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Manifestations of atomic and core resonances in photoelectron energy spectra
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The manifestation of atomic and core resonances in photoelectron energy spectra of two-electron atoms is
discussed in detail. An approach to the general problem of elimination of strongly coupled continua is pre-
sented and quantitative requirements for the validity of the theory are obtained. The theory is applied to
calcium thus providing a theoretical interpretation of, and additional insight into, all features of an experiment
by Walkeret al. [Phys. Rev. Lett75, 633(1995]. [S1050-294{@7)07203-X

PACS numbg(s): 32.80.Rm, 32.80.Fb, 32.80.Wr

The excitation of two electrons above the first ionizationvalence shell of alkaline earth atoms being of the form
threshold leads to manifolds of doubly excited states whoséns)?!S,, the resulting doubly excited configurations are
dominant mode of decay is autoionization, with one electrorthen of the form(n’Inp)*P;. If a single Rydberg state’| is
ejected and the ion left either in its ground or in one of itsexcited via a single or few photon absorption, we have a
excited states, depending on the letaergy of excitation.  typical case of an isolated core excitation schd@ielf, in
The process of autoionization is a manifestation of electronaddition, the transitioms-np was driven strongly, we would
electron interaction and correlation, as is the process of twdaave ac Stark splitting and stabilization phenomena of the
electron excitation, especially when accomplished via singléype discussed in Ref§6—8]. If, on the other hand, instead
photon absorption. The end result, under weak excitation if exciting a single Rydberg stateél’, we were to excite a
lowest nonvanishing order of perturbation theory, is irreversgroup of them through an appropriately short, coherent
ible decay into the ionization continuum. This is the contextpulse, a radial Rydberg wave packet would be created. Now,
of studies of traditional autoionizatiof2—5] over the last the strong driving of the core transitiors-np, with a Rabi
three decades. period which may be of the magnitude of the Kepler period

The situation changes considerably under multiphotorof the wave packet, can be expected to lead to novel effects
and/or coherent excitation by stronger electromagnetic fieldson the evolution of the wave packet as the timing can be
In the simplest generalization, even single-photon excitatiorsuch that, upon returning to the core, the wave packet may
of an autoionizing statéAlS) by a relatively strong field — find the other electrofi.e., the corgeither in the ground or
such that the strength of excitation is comparable to or largethe excited stat§11-13. An excited core would tend to
than the strength of autoionization — the coupling to thecause decay of the wave pack@hrough autoionization
continuum may not be necessarily irreversible and in facwhile a ground state core would simply lead to the usual
part of the population may be trapped in a coherent superpdatispersion. Much, however, will depend on the relative mag-
sition of the ground and the AIS. This trapping and stabili-nitudes of three important characteristic times, namely, the
zation of AIS was first predicted] fifteen years ago but itis Kepler period, Rabi period of the core transition, and auto-
only recently that it was observed experimentdlfy, while  ionization lifetime. It is moreover possible to create en-
its relevance to amplification without inversion and relatedtangled wave packet and core staes).
nonlinear optics has also attracted theoretical intef@kt A further generalization of the above situation can be con-
Excitation through few photon processes, in addition to thdemplated if instead of a superposition of bound Rydberg
obvious advantage of accessing manifolds of higher angulastatesn’l we have a transition into the continuutne., a
momenta, also offers the possibility of selective excitationwave packet of positive energy statewhile at the same
through the combination of more than one wavelength. Théime the photon frequency is such as to match the core tran-
latter has formed the basis of the so-called isolated core exsition. Now both steps occur simultaneously, because other-
citation technique, introduced and exploited extensively bywise the electron in the continuum will depart before an in-
Gallagher and collaboratof], and continues to provide a teraction reflecting the excitation of the core can be
versatile tool for the study of highly excited autoionization manifested. This scenario can therefore be most easily real-
manifolds[10]. The combination of few-photon excitation ized under excitation and ionization by one radiation source
— involving one or more wavelengths — with stronger whose frequency exactly matches the ionic cosenp tran-
fields can also be exploited to generate novel effects, some sition. Again a strongly driven core transition would lead to
which are the subject of this paper. ac Stark splitting whose manifestation would have to be

A most fundamental scheme of double electron excitatiorsought in the photoelectron energy spectr{PES, since a
in two electron atoms, such as the alkaline earth atoms, is toave packet of positive energy states does not return to the
raise one electron to a Rydberg state and either at the sangere once the pulse is over. We discuss below in more detalil
time or sequentially raise the other electron to the first exthe expected features of this effect, but for the moment the
cited ionic state. With the ground state configuration of thepoint to be kept in mind is the connection with the previous
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effect on the wave packet, namely the manifestation on anf the necessary atomic parameters, which is a project in
electromagnetically driven core transition on a second eleditself. It has been accomplished through techniques and com-
tron, mediated by electron-electron interaction. puter programs that we have developed in a broader context
Although experimental implementations as well as theover the last few years. The detailed comparison of theoreti-
theoretical discussion of the two phenomena differ in detailcal results with the experimental data has enabled us to sort
their formal and conceptual aspects are very similar to th@ut the significant effects that lead to somewhat unexpected
point of being parts of the same general formal structure. Thé&atures. _ _ .
bulk of this paper deals with the second problem, namely, 1ne formal treatment of this type of problem, in a realistic

the effect of a strongly driven core transition on the PES. WeONtext, is rather intricate as it involves a number of inter-
shall, however, begin the formal development in all its gen_wmed effects. The successive approximations Ieadlng to the
erality encompassing both phenomena sets of parameters and equations necessary for the interpre-

The strong driving of a resonant transition between twof[atlon .O.f experlments within the_approprlate_ran_ge O.f laser
tensities require careful examination and justification. In

discrete states causes, as noted above, an ac Stark spIittiﬁ Her to facilitate th di f1h h h ¢
usually detected through another transition involving the er o facilitate the reading ot the paper, we have chosen o

same electron. Walkeet al. [1] have observed in Ca the relegate to Appendixes significant parts of the formal devel-

effect of ac Stark splitting of an ionic core transition on the OPMent, keeping in the main body of the paper the _bas_lc
photoelectron energy spectruiRES of the atom. Their mo- theoretical structure that is necessary for at least a qualitative
tivation came from theoretical predictions by Grobe andcomprehensmn of the underlying physics.

Eberly[14] based on a one-dimensional model of a negative

ion. The nature of the splitting is always the same, but the |. FORMULATION
process through which it is probed may vary. It can be reso-
nance fluorescendd 5] from the upper to the lower level, We adopt in the general formulation of the problem the

probe absorptiofil6] from the upper level to éhighen third  quantized form of the radiation field which, although not
one(double optical resonangeor the PES17] if the driving  necessary, makes the initial discussion more transparent. To
field is sufficiently strong to cause ionization. In fluorescencepe specific, and in view of the detailed calculations in Ca that
and photoionization, no additional probe is necessary sincee present later on, we consider the initial atomic state as
the energy splitting is manifested in the energy analysis of @4s)?1S; in the presence of a monochromatic radiation
transition from the upper state of the two-level system into asource of frequency andN photons in the initial state. The
continuum; the photon continuum in fluorescence, the atomiexcited atomic state s#p'S, will also be of importance in
continuum in ionization. some problems, but it must be distinguished from the ionic
The new twist of interest here is that one electron underfirst excited Cd (4p). We shall be interested in the case for
goes Rabi oscillations, while a second is ionized carryingvhich #%w is near resonance with the transition
along the information on the splitting, because the electron@a+(45-4p), which here means tunable around
interact. Thus, although the splitting results from the strongs 340 cnt!. The atomic energy difference @®4p)-
coupling between two discrete states of the ion, from thet;d45)2 is 23652 cm!, which although displaced by al-
standpoint of the two-electron system it represents couplingnost 2000 cmi! from the ionic resonance is nevertheless
between two states in the continuu@bove the ionization syfficiently close to require special attention above certain
threshold; hence the term continuum-continuum Autler- jntensities, as we show in the following sections. This is not
Townes splitting employed ifil]. We must, however, em- 3 feature of Ca only but is to be expected to varying degree
phasize that the coupling of these continua of the twoin g|| alkaline earth atoms. We define then two relevant sys-
electron system is not smooth, as they have the core discretgsm (atom plus fieldl states adg)=| Ca(4s)?* Sy;N) and
discrete transition embedded in them. Stark splitting in thqg—>:| Ca(4s4p)! P;;N—1). Two of the photons in this
transition between two smooth contin(saich as those of the frequency range are energetically sufficient to ionize the
hydrogen atomis not possible. atom whose ionization threshold is at 49 305 ¢mThus

The model was extended by Grobe and HfH8] to ac- system states of the forfic)=| Ca’ 4s+ e;ciN_Z% where

count formally for a possible extra near-resonant atoaic . . . .
|c) implies atomic continuum of positive energy, are also

toionizing state. The subtle interplay involving the ionic .
transition and the inevitably presenbrrespondingatomic to be mcludgd. Due to the near resonance of the photon
frequency with the 4-4p ionic core transition, once one

transition, differing only by the spectator electron, was not lect is lifted into th i t0 high R
included. In order for the theory to be applicable to the in-ebeC ront '? ! ethm Ot teéon 'mi')um —or ?ven Io '9 | é’
terpretation of an experiment, however, the atomic transitioﬁj. erg states—ihe state €p) becomes s rongly couple

as well as other atomic or ionic states, depending on th&'d the absorption of one more photon, bringing thus into

N —| Cat -. ; ;
atom, need to be included as we have shown in a short con@y the states|c)=| Ca"4p+e, ;N—3) involving the

munication elsewherfl9]. same atomic continuum as o) but an excited core state.
The purpose of this paper is to present first the necessarijhe respective energies of the states defined above are
formal framework for a qualitative understanding and inter-Eq=E( Ca(4s)? ! Sp)+ N w, Eg=E(Ca(4s4p) ' P,)

pretation of relevant experiments taking into account thet(N—1)Aw, E.=E(Ca'4s)+e.+(N-2)hw, and Eg
above interwined effects. Given the existence of experimen=E( Ca"4p) + €.+ (N—3)%w. Although [c) differs from
tal results on Ca, we have chosen to address this specific) by the excitation of the core electron with the continuum
problem quantitatively and to compare our predictions withstate being the same, still technically speaKic)gis another
the data. This understanding requires the reliable calculatiooontinuum(of higher energyas far as the two-electron sys-
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tem is concerned. These two continua are coupled by a dihe simplest approximation would be reducedDg¢, a
pole transition which, however, is significantly different point to be discussed later on.

from the transition between two continuum states in above The equations for the pertinent matrix elementsGofn
threshold ionization(ATI) in a one-electron atom or model the most general form are

of an atom.

Leaving other states out for the moment, we have a sub-,_ _ _ _
space in which we can formulate the essential features of the(Z Eg)Ggg~DggGag ; f dcj(g|PHQj|cj>Gng—1,
problem. If we introduce the projection operators (4a)
P=lg)gl, _Qg=lg)(al, Q;=/dcjlcj}cj|, and Q
= Jdg;|c;){c;], where we have added an indpin the con-
tinua to account for the possibility of the involvement of

further continua, as will indeed be the case, the identity op-
erator can be written as +(glQgHQIc;)Gc g1 =0, (4b)

—DggGggt (z—Eg)Ggg— ; J dc,-[@ngﬂQ_”c_j)Gc—jg

(| QiHPIg)Ggg—(c| Qi HQ50) Ggg+ (2~ Ec )G g

1=P+Qg—+§j‘, Qj+; Q- (1)
o -2 fdcj/<cj|QjHQj|c_j,>G?’gzoi (40)
The Hamiltonian is as usual of the form i ]
H=HA+HR+D=H’+D, 2 P~ — o ,
@ _<C_j[QjHQafg>G@_; fdcj<C—j[QjHQj|Cj>ch’g
whereH” andHR are the free atom and free field Hamilto-
nians, respectively, witD being the interaction between the +(z- E?j)G?jgzo' (4d)

two, in the dipole approximation. ) ) ) ]
First, observe that, since as noted earlier the coupling be-

tween the continuéc) and|c) reduces to the coupling be-
tween the 4 and 4p ionic states, there is no change in the

To establish the formal equations governing the dynamangular momentunipartial wave of the continuum wave
ics, we assume for the mome(iut relax later opa constant function. That is why only terms with the sanjeoccur in
field amplitude(square pulseso that we can make use of the matrix elements couplingc) with [c). Using the definition
resolvent operatoB(z)=(z—H) %, with z being a complex of the projection operators, it is straightforward to see that
number, the variable of the Laplace transform of the time -
evolution operator from whicl®(z) has resulted20]. <g|PHQj|Cj>:D(gzc)j and(g]QgHQj[c;) =D,

The projection operators introduced above enable us to :
partition the Hamiltonian in a convenient way. Thus the pro-which represent relatively weak two-photon transitions in the
jected Hamiltonian operatoBHP, QgHQg; Q;HQ;, and  sense that they raise the electron into the continuum irrevers-
Q;HQ; have as eigenstates the respective sets of states itply, without an oscillation back to the bound state by the
troduced earlier, while the couplings between these sets glame transition amplitude. This means that they can be
states enter through matrix elements of nondiagonal operdreated perturbatively in dealing with the set of E¢&)-
tors such aPHQ;, PHQg, and Q;HQ;. The couplings (4d). Since the initial state i$4s)?, two-photon ionization
entering the first will be treated perturbatively to the appro-l€ads to two continugpartial waves s andd, indexed byj
priate order, while the coupling through the second and third" the equations above. These two continua draw electrons
needs to be treated exactly between the states of concern.from the ground state independently, and, as noted earlier,

The procedure through which one obtains the coupledn€ coupling matrix elements do not mix thes. Thus the
equations of the relevant matrix elements ®f namely, fwo vertical parts of Fig. 1 can be thought of as separate, up
Ggg» Gggs Gegr andGyg is well established20] and need to a certain intensity beyond which higher order contribu-
not be reproduced here. The couplings between the variodns begin entering. We can therefore consider first the
subspaces arB g, which is the dipole operator between dominant continuum, namelg, and develop the formal
two atomic states, the two-photon coupliﬁézg), which rep- treatment for that case. At the end, whenever we show re-

resents an effective two-photafionization dipole matrix S“'FS' we _have alwa})_/s included the effect of continusim
element21] given by which is simply additive to the overall process. It also hap-

pens in this case, to give much smaller contribution than the
2_ < DPenlng d continuum. _ _ _
DZ=> E_E. 3 We consider then the right-hand vertical half of Fig. 1,
noonoe which means that we drop the ind@and the summation in
Egs. (4a—(4d), where|c) denotes thel continuum. Taking

with |n>1 l;.)eing system  states of the fOorm 154 jnig account the simplifications in the coupling matrix
|Ca(4snp) *P1;N—1) wheren>4, including the respective g|ements indicated above, the equations become

continuum, and similar self-explanatory couplings such as
Dge. D, and finally the coupling betweeft) and [c)
entering through the matrix elements @HQ;, which in

A. Square pulse

(z— Eg)Gg—Dggeg——f dcD)G =1, (5a)
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E fdc’(c|Q.HQc VG =D 6=, which then substituted
‘ into Egs.(5a—(5d) reduce them to the form
6pt

(z— Eg)Gg—Dggeg——f dcD{G =1, (6a)

s+

I R —DygyGy+(z—Eg)Gg— f de[DgcGo+DAG1=0,

(4s4p) Py (Gb)

4ol —D{gGy— DGyt (2—E()G—DccGc=0, (60
(43)2 1So

~DZ65— DG+ (z-E5)G=0, (60)

FIG. 1. Level scheme for Ca(on axi§ and Ca. Curved arrows

signify configuration interaction, while straight arrows are field \yhere as shown in Appendix A the matrix elemebtg-are
couplings. practically given by(4s|d|4p) involving the ionic states
only.
—D--G.+(z—E Gi_J d[D+-G,+D2G-1=0, A_few. further comments on the on—the-_energy shgll ap-
96Cq ™t ( 3G [DgeGet DygcGel proximation may be relevant here. The dipole coupling of
(5b)  the statesc) and [c) is, from a formal point of view, a
2 continuum-continuum coupling of the type that appears in
—D¢gGy—DcgGyt(z—Eo)Ge above-threshold ionizatiofATI). But it is different in a cru-
cial way; the two coupled continua represent two-electron
PP tates with one of the electrons in a discrete state. We are
— | dc'{c|Q.HQ.c"YGz =0, 5¢ S ) . . : .
f (elQcHQdle")Ge (9 therefore not dealing with smooth continua as is the case in a
one-electron atom or in the so-called single active electron
N2~ . , B __ approximation in a more complex atom. What we have here
DS fdc (clQcHQc|c")Ger + (- Ex)Ge=0, are transitions between two-electron structured continua
(5d)  which allow the resonance approximation while the same

. ) . approximation would not be justified in a typical ATl context
where in order to compress notation we have omitted thgy continuum-continuum transitions of a single electron.

common right-hand indeg in the matrix elements d&, and Solving for G, andGin Egs.(5a—(5d) yields
to avoid confusion, we have renamed the projection opera-
tors Q; andQ; asQ. andQ., since we now have one con- [2—Eg—l4g(2)]1Gy—[Dyg+lggt2)1Gg=1, (78
tinuum c.
The most subtle part of these equations now is in the ~[Dgg+135(2)1Gg+[2—Eg—155(2)1Gg=0, (7b)

matrix elementsc|Q.HQ.[c”) involving coupling of two
continua and integration over one of them. These are con-
tinua of the two-electron system with one electron in a bound
state and the other in a continuum state. Qualitatively, it
represents a  matrix element of the type
(Ca'(4s)|r|Ca" (4p)){el€’) where the two continuum [D?C(D(cé)ngL D¢Gy)+(z— EC)D%)Ggﬂ
states represent the same partial wave seeing different cores G;= g
4s and 4. It is often the case that couplings of continua of (z-Ec)(z—Ec+Eg) —|Dgdl?

this type can be separated into two parts: one having a (7d)
smooth dependence on the energiesde’, and the other a S

delta functions(e— €’), also referred to as off- and on-the- The shift-width integrald 4¢(2), 1534(2), 144(2), andlgg(2)
energy shell contributions. Depending on the problem, thé'® given in Appendix B and appear somewhat different
s-function part may be the dominant one, in which case thdfom those normally encountered due to the strong coupling
simplification in the set of Eqg5a—(5d) is evident, since of continua. In that Appendlx, we shpw that they neverthe-
the integrals coupling the two continua are trivially per- less reduce to normal shifts and widths provided the con-

formed leaving only the integrals in Eq&a) and (5b) cou- tinuum couplings can be consideredqsta_ntover a range

pling the continua with discrete states. given by the Rabi frequency of the ionic transition. This
It does indeed turn out that this is the case here and that ggauirement, which is more strict than the one required for

a very good approximation it is only the resondan-the- doing the usual pole approximation, is satisfied below certain

energy shejl part that is significant. The arguments justify- Intensity (see Appendixes B and)Cand leaves us with the

ing these statements are outlined in Appendix A. The nefollowing expressions:

result, which allows us to continue with a more tractable set

_[(z=Ea)[DE5 Gy +D 3Gyl + DecD 5G]
(z—E¢)(z= Ec+Eo) — Dl

, (70

c

of  equations, is that we can take | :f dE.p(E )|D(czg)|2 s _i_y 69
Jde'(c[QcHQc|c")Ger =D5cGe and similarly 99 PEJE “E, "0 27
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(2)]2
|Degt® —__ b
55— | dEp(EIES + [ dEcpiE L
g c g Ec
i a [
=Sg— 5 g (8b)
DDy i
Igng dECp(EC)%Esgg—— Eygg—, (8¢ Qg[
lg-}
DgDY¥ '
L d gc=cg __ ! . . . .
lgg= | dEcp(E;) E, E. =Sg5~ 5 Yag- (8d) FIG. 2. The square-pulse spectrum is conveniently explained in

a dressed-state basis. The field coupling of the bound sthdgs (

In the integrals over states we have shown explicitly the®"d |9)) and of the continua|¢) and|c)) are diagonalized inde-

densities of statep and p, corresponding to the two con- Pendently providing dressed, uncoupled bound stafgs)(and

tinua. In the last step the pole approximation is implied Iead—'g*» .and continual€.,) and|c_,>). Due to the mixing each b°“'ﬁd

ing to shiftss and ionization widthsy involving two-photon state is coupled to both continua and a four-peak spectrum is ex-
. . cted.

processes, as a result of which these shifts are not expectgs

to be very important quantitatively. Shifts will be dominated

by the first order contributions which we shall always incor- (7 @, '“}
porate in the energies, and which thus become intensity de- Ge=| (2 Ecﬁ[ch(z Egt 279] *DegDyg
pendent. The matrix elementD g=Dgg+Is5 and _
Dgg=Dggtlgg are defined so as to include the non- + Dcp‘D%D%] / Q(2), (11a
Hermitian coupling through the continuuju).

Using Egs(7c) and(7d) and the results from Appendix B :
we are now in a good position to estimate the significance of G—= Dcc{ D(Z)( 7—E—+ '_H T chj}
the error made by assuming the continuum-continuum cou- c9 9 279 9 9s
pling to be purely discrete, i.e., to estimate the validity of the
on-the-energy shell approximation. This is done in Appendix +(z— Ec)D%ng] / Q(2). (11b
C by evaluating the integrals involving the couplings ignored

in assuming Eqs(7c) and (7d) to be valid. The calculation

reveals the limits of the range of parameters for which thd "0M these expressions and the Laplace inversion integral,
theory applies, and for Ca is of the order offd8v/cm?. we obtain the time-dependent amplitudés.q(t) and
We return now to the problem of determining the PES.Usg(t) for the transitions to the statés) and|c). We re-

Let z; andz; be the roots of the second-order algebraicfrain from exhibiting these expressions, but only note that
|Ucq(t)|* and|Ug(t)|* represent the probabilities of finding

equations, ¢ A
at timet a free electron and the core in either stateof
. - i i 4p, respectively. The readily measurable quantity, however,
(z—24)(z— 2, )E<Z— Egt 5 yg) ( 2-Eg+Agt 5 vg] is the PES given b$(t, &) = [Uc5(1)|%+|U4(1)]?, which in
the long time limit (meaning complete ionizatiprcan be
_5@539, (9a shown to be time-independent, as also expected on physical

grounds. In this case only the real poes of the resolvent
(z—23)(z—2;)=(z—E.)(z—E.+A.)—|Dgg/?> (9b)  give nonvanishing contributions to the time evolution of the

amplitudes.

with detunings defined by For a square pulse a four-peak spectrum is therefore ex-
pected in general, with the peak separations given by the

Ag=Ey—Eg=ho—E(Ca4s4p)’ P))+E(Ca4s)’"* &),  Rabi frequencies of the core and atomic transitions. This is

(109 easily understood from a dressed state pictiig. 2) [20].
Each peak can be attributed to a transition from a dressed
Ac=E.~Ec=ho—E(Ca'4p)+E(Ca’ds). (10D  iomic state lo+). |g-)) to a dressed ionic continuum

For use in what follows, we also define the generalized Rabﬂczﬁ,l(ﬁ))' . h . d imoli
frequencies of the atomic and ionic core transition inal comment concerning the meaning and implica-

~ - tions of Eqs.(6a)—(6d) may be useful before leaving this

by 05=V[Ag— /2 (v~ 79))*+4DggDgs and 0 section. Wctla have shown iz Appendix A that the matgr’ix ele-
= JA;+4|Dg|?, respectively. Note that, although, does  mentD < coupling the two continua reduces, under the con-
not depend on the continuum electron energy, but only omjitions of this problem, to the matrix elemef#p|r|4s) be-
the detuning ofi w from the ionic core transition, for conve- tween the two discrete states of the core. In fact the
nience we retain the label mathematical derivation in that Appendix involves a rather

Introducing for brevity the quantity Q(z)=(z—  subtle procedure and almost counterintuitive result which is
z;’)(z—zg_)(z—zg)(z—zc_), we can write the solutions for possible only because one of the electrons is in the con-
G, andG¢-in the form tinuum, as it is the integration over the principal value parts




55 MANIFESTATIONS OF ATOMIC AND CORE. .. 2237

that leads to the cancellation reducing the expression to thghifted through either of the four resonanc€Eswy. 2) several
core matrix element. Note that if the outer electron was notimes during the pulse duration. A square pulse calculation
above the threshold but just below, in a high Rydberg statehas no chance of predicting the resulting interferetaea-

the result would be different, in that it would involve an logs to Ramsey interferencaince it does not occur for a
overlap integral between Rydberg wave functions seeing aquare pulse.

ground and an excited core state. It is precisely that overlap The square-pulse calculation is, however, quite helpful
that is reduced to unity through the principal value part inte-even when proceeding to a time-dependent calculation since
grals which would be absent in the case of Rydberg electhe elimination of strongly coupled continua is carried out
trons. One might then be tempted to infer that electronmore conveniently in the energy domaiAppendix B.
electron interaction and the concomitant correlation are noEquations(6d), (7a), and(7b) serve as a good starting point
playing a role here. But that would be a misguided inferencdor a time-dependent calculation. It is straightforward to
because correlation is already inherent in the fact that th&ransform the equations back in the time domain, and to
energy of the coréionic) resonance is displaced from that of demonstrate the validity for time-dependent coupling
the atomic resonance. As a result of that displacement, wstrengths. Using Eq98a)—(8d) we obtain the differential
have four poles in the expressions of E¢klg and(11b), equations

which give rise to four peaks in the PES. If there was no

electron-electron interaction, the atomic and core resonance LdGCy _ . o
energies would coincide and the four peaks of the PES It~ (BotlagCot (Dygt lgg)Cqn (123
would collapse to only two.
There is, however, a further more fundamental implica- .dCy
tion of that formal result. The two peaks obtained in that case arTE (Eg+lgg)Cyt(Dggtlge)Cy. (12b
do not reflect the transfer of the coherence established in the
Rabi oscillation of one electron to the other, but simply the dc, 5
manifestation of the ac Stark splitting in the resonance tran- i ~EcCet DZ/Cq+DgCqtDecCs (129
sition of one electron to the PES of the same electron. That
of course is to be expected since in that limit the electrons do dCe
not interact and therefore the PES consists of peaks originat- iW =E;Co+ D%Cg_-i- D<Ce. (120

ing from the ionization of noncommunicating electrons. It is

the same as what is expected and has in fact been observefy ;o just the Schrdinger equation providing the time evo-
experimentallyf17] in transitions where only one electron is uon of the state vector |¢)=C,lg)+Csfg)
active, as in the alkalies. It all seems naturally evident. Whaerd Celc)+Cfc)) in the rel t sub 9l9 ith tghg

ii no_:c that e(;/itlzlent ci}ls that thle converse is also truke; na;nelyrect gguél?gg pafr ;ir)geltr; rSe Trﬁ :Vee:qnu z:t?onsspi;i Vgle solf/ ggr;\u_
that if a model produces only two symmetric peaks, it does . N . e
not involve the transfer of the coherence from one strongl;{]neer]rfealtlze tgléss(?rg\;'i'Tg |Erlre| gﬁ@ans"’” coefficients and
driven electron to the PES of the other, but simply the ac e ¢ et

Stark splitting in the PES of one electron strongly driven
between two of its own discrete states. II. APPLICATION OF THE THEORY TO CALCIUM

_ The above arguments might seem to not include the case The apove calculation contains the minimum ingredients
in which the two-electron system does not have the equivanecessary for calculating a realistic PES obtained at near
lent of the atomic resonance, as is the case, for example, withsonance. Besides the ionic and corresponding atomic tran-
H_, Which has only one bound(the ground state  gjtion, additional states might be important in specific cases.
1s°(*Sp). In that case, however, the Rabi oscillation of onenear-resonant atomic states add to the number of interfering
electron betweendand 2 of the core(neutral H while the  haths to the continua resulting in shifts, additional splittings,
other is in the continuum, is equivalent to the strong drivingand/or different interference structure in the spectra. Excited
of the autodetaching resonancpek, which is the same as jonjc states are significant for the same as well as a few
the Rabi oscillation of an autoionizing resonance havingqditional reasonga) They lead to photoelectron peaks cor-
been discussed quite some time 4gband observed rather responding to the respective ionic excited sta@sThe sub-
recently[7]. Care must then be taken in a theoretical modelsgquent ionization of the populations left in these states leads
ing or experimental observation to distinguish it from the acyo aqditional photoelectron peaks. Whether atomic and ionic
Stark splitting of the one-electron cofH) .PES as itionizes  gtates besidkg), [9), |c), and|c) need to be included in the
after detachment of one electron by single-photon absorgsg|culation can only be determined from detailed knowledge
tion. of the atomic and ionic structure, as well as of the pulse.

The experiment on calcium by Walket al. [1] was per-
formed in a wavelength range from 380 to 405 fhoton
energy 24700 to 26 300 c¢m) using intensities ranging

In order to relate the theory to experiments, we must confrom 9 to 900 GW/crh. The ionic two-photon 4-5s tran-
sider the effect of a realistic time-dependent pulse shape. Waition is within this frequency range (52 167 ch), and it
have shown in Refl19] that this is essential, since spectra is therefore necessary to include the Sate. The 6 state is
depend critically on the intensity profile of the pulse. This islocated another 22 300 cm higher in energy. The matrix
not surprising considering the time-dependent shifts and difelements involving this state are sufficiently small to ensure
ferent paths to the continua. Each continuum state can biat it need not be included explicitly in the calculation, but

B. General pulse shape
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FIG. 3. Photoelectron energy spectra for several wavelengths at FIG. 4. Photoelectron energy spectra for several intensities on
two intensities. The parameters chosen as cited in Fig. 2 offRef.  and off ionic resonance. The parameters are chosen as cited in Fig.
The pulse is Gaussian with full width duratiarn=180 fs at half 3 of Ref.[1]. The intensities are expressed in terms of the saturation
maximum intensity(FWHM). (a) Peak intensityl =10 GW/cn¥. intensity | ;=300 GW/cm. The pulse is Gaussian with180 fs
(b) 1=300 GW/cn?. For the high field spectrum there is very good (FWHM). (a) Wavelength A=393.5 nm (on resonande (b)
agreement except for the longest wavelength giving peaks close to=388.5 nm(off resonance The agreement to experiment is ex-
threshold, where our calculation is not expected to be precise. Theellent in both graphs taking into account the expected additional
low field should in principle be easier to calculate and yet the sizebroadening due to spatial effects and possibly fine structor&he
of one peak seems to be overestimated by our calculation. Theontributions from the various channels to the total spectrum for
measured spectrum is, however, consistent with a somewhat lowér= | s on ionic resonance. The splitting occurs in both tiseaéd 4p
peak intensityapproximately hajfthan the one given ifil]. Since  channel and is thus evidence of the continuum splitting in Fig. 2.
intensity is very hard to measure precisely, this should not be of

much concern(c) The contributions from the various channels to . . . -
the total spectrum at 383.9 nm (b). The splittings reflect three- t.hat its authors had n.Ot recognlzgd the Importance of |pn|za—
level system dynamics at the peak intensity. t|on. from the populations deposngd during t_he puls_e in the
excited states g and 5. The most important implication of
only through the linear Stark shift due to the multitude ofthis is that a doublet of peaks around a photoelectron energy
nonresonant levels. of 1.2 and 1.4 eV that could in principle be attributed to ac
The modification of the above equations to include theStark splittings of the two-photon ionic transitiors-%s or
effect of the ionic 5 state is straightforward both for the the one-photon g-5s turns out to be due to photoelectrons
analytic result and for the differential equations. There seemeriginating from these excited states. For the range of inten-
to be little point in exhibiting the expressions. Instead wesities cited in Ref[1], the possibility of the above two ac
turn to results of calculations obtained for the range of laseBtark splittings can be safely ruled out. Any mixing of the
parameters employed in the experiments of Waékeal. [1]. ionic states should clearly show up as splittings in the indi-
Our results are shown in Figs. 3, 4, and 5, which corresponglidual channel$as in Fig. 4c)]. Our Fig. §a) corresponding
to Figs. 2, 3, and 4 of Ref1]. Clearly all peaks observed in to the low energy part of the spectrum of Fig. 4 in Réf],
the experiment are also found in oab initio calculated shows that this is not the case even for the highest intensities
results. The relative heights are also the same in most casested in Ref.[1].
The analysis of the spectruffig. 4(c)] reveals that the ¢ On the other hand, population deposited in the ionic states
and 4p continua contribute to both of the peaks of Figap ~ during the pulse might subsequently be ionized. A four-,
Thus, the spectra are indeed evidence of the electron corréaree-, or two-photon transition from the ionis,4p, or 5s
lation being manifested in a Rabi splitting. states, respectively, will each give rise to a peak in the PES.
A disagreement with the interpretation given in Héflis  Two peaks do indeed occur around 1.2 eV in the measured
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— The use of circularly polarized light should make the 5

’é 1(a) is peaks disappear, as well as changing the Stark shifts. This is

e S in full agreement with the experimental results.

2] We must emphasize that the single and double ionization

< 1 processes are in principle not separable, even though this is

é ] . what we have assumed in the above discussed calculation of

%ﬂ N : . ’ : A RN the C&* spectrum. The difference from a complete calcula-
0.2 0.3 0.4 0.5 0.6 0.7 0.8 tion is, however, expected to not be large in the present case,

Electron energy(eV) . .

. since the low energy part of the spectr(ifig. 5a)] shows

L] (b) ’ Catt that coherence is not important. The heights of all peaks of

57 the doubly ionized species are expected to be somewhat

s overestimated by a common factor in the?Caspectrum,

E ] while their positions should be more or less unaffected. The

= most serious remaining doubt about an independent calcula-

S tion is probably that the ions are created mostly at peak in-

n 0B 09 o 1 12 13 14 tensity, rather_tlhan be?ng pres_ent from the beg.inning of the

Electron energy(eV) pulse. In addition to influencing the peak heights as de-

7 = scribed, this could have other implications. After performing

2 3(0) is - a calculation for a half Gaussian, however, we find that the

7 ¥ ,\ 52 ............ picture does not change much, and therefore does not affect

12 “f”' “ Ca*t ===~ the conclusion: The two peaks observed are due to the sub-

g i :l,',.‘,- \ . sequent ionization of the population deposited in ionic states

e Pl ‘ﬁ"' ' o by the first ionization step.

= 1z tgb L S L S The question of the possible role of the fine structure of
02 04 Eloégtronoé?ler 1.0 1.2 1.4 the core on the observed spectra needs to be addressed, as its

gy(eV)

importance has been debated in the litera{@2,23. The

FIG. 5. Photoelectron energy spectra correspondin@téow f|ne:?tructur§ splitting of the A, 1/, doublet in Cd is 226
and (b) intermediate photoelectron energy range of Fig. 4 in Ref.tM ™ Its chief Influgnce on the physics of the process is that
[1]. Note the linear scaling on the abscissa in the first two graphdhe core-resonant field drives not a two- but a three-level
The wavelength i\ =381.3 nm and the pulse Gaussian, durationSystem which adds to the complexity of the overall behavior,
=180 fs(FWHM). () Even at an intensity of=800 GW/cri, without enriching the basic effects under investigation. On
each peak can be attributed to a single continuum, showing thdhe contrary, it may be argued that the presence of fine-
mixing is negligible.(b) A calculation treating the first and second structure in the core is a nuisance, in the present context,
ionization independently reproduces the features of the experimerdetracting from the main line of the problem. But it is there
tal data in the intermediate energy range. The three structures areevertheless and the importance of its influence should be
due to ionization from the ionic statep45s, and 4, respectively.  assessed.
(c) The results of the two calculations are combined producing a The main concern of course here is whether it must be
spectrum very similar to the experimental. The peak due to ionizaincluded in order to interpret the data published in R&f.
tion from the 4 state is too small to appear on this scilee A careful examination of the spectra in our Figs. 2, 3, and 4
smallest peak in graptb)]. provides the necessary clue. It is easy to verify by simple
inspection that the photoelectron energy peaks having a 4
PES[1], and we will now justify that they are due to ioniza- contribution are in general broader than the fine-structure
tion of ionic states. splitting. In addition, our spectra having been obtained
It is relatively simple to test whether the calculated specthrough equations that included only one #esonance are in
tra in the low energy range of the spectrum are consistentery good agreement with the data published in REf.1t is
with the observed double peak spectrum in the intermediatéhus reassuring that at least for the intensities employed in
energy range. This can be done by calculating the populationbtaining the data reported in Ré¢fl], the fine structure is
in each of the three ionic states after the pytseintegration  obscured by other effects that broaden the peaks. All such
over the continug The resulting numbers are taken as theeffects are included in our calculations which reproduce the
initial conditions for a second and otherwise independentlata quite well.
calculation of the response of a calcium ion to a similar The extension of our theory through the inclusion of one
pulse. additional p state and the corresponding channels into the
The result of such a calculation is shown in Figh)5  continuum presents no particular difficulty; it is in fact
Two relatively large peaks due to four-photon ionization ofstraightforward. We see, however, no reason to undertake
the large 4 population and two-photon ionization from the such a task at this point as its value to the interpretation
smaller 5% population are found. The nonresonant three-would be of secondary significance, and in connection to an
photon ionization of the g population gives rise to a con- effect of peripheral value to the issue at hand. This is rather
siderably smaller peak. When the two spectra are put tofortunate, but not accidental as it enables the quantitative
gether, we obtain a spectruffiig. 5 very similar to the one analysis to focus on the main issue. That it is not accidental,
presented in Fig. 4 of Refl] for linearly polarized light. can be verified almost at the outset by simply estimating the
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main broadening mechanisms. Whether experimental data APPENDIX A: THE CONTINUUM-CONTINUUM
extending to intensities lower than those reported in Rigf. COUPLING STRENGTH
demand the inclusion of the fine structure of the core, as

alluded to in Ref[23], remains to be seen and may in fact be  |n this section, we show th& ., which appeared in Egs.
likely. For the time being, we shall leave our calculations(e), can be approximated &€a'*4s|d| Ca4p).

where they stand as they provide the interpretation of data |n general, the continuum wave function has M#fold

published thus far. degeneracy corresponding to tNepossible outgoing chan-

Finally, the exact position of the various peaks obtained irhels at a given energig,2,4. Each channeh; can be de-
14 . 1

our cglculatlon. IS somewr:)at dl_splaced with respect to th(?ined by antisymmetrized direct products of an ionic core
experiment(typically by 10%. Since they are found to be state® and an angular momentum eigenstgtef the out-

guite sensitive to the intensity, one should not be too Conéoing (ionizing) electron. Denoting the radius of the outgo-

cerned about that. For a quantitative interpretation of all fea: lect b d th - dinat th
tures of the data, we would need to know the uncertainty ifng €lectron byr, an e remaining coordinates B, the

the intensity(in each caseas well as the spatial features of W&vé f.unctionci has the following asymptotic behavior for
the interaction volume. Furthermore, we checked whethel®rger:
our peak positions converge towards the zero field positions
as they should. They do, while this does not seem to be true L
for the experimental data. -

P (Rrle)=3 (RIA) 5[0 60(1)= S| §(D)],

(A1)
IIl. CONCLUSION

We have discussed the basic theory and have provided a . " ) ]
comprehensive realistic formalism for the process of corewhere ¢/ (r)=e*" "%, with §; the Coulomb phase shift
resonant ionization, with specific emphasis on the alkalingletermined by the angular momentum quantum number of
earth atoms. The main points of this theory are as followsthe outgoing electrofi5]. The S matrix represents the inter-
(a) The atomic core resonance is so close in energy to thaction between different channels due to the electron-
core resonance transition that it must be included in the thecelectron Coulomb interaction.
retical treatment, even if the field is in resonance with the Because of the indistinguishability of electrons, the dipole
core transition(b) At the intensity required to produce ob- moment between two-electron wave functions consists of
servable Stark splitting, additional photon absorption in thé&four terms: the inner-inner, the inner-outer, the outer-inner,
atomic system will lead to significant production of excited and the outer-outer electron transitions. However, near the
ionic states(c) These excited ionic states populated duringcore-resonance frequency, the coupling strength between the
the pulse ionize later on, producing further photoelectronyg channels is dominated by the inner-inner electron tran-

peaks.(d) ac Stark shifts of magnitude varying in time dur- oy and can therefore be approximated as
ing the pulse will produce additional structure in the PES.

A theoretical model and calculation aiming at predictions
for the expected PES, or the interpretation thereof, must in- o 1
clude at least all of the above processes and states, as well asc;|QH QJE)ZE <Aj|d|Aj’>_J dr[ 8; ¢j+e(r)
a realistic description of the temporal shape of the pulse. i’ 4

When put together in a complete calculation, these as- _St (0]
pects produce a picture far more complex than a simple, 1€
symmetric doublet. And it is indeed such a complex picture X[ 8.0 (r-s b (0]
that has emerged out of the recent experiments by Walker LT 1T
et al. [1]. We demonstrated very good agreement between
the calculations and all published experimental data. Further- :E (Ajld|A; )
more, the calculations were shown to give additional insight i’

S(e—¢€')

into the problem.

Last, we want to establish the close relation to another Xl(éi"si L+S:S )
problem currently attracting much interg&tl—13,24,2% In 2 SR
the present paper, we have studied the effect of a strongly . o't
driven core resonance on an electron during ionization. More i : ( Sij iy _ Sij Sirj
intricate effects are found when the electron leaving the core 2mkik; | Kk kK

is slightly bound, so that it returns to the core in the form of
a wave packet after a classical orbit time. The subsequent
scatterings from the Rabi oscillating core has been shown to
affect the shape of the wave packet strongly through —— ,
electron-electron interaction and the resulting autoionizationNOW, We are ready to evaluafeic <E|—QCHQC|20 )Ger. As-
The electron freed in this process leaves a Rabi oscillatinguming that the coupling strengtBy? and Dﬁrg (alsoD¢gy
core behind as in the scheme described here. A compreheand D 7§ are approximately equal, and so abg; and
sive study of that situation, which has been reported in brieD.7; then from Eq. (6c) we can derive
[19], will be presented in a forthcoming paper. G =G (z—E./z—E./). This leads to

(A2)
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— (z— E.) G, varies slowly holds. It is remarkable that compli-
J dC'<E|—QcHQc|C'>Gc'22 (Ajld|A;/) cated channel couplings represented $ynatrices of the

i’ continua do not manifest themselves in the core resonance
coupling of the two continua.

1 ot
X 5(5ij5i'j'+3j5.rjr)
APPENDIX B:
i ELIMINATION OF STRONGLY COUPLED CONTINUA
+2_(5ij5i’j’_sijs|,r1}r) o o _
™ The elimination of continua is a widely used method of
determining the influence of a “bath” with infinite degrees
of freedom on a system with just a few. In the present case
~/k,- (ki —k;p) the “bath” is the electron continuum. It seems, however,
that the elimination of strongly coupled continua has not
been discussed in the literature until now. This is despite the
Ge, (A3)  fact that it doesot, in general, lead to ordinary shifts and
widths, which has apparently been taken for granted when
whereE =k?/2, dc’ =dE, =k;,dk;,. The subscript labeling the strong coupling of continua was not simply neglected.

for c andc’ has been omitted, having in mind thatorre- Though we treat o_nly a s_pecial case of this_elimination,
sponds toA, =4sel andc’ to A, =4pel channels. the methods are applicable in general. Comparing the equa-

The principal integral in the equation can be evaluated b)}ions (58 and(Sb) with (78 and (7b), we have
the contour integral technique, and the result is simply
—i. Consequently, we obtain Igg(Z)Gg+|gE(Z)Gg__f dCDEfc)Gc (Bla

XPJ dc’

z—E.

X
Z_Ec/

| de@RHe G ~(AldA G a9
@(z)eg—ﬂg—g(z)eg:f do(DE G+ Dy:Go).
By definition, we have Do =(A|d|A;/) (B1b)
=(®i|d|®]){x|x)=(Pi|d|®{) 5, , . For the specific sys-
tem we consider in the paper, we have Using the expressiondc) and(7d) for G, andG¢we obtain
D (|=(Ca'4s|d| Ca’4p), for [x')=|x)=|s) or [d). Note  explicit expressions for the shift-width integrals in terms of
that this conclusion is valid as long as the assumption thahtegrals over coupled statefc), [c)).

(2)(2 EﬁD(Z)
Igg(z)=J dc > (B2a
(z—E¢)(z—E¢)—|Dgy
[, DR(z-Ex)Dg+DED D
lo6(2)= (z—Eo)(z-E9)—|Deel> (520
C C ccC
(2) 2
()= deDw D& +Dge(z—E5)DY ©29
(z—Eo)(z—Ex)—[Dgel?
Iﬁz)—J'd Dge(2—E9)Dcg+ DgeD DA+ DD D g+ Dz~ EC)D<2> 820
99 (Z—EC)(Z—Ecﬁ—IDcclz

These integrals are obviously different from the normal intepair of continuum states|¢), [c)) since the coupling
grals over continuum states encountered when continua astrength Dz does not. The fractions are now expanded
eliminated[20], and only under certain conditions do they yielding rather lengthy expressions. For convenience we de-
reduce to the normal shifts and widths. It is useful to defin€fine normal shift-width integrals

the z-dependent solutiong_ of the equation (2) D@

(Ef —Eo)(E; —Eo)=(2— Eo)(z— Ec+Ag)—Dedl> Wog(E)= fdc £ gg<E>—fd = =
(83)

(2) N N
Please note the similarity and difference to Ep) defining W %E)EJ chgc Dy WC_(E)EJ dCDchcg
the quantitiesz; . Unlike those E_ does not depend on the 99 E-E 99 E-Ec
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(2)
W*(E)—f deF- °9

C

and matrix elements
— DyeDecD2-
cc — gc=cc cg
Tﬁ(E)_ij—E—EC ,

(2) fDi
TootE)= deTg'

_D(Z)
CcCC
T%E)—Jd —E =

@ Hn_n(®2)
T8y = [ deoseo el
ggh =/ E-E,

Expressed in terms of these quantities, E@2a—(B2d)
become

1 + +
—E—[(Z_ Ec + AC)V\/gg( Ec )

'gg(z):E:_ -

—(z— E;+AC)WQQ(E;)]1 (B4a)

-1
lggl2)= —[(z E¢ +Ac)WyglES)
—(z2—Eg + A WygtE)
+TooEe )~ ToetEc )], (B4b)

-1
592 = —E[(Z Eo +A)Wgg(EL)

c

—(2—Eg +A)Wg5(E)
+TEE(ED) - TE(EL)], (B49)

l55(2)= ,[<z ESWESHES) — (z- Eg )WESE,)

+T%(E§)—T%(E;)+(z—E§+Ac)vvcﬁ(E§)
—(z—E¢ + A WigEg ) + TEG(ES ) — TG(E )]
(B4d)
From the definitionB3) of E; we have

EX=z+A2+0/2=E0% /2 (B5)

and therefore

-1 _ _
Igg(z) :E_[(AC_ Qc)ng( E;r) - (Ac+Qc)ng(E;)],
° (B62

-1 — _
lygt2)= E—{(AC—QC)W@( E:)— (Ac+Q)WygtEL)

+2TED) - TEE)], (B6b)
(Z)_ {(A Qc)ng(E ) (A +Qc)ng(E )
+2[T J(Ed)— T°°(E )1k, (B60)

-1 — -
532 = 55 { (Ao B WEED) — (Act D Weg(E,)

+2[TESHES) —TESES) |+ (— A~ D)WE HE])

—(— Mg+ Q) WEHE,)

+2[ TES(ES) — TESED) ) (B6d)
Equations(B4a)—(B4d) now reduce to

Ac[ng(E:) _ng(Ec_)]

lgg(2)= 20,
Woq(Eg ) +Wgg(Eg )
99 5 99 , (B7a)
— AWy gtES)—W,4tEg
lo(2)= [gafzé gg(Ec)]
WygtES) +WogtEs)  TeSES)—TEXE;)
2 B Q. :
(B7b)
AJWgo(ES)—Wgg(Eo
gy A Wosl Z(i 35(E)]
99(Ec ) +Wgg(Eg) T%(E) T o(Ec )
2 QC
(B70)
155t2)
S AWEHED) —WeS(EL ) —WEG(ES) + We(E, )]
a 20,
+\A/°E<E§)+\AF@<E;)+WE—Q<E;)+WE—Q<E;)
2
_T%(EZ)—T%(EQ);T%{E:)—T%(EQ)- ®70

We have gone this far without making any approximations.
The normal pole approximation can now be carried out
yielding shifts and widths for each of the integrals provided
the continua are smooth around the energy of each of the
dressed bound states plus and minus half an ionic Rabi fre-
quency. This happens if the continua are without structure
and if the energies are not too close to threshold. The result-
ing expressions, nevertheless, do not reduce to the normal
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shifts and widths unless certain conditions are fulfilled. The By direct analogy to calculations done in Appendix B, we
expressions reduce significantly if the shifts and widths varyobtain in the linear approximation
approximately linearly over an energy range given by the

i ds.
Rabi frequency Jog@=— dSIcEg ' (C3a
A dW,, ==Fo
'oo(2)=WoglEo) =5 —q7| . (B8 AcdVyg dSg
o Jog (D=Veg (EQ+— —=2 - ,
_ ¢'g ¢'g 2 dE .. dE |
A dWqg dTg (C3b
IQE(Z):WQE(EO)_? dE _ﬁ ,
E=Eg E=Ep A dVeig
(B8b) Jerg(2)=V5ig(Eg) — > dE : (C30
_ E=Eg
Ac dWgg d ;—g
|==(2) =Wsr(Eg) — = L) A, dVer Soo
oo a9 Fo 2 dE =E, dE E=E, Jog(2)=Vgig (Ep)+ — 7C dICEg . - chg E_E-
(B80¢) %o (E:S()d)
— Ao dWos dwe where
IWZ):WS?(EO)dl—Wc@(EO)_?(d—E_ dEw
£=5 Bos Dy Borc DecDey
e vc,g—(E)zfdc = Sc/g(E)Efdc g
dTE]g dng c c
“\aE " @ /- (B8d :
E=E, BoicD Bere DecDeg

(2
vpg(E)Efch_—Ecg, SC@(E)Ede?,
Note that even thougE8=z+ A2, the derivatives are in- ¢ ¢
tensity independent in the linear approximation, except for B~ D —
the trivial intensity dependence of the matrix elements. We\/pg—(E)EJ dc%, Seig (E)EJ dc
can go one step further, if the coupling strengths can be c

gﬁgi'g;ri? tﬁ%nzirg t%\(/ae(rjearivr;?\?:s ?/Zr?ighb);rfgewzz\brle flr(aeé\ssuming constant coupling strengths over an energy range
with the normal shifts and widths, i.e., those that would be ven by the core transition Rabi frequencsee Appendix

expected if the core coupling was neglected completely inB) makes the derivatives in Eq&C33-(C3d vanish. The

the calculation of the shiftéstrictly speaking, the coupling resulting couplings, which were neglected in our treatment,

2
BoiDecDE-
E-E.

must be small compared to the couplings which were in-

strengths need only be equal at the four peak positiongIuded ie
(square pulsg which in practice means constant over the T
whole rangé This is exactly the assumption we have made 1 3eat=|Veat<|Deat (C4a
in order to obtain the simple expressio{@) and (8b). We cor Thes cov
therefore do not expect to have good results if one or more | J551=|Vegl =0, (C4b)
peaks during the pulse gets close to threshold. Note, how-
ever, that we could go beyond_ this approximation — we only |Jsgt=|Vegt<| D%}. (C49
need to calculate more coupling strengths.
The second of these conditions reflects that no other coupling
APPENDIX C: LIMITATIONS ON THE VALIDITY between statelgy) and|c) are present in Eq5d). This cou-
OF THE TREATMENT pling therefore needs to be negligible compared to other cou-
plings to|c).

Equations(7c) and (7d) were derived under the assump- * Fina|ly ‘we must consider when these conditions for a
tion that the coupling of continua is purely discrete due t0 theg|iaple treatment are fulfilled. The matrix elementsBoére
discrete core transition. This requirement cannot be fulfilled,hortional to the core transition matrix element and thus to
unless the ignored integrals the field amplitude. The left-hand side of the first condition

(C49 is therefore third order in field amplitude while the
f d¢'BesGe=Je¢Gy+Jeg Gy (cy  right-hand side is second order. Similarly, the left-hand side
of the second condition is third order in intensity while the
other couplings tdc) are of lower order. Both requirements
are therefore expected to be fulfilled if the intensity is not too
high, which means here such that the Rabi frequency is
smaller than the energy difference of the #om the 5.
are themselves small compared to other couplings in thi§or Ca this implies less than ¥ow/cm?.
approximation, with above equations serving as definitions Both sides are second order in field amplitude in the last
of BizandBgr.. condition (C40. Both couplings must therefore be small

f dcBgi(G=Jc¢Ggt+Jcg Gy (C2
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compared to other couplings to the statk This amounts to  |c)-[c) coupling. This is certainly the case, and we can con-

requiring that the continuunt) is mainly populated through clude that the treatment is expected to be valid in the present
Rabi oscillation in the core or two-photon transitions from case. The validity can in any case be checked directly by
|g) involving the|c) continuum and the discrete part of the calculating the integrals involved.
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