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%'e present a theory and calculations of transitions between autoionizing states in He. A I' reso-
nance is assumed excited by a weak source while a strong laser couples it to other autoionizing
states. %e calculate the total ionization probability, the line shape, and their dependence on the in-

tensity of the laser. Possible experimental verification is also assessed.

I. INTRODUCTION

Although transitions from bound states to autoionizing
states have been the subject of extensive investigations
over more than three decades now, there is essentially
nothing known about transitions between autoionizing
states. Until recently, this question would have been of
only academic interest since the excitation of such states
by traditional (weak) radiation sources or electron beams
does not allow the observation of such transitions. The
autoionizing states simply decay (autoionize} too fast for
these excitation schemes to be able to cause an additional
transition within a time of the order of 10 '2 sec, or
much less in the usual case. The question has, however,
now become very pertinent in view of experiments in mul-
tiphoton excitation of autoionizing states under strong
lasers. ' The available intensity is more than sufficient
to cause such transitions. In addition, the tunability avail-
able in present day lasers and the multiphoton character
of the excitation allows the selective excitation of such
transitions. There exists indirect experimental evidence
that transitions between autoionizing states may have
played a significant role in recent multiphoton experi-
ments on Sr.'

In this paper we address this question in the simplest
possible context which allows the direct evaluation of the
relevant probabihties. We have considered transitions
from the lowest 'Pi autoionizing state of the He atom to
the first higher group of 'D2 states. To keep the context
as simple as possible, we assume that the 'I'~ state is excit-
ed either by a weak source (e.g., synchrotron) via a single-
photon transition or by a multiphoton transition of the
appropriate order (odd). Excitation by electron scattering
is also, at least in principle, possible, but an examination
of the conditions for the observability of this process
shows that it would be highly impractical. The second ex-
citation is assumed to be induced by a laser whose fre-
quency range and necessary intensity are discussed in de-
tail later on. An experiment along similar lines in Ne
had been reporteds some years ago, but to the best of our

knowledge its results remain inconclusive. In view of the
fact that the lower Ne resonance in that experiment was
excited by electron scattering, the enormity of the difficul-
ty in exciting a higher resonance with a laser is compati-
ble with our findings.

In the foBowing sections we present a brief review of
the formalism needed for our calculation, a description
of the method ' employed in the construction of the wave
functions, and our results, together with an evaluation of
their observability and relevance to experiments on other
atoms.

II. FORMULATION

The formalism employed in this paper is based on pre-
vious works developed for problems of this type. Thus we
can be brief in establishing the necessary equations. To
keep the formal equations as simple as possible, we as-
sume that the first excitation is caused by single-photon
absorption. The modifications that would be necessary
for other forms of excitation are straightforward exten-
sions and will be indicated later on.

I.et
~ g ) be the ground state of the atom,

~

a ) the first
autoionizing state, and

~
b) the second. An electric di-

pole transition induced by linearly polarized photons of
frequency toi causes the excitation g~a, while a second
photon of frequency to& (also linearly polarized along the
same direction} causes the transition a~b. Each of the
autoionizing states a and 6 autoionizes to a continuum.
The presence of the laser photon to2, however, can induce
additional transitions to these continua as well as to other
continua which would not enter the problem under the
usual conditions of autoionization. There are four such
continua in this problem. Although not all of them are
equally important in our calculations, in developing the
formalism all four are included; in the specific application
we decide which are the dominant ones.

The total Hamiltonian of the problem is written as

H =Ho+ V+Hg+D,
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where Ho+ V=Hz is the atomic part, Ha is the free ra-
diation part, and D is the dipole interaction between the
two. In terms of the creation and annihilation operators
for a single mode, D is given by ak(ez. r) —ak(ek r) where
ek is the polarization vector of the photon mode k. We
need not be concerned with multimode and bandwidth as-
pects here. It is sufficient to assume that two modes of
the field, having the same polarization and propagating in
the same direction, are occupied with occupation numbers
ni and nz corresponding to the frequencies roi and roz.
We denote the continua by ci where l designates the orbi-
tal angular momentum (partial wave) of the continuum
state. The "atom plus field" states entering the problem
are

i', a }
) scl

a)= la;n, —l, nz&,

If &=Ib;n, —l, n, +1&,

co& —
I co,'ni —l,nz+1)

c 0& =
I
co»'ni —l,nz —1&,

I c, &= lc, ;n, —l, n, &,

I

c', &=
I c, ;n, -l,nz-2&,

I ci ) =
I ci,ni —l,'nz+2)

I c, ) =
I c„ni l, n, —+1),

cz &
——

I cz, ni —l, n2 —1),
I c3)

I
ci nl 1 n2)

Ic', )= Ic„n, —l,n, —2) .

(b}

He: ts (So)

The transitions through which the above states enter the
problem are shown in Fig. 1. The respective energies are
given by the sum of the atomic and corresponding field
energies, e g , Es . .Es+ni%——oi+nzRcoz, E,,=E,,
+(n i

—1)Ac@i + (nz+1)fico2, etc. The continuum states ci
and c i involve the same partial wave but differ in energy
because different numbers of photons are absorbed and
emitted in reaching these states as illustrated in Fig. l.
For example, the I =2 partial wave can be reached from
state

I
a ) either by absorption or by stimulated emission

of a photon coz. These additional paths become significant
because the intensity of the laser can make such induced
processes as strong as or stronger than autoionization.

We introduce the resolvent operator G(z)=(z H)—
and the projection operators P and Q= 1 —P with P de-
fined by

I' =I') +I'2 —I')P2,

where

P, =
I
y„(i)& &((„(i)I, i =1,2

(2.2a)

(2.2b)

and P (i) iis the hydrogenic wave function (with Z =2)
for the ith electron. We evaluate the corresponding time
evolution operator U(i) whose matrix elements are denot-
ed by U,-, U~, etc. In terms of these matrix elements,
the ionization probability is given by

w= 1 —
I Ugg(T) I

(2.3)

where T is the time of interaction between atom and field,
which in our calculation will be understood to represent
the laser pulse duration. The Hamiltonian Hz of the
atom is now partitioned as follows:

Hg ——Ho+ V,

Ho PH~P+ QHg Q—,—
V= PHD Q+ QHg P,

where we have used the identity

Hg (P +Q)Hg (P +Q)——.

%e have

H =Ho+Hg+ V+8 .
Vhth the Hamiltonian partitioned as above we have

[z (Ho+Ha ))G —VG DG—=1—
(2.4a)

(2.4b)

(2.4c)

(2.5)

(2.6)

He: (s (So)

FIG. 1. Schematic representation of the coupling between the
ground, the autoionizing states, and the continua entering the
problem in each case. The arrow marked Ace~ represents the
weak source photon. All other arrows represent laser photons.
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and incorporating the initial-state vector
I g) we obtain

the equation

(z —Ho —Hg}6 Ig) —VG Ig) DG—Ig) = Ig) (2.7}

l (2}z+ yg G~ —Dg, G~g —D gb gb —1,
2

(2.8a)

—D„G + x+5, +—(y'."+y'."+I.) G.,

from which we can obtain matrix elements of the type
6,&, 6~&, and G, , etc. with all other states of interest in

the calculation. After writing these equations, we elim-
inate the matrix elements involving the continua which
give rise to ionization widths and shifts. The formal
development of this elimination follows the procedure of
Ref. 6 and will not be reproduced here. The reader should
note that the definition of P here is somewhat different
from the P of Ref. 6. Thus we arrive at the equations

are also proportional to the laser intensity. The couplings

Ds, and D,b are roportional to the square root of the in-
tensity while Dgb representing a two-photon coupling is
proportional to the intensity.

With a given choice of wave functions, all of the above
parameters can be calculated and from the solution of the
algebraic equations (2.8) the matrix elements of 6 are ex-
pressed as functions of z. From those expressions through
the inversion integral of the Laplace transform, we obtain
the matrix elements of U( T) needed for the calculation of
ionization. It will be noticed that we have dropped the
bars over the subscripts in Eqs. (2.8). This should not
cause any confusion because after having eliminated the
continua, the photon numbers appear only as multiplica-
tive constants of the coupling parameters. Thus the ma-
trix elements of 6 can now be identified unambiguously
with the three discrete states of the problem.

III. %'AVE FUNCTIONS

—Db G~ —Db, G,s
(2}

D~b6—b =0, (2.8b)
The continuum wave function is approximated by

g,+(Z) defined by

+ i+ z+ (~b+3 b + yb } Gbg =0 (2.8c)
2

~ [4n, i, m (ri )FI (rz) ],1
(3.1)

where the detunings 5i and 5z from the two resonance
transitions are defined by

5,=e,—[(Z.+S."'+S."'+~.) —(Z, +S,)], (2.9a)

5z=e z [(Z, +S—,'"+S,'"+Sb)

(2.9b)

Here I and b denote the nonradiative autoionization
widths and shifts. The radiative widths y and the shifts S
are defined by equations of the form

z ya =~(
I Dc;a I z, =z +

I D,' I z,=z ) ' (2.10a)
I

1 .r, i(S( +g( ) ui, (rz)
FI (rz) = i '(2lz+1)e ' ' Pi (cosa)

4m 2 P'2
(3.2)

with uI (rz) being the solution of the equation (in atomic

units)

drz

Iz( 1z+ 1) z 2Z+k'+ ui (rz) =0,
l'2 T2

(3.3)

where p, I ~ (ri) is a bound hydrogenic wave function for
electron 1 corresponding to the ion He+ and A denotes
the antisymmetrization operator. The continuum wave
function F&,(rz) has the usual general form

s.'"=p f dz, .
" +p f dz,

E ci E
i

(2.10b)
where in Etw. (3.3) we set Z =1. The energy of the ejected
electron is —,k and the asymptotic form of u& (rz) is

1/2

where P here means "principal value" and where j =a,b
and the superscript (i) (which assumes the values 0,1,2,3)
indicates the continuum into which ionization occurs. It
should be noted that ionization from either a or b can
here occur by either the emission or the absorption of a
laser photon as indicated in Fig. 1. Thus the term ioniza-
tion width in this context has a meaning that is somewhat
more general than usual.

The quantities D~, D,b, and D gb' are not simple dipole
matrix elements between the respective discrete states
since they also involve indirect couplings of these states
through the continua, as discussed in Ref. 6. Finally„
direct dipole, continuum-continuum couplings have been
neglected in deriving Eqs. (2.8) as they are not expected to
be significant in this problem (see also related comments
in Ref. 6). All shifts S are proportional to the laser inten-
sity and as a result the detuning will in general vary with
laser intensity; they are dynamical detunings. All widths

2
ui (rz}

mk
sin8(rz),

where 8(r) is the phase of the pure Coulomb wave func-
tion. This condition assumes the normalization

&y.+(z)
I y,+(z')

& =5(z-z )5(n, —n„.),
where Qk and Ilk are the dire:tions of propagation of the
electron and E,E', the respective energies. The angle cx

between the electron wave vector k and r2 is given by
(rz.k)/krz.

The method of calculation of the autoionizing states
has been given in Ref. 8. Here we simply summarize
some of the general features of the calculation.

Employing the operators P and Q defined in the revi-
ous section, we define the resonant wave function X, ' as
the solution of the equation

(QHgQ —g, )X, ' =0,
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(3.5)

where P indicates the principal value. Since 6, turns out
to be of the order of magnitude of the width, we shall
neglect it in this work. The overall scope of this calcula-
tion, moreover, is not the prediction of the exact reso-
nances but rather their behavior under laser excitation.

We expand g, ' on a basis of hydrogenic functions as

X ' = g Qjuj~'

J
where (with 5,J the Kronecker delta)

L,S

[2(1+a„,„,S...,)]'"
XA [R„,I (ri)R„ i (r2)y ' (l,2)],

(3.6a)

(3.6b)

R„i(r) represents the radial part of the hydrogenic func-
f,ion P„t~(r), »d

y ' (l,2)= g(li12L im, M —m)FI, (1)Y'i, (2) (3.7)

with F~ being the usual spherical harmonic and
(lil2L

~
m, M —m) a Clebsch-Gordan coefficient. Given

the normalization condition adopted above, the width of
the autoionizing state can be expressed as

I s =2m' s' HaP s+ Es dQk, 3.8

where we have integrated over the solid angle of the out-
going electron and where

(H' E, )f,+(E, )—=0 (3.9)

H'=PHD P+ PHg 7„* X„' Hg P

n +s) E, —g„
(3.10)

(g„ is the energy of the generic resonant state in Q space,
the subscript s indicates the specific resonance of interest. }
We approximate the function f,+(E) by l(,+(E) in Eq.
(3.8), which means that the bound electron is assumed to
fully screen the nuclear charge. Noting that
P

] y+(E, ) & =
[ y+(E, ) & and Q [X,"(E,» = IX,"(E,}&,

the operator QHP in the matrix element of Eq. (3.8) prac-
tically reduces to 1/r, 2. Finally, the matrix elements cou-
pling the resonant states 7, ' with the continuum can be
shown to involve integrals of the form

J&(p) J g s+I+1 r(p+ik)—
)&iFi(iZ I k+I+1, 2i+,2i2rk), (3.11)

where iFi(a, b,x) is the confluent hypergeometric function

where H„ is the total nonrelativistic Hamiltonian of the
atomic system with L,S being the total orbital angular
momentum and total spin, respectively. The energy of the
state is E, =g, +b„where b„ is the shift introduced by
the configuration interaction coupling the resonant state

rvith the continuum and is expressed as

b,, =(X, '
~
(QHgP)p(g, PH—~P) '(PHqQ) ~gg' &,

and the integrals J, are easily expressed through recursion
relations.

IV. CALCULATIONS

TABLE I. Autoionization widths I, energy positions E, and
shape parameter q of the resonances entering the problem. D~
is the dipole coupling between 'P and the resonances 'S and 'D.
AH the quantities are in atomic units (a.u.).

r (a.u. ) E {a.u. ) D,b {a.u. )

0.127 @10-' —0.6878 —4.7
(0.133X 10-')' (-0.6929)' {-2.8)'

( —2.3)'
'S'(1)

'D'{3)

0.508' 10-'
(0.459~ 10-')'
0.262 ' 10-4

(0.213X 10-')'

—0.7750
( —0.7788)'
—0.5560

( —0.5564)'

1.56

1.29

'Our results are compared to those of Bhatia and Temkin (Ref.
10).
Experimental result of Madden and Codling (Ref. 11}.

We consider first the excitation of a 'P' autoionizing
resonance. There are several such resonances for which
we adopt the general notation +'L "(n) where s is the
total spin, L is the total orbital angular momentum

(S,P,D, . . .), (o,e) indicate odd or even parity, and n is the
numbering of the resonances within the L series under
consideration. The energy of the resonance increases with
increasing n Th. e atom, initially in the ground 'S' state,
is excited to the 'P'(1} resonance by the absorption of a
photon from a weak field whose frequency is near-
resonant with the transition. A second photon from a
strong source (laser) couples 'P'(1) with either 'D'(3) or
'S'(1) and these two cases will be discussed separately. In
the notation of Sec. II, 'P'(1) corresponds to state ~a &

while 'D'(3) or 'S'(1) correspond to
~
b&. In Table I we

list some of the atomic parameters of these states as ob-

tained in this calculation together with values obtained by
Bhatia and Temkin' as well as an experimental value for
Fano's shape parameter q obtained by Madden and

Codling. " Our values for the autoionization widths I
and the energy positions E of the resonances are in

reasonably good agreement with the results of Bhatia and

Temkin (see Table I). Our value for q, on the other hand,
differs significantly from the experimental result. The
cause of this discrepancy can be attributed mainly to our
overestimation of the dipole coupling between the ground
state and the resonance 'P'(1). This overestimation is

most probably due to the inaccuracy of our ground-state
wave function which is constructed in terms of a hydro-

genic basis set. We have used a set of between 20 and 30
elements u s for the calculations of the ground and

resonant autoionizing states. Since the main purpose of
this work is to study the coupling between autoionizing
states under a strong laser, the above discrepancy does not
introduce any major difficulties. The transition from the

ground state to 'P'(1) is merely a weak probe for our pur-

poses. We note that values of q to the other resonances
are neither known nor meaningful in our context, because
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the resonances cannot be reached by photoabsorption
directly from the ground states. As we show subsequent-

ly, the line shape and the probability of autoionization
through the even parity resonances depends on the se-
quence of transitions, the strength of the coupling D,~

(also listed in Table I) between
~
a) and

~

b) and the laser
intensity to which

~
D,& ~

is proportional.
Having taken 'P'(1) as state

~

a ), we consider now the
coupling of

~

a ) with one of the even parity D resonances,
choosing specifically the state 'D'(3). This choice is in

~art dictated by practical considerations. For example,
D'(1} is energetically so close to 'P'(1} that it would re-

quire a laser source of wavelength A, =27000 A to couple
the two. On the other hand, although 'D'(2} is energeti-
cally at a more convenient energy, it turns out that its di-

pole coupling to 'P'(1) is exceedingly small owing to a
cancellation of the contributions of the main a; com-
ponents [see Eq. (3.6a)]. This not only makes difficult the
observability of this process, it also prevents the precise
theoretical determination of the coupling matrix element

D,b It is p. erhaps worth noting that this problem of can-
cellation arises also in other autoionizing resonances of He
as, for example, when the autoionization width of 'P'(4)
is calculated. The smallness of the coupling D,& would
also require rather large intensities (much larger than 10'2

W/cm ) for the excitation of 'D'(2). At such intensities,
the picture would be complicated by additional effects re-

quiring a much more elaborate treatment which would ob-
scure the main objective of this work as well as any exper-
imental attempt.

A. Strong coupling of 'P'{1)with 'D'{3)

With the resonance 'D'(3) taken as state
~

b ), we note
that in addition to its coupling to the continuum 1sel, this
resonance can be also coupled to the continua 2sel and
2pel by absorbing one more photon. This is possible be-
cause the energy of the photon (hv=3. 574 eV) necessary
to couple 'P'(1} with 'D'(3) is also sufficient to cause a
transition of 'D'(3) into the continuum above the n =2
ionization threshold. Note that this would not be the case
for 'D'(1) or 'D'(2). It is also important for our calcula-
tions to note that the dipole coupling between the resonant
states and the continua of the form 1sel is rather small (of
the order of E010 a.u. with Eo being the strength of the
electric field). A consequence of this feature is the ab-
sence of significant broadening of the resonant states ori-
ginating from laser-induced transitions into the continua
1sel. The situation is, however, quite different when tran-
sitions into the continua 2sel and 2@el are energetically
possible. In that case, the resonant states can be ionized
via these additional channels as mell, thus acquiring addi-
tional laser-induced widths which can be quite significant
above certain laser intensities (approximately 10'
W/cm ). Ionization through these channels, moreover,
leaves the ion in an excited state. In addition to its impor-
tance in this paper, the distinction between transitions
into continua with different core states is always impor-
tant when one considers the broadening of autoionizing
states due to laser-induced transitions. As the above dis-
cussion shows such transitions may or may not be signifi-

cant depending on the continua that are energetically ac-
cessible. This point seems to have escaped the attention
of Andryushin et a/. ' who have written several papers
based on the premise that this broadening is always
present.

Let us assume now that a laser is at first tuned exactly
on resonance with the transition

~

a)~
~
b) which im-

pBes 52 —0. Since 52 is a dynamic detuning affected by
the Stark shifts of resonances, it depends on the laser in-

tensity. For simplicity of presentation, we assume that at
each intensity, the frequency is adjusted so as to satisfy
the condition 5i ——0, which is also the easiest arrangement
for the experiment. The results can always be easily relat-
ed to the zero-field detunings because the magnitude of
the shift is explicitly included in our calculation. With
52 ——0, we assume that a weak source' with frequency co&

tunable around the transition
~ g )~

~

a ) excites the reso-
nance

~

a ) ='P'(1} which is coupled to 'D'(3}=
~

b ) by
the laser. We calculate the total ionization as a function
of aii for different values of the laser intensity. We
present the results in terms of 5i [which is uniquely relat-
ed to cubi through Eq. (2.9a)] measured in units of I", the
autoionization width of 'P'(1). Total ionization comes
from autoionization of either of the two resonances and
possibly from laser-induced transitions to the various con-
tinua, if the intensity is sufficiently large. In any case, all
of these channels are included in the seemingly simple ex-
pression of Eq. (2.3) and have been taken into account in
the reported results. The complexity of the problem is of
course hidden in the expressions for the matrix elements
of U(T).

If the laser is sufficiently weak, resonance
~

a ) autoion-
izes before any excitation to

~
b) can occur. Then, scan-

ning of 5i will simply produce the autoionization line
shape of ~a) since the laser has no effect whatsoever.
This is almost the case in Fig. 2(a) which represents the
results of a calculation for laser-field intensity Ei ——10
a.u. (corresponding roughly to 10 W/cm ). At this inten-
sity, the effect of the laser is barely beginning to appear,
causing some excitation from

~

a) to
~
b), but it still is

weak and the overall line shape is that of the 'P'(1) reso-
nance. The significance of the very narrow dip in the
middle (too narrow to be resolved on the scale of the
graph) becomes evident as we follow the development of
the line-shape (with increasing intensity} from Fig. 2(a) to
2(d) which corresponds to E2 ——3 X 10 a.u. The profile
has split into two lines as a result of the oscillation be-
tween

~
a) and

~

b). The separation between the two
peaks is equal to about 6I, and in the parlance of double
optical resonance (DOR) it is also equal to the Rabi fre-
quency 0=2D,b. Physically, it represents the frequency
with which the transition

~
a)~~ b) takes place at this

intensity. Thus we can infer that an atom excited to
~

a )
in the presence of this laser intensity will be excited to

~

b ), and deexcited back to
~

a ), by stimulated emission
more than once before it ionizes. Still, ionization is dom-
inated by autoionization from

~
a) because its width is

about 50 times larger than that of
~

b ) (see Table I). For
the same reason, in Fig. 2(d), it is the width I, that dom-
inates the breadth of the two components.

The reader familiar with double resonance phenomena
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E'&= )0 o. U. E
&

= z x «0 a.u.

I I

-3-2 -) 0 ) 2 3
s«/r,

(o)

l I I l
-3 -2 -1 0 I 2 3

s«/r.

5x&G
E~= «0 a. u.

-3-2 -1 0 f 2
8$

-4-3-2 -1 0 1 2 3
'/r,

(d)
FIG. 2. The line shape of total ionization as a function of

5&
——fico& —(E~—E) in units of I, the autoionization width of

the state 'I'. The strong laser is tuned exactly on resonance with
the transition 'P~'D which imphes 52——0. 8' is the total ioni-
zation probability which, owing to the weakness of the first
source (synchrotron), is proportional to its intensity I, and the
time T, i.e., W-I, T. For the calculations, we have taken
T =10 a.u. and I,=1.4)(10'%/cm . EL, is the field strength
of the laser in atomic units. Note that 1 a.u. of El. corresponds
to 1.4 X 10"%/cm',

in spectroscopy may wonder why the doublet of peaks in
Fig. 2 have not equal heights even though the laser is
tuned exactly on resonance with the transition

I
a )~

I
b ).

The reason is that the original (unperturbed by the field)
line shape is slightly asymmetric. It is this asymmetry
that is manifested in the unequal peak heights. As usual
in this type of interactions, the original line-shape asym-
metry is due to the coupling of the resonant state with the
continuum. In any ease, the separation between the two
peaks is given by 2Qo =2

I Ds
I
=2E2 I & b

I
z

I
a & I

w"ich
is a direct measure of the coupling between the two au-
toionizing states. The presence of the splitting is there-
fore direct evidence of the excitation of

I
b ) and its mag-

nitude provides the transition probability per unit time.
Excitation of

I b) from
I a) will occur even when the

laser is detuned from exact resonance with that transition.
An example of that case is shown in Fig. 3 calculated for
detuning 5z ——I,. We have again the development of a
splitting which in this case is given by 2Q where now 0 is
the generalized Rabi frequency Q=(52+ Qo )'~ with Qo
being the Rabi frequency for 52 ——0 as defined above. The
asymmetry of the peak heights is more pronounced now
because, even if the initial line shape is symmetric (as in
traditional DOR), excitation off resonance will result to
asymmetric splitting. In terms of dressed states, one can
say that one of the two dressed states is excited more.
There is, however, one new aspect here which is not found

B. Strong coupling of 'P'(1) with 'S'(1)

We now take as state
I
b ) the autoionizing resonance

'S'(1) whose energy' lies below that of
I
a ) ='P'(1) by

5x)0
)0 o.u. 2x)Q au,

t x10
I I

-3-2 -) 0 1 2 3
'«/r.

(a)

I I I

-3-2 -) 0 ) 2 3
'«/r,

(b)

4
E i = s x «0 o.u. )0 'O. u.

1x)0
I I I

-3 -2-& 0 f 2 3
8«/(.

( )

I I I
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FIG. 3. Same as in Fig. 2 except that 52 ——I, .

in the typical DOR case, namely the widths of the two
peaks are not equal in Fig. 3. This has again to do with
the initial asymmetric shape. The width of each peak is
determined by autoionization as well as the laser-induced
ionization of the upper state to the higher continuum 2@el
and 2sel by the absorption of an additional photon thus
leaving the ion in an excited state. The ionization widths
for these channels are yz„I =2mE20. 63 a.u. and

yz&,i=-2nEz4. 4 a.u. Most of the ionization does again
come from autoionization of 'P'(1) because of its dom-
inant width. As the intensity rises, however, the upward
ionization of 'D'(3) begins to play an increasing role.
That is why the peak heights in Fig. 2(d) are reduced
while the widths are increased. Thus we have a rather
novel and unconventional DOR in that at intensities
below 10' W/cm, the laser couples strongly a broad
'P'(1) with a narrow 'D'(3) autoionizing state. With in-
creasing intensity, the narrow state begins to broaden be-
cause of the increasing contribution of other channels
leading to continua that do not interfere with the autoion-
ization ones. To the extent that these continua contribute,
the atom is prevented from autoionizing driven instead to
higher continua resulting in excited state ions.

In closing this case, we present in Fig. 4 the calculation
for 52 ———I,. Everything said above applies here as well,
except that the details of the line shapes are now different
because of the original asymmetry. It should be evident
by now that by detuning to the other side of the asym-
metric resonance, a significant difference from Fig. 2 is to
be expected, as is indeed the case.
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ing intensity, we have at first some broadening of the
field-free line shape [Fig. 5(b)] and eventually the develop-
ment of the two peaks [Figs. 5(c) and 5(d)]. Again the
fact that we obtain a splitting larger than the autoioniza-
tion width, demonstrates that at that laser intensity
(-5X10" W/cm ) we have significant transitions be-
tween

~

b ) and
~
a ). The atom, once excited to 'P'(1) by

the weak source (chosen exactly on resonance), undergoes
a few transitions to 'S'(1) and back before autoionizing.
The amount of ionization through 'S'(1) is larger than
ionization through 'P'(1), roughly by a factor of 3.5
which represents the ratio of the respective autoionization
widths. The slight asymmetry persisting through all four
of the figures has again its origin in the slight asymmetry
of the field-free line shape.

V. CONCLUDING REMA.RKS
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FIG. 5. The laser is now tuned exactly on resonance (52——0)
with the transition 'P ~'S corresponding to Fig. 1(b).

about 2.365 eV or 19028 cm '. Thus a laser-induced
transition from

~

b ) to
~
a ) involves the stimulated emis-

sion and not the absorption of a photon. There are in ad-
dition two other important differences from the previous
case: (a) The continua 2sel and 2pel are not accessible
through the absorption of one photon. (b) The autoioniza-
tion widths of both resonances are comparable in magni-
tude which means that photoelectrons will be produced
through the autoionization of both, even when they are
strongly coupled by the laser.

The results of the calculation for the line shape are
shown in Fig. 5. For low intensity [Fig. 5(a)], we again
see the line shape of the 'P'(1) resonance because the laser
is too weak to induce transition to 'S'(1). With increas-

With our calculations in this work, we have explored
the strength with which autoionizing states can be cou-
pled by a strong radiation source (laser}. Choosing states
that can be coupled by lasers of readily available photon
energies (from about 2 to 4 eV}, we have shown that these
autoionizing states, once excited by whatever means, can
be induced to make transitions to other autoionizing states
to which dipole transitions are allowed. At laser intensi-
ties around 10' W/cm, such induced transitions compete
with autoionization and eventually dominate. Eventual
ionization of the atom is of course the inevitable outcome,
but in the process the atom can be excited to higher au-
toionizing states if the frequency and intensity of the laser
are chosen appropriately. As we have shown, one of the
signatures of such excitations is the change of the au-
toionization line shape. Thus if an experiment were to
study the excitation of a 'P' resonance by scanning the
frequency of the exciting source, the broadening and split-
ting of the line shape can be related directly to the
strength of the coupling between the autoionizing states.
Of course another signature of this effect is the pho-
toelectron energy spectrum because the strong field redis-
tributes the probability of excitation among the coupled
resonances and the participating continua. The involve-
ment of the continua under strong coupling is, as we have
seen, far from straightforward, especially when excitations
above a higher threshold are energetically possible.

The weakest point of this calculation is the dipole tran-
sition from the ground state to the 'P'(1) resonance. As
pointed out earlier, this is m.ainly due to our representing
the ground state in terms of hydrogenic wave functions.
This dipole transition, however, is rather peripheral to our
objective here since it simply serves as the mechanism of
excitation of the initial resonance. We could have simply
assumed, in fact, that the initial resonance is somehow ex-
cited and take it from there. One of the reasons we did
not do this is that we want to present a self-contained
theory of the process. Our continuum wave functions can
also be criticized since they are expressed in terms of
Coulomb wave functions. Although they are not expected
to be satisfactory in general, they are sufficiently ap-
propriate for our purposes in the energy range of interest.
This is borne out by a calculation of the photoionization



H. BACHAU, P. LAMBROPOULOS, AND ROBIN SHAKESHAFT 34

cross section of He which agrees reasonably well with
data and other calculations in the energy range 50—100
eV. It does not give a good result at very low and high
energies, as expected. This will affect somewhat the accu-
racy of our calculation of photoionization of the autoion-
izing state D'(3) to the continuum 2sel because of the low
energy of the ejected electron. Our calculation of the
shifts and widths of the resonances (due to the coupling
with the continuum) is in good agreement with the results
of Bhatia and Temkin. '

Experiments in which the effects of this paper will be
of relevance must involve obviously a strong laser and a
way of exciting the 'P'(1) or an equivalent resonance.
The same laser can in principle serve that purpose
through a multiphoton process of relatively high order
which has to be odd for the transition to be allowed. For
the frequencies to match both the excitation and the cou-
pling of 'P'(1) to the 'D' resonance, the selection of a res-
onance higher than the 'D'(3) would be required. This
arrangement is quite pertinent to presently ongoing stud-
ies of multiphoton ionization under strong lasers. ' We
cannot, however, discuss the details of such an experiment
here since we have not dealt with the multiphoton excita-
tion part which we will leave for a follow-up paper.

We can discuss the possibility of single-photon excita-
tion by synchrotron radiation in the presence of a laser.
The details of the synchrotron beam are here important.
Thus we can only give a rough general estimate assuming
average conditions. Taking a photon flux of E,=10'4
photons/cm sec (which is rather optimistic) and the exci-
tation cross section which is about o =10 '7 cm, we have
an excitation transition probability of nF, =10 sec
A strong laser is pulsed. If we take pulse duration of
about 10 s sec, we find that 10 ' of the atoms in thein-
teraction volume will be excited to the higher state, since
as we showed this coupling can be made so strong as to
have probability unity. The laser must also be focused
which makes the interaction volume about 10 3 cms or
less. We are assuming here that the synchrotron beam is
broader, as is certain to be the case. It all depends now on

the density of atoms per cm in the interaction volume.
Taking 10' /cm (simply as a point of reference) we ob-
tain one event per laser pulse (10' )& 10 &(10' ). We are
not in the position to assess how unrealistic this density
may be. The repetition rate of both laser and synchrotron
pulses is of critical importance here as is of course the
detection requirements about which me do not know
much. According to our understanding, it is the repeti-
tion rate of the laser that is the limiting one since that of
the synchrotron can be quite high (30 MHz). From gen-
eral considerations and information we have pieced to-
gether by talking to experimentalists, we would consider
such an experiment as marginal at best. The final word of
course belongs to the experimentalists.

Excitation by electron scattering can be easily ruled out
because of the short duration of the laser pulse. Note that
the electron does not interact with the field here. It sim-

ply excites the target. Any electron beam is too weak to
excite enough atoms within the laser pulse to make the ef-
fect observable. It is orders of magnitude beyond observa-
bility.

Although we have dealt specifically with He here, a
comparison of our results with related work's in other
two-electron atoms such as C and Sr shows that general
features such as the range of laser intensities and the
strength of the coupling between autoionizing states are
more or less common. The range of frequencies and other
details do of course depend on the structure of the partic-
ular atom.
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