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We analyze in this paper the role of the correlations during double-electron ejection through two-
photon absorption from the lowest autoionizing state 'S¢ of helium. Emphasis will be put on the per-
tinence of the notion of simultaneity for double-electron ejection when this process does not require

electron interaction.

INTRODUCTION

In the course of our ongoing work on the assessment of
double ionization through multiphoton transitions [1,2],
we have been led to examine the probability for two-
electron ejection in two-photon absorption from the
25215°(1) doubly excited (autoionizing) state of He.
This represents the second ““step” of four-photon resonant
six-photon ionization and double ionization from the
ground state of the atom. The requirement of four-photon
resonance with the 2s? fixes the photon energy at
ho=14.45 eV, which makes energetically possible the
process 2s2+2ho— He+2e ~. We shall present the de-
tailed calculation and results for the complete six-photon
process in a longer paper. The purpose of this paper is to
report a somewhat surprising result on the photoelectron
energy spectrum in two-photon double-electron ejection.

It is well known that double-electron ejection by
single-photon absorption [3] can take place only if corre-
lation exists in the initial (and/or final) state. As a conse-
quence, the photoelectron energy spectrum [4] is repre-
sented by a continuum which typically exhibits a broad
minimum around the middle; i.e., corresponding to
equipartition of the total kinetic energy between the two
electrons. The main point we wish to make here is that in
two-photon double-electron ejection, the process is dom-
inated by transition channels that require no interaction
between the electrons. In fact, it can occur even in an
independent-particle model. As we show in the following
section, this leads to a photoelectron energy spectrum
qualitatively different from that of single-photon absorp-
tion. A further consequence of this feature is that the dis-
tinction between sequential and simultaneous double ion-
ization becomes rather subtle.

FORMALISM

In order to derive an expression for the photoelectron
energy spectrum, we consider |2s2) as an initial state in
the presence of a field represented by the photon number
state |V) where |2s2) will for the moment be understood
as the product of two hydrogenic 2s (with Z=2) orbitals.
We shall employ the resolvent operator in the notation of
our earlier papers [1] and shall denote the initial state of
the interacting system “atom + field” by |A4) =|2s2)|N).
Considering for now only transitions through channels
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that do not include electron interaction, the absorption of
two photons can only lead to final states of the form
|F)=|Kl,K'lI'Y| N —2) where |KI,K'l') denotes the proper-
ly antisymmetrized product of two independent-particle
continuum wave functions (calculated with Z=2) speci-
fied by the wave vector K and the angular momentum / of
the appropriate partial wave, dictated by the electric di-
pole selection rules. Having fixed the final state, the only
possible intermediate states allowing the two-photon tran-
sition (without electron interaction) are of the type
|C)=|2s,KI)| N —1). Within the above notation, the en-
ergies of the respective states are E4=FE, +Nho,Ec
=E);+Ex+(N—1)hw, and Er=Ex+Eg+(N—2)
X hw, where o is the frequency of the photon and E
denotes the energy of He " (2s). Denoting V as the dipole
interaction between atom and field, we have the following
set of equations for the relevant matrix elements of the
resolvent operator G(z):

(Z_a)A)GAA =1+§VACGCA'_érGAA ) (1)
GC—wc)Gca=VcaGaa +; VcrGra , 0))
(Z —wp)GFA =; VF(‘GCA , (3)

where I is the rate of decay (autoionization width) of
|252). Solving Eq. (3) for Gr4 and substituting into Eq
(2), we obtain

V, 2
(Z—wc)GCA =VCAGAA +Z |F—C|GCA . (4)
F Z—OF

Following the standard procedure, we set z =wc+in in
the denominator z — wr in the right-hand-side of Eq. (4);
and in the limit n— +0, the sum over F separates into a
real and an imaginary part, the first leading to the shift
and the second to the width of state |C). It is the width
that is essential to our argument here. It comes from the
6 function arising in the limit 7— +0 and results in the
expression

yc=27rfz [(Kolle-r|2s)|%d ak, (5)

1
with e being the polarization vector of the radiation,
where the integration over Qg, extends over the complete

solid angle, while Ko corresponds to the energy Ej
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=E»+hw. Introducing yc into Eq. (4), it can be writ-
ten as

(z—wc+ 7i7c)Gca=VcaGaa

from which we can obtain an expression for G¢4. Substi-
tuting that expression into Eq. (1), we have

|Veal?

. GAA_";‘I.FGAA.
z—owct+ 5iyc

(z—wA)G,.A==1+§

(6)

We will again approximate the sum over C by its value at
z=w,4 and will retain explicitly only its imaginary part,
which is finally written as

__}'_A__ﬁf [<Kl]e-r]|2s)|?
2 2 I (Ex—E )+ 5 v¢

dExd Qg

=~ f SlKile-sl2s)|%da, ™

where E;=hw — (E; — E,;>). K corresponds to the en-
ergy E.
J

KK |28 2[KKT | 1] 25| 2
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Using Eq. (7) with Eq. (6), we obtain

Gyq= I

> Ya=vatT, €))
_ z—wA+yzy,4

which combined with the expressions for Gcq and Gry,
enables us to express Gr4 as

VecVca ©)

Grq= —,
C—wr)z—wc+ Fivc)z—ws+ Tiv4)

where we can write

VicVea = (Kl p|2sXK'l'|u]2s) (u=e-T1). (10)

The photoelectron energy spectrum corresponds to the
spectrum of final states of the two-photon two-electron
transition. As such, it is given by lim; . «|Ur4(t)|? and
Ur4(2) is obtained as the inverse Laplace transform of
Gr4(z). From Eq. (9) it is evident that the three poles of
Gr4(z) lead to an expression for Ur4 () which consists of
a linear combination of three exponentials, two of which
decay as t— oo. After some straightforward algebraic
manipulations, the photoelectron energy spectrum for
double-electron emission can be written as

an

|Uk x| > =

We must at this point elaborate on the various levels of
approximation in the description of the state |2s2) and
their consequences on the photoelectron spectrum. The
approximation adopted above is crude (but not unphysi-
cal). The energy E,> would then be given by
2E 5 +(252|1/r 12|25 % which is different from the correct
energy, but also different from 2E,;. As long as
E,»=2E,, we shall have E|#E and the electron spec-
trum will exhibit two peaks [see Eq. (11)]. An even more
crude approximation would be to neglect the term
(252|1/r12|25%), which corresponds to two noninteracting
electrons leading to E,,>=2FE,; (see Fig. 1) and therefore
to a single-electron peak, since in that case E;=F,. Al-
though unphysical for He, this latter approximation to the
energy represents the correct limit for Z— oo, Both of
the above are unacceptable, even as zeroth-order approxi-
mations, for He.

Turning now to more realistic descriptions, our develop-
ment in this paper is consistent with perturbation theory
with 1/Z as a parameter. In the zeroth order, we must di-
agonalize the total Hamiltonian of the atom within the de-
generate manifold of the two hydrogenic configurations
2s2s and 2p2p (with Z=2). The resulting lowest-energy
eigenvector exhibits a dominant 2s2 character (77%) with
an energy of —0.7540 a.u. and will be labeled here as 252
In that case, we have E,;2>2E,; which leads to two
peaks in the electron spectrum. They merge into one in
the limit Z — oo,

Even within the above approximation, there is no possi-
bility of transition through correlated channels (n/,n'l’
with n,n'>2), since the overlap between the single-
particle hydrogenic wave functions ¢, or ¢,, and any oth-
er Coulomb function is zero. Therefore our development

[(Ex+Ex—E,2—2hw)*+ + 7A1I(Ex —Eo)*+ + 721

[
[Egs. (1)-(11)], although complicated by the appearance
of new intermediate and final states due to the presence of
the 2p2p configuration in 252, remains valid. The two sit-
uations (2s? and 2§? representations) are presented in
Fig. 1.

The first level of approximation that allows transitions
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FIG.1. A schematic diagram of the levels involved in double-
electron ejection. The figure on the left (independent) repre-
sents the case where the initial state |2s2) is represented by a
product of two hydrogenic ¢»; functions. On the right (zero or-
der), the initial state is calculated through a configuration-
interaction method within 2s2s and 2p2p; as a consequence it is
shifted upward. E¢ and E, correspond to the position of the
peak in Fig. 2.
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through correlation in virtual intermediate states is a rep-
resentation of 252 including configurations beyond the
n=2 degenerate manifold. Consider, for example, a rep-
resentation of the form

oo

(252 =3, an|2sns)+ Y, Ba|2pnp),
=2 n=2

n

where again we assume hydrogenic (Z =2) single-particle
wave functions (or equivalently we could choose two
configurations, 2s?> and 2p2, optimized with some
screened charge Z* different from 2). Clearly, states of
the form nsKp and npKl (I=0,2) with n> 2 can serve as
virtual intermediate states, thus leading to a continuous
distribution of photoelectron energies. It should also be
]

C
|UK,K‘| 2 Ycva

clear that the channel |2§%)— |2sKp)— |K'pKp) will
dominate followed in importance by |25%— |2pKI)
— |K'I'KI) (I'=0 or 2). Both of these channels contrib-
ute to the same two peaks which will usually rise above
the continuum background, since the configurations ns
and np (for n > 2) will appear with smaller coefficients. It
is worth noting that a similar situation arises when the
continuum is evaluated with a screened charge Z *=2.

RESULTS AND CONCLUSIONS

We analyze now the mechanism of double ionization,
starting from the zero-order case described above. After a
development similar to Egs. (1)-(11), one can show that

y4=2crS +T (¥ is the partial width of 252 due to the
coupling with all possible channels C'). Also we define
A=E,.>»—2E>, in terms of which E,»+2hw =2Eq¢+A.
We have evaluated this spectrum in the case of two-
photon double ionization of the 257 state. The parameters
(energy and widths) have been calculated for A =0.53
a.u. We have used techniques which go beyond the zero-
order approximation in order to evaluate accurately the
position of 252 (—0.7780 a.u.). Thus the resulting spec-
trum can be compared to experimental results when avail-
able. We will discuss these techniques in a subsequent pa-
per. The electron spectrum presented in Fig. 2 has been
calculated for the dominant final state KpK'p (then the
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FIG. 2. Electron spectra calculated for an intensity
I=2x10"* W/cm?2 The energy and autoionizing width I' of the
initial state are —0.7780 a.u. and 0.467x 10 ~? a.u., respective-
ly. Also, the intensity-dependent quantities are y.4 =0.0144 a.u.
(total width of the initial state) and yc =0.00686 a.u. (width of
the 2s state of He*). Note that the autoionizing width I is in-
cluded in y,4; it corresponds to a decay of the levels 252 toward
the adjacent 1sKs continuum.
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I
dominant intermediate states are of the type 2sK'p).

Before continuing with our discussion we assume that
from here on the term “correlation” will be associated to
the corrections which go beyond the zero-order approxi-
mation (such as the inclusion of screening effects as dis-
cussed above).

We have thus found that on the basis of very general
considerations, the two-photon double-electron energy
spectrum will exhibit two prominent peaks separated in
energy by the amount A =6 eV, which represents the ener-
gy difference between the true 25 state and the
independent-particle energy of that state. In the limit of
complete independent particles in the initial state, we
would have only one peak. To put this result in the proper
perspective, let us recall that single-photon double-
electron ejection cannot occur at all without correlation at
least in the initial state. Stated plainly, one photon cannot
eject two independent electrons. As a consequence, the
double-electron energy spectrum has a continuous distri-
bution with a more or less pronounced minimum at the
equipartition of kinetic energy between the two electrons.
Two (or more) photons, on the other hand, can eject two
independent electrons. If correlation is excluded, the dou-
ble ejection can proceed through uncorrelated intermedi-
ate states to an independent-particle final state. Under
those conditions, the energy spectrum will exhibit two
well-separated peaks and not a continuous distribution.
The importance of this conclusion lies in that we expect
those two peaks to dominate the spectrum even when
correlations are included. In that case, these two peaks
will appear on top of a continuous distribution of energies
resulting from direct two-electron transitions through
correlation in the intermediate states. Note that the
widths of the two peaks (in Fig. 2) are unequal for two
reasons. First, y4 yc, because the transition from 25% s
broadened not only by the photoabsorption but also by au-
toionization which contributes a width I' added to y4.
Second, the effective width of the peaks shown in Fig. 2 is
the result not of a single Lorentzian but of a convolution.

Additional questions pertinent to double-electron ejec-
tion are whether the electrons are emitted “‘simultaneous-
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ly” or sequentially and what measurement can provide an
answer. These questions are pertinent to the more general
problem of multiple-electron ejection under multiphoton
ionization [5-7]. On the basis of the above results, it is
evident that as long as the two peaks dominate, there is no
way of distinguishing sequential from simultaneous. Two
electrons emitted through uncorrelated channels can do so
simultaneously or follow each other at any time. They
are, however, emitted independently and the question of
simultaneity is essentially irrelevant. It becomes relevant
and meaningful only when correlation is involved. An at-
tempt to measure such simultaneity must therefore focus
on photoelectron energies away from the above dominant
peaks, assuming that the continuum part of the spectrum
is sufficiently large to be detectable. At this point, we

must also note that a coincidence experiment where the
ejected electron and the He?" ion are observed simultane-
ously will not make a distinction between uncorrelated
and correlated processes. From preliminary results we
have on direct double-electron ejection through correlated
channels, we expect the latter to be detectable as a low
background between the peaks outside of their widths.
This will be discussed fully in a future paper.

ACKNOWLEDGMENTS

This work was supported by the National Science
Foundation Grant No. PHY-9013434, and by NATO
Cooperative Research Grant No. CRG890343.

*On leave of absence from the Laboratoire des Collisions
Atomiques, Universite de Bordeaux I, 351 cours de la Li-
beration, 33400 Talence, France.

[1] H. Bachau and P. Lambropoulos, Z. Phys. D 11, 37
(1989).

[2] H. Bachau, P. Lambropoulos, and X. Tang, Phys. Rev. A
42, 5801 (1990).

[3]1 F. W. Byron and C. J. Joachain, Phys. Rev. 164, 1 (1967).

[4] R. L. Brown, Phys. Rev. A 1, 586 (1970).

[5] P. Lambropoulos, Comments At. Mol. Phys. 20, 199
(1987).

[6] M. Crance and M. Aymar, J. Phys. (Paris) 46, 1887
(1985).

[7] K. Burnett, J. Phys. B 21, 3083 (1988).



