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Intense Field Multiphoton Ionization via Complex Dressed States: Application to the H Atom
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Extension of Floquet theory to include continuum as well as bound atomic states yields
a practical technique for computation of multiphoton ionization rates in the region where
rms field strengths approach the strength of the internal atomic fields.

There is currently much interest in the prob-
lem of multiphoton ionization of atoms. ' ' At low
fields perturbative techniques have been devel-
oped' and the theory is well in hand for the H

atom. ' At higher fields the "generalized" cross
sections become intensity dependent: Several
groups have used higher-order perturbation theo-
ry, diagrammatic summation, and projection
techniques to study these effects. ' However,
within the framework of perturbation theory lt is
difficult to take into account the intensity-depen-
dent broadening and shifting of the atomic levels
in a straightforward and self-consistent manner
as rms field strengths approach 10' or 10' V/cm
becoming a major perturbation on the atomic lev-
els. We are thus led to seek a nonperturbative
method for field strengths which are within a few
orders of magnitude of the internal field strengths.
That is, we seek a technique appropriate to the
intermediate regime where fields are too high for
conventional multiphoton perturbation theory, yet
not high enough to reverse the procedure, treat-
ing the Coulomb interaction as a small perturba-
tion on the motion of a charged particle in an in-
tense ae field.

In the rf region of the spectrum the Floquet or
"dressed-atom" model4 has been used in treat-
ment of intense-field level shifts and anticross-
ings in the approximation that only finite numbers
(often only two) of atomic states are directly in-
volved. It is the purpose of this Letter to gener-
alize the dressed-atom model to include the com-
plete set of bound and continuum states of the
bare atom. This has the effect of giving each of
the dressed levels an intensity-dependent imagi-
nary part (width) in addition to the usual field-in-
duced shifts. Proper interpretation of the fre-

quency and intensity dependence of these complex
energies gives rise to rates for multiphoton proc-
esses without prior specification of the specific
number of photons involved in the process, and
is equivalent to infinite-order perturbation theo-
ry, self-consistent in that the shifts and widths
of all levels are simultaneously determined.

Corresponding to the time-dependent Hamilto-
nian II =H(pfo~fz)+ F r cos~t describing the interac-
tion of an atom with a coherent monochromatic
field, an equivalent time-independent Hamilto-
nian 3CF may be written in analogy with the semi-
elassiea1 Floquet Hamiltonian of Shirley. 4 The
resulting block structure is shown in Fig. 1,
where the V. .. 's are dipole-coupling elements
and the angular momentum blocks S,I', D, . . . rep-
resent the projection of the atomic-electronic
Hamiltonian onto states of total L =0, 1, 2, . .. ,
etc. Thus, for example, in the ease of the H at-
om the 8 block consists of the 1s, 2s, 3s, . . . ,
ns, . . . bound states and the entire ks Coulomb
continuum. The Hamiltonian of Fig. 1 has no dis-
crete spectrum, and the existence of Floquet so-
lutions of the time-dependent Schrodinger equa-
tion is not established. ' However, writing the
time-evolution operator as

=1 f srt/h

exp(- iX,t/0) = . dz—
27TZ 8 +F

gives the usual result' that the time dependence
is dominated by poles of (z -XF) ' near the real
axis but on higher Riemann sheets, and that the
complex energies of the poles are related to the
positions and widths of the shifted and broadened
dressed states. These complex-pole positions
may be found directly from the analytically con-
tinued Floquet Hamiltonian, XF(8), obtained by
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WHERE
A =

A+4cuI B 0 0 0

B T A+2cuI B 0 0

0 BT A B 0

0 0 B T A-24uI B

0 0 0 B A-4tsI

Vsp 0 0 0

Vps P -cuI Vpd 0 Q

0 Vap D Vdt 0

0 0 Vfd f wI Vfg where

(2)

the atomic blocks S,I', D, . . . were discretized' by
use of a finite subset of the complete discrete
Laguerre basis r'+'e ~" 'L„' +2(X~), n =0, 1, 2, .. .
which gives a P&1&a«ek' quadrature representa-
tion of the bound and continuum contributions to
the spectral resolution of the hydrogenic Hamil-
tonian.

As the techniques of dilatation transformation
and L' discretization are unfamiliar within the
context of intense-field effects, we illustrate the
methods with a calculation of the dc Stark width
and shift of the Is state of the H atom. In this
case the dilatation transformation gives'

0 0 0 Vgf 6 ye 2~e 1 d l(l + 2) e
dr' r'

0 0 0 0 0

AND
B=

Vps 0 Vpd

0 0 0 0 0

Q 0 Vfd 0 Vfg

0 0 0 0 0

FIG. 1. Structure of the Floquet Hamiltonian in the
electric dipole approximation. The HamQtonian is
composed of Floqget blocks, of type A, which are in
turn composed of angular momentum blocks S,P,D, ...;
both types of blocks are coupled by the (dipole) coupling

e nt &r, s~

the dilatation transformation' y - e'~r. This
transformation effects an analytic continuation of
(z -X„) ' into the lower half-plane on appropriate
higher Riemann sheets, allowing the complex
dressed states to be determined by solution of a
non-Hermitian eigenvalue problem. In practice

and the Floquet matrix reduces to block A. Of Fig.
I, with ~ =0. Convergence to the complex eigen-
value adiabatically connected to the exact Is state
at F =0 is illustrated in Table I, where conver-
gence as a function of basis set (and number of
angular momentum blocks) is shown.

Application to multiphoton ionization of hydro-
gen follows the same procedure as in the dc
Stark case, except that now convergence must be
obtained with respect to the number of Floquet
blocks, ' as well as with respect to basis size
and number of angular momentum blocks. To the
extent that enough Floquet blocks are included to
obtain convergence, all relevant processes in-
volving differing photon numbers are simultane-
ously and self-consistently included. For exam-
ple, Table II gives ionization cross sections in
the frequency region where a single photon is suf-
ficient for ionization. These flux-dependent cross
sections were computed from the transition rate
implied by the imaginary part of the dressed Is

TABLE I. Convergence (Ref. 8) of the complex eigenvalue (in a.u.) rep-
resenting the broadened and shifted "1s"state of the H atom as a function
of the number of angular momentum blocks (~,) and number of basis func-
tions (s) for a dc field 'F = 0.1 a.u. (5,1x 108 V/cm), Hehenberger et at. give
—0.527 —0.72x 10 i for this pole position. ~

N) —4

5
8

12

—0.527 28 —0.7154x 10
—0.52739 —0.7234x 10 2i
—0.527 40 —0.7234x 10 2i

—0.527 31—0.7259 x 10 i
—0.527 41 —0.7273 x 10
—0.527 42 —0.7270 x 10

'M. Hehenberger ~ al. , Phys. Bev. A 10, 1494 (1974).
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a
S

10
(M„= 3)

0.05
(m, =4)

0.20
(Mp = 5)

TABLE II. Intensity-dependent ionization cross sec-
tion (ao ) for the dressed "1s" state as a function of
frequency, cu, and field strength, I',~,. In atomic units
(a.u. ) 8 =m, = e = 1, and v =0.5 is the zero-field ion-
ization threshold. MF is the number of Floquet blocks
needed to achieve convergence. Nonlinear effects are
seen to be quite small in this frequency region. The
intense-field corrections at I',~, = 0.05 a.u. are of the
order of magnitude predicted by Zernik and Klopfen-
stein (Ref. 10) and Karule (Ref. 10) using second-order
perturbation theory, but detailed comparison with the
results of these authors is difficult as (1) they neglect
field-induced level shifts of the 1s state, and (2) we
have followed the time dependence of the adiabatically
prepared "dressed" 1s state, rather than the bare hy-
drogenic 1s state as is implicit in the perturbation
work.
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state, and are, at low fields, intensity indepen-
dent and identical to the usual photoeffect cross
section.

Figure 2 shows the intensity dependence of the
generalized two-photon ionization cross section, '
o, =-(ionization rate)/(intensity)', of the baze 1s
state in the neighborhood of the 1s- 2p and ls- 3P

one-photon resonances. The time evolution of the
baze 1s state was determined from exp(- iXFt/
k)~ ls) via Eq. (1), corresponding to a sudden turn-
ing on of the field at t =0, the contour integral be-
ing calculated from the matrix spectral resolution
of [z -XF(e)] '. At low fields (E &10 ' a.u. ), o,
is independent of field strength, except very
close to resonance, and to our working accuracy
(convergence to better than 1%) identical with per-
turbation results. As the fields approach 1 or 2%%ug

of atomic field strengths the intermediate 2P state
broadens substantially and the strong near-reso-
nant enhancement near ~ =0.375 is quenched;
however, off resonance 0, remains essentially
field indePendent. At the higher fields shown in

Fig. 2 the definition of 0, depends on the choice
of time scales"; the results presented here fol-
low from initial rates determined by averaging
over many Rabi cycles." Although the number
of Floquet blocks needed for convergence increas-
es as a function of I, „we have empirically

FIG. 2. Intensity-dependent generalized cross sec-
tion, g2, for ionization of the bare 1s state of H in the
frequency region dominated by resonant two-photon
ionization. It is seen that at high fields the near-reso-
nant enhancement is quenched, and that the nonresonant
cross section is, to a very good approximation, field
independent even at an intensity of - 10'~ W/cm'. The
intensity dependence of the resonant line shape is qual-
itatively in agreement with that of the two-state-plus-
continuum model of Ref. 11.

found that resonant and off-resonant cross sec-
tions converge with four to five blocks for fields
up to 10 to 20Vo of atomic field strengths (intensi-
ties up to - 7X10'~ W/cm').
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The reflectance of planar targets irradiated by 400-mJ, 30-ps Nd: glass laser pulses
was measured as a function of angle of incidence and polarization with an Ulbricht spher-
ical photometer. At normal incidence we find reQectances ) 0.6. The reflectance for
p-polarized light has a minimum at an incidence angle of 20' to 30'; for angles greater
than 60' total reflection occurs for both s- and p-polarized light. The results seem con-
sistent with simulations.

Understanding the absorption of intense laser
radiation incident upon solid targets is of basic
importance in laser-fusion studies. Optical ener-
gy-balance measurements are the most direct
means for gaining information. Recent measure-
ments with planar targets' ' have shown reflec-
tances of 0.5 and more at norma/ incidence,
These observations have created renewed inter-
est in reflectance measurements as a function of
angle of incidence and polarization which should
yield more information than do normal-incidence
measurements. In particular, optical resonance4 "

should enhance absorption of p-polarized light.
Measurements at normal incidence have indi-

cated polarization effects in the scattered laser
light, but these are rather indirect and difficult
to correlate with theoretical models. ' Ion-veloc-
ity measurements at a fixed angle of incidence
give qualitative evidence for a polarization effect,
but no quantitative measure of absorption. ' In
this Letter we report direct reflectance measure-

ments as a function of angle of incidence and po-
larization which exhibit the polarization effects
expected on the basis of optical resonance. In a
previous experiment' these effects were not evi-
dent.

In laser-produced-plasma experiments a la,rge
fraction of the nonabsorbed laser light may be
scattered in a rather diffuse manner. ' Hence a,

ref lectometer to be used in such experiments
should have a 4& collection angle, especially if
the target is tilted during the measurements. An
Ulbricht spherical photometer' is ideal. It con-
sists of a hollow sphere with its inner surface
coated by a diffuse reflector. The attractive fea-
ture of such a device is that the measured inten-
sity is independent of the angular radiation dis-
tribution of the source (in our case, the reflect-
ing laser-produced plasma).

Our Ulbricht sphere was constructed by painting
the inside of a 150-mm-diam plastic shell with
Eastman white reflectance paint (see Fig. 1). Ap-
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