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We present a formal theory and detailed calculations for phase-dependent laser-atom interactions in-

volving autoionizing states. First, through simple models, we demonstrate that the simultaneous one-
and three-photon excitation of one or two neighboring autoionizing states can exhibit profound changes
of the line shape, as the relative phase of the two fields is varied from 0 to m.. Through a proper choice of
the field intensities and the phase, we obtain analytical results showing that one can cancel the transition
to the discrete or the continuum part of the wave function, thereby leading to a Sat or a completely sym-

metric line shape, respectively. At higher intensities, additional effects come into play, providing addi-
tional coupling between the discrete and continuum parts, which also exhibits a phase dependence. Fi-
nally, our theory is applied to a much more complex situation in Xe, involving many channels, not
amenable to simple analytical expressions, but exhibiting nevertheless equally profound effects, including
a modification of the branching ratio of two different products. The theory, which is here developed for
atomic autoionization, is in fact fairly general and should pertain to related problems in any system in-

volving discrete states embedded in continua.

PACS number(s): 42.50.Hz, 42.65.Ky, 32.80.Rm

I. INTRODUCTION

In a recent paper [1],we presented our main results on
the effect of the phase of the field on the excitation of an
autoionizing resonance. Specifically, we have developed a
theory and have performed related calculations which
demonstrate that, under the combined excitation by a
single- and a three-photon transition, mediated by two
separate fields whose relative phase is controllable, the
autoionization line shape undergoes profound changes as
the phase is varied from 0 to ~. It is the purpose of this
paper to present a complete account of the work includ-
ing a detailed exposition of the theory, as well as a more
extensive discussion of the results and their implications.

The subject matter of this work belongs to the general
area of what is referred to as the "coherent control" of
photoionization in atoms [1—8] and molecules [9-19],
which has been receiving considerable attention during
the last five years or so. The basic idea is appealing and
potentially of broad impact. If one can alter the strength
of a transition for selected channels, one can in principle
control the branching ratio of products with obvious im-
plications for chemistry [9—17]. Various methods for
achieving control of branching ratios have been pro-
posed; e.g., introducing a pulse delay between ultrafast
pulses [12—15], exploiting the polarization of the laser
fields [16],and of course manipulating the phase of laser
fields [9—11,17—19]. Achieving this through the phase of
the field [1—11,17—19] has a certain appeal of simplicity,
although the technical requirements for its experimental
implementation are far from trivial. In addition to its
possible impact on photochemistry, the idea certainly
offers a novel way of exploring atomic structure, especial-

ly above the first ionization threshold. The possibility of
turning off channels into the continuum raises the pros-
pect of perhaps stabilizing (at least partially} an excited
state with interesting consequences on nonlinear optical
processes.

Our choice of focusing this series of studies on autoion-
izing states stems from the fact that they represent proto-
types of channel coupling which also involve continua.
Most of the discussion of phase control has centered on
transitions between bound states. It was not evident that
the scheme would work equally well in transitions into a
continuum. We have shown in separate work [4] that
phase control can indeed be extended to transitions
directly into a structureless continuum. An autoionizing
state, however, represents a more complex situation in
that it involves a continuum which acquires structure due
to intra-atomic interactions. In our work as discussed
herein, we have explored these questions beginning with
simple models that encapsulate the essential physics and
then proceed to rather complicated situations involving
several coupled channels. As discussed in detail later on,
the basic effects found in the simple models persist in the
more complex situations. Although our specific study
refers to autoionization in an atom, the context is more
general and would be equally applicable to any situation
involving discrete states embedded in continua, indepen-
dent of whether these continua represent ionization or
dissociation.

Most of our discussion is centered around situations
with relatively moderate intensities so that the atomic
structure and channels are not distorted by the field and
transition amplitudes in perturbation theory are applica-
ble. In general, intensity effects [20,21] may manifest
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themselves at higher intensities. We devote a small part
of our discussion to such effects, which may or may not
be of interest in this context. That remains to be seen.

The following is the outline of this paper. Section II is
devoted to the formulation for the atomic system we
study. We first derive the time-dependent density-matrix
equations for a single autoionizing state coupled to a
bound state by both a single- and a three-photon process,
whose relative phase of the fields is well defined. Then, a
time-independent single-rate equation is derived from the
density-matrix equations to obtain a simple physical pic-
ture. We further investigate the intensity effect men-
tioned above. As a generalization of our formalism, a set
of density-matrix equations and a single-rate equation are
obtained for two autoionizing states coupled to a bound
state by two fields as before. Results are presented in Sec.
III. As a demonstration that phase effects may be ob-
served in a much more complicated system, we present in
Sec. IV several MQDT (multichannel quantum defect
theory, [25,26]) calculations on the Xe atom. Autoioniza-
tion spectra and photoelectron angular distributions are
shown for various laser intensities and relative phase
values. A summary is given in Sec. V.
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t2&

(b)

FIG. 1. Schemes studied in this paper. The shaded area is
the atomic continuum. One bound state ~1) and one (two) au-
toionizing state{s) ~2) {and ~3)) are coupled by two fields with

frequencies co( and co,=3'( and the relative phase P. (a) Single
autoionizing state. (b) Two autoionizing states. The dashed line

in (a), denoted as D' ', is the two-photon coupling between ~2)

and continuum state (shaded area). As the field intensity with

frequency co& increases, the amplitude of this radiative coupling
D"' increases and may become comparable to the intra-atomic
configuration interaction V, and autoionization spectra may be

significantly modified. This e6'ect will be examined in Sec.
II A 3. For simplicity, we shall not consider the intensity effect
for (b).

II. SYSTEM DESCRIPTION

A. Single autoionizing state

l. Density matrix equ-ations for a single
autoionising state

We begin with the formulation of our system by con-
sidering one bound state ~1) (usually the ground state)
and one autoionizing state (AIS) ~2 ) with opposite parity.
The energies of these states are denoted by ()t'coj (j=1 or
2). We are, in particular, interested in the case where

~
1)

is coupled to the vicinity of ~2) by the simultaneous ac-
tion of radiation at frequency 6& and its third harmonic
co3=3co( [Fig. 1(a)]. The intensities of these fields are

denoted by I, and I3, respectively. An important in-

gredient of our problem is the relative phase ({) of the am-

plitudes of the fields e, and e3, which we assume to be
controllable and whose effect on the photoabsorption and
its products is the central theme of this paper. Under
these assumptions, the total electric field interacting with
the atom can be written as

la )t l(C03t+tti)E(t)=( Ee('+E3e ' )+c.c. ,

which is assumed to be linearly polarized along the z axis.
A generalization of the standard procedure [21—23]
(whose steps are shown in Appendix A) leads to the fol-

lowing set of density-matrix equations:

(2)

+i n(3' 1+ ' +e '&n 1+ '
2 (3) 2

q2
O22 s
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where y is the effective ionization width directly into the
continuum, given by

Nevertheless, we begin our discussion with this simple
model in order to understand the essence of phase effects.

g(3) Q
y=Z +e'& ' + "'

q',"Qr, /2 q, Qr, /2

The quantities y'", y' ', and Vincohereats which describe
respectively, the direct ionization width into the continu-
um by a single photon cos, or by three photons co„and the
three-photon ionization width into the continuum, which
is accessible only through the three-photon process (in-
coherent contribution to the ionization) due to the dipole
selection rule, have also been introduced here. Qz ' and

02 are three- and single-photon Rabi frequencies between
states ~2) and ~1), respectively, and I'2 is the autoioniza-
tion width of state ~2). 52 —=3',—(co2 —co, ) (note that co,

and co2 are perturbed energy levels of states ~1) and ~2),
respectively) gives the detuning and q2 ', q2 are three-
and one-photon asymmetry parameters of state ~2). It
should be stressed at this point that an AI$ is modelled
here as a discrete state embedded in a single continuum.
In reality, the situation is usually more complicated than
that, and one must perform sophisticated and elaborate
atomic structure calculations for real atoms, in order to
obtain the atotnic parameters we have defined above.

2. Single ra-te approximation for a single
autoionizing state

To analyze the system we have described above, the
time-dependent density-matrix equations must in princi-
ple be solved. However, we first consider the case in
weak electromagnetic fields. By weak, we mean
r2))y"', y' ', 02, Qz '. In this limit, the photoionization
line shape can be obtained in terms of a transition rate
(Fermi's golden rule) without any time-dependent calcu-
lations. From the set of density-matrix equations for a
single AI$ [Eqs. (2)—(4)], the single-ionization rate is ob-
tained by assuming weak transitions out of ~1), which
implies crii(t)-1, c722(t)-0, and cr2i(t) =0 Th. en we can
solve for 0 2&, obtaining

n") l-
i5 +(y+r2)/2

+e '&Q2 1—

Substituting this into Eq. (2) and defining @2=52/(I 2/2),
which is a dimensionless detuning in units of the autoion-
ization halfwidth, we obtain

g(3)
(q2 '+e)+e'&

q',"gr, /2

02 2

(q2+e)
q,Qr /2

(n~,'~)2 (n, )' n,")n,—(e +1)
~ ~

+ +2cosg
(q,"')'I,/2 (q2) I 2/2 q2 'q2I'2/2

Noting that

(fl(3))2 (fl )2

(q2 ) I'2/2 (q2) I'2/2

n(')n,
+2 cosg

q2 q2r2/2

the photoionization rate P is written as

a,")
P= —~ 0: 1 2

(q2 +e){3)
2+1

+e'& Q2
2

(q2+e)

This is nothing but the coherent superposition of the
transition amplitudes [24] due to the two fields between
the same initial and final states. This form is to be ex-
pected, in the single-rate limit, since the density-matrix
equations are additive with respect to the two fields.

3. Intensity eQect within a single rate approx-itnation

We proceed now one step beyond the lowest order
single-rate approximation by considering the lowest order
correction due to the intensity. It had been pointed out
some time ago [20] that in a three-photon coupling of an
AIS with a bound state, the first intensity effect to be ex-
pected is represented by a two-photon (Raman-type) cou-
pling between the discrete state and the continuum to
which it is coupled by configuration interaction [see Fig.
1(a)]. It would be expected to influence the transition
process significantly when the intensity is such that this
two-photon process (whose amplitude is proportional to
the intensity I) becomes comparable to the
configuration-interaction matrix element that determines
the autoionization width [20]. Given that the three-
photon transition amplitude to the autoionizing state is
proportional to the laser intensity I, there should in
general be an intensity range for which this will be the
dominant intensity effect, before other intensity effects
such as the saturation of the three-photon transition set
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in. The net effect of this correction due to the intensity is
to modify (through the addition of intensity-dependent
terms) the Rabi frequency and the q parameters and to
introduce an effective configuration interaction V, which
involves the intensity-dependent two-photon transition
mentioned above. In this paper, all quantities with (" ")
indicate that they are intensity dependent. From now on,
we use the notation Pg, to represent the principal-value
integration over all possible (both bound and continuum)
states lc ). With the explicit terms which depend on the
laser intensities I1 and I3 with frequencies co, and co3, re-
spectively, the intensity-dependent q parameters and
Rabi frequencies 0 may be written as

(3) 3y
~~(3) ~ 1 (3) 3+p ~ I lc 1 c2

2 ( 12 1 X ~2(3 )

and effective n-photon electric dipole matrix elements be-
tween states li ) and

Ij ). In Sec. III A 3, we will plot the
graphs as a function of this dimensionless but intensity
dependent F, normalized by the intensity-dependent au-
toionization width I 2. It may be worth stressing that 02,
q2, Qz ', and q2

' are intensity dependent through the
effective configuration interaction V,2 due to the photon
co, . Introducing the parameters defined above, the photo-
ionization rate P [Eq. (8)] is rewritten as

02 . 02(3) 2

p oc (q2 '+Z)+e'4' (q2+Z) . (15)
Z2+ l q2

We further rewrite this expression in terms of the fol-
lowing intensity-independent parameters:

q2
-(3)

=( A+a'"I, }I',

n(3)
2

sruti '(p')", e) V, 2)

(&+a")I))q,"'
W+q', "P"'I,

~(5) (5)a'=, p'=—,a=

in the form

(10) P cc
l

(1+q2 'p'Ii) e +1

a(3) p(3)
P B 7 (16)

P1,C3 V,2

c 1)1 3a) ) Oic )

X Q(,') (1+a'I, )+ (, )
(1+q(')P'I, )'

(B+ (3)I )I 1/2
3

02

((M), e3 V,2)

(B+a( 'I, )q2

B+q,P")I, (12)

+e'&Q2 (1+aI, )+ (1+q2PI, )

2

(17)

I'2/2

with

V,2
—= Vc2+)M', 2'(e()

f, =—2 IV„I'. =.„„,
(3)(e )3 (3)( )3 V

Q(3) 812 1 +'p ~ Plc 1 c2 ~I3&2
2

1)1 (3a)( —co, i )

(3) (2)
I lc I c2e =—P~

A' (3a)) —coc) )

P =— () ),),2). =., +3.—,
(5) —~—2 (3) (2)

(13)

(14}

which exhibits explicitly the intensity-dependent parts.
Clearly, by setting I1 —+0, one immediately obtains Eq.
(8). Assuming a single continuum, Z and e are related
with Z = (q 202/q2 Q2) E= (q z

'
Q2 '/q 2

'
Q2 ') E Alterna-.

tively, Z=(1+q2pI) ) e=(1+q2 'p'I, ) e. This equation
also imposes a restriction between p and p', namely

We are interested in the change of the photoionization
rate P as a function of the intensity I, . If I, is increased
with "fixed*' I3, the phase-dependent interference will of
course eventually decrease, since the three-photon transi-
tion will become dominant over the single-photon transi-
tion. Hence it should be understood that I3 is also as-
sumed to be increased as I, is increased, so that
Q2 '/02=const. In the numerical results which will be
shown in Sec. III, intensity effects are not taken into ac-
count unless otherwise mentioned explicitly.

P123+PPlc3c2E c. V

()1 (3') —co„)
(2)

(3) I 1cI 'c2
o. =p~ 7

fl (3' ( co 1 )

(P)cijcZ )

In the above equations, p,-- and p',-"' indicate the single-

B. Two autoionizing states

1. Density matrix equation-s for t)oo autoionizing
states

The extension of our formalism to the case which in-
volves two AIS's of the same parity connected to a com-
mon bound state by two laser fields [Fig. 1(b)] is straight-
forward. The set of density-matrix equations can be ex-
pressed as
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a (3)—(r((= —yo'((+2 g Im. QJ
' 1—,

,
+e'~Q. 1

1——

—o "=—I (r . .—2Im, Q' ' 1+ +e'~Q 1+— o, . (j =2 3),
at JJ JJ J (3) J q. J

J J
(19)

i—5.+—'(y+I ) cr. = i —Q' ' 1 — +e '('Q 1 —— (rJ 11
J

+I', 0'. ' 1+, ,
+e '~Q 1+— 0"

J

+i Q'' 1+ +e '(Q 1—
k (3) k o,„(j,k=2, 3 and jAk), (20)

——i(53—52)+ —,'(I'2+I'3) o32= —i Q(33' 1—,, +e '&Q3 1— 012

&31 ~ (21)

4(Q,"')'
(

(3) )21

4(Q',")'
(q(3) )21

(23)

As in Sec. II A 1, Q' ' and Q (j=2,3) are three- and
single-photon Rabi frequencies between state

~j ) and
~1), respectively, and I (j=2,3) is the autoionization
width of state

~j ). The detuning is defined as
5—:3to( —(o3 —to() (note that to( and to are perturbedj 1 J 1 1

(3)energy levels of states
~
1) and

~j ), respectively) and q.
qj (j=2, 3) are three- and one-photon asymmetry param-
eters of the state

~j ). We are assuming a single continu-
um for both AIS's ~2) and ~3). One should notice that
the direct ionization widths y"' and y' ' are then the
same for both ~2) and ~3). Noting that both y"' and
y' ' should be describable in terms of parameters for ~2)
and ~3) equivalently, we have

4(Q2) 4(Q3}r"'= (22)qr qr
and

This restriction, however, will be lifted if incoherent
channels exists.

2. Single rate app-roximation for t(oo autoionizing
states

A single-rate approximation can be made for two AIS's
as well, by following the procedure described in Sec.
II A 2. For a single laser field, the photoionization rate P
is written as

(q2E3+ q3E2+ E2E3)
P oc

2 2
(E2E3) +(E2+E3}

(24}

where q; and E; (i =2, 3) are the q value and the dimen-
sionless detuning from the states ~2) and ~3) in units of
I'2 and I'3, respectively. A detailed derivation of this rate
equation is given in Appendix B. We now turn on two
sources with frequencies to( and to3, whose phase
difference is defined as (|}. We can immediately write
down the photoionization rate for two AIS's, which reads

2

P oc
(3) (q2 E3+q3 E2+E2E3)+ (q2E3+q3E2+ 2E3}(3) (3) ip 2

(E2E3) +(E2+E'3) q2 'QI'2/2 q gr/2
(3)

(3) 93 ~2~3
y q3 2 3

02 e3+, , 2+, ,
+ei Q2 e3+ e2+

(E2E'3) +(E2+E3) q2
'

q2 i/2

Alternatively,

(25)

1P
2(E2E3) +(E2+E3)

1

(E2E3) +(E2+E3)

Q2
(q2E3+ q3'E2+'E2E3)

q2 I'2/2
2

Q(3)
2

(q2 E3+q3 E2+E2E3)+e(3) (3) ip

q2
' I 2/2

(3)
(3)

E'2E'3

Q3 63+E'2+ +8 Q3 E'3+ 62+ (26)



TAKASHI NAKAJIMA AND P. LAMBROPOULOS 50

This is the consequence of our assumption that both au-
toionizing states are coupled to the same single continu-
um state. If ~e3~ && ~ez~, this equation reduces to the ex-
pression for the single AIS case, as it should be. Obvious-
ly, from the above expressions, it is possible to suppress
the photoionization from one of the two AIS by choosing
the proper relative phase and laser intensities, depending
on the q values. Without any fundamental difficulty, we
could explore the equations which include intensity
effects for two AIS's, as in Sec. IIA3 for a single AIS.
We shall not consider this case here, however, since our
purpose in this paper is to demonstrate the important
features for a simple system.

g) -20 -10 0 10 20 -20 -10

C0
~ ~
6$

~~
C0

0 10 20

III. RESULTS AND DISCUSSION

A. Single autoionizing state

Iq2" -q2~'
@+1

(27)

This equation indicates that the ionization line shape be-
comes symmetric (Lorentzian) under these conditions.
This implies that the continuum part of an AIS is can-
celled. Cancellation of the discrete part of an AIS can
also be achieved under the condition of Q~2 '= Q2. Then,

1P ac (28)
m+1

Namely, the ionization line shape becomes flat with the
window at a=0 However, th. e fact that the position of
the window is not arbitrary suggests that the atom still
remembers where the AIS is, even after the cancellation
of the discrete part has been achieved by the phase con-
trol.

One may want to ask if it is possible to change the au-
toionization width by phase control. As one can see from
the formalism, this is not the case because the
configuration interaction is independent of the external
laser fields. It is always there. The autoionization width
may be affected only if the intensity effect, which we have
derived in Sec. II A 3, is taken into account.

We show now in Pigs. 2(a) —2(d) some representative
results for selected values of the parameters. The most
drastic change is observed when q2= —

qz
' [Fig. 2(a)].

The two transition amplitudes interfere 100%%uo destruc-

1. Weak-jkeld limit

As shown in the previous sections, the photoionization
rate P, under the presence of two laser fields which cou-
ple the initial and final states by single- and three-photon
transitions, is written as a coherent superposition of the
two photoionization rates. It follows that we can control
the ionization rate by manipulating the relative phase of
the two laser fields without changing the laser intensities.
To observe the maximum phase-dependent interference,
the intensities of the sources must be chosen so that the
two (single- and three-photon) transition amplitudes be-
come comparable. Further investigation of Eq. (8) shows
that if Q~2 '/q~2 '=Qz/q2 [or —(Q2/q2)] and P=n (or

=0),

-20 -10 0 10 20 -20 -10 0 10 20
detuning detuning

FIG. 2. Change of the autoionization line shape in a weak
field as a function of the dimensionless detuning. Relative phase
/=0 (solid line), P=m/3 (dotted), /=2'/3 (dashed), and P=n.
(dot-dashed). (a) 0&"/02= —1, q 2" = 1, q2 = —1. (b)
0"'/0 =1, q"'=1, q, =1. (c) 0,"'/0 =5, q,"'=5, q, =l. (d)
~2 ~~2 1 q2 5 q2

tively or constructively as the relative phase changes
from /=0 (cancellation of the discrete part) to P=n.
(cancellation of the continuum part). This is a special
case since the conditions for the cancellation of the
discrete part and continuum part are satisfied for
different values of phase P with the same q, q' ', Q, and
n"'.

If qz and q2
' have the same sign (not necessarily the

same magnitudes), a change of the phase from 0 to rr does
not cause a dramatic alteration of the line shape as in Fig.
2(b), but still the ionization rate is controllable through P.
Given q2 and q2 ', which are determined only by the
atomic species and its states, one can always choose the
laser intensities so that Qz '/q2 '=Q2/q2 in order to
achieve the cancellation of the continuum part of an AIS.
An example is given in Fig. 2(c) for q2=1 and q~z

' =5.
Partial cancellation is obtained as P changes from 0 to m. .
At P=m, a complete cancellation of the continuum part
is achieved, which is indicated by the symmetric
Lorentzian line shape. If, on the other hand, the laser in-
tensities are chosen so that Qz '=Qz, we achieve the can-
cellation of the discrete part, leaving only the transition
directly into the continuum, as discussed above. An ex-
ample is given in Fig. 2(d) for q2=1 and qz '=5. It is
worth stressing that the cancellation of the discrete or
continuum part is achievable for any qz and q2

' by
choosing the laser intensities (which is equivalent to
choosing the magnitudes of Qz and Q2 ') so as to satisfy
the conditions we have given above.

2. Moderate and high S ntensity

In Sec. III A 1, we have examined the system in terms
of the single transition rate approximation. This is valid
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when external pumping fields are weak in the sense that
the configuration interaction V is much stronger than
both the single- and three-photon electric dipole interac-
tions, and one may treat the excitation as a weak pertur-
bation. However, when the intensities of pump fields are
increased so that Qz, Qz '~I 2, both configuration in-
teraction and electric dipole interaction must be treated
on an equal footing. In other words, the time-
independent single rate of the electric dipole interaction
is not valid any longer. In this intensity regime, there-
fore, the time-dependent equations must be solved. One
might think that the intensity effects we have described in
II A 3 should be taken into account in this intensity re-
gion. This may or may not be true, depending on atomic
species and states considered. Although there is no
difficulty in including the intensity eff'ects in this intensity
regime, we will not consider it here and assume that the
configuration interaction V is intensity independent. We
are interested in the modification of the ionization line
shape through the phase. But in a time-dependent calcu-
lation, for the ionization line shape to be fully developed
[21], the product of the laser-pulse duration T and the au-
toionization width I 2 must be sufficiently large; namely,
if I 2T &&1 the spectrum is flat. Therefore, in the follow-
ing sections, we have employed the values of either
I 2T=5 or 10, as indicated in each case. During the
laser-atom interaction an AIS will be populated, which
will then decay into the continuum through configuration
interaction. This autoionization decay rate is given by
I 2. We assume that the laser fields will be turned on at
time t =0 and last until t = T (square pulse). At a time
t & T, the ionization yield Q(t) is given by

—I (t —T)
Q(t) = 1 —cr»( T)—cr 22( T)e (29)

-4
8x10

6I
4

C
~~0 2

0
-20 -10 0

1.0

I

10 20

I
0.5

C0

0
-20 -10 0

(b) .

I

10 20

1.0

I
0.5-

C0

I I r-

(c)

0
-20 -10 0 10 20

detuning
FIG. 3. Cancellation of the discrete part of an autoionizing

state at three difFerent Rabi frequencies. q&" =5, q2=1, I 2=5,
and T=2 for all graphs. Relative phase /=0 (solid line),
P=n/3 (dotted), $=2rr/3 (dashed), and P=m (dot-dashed). (a)
Q2 '=0.01, Q2=0.01. (b) Q2"=1, Q&=1. (c) Q&"=5, Q2=5.

If the ion is collected a long time after the lasers are
turned off [in the sense that I'2(t —T)»1], the last term
of the above equation may be ignored. This is perhaps
most realistic, and the ionization Q in all the graphs in
this paper is defined as Q = 1 —o»( T).

First, we show in Fig. 3 how the line shape varies with
the atomic parameters, which satisfy the condition for
the cancellation of the discrete part of an AIS. In the low
intensity region [Fig. 3(a)], the line shape is somehow
similar to Fig. 2(d), which is obtained from the transition
rate equation. Note, however, that in these figures, the
dips for P=rr do not reach zero at the zero detuning, be-
cause some atoms are in the excited state just after lasers
are turned off, and they will ionize eventually. As the in-
tensity increases [Figs. 3(b) and 3(c)], this tendency is
enhanced and deeper dips are observed instead of the
peaks. As for the cancellation of the transition directly
into the continuum part of an AIS, no significant change
is observed [Fig. 4(a)], compared with Fig. 2(c), until the
Rabi frequency becomes comparable to the autoioniza-
tion rate. If the Rabi frequency is comparable to I'z [Fig.
4(b)], the ionization yield for P=n decreases as the de-
tuning becomes large, while for the rest of the values of P
it increases. For some Q2 ' and Q2, no significant phase
eff'ect is observed, while for the other Q2 ' and Q2, the
effect is maximized. This is obvious by examining Eq. (8).

6x10

0 4I
C0

0
-20 -10 0

I

10 20

1.0

~
I~ 0.5-,

/

~
0

(b)

0 ~ I ~ I . I

-20 -10 0 10 20
detuning

FIG. 4. Cancellation of the continuum part of an autoioniz-
ing state at two different Rabi frequencies. q2"=5, q2=1,
I'2=5, and T=2 for both graphs. Relative phase /=0 (solid
line), P =m /3 (dotted), / =2m /3 (dashed), and P =n (dot-
dashed). (a) Q2 '=0.05, Q2=0.01. (b) Q2 '=5, Q2= 1.
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We should stress that the cancellation of the discrete or
continuum part of an AIS can always be realized by ad-
justing the laser intensities and the relative phase in the
moderate and high intensity regimes, as well as the weak
intensity region.

If we consider Eq. (2) and choose Q2' ', 02, and P, so
that

=0,

the second term in Eq. (2) involving 0 2, vanishes, and the
equation now reads

a
(30)

This shows that ~1) is completely decoupled from ~2).
The ionization from

~
1 ) shows a completely flat line

shape without any windows. This can occur at any inten-
sity.

So far we have not included the incoherent ionization
channel yincoherent' We now examine the effect of the in-
coherent channel on the line shape. Since we consider
the interference between single- and three-photon ioniza-
tion, there will always be incoherent, direct three-photon
ionization channels from the ground state to the continu-
um. One of the simplest examples is an l =3 continuum
reached via the three-photon ionization from an ns
ground state of an alkaline-earth-metal atom. This con-
tinuum does not interact with a total angular momentum
J=1 autoionizing state. Thus, the phase-dependent in-
terference for a J=1 autoionizing state occurs only
through an / = 1 continuum. The direct ionization to an
l=3 continuum contributes as a background. Since in-
coherent channels contribute to the ionization yield as a
background, no change of the structure of the spectrum
should be observed. Whether the phase-sensitive effects
can be detected or not in experiments depends on how
much ionization occurs through the incoherent channels
and how sensitive a detection system is. In other words,
it is a matter of signal to noise ratio. Depending on the
atomic states, in many cases the incoherent channel may
in fact be much smaller than the coherent channel.

chose P' as a nonindependent parameter. Results are
shown in Figs. 5—7.

Each set of graphs (a)—(d) corresponds to the parame-
ter sets (a) —(d) in Table I. In reality, the relative magni-
tudes of a', P', a, and P are determined by the atomic
states considered. It should be noted that the variation of
the phase-dependent line shape, given from (b) —(d), is not
observed for one atomic state. In other words, graphs
(b) —(d) in each of Figs. 5-7 should be compared with
graph (a) in each of Figs. 5 —7, which does not inc!ude in-
tensity effects, and not with each other. Figure 5(a) cor-
responds to the case in which the cancellation of the
discrete part is achieved at P =rr without intensity effects
[identical with Fig. 2(d)]. Depending on the intensity-
dependent parameters, which are determined for every
atomic state considered, the phase-dependent line shapes
are shown in Figs. 5(b) —5(d). It is seen that the ioniza-
tion line shape changes, depending on the parameters
representing the intensity effects. Another example,
which shows the cancellation of the continuum part
without intensity effects [Fig. 6(a), which is identical with
Fig. 2(c)], is shown in Fig. 6. Again, we see the distortion
of the spectrum depending on the intensity-dependent pa-
rameters [Figs. 6(b) —6(d)]. Figure 7 is another example.
For this choice of parameters, the cancellation of neither
the discrete nor the continuum part can be achieved
without intensity effects [Fig. 7(a)]. The line becomes
narrower [Figs. 7(b) and 7(c)] or broader [Fig. 7(d)] when
different intensity-dependent parameters are employed.
It should be mentioned that the autoionization width I z

changes because the configuration interaction V,2 is now
intensity dependent. Therefore, the detuning in all of
these graphs has been normalized with respect to the
intensity-dependent autoionization width I 2. How much
the linewidth varies depends on the intensity-dependent
terms such as q, 0, and I, etc.

9. Intensity sects
The results of the phase-dependent autoionization with

the inclusion of intensity effects are presented in this sub-
section. Since there are many possible combinations of
the parameters a', P', a, and P, we show only three exam-
ples. The parameters used for the calculations are listed
in Table I. Following the argument in Sec. IIC1, only
three of those four parameters are independent, and we

g) -40 -20

~ ~
(Q
N

~ ~
O

1

0 20 40 -40 -20 0 20 40

(b) (c)

a'I
l

aI,
0.2
0.2
0.2

—0.4
0.4
0.4

—0.4
—0.4
—0.4

TABLE I. Parameters for the inclusion of the intensity
effects.

Ws.t (a) (d)
Parame

I i I I

-40 -20 0 20
detuning

40 -40 -20 0 20 40
detuning

FIG. 5. Variation of the phase-dependent line shape with in-

tensity effects taken into account. Each of (a)—(d) contains
graphs at four different relative phase /=0 (solid line), rri3
(dotted), 2m/3 (dashed), and m (dot-dashed). q2

' =5, q&
= 1, and

02"/Q&=1. Intensity-dependent parameters employed in each
graph (a) —(d) are listed in Table I.
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l

\ II

(b)
~2). This is a natural question since, in reahty, it often
happens. romF Eq. (25) it should be clear that one can

~ ~ ~

turn on and off one of the AIS at will, by choosing Rabi
frequencies care u y.f '

efully. We shall not show results here,
f m the results in Secs. IIIA1 and IIIA, it is

clear that results in the weak-Seld lim. it are incorpora e
in those of moderate or high intensity.

I
O

~~
(Q
N

~~
O

-40 -20 0 20 40 -40 -20 0 20 40

(d):

I

Ii.

-40 -20 0 20 40
detuning

I I

-40 -20 0 20 40
1etuning

FIG. 6. Variation of the phase-dependent line shape with I-
tensity effects ta en in o acff k

'
to account. Each of (a)-(d) contains

h at four different relative phase /=0 (solid line), e/3
(dotted), 2m. /3 (dashed), and ~ (dot-dashed). q2 =, q2 —,
Q2 '/Q =5. Intensity-dependent parameters employed in each2 ~

graph (a)-(d) are listed in Table I.

2. Moderate and high intensity

We now examine how the ionization spectrum near
two AIS's changes as the intensity varies. The level sepa-
ration S of two AIS's is defined with respect to the larger
of the two autoionization widths I'z and I'3 To see liow
h 1 1 separation S affects the phase-sensitive spec-

trum, we have plotted results for two difFerent S ( igs.
and 9), each of which contains three graphs at three
different Rabi frequencies with qi=q3=5 and qz

'

=q& '=5. The two peaks of the two AIS are not
resolved with this S. In Figs. 8(a)—8(c), S is
0.5max(I 2, 1 i). The separation of the two AIS's sti
cannot be observed. In Figs. 9(a)—(9c), S is
3.0 max I I 2, 1 3 ), and the Rabi oscillation is prominent in
Fig. 9(c).

B. Two autoionizing states

I Weak-jfe. ld limit

H
' '

t'gated the variation of the ionization hneHaving inves iga e
hap t mug ch u h the change of the relative phase between

the two laser fields in the vicinity of a single ~, we
now explore the influence of another AIS ~3) lying near
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~ m

0.5I
0 (c)
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(c)
-20 0 20 40

detuning

I

-40 -20 0 20 40
detuning

FIG. 7. Variation of the phase-dependent line shape with in-
tensity effects taken into account. Each o ( )—h of (a)—(d) contains

raphs at four different relative phase &~=&~=0 (solid line), m/3grap
(dotted), 2m. /3 (dashed), and m (dot-dashed). q2 =,q2=,( ) —5
Q(2 '/Q = 2. Intensity-dependent parameters employed in each2 2'
graph (a)—(d) are listed in Table I.

0.0
-20 -10 0 10 20

detuning

FIG. 8. Ionization line shape in the vicinity of two autoioni-
zation states. Separation S between the two autoionization
states is 0.5 max(I 2, 1'3). q2 =q2=q3 =q3 =s, r =r,=s,
and T=1. Relative phase /=0 (solid line), n I3 (dotted), 2m I3
(dashed), and n (dot-dashed). At P=e; the ionization is com-
pletely suppressed in all three graphs. (a) Q2 2 3

'

=Q =0.1. (b) Q' '=Q2=Q3 Q3 1 (c) Q2 Q2 Q33)3 2 2 3—Q3 —5
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FIG. 10. Schematic diagram of Xe. Two laser frequencies co,

and co3 have a relation 391=$3. (a) A Xe atom excited in this
final energy region can decay into either Xe I'3&2 or P, ~, ionic
states. (b) A Xe atom excited in this final energy region may ex-
hibit strong resonance structure (autoionization).

0.5

0
~ ~ (c)-

IV. APPLICATION TO Xe

So far we have examined the variation of the autoioni-
zation spectrum through phase control by using simple
models. We have assumed a single continuum coupled to
a single (or two) AIS. This modelling, however, is not
adequate for the description of all real atoms quantita-
tively, since real AIS's are to be described as a superposi-
tion of more than one discrete state embedded in general
in more than one continuum. Therefore, to simulate the
variation of the ionization spectrum of a real atom, we
need to carry out more elaborate atomic structure calcu-
lations. For this purpose, we have performed calcula-
tions for Xe using MQDT (multichannel quantum defect
theory, [25,26]). Schematic energy-level diagrams are
shown in Fig. 10. We examine the phase eft'ects in two
final energy ranges. One is the energy region above the
first excited ionic level Xe+ [ P»2] and below the second
excited ionic level [Fig. 10(a), which we call case (a)]. A
Xe atom excited to this energy region has two possibili-
ties to ionize. One is the P3/2 and the other is the P]&2

0 0 i I I a I

-20 -10 0 10 20
detuning

FIG. 9. Ionization line shape in the vicinity of two autoioni-
zation states. Separation S between the two autoionization
states is 3 max[I'„I', j. q2" =qz=q', "=q, =5, I,=I', =5, and
T= l. Relative phase /=0 (solid line), 7I I3 (dotted), 27I /3
(dashed), and n (dot-dashed). At P=n, the ionization is com-

pletely suppressed in all three graphs. (a) Qz"=Q&=Q3"
Q3 0. 1. (b) Q~ '=Q2=Q3 Q3 1 ~ (c) Q2"=Q2=Q3

—Q3 —5.

Xe+ ionic state. The ratio of the number of neutral
atoms decaying to these two final ionic states is defined as
a branching ratio, which is determined by the atomic
structure.

The other is the energy region between the two ionic
states Xe+ P3/2 and Xe+ P, /2 [Fig. 10(b), which we call
case (b)]. In this region, there are many AIS's, most of
which are Rydberg states Xe [ P, /2]nl converging to the
Xe+ pP»2] threshold. A Xe atom excited in this energy
region will eventually ionize leaving the Xe+ PP3/2] ion.
If the final energy happens to be in the vicinity of states
Xe+ [ PI/2]nl, the ionization is enhanced (autoioniza-
tion).

Our main interest here is whether the branching ratio
of the P3/2 and P«2 iona can be controlled in case (a),
and the autoionization line shape can be strongly
modified in case (b) due to the interference through the
relative phase between the two laser fields. We assume
that the two linearly polarized lasers have the frequency
relation co3=3co, as before, and employ 5 ns square tem-

poral pulse shape. By the three-photon absorption, the
final states can be either J=1 or 3 odd-parity states,
while by the single-photon absorption, the final states can
be J=1 odd-parity states only, due to the selection rule
of the electric dipole transitions. In jj coupling notation,
J= 1 odd-parity states have five channels, namely

[ P, /2]d3/2 [ P3/2]d5/2 [ P3/2]d3/2 [ PI/2]sl/2 and2 2 2 2

[ P3/2]s, /2. J=3 odd-parity states have six channels
which are given by PP, /2]d5/2 [ P3/2)d3/2 [ P3/2]d, /„

I /2 )g7/2 [ 3/2 )g9/2 d [ 3/2 )g7/2' ([ 1/2]
2 2 2 2

[ P3/2] are the designations for the ionic core SP, and

d, /2, etc. , are the designations of the outmost electron. )

Given the quantum defects p 's and transformation
matrix U;, we can expand the final-state wave function
in terms of spherical harmonics Yl . (For the applica-

I

tion of MQDT to the multiphoton processes and the de-
tails of the notations used here, the reader is referred to
[26].) Namely,

(k, r ) &
= g i 'e ' YI* (k ) g e

" (a
I JjJMJ )(JjJMJ l J,m/ jm/ )(I,m Ijm/ I lmism, ) la &,

s' J' c
I, m, j,j,a

(31)
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where 5& is the Coulomb phase shift and k =(e,y) characterizes the direction of the photoelectron with respect to the
laser polarization axis for linear polarization. The N-photon partial ionization amplitude is now written as

M' '(k}[m„mz,J, ]= g i'( —1) ' ' e ' 'Y& (k)[(2J+1)(2J+1)]'
i, m, ,),J,a

j J,I s j J
mi m, —

m~ mj m J —Mz
C

(32)

The differential ionization rate under the presence of
two fields with the intensity I, and I3 (both in W/cm ) is
given by

IniM'"(k)[m„mz, J, ]~I&
m, m&

+e'~n 3M' '(k )[m„mz, J,]+I, I, (33)

where ni =0.767 and n3=5.47X10 ' are the conver-
sion factors to the appropriate units (s ). The total ion-
ization rate R is now obtained by integrating the calculat-
ed differential ionization rate dR /d Q over the solid angle
Q. Obviously, the interference due to the two laser fields
occurs between the states with the same Yl for R and

I

between any states with any Y& for dR/10 [3]. It
should be clear at this point that to consider the interfer-
ence by the two laser beams at ro, and $3, one must fur-
ther decompose every channel mentioned above (five
channels for J= 1 and six channels for J=3) into a super-
position of the spherical harmonics. The number of pos-
sible YI exceeds 10 for J=3. It is far from obvious at

this stage whether the phase-dependent interference will
be observable or not.

First, we discuss bound-continuum transitions [case
(a)]. In this case, the ionization occurs to either P3/2 or
I', &2 ionic states, and the ratio of these two yields gives

the branching ratio, which is defined as B=(Pi/2 ion

yield)/(P3/2 ion yield). Under the presence of a single
laser field, this branching ratio is determined from the
atomic structure and the number of the photons involved,
and does not depend on laser intensities. The frequency
dependence of the branching ratio B for each single- and
three-photon ionization from the ground state of Xe is
shown in Fig. 11. Note that the branching ratio in
three-photon ionization reveals structure due to the inter-
mediate states lying near the two-photon energy levels.
The simple explanation of the peaks near the 135000
cm ' is that, since there are two near-resonant states
with P, &2 ion core at the two-photon energy range, an
atom excited with this photon energy is likely to have
P, &2 ion character; therefore the branching ratio becomes
large in this range. The branching ratio by single-photon
ionization does not have structure, simply because there
are no near-resonant effects.

We now discuss what wi11 happen when an atom is ex-
posed to two fields with a well-defined relative phase. Al-
though the phase eff'ects should be observed at any P, we
have chosen / =0 and P =a only for demonstration, and

not because maximum phase effects are observed at these
P's. The final states consist of many partial waves with
Y&' s complex phase shifts. It is not a priori obvious at
which P the maximum (or minimum} interference
through the phase will occur. In Fig. 12, the laser inten-
sities are chosen so that the ionization by single-photon
absorption is much stronger than by three-photon ioniza-
tion, and the phase effects are very small. Some deviation
from the background ionization is observed when the
three-photon ionization is enhanced by near resonance at
the two-photon absorption level. In the energy range of
Fig. 12, the three-photon process comes near resonance
with several states as the photon frequency co, is scanned.
We list below those resonant states, which lie around the
two-photon energy region 2'&, together with the final en-

ergy 3'& reached by the resonant photon frequency in
each case [27].

State

[ P3/2]6P, J'=2
[ P3/2]6P, J'=2
['P3/z]6P, J =0
['P3/z]7P J =2
['P3/z]7P, J =2
['P3/z]7P J =o
[ Pi/2]6P', J=2
[ Pi/2]6P', J =0
[ P3/2]4f, J=2
[ P3/2]4f, J'=2

3$, (cm ')

117 180
118818
120 180
132 528
133031
133265
133745
134790
136275
136 367

10

0
~ ~

V)
C:

O
C
6$

1-photon

3-photon

0
110000

~ ~ ~ I

120000 130000 140000

final state energy (cm )
FIG. 11. Branching ratio of Xe as a function of final-state en-

ergy. Branching ratio is defined in the text. Branching ratio by
three-photon (3'&) absorption (solid line) and single-photon ($3)
absorption (dashed line) are shown. Note that each plot has
been obtained in the presence of a single laser field (either col or
Q3).
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I ~ ~
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110000 120000 130000 140000

final state energy (cm')

FIG. 12. Ionization yield and branching ratio as a functi f
na -state energy in the presence of two laser Selds. 5 ns square

pulse has been employed. I, =10 W/cm and I3 =10 W/cm
(a) Ionization yield of P3/2 ion and P, ~2 ion. Relative phase is
set to /=0 (solid line) or (f =n (dashed line). (b) Branching ra-
tio at /=0 (dotted line) and P=n (dashed line}. In (b), the ratio
of branching ratios at $=0 and P =n has also been plotted
(solid line). The bigger deviation of this value from 1 indicates
the bigger phase effects.

Figure 13 shows a little more interference, with the
three-photon laser intensity increased by one order of
magnitude. The deviation from the background, howev-
er, is observed again only in the vicinity of the resonant
energy we have listed above. This indicates that the tran-
sitions through the three-photon absorption are still
weaker than the single-photon process, unless the three-
photon process is enhanced through resonance. Slight
variation of the ion yield through the phase at the non-
resonant energy region begins to be seen. But most of the
peaks in Fig. 13 are due to the resonance effect. (The
divergence at resonances has been truncated. ) An excep-
tion is the peak at 135100 cm '. This energy is about—1300 cm away from the nearest resonant state. Figure
14 shows the most interesting features. When the final
energy is near resonant, no phase effects are observed,
since the ionization through the three-photon process be-
comes dominant over the single-photon process. There-
fore, strong interference is seen when 2'& is away from
any levels (Fig. 14). The peaks of the branching ratio ap-
pear when no resonance occurs, and the branching ratio
becomes as large as 10. These results indicate that the
branching ratio of the P3/2 and P&g2 ion can be
significantly controlled by manipulating the relative
phase of the laser fields without changing the laser inten-
sities. We have also calculated the photoelectron angular
distribution at a final energy 133 800 cm ' as an example
(Fig. 15). As we have seen in the total ionization yield,
the strong phase dependence is found in the photoelec-
tron angular distribution as well. Figs. 15(a)—15(d) are in

increasing order of the laser intensity I& with fixed I3.
When I, is not sufficiently strong, the total angular distri-
bution is dominated by that of the single-photon process
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FIG. 13. Same as Fig. 12, but at I
&

= 10 W'/cm . Pulse dura-
tion and I3 are kept to the same values as those in Fig. 12.

FIG. 14. Same as Fig. 12, but at I&=10' W/cm . Pulse
duration and I3 are kept to the same values as those in Fig. 12.
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FIG. 15. Photoelectron angular distribution (PAD) from the
final energy 133800 cm ' under the presence of two laser fields

at different relative phase /=0 (solid line) and P=n (dotted
line). After the emission of a photoelectron, a Xe core is left in
either P3&2 or P&&2 ionic states of Xe+. PAD's corresponding to
each P3&2 or P&&2 ionic state are plotted separately and indicat-
ed in each graph. I3=10 W/cm' [fixed through (a) to (d)]. (a)
I~=10 W/cm . (b) I, =109 W/cm~. (c) I, =5X109 W/cm2.

(d) I& =10' W/cm'.
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FICx. 16. Change of the autoionization line shape of Xe
through the relative phase P of two laser fields. I3 = 10 W/cm
[fixed through (a) to (c)]. 5 ns square pulse. (a) I, = 109 W/cm~.
(b) I

&

=5 X 10 W/cm . (c) I& =10' W/cm . Dashed hne corre-
sponds to the incoherent ionization by the two fields. 8s', 6d &,

and 6d3 in the figures correspond to the autoionizing states
[I'in]gsin (&=&» [I'in]6d3n (&=1) aud [I'in]6dsn (J=3)
respectively.

FIG. 17. PAD from the autoionization peak 8s' of Xe under
the presence of two laser fields at two different relative phase
/=0 (solid line) and P=n (dotted line}. I3 = 10 W/cm~ [fixed
through (a) to (d)]. 5 ns square pulse. (a) I, =10' W/cm'. (b)
I&=10 W/cm'. (c) Ii=5X10 W/cm. (d) I&=10' W/cm

[Fig. 15(a)]. As I, increases, two (single- and three-
photon} transition processes interfere strongly with each
other, and the strong variation of the angular distribution
is seen [Fig. 15(b}]. Further increase of I, causes the
dominance of the three-photon process, and the phase-
dependent interference decreases [Figs. 15(c) and 15(d)].

We consider now the phase effects in the autoioniza-
tion region [case (b)]. The same procedure has been ap-
plied: We expand the final open channels as described
above. Ionization spectra are plotted in Figs.
16(a)—16(c), again in increasing order of I, with fixed I3.
The feature of Fig. 16(a) comes from the single-photon
autoionization because the three-photon transition ampli-
tude is too weak. As the three-photon laser intensity in-
creases, the phase effects begin to appear [Fig. 16(b)].
The line shape, however, still resembles that of the
single-photon process. The further increase of the three-
photon laser intensity reveals the more interesting line
shape. Figure 16(c) demonstrates that the autoionization
line shape is significantly changed by the relative phase of
the lasers. The sharp peak at 101390 cm ' (8s') is
enhanced (dehanced) as the relative phase changes. We
have also plotted the photoelectron angular distribution
corresponding to the autoionization peak 8s' (Fig. 17).
The significant variation of the angular distribution is
found again in the autoionization region.

V. SUMMARY AND CONCLUSIONS

By using a simple model, we have shown that the line
shape of an isolated AIS is significantly altered under the
presence of a laser field of frequency co& and its third har-
monic 63=36&, as a function of their relative phase. A
careful choice of the laser intensities and the phase leads
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to the cancellation of the discrete or a continuum part of
an AIS. As the laser intensity I, at co, increases, intensi-

ty effects, which cause an additional Raman-type radia-
tive coupling between the discrete and continuum part of
an AIS as well as the nonradiative configuration interac-
tion, emerge. This effect has been examined within the
single-rate approximation. A few representative illustra-
tive intensity effects have been presented, and it has been
seen that, depending on the strength and the sign of this
Raman-type coupling transition amplitude, intensity
effects might significantly distort the autoionization line
shape compared with the one at a lower intensity, which
does not exhibit intensity effects. To investigate how
much an autoionization line shape is affected by another
AIS lying nearby, we have performed model calculations
with two AIS's, both of which are coupled to a bound
state (usually a ground state) simultaneously by a three-
and a single-photon transition with well defined phase
difference. We have also carried out MQDT calculations
on Xe under the presence of two laser fields. Two energy
regions have been examined. One is above the first excit-
ed state of Xe+. The other is between the ground and
first excited state of Xe+. In both regions, significant
phase effects have been found in terms of the photoelec-
tron angular distributions as well as the ionization yield.
The photon energies and intensities employed in these
calculations for Xe are accessible experimentally by
current laser systems. %e believe that our model as well
as our realistic calculations support the idea that these
effects are rather general and should be found in most
systems, provided that the frequency of the radiation and
the proximity to excited states are chosen judiciously.
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APPENDIX A

H=H +D' '+n+ V, (Al)

where Ho is the unperturbed atomic Hamiltonian, D' ' is

an effective three-photon (3']) electric dipole operator, 2)
an electric dipole operator (co3=3']), and V is a
configuration interaction. Then, starting with the equa-
tion of motion of the density operator p,

ifip= [H]]+D' '+2)+ V,p],
we obtain

(A2)

We present the derivation of the density-matrix equa-
tions, which describe the atomic dynamics of a two (one
bound state ~1) and one discrete state ~2) embedded in a
continuum ~c), i.e., an AIS) level system coupled by a
single photon with the laser frequency e]3 as well as by
three photons with the laser frequency co] with 3c0] =A@3.

These two atomic states ~1) and ~2) have energies Ace]

and ficoz. For simplicity, we do not include the intensity
effects in this derivation. The generalization to the two-
AIS case is straightforward. Our total atomic Hamiltoni-
an is

Pl] = lR (D]2 +$12)pzl+ g (D], '+Q„)P„—c.c. (A3)

p22 lR (D21 +$21)plz+ $ V2cpc2 C c(3) (A4)

P21 ~zlpzl ~ (D21 ++21)pl]+ X 2cPcl P22( 21 ++21) Xpzc(Dcl ++cl) (A5)

p'„= ice, ]p„——iA ' (D,']'+S,])p]]+g V, 2pz]
—p, z(D21 +$21) (A6)

P,2= —icoczpcz 'iA ' (D—,', '+2)c])p]2+ g Vczpzz Pc](D']2'+%]2)— (A7)

where D, ' and 2);, denote the single- and effective three-photon dipole matrix elements between ~i ) and
~j ), respec-

tively, and co,"=ro, —co. . g, repr—esen. ts the integration as well as the summation over all possible virtual (bound and
I 3co l

t I 3ci)
1
t

continuum) states. Introducing slowly varying amplitudes, namely, p;; =o;; (i =1,2), pz, =oz, e ', p„=o„e
and p, &=o.,z, followed by the rotating-wave approximation, we obtain

oil ~ (Plz el+Plze3 )ozl+$ (Pl El+Pl e3 )o 1

~ —1 (3) 3 i re (3) 3 iP (A8)

ozz ~ (P21 el +Pzle3 e )~12+X V2 o 2 (A9)

o 21 ](3@] coz] )oz] ]+ (P'2] e] +Pz]e3 )(oil ~22)+ X V2 ~ 1 X P' 1 el +P' 1 3e oz
C C

(A10)
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1 ( ~1 ~cl )oc1 ~ [(P'cl el +Pcle3 )~11+Vczozl (P21 sl +P21E3 e )ocz]

+ 2 + zo 2 ~ [(P 1 el +i le3 )+12+ V zozz (812 el+Plze3 )o 1]

(A 1 1)

(A12)

The time derivative of the last two equations may be
ignored by applying the adiabatic approximation. Then,

—2Im. Q'3' 1+ l
22 2 22 2 (3)

[(P 1 sl +I le3 e(3) 0 3 e —iP

A(3co, co—,1 }+i e

+ V,zcrz, ], (A13)
with

+e'&Q2 1+ ' o'21, (A22)

[(P 1 sl +P ls3 )+12+V zozz]
RCilcz l e

(A14)
S ——Il

(3col cocl )+ie (A23}

where e is a small positive number and lim, +0 should
be taken in the end wherever e appears. Substituting
these two equations,

Plc 1 Plc 3~

13'e3+ e e'&~2
0'

l l
=2 Im

A'(3co1 —co, 1 )

+2k' 'Im (pI32'e3+e'&plzs3)

and

ozl [t52 (rz+r)]crzl

l Q(23) 1 —
(3) +e '~Q2 1

+i Q2' 1+

(pl, 'el+ pl. e3e') V.z
A'(3co

1
—co„)

+e '~Q2 1+ 022 ~ (A24)

Defining

(3)~3 (3)~3y
(31 @12el + + Plc sl c2

R (3col cocl )

Q(3)
(3)— 2

—2(p„s,V,z)„

(A15)

(A16)

(A17)

where 5z —=3co, —[(coz+Sz )—(co, +S, ) ]—:3co, —(coz —
col ).

APPENDIX B

A derivation of the photoionization rate from a bound
state ~1) to the double AIS is similar to that for the sin-
gle AIS case, which has been given in the text. Starting
from the full set of the density-matrix equations, and as-
suming the weak-field limit which implies cr»(t}-l,
ozz(t)=o33(t)=0, and crzl=a»=o32=0, we obtain

P 1ze3 ~ )lClc ~3 Vcz

fi (3co, —co, 1)
(A18) [—i5z+ —,'(y+I'z)]ozl= —iQz 1— (B1)

Q2
2 —2

7TR (pl e3V 2) — +3-
(A19) [ i53+ ,'—(y+ I'3—)]o3, = —iQ3 1— (B2)

i 2 P1c 1 P1c 3)
"'s'+ e e'&(2

S1——y =A
2 c a)1 c1+ l E'

(A20)

—i(Qz) 1—
'2

l
(
—i53+ I 3/2)

The term with ~32 has been ignored in the lowest order
approximation. Solving these equations and substituting
into the equation for cr &1, we obtain

in the last equation, the ac Stark shift S, of state
I
1 ) has

been introduced. We now have

0.
11

———@+2Im
( i5 +I )(——i5 +I /2)

+2Im, Qz ' 1 —
(3)

+e'~Q2 1— cr 21 . (A21)

+2 Im

—i(Q3) 1— ( —i52+ I 2/2)

(B3)

Similarly, After some algebra,
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tT„=—y+2(Q~) Im

'2
l

2

( —i5 +1 /2)'I5 5 —i(5 I /2+5 1 /2)J

(5~53) +(521 3/2+531 ~/2)

+2(03) Im

(
—t 52'+I 2/2)I5253 —t(52I 3/2+53I /2)I

(5z53) +(52I 3/2+53I ~/2)
(84)

Defining the dimensionless detunings e, —=5, /(1, /2) and noting that 0; =q; I,y/4 (i =2,3), we finally obtain

(85)
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