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Energy-resolved photoelectron angular distributions have been measured for the nd 2D states
(n =11-23) in cesium and rubidium atoms for two-photon resonant, three-photon ionization under
conditions where the spin-orbit fine structure was not resolved. The photoelectron angular distribu-
tions reveal strong fine-structure mixing effects when the time duration of the laser pulse is longer
than the time corresponding to the inverse of the fine-structure splitting of the nd states involved.
Three-photon ionization photoelectron angular distributions for sodium atoms have been studied
both experimentally and theoretically for laser frequencies in which resonance enhancement occurs
via the two-photon excited nd 2D states (n =5—9). The laser pulse duration is ~6 ns which is com-
parable to or less than the fine-structure mixing time for the unperturbed fine-structure nd ’Ds 3,
levels. In addition, the high laser powers ~ 10® W/cm? employed result in alterations of the energy
separations of the fine-structure levels (and cause corresponding changes in the mixing times) due to
the ac Stark effect. A detailed theoretical analysis is presented and good agreement is obtained with
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the experimental results.

I. INTRODUCTION

Rydberg states have been of considerable interest since
their first observation in 1879.! The development of the
frequency-tunable dye laser has now made it possible to
selectively prepare and study these levels by multiphoton
processes. Rydberg states can, to a first degree of approx-
imation, be considered hydrogenlike and a systematic in-
vestigation of these high-principal-quantum-number states
is an effective method for studying the evolution of the
atomic system as the energy of its outer electron ap-
proaches the ionization limit. Some of the properties of
Rydberg atoms and molecules have been summarized in a
recent review.2

Even though much theoretical work has been directed
toward investigating the Rydberg states of hydrogen, most
experimental efforts have been devoted to the understand-
ing of the alkali-metal systems. Compared to hydrogen,
the alkali metals have the advantage of relatively easy
preparation of atomic beams, low ionization potentials,
and the energy levels are easily accessible with frequency-
tunable dye lasers. Rydberg states of alkali-metal atoms
are relatively sensitive to electric fields; yet because of
their single-valence-electron configuration and tightly
bound inner core of electrons they can, to a first approxi-
mation, be treated as hydrogenlike. Experiments on
alkali-metal Rydberg states include measurements of
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fine-structure (FS) energy intervals,>~® polarizabili-

ties,>”® and lifetimes, which, in turn, yield information
about quantum defects.**!° In addition, the difference in
phase shifts between the partial waves of the outgoing
wave has been obtained from photoelectron angular distri-
butions.!!~1* Quantum defects and phase shifts take into
account the departure in the behavior of the alkali metals
from a pure hydrogenic system, and their precise
knowledge can yield an accurate description of the inter-
atomic potential.

The effects of the laser pulse duration on multiphoton-
ionization (MPI) processes have been mentioned in several
papers. 413 In particular, its influence on the angular dis-
tributions when the laser pulse duration, 7, , is longer than
or comparable to the time corresponding to the inverse of
the hyperfine-structure splitting, 7gg, has been discussed
in detail in a recent paper for the case of the 7P;,, state
in cesium.'® In the present work we report studies of pho-
toelectron angular distributions for two-photon resonant,
three-photon ionization of nd 2D states (n =11—23) in
cesium and rubidium atoms. The nd 2D;,, and nd ?Ds,,
fine-structure levels were not resolved and 7, >>7rs. We
also report experimental and theoretical studies of pho-
toelectron angular distributions for three-photon ioniza-
tion of sodium atoms in which the ionization is enhanced
by two-photon excitation of unresolved nd 2Ds /2,372
states. In this case the laser pulse duration is comparable

2878 ©1987 The American Physical Society



35 TWO-PHOTON RESONANT THREE-PHOTON IONIZATION OF . .. 2879

to or shorter than the fine-structure mixing time of the
unperturbed (low-laser-power) fine-structure levels. Thus,
the situation corresponds to a case intermediate between
ionization from a coherent superposition and ionization
from the completely mixed case. However, this regime
can be altered when attention is paid to the effects of laser
power and pulse shape. The results are compared with a
detailed theoretical analysis and good agreement is ob-
served between the experimental data and.the theoretical
predictions.

II. EXPERIMENTAL PROCEDURE

The experimental apparatus employed in the present
study is shown schematically in Fig. 1. It consists of a
frequency-tunable dye laser, the polarization optics, the
vacuum chamber, and the data-acquisition system. The
vacuum chamber includes the atomic-beam assembly and
the electron-energy analyzer and detector. The dye laser
was pumped by a Nd:YAG laser (Quanta Ray) (where
YAG represents yttrium aluminum garnet) and had a
pulse duration of ~6 ns and a bandwidth of 0.02—0.03
nm. The linearly polarized laser light was further puri-
fied (to better than 99%) by using a Glan-air polarizer
and was focused by a 35-mm-focal-length lens into the
cesium or rubidium atomic beam, ~1 cm away from the
entrance of the energy analyzer. The laser beam crossed
the alkali-metal beam at 90° and the interaction area de-
fined by the laser focus was estimated to be ~10~* cm?.
The average laser-power density at the focus during the
pulse was ~ 108 W/cm?. The direction of linear polariza-
tion of the laser light could be rotated using a double-
Fresnel rhomb.

DOUBLE

Metallic cesium, rubidium, or sodium was evaporated
in a resistively heated stainless-steel oven. The alkali-
metal atoms were emitted from the oven through a mul-
tichannel hole array, passed through a water-cooled baffle,
and a second liquid-nitrogen-cooled defining aperture be-
fore being intersected at 90° by the focused laser beam.
The cesium-atom number density was estimated to be
~10" atoms/cm’® at an oven temperature of 120°C,
whereas for rubidium the number density was ~10'
atoms/cm? at the oven temperature of 140°C. For sodi-
um a number density of ~10'3 atoms/cm® was generated
at a source temperature of 240°C.

Electrons produced by MPI of alkali-metal atoms, and
ejected perpendicular to the propagation vector of the
laser beam, were energy-analyzed by a 160° spherical sec-
tor electrostatic energy analyzer and subsequently detected
by a dual-channel-plate charged-particle detector. The
output of the detector, after preamplification, was sam-
pled by a boxcar integrator (Princeton Applied Research,
model 162) and plotted on an x-y recorder. The analyzer
had an acceptance angle of +1.5° and a resolution of
~0.25 eV at a photoelectron transmission energy of ~ 18
eV. This resolution was sufficient in the present experi-
ment where the photoelectrons corresponding to the nd 2D
states had an energy of ~2 eV and thus could be com-
pletely resolved from any near-zero-energy electrons aris-
ing from the nearby surfaces. Space-charge broadening
was minimized by reducing both the laser power and the
alkali-metal number density.

For photoelectron angular distribution measurements, it
was necessary to maintain the interaction region free of
both stray electric fields and the Earth’s magnetic field.
This was accomplished on one hand by spraying all criti-
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FIG. 1. Experimental apparatus shown schematically.
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cal surfaces with colloidal graphite in order to avoid sur-
face potentials and to minimize electron reflection, and,
on the other hand, the Earth’s magnetic field was com-
pensated to a value of <20 mG using three pairs of mutu-
ally perpendicular Helmholtz coils.

The output signal of the boxcar integrator, which is
proportional to the initial photoelectron signal, was plot-
ted on an x-y recorder either as a function of the laser-
excitation wavelength or as a function of the kinetic ener-
gy of the photoelectrons. Photoelectron angular distribu-
tions were obtained by recording the boxcar signal output
as a function of the angle 0 for 0 <6 <, where 0 is de-
fined as the angle between the direction of detection of the
photoelectrons and the direction of the polarization vector
of the laser light (see Fig. 2).

The photoelectron angular distributions obtained in this
way were analyzed using a Digital Equipment Corpora-
tion PDP-10 computer.

III. THEORY

A. Qualitative discussion

The photoelectron angular distribution from two-
photon resonant, three-photon ionization reflects the
structural properties of the resonant intermediate state
and its coupling to the continuum. Under certain condi-
tions, the whole process can be viewed as preparation of
an excited state and ionization therefrom. In that case,
the distribution is determined solely by the interference of
the two partial waves connecting that state to the continu-
um. If the intermediate state happens to involve only one
s electron, then we have the simplest possible situation
with only one partial wave (a p wave) in the continuum.
With linearly polarized light, +m; are excited with equal
probability and we need be concerned with only one of
them.

The situation changes drastically if the second photon
is near resonance with more than one closely spaced state.
Two states of the same parity will be considered closely
spaced if their energies are separated from each other by
much less than they are separated from all other states of
the same parity and configuration. For example, a fine-
structure pair like 19d 2D; , 5, of atomic cesium is a typ-
ical case of two such states. If a monochromatic laser is
tuned in near-two-photon resonance with such a doublet,
the resulting photoelectron angular distribution from
three-photon ionization will reflect not only the interfer-
ence between the contributions of the two closely coupled
states, but also the effect of the laser intensity on the
near-resonant states. It is well established that both states
will undergo ac Stark shifts which are proportional to the
laser intensity. Depending on the atom, these shifts may
increase or decrease the energy separation between the two
states, thus altering the interference of the contributions
from them. In addition to shifting, the near-resonant
states also broaden, which contributes another intensity-
dependent interference effect.

The situation becomes even more complex if the laser is
not monochromatic but its bandwidth is comparable to
the separation of the two states, at a given intensity. Let
us first assume low intensity, so that the states can be as-
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sumed to have their natural (field-free) separation, and let
the bandwidth be much larger than the splitting of the
states. One may then be tempted to assume that the ener-
gy splitting of the resonant excited states can be ignored
and that excitation and ionization take place as if the
states were not split. Assuming that this was true, the
process could be calculated neglecting the fine structure if
it were not for a significant detail that has been tacitly ig-
nored in the above assumption. The two levels are indeed
excited coherently. But, whether or not they are ionized
from the same coherent superposition depends on the time
they spend in the excited states before they are ionized. If
this time is shorter than the time it takes for the fine
structure to couple them—which is # divided by the fine-
structure splitting—the states are ionized from the
coherent superposition of the excited state. The end re-
sult, then, is what it would have been in the absence of
fine structure. If, on the other hand, the time between ex-
citation and ionization (waiting time) is longer than the
fine-structure coupling time, ionization and especially the
photoelectron angular distribution will be affected by the
coupling. The end result will now be different. The fine
structure will play a role because the precession during the
time between excitation and ionization will alter the
coherent superposition created by the excitation. In the
limit of very long waiting time compared with the fine-
structure coupling time, the coherence of excitation will
have been altered completely and the distribution will re-
flect the influence of the fine structure. But it will still be
different from what would be obtained if the fine struc-
ture was resolved with a bandwidth much smaller than
the splitting; in others words, if only one fine-structure
component were excited and ionized.

Let us now allow for the laser intensity to increase,
keeping the bandwidth larger in the above sense. The ra-
tio of bandwidth to energy splitting will now change be-
cause of the ac Stark shifts. Consequently, the field-free
splitting is not a reliable guide to the form of the angular
distribution. Any theoretical prediction must take into
account the intensity-dependent shifts and widths of the
near-resonant excited states. Because of these shifts, a
bandwidth which is large compared to the field-free split-
ting may be comparable to or even smaller than the field-
induced splitting. This leads us to the case of bandwidth
comparable to the splitting and to waiting time compar-
able to fine-structure coupling time, which is the most
complicated of all possibilities and as we show below re-
quires the most detailed and sophisticated calculation.

Although the above discussion refers specifically to a
fine-structure doublet, the idea applies as well to any
number of closely spaced states and is independent of the
type of interaction responsible for the splitting. It could,
for example, apply to hyperfine levels of an excited state
or even to rotational levels of a molecular vibrational
state. The theoretical treatment becomes, of course, much
more involved mathematically and computationally as the
number of levels increases. Because of the particular ex-
perimental context of this paper, we limit our analysis to
only two closely coupled excited levels.

A clarification is perhaps useful before proceeding with
the technical discussion. The experiments we are con-
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cerned with here are performed with pulsed lasers, which
means that the interaction time is usually determined by
the pulse duration or the time of transit of an atom across
the laser beam, whichever is shorter. For pulses of a few
nanoseconds, it is the pulse duration. If ionization or
spontaneous decay of the excited states is faster than the
pulse, it is one of those two times that represents the wait-
ing time. Otherwise, it is the pulse duration 7;. Given
71, the minimum bandwidth that the atom sees is 77 .
But, unless the pulse is Fourier-limited, the actual band-
width is usually larger than that; this is certainly the case
in the data of this paper. Thus, in general, we need to
have knowledge of both 7; and the bandwidth 25 [full
width at half maximum (FWHM)] in order to proceed
with a quantitative analysis of the experiment.

The details of the pulse shape (besides its duration) and
of the line shape (besides its FWHM) may also be neces-
sary at times. The line shape, in particular, is important
when 2b is slightly smaller than the level splitting. We
elaborate on this point in the course of the technical dis-
cussion that follows.

B. Formal theory

From the above general discussion, it is evident that the
theoretical analysis of these phenomena requires a formu-
lation allowing the study of the complete evolution of the
system in time. The general formulation has been given
in an earlier paper in which a somewhat different aspect
was emphasized. We reproduce here, without derivation,
the main equations that are necessary for the interpreta-
tion of the data of the present paper. For details, the
reader is referred to Ref. 16.

Let |0) be the initial and | 1),|2) the closely spaced
intermediate atomic states with energies wg, w;, and o,.
In the context of this paper, the representation | Isjm; ) is
understood. The slowly varying density matrix that deter-
mines the evolution of these atomic states coupled to a
laser of frequency w can be written as p;;(2), where

d

2Po=" Ti(Qopro—c.c.)— 5i (Qppy—c.c.) ,

d . .
= —Tipi+ 50 (Qopro—c.c.)+3i (Qfpp—c.c.),

d . .
aP2="Twn+ 1 (Qupa—c.c.)— 5i (Qpp—c.c.)
(1)

d . 1 2

4 A +ir e

a ! 1+7 0+ AL Pio
=7iQ10(p11—Poo) — TiQ1pr0+ TiQagp12 »

d . 1 B?

4 i tir, e

dt 1do+515+ A%_'_Bz P20

= 3iQ0(p22—Poo) — 31 Q21p10+ TiQigPa1 »

d .
E+l(w12+512)+ (T4 T5) |p1;

= —3iT 00+ 5iQupio+ 1i (e — Q1p2)

where Qg;, g, are the two-photon Rabi frequencies cou-
pling |0) to |1) and |2), respectively. The continuum
has been eliminated, having given rise to the ionization
widths ['},["; of states | 1) and |2). In addition, a com-
plex quantity Q,=Q},—iQ}, couples |1) and |2)
through the continuum thus introducing interference be-
tween the two ionization channels. The states |0), | 1),
and |2) undergo ac Stark shifts S;,S,S, which are pro-
portional to the laser intensity. It is the difference be-
tween the shifts of | 1) and |2) relative to the shift of
|0) that is of particular importance in this paper. For
each of the states | 1) and |2) we have a detuning from
two-photon resonance including the Stark shifts. Let
these detunings be A; =2w—w; —(S; —S,), where i=1,2
and let S|, =S;—S, be the difference between the shifts
of |1) and |2). With these definitions, the difference
between the energies of the excited states is
®12+S1,=A,—A;, which is an intensity-dependent quan-
tity. To account for the role of the laser bandwidth, we
employ a model of phase fluctuations which is quite ade-
quate for our purpose here. The above equations for the
density matrix are to be understood as averaged over the
fluctuating field and it is through this procedure of
averaging that the quantity 4b8%/(A% +B2), k=1,2, arises
in the equations. The FWHM is denoted by 2b, while B is
a parameter characterizing the departure of the line shape
from Lorentzian and is referred to as the cutoff parameter
because the resulting line shape is Lorentzian near the
center having a cutoff around B (> b). The role of this
parameter is very important because a purely Lorentzian
line shape leads to unphysical results owing to its slowly
falling wings. For detailed discussions of these aspects,
the reader is referred to Ref. 16. Clearly, the intensity
must fall to zero beyond a few bandwidths and it is the
purpose of the parameter f3 to guarantee that this is prop-
erly included in the formalism.

The total ionization yield (integrated over all angles of
electron propagation) is given by

P(t)z1—p00(t)~P11(t)“P22(l‘) (2)

evaluated at the appropriate interaction time ¢, which in
our case is 7;. The photoelectron angular distribution
P*(6,4) is obtained from the solution of the differential
equation

dP*(6,
T(t;é—) :Fli(e,d))p” +F§(6’¢)P22

+Q75(0,6)2Repy, , (3)

where the z axis, from which 6 is measured, is taken along
the direction of polarization of the linearly polarized
light. If electrons are collected within a certain solid an-
gle, they will, in general, be spin polarized, which is here
denoted by + in Eq. (3). If all electrons, irrespective of
spin orientation are collected, the signal is Pt +P~. The
net spin orientation is zero when the light is linearly po-
larized and the total (angle-integrated) yield is collected.
The net spin orientation is, in general, not zero, even in
the total signal, when the light is circularly polarized. We
will not be concerned with spin-orientation aspects here,
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but the calculation must deal separately with P*. The
dynamics of the process is contained in the time develop-
ment of the density matrix p;;(¢), while the geometrical
aspects including interference between channels are deter-
mined through the angle-dependent quantities I'; and Q,,.
After an elaborate analysis whose details have been given
previously, 16 it is found that P* can also be written in the
form

N
P*(0)= 3 P3icos*(0), 4)
k=0

which expresses explicitly the formal dependence on the
angle 6 for an N-photon process. For obvious reasons of
symmetry, there is no dependence on the azimuthal angle
#. The parameters P are determined through the solu-
tion of the differential equations
dP3;
T:alil(zkjpl1(1)+a§:z<zk)Pzz(t)+2a1i2(zk>RCP12(f) ,

(5)

where again the dynamics (saturation, bandwidth effects,
etc.) is contained in the p;;(¢), while the atomic-structure
aspects are contained in the coefficients a;;2x). In going
from Eq. (4) to Eq. (5), we have extracted certain general
angular-momentum aspects which express general proper-
ties of the distribution for any Nth-order process, such as,
for example, the fact that the maximum power of cosé to
appear in the distribution is cos*(6). The coefficients
@;j2k) depend on the strength of the field and are given by
complicated expressions of infinite summations of atomic
matrix elements, 3-j symbols, etc. which need not be re-
peated here. Obviously, the total ionization yield is also
given by

P= [d0[P*(O)+P(0)], (6)

the integration being over all angles Q, of electron ejec-
tion with k being the wave vector of the photoelectron.
The application of this theory to the analysis of the ex-
perimental data proceeds as follows. First, we calculate
the atomic parameters pertaining to the particular experi-
ment. For example, if we are to calculate two-photon
resonant, three-photon ionization through the 23D;,, 5,,
doublet of cesium, we first evaluate the Rabi frequencies
QIOQZO! the ionization widths Fl,Fz, the shifts So,S],Sz,
the quantity ,,, and the coefficients a;;j(,x). For this par-
ticular process all of these parameters are proportional to
the light intensity (power per unit area). They will have a
different dependence on intensity for a process of dif-
ferent order. Employing now these parameters, the laser-
pulse duration, and approximate pulse shape and line
shape, we solve the differential equations discussed above,
from which we then calculate the photoelectron angular
distributions. It should be noted that, even though it is
the angular distribution that we wish to calculate, we
must first calculate the angle-integrated behavior of the
system as described by p;;(¢). This is necessary in order to
account for the effects of saturation. If, for example, the
intensity and laser duration are such that ionization
through one of the two excited states is saturated, the an-
gular distribution will depart from what would be expect-

ed on the basis of a coherent excitation of the two excited
states. In contrast, this type of saturation has no influ-
ence on the angular distribution if only one intermediate
state is involved, in which case a much simpler analysis is
sufficient. All of the effects discussed earlier, laser band-
width, precession time, etc., are automatically included in
the angular distribution obtained from the solution of the
above differential equations.

C. Spin-orbit coupling in the continuum

In the discussion so far, we have assumed that there is
no spin-orbit effect in the continuum. This means that
the dipole matrix elements connecting each excited state
with the continuum are independent of j. For example,
the near-resonant excited state 23D;,, ionizes to both a
P3s2 and a py,, continuum. Usually, the respective radial
matrix elements are independent of the j of the continuum
wave function. In certain energy ranges, however, this
may not be the case, as is expected to happen in the
heavier atoms.!” A well-known example is cesium at
about 1.5 eV above threshold, where it has been estab-
lished, both theoretically and experimentally, that the ra-
dial  matrix  elements  (€P;,, |r|6S,,)  and
(€P,,; |7 |6S,,,) are quite different from each other. In
fact, the ratio a;, where

o= (P3| r |6S1,2)
" (ePin|r|6S10)

(7

has been studied extensively through spin-polarization
measurements in ultraviolet single-photon ionization and
has been found to vary from ~ —9 to ~0.3 in the energy
range 1.5 eV above threshold.!® It should be stressed here
that the above difference is over and above the geometric
difference due to the j, which implies different 3-j sym-
bols in the two matrix elements. What causes the ratio to
depart from 1 is the change that the spin-orbit interaction
causes on the radial part of the wave functions €P;,, and
€Py 2.

If two-photon resonant, three-photon ionization places
the photoelectron in the energy range where these radial
wave functions differ, then ratios of matrix elements like

(€P3,, |r |nDs )
(€Py,y |7 |nD3 )

will also differ from 1. In that case, additional structure
is introduced in the angular distribution. This structure is
not affected by the temporal features of the laser pulse.
One could say that, since the energies of €P3,, and €P,,
are always degenerate, the separation is zero and hence the
coupling infinitely fast. Thus, if we have fine-structure
effects from two closely spaced near-resonant states as
well as from the spin-orbit modification of the continuum
wave functions, only the first will depend on the temporal
aspects discussed earlier. As a result, by varying the tem-
poral features of the laser, one can, in principle, separate
the two effects, as we will see in some examples later on.
The incorporation of this additional continuum spin-orbit
effect into the theory of the preceding subsection is
straightforward albeit lengthy and will be presented else-
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15d ®p

PHOTOELECTRON SIGNAL ( arb. units )

ANGLE 6 ( radians )

FIG. 2. Photoelectron angular distributions for the 15d 2D
state in cesium. The solid dots are the experimental values,
while the lines are the results of theoretical calculations. ,
no fine-structure coupling effects; — — —, with fine-structure
coupling effects; - . - -, with fine-structure coupling and spin-
orbit effects. Abscissa tick marks are /4 radians apart.

where. Its parametrization and influence on the angular
distribution is discussed below in the context of the exper-
imental data. It will suffice to point out here that after all
the algebra is done, one is left with ratios of bound-free
matrix elements representing the dependence of such ma-
trix elements on the j of the continuum wave function.
Depending on how sensitive the experiment is to these ra-
tios, one may attempt to extract their value from the data.
In this paper we shall confine ourselves to assessing the
range of values of such parameters that are compatible
with the data.

IV. RESULTS AND DISCUSSION

Using the experimental apparatus described in Sec. II,
photoelectron angular distributions have been measured
for the two-photon resonant, three-photon ionization pro-
cess via the nd 2D (n =11—23) states in cesium and ru-
bidium atoms. For all the nd ’D states studied in this
work, except the 11d 2D state of cesium, the field-free
fine-structure splitting was smaller than the laser band-
width. In an earlier publication,!® experimental and
theoretical results were presented for the 8d 2D levels,
where the fine-structure levels were resolved.

Let us first consider the photoelectron angular distribu-
tion for the 15d 2D state of the cesium atom, shown in
Fig. 2. The solid dots are the experimental values, while
the solid, dashed, and dotted lines are results of theoreti-
cal calculations. The experimental and theoretical results
have been normalized to each other at 6=0.

In Fig. 2 the solid line represents the results of a calcu-
lation which assumes that (i) the two fine-structure states
are excited coherently, and (ii) the ionization occurs from
the same coherent superposition of states in which the
atom was initially prepared.

Comparison of the results of this calculation (solid line)
to the experimental data reveals a major discrepancy.
Two points are noteworthy; first, the experimental pho-
toelectron angular distribution does not vanish at 8=mx/2,
as is expected for an odd-order MPI process via a state
where the fine structure is not resolved. Second, the
overall shape of the experimental photoelectron angular
distribution is very different from the results of this
theoretical calculation.

The discrepancy between the experiment and theory can
be understood by examining the two conditions listed
above for which the theoretical calculation is valid. Con-
dition (i) was fulfilled in the present experiment; that is,
the 15d D5, and 15d %D ,2 states were excited coherent-
ly. However, in order for condition (ii) to be met, the time
spent by the atom in the excited state before ionization oc-

15d *»

PHOTOELECTRON SIGNAL ( arb. units )

19d *p

234 *p

ANGLE 8 ( radians )

FIG. 3. Photoelectron angular distributions for (a) 15d 2D, (b) 19d %D, and (c) 23d 2D states in cesium. The solid dots are the ex-
perimental values, while the solid lines are the results of theoretical calculations including fine-structure coupling and spin-orbit ef-

fects.
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TABLE I. The B coefficients obtained by a least-squares-fitting procedure to.the experimental data
for two-photon resonant, three-photon ionization via the nd 2D states of cesium.

n Eps (GHz)* Tes (ps)°® Bo° B, Ba Bs

11 96.0 10.4 1.00 7.82+1.84 —24.59+4.86 28.59+4.25
12 69.1 14.5 1.00 5.46+0.86 —13.30+2.07 17.89+1.73
13 51.5 19.4 1.00 6.60+1.34 —18.39+3.44 23.23+2.99
14 39.0 25.6 1.00 9.05+2.16 —27.31+5.63 30.92+4.94
15 30.5 32.8 1.00 7.71+1.86 —21.38+4.64 25.46+4.02
16 243 41.2 1.00 5.01+0.70 —14.06+1.74 19.54+1.50
17 19.6 51.0 1.00 5.37+1.83 —13.07+4.38 17.96+3.71
18 16.0 62.5 1.00 6.01t1.34 —15.12+3.24 20.39+2.80
19 13.3 75.2 1.00 4.97+1.46 —12.14+3.51 17.05+2.95
20 11.1 90.1 1.00 5.31+1.65 —11.34+3.81 16.95+3.25
21 9.4 106.4 1.00 6.95+2.13 —18.31+5.20 22.85+4.49
22 8.1 123.5 1.00 7.04+3.18 —17.74+7.66 22.34+6.61
23 6.9 144.9 1.00 5.78+1.14 —12.69+2.65 18.17+£2.27

*Energy difference between the j = % and % fine-structure states. Values obtained from Ref. 21.

bT]:5= I/Eps.

°Bo has been normalized to unity and the error associated with it is zero.

curred had to be shorter than 7gs, the time it would take
the two fine-structure states to couple with each other.
For the case of the 15d 2D state, 7pg was ~32 ps. The
time duration of the laser pulse, 7, on the other hand,
was ~ 6 ns. Consequently, once the atom was excited, the
two fine-structure states had sufficient time to interact
with each other before ionization occurred.

We are therefore in a physical regime which requires
the complete analysis outlined in Sec. III. The result of
such a calculation for the 15d 2D state is shown by the
dashed line in Fig. 2 and a comparison with the experi-
mental data shows excellent agreement.

For ionization via the nd 2D states, the final continuum
states are the P and F partial waves. For the case of cesi-
um, the photoelectron energy is in a region where the P
partial wave has significant contributions due to spin-
orbit coupling.!”~2° However, there is no evidence, either
experimental or theoretical, for significant spin-orbit ef-
fects in the F partial wave in this energy range. If such

effects exist, they are generally expected to appear at
higher energies.

Considering now only the spin-orbit effect on the P
partial wave, it should be noted that the influence on the
photoelectron angular distribution will occur through the
departure of the ratio,

a=(€P;3,; |r |nD)/{€Pip|r |nD) ,

from 1. The value of this ratio will, in general, be dif-
ferent from the corresponding ratio obtained in the
single-photon—ionization studies, where the matrix ele-
ments connect the P continuum with the 6s state.
Nevertheless, the value for a; was estimated from the re-
sults of such studies and the photoelectron angular distri-
butions were calculated by including this effect in addi-
tion to the fine-structure coupling.

The results of this calculation for the 15d %D state in
cesium are shown by the dotted line in Fig. 2. Clearly, the

TABLE II. The 35 coefficients obtained using various theoretical approximations.

Theoretical
approximation n? a® Bo B, Ba Bs
No fine-structure 15 1.00 0.00 1.00 —3.06 2.35
coupling effect 19 1.00 0.00 1.00 —3.06 2.35
23 1.00 0.00 c c c
With fine-structure 15 1.00 1.00 3.59 —11.89 19.07
coupling effect 19 1.00 1.00 6.14 —21.18 28.69
23 1.00 1.00 7.80 —24.36 32.73
With fine-structure 15 0.43 1.00 3.75 —12.38 17.25
coupling and spin-orbit 19 0.46 1.00 5.41 —18.57 23.08
effects 23 0.49 1.00 6.96 —20.89 26.31

2Principal quantum number for the nd 2D states investigated.

ba(=(€P3/z |r ]nD)/(€P1/2|r InD)
°Not yet available.
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spin-orbit effect in the P partial wave has some additional
influence in lifting the photoelectron angular distribution
at 6=m/2 further from zero. However, the main effect
was already included by considering the fine-structure
coupling of the intermediate state.

The results for the n=15, 19, and 23 states are shown
in Figs. 3(a), 3(b), and 3(c), respectively. The solid line
represents the theoretical calculations, which included
both the fine-structure coupling and spin-orbit effects.
Good agreement is observed between the theory and the
experiment.

The experimental data were analyzed by a least-
squares-fitting procedure to the expression given by Eq.
(4) and the best fit was established by minimizing X2. The
best fit to Eq. (4) was obtained for k=3; that is, the pho-
toelectron angular distribution was described by a polyno-
mial containing even powers of cos6 up to the sixth order.
The values of the 8,, coefficients of terms cos*(6) thus
obtained from the experimental data and their standard
deviations are listed in Table I. In all cases 3, has been
normalized to unity. The theoretically calculated S,
coefficients for n=15, 19, and 23 states are given in Table
II. Note the distinction between the line shape parameter
B (see Sec. III) and the coefficients 3,;, which characterize
the angular distribution.

In the calculations presented thus far, the spin-orbit ef-
fect on the F partial wave has been assumed to be negligi-
ble. If such an effect is assumed to exist, then the ratio

ay=(€Fs, |r |nD)/{eFs,|r|nD)

would depart from 1. We have chosen the 23nd 2D state
of cesium for the examination of the sensitivity to a;. In
these calculations, a; was fixed to a value of 0.49 while a5
was varied from 0.9 to 0.1. The resulting 8, coefficients
are listed in Table III and the corresponding photoelec-
tron angular distributions are plotted in Fig. 4. From
these results it can be seen clearly that the photoelectron
angular distribution changes perceptibly when a; departs
from 1. It can also be seen that the best agreement be-
tween the theory and experiment is obtained when a3 as-
sumes a value of 0.9; that is, when it is closest to the case
of no spin-orbit coupling (@3;=1). On the other hand, «;
does have some influence which suggests that such pho-
toelectron angular distributions can be used to extract the
effect of the spin-orbit coupling. In such a case, the laser
frequency should be chosen so that it is sufficiently de-

TABLE III. The theoretically obtained dependence of the B,
coefficients on the spin-orbit effect in the F partial wave for
two-photon resonant, three-photon ionization via the 23d 2D
state in cesium.

a;? asb Bo° B> B Bs
0.49 0.1 1.00 —1.99 7.58 19.25
0.49 0.3 1.00 —0.11 1.23 26.51
0.49 0.6 1.00 3.09 —10.04 28.65
0.49 0.9 1.00 5.03 —17.06 24.71

*ay=(€P3, |r |nD)/{€Py, |r |nD).
bd3=<6F5/2|r lnD)/(erz!r lnD)
°Bo has been normalized to unity.
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FIG. 4. Photoelectron angular distributions for the 23d *D
state in cesium. The solid dots are the experimental values,
while the lines are the results of theoretical calculations investi-
gating the dependence of the spin-orbit effect on the F wave.
The line passing through the experimental point at 6=m/2 is
for a3=0.9; the others represent in order a;=0.6, 0.3, and 0.1
(see text). Abscissa tick marks are /4 radians apart.

tuned from the D doublet for the fine structure of the
near-resonant state not to play a role at all. Alternatively,
a laser having a bandwidth that overlaps both the
nd*D;,, and nd ’Ds,, states and with a pulse duration
shorter than the fine-structure recoupling time would
achieve the same purpose.

Next, let us consider the 11d 2D state for cesium which,
in addition to all of the above effects, presents a special
problem. The field-free splitting of this state is of the
same order as the laser bandwidth, which requires exam-
ination of the sensitivity to the laser line shape and, in
particular, to the parameter 3 characterizing the depar-
ture from the Lorentzian (see Sec. III). Results of these
calculations are shown in Table IV and the corresponding
photoelectron angular distributions are plotted in Fig. 5.
Figure 5(a) assumes a Lorentzian line shape while Fig.
5(b) assumes S=2b. The dotted line represents the results
when a;=1.0 (no spin-orbit coupling in the continuum)
while the dashed lines are for a;=0.4 (spin-orbit cou-
pling). It can be seen from Fig. 5 that the photoelectron
angular distribution can be quite sensitive to 3. For-

TABLE 1V. The theoretically obtained dependence of the B,
coefficients on the line shape of the laser for the two-photon res-
-onance, three-photon ionization process via the 11d 2D state in
cesium.

B a Bo B Ba Bs
Lorentzian 1.0 1.00 4.83 —17.14 25.09
Lorentzian 0.4 1.00 3.75 —14.91 18.45
B=2b 1.0 1.00 3.47 14.23 —4.07
B=2b 0.4 1.00 —2.87 9.24 —2.79
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(a) (b)
11d *p 11d *p
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FIG. 5. Photoelectron angular distributions for the 11d 2D state in cesium. The solid dots are the experimental values, while the
lines are results of theoretical calculations with (dashed line) and without (dotted line) spin-orbit effects in the P partial wave. The
theoretical calculations have been performed for (a) Lorentzian and (b) B=2b (see text) line shapes of the laser.

(a) (b)
114 *p 15d *D

PHOTOELECTRON SIGNAL ( arb. units )

1 't i 1 1 1

o w/2 m O /2 T
ANGLE 6 ( radians )

FIG. 6. Photoelectron angular distributions for the (a) 11d D, (b) 15d ?D, (c) 194 *D, and (d) 23d 2D states of rubidium. The solid
dots are the experimental values, while the solid lines are results of calculations including the fine-structure coupling effects.
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TABLE V. The By coefficients obtained by a least-squares-fitting procedure to the experimental
data for two-photon resonant, three-photon ionization via the nd 2D states of rubidium.

n Egs (GHz)? Trs (ps)® Bo° B> Ba Bs

11 9.0 111.1 1.00 6.03+0.69 —14.99+ 1.66 21.72+ 1.49
12 7.5 133.3 1.00 5.06+1.09 —12.11+ 2.61 17.85+ 2.24
13 6.0 166.6 1.00 5.43+1.18 —1195+ 2.74 18.27+ 2.39
14 5.1 196.1 1.00 5.14+£2.00 —11.85+ 4.73 18.39+ 4.15
15 4.1 2439 1.00 7.02+2.22 —18.39+ 5.41 25.63+ 4.99
16 33 303.0 1.00 7.95+2.77 —21.02+ 6.79 26.63+ 6.09
17 2.7 370.3 1.00 8.09+3.00 —19.79+ 7.13 26.68+ 6.58
18 2.3 434.7 1.00 10.09+5.19 —26.41+12.71 31.85+11.56
19 1.9 526.3 1.00 8.72+3.59 —22.21+ 8.67 29.37+ 8.09
20 1.6 625.0 1.00 12.0943.97 —30.59+ 9.57 37.14+ 9.00
21 1.4 714.2 1.00 7.54+2.04 —19.29+ 4.95 26.59+ 4.58
22 1.2 8333 1.00 6.94+2.02 —17.99+ 4.90 25.52+ 4.54
23 1.1 909.1 1.00 8.47+1.45 —22.24+ 3.53 28.31+ 3.22

*Energy difference between the j =3 and 3 fine-structure states. Values obtained from Ref. 22.

bTF5= I/Eps.

°Bo has been normalized to unity and the error associated with is zero.

tunately, the value of a; is not expected to change signifi-
cantly from 15d 2D to 11d D, thus enabling us to estab-
lish a good estimate for «; first and then go on to obtain
an optimum value for 3. If one wants to obtain as accu-
rate coefficients as possible for the photoelectron angular
distribution, the laser bandwidth should be chosen consid-
erably broader, in which case the results are insensitive to
B, which seems to be the case with the experimental data
presented here. It can, of course, be chosen to be much
narrower, in which case each fine-structure component is
resolved separately.

Next, let us consider the photoelectron angular distribu-
tion for the case of rubidium atoms. As in the case of
cesium atoms, fine-structure coupling was important for
all states investigated. Results of the photoelectron angu-
lar distribution for the n=11, 15, 19, and 23 states are
shown in Figs. 6(a), 6(b), 6(c), and 6(d), respectively.

In Fig. 6 the solid dots are the experimental values
while the solid lines are the results of a theoretical calcu-
lation in which fine-structure coupling effects have been
incorporated. Good agreement is observed between the
theory and the experiment. The 3, coefficients, obtained

TABLE VI. The theoretically obtained B, coefficients for
two-photon resonant, three-photon ionization via the nd 2D
states in rubidium. Fine-structure coupling effects are included.

n? Bs B> Ba Bs

11 1.00 5.99 —17.26 27.09
15 1.00 6.35 —18.41 28.51
19 1.00 6.12 —17.14 27.95
23 1.00 6.45 —18.28 29.29

Principal quantum number for the nd 2D states investigated.
®B, has been normalized to unity.

from the experimental data for n =11—23 states by a
least-squares-fitting procedure, and their standard devia-
tions, are given in Table V. The theoretically obtained
Bax coefficients for the n=11, 15, 19, and 23 states are
listed in Table VI. Unlike the case of cesium, no spin-
orbit effects are known to exist for the P and F partial
waves of rubidium and hence have not been considered in
the analysis.

For the low-lying (n =5—9) D states of sodium exam-
ined here, the field-free separation of the fine-structure
levels is small in the sense that the FS coupling time is
comparable to or longer than 7,. One would then ex-
pect!S an angular distribution with a deep minimum at
6=m/2. But the intensity-dependent Stark shifts alter
(see Table VII) the doublet separation significantly and
this expectation based on the field-free separation turns
out to be wrong. In Figs. 7—11 the theoretical results for
various intensities are shown for the five n values. Dots
represent the experimental points for comparison. Coeffi-
cients of the angular distributions for various intensities
are listed in Table VIII. One can clearly see the change in
the shape of the angular distributions as the FS coupling
time increases and the evolution of a minimum at 6=1m/2
that becomes deeper and deeper. By varying the intensity
we succeeded in obtaining fairly good agreement with the
data.

The FS coupling time alone does not determine the
shape of the angular distribution. In fact, both the inten-
sity and the FS coupling time are needed for even a quali-
tative prediction of the shape of the angular distribution.
The reason is that, owing to the ac Stark shifts which are,
in general, different for each component of the doublet,
the energy separation of these components changes with
intensity and does, in fact, become reversed. As an exam-
ple, we consider the 7D;,, 5,, doublet. An effective FS
coupling time of 1.2 ns corresponds to two intensities,
namely 0.27 % 10’ W/cm? and 0.51 X 10’ W/cm?. For the
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TABLE VII. Field-free and effective fine-structure coupling times.

Field free?

Effective 7gg (ns)

n Tgs (nS) I1=10° W/cm? I1=10" W/cm? I1=10° W/cm?
5 1.62 0.19 19.97
6 2.69 0.09 1.22 3.95
7 3.97 0.05 0.53 26.20
8 5.75 0.036 9.81
9 7.94 0.03 491
2From Ref. 24.
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10. Angular distributions of photoelectrons for two-
photon resonant, three-photon ionization through the 8D;,; 5.,
doublet of sodium. Solid circles represent the experimental
The solid line is the angular distribution for intensity
I =10 W/cm? and the dashed line is the angular distribution
for I =0.4x 10" W/cm? (see Table VIII).
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FIG. 11. Angular distributions of photoelectrons for two-
photon resonant, three-photon ionization through the 9D;,,5,,
doublet of sodium. Solid circles represent the experimental
points. The solid line is the angular distribution for intensity
I =10 W/cm? and the dashed line is the angular distribution
for I =0.3x 10" W/cm? (see Table VIII).

first, the two levels retain their field-free order while for
the second the order is reversed. Not only has the order
of the levels been reversed for the higher intensity, but
also the center of gravity has moved with respect to the
laser frequency. The result, exhibited in Fig. 12, demon-
strates that the corresponding angular distributions are
quite different from each other. The one corresponding to
the lower intensity has the features expected when the FS
does not play a significant role, although it still does not
vanish at the appropriate angles but comes close to it.
Another point of interest is the possible effect of the
rise time ¢, on the angular distribution. To avoid unphys-
ical populations of the excited states due to a square-pulse
approximation,?® we assume that the intensity rises linear-
ly from zero to its maximum value in a time ?, and
remains constant thereafter. For most of the results re-

ANGLE 8 (radians)

FIG. 12. Different angular distributions resulting from the
same Tgs, but for different intensities. The solid curve is the an-
gular distribution for 7 =0.51x 10" W/cm?, while the dashed
line is the angular distribution for 7 =0.27X 10" W/cm?. Solid
circles represent the experimental data.

ported below, 7,=1.8 ns, and this value will be implied
unless otherwise stated. For the 9D;, 5,, doublet and in-
tensity 0.3 107 W/cm?, for example, if we shorten the
rise time we observe only minor changes in the angular
distribution that do not introduce any new features (Fig.
13). Figure 13 also reveals the insensitivity of the angular
distribution to what in Table IX looks like a large varia-
tion of the coefficients.

It is instructive to go one step further and investigate
the effect of a more realistic pulse shape such as the one
shown in Fig. 14(a). Using again 9D;,, 5,, as a test case,
we find that, for an intensity of 108 W/cm? the change in
the angular distribution is negligible when compared to
the result for an approximate pulse shape [Fig. 14(b)], but
with a rise time of 0.6 ns instead of 1.8 ns. For lower in-
tensities, for example, 0.3 < 10’ W/cm?, the angular distri-

TABLE VIII. Calculated coefficients of the angular distributions of photoelectrons from two-photon
resonant, three-photon ionization of nD states of sodium.

n I (W/cm?) Bo B, Ba Bs

5 108 1 4.25 —15.74 17.62
10’ 1 3599.7 —12107.6 10183.8

6 108 1 4.06 —15.05 17.20
107 1 13.12 —45.62 42.98
10° 1 208.3 —703.4 597.64

7 10% 1 3.98 —14.75 17.07
0.55x 107 1 8.5 —30.11 30.09

8 108 4.0 —14.81 17.20
0.4 107 1 8.12 —28.67 28.96

9 108 1 4.01 —14.81 17.24
0.3 %10’ 1 10.16 —35.62 34.88
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FIG. 13. The effect of the rise time of the laser pulse on the
angular distribution. The solid line corresponds to #,=0.6 ns,
the dashed to t,=1.2 ns, and the dashed-dotted to #,=1.8 ns.
The intensity is taken to be I =0.3X10" W/cm? The two-
photon resonant doublet is the 9D;,; 5,2.

bution changes, exhibiting the same features as for the ap-
proximate pulse shape, only more pronounced (Fig. 15).
Further investigation on this point was not undertaken
since on the basis of the above results we do not expect
anything dramatically different to happen during the pro-
cess because of the pulse shape. Moreover, the fit to the
experimental data did not seem to improve by further de-
tails of the pulse shape.

In conclusion, through the interplay between theory and
experiment, we have shown how the laser properties affect
the photoelectron angular distribution in many subtle
ways. The positive side of the phenomena is that they
make possible the study of a number of dynamical effects
in the interaction of lasers with atoms. The negative side
is that, unless great care is taken, the study of an angular
distribution can become an extremely involved task. The
large variation of the coefficients with laser intensity
shown in Table X provides direct evidence of these com-
plications. As for the fitting of the data, we have ob-
tained most of the significant features. For some of the
levels, however, there seems to be a slight difficulty with
the overall normalization. The shapes are correct but they
cannot fit perfectly both 0° and around 7/2. The original
data had a small forward-backward asymmetry which has

TABLE IX. Coefficients of the angular distributions for
various rise times of the intensity. (I =0.3X 107 W/cm?; inter-
mediate states: 9D3,55,2.)

t, (ns) Bo B> Ba Be
0.6 1 6.27 —22.47 23.71
1.2 1 7.89 —27.94 28.36
1.8 1 10.16 —35.62 34.88
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FIG. 14. The two different pulse shapes used in the calcula-
tions. Shape (a) has the main features of a rather realistic pulse
shape, while (b) is an approximation employed quite often in cal-
culations of the type reported here.
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FIG. 15. The effect of the pulse shape on the angular distri-
bution (I =0.3x 107 W/cm?). The solid line is the result for a
pulse like the one in Fig. 14(b) and the dashed line is the result
for the pulse like the one in Fig. 14(a). The calculations corre-
spond to the 9D;,, s, state.
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TABLE X. The B, coefficients obtained by a least-squares-fitting procedure to the experimental
data for two-photon resonant, three-photon ionization via the nd 2D states of sodium atoms.

n Ags (MHz)? ATgg (ns)® Bo° B Ba Bs

6 —372.0 2.7 1.00 9.36+1.89 —32.84+5.36 28.89+4.09
7 —253.1 3.9 1.00 3.99+2.61 —16.28+7.21 15.88+5.39
8 —174.2 5.7 1.00 6.81+2.00 —26.46+5.75 24.35+4.41
9 —124.5 8.0 1.00 7.16+1.57 —27.57+4.53 25.31+3.49

*Energy difference between the j = % and % fine-structure levels. Values obtained from Ref. 24.

°Bo has been normalized to unity and the error associated with it is zero.

been averaged in the figures. Whether this has created
part of the problem is not clear at this point.

Some of the effects discussed in this paper were first
analyzed by Dixit and Lambropoulos,'® especially those
pertaining to doublet inversion with increasing intensity.
They were also investigated experimentally by Ohnesorge
et al.? in sodium by employing a narrow-band laser that
resolved the FS of the field-free atom. Here we have
shown that similar studies can be performed with a laser
of essentially arbitrary bandwidth provided the appropri-
ate theoretical analysis is incorporated.
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