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A finite-dimensional—matrix technique valid for computation of complex eigenvalues and
eigenfunctions useful for discussing time evolution in both dc and ac Stark fields is present-
ed. The complex eigenvalue parameters are those of appropriately analytically continued,
time-independent Stark Hamiltonians as obtained via the complex scale transformation
r—re'®. Such a transformation distorts the continuous spectrum away from the real axis,
exposing the Stark resonances, and also allowing use of finite variational expansions em-
ploying L? basis functions chosen from a complete discrete basis. The structure of the dc
and ac Stark Hamiltonians is discussed and extensive convergence studies performed in both
the dc and ac cases to fully document the utility of the method. Sudden and adiabatic dc
Stark time evolution is used to illustrate the power of finite-dimensional—matrix methods in
describing complex, multiple-time-scale time evolution. The relationship between the ac
Stark Hamiltonian used (a time-independent truncated Floquet Hamiltonian) and
continued-fraction perturbation theory follows easily via use of matrix partitioning, and
provides a particularly straightforward derivation of these results. Finally, some illustrative
calculations of off-resonant generalized cross sections are given at low and high intensities,
indicating that the method works satisfactorily at intensities the order of internal atomic
field strengths. A more detailed discussion of time evolution in two-, three-, and four-
photon ionization processes appears in the following paper by Holt, Raymer, and
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I. INTRODUCTION

Over the past several years the technique of
continued-fraction perturbation theory has been the
most used computational approach to the problem
of atomic multiphoton ionization.! In this paper we
give a detailed presentation? of an alternative finite-
dimensional—matrix computational technique which
has advantages in terms of simplicity of organiza-
tion of computations, in terms of its ability to self-
consistently treat intense field effects, (in that all
atomic levels are simultaneously shifted and
broadened by the external field), and in terms of the
straightforward inclusion of free-free transitions and
the effects of coupling between electronic continua.
As the two major conceptualizations—use of com-
plex coordinates, and L? discretization—which al-
low development of the technique are nonstandard
in this area of application, a major purpose of this
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paper is the systematic exposition of the complex-
valued—matrix technique.

We note that the use of a complete discrete L2
basis obviates the necessity of explicit introduction
of exact atomic bound and continuum states, thus
reducing all computations to those involving finite-
dimensional matrices.®> Thus, in particular, use of
finite-dimensional matrices does not imply neglect
of continua.® The use of complex coordinates®> not
only allows direct calculation of eigenvalue parame-
ters associated with complex dressed states, but
completely avoids numerical problems arising from
strong coupling between overlapping atomic con-
tinua.

Another major purpose of the present exposition
is to provide the details of the connection between
the  complex-valued—matrix  technique  and
continued-fraction expansion of resolvent matrix
elements. Once these connections are established,
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applications are appropriate. These appear in paper
by Holt, Raymer, and Reinhardt (HRR),® where the
time dependence of some two-, three-, and four-
photon ionization processes in atomic H are con-
sidered.

In order to separate considerations of the use of
complex coordinates and L? discretization from the
multiphoton problem, we consider first the problem
of dc Stark ionization. Discussion of the block ma-
trix structure of the Stark Hamiltonian sets the stage
for discussion of the analogous block structure of
the corresponding ac Stark Hamiltonian (Floquet
Hamiltonian). Earlier computational treatments of
the dc problem using these techniques’ are then ex-
tended in two ways: An extended convergence study
is carried out, not only to demonstrate that results of
very high precision can be obtained, but to give re-
sults of high enough precision to verify recent re-
sults of summation of the Rayleigh-Schrodinger per-
turbation series by the Padé® and Borel’ methods.
This is followed (Sec. II B) by a discussion of the de-
tailed time evolution of field ionization of the H
atom, placed suddenly or adiabatically in an intense
dc field. This latter example of the use of complex
coordinates and L? discretization demonstrates that
it is possible, using finite-dimensional—matrix tech-
niques, to construct time-evolution operators which
yield converged results for quite complicated ir-
reversible time dependences. Application to time
dependences in multiphoton ionization appears in
HRR.

Section III introduces the time-independent Flo-
quet or Hamiltonian needed to extend the matrix
technique to the ac case. The discussion is brief but
explicit, as the form of the Hamiltonian introduced
here underlies the analysis of Secs. IV and V. In
Sec. IV the extension of the coordinate-space Flo-
quet Hamiltonian to use of complex coordinates is
made by analogy with the dc Stark case, and the op-
timal arrangement of the matrix block structure for
matrix computations is discussed. Convergence of
complex eigenvalues for representative ionization
processes is demonstrated as a function of basis size,
nonlinear parameters, and truncation of the Floquet
block structure. The Appendix contains a brief out-
line of the computational algorithm used to extract
individual complex eigenvalues from large complex
Floquet matrices with good numerical efficiency. In
particular, contact is made with the recent work of
Wyatt et al.' The detailed relationship between the
complex poles of the resolvent of the Floquet Ham-
iltonian and continued-fraction perturbation theory
is given in Sec. V, where a direct derivation in terms
of block-matrix algebra (matrix partitioning) is
given. Connection is also made between various
truncations of the matrix Floquet Hamiltonian and

diagrammatic representations of the infinite-order
perturbation summations implicit in extraction of
eigenvalues of the Hamiltonian. In Sec. VI, to ex-
emplify application of the method, results of calcu-
lations of the intensity and wavelength dependence
for one- and two-photon-dominated processes are
given in the limit where nonadiabatic effects may be
reasonably neglected (i.e., not too close to reso-
nance), and thus generalized cross sections defined.
The more interesting case of resonant or near-
resonant processes is discussed in HRR. Finally, a
summary and discussion are given in Sec. VIIL

II. THE dc PROBLEM: COMPLEX
EIGENVALUES AND FIELD IONIZATION

The dc Stark problem occupies a central role in
the study of perturbation theory in quantum
mechanics. Low-order results give accurate atomic
level shifts, yet the series diverges strongly in large
order,>>!! a result intimately connected with the
fact that the Stark Hamiltonian (shown here for the
H atom)

1 1
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has no bound-state eigenvalues. As discussed first
by Titchmarsh,'? the poles of the unperturbed resol-
vent (z—H?®°™)~! where

1 1
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have been shifted onto a higher Riemann sheet on
application of the “perturbation”—Fz. The diver-
gent Rayleigh-Schrodinger perturbation expansion is
thus interpreted as giving an asymptotic expansion
for the real part of the complex poles of the resol-
vent. More recently the divergent expansion has
been summed by the Borel’ and Padé® techniques to
very high accuracy, giving both the real and imag-
inary parts of the pole positions. One purpose of
this section is to present converged variational re-
sults of sufficient precision to be able to confirm the
summed perturbative results. The other is to estab-
lish the complex-coordinate matrix formalism, be-
fore introducing it in the context of multiphoton
ionization. This latter is accomplished in Sec. IT A,
followed by a discussion of time dependence in sud-
den and adiabatic dc field ionization in Sec. II B.

A. Complex-coordinate matrix discretization
and the dc Stark problem

Variational calculation of the real and imaginary
parts of the poles of the analytically continued dc
Stark resolvent clearly cannot begin with the Hamil-
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tonian of Eq. (2.1): this Hamiltonian has no discrete
eigenvalues, and its continuous spectrum is the
whole real axis from — o to + .2 However, as
has been demonstrated numerically,7 and subse-
quently justified as a rigorous result of functional
analysis, ' the dilated Hamiltonian (z =r cosa)

—2i6 v e —i
2 r

e

HS#k(g)= — —e'%Fr cosa

(2.3)

obtained by the transformation to complex coordi-
nates, r—re'® (6 will be taken real) has complex
eigenvalues, with corresponding square-integrable
(L?) eigenfunctions, corresponding to the poles of
Hilbert-space matrix elements of the analytically
continued resolvent. As the eigenfunctions are L2
we can expect an appropriate expansion in L? basis
functions to approximate them. Linear variational

determination of approximate eigenvalues and eigen-
|

© 2
(n,l,m, IHatom(g) |n',l',my Y= fo dr foﬂsinada fo ﬂdcpqS:J_,,,l(r,a,w)

which factors as
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functions is entirely equivalent to finding the ap-
propriate matrix eigenvalues and eigenvectors of the
representation of H5%™%(0) in the basis.

Working in usual spherical polar coordinates
(r,a,@), a complete set of basis functions for expan-
sion of a nonspherically symmetric, but L2, function
is the set

S, t,m, (7,0, @) =C (R)r! Fle = AL H+2() )
X Yy mla,@) , 2.4)

where
Cp (P!l =(Ar/2p 24231 (2.5)

are the complete (but discrete) set of generalized
orthonormal Laguerre-type radial functions, and the
Y, m(a,@) are the usual spherical harmonics. Ma-
trix elements of the spherically symmetric atomic
Hamiltonian are of the form

2 N
e _2i0 V1 _e e
2 r

X¢n',l',m1,(r’a7(p) (263.)

r1+1e —lr/2L31+2(kr )51y1‘8ml,ml,

(2.6b)

giving a block-diagonal structure labeled by the angular momentum /, where we denote in the usual spectro-
scopic notation as s,p,d, ..., for /=0,1,2,...,etc. Each / block will be taken to have dimension N;, deter-
mined by the number of radial basis functions kept in the expansion. The perturbation, e’®Fr cosa, acts as a

point dipole giving the usual A/ =*1 and Am; =0 selection rules:

(n,l,my|eFr cosa |n',l',m; )

=eif C,,y;(?&)C,,'p()»)fouo radr rle =M 2L 0 ) (Fr)rfe =272

, T 27
<L +2(}\r)f0 sina da fo d@ Yim, (a,@) cosaYpy, (a,@) |841,18m m, - (2.60)

The interaction with the field thus gives a tridiago-
nal block-matrix structure connecting consecutive
diagonal blocks, to form the overall block tridiago-
nal structure indicated in Fig. 1. Computation of
the variationally determined (complex for 6540)
coefficients, a, ; , in the expansion of approximate

L? eigenfunctions of H5%%(9) of the form

Imax Nl

¢(r’a’¢7)= 2 2 an,l,m,¢n,l,m,(r7a’¢7) 2.7
I1=0n=1

and corresponding (complex) approximate eigen-
values reduces to finding matrix eigenvalues and
eigenvectors of the matrix defined by Egs. (2.6), and
shown schematically in Fig. 1. In Eq. (2.7), N, indi-
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FIG. 1. Tridiagonal block-matrix structure of the dc
Stark Hamiltonian in the spherically symmetric basis of
Eq. (2.6). This structure is generalized (see Figs. 5 and 6)
to treat the ac Stark effect in linear polarization.

cates the number of radial functions for a given /
value, and /,,, indicates the maximum [ value kept
in the summation. The azimuthal quantum number
m; is not summed over as both the atomic and per-
turbative Hamiltonians are diagonal in this quantum
number. Finding the eigenvectors and eigenvalues
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of the matrix eigenvalue problem H *°™(9)
+e9FF corresponds to a linear variation of the coef-
ficients in Eq. (2.7), and is just the analytic con-
tinuation of the usual Rayleigh-Ritz linear varia-
tional theory.* We also note that as the actual
eigenfunction ¥(0) of the Stark Hamiltonian
H32(9), is L2, that the expansion basis of Eq. (2.4)
should be, and is, perfectly adequate to the task.

Determination of these matrix eigenvalues is a
standard problem in the numerical analysis of linear
systems. Equations (2.6) contain the nonlinear scale
parameters 6 and A. Thus, if the expansion of Eq.
(2.7) is truncated, (i.e., if N; and [,,5 « ) the basis
is incomplete, but will usually give an excellent ap-
proximation provided that (i) the truncated N, and
Imax are large enough and (ii) the nonlinear parame-
ters A and O are appropriately chosen. Both points
(i) and (ii) must be addressed by a combination of
trial and error and physical intuition. It is the pur-
pose of the remainder of this section to indicate how
this can be done in a reasonable and systematic
manner.

Focusing attention on the complex eigenvalue cor-
responding to the broadened and shifted 1s 12S state
of atomic hydrogen, whose radial wave function
(atomic units, #i=m,=e?=1, assumed) has the
form e ™', indicates that a plausible first estimate of
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FIG. 2. Quasivariational determination of an optimal value of 8 in the dc Stark case. Complex eigenvalue correspond-
ing to the shifted and broadened 1s state of atomic hydrogen is calculated in a finite L ? basis as a function of the rotation
angle 6 in the transformation r —re‘®. For the case of ten basis functions (per atomic symmetry) a stationary point near
0=0.4 is found, indicating that this is a reasonable choice of 6 for convergence studies (see Tables I and II). Figure repro-

duced from Ref. 7.
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TABLE 1. Convergence of —T'/2 for the 1s state of hydrogen in a dc field of 0.1 a.u. (=5.6x 10® V/cm). Number of
atomic symmetries is /. + 1, and N denotes the number of Laguerre-type functions per atomic symmetry. Numbers in
parentheses are exponents. Thus the results for /;,,x =10 and /,,x =11 suggest a converged value I' /2=0.007 269 057, with
uncertainty +1 in the last figure. 6=0.4 in all calculations (see text).

Imax=8 lmax:9 ]maleo lmax:11
N A=1.5 A=2.0 A=2.0 A=2.0 A=2.0
14 —0.72691698(—2)* —0.72691648(—2) —0.726904 36( —2) —0.72690492(—2)
15 —0.726916 10( —2) —0.72691649(—2) —0.726904 06( —2) —0.72690581(—2) —0.726905 69( —2)
16 —0.72691641(—2) —0.72691640( —2) —0.726904 28(—2) —0.726905 62(—2) —0.72690582(—2)
17 —0.72691652(—2) —0.72691647(—2) —0.72690567(—2)
18 —0.726916 39(—2) —0.72691645(—2) —0.726905 64(—2)

19 —0.72691643(—2) —0.72691645(—-2)

3(—2) denotes the exponents. Thus —0.72691698(—2)= —0.72691698 x 10~2,

the /=0 scale parameter is A;=2.0 [see Eq. (2.5)].
Optimal representation of /=1,2,...functions re-
quires values of A; (/=1,2,...,) which will overlap
strongly with the ls state, suggesting the choice
As=A,=Ag= -+ =2.0. Results of a trial calcula-
tion with /=0, 1, 2, and 3, and with 5 and 10 func-
tions per angular symmetry are shown in Fig. 2, as a
function of the complex rotation angle 6. The 6 tra-
jectory shown suggests that 6=0.4 rad is a near op-
timal value for high-precision work and this value is
used in the convergence studies shown in Tables I
and II. Table I shows convergence as a function of
Imax> and Ny=n;=n,=nyz= """, of the imaginary
part of the complex eigenvalue corresponding to the
broadened and shifted 1s state at a field of 0.1 a.u.
Examination of the table indicates that convergence
to six significant figures has been obtained for
Im[E;(F=0.1)]. Results of similar convergence
studies for fields of 0.3, 0.06, and 0.08 a.u. are
shown in Table II where they are compared with the
Borel-series summation results of Ref. 9 and Padé
results of Ref. 8. It is clear that the present conver-
gence studies substantiate the Borel summation of
the strongly divergent Rayleigh-Schrodinger expan-
sion to the number of figures given. It is equally
clear that the Padé resummation, as carried out in
Ref. 8, has only converged to four or five significant
figures, rather than the six or seven of the present
and Borel methods.

B. Time evolution in a dc field

In the Schrodinger representation, time evolution
of an (L?) state |¢ ) at t=0 is given by e ~#*| ¢ ).
The amplitude for transition to another L? state
|X) as a function of time is'*!*

—iHt __ —i —1
(Xle=™g)=5— [ e X, (z—H)"')
(2.8a)

this latter being a Laplace-transform representation,
with the contour % enclosing the spectrum of the
Hamiltonian H. The reason for introduction of the
resolvent (z—H)~! in Eq. (2.9), is that the theory'®
of complex scale transformations, r—re‘®, tells us
that

(X(0) ,[z—H(0)]"'4(6))
=(X,Ug5'Uplz—H)"'Ug'Upgs ) ,

Uy being the unitary operator which introduces the
scale transformation, and provides the analytic con-
tinuation of (X,(z—H)~'¢ ) into the lower half-
plane. Thus,

(X |e ™| ¢ )
=-2% S e x(0) [z—H(6)]~'$(6)

(2.8b)

where the new contour %' can be distorted as
shown in Fig. 3. Formally undoing the Laplace
transform, we have

(X|e g )y=(X(0)|eHO 40)) . (29

Introduction of a matrix representation of H(0) [i.e.,
H(6)] in an L? basis {¢;}, now gives

(X e ™ ¢ )= (X(0)] e HO"| 4(0))
=(XOT e ™ ¢(0)), (.10

where ¢(0) and X (6) are the vectors of overlaps
(¢, 4(6)) and (§; | X(6)), respectively. Assuming
that the complex symmetric eigenvalue problem

H(0)C ;(6)=E; C;(0) (2.11)

is solved for the right eigenvectors C ;(8) and (com-
plex) eigenvalues E;, we can rewrite (2.10) using the
bi-orthogonal spectral resolution



where C !, the corresponding left eigenvector, is
simply the transpose*® (not the Hermitian conjugate)
of the vector C ;:

(X|e | ¢)= z[ye)]fg,-(e)

H(O)=3 C{0ECT (2.12)
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TABLE II. Comparison of complex eigenvalues for the hydrogenic 1s state in dc fields of
0.03, 0.06, 0.08, and 0.10 a.u. as determined by the present complex-coordinate calculations,
and by Padé (Ref. 8) and Borel (Ref. 9) summations of the strongly divergent Rayleigh
Schrédinger perturbation expansion. Borel method of Ref. 9 has clearly given converged
widths to the number of figures given. Parentheses indicate exponents of 10, e.g.,
0.7(—2)=0.007. Pairs of numbers in square brackets, e.g., [12,12] indicates a diagonal Padé
approximant of order 12 in numerator and denominator. 8=0.4 in all calculations (see text).
Computational method E\(F)
F=0.03
Complex coordinate (/p,,=11)
n=1S5 —0.5020742726—0.111881(—7)i
n=16 —0.5020742726—0.111883(—7)i
Padé sum
[12,12] —0.5020742726—0.11190(—7)i
[13,13] —0.5020742726—0.11194(—7)i
Borel sum —0.5020742726—0.11188(—7)i
F=0.06
Complex coordinate (/;,x=10)
n=17 —0.509 703 45—0.257 5389( —3)i
n=18 —0.50920345—0.2575389(—3)i
Padé sum
[12,12] —0.509203 60—0.257 545(—3)i
[13,13] —0.509203 60—0.257 545( —3)i
Borel sum —0.50920345—0.257 538(—3)i
F=0.08
Complex coordinate (/;,,=10)
n=17 —0.51756062—0.2269827(—2)i
n=18 —0.51756062—0.2269827(—2)i
Padé sum
[12,12] —0.5175595—0.226 862( —2)i
[13,13] —0.5175595—0.226 865(—2)i
Borel sum —0.51756062—0.226 982( —2)i
F=0.10
Complex coordinate (/,,=11)
n=15 —0.527418173—0.7269057( —2)i
n=16 —0.527418173—0.726 9058( —2)i
Padé sum
[12,12] —0.527425—0.727062( —2)i
[13,13] —0.527425—0.727062( —2)i
Borel sum —0.52741817—0.726905( —2)i
where aTb is the real (i.e., no complex conjugation)

xe T C(0)]79(6)

scalar product. The discrete sum in Eq. (2.13) con-
tains complex eigenvalues which correspond to iden-
tifiable decaying Stark states and the other eigen-
values which give a generalized Gaussian quadra-
ture!” of the remnants of the continuous spectrum of
H3?%(9). To exemplify the utility of Eq. (2.9), and
its matrix spectral resolution, Eq. (2.13), we present
converged results for the time evolution of the ls

state of atomic hydrogen in the presence of suddenly
(2.13) and adiabatically applied dc Stark fields.
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FIG. 3. Contour distortion and evaluation of the La-
place transform of Egs. (2.8a) and (2.8b). (a) A usual
transform inversion contour (see, for example, Ref. 14) is
shown. Contour is directed from + o0 to — oo (positively)
in the upper-half plane, and thus encloses the spectrum of
the dc Stark Hamiltonian, which is the whole real axis.
(b) Applied to the use of {($(6),[z —H (0)]~'x(6)), which
gives an identical time evolution; in the transform the
continuous spectrum of H5#™%(9) has moved into the
lower-half plane (see Cerjan et al., Ref. 2 and Herbst,
Ref. 13) exposing the Stark resonances. Contour of (a)
may then be distorted as shown, resulting in time evolu-
tion dominated by the resonance poles, but also including
the remaining continuum contributions. These latter are
effectively quadratured by the L? basis.

Figure 4 shows the probability of ionization of
ground-state atomic hydrogen for a field turned on
at time O and turned off at time ¢. Namely,

Pon(t)=1— 3 | (g, [e~H* |40} |2  (2.14)
J

where |¢,) is the exact ground state of (field-free)
hydrogen, and the sum over j includes all bound
states of (field-free) atomic hydrogen. The figure in-
dicates the existence of very strong transients for the
sudden turn on. These are simply due to population
of many high-lying resonances of H%(9) at t=0
due to the sudden turn-on of the field. These high-
lying Stark resonances corresponding to excited
states of hydrogen which ionize relatively quickly,
giving rise to a constant term in P;,,(¢) which visu-
ally swamps out the ionization of the population in
the slowly ionizing 1s state for a substantial period
of time. Thus the only physical significance of the
“plateau” regions in the sudden turn-on time evolu-
tion is that the plateau indicates the total probability
of early ionization due to the sudden turn-on. The
time scale of the transients in Fig. 4 indicates that
the dc field would have to be turned on in the order
of less than 0.1 fsec for this structure to be observed.
Conversely, adiabatic turn-on gives decay dominated
for all times of physical interest by a single exponen-
tial. For the case of sudden turn-on Geltman'® has
numerically integrated a one-dimensional model

F+0.05 (Sudden) /. F=0085 (Adiabatic)

/

/
. F=00! (Sudden) / —
Vi T
! /

7/

| N T
1fs 1ps Ins
Time (au)

FIG. 4. Time evolution of the hydrogenic s state in
suddenly and adiabatically applied dc Stark fields. Sud-
den application (i.e., in times less than a few fsec) results
in rapid ionization of high-lying Stark states which are
populated in the sudden turn-on, resulting in a “plateau”
in Pj,(¢) hiding the contribution from the more slowly
ionizing ls Stark state. In adiabatic turn-on of the field
the decay is pure exponential, as only one pole of Fig. 3(b)
contributes. At the lowest field (F =0.005 a.u.) after ini-
tial transients the two n =2, m;=0 Stark states resulting
from sudden turn-on may be seen to ionize at times
7~10*and 2 10° a.u.

Stark problem obtaining time dependence quite
similar to those of Fig. 4.

We thus see that the use of an L? expansion basis,
and the complex scaled H3*(6), not only allows
computation of individual complex resonance eigen-
values (Sec. IIA), but also allows elucidation of
quite complicated multiple—time-scale time evolu-
tion. Having established the utility of this
complex-coordinate matrix technique, we proceed to
the case of the ac Stark effect.

III. TIME-INDEPENDENT FLOQUET
HAMILTONIAN

The time-dependent Hamiltonian whose dynamics
we wish to discuss is, for atomic hydrogen,
2
H=—2 L _Fcosor) 3.1
2 r
which describes the interaction of the atom with a
monochromatic, linearly polarized, coherent field of
frequency w and peak field strength F. The time-
independent Hamiltonian, equivalent to that of Eq.
(3.1) in the sense that correct cycle-averaged time
evolution is given by exp(—iH Zt) has been given by
Shirley!’® (with fi=m, =e?=1)

VP14 F

H =————+waja,—— (a)+a,), (32
r 2
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where az, (a,), are the creation (annihilation) opera-
tors for linearly polarized photons (i.e., Floquet-
Fourier comments) of frequency .2’ As the cycle
times in the frequency regions considered in multi-
photon ionization are extremely short compared to
times of physical interest (e.g., Rabi frequencies
and/or ionization “rates”) for usual and even high
field intensities, the approximation of working with
H?, rather than constructing the complete Floquet
time-evolution operator, as recently done by Wyatt
et al,'® is minor compared to the assumption of
complete coherence and monochromaticity.

The Floquet Hamiltonian H. of Eq. (3.2) and the
dc Stark Hamiltonian H 3% of Eq. (2.1) are remark-
ably similar, suggesting at once that H might be
transformed H., —H?, (6):

Ve —i6
HJ ()= —e2‘8~V2~— - Er——+waz,a,‘,
—e""%(al,w,‘,) (3.3)

and that H} (), like H5%%(9), of Eq. (2.3) has com-
plex eigenvalues with corresponding complex eigen-
vectors, whose imaginary parts might be associated
with lifetimes of appropriately prepared states, that
is with multiphoton-induced time evolution, includ-
J
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ing ionization.

More generally, construction of
o —iHJ (0

is expected to allow discussion of time
evolution of arbitrarily prepared states, as in the dc
case discussed in Sec. I B. The first of these conjec-
tures was verified by Chu and Reinhardt? and subse-
quently exploited by Chu.>?! Exploitation of the
ability to treat time evolution is discussed in HRR.®

For actual calculations of the L? eigenfunctions
of H,(6), which will correspond to fully dressed
states with complex eigenvalues, the atomic states
are well represented by the |4,;m, ) of Eq. (2.4).

The presence of the azaw and (az,+aw) terms in
H(6) require extension of the atomic-state space to
include photon states, and thus used a direct-
product basis, denoted by

|n,l,m;N)= ]¢n,1,m,)® IN), 3.4

where |N) is an N-photon state. In this direct-
product basis the Hamiltonians H, and H,(6) are
block tridiagonal in the photon number N, as
(Fz/2)(az,+aw) only connects states differing by
+1 photons. Choosing the origin of the energy scale
at Eg=Nw (#fi=1), the structure of the matrix rep-
resentation of H., [or HZ (6)] is block tridiagonal
in photon number N + M:

HaliN+1) [ fa)iN42) -
0 0
0 0
Vo1l 0 , (3.5)
[N+1] (V1]
[Vl [N+2]

where {a}] represents a complete set of functions spanning the full manifold of atomic states. The diagonal

blocks [N+M], M=0,+1,+2, ...,

correspond

to

the unperturbed part of the Hamiltonian

Hy=H;om +Hgeq. In the basis {a;} of uncoupled (atom) plus field states | {a};N +M ) the block [N +M] is

the diagonal matrix

layN+M) |ayN+M)
|a;N +M) Eo +Mo 0
layN +M) 0 E, +Mo
[N+M]= ; : :
[a,-;l\"+M> 0 0

where E, is the energy of the atomic state |a;)
and o is the frequency of the laser field. In the
complete discrete basis |i;N)= |n,-,1,-,m,’_;N) of
Eq. (3.4) [N +M] has the structure

la;N+M)
0

0
, (3.6)

Ey+Mo

[

(;0 | [N+M]]j;0")
=[(i | H*™|j)+(N +M)o]80,x + MO +n,0' -
(3.7)
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The off-diagonal blocks of Eq. (3.5) are of the
form

[Vaare1li=Ca;N +M | yem=—phoon g N L M+1)
(3.8a)

and in the limit of large photon-occupation numbers
are proportional to VN +M =~V N +M+1=VN
which is the dimensionless classical amplitude of the
field, allowing Eq. (3.8a) to be rewritten

F
[VM,Mﬂ].-,:?(ai |z |a;) . (3.8b)

In this limit the semiclassical Floquet theory and
quantized field Hamiltonians are identical."

In what follows, converged eigenvalues of the ma-
trix (3.5) corresponding to H (6) will be found.
However, before discussing calculations we note that
most atom plus field states are uncoupled in the di-
pole approximation which we henceforth assume. If
we assume an initial state, atomic field

[no,lo,my;N) of definite angular momentum I,

and parity (——l)l0 whose time evolution is of in-
terest, the dipole selection rules appropriate to linear
polarization require that coupling can only occur be-
tween states which differ by *1 units of angular
momentum. Thus, for example, the atomic hy-
drogenic  states (1s;N |, {(1s;N +1]|,{Is;N—1],
(1s;N +3|,(1s;N —3|,..., are uncoupled. As-
suming an initial hydrogenic state of s symmetry the
block structure of Eq. (3.5) collapses to that shown

. -
E'Zw Vdp

5-2w| Vsp

L‘/pd Vps | p-w | Vps

Vps | p*w|Vps Vpdl

Vsp s +2uw)

Vap d +2ﬂ

FIG. 5. ac Stark block-matrix structure arising directly
from the structure of H_ [or H. (0)] of Eq. (3.3) or (3.5)
if the initial state to be propagated is of the type
| n,l =0,m;=0;N ). That is an atomic s state. As all N-
photon direct product states with /540 have zero overlap
with |n,/=0,m;=0,N) all of these states and all of
those connected to them by 1,2,..., M-photon processes
play no role in the time evolution, and thus may simply be
omitted, resulting in the collapsed form shown here.

in Fig. 5 where only those atom plus field states of
symmetry appropriate to coupling to states of the
form |n,/=0,m;=0;N) are shown. The block-
matrix structure of Eq. (3.9) is the direct generaliza-
tion of the structure of Egs. (2.6) and Fig. 1 to the
ac Stark case. The off-diagonal blocks [¥};+] are
those of Eq. (2.6c) and the diagonal blocks are those
of Eq. (2.6a) augmented by Mwd;M
=0,%t1,%2,.... The block matrix of Fig. 5 is
enormously simpler in structure than that of Eq.
(3.5), even though no approximations have been
made. The collapse indicated in Fig. 5 is equivalent
to full utilization of symmetry relations in the more
usual statements of Floquet theory.??

A slightly rearranged version of the block-matrix
structure of Fig. 5 will be used in discussions of
computational applications, while the full block-
matrix structure of Eq. (3.5) will be used in making
formal contact with previously derived continued-
fraction representations' of multiphoton transition
amplitudes.

IV. ac STARK PROBLEM: CALCULATION
OF COMPLEX DRESSED EIGENVALUES

In this section it is shown that complex eigen-
values corresponding to complex dressed states are
easily converged using modest expansions in L?
functions and in “M” which measures the excur-
sions in photon number from an initial photon state
N. Section IV A details numerical convergence, and
IV B briefly discusses the blockwise inverse iteration
used to locate complex eigenvalues with a minimum
of storage and computational effort. As will become
clear in this latter discussion it is advantageous for
computations to rearrange the ordering of blocks in
the collapsed Floquet Hamiltonian as is indicated in
Fig. 6. The analogous block-matrix structure for
circular polarization has been given by Chu.?
Again, no approximations are involved; the block-
matrix structure of Figs. 5 and 6 are related by sim-
ply reindexing. It is the block-matrix structure of
Fig. 6 which will be used in all succeeding discus-
sions of computational results. Each of the blocks
of type A reduces to the dc Stark case as w—0, and
we refer to each as a Floguet block.

A. Choices of parameters and demonstration
of convergence

As indicated in Sec. III we expect to find complex
eigenvalues of the matrix representation of H? (6).
The matrix representation is completely specified by
the choice of basis functions, the number of atomic
symmetries, and by the number of Floquet blocks to
be included. Appropriate choices of all of these will
be a function of field strength, and of the frequency
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Atqwl]l B | 0 | 0 | O
BT |as2u1 B o] o
CRTIE oleT|a |8 | o
[} 0 |87 |a-240 B
0 o 0 | BT |A-4ul
N
AN
S | Vep| O | O o
Vps |P-wI| Vpg| O [o]
WHERE
A O |vap| D |var| ©
o 0 | Vg [F-wl|veg
0| 0| 0 |ve| 6
AN
AN
o} oo o o
Vps O |Vpa o] [¢]
AND
B: 0 olo| o] o
0 0 |Vig | O [Vyq
o] oo o| o

FIG. 6. Rearranged block-matrix structure of the Flo-
quet matrix of Fig. 5, in a form most suitable for numeri-
cal applications. This follows from the fact that only the
matrices 4 and B need be stored, and that the tridiagonal
structure may be exploited (see the Appendix). This form
of the matrix is that used earlier by Chu and Reinhardt
(Ref. 2), generalization to circular polarization has been
given by Chu (Ref. 2).

®. We consider two quite simple examples—more
complicated examples are considered in HRR.%

For atomic hydrogen at external fields of low in-
tensity and for frequencies w>0.5 a.u., only ordi-
nary single-photon ionization (ls—kp) can occur
with any real probability. If only one photon s —p
absorption is of importance only one Floquet block
need be considered, and only s and p blocks included
in that single block.1 One expects to find a complex
eigenvalue near — 5 with a shift and width corre-
sponding to the real and imaginary parts of the
frequency-dependent polarizability a(w). However,
given that only two / symmetries need be included
how are the nonlinear scale parameters A and 0

chosen? The dressed eigenvectors will be approxi-
mately a 1s hydrogenic function, suggesting a value
of A=A;=2A, of 1 or 2. The optimal value of 6 may
then be determined empirically. Figure 7 shows rel-
ative convergence of the imaginary part of the com-
plex dressed ls state of hydrogen for =0.6 a.u.
and F=10"% au. It is evident that a value of
0~0.45 rad is optimal in this case although if re-
sults are required only to three or four significant
figures any value of 6 between 0.3 and 0.6 is satis-
factory. The converged complex eigenvalue at
F=10"% =06 is E;,;=—0.499998940826
—0.6262659 % 105, which converges to the num-
ber of figures given. Conversion of the imaginary
part of this energy level into a cross section gives the
usual one-photon photoeffect cross section to the
number of figures quoted; see also the discussions of
Ref. 5 for complex-coordinate calculations of one-
photon ionization cross sections.

+1
CONVERGENCE FOR w =0.60,

o x=1.2 o
o~
~

-1 [

} z
~ 2 2~
4 ! »n
o =
g -3 30
w o

o-4 —H4
o 2
2 s 45 9

w

B z

6 6 )
n

-7 7

0 112 13 s »As 16 17 18
NUMBER OF ATOMIC BASIS FUNCTIONS

FIG. 7. Convergence studies of the shifted and
broadened hydrogenic 1s state in an ac field of frequency
0.6 a.u., and at an intensity low enough to ensure that
only the usual one-photon photoeffect is of importance.
Plotted is logo( | ' /2—T /2% | ) where T" /2 is the width
resulting from the finite-dimensional—matrix calculation
described in the text. For these illustrative calculations
A=1.2 and N =n;=n, the number of basis functions of
each symmetry is varied for a range of values of 6. It is
evident that for 6 in the range from 0.3 to 0.6 rad that ra-
pid convergence is easily obtained. While it is rarely of
importance to calculate a cross section to more than two
or three significant figures, the present results indicate
that systematically convergent results of very high accura-
cy can be obtained from such a finite L? basis computa-
tion. In this particular case, the photoeffect cross section
can be analytically extracted from the same L2 basis
without use of complex coordinates as discussed in
Yamani and Reinhardt, Ref. 3. In the multiphoton case
use of complex coordinates enormously simplifies treat-
ment of overlapping strongly coupled continua.
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As a second example of convergence consider
Fos=F/V2=0.025 au., and ©=0.375 au. At
this frequency the uncoupled states 1s and 2p —w
(i.e., the states | 1,0,0;N ) and |2,1,0;N —1) in the
exact atomic basis) are degenerate and we expect the
processes 1s—(2p —w)— (ks —2w) and (kd —2w) to
be important. Thus, strongly resonant two-photon
ionization will dominate at low fields, and addition-
al processes may well enter at higher fields. Thus at
least two and perhaps more Floquet blocks are need-
ed, and a minimum description involves use of
atomic orbitals of s,p,d symmetry. Figures 8 and 9
show relative convergence for the imaginary part of
the dressed 1s state under these conditions as a func-
tion of A=A, =2A,=A,4, 6, and the number of atom-
ic basis functions (N =n;=n,=ngy) for a series of
calculations involving three Floquet blocks and the
s,p,d atomic symmetries. Specific values of the
widths appear in Table III. Table IV indicates that
at this relatively high field (F,,,=0.025 corre-
sponds to an rms intensity of ~6X 10'2 W/cm?), in-
clusion of the Floquet blocks with 4, 4 +2w, and
A —4w was necessary to achieve convergence indi-
cating minor importance (3% to 4%) of four-photon
as well as two-photon processes at this intensity.
The relationship of these converged widths to actual
rates of multiphoton process is discussed in Sec. VI
of this paper, and in HRR.

B. Numerical determination of complex
eigenstates

The block-matrix structure indicated in Fig. 6
suggests that it should be possible to carry out calcu-

CONVERGENCE FOR w=0.375, x=1.2

s |V,

sp Vsd

p-w

log o (ERROR)

SIGNIFICANT DIGITS IN I/2

’ 6 8 10 " 12 13 4 15
NUMBER OF ATOMIC BASIS FUNCTIONS
FIG. 8. Convergence of the width of the hydrogenic 1s
state in a case where resonant two-photon ionization is
possible. States of three atomic symmetries, and three
Floquet blocks are included. For A=1.2, convergence as
a function of n=n,=n,=ny is shown for a range of
values of 6.

o] ’4' o]

CONVERGENCE FOR w =0.375, 6=0.45

log,, (ERROR)

SIGNIFICANT DIGITS IN T/2

-8 i 1 1
6 8 10 il 12 13 14 15

NUMBER OF ATOMIC BASIC FUNCTIONS

FIG. 9. Convergence of Im(E,) for the case discussed
in Fig. 8. In this case 0 is held fixed at 0.45 rad, and con-
vergence investigated for several values of A. Inspection
of this figure and Fig. 8 leads to the conclusion that A in
the range 1.2—2.0, and 6 in the range 0.30—0.60 is ade-
quate for most purposes. This clearly indicates that the
choice of these parameters is not particularly critical as
long as ~10 basis functions per atomic symmetry are
used. Successful performance of calculations with signifi-
cantly smaller numbers of atomic functions is possible but
requires careful simultaneous nonlinear optimization of 6
and A or, equivalently, inclusion of complex values of 6
[see, for example, E. Brandas and P. Froelich, Phys. Rev.
A 16, 2207 (1977)].

lations with only the necessity of calculation of the
single Floquet block A, and the sparse coupling
block B. This is, in fact, the case and implies that
the size of actual matrix computation depends only
on the number of atomic basis states needed to
describe the problem at hand. This latter is almost
always a much smaller number than the dimen-
sionality, of the block-matrix truncated Floquet
Hamiltonians. Thus, for the five-block s,p,d,f,g
calculation discussed in the caption to Table III the
maximum matrix to be stored was a 75X75
complex-value symmetric matrix which is itself
block tridiagonal, further reducing storage require-
ments.

Actual complex eigenvalues were determined by a
blockwise inverse iteration procedure taking full ad-
vantage of the block-matrix structure in both
storage and the computational algorithm. The gen-
eral strategy of the algorithm used is outlined in the
Appendix. The fact that storage and computational
requirements scale as the cube of the numbers of
atomic states, and linearly in the number of Floquet
blocks, rather than the cube of the dimensionality of
the truncated Floquet matrix indicates that the
method has the same basic computational advan-
tages as the numerical Floquet method recently in-
troduced by Wyatt et al.'® The main difference be-
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TABLE III. Convergence of the imaginary part I' /2 of the broadened and shifted “1s”
state of H in the presence of a linearly polarized laser field with @ =0.375 implying an exact
zeroth-order resonance ls, 2p —w, and thus a width dominated by two-photon ionization.
Convergence is shown for representative values of the nonlinear parameters 6 and A, as a
function of N, the number of atomic functions of each symmetry. For these calculations
Ng=3 and F,;=0.025 a.u., a strong external field. Examination of these results and those
of Figs. 8 and 9 indicates both that results of 1% precision are quite easily obtained for a wide
range of parameters and basis sizes, and that results of very high precision can be obtained if
needed. Effect of inclusion of additional Floquet blocks, needed at this high field, is docu-
mented in Table IV.

Nonlinear parameters

N® 6=0.30,A=1.2 0=0.54,A=1.2 6=0.45,A=1.5
6 0.14179085(—3) 0.120 160 69( —3) 0.13515746(—3)
8 0.13491825(—3) 0.13569392(—3) 0.13359070(—3)
10 0.13464203(—3) 0.134595 88(—3) 0.13462788(—3)
1 0.13461651(—3) 0.134 64147(—3) 0.13463571(—3)
12 0.13461651(—3) 0.134 638 69(—3) 0.13463952(—3)
13 0.134 648 70( —3) 0.134639 38(—3) 0.134 639 38(—3)
14 0.13463809(—3) 0.134.639 50( —3) 0.134 639 48(—3)
15 0.134 638 60( —3) 0.13463945(—3) 0.134 639 48(—3)
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°n is the number of atomic basis functions of each symmetry. In the present calculation
ns=n,=nyg=N, and the dimension of a single Floquet block of type “4” is thus (3N X 3N).
As the blocks 4, A —2w, and 4 + 2w are included, the total matrix has dimension (9N X9N)
which ranges from 54 X 54 to 135X 135 for these convergence studies. However, see the Ap-
pendix for a discussion of the effective size of the computations.

tween the approaches is that Wyatt and co-workers
construct the full Floquet propagator, while we con-
struct the cycle-averaged propagator. We also note
use of a subset of a complete discrete basis, rather
than actual atomic eigenstates, can be related to the

Dalgarno-Lewis method, and that the block-matrix
manipulations discussed in the Appendix can be
directly related (the difference being presence or ab-
sence of complex coordinates in addition to use of
finite-dimensional—matrix techniques involving ex-

TABLE IV. Overall view of convergence of E|, for the resonant frequency v=0.375 a.u.
and F(rms)=0.025 a.u. showing the convergence (to five figures in iT" /2) as a function of rota-
tion angle 6, basis scale parameter A, number of Floquet blocks N, number of atomic basis
functions, and number of atomic angular symmetries. Where the scale parameter is indicated
as 1.2(1.5), the indicated change in exponent does not affect the figures shown. For the
15s,15p,15d,15f,15g calculation with five Floquet blocks, the eigenvalue was obtained from a
complex symmetric matrix of dimension 375X 375. In contrast, as documented in Figs. 8 and
9 results good to 3% in iI" /2 can be obtained from an N =3 calculation of dimension as small
as 54X 54 using optimized values of 6 and A. Thus large-scale calculations are usually only
needed to check convergence, or to obtain high-precision results.

6

Basis A (rad) N E,
15s 15p 15d 1.2 0.45 3 —0.511946 —1.3464 <1074
1.5 0.5236 3 —0.511946 —1.3464 <1074
15s15p 15d 15f 1.2(1.5) 0.45 4 —0.511923 —1.3827x107%
1.2(1.5) 0.5236 4 —0.511923 —1.3827x 1074
10s 10p 10d 10f 10g 1.2(1.5) 0.45 5 —0.511923 —1.3824 %1074
13s13p13d13f13g 1.2(1.5) 0.45 5 —0.511923 —1.3827x 1074
155 15p 15d 151 15g 1.2(1.5) 0.45 5 —0.511923 —1.3827Xx107%
1.2(1.5) 0.5236 5 —0.511923 —1.3827x107%
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pansion in an L? set) to the recent discussions of
Gontier, Rahman, and Trahin®* who have explicitly
introduced the Dalgarno-Lewis®® technique, and
successive solutions of linear equations to construct
sums over intermediate states in continued-fraction
perturbation theory. We may also note that the
method of Ref. 23, if implemented in a finite basis
without coordinate rotation, closely related to that
of Karplus and Kolker?** derived in the context of
calculation of the frequency-dependent polarizabili-

ty.

V. RELATIONSHIP TO CONTINUED-
FRACTION PERTURBATION THEORY

The strong connections existing between the resol-
vent operator methods, continued-fraction perturba-
tion theory and the matrix Floquet Hamiltonian ap-
proach may be conveniently displayed by making
explicit the analytical structure of the elements of
the inverse matrix (zZ1—H7 )~'. A convenient tech-I

(E1—H)_,_, (E1-H)_,,
(EL—H)= | (E1—H), __, [N] (E1—H
0 (E1-H)o (E1—H

where H=H? or H. (6). Here [N] is the block of (E1—

nique, which takes full advantage of the block-
matrix structure of H is a standard matrix partition-
ing technique,?®~2® corresponding to the introduc-
tion of the concept of an effective Hamiltonian.?%%°

In a first step, we examine an elastic transition,
i.e., one of the form {(a;N |G(E)|a;N), where the
atomic state a might be either an actual atomic
eigenstate of an L? basis function of the type of Eq.
(2.4), and G(E)=(E1 —H,)~'. The amplitude it-
self is of interest for descrxbmg forward-scattering
processes and may be used in light-shift calcula-
tions. Poles of the analytically continued amplitude
correspond to the complex eigenvalue of H,(6), al-
lowing analysis of time evolution.

A. Elastic transition amplitude

To calculate an amplitude of the form
(a;N|(E1L—-H]) '|a;N), Wthh is related by La-

place transform to (a;N|e e |a ;N ), and thus
to time evolution of an initial state, it is convenient
to partition the Hamiltonian matrix (E1—H), as
follows:

o1 > (5.1)
M,

H) defined by taking all states of N photons. More

precisely, in the simple case of a H atom initially in an S state (or in any state with even-parity angular

momentum) the block matrix [N] is projected onto the space spanned by the states | {s,d,. ..
H), , is the following infinite partitioned matrix:

nal block (E1—

};N ). The diago-

Lpfs BN+ [fsd, .. 5N +2) [ {pof, .. 5N +3)
I{pf, --};N+1; [N +1] [V1,] 0
(EL—H)i, = {s,d,...};N +2 Va1l [N +2] (V23] el
pf, BN +3) 0 [Vs)] [N +3]

(5.2)

where the structure of matrix blocks [N +M] and [V p+11] is that of Eqs. (3.6)—(3.8).

The nondiagonal infinite matrix blocks denoted (E1—H )y ; and (E1—H), o assume, respectively, the corre-
sponding forms
Hpfo- BN+ |isd, .. .sN+2) [{pfo.. . ;N +3)
(EL—H)o1=|{s,d,.. . JiN) ( [Vo,] 0 0 ey 03
and
| {s,d,...};N)
Hp.f, . LN +1) [V10]
(E1—H)o=|{sd,....,};N+2) 0 (5.3b)
| {p

S JiN+3) 0
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The structure of the other matrix blocks can be obtained from the preceding ones by simple symmetry con-
siderations.

The amplitude of interest here, corresponding to an elastic transition, is of the general form
(a;N|(E1L—H)""|a;N), where in our case, the atomic state involved is |a)=|{s,d,...}). As a conse-
quence the full structure of the inverse matrix (E1 —H)~! is not needed: only its projection onto the space
spanned by the set of vectors | {s,d,...};N) is required. This determination may be conveniently achieved by
using standard block-matrix manipulations.?®?’

For instance, we solve first the following system:

(E1l-H)X=Y, (5.4)

which, after partitioning according to Eq. (5.1), may be written as

(E1-H)_ X _+(E1-H)_,0Xo=Y_,, (5.5a)
(E1—H)o 1 X 1 +[N)Xo+(EL—H)o1 X,=Y,, (5.5b)
(E1L—H) 0 Xo+(E1—H) X, =Y, . (5.5¢)
As we only need to know the structure of the block
({s,d,...};N |[(EL-H)"'|{s,d,...};;N)=[(EL—H) ']o0
projected onto the space spanned by vectors | {s,d,...};N) in the inverse matrix (E1—H)~!, one may solve

the system, Eq. (5.5), with respect to X,. The diagonal block-matrices are nonsingular, and one has successive-
ly

X_=[(E1-H)_, _1]7'[Y_,—(E1—H)_;0X,], (5.6)

X, =[(E1—H),]7'[Y,—(E1-H) oX,], (5.7)
and, replacing in Eq. (5.5b);

([N]—(EL—H)o _[(EL—H)_, )" (E1—H)_,o—(EL—H)o,[(EL—H), ] (E1—H), 0} Xo

=—(E1—H)y _[(EL—H)_; ]7'Y_+Yo—(E1—H) [(E1—-H),17'Y,. (5.8)

The needed block element [(E1—H)™ '], is merely the coefficient of Y, in the preceding expression for X,

namely,
({s,d,...;N|(EL—H)""|{s,d,...};N)=[(EL—H) "o
={[N]—(E1—H) _[(EL—H)_, _,] NEL-H)_,,

~(E1—H) [(E1L—H), ] E1—H); o} ! (5.9

The essentlal result obtained by this 51mple partitioning analysis is that the diagonal block-matrix

[(E1— l]0 o of the inverse matrix (E 1—H)~!is expressed in terms of inverses of the (nonsingular) ma-

trices denoted (EL—H)_, _,and (EL—H), , [Eq. (5.2)]. This result may be easily related to those of Ref. 1.

For instance, the block matnx [(E1—H )"1]0 o corresponds to the Green’s-function operator denoted Gy in
Yeh and Stehle’s 1977 paper!; the inverse matrices [(E1—H)_ 1 17! and [(E1— H), ]! are Yeh and
Stehle’s projected operators denoted, respectively, Gy _; and Gy ,; the matrices (E1—H )0_1 and [E1-H], o
correspond to the operators Py VPy . and Py | VPy.

It is an easy matter to check, by simply using block-matrix multiplication rules, that the product
(El—]_i)o,l[(E;l_—!_I)l,l]‘1(Ejl_—ﬂ)1,0 is, as expected, a block matrix defined only on the subspace spanned
by vectors belonging to the subset | {s,d, ...};N ). Moreover it can be verified that one does not need to know
the whole structure of the inverse matrix [(EL—H), ]!, only its leading block projected into the space
spanned by the vectors | {p,f,...};N +1).

The required leading block matrix of [(EL—H), ;]~' may be obtained by further use of the partitioning
techniques. Thus,

[N+1] (E1—-H),

(EL—H),, =
Y EL=H)yy (E1-H)y, | (5.10)
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where

| {s,d,...;,N+2) |{p.f,--

| {s,d,...};N +2) [N +2]
(El_ﬂ)2,2= |{P,f,-~-};N+3> [V32]
| :

P 4
{s,d .%N+ ) 0

and

LN +3) [ {s,d,... ;N +4)

[V33] 0
[N +3] [V34]
[Va3] [N +4]

(5.11)

[{s,d,...;,N+2) | {pfo-- . ;N+3) |{sd,...};N+4)

(E1L—H)y,=|{p.f,.. . LN +1) ( [V12]

0 0 cee)
(5.12)

with a similar rectangular block matrix representing (E1—H), ;.
Denoting the leading block matrix of [(EL—H), ;]~" projected onto the subspace | {p,f,...};N +1) by

((EL—H) 7= pfs- - LN+ EL-H) 117  {pfs .. N +1) (5.13)

we have

{([(EL—H); 17"} 1,1={[N +1]—(E1—H), ,[(E1—

H),, ] HE1—H), }7". (5.14)

Again, as we need only the projection of [(E1—H )2,2]'1 onto the space spanned by the vectors

[ {sd,...};N+2),...

, we may continue to iterate the procedure to recover the continued-fraction structure

of the expansion of the block matrix {[(EL—H),;]~'};  in the expression [(EL—H) ']y in Eq. (5.9). We

have, finally,

Upfs o BN+ E—-H) 17 {pf, .. N +1)

1

_fipfi BN+

1 (pfy - BN +1

= [N+1]—(EL-H),,

The same analysis may be performed also for the
symmetrical block matrix (E1—H)_, _,, which
completes the calculation and permits one to recover
the main results of Ref. 1.

It should be pointed out that the possibility of ob-
taining such a compact result is a direct conse-
quence of the symmetry properties of the Hamil-
tonian matrix [Eq. (3.5)]. Of course, these sym-
metries are already contained in the model (single
mode laser, dipole approximation, etc.) chosen for
describing the physical system under consideration,
but the matrix method used here permits us to fully
exploit these model characteristics.

The expression Eq. (5.15) generalizes the notion of
the J fraction®® to the case where the elements are
(noncommutative) matrices. This follows from the
fact that the partitioned matrix (E1—H),; [Eq.
(5.2)] exhibits the structure of a J matrix whose ele-
ments would be matrices themselves. Now it is
known, from the theory of the ordinary J matrix
with scalar elements, that the leading element

1
[N +2]—(El—ﬁ)2,3W(El —H)s,

(5.15)

I
(J~1),,; of its reciprocal may be expanded as a con-
tinued J fraction’:

aj ap 0

J= |ay ay axy|;

0 a3 a
32 723 (5.16)
1
==
Qa)
an—
Q303
Qaxp—
Qz3—

It follows that Eq. (5.15) may be obtained directly
from this analysis without resorting to a new parti-
tioning of (E1—H ), ; as performed in Eq. (5.10). It
is sufficient to extend the relations Eq. (5.16) to the
case where elements a;; are matrices, provided care
is taken to properly define right- or left-handed
operations. Similar procedures have previously been
used in some extensions of the Padé-approximant
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theory.’! =33 More detailed accounts and specialized
applications of matrix continued fractions and Padé
approximants may be found in these references.

B. Inelastic transition amplitude

Nondiagonal blocks of the inverse matrix
(E1—H)~! may be obtained from a slight extension
of the matrix partitioning technique described
above. It should be noticed first that amplitudes
relevant for one-photon transitions can be derived
directly from the results of Sec. IV A. For instance,
the blocks

({s,d,...;N|(EL-H)7'|{p.fo...};N—1)
=[(EL—H)" "o,

and

({s,d,... ;N (EL—H)"'|{p.f>... ;N +1)

=[(EL—H) "o,

are, respectively, the coefficients of Y_, and Y in
the expression Eq. (5.8) for X;. One has
|

(EL—H) 1]p;=—[(E1—H) 'loo(EL—H),,
X{UEL—H) 117

(5.17a)

(EL—H) "o _1=—[(EL—H) "o o(EL—H), _,
X{I(EL—H)_; 117"}y,

(5.17b)

An important characteristic of these expressions
is that nondiagonal block matrices of the inverse
matrix are given in terms of the diagonal ones.
Thus the calculation is reduced to that of
the already-defined diagonal elements, Egs. (5.9)
and (5.15). Again the connection with Yeh and
Stehle’s 1977 results' is achieved by making the
above-mentioned  substitutions [(EL—H) 1]g0
=Gy, (E1L—H)o+,=PyVPy+y; [(EL—H)pp]™'
=Gy 4 u, etc., which permit us to recover their Eq.
(3.29).

Generalization to the case of higher-order transi-
tions may be made in a similar way by suitably in-
creasing the number of block matrices included in
the partitioning of (E1—H). For instance, the ex-
pression of a general M-photon transition amplitude
(a;N |[(EL—H)""|b;N+M)=[(EL—H) o »
reads

(EL—H) om=[EL—H) ool Vo1 l(EL—H), ;17 [V J(EL—H), 5] ' [Va3]* [Var—am—1]
XUEL—H)y i1 1" WV om IEL—H)p 17", (5.18)

where [(EL—H) ']y is given in Eq. (5.9). As be-
fore the nondiagonal block matrices [V}, ], when
entering in a matrix product, play the role of projec-
tors onto given subspaces. It follows that, as shown
in Sec. VA we need only determine the leading
block element of the inverse [(E1—H); ]~ I, These
elements exhibit the continued-fraction structure
given in the expression Eq. (5.15). Equation (5.18)
correspond to the amplitude entering Eq. (3.37) of
Gontier, Rahman, and Trahin’s paper' and to Eq.
(3.28) of Yeh and Stehle’s 1977 paper.!

C. Perturbation theory and
eigenvalues of the block truncated
Floquet Hamiltonian

Either by power series expanding the denominator
of Egs. (5.9) using Eq. (5.15) or by direct partition-
ing of the Floquet matrix, Eq. (3.5) itself, it is
straightforward to write perturbation expansions of
the Brillouin-Wigner type for the dressed or Floquet
energies, thus making explicit the relationship of

T

truncations of the Floquet Hamiltonian and either
usual or continued-fraction perturbative techniques.
As usual, it is convenient to introduce diagrammatic
representations for the resulting expansions, as
within the framework of the diagrams the origin of
the large numbers of higher-order terms in the ex-
pansion becomes clear. Figure 10 indicates the
structural framework of allowed diagrams through
eighth order in perturbation theory using a notation
similar to that of Yeh and Stehle,' indicating both
the number of interactions (or “order” in the expan-
sion, denoted by k) and the extent of the walks in
photon number away from the reference photon
number N. Rules for construction of individual dia-
grams and their evaluation are straightforward. (1)
An individual diagram (for the linear polarization
case at hand) is constructed by beginning at the node
0 and moving, following the arrows, successively to
nodes 1,2, ...,k. For a contribution to the kth-
order correction to the dressed state €,;,+Nw the
path must end at the kth step with a node at photon
number N. The topologically distinct paths corre-
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PHOTON EXCURSION
+4 +3 +2 +1 -1 -2 -3 -4

i

ROl

[
4

ORDER IN THE INTERACTION Vy m4|

N+4 N+3 N+2 N+I N N-1 N-2 N-3 N-
PHOTON NUMBER

FIG. 10. Skeleton form indicating the possible types of
diagrams contributing to a dressed-state energy. Order
with respect to the interaction is plotted up the vertical
axis. For each change in order the photon number must
change by +1. Assuming N to be the reference photon
number all diagrams of order k are obtained by consider-
ing all distinct paths connecting the node at photon num-
ber N, order 0, to photon number N, order k, following
the arrows in the indicated directions. See Fig. 11 for ex-
amples. It may be shown that the total number of paths
for such a k =2J order diagram is (7). As will be seen,
truncation of the Floquet expansion, at a finite number of
Floquet blocks, corresponds to truncation to a maximum
excursion J in photon number, but is infinite order in the
interaction. Rules for construction and evaluation of the
diagrams are given in the text.

spond in a one-to-one way to individual contribu-
tions to the perturbation expansion, all diagrams are
weighted equally, and all must be included. For ex-
ample, the specific paths in second and fourth order
are displayed in Figs. 11(a) and 11(b) as are a few of
the sixth-order paths in Fig. 11(c). (2) Diagrams are
evaluated in terms of the unperturbed propagators,
and dipoled interaction term. The first and last
nodes give the diagonal matrix element of the unper-
turbed states whose dressed energy is desired. Each
directed arrow corresponds to a transition from M
to M+1 photons and contributes a factor Vs pr+;.
Each internal node (i.e., those with an arrow enter-
ing and leaving) contributes an unperturbed propa-
gator [E+No—HM)]~" with M corresponding
to the photon number of the given node.

Taking the (1s + Nw) state of atomic hydrogen as
an example, we have

E=¢,+Now (5.19)
in zeroth order and
1
E=¢,+N Is|V—7——
€15+ a)+<s E—H(N+1)Vls>
+<1s V—l———V 1s>
E—H(N-1) (5.20)

EXCURSION (a)

EXCURSION
+1 -1 +1 -1
— 2 — T2
} : { :
w w
I o I o
@ @
o )
| —— o b — 1o
N+l N N-1 N+1 N N-I

PHOTON NUMBER PHOTON NUMBER
(i) (ii)

EXCURSION (b)  EXCURSION
+1 o) -1 -2 +1 0 -1 -2
— 44—y 4
SI 31
w w
20 20
x @
Io 'O
——oa8 0 —d 0
N+I N N-1 N-2 N+I N N-1I N-2

PHOTON NUMBER PHOTON NUMBER
(i) (i)

EXCURSION
+1 [ -1 -2

?r——%—44
:
2
[E— o

N+1 N N-1  N-2
PHOTON NUMBER

(iii)

ORDER

(c)
EXCURSION
+1 [o] -1 -2

PATH 2

paTH 1 7

+ 1

N+1 N N-I N-Z‘Lo
PHOTON NUMBER

FIG. 11. (a) Paths giving rise to second-order contribu-
tions to the dressed energy. (i) corresponds to a virtual
absorption, and (ii) to a virtual emission of a photon. Re-
sulting second-order corrections to (€;;+/Nw) are shown
in Eq. (5.1b). (b) Three paths giving rise to fourth-order
contributions to the dressed energy. Three other paths,
which are reflections of these through the vertical O ex-
cursion axis also contribute. (c) Two of the possible
(=20 paths contributing to sixth-order contributions to
the dressed-state energy. Diagram of path 2 is evaluated
in the text.

in second order [corresponding to Fig. 11(a)].

A single sixth-order example should suffice to
complete the discussion. The diagram in Fig. 11(c),
is evaluated as path 2,
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1 1

1 1

We note that if intermediate states with N photons
occur, the ls state will be omitted in the spectral
resolutions.

Within the framework of this simple diagrammat-
ic notation, we can now make explicit the relation-
ship between perturbation theory for an individual
eigenvalue and truncation of the Floquet Hamiltoni-
an, which will be necessary in any numerical ap-
proximation scheme. Figure 12 shows the skeleton
diagrams contributing to the dressed-state energies
corresponding to various truncations of the Floquet
Hamiltonian. It is seen that each level of truncation
corresponds to infinite-order perturbation theory,
measured in terms of the number of interactions
with the field, and that convergence in terms of in-
clusion of a sufficient number of Floquet block ma-
trices is convergence with respect to the maximum
(and/or minimum) excursion in photon number.

For completeness we briefly indicate the structure
of the Rayleigh-Schriodinger expansion for the
dressed-state energies. The symbolic diagrammatic
expansion of Figs. 11 and 12 is simple because it is a
Brillouin-Wigner expansion. That is, the sought
after dressed-state energy appears on both sides of
the expansion: It appears alone on the left-hand side
of the expansion as the desired result, and on the
right-hand side in all of the denominators. A

EXCURSION EXCURSION
+1 (o] -1 +2 +1 [¢] =1 -2
e —t
5 5
4 4
35 35
a o
o« @
20 2c>
[ I
] Y

N+l N N-I N+2 N+l N N-I N-2
PHOTON NUMBER PHOTON NUMBER

(a) (b)

FIG. 12. Skeleton diagrams corresponding to various
block truncations of the Floquet matrix. Truncation in
the number of Floquet blocks to those containing N, and
N1 photons (i.e., to three blocks) gives rise to the
skeleton of Fig. 4(a), which shows that a truncation in the
photon excursion, but not perturbation order is implied.
Figure 4(b) shows the skeleton for contribution to the
dressed energies obtained by truncation of the Floquet
Hamiltonian to five blocks, and to excursions of 0, +1, +2
photons about the reference number.

Vv 14 1% 14 1%
E—[HYN—-1)] E—[HYAN-2)] E—[HYN-1)] E—-[HYN-2)] E—-[HYN-1)]

vV

).

(5.21)

Goldstone-type diagrammatic expansion represent-
ing the Rayleigh-Schrodinger perturbation expan-
sion of the dressed-state energy follows from succes-
sive formal iteration of the Brillouin-Wigner expan-
sion,>* to successively remove the unknown energy
to higher and higher order, followed by successive
reexpansion, until all of the denominators are of the
form [€;; +No—(H+Mw)]~". This iterative pro-
cess, which has been exhaustively discussed in the
many-body context by Brandow,* Brueckner,*® and
others, gives rise to a much more complex perturba-
tion expansion, explaining the difficulties which
arise when the reverse process is attempted, and
making the advantages of the partitioning technique
especially clear. The imaginary part of the
Rayleigh-Schrodinger-type perturbation expansion
for E | will yield, order by order, the usual (for ex-
ample, see Refs. 15 and 36) perturbation contribu-
tions to one-, and two-, and three-photon ionization,
etc., provided that the correct limit as €, ap-
proaches the real axis is taken. This is easily veri-
fied by direct introduction of the diagonal
atomic spectral representations of [e€;+Nw
—(H{+Mo)] ™"

VI. CALCULATION OF ADIABATIC
MULTIPHOTON IONIZATION RATES

As demonstrated in Sec. IV, the truncated time-
independent Floquet Hamiltonian H,(0) has com-
plex eigenvalues and eigenvectors which are easily
obtained computationally and which we expect to be
related to time dependences of multiphoton ioniza-
tion processes. A general discussion of this relation-
ship appears in the following paper HRR. What is
discussed here is the possibility of relating individu-
al complex eigenvalues of H? () to ionization rates.
This will be the case only when the eigenvalue of in-
terest is isolated, namely, when it is possible to
prepare adiabatically the dressed state under con-
sideration. This simple fact follows immediately
from the discussion of time evolution in Sec. VI A.
Section VIB contains illustrations of the utility of
the method in intense-field, one- and two-photon
ionization of hydrogen, using complex eigenvalues
calculated by the methods of Sec. IV.

A. Time dependence and dilatation
transformation

In the Floquet representation, the time depen-
dence of an initial direct-product state
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|a)=|a(0)) is given by
—iHt

la(t))=e la) (6.1)

and the bound-bound transition probability given as

Py g)=|{(Ble e “laY|?, (6.2)

where Eq. (6.2) assumes an average over the mltlal

phase of the monochromatic laser of frequency 9
—iHZ 1,
For computational purposes, we write e ' mn

terms of the integral representation
a).

(6.3)

1 —izt

e
— d.
2 f‘gz—HZ z

Bl a)=(p

where € is any contour enclosing the spectrum of
H?Y in a positive sense, as shown in Fig. 7. As in
Sec IIB, the dilatation transformation H}
—~HZ () provides the new integral representation

(Ble” e “la)

1 e
— ————d
21 ff H (9) ‘

a(9)> (6.4)
z—

=<B(9)

where, as the spectrum of H? (6) differs consider-
ably from that of H, the contour may be deformed
advantageously just as shown in Fig. 3 in the dc
case.” If an adiabatically prepared dressed state
[a(8)), which is an eigenfunction of H (6) is pro-
pagated via Eq. (6.4) only a single term survives the
contour integration, and the time evolution is pure
exponential.

In actual calculations, as discussed in Sec. IV,
H (8) is projected onto a discretized atomic spec-
trum, and takes on the block-matrix structure shown
in Fig. 6. This implies the matrix spectral resolu-
tion

=3 1 —

=7 (i, (6.5)
z—H](9) i

where the |i) and (7| being right and left eigen-
vectors of the complex symmetric matrix H (6),
ie.,

H,(0)|y=E;|I) (6.62)
and

(G |HZ(0)=(i|E; (6.6b)
|i) and (i | form a bi-orthogonal set

(T17y=8; . (6.6¢)
Owing to the symmetry of Ha(6), we have

(7| =(]i)7 rather than (i |=(|iN'=[(]iNT]*
Here T is the transpose, and the asterisk is the
complex-conjugation operation; thus the dagger is
the usual Hermitian conjugate. We consider two ex-
amples.

B. Adiabatic one-photon-dominated ionization

In the frequency region @ >0.5 a.u. the direct
one-photon ionization channel is open for ground-
state atomic H:

w+H(ls) >Ht4e~ . (6.7)

In this case the complex eigenvalue E (@) is isolat-
ed, and represents the complex dressed energy of the
state obtained adiabatically from the field-free 1s
hydrogenic state. Assuming an atom prepared in
this adiabatic state [only one term contributes to the
expansion of Eq. (6.5)], we can ask for the field and
frequency dependence of the ionization rate in terms
of an intensity-dependent cross section (i.e., the rate
divided by I) intensity normalized to the expected
one-photon-dominated proces_ses. The cross section,
obtained directly from Im[E(w)]/I is shown in
Table I. At low fields (F <0.01 a.u.) the eigenstate
|1s) is essentially the (analytlcally continued) ls
state, and, as expected, gives an intensity-
independent photoabsorption cross section identical
to the usual photoeffect cross section calculated us-
ing the exact hydrogenic 1s ground and p-wave con-
tinuum states, with the assumption of the dipole ap-
proximation. At higher fields we might expect that
the cross section will increase as direct many-photon
ionization processes add to the ionization flux.*®3’
It is evident, from the cross sections of Table V that
for frequencies near threshold there is a fairly sub-
stantial high field enhancement of the usual one-
photon cross section. This enhancement dies off
very quickly at higher frequencies. This is presum-
ably due to the fact that two-photon processes are in
one-photon resonance with the usual p-wave contin-
uum, which has a substantial oscillator strength near
threshold, but which decays quite rapidly as a func-
tion of frequency. Table VI gives a feeling for the
complexity of the situation as the external rms field
becomes an appreciable fraction of the internal
atomic field strength, 20% in this case. The decom-
position over unperturbed direct product states
shows that, although the adiabatically prepared state
is dominantly 1s, other states (dominated by
|2p;N —1)) are beginning to play a substantial
role. This implies a difference in time evolution of
the bare ls state with respect to sudden or adiabatic
field turn-on of the external field. Adiabatic turn-
on would result in the ionization generalized cross
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TABLE V. Intensity-dependent one-photon dominated ionization cross section o\(ad) at
rms field F, for atomic hydrogen in the state adiabatically prepared from 1s ground state.
Generalized cross section o, is defined proprotional to [ /I where Ty, is the width of the
complex dressed 1s state, and I =F 2 o the rms field intensity. For F < 10~ % a.u,, o, is field
independent to high accuracy and equal to the usual photoeffect cross section. As the rms
field strength is increased the cross section is seen to be enhanced, presumably by direct two-,
three-, ... photon ionization processes (Refs. 38 and 39). In the high-field cases details of
state preparation will be important, and these adiabatic cross sections are difficult to observe.

F (au)

) 10—42 10—22 0.0025° 0.05° 0.10° 0.15° 0.20°
0.50 0.225 0.225 0.226 0.228 0.237 0.242 0.253
0.55 0.174 0.174 0.175 0.176 0.179 0.183 0.186
0.60 0.138 0.138 0.138 0.138 0.140 0.142 0.142
0.80 0.062 0.062 0.062 0.062 0.062 0.062 0.062
1.00 0.033 0.033 0.033 0.033 0.033 0.033 0.033

?For these field strengths three Floquet blocks (4 and A +2w) were used with the A’s defined
by use of 15s,15p,15d atomic functions with A=1.2, and 6=0.45 rad.

*For these field strengths the atomic basis was extended to include 15f functions and the
(A —4w) Floquet block added to the three Floquet blocks of a. Again A=1.2 and 6—0.45
rad.

°Atomic basis of b was augmented with 15 “g” functions and the Floquet block (4 +4w) ad-

2965

ded to the four Floquet blocks of b, above. Again A=1.2 and 6=0.45 rad.

section of Table V. Sudden turn-on would give rise
to substantial transients due to non-negligible projec-
tions onto many dressed states, as implied by the
projections of Table II. Again, such more complex
time dependences are the subject of HRR. However,
even without this latter analysis it is evident that the

TABLE VI. Projection of the dressed 1s state of atom-
ic hydrogen with E;;=-—0.423305—i0.051543 at
Fms=0.2 (a.u.) and w=0.6 (a.u.) onto the unperturbed
dressed states |n/;N+M). Matrix Floquet calculation
for these intensity and field parameters is that discussed
in Table V. Projections shown are the complex numbers
(E\;|nl;N —M) for M =0,1,2. Notation angular brack-
ets denote a real scalar product as discussed in Sec. VI. It
is evident that at this high field substantial mixing of
atomic states has taken place.

Unperturbed Vector projections
dressed (real scalar product)
state | nl;M) (E\{(F=0.2,0=0.6) |nl;N —M)
| 15;0) 0.7069+410.2729
|2$;0) —0.055+4i0.012
| 3s ;0) —0.023+4i0.020
[2p;—1) 0.2232—i0.054
[3p;—1) 0.046 —i0.050
l4p;—1) 0.013—i0.007
|2s;—2) 0.0042—i0.0044
|3s;—2) —0.0059+4i0.011
|3d;——2) —0.0052+i0.002

inclusion of resonant free-free multiphoton transi-
tions is of no great difficulty in the present matrix
Floquet method. This is because the complex rota-
tion of coordinates has moved all of the continua
away from the real axis avoiding any need for care-
ful evaluation of the principal-value integrals which
would arise in the usual formulation of continued-
fraction perturbation theory.

C. Adiabatic two-photon-dominated ionization

In the frequency regime near w=0.375 a.u. the
Is—(2p-w) transition is in near-resonance and the
ionization process is dominated by two-photon ioni-
zation. The fact that the unperturbed | 1s;N ), and
|2p;N —1) states become degenerate implies that
the corresponding complex Floquet eigenvalues will
be nearly degenerate, and an avoided crossing will
occur as @ is swept through resonance. This is illus-
trated in Fig. 10, where the real parts of the complex
dressed energies are indeed seen to undergo such an
avoided crossing. (More detailed discussion of such
complex avoided crossings appears in HRR.) The
nearest approach of the eigenvalues is a strong func-
tion of field strength and is a measure of the 1s—2p
Rabi frequency. Discussion of the time dependence
of the resonant and near-resonant ionization process
appears in HRR. In the remainder of this section
we discuss the information directly implied in the
imaginary parts of the individual dressed states.
Thus, we assume that we can experimentally prepare
a pure dressed state at ¢t =0, and also observe its
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subsequent decay. This implies that information

Q4 O >
will not be obtained for near-resonant processes, as €953 B|lom otTITTI
. . . . £ % | N e enen
adiabatic field turn-on (at constant w) is then not Ec9° g gl NN
. . . . - o ~— ~— N e O~ N
possible. Nearness to resonance is defined in terms = =g § RS2 A8RLRIFITIS
of the Rabi splittings of Fig. 13, and thus for low 5.8 5 & SIST IR
. . . . < (oY
fields adiabatic turn-on is a reasonable assumption + o E s
e | 4
except almost exactly on resonance. This is illus- o83 °
y; B « Q ) —_ o~ Qe e . -
_trated by the res'ults gf Table VII, yherezthe general- XL E . % 2o g S¥IIsIa
ized cross section &,(Floquet)=I";;/I° calculated gz 8 S TTETTTTTTY
. ~ = » o 72
from the eigenenergy (€, —il"|;/2) of the dressed Ea g g g EZtagaszEx:
. . . - S 8
state, which is dominantly |1s;0) rather than & S35 Lo Qo oy 8 R~
. : ; =222 Ol Treen == aem =
|2p;—1), is compared with the second-order per- 50+ 2
. . Lo e
turbation calculations of Chan and Tang.** The SEE2
agreement is seen to be excellent, neither method be- IS =
. . . . Q
ing valid on resonance. The intensity dependence of 2 L2 B _
- e g3 =
G, (Floquet) is shown in Fig. 14, where the TESE e<1§3 828 § R
2 iobes - g 2282 ||I32/28 S£3588%%
mismatches in the estimated cross sections at the 288 &
Is—2p and 1s—3p resonances give a measure of Mg — =
. . . 1
the failure of the adiabatic approach on resonance. S 8 E £
. . . . " ] Q
It is interesting to note that at the highest field BELE
. . . Pt = — —~ o~ e
— =&
strength {Fms—O.l a.u.) the adiabatic generalized K| 33 : YoaIIITIIR
cross section shows no resonant structure whatever, 2FgeE R U UL
and that due to the enormous Rabi broadening o g 2 & S IC g ST - NI DA
. g 3% g - O+ ND —
(bound-bound power broadening) the off-resonant 288 S8 EITISIRIES
generalized cross section is beginning to decrease, _g m5g
28 EE
- 9
95 = v 4 ~l~a~ ~ ~ ~ ~ ~ ~
= 5} 53 NNttt
oS E o B |[MoOomoananaoan
S e T e O R B
e r ; 75«2 SE|lsmsswraanmaa
. N P A ST NS N =0 Wn
-o.assig - N _re0025 - —~ 2§z L M3 agomgo=09
: < 2':,“,&)0 ® [ OO —=F e n O~
~ s - =g
-
~ -0490 2 E 2 E,
5 ST g E‘ =
~— '; — -
> -0.495 3820 %
: 1787 |92 |gzesz528ss
% _923‘% ZR| ===
- o O =
o osoc. g g < % .“:" 3
& -0505 S = = =
o D= ey
2 053 —~ |~~~ A~ ~ ~
4 & 3 - %NMMMMMNNN
< w g as (el e W s s W o o W o oMK o o Wi s S o oW o 0
uw -0.510 o= g
& S228§ et
2= 2: |[EE|lsssmssmss=
g &9 & ClAdvaT v~ o~
o815k S5 2% W@ mwAaTITAaT o
e §§g‘.§ ® | = O n 6B AN~
_— -
2528
-0.520
0.360 0.365 0370 0375 0.380 0.385 0390 8 5 8 % g e o 8
w (a.u.) ;-%.Evd“%gmmmmmmm(\lg
. B o as 8% N NN N o g
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|1s;9), |2p; —1) degeneracy at w=0.375 a.u. Avoided g L: P % 4 NEEEEPEERRE
crossings of the real parts of the complex Floquet eigen- O35 oy —_
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values are shown for three field strengths. Strong field = g' = Emo
dependence of this avoided crossing corresponds to the > SE g ol | ™
fact that it is Rabi, rather than ionization, broadening 3 228R= Eo,\
hich nching of the resonant enhancement of Rgsg§|8<|8 § S 2 § 222%
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the ionization cross section near the |2p;—1) and =8 s g P Z <
|3p; —1) resonances. See HRR (Ref. 6). SO EZslz

0.45 rad, 25s,25p,25d atomic functions, and three Floquet blocks, 4, A +2w were used.

*In the Floquet calculations F,,=5X10"* A=1.2 and 6
®Perturbative calculations of Chan and Tang (Ref. 40).
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FIG. 14. Adiabatic generalized cross section

o,~T, /1% for the two-photon-dominated ionization of
the 1s state of atomic hydrogen near the 2p and 3p inter-
mediate one-photon resonances. These approximate cross
sections were calculated assuming that the adiabatically
prepared complex Qressed Is state decays exponentially
with lifetime T, [ie, Im(E;)=—T/2], a quite
reasonable approximation off resonance. At low fields
[Fems < ~1073 a.u.~10"° W/cm? (rms)] this approxima-
tion gives o, in numerical agreement with that obtained
by the usual second-order perturbation theoretic formula-
tion, except on resonance where both of these simplistic
formulations break down: Second-order perturbation
theory, of course, diverges on resonance as the avoided
crossings of Fig. 13 are ignored (i.e., Rabi broadening is
omitted); in the Floquet case the states in question cannot
be adiabatically prepared starting at the exact resonance
frequency. Rabi broadening has completely quenched the
resonant enhancement at F=0.1 au. [~3.5%x10"
W/cm?(rms)]. This same conclusion follows from the
more complete analysis of HRR (Ref. 6).

implying that the rate is no longer scaling as I2, due
to saturation.

It is clear that a great deal of information is con-
tained in the imaginary parts of the complex Flo-
quet eigenvalues; however, a more serious discussion
of multiphoton ionization-rate processes requires
more detailed discussion of time dependences, in-
cluding the laser turn-on. These topics are the sub-
jects of HRR.

VII. DISCUSSION

In this paper the following has been accom-
plished: Floquet theory has been generalized to in-
clude the presence of multiple ionization continuua
in such a manner as to make connection with more
usual perturbative approaches. Introduction of an
appropriate analytic continuation of the generalized
Floquet Hamiltonian alters the spectrum in such a
way as to allow direct calculation of the complex
dressed states which represent the (decaying) states
of the atom plus laser field. It has been shown that
such complex eigenvalues may be systematically ob-
tained using L ? basis-set expansions, thus taking ad-
vantage of the fact that the eigenfunctions of H? (6)
are L? in the rotated coordinates. In this paper the
imaginary parts of the complex eigenvalues are
shown to contain substantial physical information.
In HRR it is shown how this information may be
used to directly calculate the time evolution of the
atom plus field system, in addition to the adiabatic
generalized cross sections reported here.
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APPENDIX: NUMERICAL ESTIMATES
OF INDIVIDUAL COMPLEX EIGENVALUES

1. Inverse iteration

If only a small number of eigenvalues and eigen-
vector of a matrix 4 are needed, inverse iteration®® is
very convenient. Given an estimate of a (complex
eigenvalue o near an eigenvalue a) successive solu-
tion of the linear equation

(A—ol)x,=x,_1 n=1,2,3,... (A1)

effectively constructs y, =[(4—01)""1"x,, where
X, is an arbitrary initial vector. As long as x; is not
exactly orthogonal to the eigenvector
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cildc;=a;c;), and as long as o is closer to @; than
to any other eigenvalue
1

~————C;
In (a;—o)* "

(A2)

to within normalization, allowing calculation of
both a; and ¢;, given an initial guess. This has
proved to be a highly advantageous method of find-
ing complex eigenvalues and vectors. Choice of o
and x, has never been difficult and the choice
xo=(1,1,1,1,...) followed by normalization has
proved adequate in all cases investigated.

2. Solution of block tridiagonal equations

Implementation of inverse iteration requires solu-
tion of the linear system

[H] (0)—ollx=f, (A3)

where H7 (0) is the matrix Floquet Hamiltonian; 1
is the identity and f is a known vector. The matrix
[H7Z (6)—o1] has block tridiagonal structure

4, BT 0 0

B 4, BT 0

0 B 4, BT (A4)
0 0 B

which can be factored into upper (U) and lower (L)
block matrices of the form?®

a; 0 0
B a, 0

L=|0 B a; , (A5a)
0 B g;
1, T 0

1L, I,

g: 13 L3 y (A5Db)

0
where

a1=4,, (A6a)

Ly=(a))"'BT, ..., (A6b)

L,=(a;)"'BT, (A6c)
where

a;=4;—BL;_ |, i=23,.... (A6d)

The decompostion allows solution of the linear sys-
tem (A3) in a sequence of elementary steps each of
which scales as n3 being the dimension of the Flo-
quet block 4. The solution Ax =f where 4 =LU
proceeds as Lg=/f and Ux=g. The first of these
equations is solved sequentiaily with no need for
storage of the a;’s; the L' ;’s needed for solution of
U x =g are stored (out of core if need be) sequential-
ly as computed. Matrix inversions are unnecessary
as the (a ;)" 'BT are calculated by solution of linear
equations. Thus, a Floquet Hamiltonian with N,
Floquet block-matrix solution of the eigensystem
proceeds in ~N ;1 steps, n being the dimension of
a single block. The fact that all of the B’s are identi-
cal, and that 4,,4,,43,... only differ by addition
of constant diagonal terms in addition to being
block tridiagonal themselves results in minimal
storage requirements. Taking full advantage of the
block-matrix structure of the 4’s themselves reduces
the number of operations needed for solution of the
linear system to ~NNgm?* where N is the num-
ber of Floquet blocks, Np the number of atomic
symmetries in each Floquet block, and m is the
number of L? basis functions needed to describe the
bound and continuous spectra of a given atomic
symmetry. This latter is typically 10 to 15 (see Figs.
7—9). Thus, for calculations with N =3, Ny=3,
and m =10 (see Fig. 8) the order of (3)%(10)’~10*
operations (per iteration) are required. If advantage
were not taken of the block-matrix structure the
computation would require (3% 3% 10)*~ 10° opera-
tions, a considerable difference. Note that it is only
the ratio of these numbers which is of significance
as all housekeeping constants have been omitted. In
the algorithms used here, full advantage of the com-
plex symmetry has been taken, and a stabilized L U
decomposition code written by Dr. Linda Kaufman
utilized.

*Permanent address: Laboratoire de Chime Physique (La-
boratoire associé au Centre National de la Recherche
Scientifique) Université Pierre et Marie Curie, 11 rue
Pierre et Marie Curie, F-75231 Paris Cedex 05, France.

Permanent address: Department of Chemistry, Univer-
sity of Kansas, Lawrence, Kansas 66045.
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