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Multiphoton Ionization of H and He in Intense Laser Fields
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The recently proposed R-matrix-Floquet theory of multiphoton processes has been used to calculate
multiphoton ionization rates for the two-electron systems H and He in intense laser fields. The theory
is nonperturbative and includes electron-electron correlations. Results are presented for total and partial
multiphoton ionization rates and novel nonperturbative correlation eAects are discussed.
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The study of multiphoton ionization of atomic systems
by intense laser fields has attracted considerable attention
in recent years [1]. In the case of atomic hydrogen there
have been many theoretical studies both within the Flo-
quet framework [2] and also by solving the time-
dependent Schrodinger equation numerically [3]. How-
ever, most theoretical work for atoms and ions containing
more than one electron has relied on the use of perturba-
tion theory [4] or the time-dependent Hartree-Fock ap-
proximation [5] which includes only a restricted class of
electron correlations. Recently, the present authors [6,7]
have introduced a new R-matrix-Floquet theory of multi-
photon processes which is nonperturbative, enabling it to

be applied for intense fields, and also allows electron-
electron correlation eA'ects to be included for an arbitrary
atom or ion. The associated computer programs have re-
cently been shown to give accurate results for atomic hy-
drogen [8]. In this Letter the first multiphoton ionization
rates for the two electron systems H and He are
presented which show novel nonperturbative correlation
eAects. The results also indicate that the method is cap-
able of yielding accurate total and partial multiphoton
ionization rates for any atomic system.

The R-matrix-Floquet theory of multiphoton processes
starts from the time-dependent Schrodinger equation
describing the interaction of the laser field with a general
(N+1)-electron atom or ion, which in atomic units reads

+(Xtv+~, t) = HN+l+ A(t) PN+1+
2

A (t) +(Xtv+~, t).1 N+1
t)t C 2c

which assumes that the laser field is monomode, mono-
chromatic, linearly polarized, and spatially homogeneous.
Finally P~+] is the total electron momentum operator.

In accordance with the R-matrix method [9], config-
uration space is divided into an internal and an external
region, in each of which the most appropriate form of the
laser-atom interaction is used. The internal region is
defined by the condition that the radial coordinates r; of
all N + 1 electrons satisfy

r; ~a, i =1,2, . . . , N+1, (3)

where the sphere of radius a is chosen to just envelop the
charge distribution of the target atom (ion) states re-
tained in the calculation [see Eq. (5) below]. In this re-
gion electron exchange and correlation eAects involving
all N + 1 electrons are important. Also the dipole-length

Here X~+~—= {x~,x2, . . . , xtv~tj =[Xtv, x~+~j is the en-
semble of space and spin coordinates of the N+1 elec-
trons, H~+] is the field-free nonrelativistic Hamiltonian
and the vector potential is given by

A (t) = eA o si neat,

%'(Xtv+i, t) =e ' ' g e '" 'y„(Xtv+i) . (4)

In the internal region y„(Xtv+~) is expanded in the R-
matrix basis

gauge is used to describe the interaction of the electrons
with the laser field.

The external region is defined so that one of the N+1
electrons lies outside the sphere of radius a and the re-
maining N "target" electrons are confined within this
sphere. This outer electron corresponds physically to the
ejected electron in multiphoton ionization. Since the
outer electron and the remaining N electrons occupy
diAerent regions of space, electron exchange between
them is negligible. Further, in the external region, the
dipole-velocity gauge is used to describe the interaction of
the outer electron with the laser field, necessitating a
gauge transformation on the boundary of the two regions.

In order to solve the Schrodinger equation in both re-
gions we use the Floquet-Fourier expansion of the wave
function
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yk„(X~+~) =AgP;(X~)u, (x~+~)a~k„
jJ

+ZZ, «w+ i)b,~. , (5)

where A is the antisymmetrization operator, the p; are a
set of target eigenstates and pseudostates, u~ are basis
functions representing the ejected electron which are
nonzero in the boundary of the internal region, and the gj
are quadratically integrable correlation functions, formed
from the target orbital basis, which vanish by the bound-
ary. The coeScients a;zi,„and bjI, are obtained by con-
structing and diagonalizing the Floquet Hamiltonian us-

ing a modified version of the R-matrix computer pro-
grams developed for field-free electron-atom collisions
and single photon ionization processes [9]. In the exter-
nal region a close coupling expansion is adopted including
the same target basis states as in Eq. (5) and the result-
ing coupled differential equations describing the motion
of the ejected electron are solved out to a large radius a'
where an asymptotic expansion is applied [7]. The wave
functions on the boundary of these two regions are
matched through the R matrix. For multiphoton ioniza-
tion, outgoing wave "Siegert" boundary conditions are
then imposed using an iterative technique in the complex
energy plane, where the imaginary part of the corre-
sponding energy eigenvalue gives —

2 times the total
multiphoton ionization rate. Partial rates and angular
distributions are obtained by resolving the corresponding
eigenvector into its channel components. Finally we note
that in order to obtain converged results at the highest
field intensities considered in this Letter we had to retain
eight terms in the Floquet-Fourier expansion (4). This
meant that after the usual partial wave decomposition of'

the R-matrix equation (5) we had to solve a problem with

up to 90 coupled channels.
We first present our results for multiphoton detach-

ment of H . We carried out calculations using two ap-
proximations. In the first, the 15 atomic hydrogen ground
state together with 2s and 2p pseudostates were retained
in Eq. (5). The 2p pseudostate is that proposed by Dam-
burg and Karule [10] and gives the full dipole polariza-
bility of the ls ground state, while the 2s pseudostate al-
lows for additional radial correlation effects. The lowest
'5' R-matrix pole is then adjusted so that this model

gives the exact H attachment energy of 0.02775 a.u.
In the second approximation, the 1s, 2s, and 2p target
eigenstates were retained in expansion (5). This enables
multiphoton detachment rates in the neighborhood of the
doubly excited resonances below the n=2 threshold [11]
to be studied.

The accuracy of this 1s-2s-2p approximation is as-
sessed by comparing in Fig. 1 the two-photon detachment
rates in the perturbative limit, corresponding to a field of
intensity of 10 Wcm, with perturbation theory calcu-
lations of Liu, Gao, and Starace [12] and Proulx and

Shakeshaft [13]. The good agreement which we obtain
indicates that electron-electron correlation eff ects are
well represented by the 1s-2s-2p model in this low energy
region. In Fig. 2 two-photon detachment rates calculated
in the ls-2s-2p approximation near the n=2 threshold
are shown for a field of intensity 10'' Wcrn . A series
of resonances converging to this threshold, with 5=0
(singlet) symmetry and even parity allowed by spin and

parity conservation, are clearly seen. The lowest energy
resonance occurring near 0.352 a.u. has '5' symmetry,
the second resonance occurring near 0.373 a.u. has 'D'
symmetry and the third very narrow resonance occurring
near 0.374 a.u. has '5' symmetry. These results are in

accord with the field-free resonance positions and widths
calculated in the 1s-2s-2p close coupling approximation
[11]. Higher resonances in these series can be obtained

by our method by carrying out the calculations using a
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FIG. 1. Two-photon detachment rate of H vs photoelectron
energy close to threshold at an intensity of 10 Wcm . Solid
line, present ls-2s-2p calculations; 6, Liu, Gao, and Starace
112]; dashed line, Proulx and Shakeshaft I13].

FIG. 2. Two-photon detachment rate of H vs photoelectron
energy near the n=2 threshold at an intensity of 10'' Wcm
Present 1 s-2s-2p calculations showing resonance structure. The
position of the n =2 threshold is denoted by an arrow.
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FIG. 3. Trajectory of the H state in the complex energy
plane in the I s-2s-2p approximation as a function of field inten-
sity for m=0. 03 a.u. Solid line, total absorption half-width;
dotted line, one-photon absorption half-width; dashed line,
two-photon absorption half-width; dashed-dotted line, three-
photon absorption half-width; short dashed-dotted line, four-
photon absorption half-width. The corresponding intensity is
given on the top axis.

finer energy mesh.
At higher intensities perturbation theory is no longer

applicable. An example of this regime is shown in Fig. 3

where the trajectory of the H state in the complex ener-

gy plane, calculated in the 1s-2s-2p approximation, is

plotted as a function of field intensity for m=0.03 a.u.
The threshold energy is fixed at co =0 and the shift of the
ground state energy is monotonic in intensity although
not quite linear. We note that by viewing the figure
upside-down we can interpret it as giving multiphoton
ionization rates versus intensity. In the zero-field limit
the corresponding eigenvalue lies on the real energy axis
with E = —0.02775 a.u. As the laser field is switched on
the eigenvalue moves into the lower half complex energy
plane since H can then ionize by absorption of one pho-
ton. For larger field strengths more than one photon can
be absorbed with appreciable probability and the corre-
sponding partial widths, which are also plotted in this

figure, become nonzero. Finally, for field strengths
greater than 2.3&&10'' Wcm the real part of the ener-

gy eigenvalue has shifted below —0.03 a.u. Ionization by
one photon absorption is then no longer energetically pos-
sible and the total width is due to absorption of two or
more photons. The resultant trajectory in the complex
energy plane experiences a sharp bend due to the channel
closing at this field strength which is clearly nonperturba-
tive in character and should have observable conse-
quences. We also note the fact that, even though co is

larger than the weak-field binding energy, the shift is

negative due to electron-electron correlation eff'ects.

FIG. 4. Two-photon ionization rate of He vs photoelectron
energy at an intensity of l0' W cm . The positions of the
n =

1 and n =2 thresholds are denoted by the arrows.

Turning now to multiphoton ionization of He, the cal-
culations in this case are all carried out retaining the ls,
2s, and 2p He+ target eigenstates in Eq. (5). Figure 4
shows the ionization rate into the two-photon channel,
versus photoelectron energy, for He in a field of intensity
10' Wcm . At this intensity, we expect perturbation
theory to be valid and indeed we obtain excellent agree-
ment with the perturbative results of Proulx and Shake-
shaft [14]. The Rydberg series of peaks visible below the
n=1 threshold are all 'P one-photon bound state reso-
nances. In lowest order perturbation theory these reso-
nances would all have infinite height (and thus zero
width). That they do not is already a signature of the
nonperturbative character of our theory. The series of
resonances below the n =2 threshold are composed of '5'
and 'D' autoionizing state resonances in the final (two-

photon) channel.
In order to exhibit nonperturbative eAects we show in

Fig. 5 the total ionization rate over the energy interval
around the two-photon resonance between the ground
state and the lowest 'D' resonance. At low intensities the
total rate is dominated by one-photon absorption and

hence increases linearly with intensity in the absence of
resonances. We have therefore scaled the rates as indi-

cated in the figure caption. At higher intensities we ob-
serve the emergence of a pronounced resonance structure
due to the coupling with the 'D' autoionizing state which,
in the absence of the field, has a natural width of 0.00269
a.u. in agreement with earlier work [11).

In conclusion multiphoton ionization rates, obtained
using the R-matrix-Floquet theory, have been presented
for two-electron systems, which are both nonperturbative
and also include electron-electron correlation eff'ects. The
computer programs which have been developed can be
used to obtain multiphoton ionization rates and laser as-
sisted electron collision cross sections for any atomic sys-

tem. In the future it is intended to apply these programs
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for two-photon absorption. Dotted line: intensity 2 x 10'
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rate x 10. Solid line: intensity 2 x 10' Wcm

to study the heavier inert gas targets where there is
currently considerable experimental interest.
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