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Theory of resonant multiphoton ionization of krypton by intense ultraviolet laser radiation
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%'e present a theoretical interpretation of the experimental results on three-photon-resonant
four-photon ionization of Kr reported by Landen, Perry, and Campbell [Phys. Rev. Lett. 59, 2558
(1987)] and Perry and Landen [Phys. Rev. A 38, 2815 (1988)]. Our calculations are based on mul-
tichannel quantum-defect theory combined with a density-matrix formalism describing the spa-
tiotemporal development of the process, %e obtain good agreement with the data, which even at
intensities as high as 10' W/cm' show the imprint of the underlying atomic structure.

I. INTRODUCTION

In two recent papers Landen, Perry, and Campbe11 I

and Perry and Landen have reported three-photon-
resonant four-photon ionization of Kr through excited
states of the type 4p~4d [—', ]„4p 4d'[ —', ]3, and 4p 5d [—,

'
]~,

at fairly high intensity, ranging from 3X10' to almost
10' %'/cm . The data exhibited clear and prominent res-
onant enhancement which seems a bit surprising in view
of the high intensity and the long-held assumption that
atomic structure is obliterated at such, if not lower, inten-
sity. More remarkable than the resonance itself is the
fact that, by fitting the data to a system of amplitude
equations, the authors were able to determine atomic pa-
rameters such as photoionization cross sections and ac
Stark shifts for the excited states, as wel1 as the three-
photon transition strengths (Rabi frequencies) coupling
the ground to the excited states. Although the experi-
ment was e1egantly designed and performed, one may
wonder whether the resonance formalism employed in
the fitting of the data, or even the notion of the cross sec-
tion, remain meaningful and valid at these intensities and
relatively short pulses (2 ps). As usual, the most direct
answer to these questions comes from the comparison of
the parameters extracted from the experiment with in-
dependently calculated theoretical values; a point also
noted by the authors of Ref. 1. Conversely, such experi-
mental data provide valuable information against which
calculations of multiphoton parameters for such complex
atoms can be tested. Our purpose in this paper is to pro-
vide such theoretical input and comparison.

II. THEORETICAL FRAME%'ORK

In the course of other work, we have recently complet-
ed an elaborate analysis based on multichannel quantum-
defect theory (MQDT) which makes feasible the calcula-
tion of the above parameters. Our analysis —the details

of which have been published elsewhere —has included
bound and autoionizing states of angular momentum
J=0,1,2,3 which enable us to construct the wave func-
tions necessary for the calculation of all of the parameters
entering the description of the process. In addition to
calculating the matrix elements of the dipole operator e-r
(where e is the polarization vector of the radiation) re-
quired in all of the above parameters, the ac Stark shifts
and the three-photon Rabi frequencies require the perfor-
mance of the summation over complete sets of intermedi-
ate states; a single summation for the ac Stark shifts and
a double summation for the three-photon Rabi frequen-
cies. In the MQDT formalism employed here, these sum-
mations have been performed through the truncated con-
tribution of a finite number of terms. As usual in this
type of calculation —excepting those rare cases, like hy-
drogenic systems in which the exact Green's function is
known —one has to choose between an infinite summa-
tion of more or less approximate matrix elements and a
truncated summation of much more accurate terms. The
limitations and strengths of the approach adopted here
have been discussed in Ref. 3. Although by no means ex-
act, our results in this paper should not be off by more
than a factor of 2. Since the preparation of our
manuscript for the work of Ref. 3, we have had the op-
portunity to test calculations based on our MQDT
ana1ysis in various contexts such as ac Stark shifts, pho-
toelectron angular distributions, as well as harmonic
generation, " with results that lend confidence to the
framework of our analysis, although refinements will
surely be necessary.

Aside from the need for realistic atomic parameters,
the derivation of theoretical resonance line shapes re-
quires the solution of the density-matrix equations ap-
propriate to this 3+1 process, including the realistic tern-
poral and spatial distribution of the laser intensity. As
discussed in more detail below, the experiment of Lan-
den, Perry, and Campbell' may have involved the simul-
taneous excitation of two resonances. We therefore show
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here the set of density-matrix equations corresponding to
that more general case, as employed in our calculations.
Obviously, the case of one intermediate resonance is ob-
tained from the two-resonance model as a special case.

Let ~g ) be the ground and ~a ), ~b ) the excited atomic
states with respective energies Ace, A'co„and Ace&. The

frequency of the laser is denoted by co and the polariza-
tion by e, which for light linearly polarized, as in this ex-
periment, is taken along the z axis. The electric field is
then written as Eicos(cot). The differential equations for
the slowly varying elements o;, (t) (i,j=g, a, b) of the
density matrix p(t) can be written as

d
dt

o Im(Qg o g+Q bab )

d
~aa ra ~aa ™~gasbag +ab ~ah )

dt

d
ebb = rbKbb Im(Agb&bg +0 b b )

dt
(3)

d ~a+ 2 a ~ag p +ag(~aa ~gg ) 2 +ab~bg +
2 +bg~ab

dt
(4)

d —ihO+ —,'I b Crb = ,'iQb —(Obb O—g} . ,'iQb—,C—r,g+ ,'iQ, g—Ob, ,
dt

+ia„+,'(r. +r, ) ~., = —
—,'in. ,~,„+-,'in„~.,+-,'i(n.*„~..—n.„~„),

dt

where the transformation cr, (t)=.p, (t)e '3 ' has re-
moved the rapid (resonant) time variation of those off-
diagonal matrix elements that connect the ground with
each of the resonant (or near-resonant) excited states.
Off-diagonal matrix elements between the excited states
themselves involve two-photon virtual transitions similar
to those occurring in the calculation of ac Stark shifts.
They are not usually found in theoretical treatments of
problems involving more than one resonant state in the
same transition; they can, however, be of quantitative im-
portance if the circumstances are appropriate, as we have
shown in other contexts. It is only after quantitative
evaluation of their contribution that they can be neglect-
ed as has been the case here.

Qz, and 0 & are the three-photon Rabi frequencies
coupling the state ~g ) to a ) and ~b ), respectively. They
are given by E p' ' with p' ' being the corresponding
three-photon effective electric dipole matrix element in-
cluding radial as well as angular momentum contribu-
tions and all multiplicative constants. I, and I &

represent the ionization widths of the respective states,
given by the product &F of the respective (single-photon)
ionization cross section o. and the photon Aux F. The de-
tuning from resonance with the intermediate state

~j )
(j =a, b) is b, =3'—co where all atomic energy
differences (in units of rad/s) of the type co =co —

cog

(j =a, b} bear a horizontal bar to indicate that the ac
Stark shift S or S has been added to the respective
free-atom energy. These shifts are proportional to the
laser intensity I (W/cm ). All of the above atomic pa-
rameters are time dependent on a time scale over which
the intensity I(t) varies; a time variation slow compared
to 2m/co. As a consequence, the differential equations
( I )—(4) have time-dependent coefficients.

Since the experiments measured the amount of ioniza-
tion as rejected in the number of ions generated, the ob-
served signal is represented by the quantity

P;,„(TL, ) = l —o gg ( Tt. ) —o „(Tt. )
—o.

bb ( Tt. ),
where TL indicates that the differential equations have
been integrated over the duration and shape of the laser
pulse. The quantity P;,„(TL) must in addition be in-

tegrated over the volume of interaction defined by the
lens system focusing the laser radiation. We need not de-
scribe the details of these procedures here as we have em-
ployed the spatiotemporal distribution specified by Perry
and Landen. We do note, however, that our calcula-
tions provide the absolute amount of ionization produced
during the pulse and integrated over the volume of in-
teraction as specified in Ref. 2. All saturation effects are
therefore automatically included in our results. In fact„
the severe broadening present at higher intensities, in all
of our figures, is the result of saturation.

We should perhaps mention here that the wave func-
tions employed in the calculations contain many coupled
channels, representing combinations of the two fine-
structure states of the ioh and the different angular
momentum states of the excited electron in a three-
photon transition. The frequency employed in the exper-
iments was such that 4%co was larger than the second ion-
ization threshold [P&&&]. As a result, the measured signal
contained ions in both angular momentum states, [P3/p)
and [P,&2 ], with a branching ratio depending on the reso-
nant state. Although this ratio is obtained as part of our
calculation, we have no corresponding experimental
quantity for comparison.

The shift observed in the experiment is determined by
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the difference between the shift of the excited and that of
the ground state which is much smaller than that of the
excited state. The calculated values we quote represent
the difference which can be compared to the experimental
values.

0.5—

(a]

1.00

III. RESULTS AND DISCUSSION

A. Atomic parameters

For each of the resonant excited states, the fitting of
the experimental data to a set of equations similar to-
strictly speaking, a special case of—ours has yielded three
parameters for each resonance. In Table I we list the ex-
perimental-' together with our calculated values. For
reasons discussed below, we show calculated values for
three excited states, while Perry and Landen show values
for two.

Consider the state 4d [—,'], first. Theory and experi-
ment are in excellent agreement for the ac Stark shift and
the three-photon Rabi frequency. There is a discrepancy
of a factor of 2 for the photoionization cross sections.
Given the quoted experimental error of about 12% and
the fact that we would not place better than 50%
confidence on our theoretical value, the discrepancy is of
no particular significance.

We turn now to the other resonances identified by Per-
ry and Landen as 4d'[ —]3, in contrast to their earlier'
identification as Sd [—,],. The ambivalence is quite under-
standable since these two states are (in the free atom)
separated by 100 cm ') while their widths at an intensity
of 10' W/cm are of the order of 1000 cm '. Given that
a pulse rises to a peak value and falls, one cannot say that
the resonances were overlapping completely, but they
would certainly influence each other as we illustrate
below. Theory gives us a set of parameters for each of
these states as listed in Table I. Although direct compar-
ison of either set of these parameters with the experimen-
tal values is not completely meaningful, we note that they
agree much more than one might have expected, in view
of the simultaneous presence of two resonances.

B. Theoretical resonance line shapes

For the 41 [—]i resonance, we expect the calculated
line shapes to be quite similar to those of the experiment,

0.5 5.97

O

CP
1.0—

0.5 —: 21.54

given that the two sets of parameters are so close to each
other. Whatever differences emerge are due to the small
differences between theoretical and experimental parame-
ters. We show the calculated line shapes plotted against
the experimental data in Fig. 1. Since the experiment
does not provide an absolute calibration of the amount of
ionization, we have normalized our theory to the experi-
mental points at the lowest intensity. We note a small
departure of the theory from the data at the higher inten-

0
292 294 296 29B 300 302
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FlQ. l. Spectral profile of resonance 4d [ z ]„ for various

peak intensities (a) ID=5.8X 10' W/cm, (b) Io = 1.4X 10"
W/cm, (c) I0=2.8X10" W/cm'. Solid curves are the results
of calculations as described in the text. Circles are the experi-
mental data. Theory is normalized to the data at the lowest re-
ported intensity. The numbers to the right of the figure frames
represent the ratio of ionization to that of frame (a). The corre-
sponding experimental values were 1:4.6:16.5. These experi-
mental values were communicated to us by Perry and Landen
(Ref. 9). Note that the corresponding numbers given in Fig. 15
of Ref. 2 represent ratios of areas and not of peak heights, while
those in Fig. 14 of Ref. 2 represent ratios of peak heights.

TABLE I. Comparison of atomic parameters deduced from the experiment with those obtained from
the theory. The values of the photoionization cross sections are given in units of cm', those of the shifts
in cm '/(10" W/cm ), and those of the Rabi frequencies in rad/s if the value of I is inserted in units of
W/cm .

Excited
state

Photoionization
cross section

Expt. Theory Expt.

ac Stark
shift

Theory Expt. Theory

Three-photon Rabi
frequency

4d [-', ]i
4d'[ —', ],
5d [-,']i

8X10
3X10

3.9X10-"
10.6 X 10
5.6X 10

639
314
756

643
556

1.7 X 10-"I'"
7.8 X 10-'I-"-'

1.21X 10-'I'"
3.1X10 I
1.9X 10-9I'~~
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sities. Whether this is due to errors in the theoretical
values or to the fact that, at higher intensities, the shape
becomes much more sensitive to spatiotemporal parame-
ters, or both, remains to be seen. The fact that the
theoretical maximum of ionization increases a bit faster
than the experimental is compatible with the smaller
theoretical value of the ionization cross section which
will tend to cause less broadening. Given, however, that
many parameters play a role, this should be viewed only
as an indication.

For the other resonances, theory dictates that we cal-
culate the line shape including both resonant states
4d'[ —,

'
]3 and Sd [—,

'
]& because we know that they will

inhuence each other. The result is shown in Fig. 2 to-
gether with the experimental data. We see again that,
with increasing intensity, the maximum of the theoretical
curve rises above that of the data. At the highest of the
intensities in Fig. 2, the theoretical maximum is a bit less
than 50% above the experimental one. In the same
figure, we have also plotted theoretical line shapes calcu-
lated with only one of the resonances, namely, 4d'[ —', ]3,
included. The main purpose of this additional plot is to
show the sensitivity (or lack of it) of the line shape to the
presence of the other resonance. Clearly, the 4d' makes
the dominant contribution which is compatible with its
higher Rabi frequency (see Table I). To complete the
comparison, we show in Fig. 3 the line shapes resulting
from a calculation which includes only state 51 [—,'], as
resonance. This is the state adopted as the primary reso-
nance by Landen, Perry, and Campbell in their earlier pa-
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FIG. 2. Spectral profile of resonances 4d'[
z ]3 and 51 [—,

' ], «r
various peak intensities. (a) I„=7.4 X 10' W/cm, (b)

Io = 1.5 X 10" W/cm, (c) Io =2.7 X 10" W/cm, (d)

I0=-4.5X10' W/cm, (e) Io=7.8X10' W/cm . Solid curves

correspond to the calculation with both resonant states, while

dashed curves correspond to the calculation which includes

only state 4d'[ —', ],. Theory is normalized as in Fig. 1. The cor-

responding experimental values of the ratios were

1:3.1:7.8:18.6:43.5.
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FICz. 3. Same as Fig. 2, but with only state 5d [—'], included

in the calculation.
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per. ' The experimental data are shown again in Fig. 3.
Again, we note a small departure of theory from experi-
ment at the higher intensities. Curiously, this theoretical
line shape is a bit closer to the data, but the difference
from Fig. 2 is too small to be given much significance.

In conclusion, we note that the atomic parameters ob-
tained from the independent theoretical calculation are in
very good agreement with those deduced from the experi-
ment. This agreement leaves no doubt about the imprint
of atomic structure on this and related high-intensity
laser interactions with atoms. The differences between
theoretical and experimental parameters are easily under-
stood in view of the complexity of both experiment and
theory. The resulting discrepancies in the line shapes,
which are to be expected in view of the differences in the
values of the parameters, provide a good illustration of

the role of the spatiotemporal distribution of intensity in
such high-intensity studies. Hopefully, further compar-
isons between theory and experiment will shed more light
upon the intricate interplay of the various processes lead-
ing to a resonance line shape. They will also provide a
basis for the refinement of theoretical multiphoton pa-
rameters.

ACKNOWLEDGMENTS

This work was supported by the National Science
Foundation Grant No. PHY-8609966. Work done by
S.N.D. was performed under the auspices of the U.S.
Department of Energy by Lawrence Livermore National
Laboratory under Contract No. W-8405-ENG-48.

'O. L. Landen, M. D. Perry, and E. M. Campbell, Phys. Rev.
Lett. 59, 2558 (1987).

2M. D. Perry and O. L. Landen, Phys. Rev. A 38, 2815 (1988).
3Anne L'Huillier, X. Tang, and P. Lambropoulos, Phys. Rev. A

39, 1112 (1989).
4P. Lambropoulos, Adv. At. Mol. Phys. 12, 87 (1976).
5A. L'Huillier, L. A. Lompre, D. Normand, M. Ferray, X.

Tang, and P. Lambropoulos, J. Opt. Soc. Am. B (to be pub-
lished).

R. N. Compton and S. Bajic (private communication and un-
published); D. Charalambidis, B. H. Feng, and C. Fotakis
(unpublished).

7M. J. Proctor, J. A. D. Stockdale, T. Efthimiopoulos, and C.
Fotakis, Chem. Phys. Lett. 137, 223 (1987); X. Tang and P.
Lambropoulos (unpublished).

8S. N. Dixit and P. Lambropoulos, Phys. Rev. A 27, 861 (1983).
M. D. Perry and O. L. Landen (private communication).


