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The strong-field behavior of a three-body quantum system analogous to a negative ion has been inves-
tigated by solving Schrddinger’s equation nonperturbatively for two electrons on a two-dimensional lat-
tice. Both photodetachment and core ionization have been studied, and we find that photospectral time
dependence distinguishes between direct and stepwise ionization routes for the inner electron.

PACS numbers: 32.80.Rm

Strongly perturbed three-body systems inhabit a rela-
tively unexplored domain in theoretical physics, and
present a wealth of unsolved problems. In the area of
atomic physics, the fundamental three-body systems are
neutral helium (and its isoelectronic analogs), the atomic
hydrogen negative ion, and the molecular hydrogen posi-
tive ion. Spectroscopic data for these systems are nu-
merous regarding low-lying states, but information about
high-lying states relating to the behavior of these systems
under strong perturbations is almost completely absent.
The main objective of this paper is to report new theoreti-
cal findings regarding two-electron ionization in a strong,
pulsed laser field of optical or higher frequency.

By way of background it is important to know that in
the last few years significant advances have been made in
understanding the response of single-electron atoms to
strong and superstrong radiation fields [1]. By the term
strong field we will mean irradiation by a near-optical
laser whose electric-field strength is §=0.3 a.u. or
greater (intensity above 10'> W/cm?). Related earlier
work has included the experimental discovery of new
single-electron phenomena such as above-threshold ion-
ization (ATI) [2] and very-high-order harmonic genera-
tion [3], as well as theoretical predictions of stabilization
of one-electron atoms under strong and superstrong fields
[4].

In this paper we report energy levels and nonperturba-
tive calculations of photoelectron spectra for a two-
electron system. We have used the same strong-field lat-
tice theory model with an infinitely heavy nucleus as
Pindzola, Griffin, and Bottcher [5], but we have chosen
the nuclear charge +1 instead of +2. Therefore our sys-
tem can be tentatively identified as a one-dimensional
analog of the hydrogen negative ion. For the static in-
teraction between any two of the three particles, located
at positions x, and x,, we use the soft-core Coulombic
potential V(x,—x;) =+ [1+(x, —x5,)21 "2 with the
sign determined by the charges. The most prominent
two-body properties of this potential are by now well
known [6], but in a two-electron context its characteris-
tics have not previously been explored, and we begin by
reporting some spectral data (which we round off to two
significant figures in dimensionless atomic units for sim-
plicity throughout).

First, and most important, we have found that this sys-
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tem has only one bound state, as is the case for the real
H™ ion. The single bound state is located at E;
= —0.73. There is a well-defined set of discrete energies
above the detachment threshold that are associated with
the bound states of the neutral atom and correspond to
various (one-electron) thresholds. The energies of these
states are already known [6] to be E, = —0.67, —0.27,
—0.15, —0.06, ..., and for high n» we have Rydberg be-
havior: E,= — 1/n%. Second, we can easily compute the
ratio of the energies E/Eg; = 0.92, which is the same (to
within 5%) as for the real H/H ™ ground-state energy ra-
tio. Since this ratio is a rough measure of the importance
of the e-e correlations in the atom, we have tentatively
concluded that e-e correlations are not unduly distorted
by the 1D aspects of our model. In addition, strong elec-
tron correlation effects are already evident in the
ground-state wave function, which is shown in Fig. I,
along with a diagram based on the exact two-electron
eigenenergies and showing the lowest thresholds.

To obtain the data just quoted we have solved numeri-
cally [7] the time-independent Schrodinger equation in
the absence of any laser field. The eigenenergies are
determined by the Hamiltonian
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FIG. 1. (a) Contour plots of the probability density for the
two-electron ground state. The fluted nature of the contours
shows (i) that there is an “inner” and an *“‘outer” electron, and
(ii) that e-e repulsion along x; =x2 is more pronounced than in
Ref. [5], as expected. (b) An energy-level diagram based on
the total two-electron energies. We display only the low-lying
(one-electron) thresholds and the two-electron threshold, which
we highlight by crosshatching.
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where the potential ¥(x) has been specified above. We
have restricted our analysis to spin singlet states which
are fully symmetric under the exchange of the electrons’
spatial coordinates. As in the case of our previous
single-electron calculations [6], and in common with Ref.
[5], we have solved Eq. (1) above [and Eq. (2) below]
directly, i.e., on a spatial lattice. The ground-state wave
function was computed by starting with a Gaussian wave
packet and then integrating Schridinger’s equation in
imaginary time.

The behavior of two-electron atoms in laser fields is an
interesting topic at any laser field strength, and the
specific question of direct versus stepwise electron re-
moval pathways in double ionization has been treated by
weak-field perturbation theory and rate equations by a
number of authors [8]. Some data are available from ex-
periments [9] on alkaline-earth atoms and negative ions
at low fields, including variable-frequency spectroscopy
and observations of field-induced threshold shifts.
Multiple-electron ionization in strong fields has been ob-
served in several laboratories [10], but little about elec-
tron behavior [11] has been reported.

In the second stage of our calculations we introduced a
laser field, and the two-electron system was allowed to in-
teract with it in dipole approximation. The relevant
time-dependent Schrodinger equation is then

OV (xy,x2,2)/8t =[Ho+ (x, +x2)6(t) sinwt} ¥ (xy,x2,1) ,
)

where 6(¢) denotes the temporal laser-pulse shape and @
the laser frequency. We prepared the electrons initially
in the ground state. The total pulse duration was typical-
ly in the range 40-60 optical cycles, and the laser field
amplitude &(1) was linearly turned on and off over two
optical cycles [12]. In the field-strength range considered
(see below) the lifetime of the ground state is shorter
than 10 optical cycles, so we can expect most of the phys-
ics to be very well developed by the end of 40 cycles.

We now report our time-dependent results, which we
present as photoelectron energy spectra. They show a
number of interesting features, including spectral struc-
ture, different ionization rates for different channels, and
several independent ATI series.

In order to calculate the electron energies following the
laser pulse, the ground-state contribution was removed
from the final wave function and the remainder
w(x,x2,T) was Fourier decomposed into its momentum
amplitude ¢(k,k3),

o(ky,k2) =f de|dchXp[i(k|X|+k2x2)]
XW(X|,X2,T), 3)

where k, and k; denote the momenta. An effective one-
electron energy density P(E) can be defined as the in-
tegral of |¢(k,,k,)|? over one of the momenta, say k,
and a subsequent transformation to energy via E=k {/2:
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The ranges of both laser frequency and field strength that
are available for study are too wide to cover in any com-
pact display. We show below only our results from the
high-frequency and strong-field regime that has been of
recent interest. We will present results for lower laser
field strengths and frequencies elsewhere.

In Fig. 2(b) the low-energy photoelectron spectrum
P(E) is presented for 6 =0.5 and w=1 (here w was de-
liberately chosen to be large enough to exceed the two-
electron threshold). We believe that these are the first
calculations to produce a two-electron photospectrum us-
ing nonperturbative methods. Let us begin the interpre-
tation of our results by viewing H ™ as an ordinary hydro-
gen atom that is slightly modified by carrying an extra
weakly bound electron. If we adopt such an extreme
independent-electron view, as in Fig. 2(a), the weakly
bound outer electron has its binding energy given by the
photodetachment threshold energy, £ = —0.06, while the
inner electron has the binding energy of the core ground
state, £E=—0.67. This simplistic picture predicts that
photopeaks can arise either from the ionization of the
outer electron or of the inner electron (following channels
A and B in the figure). These photopeaks should appear
at the energies indicated in Fig. 2(a), and as Fig. 2(b)
shows they do occur and 41 and B1 are the strongest
peaks. In addition, the sum of their kinetic energies is
0.94+0.33=1.27, and this equals E;+2w=—0.73+2,
as it should.

In other words, peaks A1 and B, taken together,
could be interpreted as a simultaneous two-photon dou-
ble-ionization process. Whether this is appropriate or
whether the two-electron process is stepwise cannot be
answered by inspecting the long-time photospectrum.

However, one of the advantages of our method is that
it allows the wave functions we have computed to be time
resolved as well as energy resolved. We now show that
time resolution allows one to see unambiguously that only
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FIG. 2. (a) An energy-level diagram showing approximate
independent-electron ionization channels for the weakly bound
“outer” and strongly bound “inner” electron. (b) The one-
electron photospectrum P(E) for the laser pulse described in
the text. The transition leading to the energies of peaks A1 and
B1 are indicated by the arrows in (a), and the smaller peaks
have energies corresponding to rearrangements within the core.
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one interpretation of peaks A1 and B1 can be supported.
Let us write two possible stepwise routes to the same final
doubly ionized state as follows (the notation follows Fig.
2):

@) +o— |Eqsn=1), |Eqsn=1+o— |Esi;Es),
(5)
@)+ o— [n*:Egy), |n*:Ep)+o— |Esi;Es) .
6)

In both routes (5) and (6) there is a discrete intermediate
state. In route (5) the outer electron is immediately de-
tached while the inner electron “waits” in the core
ground state n=1. In route (6) the outer electron
“waits” in a high-lying Rydberg state n* (there is ac-
cidentally a Rydberg state very conveniently located in
this model at nearly exactly the detachment energy
—0.06) while the inner electron is ejected immediately.
The primary evidence is shown in Fig. 3(a) where
snapshots are displayed of the photoelectron spectrum for
20-, 40-, and 60-cycle pulses. They indicate that the 4
peaks grow on a different time scale (more rapidly) than
the B peaks.

The behavior in Fig. 3 can be compared with an
analysis similar to that of Crance and Aymar [8]. From
rate equations describing first route (5) and then route
(6) one can compute the ratio of the population in the B1
peak to the population in the A1 peak. The correspond-
ing predictions are shown against the computed data in
Fig. 3(b), clearly favoring a definite time ordering that is
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FIG. 3. The same one-electron spectrum P(E) shown in Fig.
2(b), but for three different laser pulse durations: 7 =20, 40,
and 60 cycles. Channel A peaks are prompt, initially growing
rapidly, whereas channel B peaks start more slowly and are still
growing rapidly between 40 and 60 cycles. Inset: The predic-
tions of rate equations appropriate to routes (5) and (6). In
both cases the transition rate coefficients were taken to be equal
to the observed exponential ground-state decay rate. The time
dependence of the ratio of the areas of peaks B1 and A1 in the
numerical photoelectron spectra is indicated by circles. Route
(5) is clearly preferred.

equivalent to stepwise ejection of the inner electron, and
route (6) can be ruled out. On this basis it is clear that
the satellite peaks 42, A3, etc.,, are one-photon two-
electron shake-up peaks. That is, they arise from the de-
tachment of the outer electron by one photon accom-
panied by shake-up of the inner electron into an excited
core state. Satellite B peaks arise from subsequent ion-
ization from these core excited states.

So far we have restricted our discussion to photopeak
energies comparable to or smaller than the laser photon
energy. However, single-electron atoms are well known
to produce a discrete series of positive-energy (ATI)
peaks accompanying ionization under a relatively strong
laser field, as employed here. Various kinds of ATI series
are conceivable in multiple-electron atoms and a number
of them have been identified in an experimental study by
Johann et al. [11]. As Fig. 4 shows, our wave functions
predict ATI series of several types. For example, peak
A1 [already shown in Fig. 2(b)] is the s=0 ATI peak as-
sociated with ionization (detachment in this case) of the
first electron from the two-electron ground state, leaving
the ionic core (atomic core in this case) in its lowest
state. Figure 4 shows this peak and its corresponding
s=1 and 2 peaks. Similarly, peak B1 of Fig. 2(b) is the
s =0 peak associated with ionization of the second elec-
tron, and Fig. 4 shows it and the s=1 and 2 peaks in the
corresponding ATI series. It is easy to see that not just
A1l and B1 have associated series, but essentially all of
the other peaks in Fig. 2(b) as well.

Let us summarize our results. We have presented in
this Letter the results of strong-field lattice theory calcu-
lations on a two-electron atomic system. We have report-
ed both bare energies and photoelectron spectra. Among
our findings are included photoelectron spectral structure,
different rates for different ionization channels, and
several independent ATI series. All of these can be re-
garded as strong-field predictions for negative ions. Un-
der the conditions studied, our results provide the first
nonperturbative data on two-photon ionization pathways
for the second electron. For reasons of computational
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FIG. 4. Photospectrum P(E) as in Fig. 2(b), displayed for
energies from 0 to 3w to show the distinct ATI series associated
with each individual s =0 peak of Fig. 2(b).
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efficiency, our study was one dimensional, but previous
predictions based on 1D single-electron calculations [13]
have been found to be in excellent qualitative agreement
with both 3D calculations [14] and laboratory experi-
ments, where they have existed. We expect that 1D cal-
culations will also prove to be an efficient route to a satis-
factory initial understanding of strong-field and nonper-
turbative two-electron physics.
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