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Laser-induced autoionizing and continuum structures:
Line-shape study in the presence of continuum-continuum transitions
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We present a theoretical study of laser-induced autoionization and laser-induced continuum struc-
tures, performed with the aim of deriving predictions on the e6'ect of continuum-continuum transitions
on the resonance line shape. The model, developed as an extension of models introduced for the descrip-
tion of laser-induced autoionization and laser-induced continuum structures, on one hand, and for
above-threshold ionization, on the other hand, provides quantitative predictions. For specific atomic
systems, the line shapes of the structures are shown not to be affected by continuum-continuum transi-
tions, in contrast with previously reported results.

PACS number(s}: 32.80.Dz, 32.80.Fb, 32.70.Jz

I. INTRODUCTION

The study of the coherent atomic excitation to the ion-
ization continuum has brought into evidence, in the pho-
toionization process, some new effects caused by interfer-
ence. It is well known, in fact, that, if different transition
paths driving an atom to the same state, in the continuum
are allowed, quantum interference effects may drastically
affect the transition rates and, under special conditions,
the population can be trapped in a nondecaying state.
For example, it has been pointed out recently that in-
terference of transitions to the continuum from different
Rydberg levels can be a reason for the stabilization of a
highly excited atom: the time of ionization increases at
increasing field intensity, up to the suppression of ioniza-
tion, a rather unexpected result [1].

The first evidence of quantum interference in bound-
continuum (8 C) transit-ions was provided by the obser-
vation of asymmetric peaks in continuous absorption
spectra. The presence of autoionizing states was found
responsible for these structures. A nonperturbative treat-
ment of autoioniz ation, suitable for a quantitative
analysis of experimental results, was developed in 1961 by
Pano [2]. The asymmetry of autoionizing resonances
plays a crucial role in the atomic evolution, which may
exhibit, for proper laser frequency and intensity, the
phenomenon of population trapping [3,4]. In 1975, the
possibility of inducing a structure in the photoionization
spectrum, by a laser Geld coupling the continuum to a
lower lying bound state, was predicted [5,6]. The bound
state, embedded in the continuum by the intense radia-
tion field (dressing field), behaves as a pseudoautoionizing
state [5]: the compound atom plus dressing field system, -
when probed by an additional weak radiation field (probe
field), will exhibit a narrow structure in the photoioniza-
tion spectrum, under many respects similar to an au-

toionizing resonance. This laser-induced continuum
structure (LICS) was found very attractive for its poten-
tial in controlling the atomic photoionization rate by an
external applied laser field, whose intensity and frequency
can be arbitrarily varied. The analogy between LICS and
laser-induced autoionization (LIA), proceeding from the
observed effects to the physical interpretation, attains the
formal description itself, which is almost unified in a
theoretical model dealing with the excitation of struc-
tured continua [7]. This analogy is found to persist for
the specific object of our study, namely, the effects of a
strong radiation field inducing continuum-continuum
(C-C) transitions on the line shape of the LICS and LIA
resonances.

Experimental support to LICS theories has been pur-
sued by several research groups undertaking experiments
aimed at the measurement of various atomic properties.
In fact, similarly to an autoionizing state, the bound state
embedded in the continuum can affect, besides the photo-
ionization rate, other atomic properties, such as, for in-
stance, the birefringence, the dichroism, and the
efficiency for harmonic generation, which can therefore
be probed by specifically devoted experiments. The first
experimental evidence of LICS was obtained in 1981 [8],
through the measurement of the optical-polarization ro-
tation induced by a O.-polarized dressing laser in cesium.
Afterward, evidence of LICS was obtained by observing a
resonant enhancement of third-harmonic generation in
the continuum of sodium [9]. Considerable efFort was
also devoted to the direct observation of LICS in photo-
ionization spectra, either in alkali metals [10] or in rare
gases [11]. In 1991, a LICS resonance was observed in
the single-photon ionization spectrum of sodium [12,13].
Evidence of LICS in two-electron atoms has been recent-
ly obtained studying an induced structure in the vicinity
of an autoionizing state of calcium [14—16].
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In spite of the rich literature reporting LICS studies,
further investigation both theoretical and experimental is
required for a full physical understanding of the problem.
In fact, the observation of LICS by third-harmonic gen-
eration in sodium, reported in [9], could not be repro-
duced by subsequent experiments [17,18], carried out on
the same atom, but in somewhat different experimental
conditions. Even the observation of LICS in photoion-
ization spectra was not always successful, providing at
times no evidence of the resonance [10] or results of
difficult interpretation [11,19]. On the contrary, recent
polarization experiments [20,21] in cesium and sodium,
performed at a relatively low dressing-field intensity, have
quantitatively confirmed the theoretical predictions. A
reason for the unsatisfactory reproducibility of some ex-
perimental results can be found in the role played in a
given experiment by concomitant processes, which can
either raise the background or quench the resonance,
thereby strongly reducing the accuracy of the measure-
ment or even making the resonance not observable. It
has been demonstrated, for instance, that the laser-
induced enhancement of third-harmonic generation in
the continuum depends, in actual experiment, on an in-
terplay of various effects, including ionization saturation,
that can drastically reduce the evidence of LICS [22].
Similarly, in multiphoton ionization experiments depend-
ing on the properties of the specific system, the back-
ground ionization can easily mask the LICS resonance.
The high intensity of the dressing field required to induce
the LICS in photoionization spectra, which can easily at-
tain 10" W/cm, makes the rejection of unwanted pro-
cesses very dificult. Therefore a quantitative test of
theories necessarily requires a careful knowledge of the
atomic parameters influencing the LICS process, as well
as a careful evaluation of background processes.

In concomitance to any among these processes, at field
intensities typical of LICS experiments, above-threshold
ionization (ATI) can take place [23]. A striking eff'ect of
C-C transitions on the total photoionization rate was pre-
dicted by Deng and Eberly in 1984 [24]. Considering the
multiphoton ionization of a model atom, which was al-
lowed to undergo C-C transitions, they predicted, by an
analytically solvable model, a saturating behavior of the
photoionization rate as a function of the laser intensity.
It has been shown later that the strong-field dynamics of
C-C transitions can be conveniently studied in two-color
ATI experiments [25], where a low-frequency high-
intensity laser (dressing laser) is used to couple continu-
um states, while a high-frequency low-intensity laser is
used to ionize the atom. This configuration, allowing an
independent variation of the 8-C and C-C couplings, ap-
pears particularly well suited to the test of a possible sat-
uration of the rate of photoionization towards multiple
continua. A theoretical model describing a two-color
ATI experiment has been proposed by Rzazewski, Wang,
and Haus [26]: no saturation of the photoionization rate
was shown by this model. These results, although show-
ing that the atomic evolution can be critically dependent
on the inodeling of continuum interactions, have raised
the question of how the line shape of continuum struc-
tures would be affected by C-C transitions. The problem

has been recently discussed, both for LIA [27,28] and
LICS [29]. Actually, both processes are expected to
closely reflect the characteristics of the ATI dynamics.
For instance, the resonant photoionization enhancement
typical of LIA and LICS can exhibit a different depen-
dence on laser intensity whether saturation of the photo-
ionization rate is expected or not. Although, at present,
the Inodel development for these processes seems satisfac-
tory, realistic predictions for actual atomic species and
interaction conditions cannot be easily derived. The de-
velopment of solvable models, as an extension of previous
models developed for LIA and LICS, on one hand, and
for ATI, on the other hand, is not straightforward. In
fact, approximations that have been conveniently used in
either model, such as, for instance, the flat-continuum ap-
proximation, used in many ATI treatments, or the
rotating-wave approximation, used in LIA and LICS
models, cannot be extended in general to a model describ-
ing both effects.

Our purpose here is to show that a solvable model for
LICS and LIA, including C-C transitions, can be
developed, with the advantage of providing predictions of
line-shape effects for specific atomic systems and driving-
field frequencies, while preserving the physical under-
standing of the problem. According to the conclusions of
our survey, we will restrict our treatment to a single-
photon probing of the continuum structure, modeling the
processes on realistic assumptions for the atomic parame-
ters.

In Sec. II we present the theoretical model, deriving
the equations of motion which are then discussed for two
limiting cases. In Sec. III the model is used to study the
effect of C-C transitions on the LICS line shape. In this
section a detailed discussion of the approximation intro-
duced is also reported. Section IV is devoted to the study
of the LIA line shape, in the presence of an additional
laser field inducing C-C transitions. The conclusions are
finally given in Sec. V.

II. THE LICS MODEL

We consider the photoionization of an atom with a
structureless continuum, such as, for instance, an alkali
atom not far from threshold. The atom is in the presence
of two laser fields, one weak, of frequency co (probe
field), and the other strong, of frequency cod (dressing
field) (Fig. 1). The probe field, typically in the UV spec-
tral region, drives the atom, by a single-photon transi-
tion, from the ground state ~g ) to the continuum state

~
l, co), where 1 denotes a set of quantum numbers and ~

the energy, measured from the ionization threshold. In
the model, the multiphoton ionization induced by the
dressing field, which is not expected to affect the line
shape, is neglected. This process, of course, will give rise
to a background ionization, which should be minimized
for an accurate experimental study. The only relevant
effect of the dressing field is assumed to be the coupling of
excited bound states, initially unpopulated, to the ioniza-
tion continuum. In fact, for a frequency difference
co~

—ud corresponding to the energy difference between a
given excited state ~e ) and the ground state ~g ), these
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states, assumed to have the same parity, are coupled by a
two-photon transition, affecting the photoionization rate.
The process can be described as the photoionization, in-
duced by a weak probe field, of the atom dressed by a
strong laser field, embedding the state ~e & in the continu-
um

~ 1,co &. As a result of the
~ g )-

~
e ) coupling, a narrow

feature will appear in the photoionization spectrum, as a
function of the two-photon detuning b, = [(co —cod )—(ro, —ros)]. The ~g &-~e & transition can proceed either
via intermediate continuum states, involving B-C radia-
tive couplings, or via intermediate bound states ~k &, in-
volving B-B couplings, as in usual discrete Raman pro-
cesses. Therefore the whole atomic configuration will
affect the properties of the photoionization structure,
thereby making them unpredictably different from atom
to atom. Discrete Raman processes will be explicitly in-
cluded in our treatment, where they are shown to play a
crucial role, according to previous works [30,31].

At increasing dressing-laser intensity, C-C transitions
will take place. To take into account this effect, the mod-
el atom must include at least one additional ionization
continuum ~2, co &, with a set of quantum numbers allow-
ing dipole transitions

~ 1,ni )~ ~ 2, c0 ), induced by the
dressing field (Fig. 1). The overall process will then give
rise to a multiple-peak structure of the electron energy
spectrum, which might be somehow different from that of
a pure ATI spectrum, in proximity to the two-photon res-
onance condition. Moreover, the occurrence of C-C tran-
sitions is expected to affect the LICS line shape. Both as-
pects of the problem have been the object of theoretical
studies [29,32], leading to general predictions in weak-
and strong-field regimes, mainly derived by numerical
calculations. We will extend to LICS a solvable model
which has been developed by Rzazewski, Wang, and
Haus [26] for the treatment of the two-color ATI, where
two separate lasers are used to ionize the atom and to in-
duce transitions between continuum states. This
configuration shows a close analogy to that occurring in
LICS, where the dressing laser, in addition to redistribut-
ing the population among various continua, as it does in
two-color ATI, couples one continuum to a bound state.
We will show that predictions derived for the total ion-
ization rate of the two-color ATI can be straightforward-

I

= I1,03&=
= l2, (o)

12

le&

Ik)
1g

lg&

FIG. 1. Energy level scheme illustrating the LICS process in
the presence of two manifolds of continuum states. 0&, is the
Rabi frequency of a strong radiation field embedding the state
~e ) in the continuum

~
l, co). The same field couples continuum

~ l, co) to the continuum ~2, co) by a Rabi frequency Qi2. The
continuum structure is probed by single-photon ground-state
ionization, induced by a weak field of Rabi frequency Q,g.

E~ =E~e~ cos(co~t) and E„=Eded

cos(comdt),

(2)

respectively, where e and ed are unit polarization vec-
tors. For the sake of an easy formalism, the field ampli-
tudes E and Ed are assumed constant in time. By fol-
lowing the rotating-wave approximation (RWA) for the
B-C transitions, the interaction Hamiltonian, in the
Schrodinger picture, has the form

ly extended to LICS, providing information on the effect
of C-C transitions on the resonance line shape.

The atomic state vector is expanded in terms of the
bound and continuum states shown in Fig. 1 as

~e(t) &=c,(t)~g &+c,(t)~e &+ pc, (t)~k &

k

+ f duroc, (t, ro)il, ro&+ f dcoc2(t, ro)i2, co& . (1)

Following a semiclassical treatment of the atom-field
interaction, the linearly polarized probe and dressing
fields are written as

V= —e
'

~ —f dniQI"'(co)~l, co&(g~ —e
'""—f des Q'i", '(co)~l, co&(e~

—cos(co„t) gA(Q'j~'[k &(g)+Q'„~')k &(e()+H.c.
k

where

Q~g'= E(kd~ j & e an—d Q'kj'= Ed(k~d~ j).ed—() ~ (d) 1 (j =g, e)

—cos(cod t) fde dcoViQi2(ro, co')
~ l, co) (2, co'~ —cos(co„t) g A'(Qg~'~k ) (g ~+Qg'~k &(e~ )

k

(3)

(4)

are 8-B Rabi frequencies,

Q'ig'= E( l, co~d~g ) e~ a—nd Q',",'= Ed( l, co~d~e ).ed—)— (d)

are B-C Rabi frequencies, and
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Q'i'2'(~, ~') =—Eg& i, ~ldl2, ~'&.eg
~ =1

is the C-C Rabi frequency. The upper script (p) or (d) assigned to a Rabi frequency denotes the laser field which is as-
sumed to drive the corresponding transition.

The equations of motion for LICS are
0

c =+—f dco Q'&&'(co)ci(co)e ' ~ +i g [Q'~&'cos(co~t)+Qs&'cos(co&t)]e ' " c~,
k

Ce ~ ei CO Cy 6) e +l Qeg COS COpt +Qek COS ddt e Ck
k

iQ' '(co)

2
i(~—~ —~~)t dc,e ' +i cos(coqt) dco'Q', 2'(co, co')c2(co')e'ci(co)=

cz(co) =i cos(co&t) f dco'Q2i(co, co')c, (co')e'"

ct, =i [Qgz'cos(co~t)+Q'i~'cos(co&t)]e ' " cs+i [Qg'cos(co~t)+Qz, 'cos(cozt)]e ' " c, ,

&Q'is'(co) c(~ ~, ~, )i
e ~ ~c+

The dressing-laser frequency cod is required to be off reso-
nance from the transitions ~g )-~k ) and

~
e )-~k ), for any

bound state
~
k ), in order to avoid concomitant processes,

which might be a source of background ionization. This
requirement is obviously met by the probe laser frequen-
cy cop, which is large enough to induce single-photon ion-
ization. The amplitudes ck can be eliminated adiabatical-
ly from the equations of motion [33]. A further
simplification can be introduced if we restrict the treat-
ment to a small region around the two-photon resonance
condition. In fact, with the phase transformation—i(co +cu )t
ci z(co)~ci z(co)e ' ', c~~cse ' ~ and the posi-
tion co, +co&=0, for 6=co +co =—0, Eqs. (7) can be writ-
ten as

c = inc +— dco—Q' '(co)c (co)+—Q' 'cl l
g g gl 1 ge e

l (d)c, =— dco Q',"i'(co)ci(co)+—Q', 'cs,s

i O'P'(co) i Q',",'(co)
ci(co)= icoc, (co)—+ cs+ c,

2

+i cos(cozt) f dco'Q', z'(co, co')c2(co'),

c2(co) = icoc2(co)+1 cos—(cogt) f dco Q2i (co, co )ci(co )

where

~(p)~(d) Q,'fQ~g'

2
& coA. (co~+co~ ) co~ (co~ co& )

(8)

is the two-photon Rabi frequency corresponding to the
Raman transition ~g ) —

~e ). The Stark shift terms due to
the states

~
k ), not appearing explicitly in (8), can be as-

sumed included in the detuning h. The energy zero has
been taken at co, +cod.

Let us consider now two limiting cases.
Case (a): Q„=O. Equations (8) describe the two-color

ATI, where the dressing field couples only the two con-
tinua between themselves. In this case, intermediate

bound states can be safely neglected. Some simplifying
assumptions make these equations exactly solvable [26].
The B-C coupling 0

&
is assumed independent from the

energy of continuum states. Moreover the C-C coupling
Qi2'(co, co') is assumed to be a function of co —co' alone.
Finally, threshold effects are neglected. This assumption
can be considered valid if the ionizing laser excites the
electron well above threshold and the frequency of the
dressing laser is small enough that transitions down to
the threshold energy can be neglected. Retaining both
frequency components of the dressing laser in C-C transi-
tions has the effect of giving rise to a multipeak structure
of the photoelectron spectra, even with only two con-
tinua, as is evident from the transition path shown in Fig.
1. But, what is most relevant to our problem, is the pre-
dicted behavior of the total photoionization rate versus
the intensity of the dressing laser. Equations (8), with
Qi, =0 and Q' '=0, reduce to the equations of Ref. [26],
where the photoionization rate turns out to be indepen-
dent from the C-C coupling.

Case (b): Qiz=O. Equations (8) reduce to

c~ = i b,c +—— dco Qg'~'(co)c, (co)+—Q'", 'c, ,
l

i QP'(co) i Q',",'(co)
(ci)=coicoc, (co)+ — c + c, ,

describing the usual LICS, where the dressing laser
embeds the state

~
e ) in the continuum

~ l, co ). The as-
sumption of Bat continuum, quite reasonable for ATI
models, aimed at the study of the photoelectron spec-
trum, is particularly heavy for a LICS model, where the
resonance profile itself is in general critically dependent
on the energy behavior of B-C coupling factors. Howev-
er, as will be shown below, for specific atomic species and
laser frequencies, the characteristics of LICS can be
negligibly affected by this energy dependence. Equations
(10) can be solved approxiinately, for any energy depen-
dence of Q, &

and Qg&, provided that the continuum is
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c ——O'P'Q', ",'(1 iq )c—, ,

(11)

c = —m c ——Q' 'Q')P'(1 —lq)ce 4 e 4 e1 g g

where the shift terms have been again incorporated in A.
The quantity q, known as the Fano or asymmetry pa-

rameter, is an atomic parameter independent from the
laser intensj. ties. It can be written as q =q+q' ', with

widely extended to allow the use of a Markovian approxi-
mation in the B C-coupling [7]. In fact, under these as-
surnptions, the continuum amplitudes can be eliminated,
leading to the following equations for the bound-state
amplitudes:

—iA —m.
g 4

c = i—b,c + c, + c, (x =O, t),

c, = cg+ cl(x =O, t),

c)c)(x, t)

C)t

Q1g Q1,
2 g 2

c + c, 2m.i5(x)

+ l Q )~(X )C~(X, t) COS(COd t),
c)cz(x, t) ()cz(x, t) + l Ql~(x }c((x, t) cos(cod t),

at ax
(16)

which are solved according to Ref. [26(b)] providing, for
the initial conditions

cl(t =0)=0, c2(t =0)=0,d cong, '(co )n'"'(co )

~Q(P)(~)Q(d)(~) f
2Q(R)

ge

lrng(P))(co)n'„'(co )

(12)
the expressions

c, (x, t) = 2~i —[8(x —t) —8(x)]
(13)

Q1g Q le

2 g 2
c (t —x)+ c (t —x)

X cos ' f du Q)p(u) cos[cod(u +t x)]
0

c2(x, t ) =2m[8(x .t) —8(x—) ]

Q1 Q1,
cg(t —x)+ c,(t —x—)

and co =—co, +cod =cog+cop. Equation (12) represents the
contribution to the asymmetry parameter from the cou-
pling to continuum states, while Eq. (13) represents the
contribution from discrete Raman transitions. Notice
that, in the Hat-continuum approximation, owing to the
vanishing of the principal part of the integral in (12),
q =0 and consequently the line shape is determined by
the configuration of bound states.

(18)

III. KFFKCTS OF C-C TRANSITIONS
ON THK LICS LINK SHAPE

We turn now back to the full set of equations (8). In
order to make these equations solvable, we make the fol-
lowing assumptions.

(i) the B-C transitions are treated assuming both con-
tinua to be Bat. %'ith this assumption, implying q =0,
the model can still be considered reliable for atomic sys-
tems meeting the condition q =q'

(ii} The C-C transitions are treated as in the two-color
ATI model, assuming the corresponding Rabi frequency
to be a real function, dependent only on the energy sepa-
ration between the continuum states involved:

X
Xsin du Q,2(u) cos[cod(u +t —x)]

0

Cg
= f 5+K c ——Q,n„(1—iq' ')c, ,

(19}

where 8(x) is the Heaviside unit step function.
Finally, by inserting these expressions in (16) we get,

for the amplitudes of the discrete states, the equations

Q'"'(co co') =Q'"'(
i co —co'

i ) . (14)
provided that

As a consequence of these assumptions threshold
effects are neglected. Since in Eqs. (8) any transition is
driven unambiguously by one laser field, we can safely set
Q =Q' ' Q =Q' ' and Q =Q'"'

g1 g1 & e1 e1 & an 12 12 '

In order to take advantage of the energy dependence
law (14), we introduce, following [26(b)], the Fourier
transforms of the continuous energy variable:

+ oo

c, 2(x, t)= dcoe' c, ~(co, t),
+ oo (15)

Q)2(x)= f dcoe' "Q(2(co)=Q', 2(x) .

The integro-differential Eqs. (8) are then transformed
into a set of partial differential equations:

Q,2(co —co'): 0,
/~ —~') ~ m

in order to avoid any divergence in its Fourier transform.
These equations have the same form as the usual LICS
equations (11) and do not contain the C-C coupling, im-
plying that, under the assumptions of the model, the line
shape of the resonance is not affected in any way by C-C
transitions.

The effect of a flat-continuum assumption in the C-C
coupling can be easily seen in Eqs. (18). In this simplify-
ing but rather unphysical hypothesis, Q12 would be a 5
function, 0,2(x)=2nno5(x), and Eqs. (18) would lead,
through a first-order development in Q0, valid for
mQ0 « 1, to the equations
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c = — iS+— C
4 1+mQ /4

A-
Ce 4

QgiQ(,
1+m Qo/4

1+mQO/4

mQO
1 —sq'~' 1+

r

m00
1 —pq[~] 1+

4

Cq

(20)

Equations (20) have been put in a form suitable to a
direct comparison with (19). An efFect of the C-C transi-
tions on the LICS is now evident, both on the line shape,
through a change of the asymmetry parameter, and on
the photoionization rate.

It is worthwhile now to discuss the implications of
some assumptions of the model, namely, (i) Q', z'(co, co')
=Q', z'( ~co

—co'~ ) and the consequent neglecting of thresh-
old efFects; (ii) inclusion of only two continua. Actually,
the nonperturbative evaluation of the C-C coupling
would require the inclusion of more than two continua.
However, it has been shown that, even though the in-
clusion of more continua can affect the ATI peak ampli-
tudes, it will not have any effect either on the LICS line
shape or on the total ionization rate [34]. Assumption (i)
seems more important since, as noted before, for

Qi2(co —co'): 0,
]co co l

the model shows a LICS profile independent from C-C
transitions. As a consequence any evidence of the depen-
dence of the line shape on the C-C coupling would imply
an effect of the ionization threshold.

Even the Hat-continuum assumption in the treatment
of 8-C transitions, having different implications for the
two-color ATI and for LICS, deserves a specific discus-
sion. In ATI, only minor features of the photoelectron
spectrum, which is the main object of study, are presum-
ably affected by an energy dependence of B-C couplings,
owing to the lack of any interference paths involving
bound states. On the contrary, for LICS, the energy
dependence of 0

&
and 0„ is affecting the line shape it-

self, through the asymmetry parameter q. The appear-
ance in Eqs. (19) of q' ' as the only contribution to the
asymmetry parameter is just a consequence of the Aat-
continuum assumption in B-C transitions, necessary to
make the equations solvable. Therefore this approxima-
tion can be considered valid for atomic systems and laser
frequencies, for which q' '))q, so that q -=q' '. Actual-
ly, numerical calculations [30] performed for cesium, for
a configuration corresponding to an experimental study
of LICS carried out through the measurement of the
laser-induced polarization rotation [8,20], have shown
that this condition is likely to occur. The bound states
coupled to the continuum were ~g ) =(6s) Si&2 and
~e ) =(8s) Sizz, while the wavelengths of the dressing and
probe fields were Ed=1064 nm and A, =296.6 nm, re-
spectively. The contribution to the Pano parameter from

continuum states, q, turned out to be smaller than that
from bound states, q'"', by more than one order of mag-
nitude. In principle, the condition q!q' '«1 might be
reached for any atom by changing the position of induced
resonances. In fact, due to the structure of the integrand,
expression (12) can be minimized by a proper choice of
the pole co.

IV. EFFECTS OF C-C TRANSITIONS
ON THK LIA LINE SHAPE

—: l l, Q3&:—
= l2, 03&

26

le&

eg

FIG. 2. Energy level scheme of the LIA process in the pres-
ence of two manifolds of continuum states. Here the state ~e ) is
an autoionizing state coupled to the fundamental state ~g ) by
the dipole interaction Q,~ and to the continuum ~1,co) by an
intra-atomic interaction T„. The C-C transitions are induced
by an additional field of Rabi frequency Q&2. Since the autoion-
izing state is assumed to have the same parity as the states
~1,co), the dressing field will also induce ionization of ~e ) to-
wards the continuum ~2, ai).

The model outlined above lends itself to the treatment
of the laser-induced autoionization in the presence of a
strong field inducing C-C transitions. The formal analogy
between LIA and LICS will appear even closer for the
physical system with which we are dealing. Referring to
Fig. 2, we consider the transition paths typical of au-
toionization, with the addition of a second manifold of
continuum states labeled ~2, co ) allowing, as in the case of
LICS, C-C transitions. The coupling between the state
~e ) and the continuum states

~
l, to), denoted by T„, is

due to an intra-atomic interaction instead of a dipole in-
teraction. The atom is ionized by a weak probe field of
frequency co and Rabi frequency A, . Owing to the in-
terference between different transition paths leading to
the continuum

~
l, co), the autoionizing state gives rise to

a resonance in the photoionization spectrum, character-
ized by an asymmetric profile, known as the Fano profile.
We wish to study the effect, on the profile of the autoion-
izing resonance, of a strong field coupling the continua
~l, co) and ~2, co). Since the autoionizing state has the
same parity as the states

~
1,co ), the dressing field will also

induce ionization of
~
e ) towards the continuum

~ 2, co ) .
This process is physically difFerent from the strong-field
autoionization [27,28], where the coupling between
different continua is induced by the same field which in-
duces the ionization. In this respect, they can be said to



2980 CAVALIERI, ERAMO, BUFFA, AND MATERA 51

be in the same relation, to each other, as the ATI and the
two-color ATI. Actually, the LIA process in the pres-
ence of a dressing laser allows one to control the B-C and
the C-C couplings separately, in analogy to the two-color
ATI. Moreover, published works on strong-field autoion-
ization have been mainly concerned with the study of the
photoelectron spectrum, whereas our concern here is
with the line shape of the autoionizing resonance in the
total photoionization spectrum.

Since the effect of the bound states is now negligible,

we can expand the state vector as

~% (t) & =cs(t)~g &+c,(t)~e &+ f dcoc&(t, co)
~
l, co&

+f d co cp ( t, co ) ~ 2, co ) (21)

where ~e) is the autoionizing state. By following the
RWA for the ~g )-~e ) and B Ctra-nsitions, the interaction
Hamiltonian can be written as

—e
'"' —f d~Q'ps'(~)ll, ~&(gl+e

' ' 2" le&&gl —&fd~T), ll, ~&(el

—RQ, icos(cod t) f dco(2, co) (e( —cos(cozt) f dco dcoViQ, z(co, co') (1,co) (2,co'(+H. c. , (22)

with

The resulting equations of motion are

Q,
cs = inc~+ ——dco Qs, (co)c, (co)+i c, ,

l Q,
ce = dco Tele 1 (co)+l cg

+i cos(cod t)f dco Q,2(co)c2(co),

i Q&s(co)
c)(co)= —lcoc)(co)+ cg+tT~)ce

(23)

(24)

n. /Q„/'
c = l6+

4
iQ, Qg)

2 2 T&e &e ~

(27)

Cg+

c, = —~[ I T), I'+
I Q,2I' cos'(~d t) ]c,

iQ g mQ]g
e1 2 g

V. CONCLUSION

These have the usual form of the LIA equations in the
approximation of Hat continuum, not containing the C-C
coupling. The ionization of the state ~e ) to the continu-
um ~2, co) gives rise to an additional time-dependent
damping term, which averages to ~Q, 2~ /2. Therefore,
even for the LIA process, the line shape of the resonance
turns out to be independent from the C-C couplings.

+i cos(codt) f dco'Q&2(co, co')cz(co'),

c2 ( co ) = t coc2 (co ) + t cos( cod t )fd co' Q z &
(co, co )c

&
( co )

+iQe2(CO) COS(codt)C~(co)

The detuning is now defined as

5—
co& (co& co& ) (25)

T„(co')Qz, (co')
Qs»Pf ', dco'.

COe
(26)

By eliminating the amplitudes of the continuum states,
we obtain

Equations (24) can be treated by the same method and
the same approximations used for LICS, i.e., assuming (i)
Q

&
and Q,2 independent from the energy of continuum

states, (ii) Q(co, co') =—Q( ~co
—co'~ ). Notice that the Aat-

continuum approximation is supported by the presence of
the direct ~g )-~e ) coupling, implying [7]

We have described a study of the LIA and LICS pro-
cesses, aimed at an evaluation of the effect of C-C transi-
tions on the resonance line shape. For the LICS process,
the C-C transitions are induced by the laser field embed-
ding the bound state in the continuum, which in photo-
ionization experiments can easily attain 10" W/cm,
whereas, for the LIA process, C-C transitions are as-
sumed to be induced by an additional laser field coupling
the manifolds of continuum states. We have shown that,
restricting to specific atomic systems and well defined in-
teraction schemes, quantitative predictions can be drawn
by the model without numerical calculations. In particu-
lar, the physical system is required to present an asym-
metry parameter mainly determined by coupling factors
involving discrete states. The model shows that, under
proper assumptions, for both processes, the total photo-
ionization rate and the line shape of the resonance are in-
dependent from the intensity of the laser inducing C-C
transitions, in contrast to previous results [29]. For the
LIA process, the assumptions of the model are certainly
fulfilled for autoionizing resonances, for which the dipole
coupling between the ground and the autoionizing state is
predominant over the coupling involving continuum
states. For the LICS process, they can be met by systems
where discrete Raman processes play a predominant role
in the two-photon coupling.
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