN ' on peaks appear at times+ 3) T,,. The pattern is repeated
- (ty=t2)/Torm after approximately 25 periods due to quantum mechanical
i revival effects. A detailed discussion of the wave packet dy-
() namics is given i28]. The behavior of the one-photon rate
- is less complicated. The autoionization displays distinct
T maxima and minima at timeasT,,, and (1+ 3) Toy,, respec-
Sff tively, according to whether the core is excited or unexcited.
I
2. Long-time behavior of atomic dynamics
8 The emission of more than one spontaneous photon is
AR 0o 200 800 | a00 rather unlikely in a typical pump-probe experiment due to
° (ty—ta)/Torp the inevitable autoionization processes. Nevertheless, from a
a1 more theoretical point of view it might well be worthwhile to
© study on a longer time scale the effect of spontaneous emis-
- sion on the Rydberg wave packet dynamics in situations
T; ot 2, where autoionization is neglected in order to get a more thor-
= ough understanding of the influence of this dissipative pro-
I~ cess on the time evolution of the atomic system. As is al-

ready apparent from the discussion in Sec. Il A, the
interplay between spontaneous emission and shakeup pro-
cesses is crucial in this context. Modifications of the short-

: time behavior due to spontaneous emission are discussed in
(to=ta)/Tors Ref. [25].

0.00

In the absence of shakeup processes, i.e ufct u,, the

FIG. 4. Autoionization under the condition of period matching optical Bloch equations can easily be decoupled into a set of
of orbit time and Rabi period in the presence of spontaneous emigwo-state-like Bloch equations each describing the time evo-
sion for parameterd gap=Torn, KTon=1/118, ;=73 (Top=59  lution of the 4x 4 subdensity matrix belonging to a pair of
ps), w1=0.0, w,=0.50+i0.10, 7=0.4T,y, A=er—er;  Rydberg states. When the system has settled to the steady
— =0 with the bare channel thresholds, ,s1,. (a) Total scaled state, i.e.x(t,—t,)>1, the pump-probe signal for resonant
autoionization ratS/: yTorbT/|Dg;35g_o)|2 as obtained from the op- core excitation 'éTl_’_ wZSTZ) is given by the expression
tical Bloch equationgfull curve), total rate fork=0 (dotted. (b)
a0 2o 2 anephton onu U s ISt (=] (M, MY M ME_EM M

: @D (t|t;=20.5T ).

+M,_M*_)

that, as expected, the total autoionization rate is accurately
described by the sum of the zero- and one-photon contribu-
tions up to times of the order of several . The reason for
the sensitivity of the autoionization rate to spontaneous emis-
sion effects is the fact that before the photon emission the
probability of autoionization is rather low because of the
described stabilization effect while after the emission the
atom autoionizes very rapidly so that')(t) may become

comparable toy{°)(t) even if the spontaneous emission rateWith x=«/€ and

is small. The notion of rapid autoionization after spontaneous
emission is confirmed by the inset in Figichwhich shows

the conditional autoionization ratg®)(t|t;) as a function of
t>t, for fixed t;. It should also be noted that the autoioniz-
ation rate of an excited wave packet scales with the inverse
of its mean orbit time while the spontaneous emission rate is

T

—x%—2ix

toe (M ML +M__MZ,)

— X2+ 2ix
(M, M*_+M_,M* ),

(34)

Mo =2 (f]d-ef[15)E5 (s ~s)e 100 WE (o —5)

X(I1B'|d-eg).

independent of it. This means that the importance of spontaFhereby,8 denotes one of the dressed channeisdr —),
neous emission effects, i.e., the contributiomé(t) rela-  and the summation extends over all Rydberg stiigs and
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[IB") in the dressed channe3 and B', respectively. The
energies are given by;=—1[2(1—u)?] and g =¢,
+Q/2.

Expression(34) for the long-time behavior of the pump- —_
probe signal may be interpreted as follows: the dressed states *f“
of the system consisting of the atom and the cw-laser field .=
are given bylk=)=1/y2(|k1)+|k2)) with |k1(2)) denot- zo:i" I
ing the eigenstates of the bare atomic channels with principal il
guantum numbek. The initial (coherent Rydberg wave ‘

o
>~

TReV
o]

[fe}

function created by the first short laser pulse is a superposi- =8 e
tion of stateg|k+)} and{|| —)} where the set& andL of 0.0 50.0 100.0 150.0 200.0 250.0
relevant principal quantum numbeksandl may be different (te—ta)/ Tom

from each other due to the Rabi splitting of the core states. _

The spontaneous emission processes now lead to a popula-FIG. 5. Scaled pump-probe probability, .; for u;=0.0,
tion transfer from state§k+)} to states{|k—)} and from  #2=0.5, Tran=3Tom, &Tow=1/5, v1=171 (Tow=760 p3, A=0,
{l1-)} to {|I +)}, respectively, as there are no shakeup pro2nd7=0.3Toy,.

cesses. The result of this population transfer is described bg , i )
the amplitudesM z4,. Equation (35) for the amplitudes ump-probe signal, the gradual decline of the mean signal

shows that the internal coherence of the wave packet fra _ﬁl\éerglgﬁg tci)vr?r_?ﬁverﬁl Oirb'} tl:ﬁes du\?wt]? th srpreat:]mi%loff .
tions which change or remain in their dressed channels i Pop on. the physical process ch 1S responsibie 1o

S . this spreading appears to consist in the fact that in the course
completely '”.”a'.”ta'”ed- This is due to the fact that the SPONGt successive spontaneous emission events the atom can go

OVer from one dressed eigenstate to any other one due to the
n%hakeup couplings. This notion is corroborated by the obser-
ex—i(e,—e)t] vation that _the spread is acceleratedlifor « is increase_d, _

m "t . . _both of which lead to an enhanced spontaneous emission.
nHowever, a similar reasoning could also be applied in situa-
tions where spontaneous emission is absent. It could be ar-
gued that the stimulated absorption and emission processes
should also lead to a spread of the wave function. The fact

ated in different dressed channels and detected in either tq%:;ttes#]ci?] ?hizpégig goiisanz;g c;uay?]u;;rgiecztls btglitng;ewaﬁ%r;]nc
+ or — channel can be neglected. If pump and probe sign

) . revents it from spreading and which is destroyed by spon-
are centered at the same mean energye obtains a signal P g y y sp

Py_t(t)= (M. M*,+M__M*_), ie., an incoherent faneous emission.
sum of wave packet contributions prepared and detected in
channels+ and —. However, if pump and probe pulses are
centered at energiesande +Q (e —(Q) the signal is given Motivated by the recent interest in ICE processes in in-
by sM, _M*_ (3M_,M* ), i.e., one observes the wave tense laser fieldg2,3,12—15the decohering influence of the
packets which are created through the spontaneous emissispontaneous emission of photons by the ionic core on ICE
processes. These wave packets have the same orbit time wave packet dynamics has been investigated.
the faster(slowep of the wave packets initially created. For this purpose a theoretical approach has been devel-
In situations where the Rydberg electron evolves undepped which is based on Mollow’s pure state analysis of reso-
the simultaneous influence of spontaneous emission angance fluorescence and on MQDT. In this way it is possible
shakeup processes simple analytic expressions for the pumi® obtain semiclassical path representations for atomic tran-
probe signal are not available. Numerical studies indicateition amplitudes which clearly exhibit the interplay between
that the presence of shakeup processes leads to profountiissical and quantum mechanical aspects of wave packet
changes in the long-time behavior of the atomic dynamics irdynamics in the presence of dissipation. The presented theo-
comparison with the situation in which such processes areetical approach which relies on a decomposition of the rel-
absent. As discussed above in the latter case the atom@vant transition amplitudes intdl-photon contributions is
population is distributed even under steady-state conditionparticularly useful in situations in which the number of spon-
only over a finite number of states and the initial coherencéaneously emitted photons is small. For such cases it allows
of the Rydberg states is preserved to a high degree. In coms to circumvent mathematical and numerical problems
trast to this behavior the influence of shakeup processes leadich arise from the solution of the relevant master equation
to a spreading of the atomic population over a continuallyin Rydberg systems close to a photoionization threshold.
growing number of Rydberg states while the initial coher-Furthermore, eaciN-photon contribution has physical sig-
ence is destroyed. To exemplify these observations Fig. &ificance as it can be observed in a coincidence experiment
shows the pump-probe signal for the parametersn which not only the time evolution of the Rydberg wave
to—pu1=0.5, Tra=3Tom, kKTom=1/5, andv;=171. The packet but also the number of spontaneously emitted photons
loss of coherence in the atomic system is reflected in thés measured.
diminution of the wave packet recurrence structures in the The presented physical examples demonstrate the intricate

ship between Rydberg states of different principal quantu
numbers m,n which is given by the factor

consider a case in whick> «,1/r (with 7 the temporal
width of the laser envelope Under these conditions the

IV. SUMMARY AND CONCLUSION
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interplay between thé&oherenk laser-modified electron cor- The channel coordinate$ represent all coordinates of the
relation effects, such as shakeup and autoionization, whichore electrons and the angular momentum and spin of the
take place inside the core region of the Rydberg system, aneicited Rydberg electrofi7]. The radial-dependent column
the classical aspects of the dynamics of the excited Rydbergactors E(r;sl), E(r;gn' ....e;), and ’E(r;gNH) are
electron outside the core region which is interrupted by th§ormed by the components of the statdd(e;)),
(stochastit spontaneous decay process of the ionic core. I%)\(Sn’ o), and|)\_(sN+1)> in the photon-dressed core

particular, these examples show that the decoherent influeneg,, neis whose relation to the bare core channels is defined
of the stochastic photon emission process on the dynamics Eq. (25). The square matri>\7(r)=OTV(r)O describes
an electronic Rydberg wave packet is the more pronounce y E9. - 1he sq .

the more important shakeup processes are. In the framewo e correlation-induced coupling between the photon-dressed

of the semiclassical path approach this observation could b%onri iﬁfsfﬁgﬂ takgesnglggetﬁé gfrtgr:g?csmsr:%eh tr?aes a
explained to arise from modifications of interference effectd"! ' Ye us whl

due to core scattering. Furthermore, it was shown that effecttyplcal value of a few Bohr radi. It is assu_med that the
angular momentum of the Rydberg electron is not changed

of spontaneous emission can play a significant role in ionizab L "
: ; ; : : : a radiative transition of the corg2]. Therefore the
tion experiments in connection with a recently discudsed d?/agonal square matrih commutes \%h the orthogonal

herenj mechanism of laser-induced suppression of autoion ; . )
ization [3]. The analysis of these experiments is performeo(nonumtarz matrle O. The radlal-depgndent column
efficiently in terms of zero- and one-photon contributionsVeCtors  Di(r)=0'D(r) ~ (k=g,f) with  compo-
which can be obtained directly from our general theoreticaP€nts  Og);(r) =r fdX®} (X)d-e(X,r|g) and ([O);(r)
results. Thus in view of recent experimental developments=r[dX®} (X)d-ex(X,r|f) describe the initial excitation
[26] besides conventional pump-probe experiments timeand final deexcitation of the Rydberg electron in the photon-
dependent studies of ionization rates might also become @ressed core channels.
valuable experimental tool for studying ICE wave packet In Egs. (A2) and (A4) the terms on the right hand
dynamics and its modification by stochastic influences. sides vanish approximately far=r.. :I'he physical solu-
tions of these inhomogeneous Sdiiirgger equations,
ACKNOWLEDGMENTS which remain finite for bothr—0 and r—o, can be
) ) constructed as described in detail in Reff2,12,25. For
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(rien+1)=C(r;en+1)Unt1 With
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APPENDIX Uni=2mi(1-x'e ) "Dre, » (AS)

In this Appendix the derivation of the semiclassical pathand
representations for the time-independiiaphoton transition N L) N2 T ()
amplitudes of Eqs(22)—(24) is outlined[25]. As for the case C(rie)=3[®(r;e)e P (rie)]. (AB)
N=0 the derivation of the semiclassical path representatioq-hereby(I,(:)(r.8) denote the diagonal matrices @hergy-
starting from Eq(21) has already peen Worked_ out in detail normalizedl incoming- and outgoing-wave Coulomb func-
elsewherd1,2,24 we concentrate in the following on cases tjons of complex energy (incorporating the thresholds
with N=1. The relevaniN-photon transition amplitudes are 7)), ie. [(D(i)(r's)]”=¢(i)(r's—'5ci)]. Coulomb func-
then defined by Eqg19) and (20). tions of complex energy are discussed in ReB], for ex-

First, we describe the solution of the inhomogeneous,hie Except for lying on the branch cuts &F (defined in
Schralinger equation$20). Using the notation of Sec. Il and the usual way the functionsC(r;s) converge to zero for
adopting the channel expansif] oo

3 The column vectors of théenergy-normalizedphotoion-
(X,FINC. . -))ZE <X|CI>j>(r|F(j)(r; M (A1) ization and recombination dipole matrix elements are given
j=1 by

they can be rewritten in the forwith ¢4, ... ey, 4 arbi- ~ S ~ ® i

trary complex Déel):fo drF7 "Dy, D%):fo drDfF . (A7)
{e1—[h+ec+V(N]}IF(r;ie;) =Dy(r), (A2)  Thereby the energy-normalized regular solutions of the ho-
o~ - mogeneous part of EA2) are defined by
{en—[h+e.+V(r)]}F(r;en, ... ,&1) . _
F(rie)=3[® " (r;e)-@ (r;e)x*]  (A8)

and F)(r;e)=—F(r;8)x.
and The construction of the solutions of Eq#3) for r=r . is
o~ = ~ complicated by the fact that the inhomogeneous term on the
{en+1—[h+e+V(NF*(rien+1)=Df(r). (A4)  right hand side of EqA3) is nonzero even at distances very

=LF(r;en_q,...,61) (N=n=2) (A3)
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far from the ionic core. Nevertheless, this solution can be Tgl_),f(sz,sl)=27ri 'bgz)(e*“ﬁz—}})’l
constructed by starting from the observation thatrfer . a
particular  solution of an equation of the form X W, (e~ 21— %) "1 D)

g€ ’

{en—[h+€.+V(r)]}G(r;e,) =MC(r;e,,) with an arbitrary
matrix M and C(r;e,,) defined by Eq.(A6) is given by ™ (ens1s .- 81):zwibw)(e—zmmﬂ_;)q
[M],nC(r;e,). Thereby, the matrix elementsijj of g Y fe2

[M],n, are defined by -

(IMTnm)ij=Mij(en—5ci—emtee) & (A9) (kp., - k)
Thus by induction it follows that for=r a solution of Eq. X (e 2™y —x)
(A3) which remains finite at least far— is given by W
n ko1
Firien o= 3 {TnCrieoVy.  (AL0) X (72— 3) W, i,
=1
Thereby, the mgtricest}nk are defined recursively in terms X(e72Wi;k1_})7kal,l
of the matriceg L | by the relations
_ X (e 2mrn_3)-1p)  (N=2).
Do, ( X) "Dy, (N=2)
_ - (A14)
Lbw=[L{L} — 1] j=k+1). All ~
(b= i O ) (A1D Thereby, the matrice¥/,, , are given by
The still unknown column vectorg, with 2<k=n are de- m
termined un?qugly by the requiremgnt tt1%(§r;sn, ci€1) WmYHZE (=" YL} e ALY, (AL5)
has to remain finite also far<r.. This requirement can be [=n
imposed onF(riey, ... 1) by assuming that due to the ., 1 —n<m—1 and the matrice$L )" being defined re-

long range of the inhomogeneous term on the right hand side . . L=
of Eq. (A3) its influence can be neglected foer,. Thus Cursively in terms of the matricds. ] by

F(r;ep,...,e1) can only remain finite for<r. if it is pro- <'|:>kk: 1,
portional to the regular solution of the homogeneous part of _ -
Eq. (A3) which is given by Eq(A8). At r=r this require- (LYK =[(LY** LT (j=k+1). (A16)

ment implies the relation

. The matriceg L) and{L},, are related via
e
n

vk: (1—xe?™ ™) "1 > (E{E}kk/em;k' _{E}kk’)vk’ D
K'=1
(A12) k=1

For N=2 the sum in Eq(A14) extends over all possible
p-tuples of integers Ky, kp_1, ... ki) with N—1=p=1,
N=kp,>k,_1>--->k;=2, and{k,, ... Kk} being one of
the possible subsets of the set of numbgss...,2 and
over the empty set which corresponds to the term containing

(~DHLInDY= 3 (-DKE)™MLha=0.

for n=k=2. This_equation can be solved recursively for
k=2 starting withV, as given by Eq(A5).

From the knowledge of the behavior of the solutions of
the inhomogeneous Schiinger equations for=r_ and ar-
bitrary values of the photon numbhiirthe matrix element of

Eq. (19) can be evaluated. Thereby it is assumed that th&Vn-+110nly. , ,
dominant contribution to this matrix element comes from _ |t can be shown that th-photon amplitudes as given by

distances =, outside the core region. This assumption isEdS-(A14) are as a function of eaaty analytic on the whole

justified as long as the states involved in the matrix elemenfCMPIex plane, except for poles and branch cuts, the loca-

of Eq. (19) extend over distances which are large in compari-lons of which are determined by those of the function

son with the core radius, because in this case the neglecteddete™>™”=Xx). In particular, this implies that the singulari-
contribution is expected to be small. Thus, using the knowriies which seem to be introduced by the matrivés ,, are
relation for matrix elements of radial Coulomb functions removable. Furthermore, the expressio(14) remain
[30,31, i.e., bounded, i.e., do not become exponentially large, if one or
severale, approach a branch cut. This observation justifies

* ) ) the calculation of bounded wave packet dynamics only with
frcdrC(r,sz)MC(r,sl) residue contributions as it was mentioned at the end of Sec.
Il B.
1 : : The expressiongAl4) for the N-photon amplitudes are
—_ 2miv) __ Q2miv
T2 ([M]2e77 "= &2 M ]59), (A13) valid on the whole complexproduc) planeCN apart from

the singularities and branch cuts. The semiclassical path rep-
with M denoting an arbitrary square matrix a@dr;e) the  resentation of Eq94A14), which is only valid in a region of
Coulomb functions of Eq(A6), one obtains the result the complex plane bounded from below by the branch cuts,
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is derived by expanding the factors of the type ~ T - i i
(1-xe 2"%)~1 into geometric series and reorganizing the Imk(7)= J’T drdmira(moe kr17k! (@™o
resulting sums, which finally leads to E¢&3) and(24) [25]. ~
The exact definition of the matrice, , is given by x 2™l (1<k<m), (A19)
’éﬂ k:eZiﬂ?mek(T: 0), (A17) which is valid under the approximation that the relation be-
' tween energy and effective quantum numb":élrsis approxi-
with mately linear, i.e.,
- T
I 7) =, (—1)! ke 2™l } @2 mn(1=7D) [e1— 8¢~ (exk—ec)] = o —. (A20)
=k 27l (m)j;— (m)ii]
X (L )kg2 mT, (A18)  Solving Eq.(A19) iteratively Eq.(28) of Sec. Il B is ob-

_ tained. When performing the Laplace transform the linear
For the physical interpretation of the quantiti€s it is  approximation in Eq(A20) has to be applied at those ener-
convenient to rewrite EQA18) as a recursive integral equa- gies which contribute the most for giveg—t, andM; lead-

tion ing to the determination of mentioned in Sec. II.
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