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Single photoionization of neutral atoms is examined theoretically for a situation in which the pho-
toionizing laser is tuned close to the resonant frequency for transitions between the ground and Grst-
excited states of the positive ion. The resonant coupling in the positive ion is shown to have a dramatic
peak-splitting effect on the kinetic-energy spectrum of the ionized electron. An essential-states analysis
of the photoionization process is presented, and a comparison is made with numerical results for one-
dimensional helium. The agreement between the results establishes the validity of the essential-states ap-
proach. The possibility of superposing this core-coherence effect with laser-induced autoionization
effects is considered.

PACS number(s): 32.80.Fb, 32.80.Dz, 32.80.Rm

I. INTRODUCTION

It is well known that laser-induced coherences within
photoionizing or photodetaching systems can inAuence
the energy spectrum of the ejected electrons. For exam-
ple, tuning a laser to drive transitions between the initial
atomic state and an excited discrete state can lead to
Rabi oscillations within the ionizing atom and an ac-
Stark shifting of the atomic states. This shifting can then
be manifest in the photoelectron spectrum as what is
often called the Knight doublet [1,2]. The formation of
the doublet can also be described by introducing new
dressed states which partially incorporate effects of the
external field. Formally, projection operators [3] can be
employed to partition the relevant state space into
discrete-state and continuum subspaces. A diagonaliza-
tion of a finite sector of the discrete-state space (in the
rotating-wave approximation) gives the dressed atomic
states, and inclusion of coupling to the space of continu-
um states then leads to "decaying dressed states. "

Other photoionization processes, such as above-
threshold ionization [4], can be described by dressing the
continuum states [5] rather than the discrete states of the
system. Also, in two-laser A configurations, a chosen de-
cay continuum can be structured or dressed by a laser
that couples the continuum to a chosen unpopulated
discrete state [6].

Laser-induced coherences in photoionizing or photode-
taching systems traditionally involved only a single elec-
tron, but can also invo1ve two or more electrons. For ex-
ample, tuning a laser to an autoionizing resonance can
lead to Rabi oscillations involving the autoionizing state
and to a superposing of ac-Stark effects with two-electron
phenomena such as Fano resonances [7—9]. Laser-
induced autoionization effects (LIA) have been extensive-
ly studied.

Two recent works [10,11] have predicted a new coher-
ence phenomenon that is explicitly a two-electron effect.

Reference [10] considers photodetachment of a negative
ion, and predicts that one can produce a doublet in the
photoelectron spectrum by tuning the detaching laser to
a resonant frequency of the neutral atom. The results are
explained in terms of a "coherence transfer" from the
inner electron of the negative ion, which is resonantly
driven between states of the neutral atom, to the outer,
photodetaching electron. Reference [11] considers pho-
toionization of neutral atoms, and explores extensions of
the coherence transfer theme in that context. It predicts
the formation of a doublet in the photoelectron spectrum
if the ionizing laser is tuned to an appropriate resonant
frequency of the positive ion. Reference [11] also sug-
gests superposing coherence-transfer effects with the
effects of laser-induced autoionization. Both Refs. [10]
and [11] compare results of essential-states calculations
with full numerical results that were obtained by integrat-
ing the time-dependent Schrodinger equation, and the
works establish the appropriateness of essential-states
analysis of such systems.

In the present work, we present details of the
essential-states study that was introduced in Ref. [11],
and we carefully consider how coherence-transfer and
laser-induced autoionization effects can be superposed.
We also compare the predictions of the essential-states
model with full numerical results for one-dimensional
helium, a model two-electron system in which charged
particles interact via a screened Coulomb potential
[12—14].

The essential-states description we present is general
and can be applied either to model systems or to real
atoms by choosing appropriate energies and couplings for
the various states. In the present work, we use one-
dimensional helium as a testing ground for the essential-
states analysis because it e,llows us to compare predic-
tions of the essential-states model with an exact numeri-
cal solution of the time-dependent Schrodinger equation.

We consider specifically the essential-states system il-
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lustrated in Fig. 1, and consisting of a ground state lg ),
first excited state lb), autoionizing state Ia ), and two
continua [ I l, Ek ) ] and [I2,Ek ) ]. The continuum-
energy variable Ek denotes the asymptotic kinetic energy
of the unbound electron, so the total energy of the contin-
uum state lj, Ek ) is the sum E~ +E.k, where EJ is the en-

ergy of state lj) of the positive ion. The autoionizing
state is coupled to t I l, Ei, ) [ by configuration interaction.
The other couplings that are shown arise from a laser of
frequency co. In order to concentrate on the core-
coherence effect, we choose

I
b ) as our initial state.

If there were no electron-electron interaction, then the
states would be simple product states, with the ground
state corresponding to Il, 1& (or I 1 &ll&~ Ib & «11,2&,
and a ) to

I 2, 2 ) . In this case the energy difFerence be-
tween the states

I 1, 1) and 1,2) would be the same as be-
tween transition I1,2) and I2, 2), and both would be the
same as the energy difference between

I 1) and I 2) in the
positive ion. Of course, the electron-electron interaction
prevents the states from being product states and shifts
the various states di8'erently, so that the transition fre-
quencies will, in general, no longer be equal. We, there-
fore, allow for unequal energy separations in our model.
Nonetheless, the transition frequencies when the
electron-electron interaction is included can still be simi-
lar enough that all the states and transitions indicated in
Fig. 1 could be relevant for describing the time develop-
ment of a real atomic system in an external laser field.

In Sec. II, we present the Laplace transform formalism
for solving the essential-states model of Fig. 1 for a sys-
tem initially in state lb). In Sec. III, we analyze the
long-time kinetic-energy spectra for various simplified
cases. We look first at the situation in which there is no
direct photoabsorption from the autoionizing state

I
a )

FIG. 1. Schematic of atomic states and couplings included in
the analysis.

(i.e., V, zz =0), but then move on to consider the effects
of photoabsorption from Ia ). We conclude Sec. III with
a dressed-continuum explanation of our results. In Sec.
IV, we return to our full essential-states solution and we
compare its predictions with exact numerical results for
one-dimensional helium. Finally, in Sec. V, we summa-
rize our results and discuss the coherence efFect more ful-
ly.

II. FORMAL SQI.UTION

In setting up the essential states problem, we make the
rotating-wave approximation and write H =H + W(t)
where

H'=Ig &E, &gl+ b &Eb&bI+Iu &E.&~ + f "I1,Ek &(Ei+Ek)&1,EkldEk+ f "I2Ek &(E~+Ekl&2EkldEk,

~(rl= lg & V,be'"&bi+ lb & Vi,.e'"&al+ f lb &Vb, iEe' '&1,EkldEk+ f0 0

+ f I~ &V., 2~e'"'&2, EkldEk+ f "f "[Il,Ek && IEklHI2Ek&&2, Eki]dEidEk '+H c.
0 0 0

Throughout this work we assume all the V &
real. For the continuum-continuum coupling we adopt the 6-function

coupling ansatz of Refs. [10]and [11],

& 1Ek IHI2Et, ) = V,2e' '5(Ek E/i, j . — (2)

This coupling conserves the kinetic energy of the unbound electron and can be thought of as a transition involving only
the "core" or nonionized electron. The appropriateness of using this coupling for the situation of interest in this
manuscript has been established in Refs [10] and .[11],and will be further established in Sec. IV

We write the time-dependent state vector in the interaction picture

lg(t) ) = Ia )c,(t)e ' + lb )cb(t)e + lg )cs(t)e g + f I 1,Ek )ci(Ek, t)e ' " dEk

+ f l2 Ek)cz(Ek t)e ' " dEk .
0
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The time-dependent Schrodinger equation then yields the
coupled differential equations,

iht i(Ek+E) —E )tic, (Ek, t) = V12c2(Ek, t)e' '+ V1E,c,(t)e
i(E& +Ek Eb co)t+ Vb, lEcb(t)e
—iAt i(E +Ek —E —co)t

ic2(Ek t ) V21C 1(Ek t )e + V2E,

(is —bE)cl(Ek, s+thE)= V12c2[Ek,s+i(bE —5)]
+ V,E,C, (s)

+ V,E bcb (s +i hb, ),
[is (bE—5, )—]c,[E„,s+i(b E

—5)]
= V21ci(Ek, s+ib E)+ V2E, C, (s),

i(E —Eb co)t
ic, (t) = V,bcb(t)e

00 i(E —E —Ek )t+ f V, ,Ec, (Ek, t)e ' ' " dEk
0

oo t(E +co—E2 Ek )t+ f V, 2Ec2(Ek, t)e ' ' dEk,
0

g(Eb —E —co)t i(Eb+co —E )t
icb(t)=Vb c (t)e ' ' +Vb, c,(t)e

OO i(Eb +co—E) —Ek )t+ Vb 1Ecl(E/, t)e dE/,
0

i(E +co—Eb)tic (t)=V bcb(t)e

where

lsca (s) = Vabcb(s + 1 kb~ )

+ f dEk[V, ,Ec, (Ek,s+ibE)
0

+ V, 2E c2 [Ek,s +i ( b E
—6 ) ]J,

(4) (is b, b, )cb(—s +i hb, )

=i+ Vb c (s+ib~, )+ Vb, c, (s)

+ f dEk [ Vb lEC1(Ek, s+/hE) J,
0

(is bs, )cg(s +—

ikey,

) = Vsbcb(s +i 6b, ),

6=E) +co—E2,
represents the detuning from the core (~1)~~2)) reso-
nance of the positive ion.

To begin our solution, we take the Laplace transforms
of these equations for the initial condition cb(0)=1, as-
suming instantaneous turn on of the interaction 8'. The
resulting equations can be written using energy
differences

AE =Ek+E) —E, ,

6,=E +2m —E, ,

hb, =Eh+co —E, ,

where the circumflex symbol indicates the Laplace trans-
form.

In solving these coupled equations we encounter
numerous "self-energy" integrals of the form

Xj/ (is)= f ' ' dEk, a,P=a, b, j=1,2 (8)
V ~EV)EP

0 is —AE

which represent an effective coupling between discrete
states ~a ) and ~P) (which may be the same state) through
the continuum [ j~, Ek ) J. Considerable simplification
occurs if we assume X to be slowly varying enough that
we can ignore small changes in the real part of their argu-
ments and approximate, for example, X„(is—b, )
=22, (is) After a.lgebraic manipulation we find, defining
z =is+E„

(z E —2')A, b
— (z E, —A„)Vsb-

c,(s)=i, c (s+ib, )=i
P z g s& p

(z Es —2'�)(z E, ——A„)— iR (z)

(9)
c2(Ek, s+i (b E

—b ) ) = [ V21c1 (E,s+/ b E )+ V2E, c,(s)],z —E —E +6k 1

where

R (z) =(z Es —2') [ [(z —Ek El +b ) V1—E, + V12 V2E—, ]A,b+(z Ek El +b ) V/—E b(z —E, —A„)J, —

P(z)=(z Eb co Abb—)(z—E—
s 2')(z —E,——A„)—~ Vbs—

~
(z E, —A„)—(z —E 2')Ab, A,b—, —

and where

A« =X„(z)+X,",(z), A,b
—V,b+X,b(z), Abb Xbb(z) . —

(10)

In these expressions A can be recognized as the level-shift
operator in the space of discrete states in the absence of
any continuum-continuum coupling. %'e note that the
expressions for the discrete-state coefficients are indepen-
dent of V&2, as a consequence of our approximations, so
that the discrete-state populations are unaffected by the
continuum-continuum 5-function coupling.

The inverse Laplace transforms can now be considered.
We make the pole approximation Xg&(E +i 0)= —i~V JE VJE&, and we ignore the energy dependence
of the discrete-state —continuum matrix elements. The
integrands for the discrete-state amplitudes then feature
only simple poles, which lie at the three zeros z„ofP (z)
in the fourth quadrant of the complex z plane. The
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3

&. Iy(t)) = y ~
""

n=1
3

&glg(t))= g e
""

n=1
3

&big(t))= g e
""

n=1

E—
s
—2'�)A,b

P'(z„)
E, ——A„)Vgb
P'(z„)

E ——2'�)(z„E,——A„)
P'(z„)

(12)

discrete-state population amplitudes are The integrand for the continuum population amplitude
c, has poles at the z„and also has real-axis poles at the
two energies E+ which satisfy

(z Ek—E& )(—z Et,—E&—+b, ) —V&z Vz& =0 .

The population amplitude for the first continuum is thus

i(E~+F( )t 3 —iz„ t

n=1

R (z„ ) ;E, R(E+)
+eP'(z„)(z„E+)(—z„E)— P (E+ )(E+ —E )

;E, R(E )+e P(E )(E E+)— (14)

Finally, the population amplitude in the second continuum can be obtained taking the inverse Laplace transform of Eq.
(9) for c2. After minor simplification we obtain

i(Ek +El —b, )t 2 V12
c (E„ t)=e2 0

;E„, R (E+);E, R (E )

(0+b )P(E+ ) (0 6)P(E )—
3 —iz„ t+V2 g e

n=1

R (z„ )

(z„E, E„+—b, )P—'(z„)(z„E+)(z„—E —
)

zn Eg 2'
2E, a ab X

( E E +g)PI( )
(15)

where

n =Qs'+4v'

denotes an effective Rabi frequency for the
I

1 )~ I
2 ) cou-

pling.
The total population density at kinetic energy Ek is

S(Ek )= lc, (Ek, t )I + lc2(Ek, t ) and can easily be calcu-
lated if particular numerical values are chosen for the
various atomic and laser parameters. We do not write
out the expression because of its length.

These equations complete the formal solution for our
essential-states model. We defer most discussion of the
general results of the solution until we have considered
several simplified cases in which particular couplings
have been set to zero and which illustrate the importance
of V12 most clearly.

Because the z„are complex with Im[z„](0, all ex-
ponentials exp( iz„t ) go asymptotic—ally to zero at long
times. In examining the simplified cases we shall focus
our attention on the kinetic-energy spectra at these long
times at which no population remains in the discrete
states.

Before proceeding to special cases, we introduce nota-
tion similar to that used in some studies [9] of laser-
induced autoionization in which I, the rate of autoioni-
zation of state la ), is used as a normalizing standard for
the various key rates,

I V., zEy=
V., iE

'
Eh+co E

I Vb ~~ I

(r/2) '
v. , I' '

V,b E1+Ek —E,g=, E, =
~va, iE vt, tE

(17)

Here y represents the relative decay rate of
I
a ) by photo-

absorption, a is the detuning of the laser from the
I
b )~l a ) resonance, and g is the relative rate for

lb )~ [ I 1,Ek ) ] transitions. e and q are as defined by
Fano [7].

III. LONG-TIME KINETIC-ENERGY SPECTRA
FOR SIMPLIFIED SYSTEMS

The ground state lg ) was included above for complete-
ness and because it can be important in modeling particu-
lar systems. However, its inclusion does complicate the
formalism and it is not necessary for describing the pri-
mary effects of interest in this paper. Consequently, in
the following analysis we shall set Vb~ =O. This has the
effect of removing the ground state from the essential-
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state model. There are several interesting subcases, as
follows:

A. V, 2E=O

We consider first a situation in which V, 2E =0. There
is then no photoabsorption from la ), and the continuum

{l2, Ek ) J is only accessible from the 5-function coupling
with the { 1,Ek ) I continuum. In the limit V,2~0 no
population can reach the second continuum, and the pho-
toelectron spectrum can be written rather simply as

S (Ek)= lim c, (Ekt) = p(E)l

0
-6

where
1/2

(E+q)
P(s)

(18)

FIG. 2. Photoelectron energy spectrum S(EI, ) vs c, for
V»=0 (solid curve) and V»=I /2 (dashed curve), in units of
1/(~I ). The zero of c, corresponds to the energy of the autoion-
izing state. Parameters are q = 10, /=0. 10, b, =0, and a =0.

with

&(s)=&(E) v =o=[(E—a)E —gq')]

+i [gE+(E—a)+2qg]
=e +[—a+i(/+1)]s qg—+i(2qg a)—
=(E—z, )(E—z2) . (19)

duced dimensionless arguments for P. Each peak at
Re(z„)~,is replaced by a doublet at Re(z„)—b, '/2+Q'/2,
with relative heights determined by the multiplicative
factors (Q+b, )/(2Q). There is also a time-dependent
cross term which persists for all time.

The V&2 coupling allows population to reach the
second continuum, with lcz(Ek, t)l giving the long-time
kinetic-energy spectrum

Si(Ek ) = p(e —b, '/2+ Q'/2)

+ p( E b, '/2 Q'/2) e 'n'— —
2Q

(20)

This result corresponds to that presented in Refs. [10]
and [11],except that in the present work we have intro-

[We use a superscript 0 to indicate that V,2=0 and a
tilde ( —) to indicate V, zz=O in writing quantities that
have different forms when these respective matrix ele-
ments are nonzero. ] Equations (18) and (19) reproduce
the standard result for laser-induced autoionization in the
absence of coherence-destroying effects. The spectrum
exhibits peaks at the real parts of each of the two roots z„
and peak widths 2 Im(z„)l. As has been extensively dis-
cussed in the literature [8], these peaks can have very
different widths and heights. More specifically, one peak
grows progressively narrower and taller as its center ap-
proaches the Fano minimum at c= —q. The two com-
plex energies z„can be interpreted as representing "de-
caying dressed states" of energies Re(z„) and decay rates
2l Im(z„) l. The area under the curve for a given peak can
be associated with the initial population of the relevant
dressed state and depends on the extent to which the ini-
tial state of the system lb ) is represented in the dressed
state. A sample spectrum is shown as the solid curve of
Fig. 2, and reproduces part of Fig. 3 of Ref. [9a]. Be-
cause there is no coupling to the { l 2, Ek ) ) continuum, all
the population resides in the { l 1,Ek ) ] continuum.

If we now allow V, 2 to be nonzero, lc, (Ek, t )l gives
the long-time limit kinetic-energy spectrum in the
{ l 1,Ek ) ] continuum as

S,(E„)=

p( 8 —5'/2 —Q'/2) e ' (21)

l P(s b, '/2+ Q'/2)—
2Q

+ lp(E —b, '/2 —Q'/2)
l20 (22)

Recalling that the long-time kinetic-energy spectrum
for V,&=0 is simply lP(c, )l, we conclude that the net
effect of the V,2 coupling on the long-time kinetic-energy
spectrum is simply a splitting and shifting of the V,2 =0
spectra. The two new peaks are separated in energy by Q
and their relative heights are given by the multiplicative
factors (Q+b, )/(2Q). This result is illustrated in Fig. 2.
Because 6 is chosen to equal zero for this plot, the two
new peaks have equal height.

In general, the splitting of a spectral peak is evident
whenever Q becomes greater than the V&2=0 linewidth
of the peak. In Fig. 2, Q is large ( = I, so Q'=2) and the
splitting is evident for both peaks. If one of the V&2=0
peaks were every narrow, as can happen if it lies close to
the Fano minimum, then the splitting predicted by Eq.
(22) would become noticeable for much smaller values of
Q.

Thus the population in the second continuum is peaked
about the same kinetic energies as in the first continuum.
The sum of the two population densities at long times can
be shown to simplify to the time-independent result

S(Et, ) =S)(Ek )+Sz(Ek )
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The time dependences of Si and Sz in Eqs. (20) and
(21) indicate that there are Rabi oscillations between the
two continua which persist for all time. The manifesta-
tion of these oscillations in the spectra is shown in Fig. 3
for a sequence of times over one laser cycle for the pa-
rameters of Fig. 2. Because population enters the first
continuum over an extended time interval, the oscilla-
tions are not in phase and populations of the individual
continua never go all the way to zero or to one.

As suggested by Refs. [10] and [11], our results are
easily explained by dressing the final states of the system.
The positive-ion states

~
1 ) and

~

2 ) combine to form
dressed states

~
+ ) and

~

—) of energy
ED+= [E,+(E2 co)]I—2+QI2=E, —b, /2+0/2 (and
ED++co). These energies are related to the total energies

E+ which solve Eq. (13) by E+ =ED++Ek. One can de-
scribe the final states of the ionized system using either
the undressed continua I~I,Ek) j and j ~2, Ek) j or the
dressed continua I ~ +,Ek ) j and I ~ ,Ek ) j. I—n the form-
er case there are Rabi oscillations between the continua
which continue indefinitely [thereby giving rise to the
time dependence of Eqs. (20) and (21) and shown in Fig.
3]. If one describes the final states using the dressed con-
tinua no such oscillations occur, but the thresholds of the
two continua are slightly shifted from the undressed case.
Of course, both descriptions lead to the same overall
kinetic-energy spectrum (22). The shifts in Eq. (22) as
well as the relative peak heights are precisely what one
would expect from an Autler-Townes dressing of the final
states. We shall develop the dressed-state interpretation
of (22) more fully after presentation of the spectrum for
the more complicated case of V, 2EAO.

B. V~ zEAO

1.8

0.6-

0
-6

(b)

0.6-

0
-6

1.8

1.2-

4

-4

-2 0

-2 0 2 4

Q t = 2z (n+1/2)

Q t = 2' (n+1/4)

The efFect of photoabsorption from ~a ) for Viz=0 has
been extensively discussed in the literature. The new de-
cay channel can shift the spectral peaks in the I ~ 1,Ek ) j
continuum as well as alter their widths, generally
broadening any narrow features. In addition, the spec-
trum within the new decay channel can now be con-
sidered, and the overall kinetic-energy spectrum is the
sum of the two individual spectra. Mathematical expres-
sions for the individual kinetic-energy spectra when

Vj2 =0 are

S, (Ek)= lim ~c, (Ek, t)~ = ~/, (E)~

S (E„)=lim ~c (E„t)~ =
~/ (E—b, ')~

0.6-

0
-6

1.8

4 -2 0 2 4

Q t = 2z (n+3/4)

where
' 1/2

2g (E+q)+i y
~r P(E)

1/2
2g' &y(q i)—
mr p(c)

P(s)=[(c.—a)s —g'(y+q )]

+i[++(1+y)(E—a)+2q(],
The total kinetic-energy spectrum is then

(23)

(24)

0.6-

0
-6 -4 -2 0 2

FIG. 3. Long-time photoelectron energy spectra S&(Ek )

(solid curve) and S&(Ek ) (dashed curve) in units of 1/(mI ) at a
sequence of times separated by one-quarter Rabi cycle for the
conditions of Fig. 2 with V» = I /2. The sum of the two curves
is constant and corresponds to the dashed curve of Fig. 2. Here
n represents any large positive integer.
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S (E„)=S, (Ek )+Sz (Ek )

(25)

These results are the same as those for laser-induced au-
toionization systems, with S, (Ek ) representing the
modified decay spectrum in the original channel, and
Sz(E&) the spectrum in the new channel, regardless of

I

' 1/2

whether the new channel is opened by photoabsorption
into a different electron continuum [15],as in the present
study, or spontaneous radiative decay [9], or even au-
toionization into a second electron continuum [16].

When V12 is nonzero, the long-time limit kinetic-
energy spectrum S(Ek)=S,(Ek)+Sz(EI, ) can be writ-
ten, after some algebraic manipulation,

2

S(Ek ) = 0+6
~

6' 0'
[ ]

0—5
E, sgn

Q'2'
2 2

1/20—6
2n

0'
2

0+6—sgn[ V&z ]

1/2 0'
2

2

(26)

P&(E)+Pz(E) = 2
aI

1/2

(E+q+sgn[ V,z]v'yq)+i(y + v'y)

P(E)

(27)

The mixing of the two atomic decay channels is clearly
apparent since P, and Pz do not appear in separate
modulus squared terms as in (25). We will show in Sec.
III C below that each modulus squared term represents
the population density in one of the dressed continua.
First, though, we compare the result (26) with our earlier
result (22) to which it collapses as y —+0 (so that Pz~0
and P, —+P). The most significant difference is the super-
posing of P, and Pz within each modulus squared. We
note that because Pi and Pz have the same arguments
and because peak structures for both lP&(s)l and lgz(E) I

are determined by the denominator P(E) [Eqs. (23) and
(24)], the superposing of P& and Pz does not lead to any
new peaks in S (EJ, ). As before, V, z splits each peak into
a doublet, with separation O'. However, the superposing
of P, and Pz is different in each modulus squared, and
consequently the relative heights of the doublet peaks can
be very different. For example, for 6=0, the two super-
positions are proportional to

)
A+6,

2A

1/2

l 1,¹o)
1/2

+sgn[ V,z] 2A

1/2

I

—) =
l l, %co)20

l2, (%—1)a~),

(28)

1/20+5—sgn[ V,z] 2A
l2, (%—1)co) .

The dressed continua then have the form I l+, Ek )] and

[ l
—,EI, ) j. These continua are orthonormal and are not

coupled.
In general, the energy spectrum of a system initially in

state some state li ) decaying into an isolated continuum
lE ) (where E denotes the total energy of the continuum
state) can be written [17] in the form

positive ion. The connection is perhaps most apparent if
one works with a quantized radiation field rather than a
time-dependent, classical radiation field. In particular
the states

l 1,Nco) and l2, (X —1)co) are coupled by a
laser of detuning 6, and form dressed states

The zero of the real part of the numerator does not occur
at E = —

q but at E = —(q+sgn[ V&z ]&yq ).
These results are illustrated in Fig. 4, where we have

the same parameters as in Figs. 2 and 3 (q =10), but al-
low for nonzero y. The right-hand peak of the doublet is
nearly destroyed for y=0. 1 (&yq=3). If V&z had the
opposite sign, then the left-hand peak would be destroyed
instead. We conclude that photoionization from the au-
toionizing state can destroy the core-coherence doublets
if the field is too strong.

)li

!III

I

-2

C. Dressed-state analysis

The above results for the spectra are consistent with
what one would obtain by dressing the final states of the

FIG. 4. Long-time photoelectron energy spectrum S in units
of 1/(mI ) vs c for conditions of Fig. 2 with V» = I /2, but with

y =0 (solid curve), 0.01 (dashed curve), and 0.1 (dotted curve).
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K(E)= g (Ej V~n ) (n ~G(E+iO) i ) (29) &+,E„~Vn)=
1/2

(1,Nco;E V~n )

where G(z) denotes the resolvent or Green's operator,
G(z)=(z H—) ', and where the sum is over all the
discrete states of the system. (By an "isolated" continu-
um, we mean a continuum that is not coupled to any oth-
er continua. ) For our dressed continua,

1/20+6
+sgn[ V, z ]

X (2, (N —1)co;E Vin ),
so for each individual dressed continuum (29) gives

(30)

K+(E)=
n

(1,Nco;E~ V~n )(n ~G(E+iO) i )

1/2

2Q
(2, (N —1)co;E~ V~n )(n G(E+iO)~i) (31)

One can show that in the pole approximation discrete
state —discrete state matrix elements (n G(E+iO)~i) are
the same regardless of whether the continuum-continuum
6-function coupling is included, in accord with our earlier
conclusion that the 5-function coupling does not afFect
the time development of the discrete-state populations.
We thus recognize g„(1,Nco;E~ V~n )(n ~6(E+iO)~i)
as the spectral amplitude for decay of ~i ) into the

~ 1,¹o;E ) continuum for the case of zero continuum-
continuum coupling. This spectral amplitude corre-
sponds to what we have denoted by P, above. When the
distinction between total energy of the continuum state
and the kinetic energy of the outgoing electron is taken
into account, Eq. (31) gives

1/2

Kp(E) = p, (E—b, '/2+0'/2)0+5

1/2

2Q

X $2(E —b, '/2+0'/2) (32)

The sum K+(E) and K (E) reproduces Eqs. (26) for the
full kinetic-energy spectrum, and allows us to identify the
respective mod squared terms in (26) with the spectra in

IV. ESSENTIAL-STATES SOLUTION AT FINITE
TIMES: APPLICATION TO ONE-DIMENSIONAL

HELIUM

Thus far our analysis has concentrated on the kinetic-
energy spectra at long times. In this section, we use the
full essential-states solution [Eqs. (14) and (15)] to study
the spectra at shorter times. For definiteness, we choose
parameters that are appropriate for one-dimensional heli-
um, as was done in Ref. [11]. This choice allows us to
compare the predictions of the essential-states model
with the exact numerical solution [18] of the time-
dependent Schrodinger equation for the model atom.
The initial state ~b ) corresponds to the first-excited state
of the atom, which can be denoted by ~ 1,2 ) even though

the electron-electron interaction prevents the state from
being a product state. Similarly, the ground state ~g ) can
be denoted ~1, 1). For the autoionizing state ~a ) we
choose the lowest-energy autoionizing state

~
2, 2 ) . We

use specifically the state denoted by ~+a ) in Ref. [14].
This state is obtained by diagonalizing the Hamiltonian
matrix within a limited Hilbert-space spanned by
He+(3) He+ product states, but with the final-state contin-
uum 1) ~E) excluded. The decay continuum

~ l, EI, ) is
obtained by diagonalizing the Hamiltonian in the comple-
mentary, 1)I3I ~E) subspace.

Having defined our states, appropriate dipole and au-
toionizing matrix elements can be calculated. We treat
V»z and V, ,E as independent of energy, and we use
their values at the energy of the autoionizing state, but
we treat V, zE (which varies more rapidly with continu-
um energy) as an adjustable, co-dependent parameter.
The Fano q parameter for the resonance is approximately—20 [19].

In the present work, we are interested in examining the
core-coherence effect without superposing extraneous
effects such as can arise from laser turn on and turn ofF.
Consequently, in our numerical study we use a rapid turn
on and laser pulses that are long enough that laser turn-
on and turn-off effects are unimportant. In particular, we
linearly ramp the turn on and turn off over 2 laser cycles
and typically consider 40-cycle pulses. This turn on im-
proves on the assumption of instantaneous turn on of the
essential states analysis, while still being short enough not
to mask the central focus of this work. We comment that
Ref. [10] uses a sin pulse in its numerical study of the
core-coherence efFect.

We consider specifically a laser field of amplitude 0.075
a.u. Photoelectron kinetic-energy spectra are shown in
Figs. 5 —7 for three di8'erent laser frequencies. Part (a) of
each figure shows the predictions of our essential-states
model both neglecting (dashed curves) and including
(solid curves) the V, 2 core coupling, while part (b) of each
figure shows the full numerical solution for the same laser
parameters. In Fig. 5, the laser is resonant with the neu-
tral atom ~b ) —~a ) (~1,2) —~2, 2) ) transition frequency,
so that the dashed curve of Fig. 5(a) exhibits the familiar
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FIG. 5. (a) Kinetic-energy spectra of essential-states model
for laser field strong F=0.075 and frequency co=0.65 with
(solid curve) and without (dashed curve) the V&2 coupling. (b)
Kinetic-energy analysis of exact numerical solution. Laser
pulse duration is 40 cycles. Atomic matrix elements to two
significant figures are (in a.u. ) V&z

=0.40F, Vb &E
=01.OF,

V,, ,~= —0.089, V, 2E= —0.46F, Vb, =0.57F, and Vgb =0.55F.
In terms of parameters of Sec. III, I =0.050, y =0. 15,
(=0.0072, b, '=2. 5, V,z(1 /2)=1. 2, and q = —20.
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FIG. 6. Similar to Fig. 5, except co=0.71, the core resonance
frequency, and V, 2E = —0. 17F ( 6' =0,a =2.5, y =0.021).

asymmetric doublet of laser-induced autoionization.
When the V&2 core coupling is included each of these
peaks is split into a doublet, but because of overlap the
combined spectrum takes on a triplet form. The laser fre-
quency used in Fig. 6 corresponds to the ~1) —~2) core
resonance frequency (Fig. 6 reproduces Fig. 2 of Ref.
[11]),and the figure clearly shows the coherence-transfer

40
( )'

FIG. 7. Similar to Fig. 5, except co =0.78, and

V, 2~ = —0. 13F(5'=2.8,+=5.3,y=0.012).

effect. The frequency chosen for Fig. 7 is not resonant
with any atomic transitions, and the spectrum is charac-
terized by a single dominant peak regardless of whether
Vi2 is included.

As predicted above, each spectral peak in our
essential-states model is split into a doublet when the core
coupling is included. In addition, the relative peak
heights in each case are consistent with the exact numeri-
cal solution. These observations provide substantial
justification for the use of the 6 coupling in our model.
As mentioned in [11],the difference in scale between the
essential states predictions and the full numerical solution
can be explained by noting that the graph of the numeri-
cal solution shows only one component of a sequence of
above-threshold ionization peaks, while the essential-
states model neglects couplings needed to obtain a se-
quence of peaks.

In Figs. 8 —10, we present the time development of
various quantities. In all cases, we follow the convention
of Figs. 5 —7 of plotting essential-states results in parts (a)
and exact numerical solutions in parts (b). In these
figures, the laser frequency is fixed at the core-resonance
frequency m=0. 71 a.u. used in Fig. 6.

Figure 8(a) shows our essential-states prediction for the
time development of the population in the initial state.
Because of the fairly large laser strength of I =0.075 a.u.
and our tuning to the core resonance rather than the au-
toionizing resonance, Rabi oscillations involving the ini-
tial state are very limited. As mentioned above, all
discrete-state populations are independent of V,2. The
ground sate has between excluded ( V& =0) in the dashed
curve but included (Vb %0) in the solid curve. In the
latter case we observe that some population oscillates be-
tween the initial and ground states. Figure 8(b) shows the
full numerical solution for the development of the popu-
lation in the initial state. The slight horizontal shift be-
tween Figs. 8(a) and 8(b) results from ramping the turn on
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in the numerical solution.
In analyzing the populations in the first and second

continua, we anticipate Rabi oscillations between the
continua as the core electron oscillates between the states
! 1) and !2). Figure 9(b) shows the output of the exact
numerical solution for the total probability I'& to have at
least one electron in the ground state of He+, i.e., the
component of the population that can be projected onto
(properly symmetrized) He+ He+ product states
! 1 )! j ), where j is arbitrary. Since the energy of the ini-
tial state ! b ) is well below the energy of states !2)!2)
and higher, the initial state is composed almost entirely
of states ! 1 )! j ) so that at t =0, Fig. 9(b) shows the to-
tal population nearly one. At longer times, the states
!1)I3!1)and!1)!2) become less populated so that the
population depicted in Fig. 9(b) corresponds more closely
with the population of what we have called the first con-
tinuum.

For comparison we include, as Fig. 9(a), the time devel-
opment of the sum of the populations of !b ), !g ), and
! 1,Ek ) in our essential-states model. The extent to
which Fig. 9(a) replicates Fig. 9(b) particularly in show-
ing the Rabi oscillations provides additional justification
for the essential-states model. The slight shift between
Figs. 9(a) and 9(b) again results from ramping the turn
on.

Figure 10(b) shows the population P2 that can be pro-
jected onto product states !2)t'ai!j ), where j is arbitrary,
for the numerical solution. Because the initial state !b )
is not identically a product !1)!2) but includes projec-
tions onto states ! 1)I3!j), j%2, and P2 does not equal
one at t =0. As time elapses the Rabi oscillations
characteristic of the second continuum become evident.

For comparison we include as Fig. 10(a) the develop-
ment of the total population in !a ) and !2,Ek ) as pre-
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dieted by our essential-states model. We exclude the ini-
tial state!b ) because, as mentioned, not all of!b ) can be
projected onto states !2)X!j ) [about 70%%uo as suggested
by Fig. 10(b)]. Therefore, we expect Fig. 10(a) to corre-
spond to Fig. 10(b) only for long times when the discrete
states are unpopulated. Indeed, our model accurately
predicts the Rabi oscillations which occur at longer
times.

FIG. 9. (a) Predictions of essential-states model for the com-
bined populations of the ground state ~g ), the first-excited state
~b), and the ~1,Ek) continuum. (b) Numerical calculation of
the probability P&(t) that at least one electron lies in the ground
state of He+. Parameters are as in Fig. 6.
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FIGr. g. (a) Essential-states population
~
(b ~ib(t) )

~
vs time

when the ground state is excluded ( Vbg =0, dashed curve) and
included ( V&~%0). (b) Population in the initial state for full nu-
merical solution. All parameters are as in Fig. 6.

FICx. 10. (a) Population of the ~2, Ek ) continuum versus time
in the essential-states calculation. (b) Numerical calculation of
the population P& of the first-excited state of He+. Parameters
are as in Fig. 6.
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FIG. 11. Time development of the photoelectron spectrum
S(Ek ) in the essential-states model for the conditions of Fig. 6.
The times in part (a) are 5 a.u. , 10 a.u. , and 15 a.u. The spec-
trum at 40 a.u. is also shown in Fig. 6. In the long-time limit
the peak heights are 53 and 26 a.u.

Figure 11 shows the time development of the kinetic-
energy spectrum as calculated in the essential-states mod-
el for the situation in which the laser is tuned to the core
resonant frequency. At shorter times the linewidths are
limited by the pulse length, and are dependent on the
laser turn on, but at longer times the linewidths are deter-
mined by the decaying states' lifetimes.

V. SUMMARY AND CONCLUSIONS

In this work, we have provided an extended essential-
states description of the coherence-transfer effect predict-
ed in Refs. [10] and [11],and we have compared the pre-
dictions of the essential-states model with exact numeri-
cal results for one-dimensional helium. We have found
remarkably good agreement with the exact method, and
thus infer that the essential-states model provides a suit-
able description of the coherence-transfer effect.

We conclude that when a neutral atom is photoionized,
the kinetic-energy spectrum of out-coming electrons can
be profoundly altered by tuning the photoionizing laser
to an appropriate resonant frequency of the positive ion.
In particular, a peak-splitting effect occurs. The peak
splitting is consistent with what one would expect from a
predressing of the final continuum states of the system,
using the 5-function coupling (2).

We have shown that for a system in which the transi-
tion frequency to an autoionizing state is comparable to

the transition frequency of the core resonance, one can
superpose the coherence-transfer effect and laser-induced
autoionization effects. Alternatively, for a system in
which the frequencies are different, one can move from
one effect to the other by adjusting the laser frequency, as
discussed in [11].

In the present work, we have not sought to apply the
analysis to any specific atoms. Nonetheless, the
essential-states description applies in a three-dimensional
real atom as well as to one-dimensional helium. Thus the
effect should be experimentally verifiable, and experimen-
tal work motivated by Ref. [10] is now underway [20].

The coherence-transfer effect was first predicted in Ref.
[10] within the context of photodetachment of negative
ions. In Ref. [11]and in the present work, we have estab-
lished that the effect applies in a more general context
than photodetachment. We have worked within the con-
text of ionization of a neutral atom, but it is clearly not
limited to neutral initial states, but could be found in sub-
sequent ionizations as well.

There are numerous variations on the system that
could be considered and in which one would expect that
the effect could still be seen. For example, one could use
two lasers —one intense laser tuned to the core-resonance
frequency to structure the final continua, and a second
laser to drive transitions in the atom and to probe the
final-state continua.

We have noted that in the pole approximation the core
coupling does not affect the time development of the pop-
ulations of the discrete states [21]. This result is quite
different from that reported in studies of separable
continuum-continuum couplings, since a separable
continuum-continuum coupling changes the rate of decay
from the discrete states [22]. Nonetheless, the 5-function
coupling can affect the time development of the discrete
states if one includes terms neglected in the pole approxi-
mation since the shifting of the thresholds of the continua
causes the discrete states to "sample" slightly different
energies in the continua. In our analysis we have assumed
that the discrete-state —continuum matrix elements are
independent of continuum energy, so it makes no
difference which energy range is sampled. However, if
the energy dependence of the matrix elements were in-
cluded in the problem, then the shifting of the continua
relative to the discrete states could infIuence the decay
rates. This effect could be especially noticeable if a con-
tinuum resonance could be shifted into or out of the re-
gion "sampled. "

We conclude with some general comments about the
coherence-transfer effect. We stress that it differs from
effects leading to the Knight doublet or to the asym-
metric doublet of laser-induced autoionization because
these other processes involve discrete-state —discrete-state
couplings while the coherence-transfer effect involves a
continuum-continuum coupling in which the bound elec-
tron changes state (e.g. , ~

1,Ek )~
~
2, Ek ) ). Also, it is ex-

plicitly a two-electron effect, while the usual Knight dou-
blet requires only one electron. Of course, the LIA dou-
blet also arises from a two-electron effect, and features
transitions of the inner electron (e.g. , ~1,2) ~~2, 2) ), but
the LIA doublet comes about from tuning to a resonant
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frequency of the preionized system, not a resonant fre-
quency of the final states. That is not to say that there is
no middle ground between the two cases, however. In
particular, Robicheaux [23] has examined a situation in
which highly excited Rydberg states were coupled by
transitions of the inner electron (e.g., ~l, n }~j2,n'} for
large n) If. the Rydberg electron is barely bound, then
the appropriate laser frequency for driving transitions of
the inner electron approaches the resonant frequency of
the positive ion.

Finally, we comment that the coherence-transfer
phenomenon is related to laser-induced continuum struc-
ture effects [6]. The latter effects typically involve cou-
pling a continuum to a discrete state, and also typically

employ different lasers for photoionization than for
structuring the continuum. The coherence-transfer effect
as we have presented it, an the other hand, uses the same
laser both to "prestructure" the final-state continua and
to drive transitions within the ionizing system.
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