
PHYSICAL REVIEW A DECEMBER 1999VOLUME 60, NUMBER 6
Influence of strong coupling and pulse delay in a system involving
double autoionization resonance

Takashi Nakajima
Institute of Advanced Energy, Kyoto University, Gokasho, Uji, Kyoto 611-0011, Japan

~Received 14 June 1999!

We study the dynamics of a system involving double autoionization resonance. We find that a strong dipole
coupling between two autoionizing states significantly modifies the properties of the medium. Variation of the
linear susceptibility and ionization spectra into each continuum are numerically calculated for illustration.
Effects of the temporal delay between pulses are also investigated in terms of the ionization yield into each
continuum.@S1050-2947~99!09212-4#

PACS number~s!: 42.50.Hz, 32.80.Rm, 32.80.Qk, 42.65.An
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I. INTRODUCTION

When a three-level system interacts with two lasers h
ing frequencies close to the transition frequencies of init
intermediate states and intermediate-final states, it is said
the system is in a double resonance. Most well-known
fects in such a system are ac Stark splitting and cohe
population trapping@1,2#. Various interesting phenomena a
sociated with these effects have been found theoreticall
well as experimentally in the last several years, some
which are lasing without inversion@3#, electromagnetically
induced transparency@4#, and coherent population transfe
@5#. It should be noted that a bound three-level system
been the vehicle for these studies. For a system involvin
continuum, an interesting phenomenon has been fou
which is known nowadays as laser-induced continuum st
ture ~LICS!. Theoretical and experimental study of LICS h
been performed by several groups@6–10#.

When it comes to a system involving one or more a
toionizing states, however, there are not many works in
literature. The main difference between a bound-state sys
and an autoionizing system is that, for the former cohere
is generated only through interactions with lasers, while
the latter there exists intrinsic coherence due to the elec
static interaction, or configuration interaction, even witho
laser fields. Therefore more interesting effects due to
interplay oflaser-induced coherenceandintrinsic coherence
is to be expected in such systems. An original work of a
toionizing states in strong laser fields has been done by L
bropoulos and Zoller@11#. Gallagheret al. @12# have used
the double resonance via autoionization states for a sele
pumping to the higher autoionizing state~HAS!. Zhang and
van Enk@13# have used a similar idea for a theoretical stu
of above-threshold ionization and third-harmonic generat
through an autoionization resonance. More recently Kara
nagioti et al. @14,15# have studied the effects of the stron
coupling between two autoionizing states by a laser in te
of the ionization yield.

In this paper we study the effects of strong coupling a
temporal delay between two pulses in a system involv
two autoionizing states under double resonance. The pur
is to investigate the difference as well as the similarity of
effects with those found in a bound three-level system
PRA 601050-2947/99/60~6!/4805~7!/$15.00
-
l-
at

f-
nt

as
f

s
a
d,
c-

-
e
m
e
r
o-
t
e

-
-

ve

n
a-

s

d
g
se

e
It

should be noted that, when the interaction of an atomic s
tem and short-wavelength lasers is to be examined, the s
above ionization threshold necessarily need to be taken
account. Thus a study of an autoionizing system would
relevant from this context as well, in order to explore t
possibility of applying the ideas, found for bound-state s
tems, in the shorter wavelength region. In particular, we
cus on the variation of linear susceptibility, ionization yie
into each continuum with laser detunings and intensities
controlling parameters, and the effects of the temporal pu
delay in terms of the excitation~ionization! efficiency.

First of all, as for the linear susceptibility, Scully an
co-workers@16–18# have theoretically found that an incohe
ent pumping is essential in order for bound-state system
exhibit an enhanced index of refraction near an atomic re
nance while canceling the absorption. With the use of
appropriate autoionizing medium, however, there is no n
of introducing any complicated pumping mechanism for th
as we point out in this paper. Such a property of an autoi
izing medium has been implicit in the literature, but to o
knowledge there is no work focusing on this issue. Seco
for controlled excitation into each autoionizing state with
proper choice of laser parameters such as detunings an
tensities, Gallagheret al. @12# have employed the absorptio
minimum of the lower autoionizing state~LAS! for a selec-
tive pumping to the HAS. They considered the system wit
a transition rate picture, or weak-field limit. It is not know
what will happen when the laser coupling is sufficien
strong. In this paper we investigate the effects of the det
ings and coupling strength beyond the weak-field limit. A s
of density-matrix equations is employed for that. Thir
about the pulse delay effects, it is well known for a bou
three-level system that a counterintuitive pulse delay sign
cantly enhances the population transfer efficiency from
initially occupied state to an initially unoccupied final sta
@5#. Recently we have reported the effects of the pulse de
for the cases in which the intermediate state is replaced b
continuum@19# and an autoionizing state@20#. It should be
noted that, as its further variants, the mechanism of pop
tion transfer inN-level systems@21–23#, and selective popu-
lation transfer in a multilevel system@24# have recently been
reported. In this paper we also examine the effects of
pulse delay when not only the intermediate state but also
final one is an autoionizing state.
4805 ©1999 The American Physical Society
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II. MODEL

A. Basic equations

We consider the system shown in Fig. 1. A bound st
u1& and a discrete stateu2&, and u2& and another discrete
stateu3& are coupled by two lasers, respectively. The discr
statesu2& and u3& are embedded in continuauc1& and uc2&,
respectively, and coupled to them through configuration
teractionV. Following the standard procedure@11#, we find
that this system is governed by a set of density-matrix eq
tions given below,

ṡ1152g1s1112 ImFV1S 12
i

q1
Ds21G , ~1!

ṡ2252~g21G2!s2222 ImFV1S 11
i

q1
Ds21G

12 ImFV2S 12
i

q2
Ds32G , ~2!

ṡ3352~g31G3!s3322 ImFV2S 11
i

q2
Ds32G , ~3!

ṡ215F id12
1

2
~g11g21G2!Gs212 iV1S 12

i

q1
Ds11

1 iV1S 11
i

q1
Ds222 iV2S 12

i

q2
Ds31, ~4!

ṡ315F i ~d11d2!2
1

2
~g11g31G3!Gs312 iV2S 12

i

q2
Ds21

1 iV1S 11
i

q1
Ds32, ~5!

FIG. 1. Level scheme studied in this paper. Discrete statesu2&
and u3& lie above ionization thresholds and interact with the co
tinua uc1& and uc2&.
e

e

-

a-

ṡ325F id22
1

2
~g21g31G21G3!Gs322 iV2S 12

i

q2
Ds22

1 iV2S 11
i

q2
Ds331 iV1S 11

i

q1
Ds31, ~6!

where g1 , g2, and g3 describe the direct photoionizatio
widths from statesu1&, u2&, andu3& into the associated con
tinua, respectively, whileG2 andG3 stand for the autoioniz-
ation widths from statesu2& and u3&. V j (12 i /qj ) ( j 51,2)
are the complex Rabi frequencies betweenu1& and u2&, and
u2& and u3&, respectively. It should be noted that the Ra
frequencies between a bound and an autoionizing state
two autoionizing states become complex after the pole
proximation due to the presence of the continuum.d1 andd2
are the laser detunings, and the parametersqj ( j 51,2),
which characterize the degree of asymmetry in ionizat
profiles, have been defined as

q15
2V1

Ag1G2

, ~7!

q25
2V2

AG2g31Ag2G3

. ~8!

After the slowly varying envelope approximation, the pola
ization components with frequencyv1 are obtained, in terms
of the density-matrix elementss21 andsc11 @already elimi-
nated in Eqs.~1!–~6!#, as

P15S m12s211(
c1

m1c1
sc11D 1c.c.

5S s182 i
g18

2 D «1s111m12S 12
i

q1
Ds211c.c., ~9!

where«1 is the field amplitude of the first laser, andm12 and
m1c1

are the dipole matrix elements betweenu1& and u2&,
andu1& anduc1&, respectively. In the above equation,s1 and
g1 have been defined as

s182
i

2
g185(

c1

um1c1
u2

dc1

, ~10!

with dc1
being the detuning from the resonant energy. A

though Eqs.~1!–~6! can be solved numerically without an
difficulty, it would be useful to derive analytical expressio
for the linear susceptibilityx. Assuming a weak pumping, i
is valid to sets11

(0);1 ands22
(0)5s33

(0);0 in Eqs.~4!–~6! to
the zeroth order in the field amplitude«1. Then these equa
tions can be solved for a steady state, and the off-diago
elementss21 and s31 are obtained, to the first order in th
field amplitude«1 and all orders in«2 , as

-
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s21
(1)52

iV1S 12
i

q1
D F2 i ~d11d2!1

1

2
~g11g31G3!G

F2 id11
1

2
~g11g21G2!GF2 i ~d11d2!1

1

2
~g11g31G3!G1FV2S 12

i

q2
D G2 , ~11!

s31
(1)52

V1S 12
i

q1
DV2S 12

i

q2
D

F2 id11
1

2
~g11g21G2!GF2 i ~d11d2!1

1

2
~g11g31G3!G1FV2S 12

i

q2
D G2 . ~12!

Hence the linear susceptibilityx is found as

x5S s182 i
g18

2 D 1

m12
2 S 12

i

q1
D 2F2 i ~d11d2!1

1

2
~g11g2!G

F2 id11
1

2
~g11g21G2!GF2 i ~d11d2!1

1

2
~g11g31G3!G1FV2S 12

i

q2
D G2 . ~13!

An expression ofx for a bound three-level system can be immediately obtained from the above expression just by
q15q25`, g15g25g350, ands15g150. An expression ofx for the case in which one of the statesu2& or u3& are bound
can be obtained in a similar manner.

B. Ionization spectra

Equations~1!–~6! describe the dynamics of the system consisting of the bound state and the two autoionizing
Although the total ionization yieldR can be obtained by

R512 (
k51

3

skk , ~14!

ionization yield and photoelectron spectrum into each continuumucj& ( j 51,2) cannot be obtained from this equation. For th
purpose, it is necessary to write down a set of density-matrix equations for continuaucj& ( j 51,2), which reads

ṡc1c1
522 Im~Dc11sc11!22 Im~Vc12sc12!, ~15!

ṡc2c2
522 Im~Dc22sc22!22 Im~Vc23sc23!, ~16!

ṡc115S idc1
2

1

2
g1Dsc111 iV1S 11

i

q1
Dsc122 iD c11s112 iVc12s21, ~17!

ṡc125F i ~dc1
2d1!2

1

2
~g21G2!Gsc121 iV1S 11

i

q1
Dsc111 iV2S 11

i

q2
Dsc132 iD c11s122 iVc12s22, ~18!

ṡc135F i ~dc1
2d12d2!2

1

2
~g31G3!Gsc131 iV2S 11

i

q2
Dsc122 iD c11s132 iVc12s23, ~19!

ṡc215S idc2
2

1

2
g1Dsc211 iV1S 11

i

q1
Dsc222 iD c22s212 iVc23s31, ~20!

ṡc225F i ~dc2
2d1!2

1

2
~g21G2!Gsc121 iV1S 11

i

q1
Dsc211 iV2S 11

i

q2
Dsc232 iD c22s222 iVc23s32, ~21!

ṡc235F i ~dc2
2d12d2!2

1

2
~g31G3!Gsc231 iV2S 11

i

q2
Dsc222 iD c22s232 iVc23s33, ~22!
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whereDcjk
andVcjk

( j 51 or 2, k51, 2, or 3! are bound-
free and configuration-interaction matrix elements, resp
tively, which are related to the previously defined quantit
throughg j52puDcj j

u2 ( j 51,2,3), andG252puVc12u2 and

G352puVc23u2. By introducing piecewise continuum state

with energiesEcj
and solving the above set of equation

together with those given in Eqs.~1!–~6!, ionization yieldR1
and R2 into each continuumucj& ( j 51,2) can be obtained
by integrating over the photoelectron energy as

Rj5E
2`

`

dEcj
scjcj

r~Ecj
! ~ j 51,2!, ~23!

where r(Ecj
) is a density of states at energyEcj

. When
numerically solving Eqs.~1!–~6! and Eqs.~15!–~22!, the
number and the energy spacing of the discretized conti
have been chosen so that the reasonable convergence i
tained, i.e.,(k51

3 skk1R11R2;1 with numerical deviation
less than 1%.

C. Reduced equations

In some cases it is useful to eliminate an unnecessary s
from the system of interest. When each of the first and
second lasers are far-detuned from resonance but the
photon frequency is still close to theu1&-u3& transition, i.e.,
ud j u@G j ( j 51,2) butud11d2u&G3, stateu2& may be adia-
batically eliminated from Eqs.~1!–~6!, and we obtain a set o
reduced equations as

ṡ1152~g11g̃1!s11

12 ImF V1S 12
i

q1
DV2S 12

i

q2
D

d11
i

2
~g11g21G2!

s31G , ~24!

ṡ3352~g31G31g̃3!s33

12 ImF V1S 11
i

q1
DV2S 11

i

q2
D

d21
i

2
~g21g31G21G3!

s31G , ~25!

ṡ3152 iF V1S 12
i

q1
DV2S 12

i

q2
D

d11
i

2
~g11g21G2!

G s11

2 iF V1S 11
i

q1
DV2S 11

i

q2
D

d21
i

2
~g21g31G21G3!

G s33

1F i ~d11d21dv11dv2!2
1

2
~g11g̃1

1g31G31g̃3!Gs31, ~26!
c-
s

a
ob-

te
e
o-

where

dv11
i

2
g̃152

FV1S 11
i

q1
D G2

d21
i

2
~g21g31G21G3!

, ~27!

dv21
i

2
g̃352

FV2S 12
i

q2
D G2

d11
i

2
~g11g21G2!

. ~28!

g̃1 andg̃3 represent the additional ionizations from statesu1&
and u3& due to the excitation via the far wing of the elim
nated stateu2&. dv1 anddv2 are quadratic shifts induced b
the first and the second lasers, respectively. Note that
treatment is valid in the intensity region where th
continuum-continuum and continuum-discrete transitions
not play a significant role, since we have neglected the c
plings such asuc1&-uc2& anduc1&-u3&. In practice, the typical
intensity below which our treatment is valid is abo
;1012 W/cm2.

III. NUMERICAL EXAMPLES

A. Linear susceptibility

Figure 2 shows the profiles of the linear susceptibilityx
for q151 and q252 at different intensities of the secon
laser, i.e., at differentV2, and different detuningsd2 /G3.
WhenV250 @Figs. 2~a! and 2~d!#, the profile ofx is deter-
mined purely by the value ofq1. It can be seen that the
profiles of the real and the imaginary parts ofx are very
much different from those found in a bound-state syste
Especially forq151, the profiles of the real and the imag
nary parts ofx, respectively, look like those of the imaginar
and the real parts of a bound-state system. This is due to
intrinsic coherence of an autoionizing state. It is interest
to note that Re(x) does not change sign in this particul
case as the detuningd1 /G2 crosses the resonance. Asuq1u
becomes large~not shown!, the profile of each component o

FIG. 2. Linear susceptibilityx as a function ofd1 /G2 for
d2 /G3522 ~dotted!, 0 ~solid!, and 2~dot-dashed!. G25G351 and
q151 andq252. Graphs~a!, ~b!, and~c! are real parts, and graph
~d!, ~e!, and ~f! are imaginary parts of the linear susceptibility
different V2, respectively. Normalization has been made at
peak value ofRe(x) for V250 @graph~a!#. V250, 0.5G3, andG3

for graphs~a! and ~d!, ~b! and ~e!, and~c! and ~f!, respectively.
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x becomes similar to that of a bound-state system. As st
in Sec. I, we would like to point out once again that, for
bound three-level system it would be necessary to introd
an incoherent pumping in order to create a large refrac
index at a zero-absorption point. When an autoionizing s
with a properq1 value is employed as an upper state, ho
ever, neither third level, additional lasers, nor incoher
pumping is necessary to realize an enhanced index of re
tion while canceling the absorption. As the intensity of t
second laser is increased, the profile ofx begins to show a
double-peak structure. The shape of each peak, howeve
very different from each other due to the intrinsic coheren
@Figs. 2~b! and 2~e!, and 2~c! and 2~f!#. For comparison,
corresponding results forq151 and q2520 are shown in
Fig. 3, from which we see that the profile ofx is affected not
only by the value ofq1 but also by that ofq2, and asq2
becomes large, the shapes of both peaks become mor
semble. Calculations have been repeated forq1520 andq2
520 ~not shown in this paper!, which exhibit the variation of
the refractive index and the absorption profiles very sim
to the one for a bound three-level system, as expected.

B. Ionization spectra

Having examined the variation of the linear susceptibili
we now move on to calculate ionization spectra into ea
continuum associated with each autoionizing state. In rea
there may be more than one continua for each autoioniz
state, but our model would be most convenient to underst
the basic physics underlying this system. In order to expl
the possibility of increasing the excitation efficiency to t
HAS by controlling the laser detunings and intensities,
examine two cases, depending on the value of the norm
ized detuningd1 /G2: In the first case, the first laser is tune
to theabsorption minimumof the LAS atV250 @12#. As the
value ofV2 is increased,R2 naturally increases. In the sec
ond case, the first laser is tuned to theabsorption maximum
of LAS at V250. Naively we expect thatR1 , R2;0 for the
first case andR1@R2 for the second case, independent of t
values ofV1 , V2, andd2. It turns out, however, that it is no
so simple as we show some results below.

We plot in Fig. 4 the ionization yieldsR1 and R2 as a
function of normalized detuningd2 /G3 for q151 and q2
52 at fixed V150.01 G2 but differentV2’s. In Fig. 4~a!
V250.1G3, while in Fig. 4~b! V25G3. For simplicity, the
autoionization widths have been assumed to be the same

FIG. 3. Linear susceptibilityx as a function ofd1 /G2 for
d2 /G3522 ~dotted!, 0 ~solid!, and 2~dot-dashed!. All parameters
are the same as those for Fig. 2, except thatq2520.
ed
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G25G351, and a square pulse has been employed with
ration of T520G2

21. Note that in Fig. 4, the first laser ha
been tuned to the absorption minimum of the LAS, i.
d1 /G252q1/2, which is20.5 in this particular case. Sinc
the first laser is tuned to the absorption minimum,R1 is very
small in Fig. 4~a! at any d2 /G3, while R2, although even
smaller, shows an asymmetric profile, which is basically
termined by the value ofq2. For largerV2 @Fig. 4~b!#, how-
ever, completely different ionization profiles emerge: T
profile of R1 is almost symmetric, while that ofR2 exhibits a
minimum neard2 /G3;20.5 whereR1 is maximum. Calcu-
lations have been repeated under the moderately st
pumping condition ofV150.2G2 ~not shown!, and we find
that the behavior ofR1 andR2 is qualitatively similar to that
shown in Fig. 4. The next question is how much the resu
depend on the value ofq2. In Fig. 5 we plot the results o
similar calculations forq2520, with q1 and all other param-
eters fixed to the same ones with those used to obtain Fi
Again we see that the profile ofR1 is similar to that shown in
Fig. 4, while that ofR2 reflects the value ofq2, except that in
Fig. 5~b!, bothR1 andR2 exhibit maxima at about the sam
d2 /G3. Calculations have been repeated for the second c
where the first laser is tuned to the absorption maximum
LAS at V250, i.e.,d1 /G251/2q1, which is 0.5 in this par-
ticular case. The results are shown in Fig. 6 forq151, q2
520, andV150.01G2, to be compared with Fig. 5. In Fig
6~a!, R1@R2, as expected. Namely, ionization from the LA
occurs before an atom is further excited to the HAS.
should be noted that a maximum ofR2 appears at the detun
ing whereR1 is minimum in Fig. 6~b!.

Now we need to seek for a consistent interpretation
the results shown in Figs. 4–6. We find that this is attribu
to the ac Stark splitting caused by the second laser: Acc
ing to Eq.~11!, s21

(1) begins to exhibit a double-peak structu
as the Rabi frequencyV2 increases. This has been illustrate
in Figs. 2 and 3. Recalling that the depletion rate of t

FIG. 4. Ionization yieldsR1 ~solid! andR2 ~dashed! as a func-
tion of d2 /G3 . G25G351, V150.01 G2, square pulse duration
T520 G2

21, andq151 andq252 for all graphs. The first laser is
tuned to theabsorption minimum, i.e., d1 /G2520.5. For ~a! V2

50.1 G3, and for~b! V25G3.
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4810 PRA 60TAKASHI NAKAJIMA
population ofu1&, or total ionization rate, is reflected bys21
(1)

through the relation

uṡ11u5g122 ImFV1S 12
i

q1
Ds21

(1)G ~29!

under weak pumping condition, there is no wonder that
depletion rate also exhibits a double-peak structure. By lo
ing at Fig. 3~f! at d1 /G2520.5 for the curves ofd2 /G3
522, 0, and 2, we see that the total ionization rate ha
maximum neard2 /G3;0. This explains whyR1 in Figs.
4~b! and 5~b! show peaks neard2 /G3;0. Similar argument

FIG. 5. Ionization yieldsR1 ~solid! andR2 ~dashed! as a func-
tion of d2 /G3. All parameters are the same as those for Fig
except thatq2520.

FIG. 6. Ionization yieldsR1 ~solid! andR2 ~dashed! as a func-
tion of d2 /G3. The first laser is tuned to theabsorption maximum,
i.e., d1 /G250.5. All parameters are the same as those for Fig
except thatq2520.
e
k-

a

holds for the case in which the first laser is tuned to
absorption maximum@Fig. 6~b!#: see Fig. 3~f! at d1 /G2
50.5. As for R2, its shape is basically determined by th
value of q2 and the Rabi frequencyV2: If q2 is small (q2
52 in our case!, the shape ofR2 is asymmetric with respec
to d2 /G3 for small V2. As V2 becomes large, however,
saturation takes place as reported in Ref.@11#, and a dip
shows up near resonance. Note that the appearance of
instead of a peak is due to the presence of intrinsic coh
ence. Ifq2 is large (q2520 in our case!, the profile ofR2 is
almost symmetric with a peak near resonance, and asV2
becomes large the profile becomes broader but does
change the shape. A dip does not appear for largeq2, since
the intrinsic coherence is not sufficiently large.

C. Effects of the pulse delay

In order to avoid an additional complexity which migh
hinder the physical understanding of this system, we h
not so far introduced a temporal delay between two puls
Having understood the basic behavior of the system, we
now ready to focus on the effects of the pulse delay. Rep
sentative results are shown in Figs. 7~a! and 7~b! for q151
and q252, and q153 and q255, respectively. Negative
delay indicates that the second laser precedes the first l
i.e., counterintuitive pulse delay. The temporal shape of b
pulses has been assumed to be Gaussian withT510 G2

21

full width at half maximum~FWHM! and G25G351, and
V15V25G2 for all graphs in Figs. 7~a! and 7~b!. It can be
seen that the choice of the detunings is very important
efficient excitation to the HAS. Our results demonstrate t
the counterintuitive pulse sequence is effective even w
not only the intermediate but also the final states are aut
izing states. By comparing Figs. 7~a! and 7~b!, it can also be
seen that the effect of the pulse delay is qualitatively sim

4

4

FIG. 7. Ionization yieldsR1 and R2 as a function of tempora
pulse delay in units ofG2

21 . Negative delay means that the seco
laser precedes the first laser, i.e., counterintuitive pulse delay~a!
q151 and q252, and ~b! q153 and q255. G25G351, V1

5V25G2, and the pulse durationT510 G2
21 ~Gaussian FWHM!

for both graphs~a! and~b!. In ~a!, d1 /G250 andd2 /G350 ~solid!,
and d1 /G2522 andd2 /G352 ~dashed!, while in ~b!, d1 /G250
andd2 /G350 ~solid!, andd1 /G2522 andd2 /G352 ~dashed!.
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regardless of the values ofq1 andq2, as long asq1 andq2
are not very large, but that the amount of the effect depe
on thedetunings. In this particular case, the pulse delay e
fect is more effective when the detunings are nonzero. G
erally speaking, this is not very surprising, since there
intrinsic coherence which causes an interference aroun
autoionizing resonance, leading to the asymmetric ioniza
profile as can be seen in Figs. 4–6. For an autoionizing
tem, the intrinsic coherence competes with the laser-indu
coherence. Therefore the behavior of the system involving
autoionizing state~s! might be quite different in some re
spects, with/without pulse delay, from the system consis
of bound states only, while still possessing some similari
to the bound state system. It should be noted that the p
delay may not be necessarily important for efficient exc
tion to the higher continuum: Rather, a proper choice of
detunings would be more important in some cases, as sh
in Fig. 7~b!. The last remark we would like to make is tha
in contrast to a bound three-level system, the two-pho
resonance condition is not so important in this system
efficient excitation to the HAS. This would be due to the fa
that the HAS, as well as the LAS, is significantly broaden
by autoionization.

IV. CONCLUSIONS

In conclusion, we have studied the influence of stro
coupling and pulse delay in a system involving double au
ionization resonance. In particular, we have focused on
variation of the linear susceptibility, ionization spectra in
each continuum for different detunings and laser intensit
o
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and pulse delay effects in terms of the ionization yield. W
have derived an expression for the linear susceptibility, a
presented a few numerical examples. When both of
asymmetric parametersqj ( j 51,2) are large, the profile o
the linear susceptibility does not differ so much from that
a bound three-level system, as expected. For smaller va
of qj ( j 51,2), however, both the real and the imagina
parts of the susceptibility exhibit strong asymmetries as
laser detunings and intensities are varied. As for the ion
tion spectra, it has been found that the ac Stark splitt
plays an important role when the Rabi frequencyV2 due to
the second laser becomes comparable to the larger of
autoionization widths G2 and G3. Namely, when V2
!G2 ,G3, ac Stark splitting is negligible, and by tuning th
first laser to the absorption minimum of the LAS, a select
excitation to the HAS can be achieved. Note, however, t
this is true only if uq1u is not very small: Ifuq1u is ;1 or
smaller, lots of atoms will be lost directly into the continuu
associated with the LAS, and hence the process is no
selective. When the second laser becomes intense such
V2 is comparable to the larger ofG2 andG3, ac Stark split-
ting shifts the position of the absorption minimum, and
turned out to be essential for efficient excitation to the HA
to detune the first laser from the absorption minimum
V250. When both lasers are intense, the system behavi
complicated and it is not easy to make even qualitative
marks. Last of all, the effects of the temporal delay betwe
two pulses have also been investigated. We have found
the proper choice of the detunings and counterintuitive te
poral delay can lead to the significant enhancement of e
tation to the higher continuum state.
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