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Photoelectron angular distributions from multiphoton ionization of cesium atoms
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We present both experimental and theoretical studies of resonantly enhanced multiphoton ioniza-

tion of cesium atoms. Photoelectron angular distributions for two-photon ionization via the one-

photon-allowed 7p Pl/2 3/2 and Sp Pl/2 3/2 intermediate states and three-photon ionization via the
two-photon-allowed 8d D5/2 3/2 resonant intermediate states are reported. The photoelectrons are

energy analyzed with a spherical-sector electrostatic energy analyzer with an energy resolution of
-0.1 eV and angular resolution of —+2'. A straightforward calculation based upon a fine-

structure scheme gives excellent agreement with the measured angular distributions for the Pl/~
states. The laser pulse duration is comparable to the hyperfine precession period which allows the

hyperfine coupling to partially destroy the anisotropy initially produced in the P3/2 resonant inter-

mediate states. Quantitative calculations including hyperfine coupling take this into account and

provide an expression which gives a reasonable fit to the P3/2 data.

I. INTRODUCTION
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The angular distributions of photoejected electrons pro-
vide valuable information about the structure of atoms
and molecules and the photoionization process itself. The
photoelectron angular distributions depend upon the na-
ture of the initial bound state and final continuum states.
The continuum contribution involves the interference be-
tween the partial waves of the outgoing electron, and any
interaction between this electron and the ion core. The
electron angular distribution resulting from the electric-
dipole interaction between a single photon and an isotro-
pic distribution of atoms is given by

do'(A, ,e) o(A, )~i PP ( 8)]
dQ 4m

where o. is the total photoionization cross section at wave-
length A,, P2(cose) is the second Legendre polynomial, 8
is the angle between the polarization axis of the incident

light and the direction of the photoelectron (K), and P is
the so-called asymmetry parameter.

In multiphoton ionization, the order of the process (i.e.,
number of photons involved) and the possible participa-
tion of real and virtual intermediate states are the two
most important factors which determine the angular dis-
tribution. For the case of nonresonant multiphoton ioni-
zation or for resonantly enhanced multiphoton ionization
and when the laser intensity is weak enough to validate
the lowest order perturbation theory, the generalized cross
sections for two- and three-photon ionization can be writ-
ten as
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X
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7
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where the coefficients P„are functions of microscopic
atomic parameters and are independent of light intensity.
The above expressions can also be written in terms of
Legendre polynominals if it is deemed more convenient
for data analysis.

A number of theoretical studies of angular distributions
of photoelectrons from multiphoton ionization have been
published. ' Experimental measurements of angular dis-
tributions have been presented for two-photon ionization
of sodium, ' two-photon ionization of titanium, two-
photon ionization of cesium, two- and three-photon ioni-
zation of strontium, ' and five-photon (nonresonant) ioni-
zation of sodium. " The influence of nuclear spin on an-
gular distributions has also been studied. ' In addition,
the effects of "quantum beats" due to the hyperfine levels
on angular distributions have been observed. ' Finally,
angular distributions for so-called above threshold ioniza-
tion of xenon at a fixed wavelength (0.53 asm) have been
reported. ' Both the experimental and theoretical studies
have illustrated that measurements of angular distribu-
tions of photoelectrons from resonant multiphoton ioniza-
tion are complicated by the following.

(i) The angular distributions may be laser power depen-
dent due to saturation of some resonant level or due to ac
Stark effects on the ground and excited states involved.

(ii) So-called above threshold ionization'"' effects in
which photoejected electrons gain energy from the radia-
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II. EXPERIMENTAL

The experimental apparatus is shown in Fig. 1. A
Molectron model uv-24 nitrogen laser ( —1-MW peak
power) was used to pump the oscillator and amplifier of a
Molectron model DL-14 dye laser. The approximate laser
power over the wavelength range used in these studies was

10 k% and the laser pulse duration was —10 ns. The
laser is focused with a 35 mm lens. Using the
manufacturer's quoted divergence of 2)&10 radians for
the dye laser and assuming that the focus is diffraction
limited, one obtains an approximate power density at the
focal volume of —10 Wicm . Neutral density filters
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FIG. l. Experimental arrangement for energy and angular
distribution measurements for multiphoton ionization of alkali-
metal atoms. The vacuum chamber is 3 ft in diameter and is
pumped by a 6-in. oil diffusion pump with liquid nitrogen trap.

tion field inay complicate the measurements.
(iii) If more than one hyperfine level is excited (which is

most often the case), quantum beat interference effects
produce angular distributions which are dependent upon
the temporal characteristics of the laser beam. For exam-

ple, in two-photon ionization, the photoelectron angular
distribution for the two-photon ionization of sodium via
the 3 P3&2 state is found to depend upon the time delay
between the exciting and ionizing laser pulses. '

(iv} Sometimes subtle background or surface ionization
effects are observed which can interfere with (or even ob-
scure) the real signal (see, e.g., Ref. 7).

In this paper we present both theoretical and experi-
mental studies of energy and angle resolved photoelect-
rons from two- and three-photon ionization of cesium
atoms. Energy analysis of the photoelectrons is accom-
plished with a high resolution spherical sector electrostat-,
ic energy analyzer which circumvents many of the experi-
mental problems described above. Quantitative compar-
ison of theory and experiment shows the importance of
hyperfine coupling in the P3/z intermediate state for the
laser pulse durations used in these experiments and espe-
cially the experiments of Kaminski et al. 9

were used to attenuate the laser power. Also, as the laser
dye degraded, lower laser power was obtained. Angular
distributions at all laser powers were identical. The band-
width of the laser was -0.2 A full width at half max-
imum (FWHM). A gian-air prism (Carl I.ambrecht) was
used to purify the linear polarization of the laser light and
the polarization was rotated through a full 2~ angle with
one of two different Fresnel rhomb polarization rotators.
Identical data were recorded with each rotator, and data
obtained from m. to 2n. were identical with data recorded
from 0 to m..

The cesium atom source consists of a stainless-steel hol-

low block with a multichannel hole array exit for produc-

ing a collimated cesium beam. A beam flag could be ro-
tated in front of the beam. The alkali-metal beam crosses
the laser focal volume through a small hole in a stainless-
steel plate. The entire interaction volume is field free.
Photoelectrons ejected 90' with respect to the propagation
vector of the laser are energy analyzed by a spherical sec-
tor electrostatic energy analyzer. ' Computer analysis of
the ray traces through the analyzer indicates that the an-

gular resolution of the analyzer was +2'. Energy analysis
was accomplished by acceleration of the photoelectrons
within the analyzer shield to an analysis energy of
-5—10 eV. The theoretical resolution for this pass ener-

gy is 0.05 to 0.1 eV. The observed resolution was from
0.1 to 0.2 eV. The main factors which degrade resolution
in multiphoton ionization experiments are (1) space-
charge effects due to the large instantaneous signals pro-
duced, and (2) rf fields generated in space due to the firing
of the laser. Both of these effects were niinimized in the
present experiment. Space-charge effects were minimized

by lowering the alkali-metal beam intensity. When the
ion density was too large, the electron energy distributions
were broadened to lower energy. This is due to the fact
that as the ion density builds up in time over the time
length of the laser pulse, electrons are leaving from a
higher and higher positive ion space charge. Thus, elec-
trons are emitted at energies all the way from the expected
energy [3hv —Vip(Cs)] to a lower energy cutoff corre-
sponding to electrons leaving the fully developed positive
ion cloud. By making the beam density and laser power
large enough, it was possible to make this lower energy
cutoff approximately zero. This means that those elec-
trons created at the end of the laser pulse do not leave the
positive ion cloud (plasma conditions). The Cs+-ion ener-

gy distribution could also be studied by applying a small
pusher voltage to accelerate the ions into the energy
analyzer. As expected, the Cs+ ion energy distribution
extended to higher energy by the same amount that the
electrons extended to lower energy. Further details of
space-charge effects in multiphoton ionization will be
published in a separate publication. ' Certainly, the ener-

gy resolution was sufficient for the present purposes
where only one electron energy was expected. Only one
electron energy peak was observed under the typical
operating conditions. At higher alkali-metal beam densi-
ties (source teinperature} other low-energy electron peaks
were observed which may be due to electron energy loss
between the photoelectrons and excited alkali-metal atoms
in the laser volume. Low-energy electrons are also expect-
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ed froin chemi-iomzing reactions between excited aikah-
metal atoms and ground or excited atoms which produce
ion pairs (e.g., Az++e or A++A +e). These reactions
are not the subject of this paper.

The photoelectrons were detected with a dual channel-

plate charged particle detector and the resulting signal
was amplified and processed with a Princeton Applied
Research boxcar averager. A 40-cm radius Helmholz coil
was used to null the earth's field. This was imperative in
order to operate the electron spectrometer at low pass en-

ergy
III. THEORY

For relatively low-laser cntenslties, such as those em-

ployed in the present experiment, the photoelectron angu-
lar distributions can be cast in moderately simple forms
exhibiting explicitly the atomic parameters on which they
depend. Low intensity here implies that there is no signi-
ficant core excitation and consequently a single-electron
model is adequate. Saturation of .the transition between

the initial and the resonant interaction states would not
affect the validity of the expressions as long as none of the
ac Stark effects5 associated with closely spaced intermedi-
ate resonances are important. All of the above conditions
were certainly satisfied for all measurements reported in
this work.

The general forms given in Eqs. (2) and (3) are obtained
from the appropriate order of perturbation theory for an
n-photon ionization process. The parameters P„contain
all the information pertaining to atomic structure and it is
through the determination of such parameters that this in-

formation can be extracted from measurements of angular
distributions. The ingredients of P„are atomic matrix
elements and phase shifts. We need not present deriva-

tions of the equations here as they can be found else-
where. Instead, we give a summary of the equations
necessary for the interpretation of the experiments.

The final continuum state for the photoelectron is writ-
ten as

tribution. After the angular momentum algebra has been
performed the resulting expression involves radial matrix
elements between 6S~~2 and 6P& and between 6I'J. and the
final state. In general, the radial parts of the wave func-
tions for the bound states depend on j. This dependency
is more pronounced for heavier elements. Let us denote
by R~(j) the radial matrix element between

~
nPJ ) and

the L =2 partial wave, and by Rs(j) the radial matrix ele-
ment between

~
nPJ ) and the L=0 partial wave of the fi-

nal state. Since there is only one intermediate state in-
volved in these resonant two-photon transitions, the
bound-bound matrix elements cancel and the final result
depends only on bound-free matrix elements. In fact, the
angular distribution depends on the ratio of the two
bound-free matrix elements. Thus, if we introduce the ra-
tio X=RD(j)/Rs(j) we can write the angular distribution
for the Pi&z state as

(z)

=1+P (1/2) cos 6, (4b)

where Pz is given by

3X —6X cos(50 —5z)
P ( —,')=

1+X +2X cos(50—5z)

Without loss of generality, the microscopic parameter X
can be assumed to be real while 50, 5z are the total phase
shifts for the S and D partial waves, respectively. As not-

ed earlier, 6 is the angle between k and the direction of
the polarization vector for linearly polarized light.

For the distribution through the P3/z state, we obtain

(2)do.3gz(8) =1+Pz( —, ) cos 6+P4( —, ) cos 8, (5a)

3[5X +SX cos(50—5z)]
Pz( —,

'
)=

4[1+X +2X cos(50—5z)]

X g &gM(8, @)&I.M(8,$), (4a)

where k(8,4) is the wave vector of the outgoing pho-
toelectron, r(r, $,8) is the position operator of the elec-
tron, GL, , the radial part of the continuum wave function

depending parametrically on k, and 5L, is the phase shift
of the Lth partial wave. The sum over partial waves
comes, of course, from the usual expansion of a continu-
um state in spherical harmonics. Since fine structure is
resolved in the experiment the bound states are of the
form

~
n, rn~ ) and spin is also included in the final state.

In principle, there may be spin-orbit coupling in the con-
tinuum which may also make Gl dependent on j as weB.
The measurements reported herein would not detect such
effects. For two-photon ionization, we. have the initial

~
6Si&z) state and the intermediate

~
nPi&z) and

~ nP3&z)
states whose ionization by a second photon leads to I.=O
and L=2 partial waves which interfere in the angular dis-

(
3

)
27X

4[1+X +2X cos(50—5z)]
(5c)

The two independent parameters that can be determined
from the experiment therefore are X and 50—5z. If there
is a signiflcant dependence of wave functions or of phase
shifts on j, it will be reflecte in the parameters X and
50—5z. The latter is expected to have by far the weakest
dependence on j. The processes represented by the above
equations can be viewed as ionization from an excited
state except that in this case—with the exception of
Pi~z—it is not an isotropically excited state because of the
excitation with linearly polarized light.

The three-photon ionization angular distributions re-
ported here involve a two-photon resonant excitation of
either a D3~2 or a D5~2 state. The two-photon matrix ele-
ments leading from 6Si&z to the D states involve summa-
tions over intermediate P states which were not resonant
with the photon frequency. Since the transition is to a
single resonant state the final expression again depends on
the ratio of the two bound-free matrix elements; (in this
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case the F and P partial waves) and the difference of the
corresponding phase shifts.

For the process 6sS&&2~~nD3/2~e the angular dis-
tribution is written as

where

(3)

0
'"=1+P,(-', ) cos'6+P, (-', ) cos'6, (6a)

and

7—1SX —36X cos(5i —53)
( —,

' )=
9[1+X'+2X(5,—5,)]

5[3X —2X cos(5, —53)]
Pg( —,

' )=
3[1+X +2X cos(5i —53)]

(6b)

(6c)

(7a)

where

12+37X +24X cos(5i —53)
Pz( —,

' )=
4[1+X +2X cos(5i —53)]

5[13X +SXcos(5i —53)]
P4( —,

' )=
2[1+X +ZX cos(5i —53)]

and

125X

4[1+X +2X cos(5i —53)]

(7b)

(7c)

(7d)

All calculated distributions in this paper are based on the
above equations with the parameters calculated using
single-channel quantum defect theory with no allowance
for any significant dependence on j of either the bound-
free matrix elements or the phase shifts. It is, of course,
known that the radial matrix elements between 6S~ ~2 and
the nP~ states depend on j rather strongly with increasing
n This depen. dence would not affect the present experi-
ments, however, because the matrix elements connecting
bound states do not appear in the final expressions. The
agreement with the experimental results seems to suggest
that quantum-defect theory is adequate for the prediction
of such experiments as long as it is assured that the col-
lected electrons come from the excited state under con-
sideration and not from other (especially molecular) chan-
nels. This is achieved here through the simultaneous elec-
tron energy analysis.

As discussed in the following section, some of the re-
ported angular distributions may have been affected by
hyperfine-structure (hfs) effects, while the theoretical ex-
pressions presented so far have been derived on the basis
of a fine-structure (fs) scheme. Taking the transition
6Si/z~nPJ- as an example, the fs picture implies that the
first (linearly'polarized) photon excites the mj ——+ —,

' sub-

The parameter X is now defined as the ratio R~ /Rz of(j) (j)

the radial matrix elements for the F and P partial waves.
For the process 6sSi/2~~nD5/2~e and with the
same definition for X the angular distribution is

(3)do 5/2(6) 5 z 5 4 5=1+Pz( —, ) cos 6+@4(—,) cos 6+Ps( —,) cos 6,

levels which are then ionized before the hyperfine cou-

pling can destroy this anisotropy. For this condition to be
satisfied either ionization must occur faster than the hfs
precession period and/or the laser duration must be short-
er than the hfs period. The latter is given by the inverse
of the hfs splitting of the excited state. If neither of the
above conditions is satisfied, the calculation must be per-
formed in the hfs scheme.

I.et us consider, as an example, the case of 7P3/2 The
extreme hfs separation of the F=2 and F=5 levels is 198
MHz, while the laser duration is about 10 ns, whi ch is
comparable to the hfs period (5 ns). On the other hand,
the laser intensity was not sufficiently large for ionization
to occur faster than the hfs period. With the laser dura-
tion about equal to the hfs, we have a situation in which
the results of the fs calculation may show a slight devia-
tion from the experiment.

A calculation involviiig the hfs and an arbitrary laser
pulse duration requires the complete time-dependent solu-
tion of the full density-matrix equations for all initial and
intermediate states. In addition, knowledge of the de-

tailed form of the laser pulse is required if the laser pulse
duration is comparable to the hfs period, as is the case
here. It is only in the limiting cases of very large or very
short (compared to the hfs period) times that the detailed
form of the laser pulse does not matter. An additional as-

pect that affects the theoretical interpretation is the degree
of saturation of the bound-bound transition which re-

quires rather accurate knowledge of the laser intensity. In
view of these unknowns, we present here a somewhat sim-

plified interpretation of the hyperfine effects which is ade-

quate for the purposes of this paper.
We consider the set. of the density-matrix equations

from the hyperfine levels of 6Si/z to all hyperfine levels

of 7P3/2 Eliminating the off-diagonal matrix elements,
we reduce the problem to a set of rate equations. The
photoelectron angular distribution is then obtained from
the ionization of the mz sublevels of the F states into
which the 7P3~2 is split. The calculation is lengthy and
tedious. It will suffice to quote here the resulting expres-

sions for the coefficients Pz and P4. They are now given

by

3 (9q —5)X —SXcos5
Pz=

4 1+X + Xcos5

(1—q)X
134= 2 24 1+X + X cos5

(8a)

(Sb)

where q is a parameter depending on angular momentum
coefficients and the relative magnitudes of the laser dura-
tion and the hfs period. In the limit of very short laser
pulses, q is zero. P2 and P4 then revert to the expressions
(5b) and (5c) which are valid under pure fs conditions. In
the limit of a very long laser pulse, q takes the value 0.7
which leads to an angular distribution resembling that of
the level 7P»2, it does not show a peak at ~/2. This is to
be expected since a long laser duration allows the hyper-
fine coupling to destroy the anisotropy created in the exci-
tation of the nP state. Given that the pulse duration in
this experiment is not controllable but still is of the order
of the maximuin hyperfine splitting of the 7P3/2 we ex-
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FIG.- 2. Recorder traces of electron energy distributions for
photoelectrons produced by multiphoton ionization of cesium.
The energy scale was calibrated by fixing the 7p ~F3~2 peak at its
calculated energy position. The wavelength of the laser was
tuned to one- or two-photon resonance with the states shown.

IV. RESULTS AND DISCUSSION

In Fig. 2 we show the electron energy spectrum for
three of the resonant intermediate states reported in this
study. No abso1ute energy scale was estab1ished, however,
excellent self consistency among all of the peaks was ob-
served. That is, by establishing an energy scale for one
resonant intermediate level such as for the 7P P3&2 state

pect the data to be fitted best with coefficients p2 and p4
corresponding to a value of q between 0 and 0.7. The
same expressions for pz and p4 apply to the SP3/2 state.
Since its maximum hfs splitting is 91 MHz (about half
that, of 7P3~z) we expect the effect to be smaller and the
appropriate value of q to be somewhat smaller. This is
discussed further in the following section.

FIG. 3. Comparison of experimental and theoretical pho-
toelectron angular distributions resulting from two-photon ioni-
zation of cesium atoms 1n which thc first photon 1s 1n rcsonancc
with the 7p 2Pi~~ state. The experimental "error bars" in both
intensity (photoelectron signal) aud angle are approximately two
times the size of a data point.

(which was done in Fig. 2), all other energy peaks corre-
spond to the expected values [i.e., 2Iiv- Vip(Cs) or 3hv-
Vip(Cs)]. Also an absolute energy scale could be estab-
lished by using the known properties of the electrostatic
energy analyzer and the voltage applied to the inner and
outer spheres. Agreement on the energy of each peak was
accurate to within 0.1 eV which is within the expected
contact and surface potential differences.

The energy resolution at the peaks shown in Fig. 2 is
0.1 to 0.15 eV (FTHM) and was typical of the resolution
obtained for the data presented in this paper. Resolution
of 0.07 eV was obtained at lower pass energy through the
analyzer. The entrance and exit apertures to the analyzer
were 1 mm in diameter. Smaller apertures would also
presumably afford better resolution. Resolution of 45
meV has been obtained in an identical analyzer by paying
careful attention to space-charge effects, lower pass ener-
gies, and use of a laser with less rf noise. '

TABLE I. Calculated parameters used to determine the angular distrib'utions of photoelectrons from
multiphoton ionization of cesium. The P coefficients fit the equation I(6)=1+Pecos 6+P~cos 8
+P6 cos68.

7I iy2
7I3'
8 PI y2

8~3m
9&in
9~3y2

10P&y2
1083y2

783r2
7&sn
8D3g2,

8asgz

—2.35
—2.35
—2.28
—2.29
—2.23
—2.23
—2.21
—2.21
—5.72
—4.46
—4.56
—4.12

11.66
11.70
12.33
12.34
12.47
12.47
12.53
12.54

4.46
4.47

. 5.31
5.31
5.55
5.55
5.65
5.66

7.75
7.76
8.39
8.39

—5.36
—5.36
—4.52
—4.52

6.56
—3.27

9.02
—3..33
10.74

—3.31
11.48

—3.29
—1.88
12.37

—1.79
13.27

0
10.03
0

12.35
0

14.08
0

14.80
7.51

—43.00
8.84

—46.03

0
0
0
0
0
0
0
0
0

46.88
0

51.39
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times the size of a data point.
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FIG. 5. Comparison of experimental and theoretical pho-

toelectron angular distributions resulting from two-photon ioni-

zation of cesium atoms in which the first photon is in resonance

with the 7p P3/2 state. The experimental error bars in both in-

tensity (photoelectron signal) and angle are approximately two

times the size of a data point.

The calculated P parameters for resonantly enhanced

two- and three-photon ionization of cesium atoms are
presented in Table I. The p parameters completely deter-

mine the angular distributions as defined by Eqs. (2) and

(3). Notice that a negative value for pz produces subsidi-

ary peaks at 6=m./2. Calculations are also presented for
two-photon ionization of cesium via the 9p P3/2 i/p and

10p P3/2 i/2 states for which no experimental data are

presented.
Figures 3 and 4 present both the experimental (solid

points) and theoretical (solid lines) angular distributions

for photoelectrons produced by linear polarized light for
the 7p Pi/z and 8p Pi/2 states, respectively. The es-

timated error associated with the experimental data points
is assessed as twice the size of the actual data point on the

graph. Taking into account this uncertainty, there is no
discernible difference between theory and experiment.
The experimental data was computer fitted to an Nth-

order regression formula in powers of cos e. The best fit

was obtained for an equation containing only the first or-

der, i.e., 1+pecos e. A comparison of the experimental

and theoretical p values is shown in Table II. The experi-

mental pz values for the 7p P, /z and 8p Pi/i are 10%
lower and -7~/o higher, respectively, than the theoretical
values. No significance is attached to this difference.
Theory seems to predict the experimental distributions

very well.
Agreement between experiment and theory for the

7p P3&2 and 8p P3~2 distributions is poor as is seen in

Figs. 5 and 6. The Pz and P4 values in Table II also illus-

trate this lack of agreement. The experimental rneasure-

ments can be affected by hfs effects as discussed in Sec.
III. As with any nitrogen laser pumped dye laser, the
temporal profile of the laser pulse is not well defined.

The nominal pulse width is 10 ns (FWHM) although in-

tensity variations or "spikes" may occur within this time
profile. Nevertheless, if we take —10 ns as the charac-
teristic time for the excitation-ionization event we can
consider the possible effects of the hfs. The hfs period for
the 7p P3/2 state is 5 ns which is on the order of the

TABLE II. Comparison of theoretical P values with those extracted from the experimental data. Ex-

perimental P values are determined from a computer fit of the third-order regression formula: I{e)=1

+P, cos'e+P4cos'e+P, cos'e.

State

7p Pi//g

7p P3/2
8p P&/'2

8p P3n
8d D3y2
8d D5/r2

6.56
—3.27

9.02
—3.33
—1.79
13.27

Theory

10.03

12.35
8.84

—46.03 51.39

5.95
—0.55

9.62
2.6
0.38
5.83

Experiment

6.32

10.11
5.13

—18.2 21.52
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FIG. 6. Comparison of experimental and theoretical pho-
toelectron angular distributions resulting from two-photon ioni-
zation of cesium atoms in which the first photon is in resonance
with the 8p 2P3/2 state. The experimental error bars in both in-
tensity (photoelectron signal) and angle are approximately two
times the size of a data point.

FIG. 7. Comparison of previous data [Kaminski, Kessler,
and Kollath (Ref. 9)] with the present data. The experimental
error bars in both intensity (photoelectron signal) and angle are
approximately two times the size of a data point. The theoreti-
cal curves are calculated from the hyperfine structure Pi and P4
parameters given in Eqs. (Sa) and (Sb).

laser-pulse duration. Equations (Sa) and (8b) give values
for P2 and P4, respectively, as a function of the parameter

q which depends upon angular momentum coefficients
and the relative magnitudes of the laser duration of the
hfs period. The other parameters in Eqs. (Sa) and (Sb) are
given in Table III for the 7p P3/2 and 8p P3/2 states. q
can vary from 0 (infinitely short laser pulse) to 0.7 (con-
tinuous laser pulse). Note that q= 0 leads to the pz and p4
value given in Table II. Figure 7 shows the present exper-
imental data along with the earlier data of Kaminski
et al. and three calculations for q=O, 0.45, and 0.7. The
data of Kaminski et al. resembles a 1+pcos e distribu-
tion and is well fit by q=0.7. In this case, the long laser
pulse allows for complete destruction of the orientation of
7p P3/p state. Equations (8a) and (Sb) can be solved for q
upon substitution of the experimental values for p2, p4,
and cos 5 in Tables II and III. A q of -0.3 satisfies both
Eqs. (8a) and (8b). For q=0.3, P2 is —0.32 and P4 is 6.99.
From Table II we see that the experimental value p2 is
—0.55 and p4 is 6.32. The agreement is not perfect, how-
ever, inspection of Fig. 7 shows that the fit with experi-
ment is greatly improved upon including the hyperfine ef-
fect.

A similar situation exists with respect to the 8p P3/2
data. Here the hfs splitting is only 91 MHz and we expect
the hyperfine effect to be smaller. Figure 8 shows the ex-
perimental data along with calculated distributions for
q=O, 0.45, and 0.7. Again, the fit is not perfect in this
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case, and solving for q in the theoretical expressions [Eqs.
(8a) and (Sb)] using the experimental p2 and p4 values does
not give a unique q value. Equation (8a) gives q=O. 5
and Eq. (8b) gives q=0.2. The best fit to the data gives a
q of about 0.3. Thus, a quantitative comparison of experi-
ment and theory for the case of the 8p P3/2 is not as sa-
tisfactory as for the case of the 7p P3/2 ~ However, visual
inspection of Fig. 8 clearly shows that inclusion of the hy-
perfine effect improves the agreement between theory and
experiment.

Photoelectron angular distributions for two-photon
resonant three-photon ionization via the 8d D3/2 state are
shown in Fig. 9. The particular experimental data

State

7P P3/2
8P P3/2

—2.354
—2.2997

cos 5

0.594
0.7390

TABLE III. Calculated parameters used to determine the hy-
perfine coupling effects upon the Pq and P4 values in Eqs. (Sa)
and (8b) for the 7p 'P3/2 and 8p 'P3/2 states.

rr/2
ANGLE e ( adians)

FIG. 8. Comparison of experimental and theoretical pho-
toelectron angular distributions for two-photon ionization of
cesium atoms in which the first photon is in resonance with the
8p P3/2 state. The theoretical curves are calculated for three
different values of hyperfine coupling parameters q [Eqs. (Sa)
and (Sb)j.
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FIG. 9. Comparison of experimental and theoretical pho-
toelectron angular distributions resulting from three-photon ion-
ization of cesium atoms in which the second photon is in reso-
nance with the 8d D3/2 state. The experimental error bars in
both intensity (photoelectron signal) and angle are approximate-
ly two times the size of a data point.

presented in Fig. 9 do not show the subsidiary maximum
at 90 predicted by theory. In some other experimental
runs there was evidence for a maximum at 90', however,
the data shown in Fig. 8 is more representative of all the
data. The subsidiary maxima at 90' for the 7p P3/2 and
Sp P3/2 states were present in all of the angular distribu-
tions recorded. Angular distributions for the 8d D5/2
state are shown in Fig. 10. Three-photon ionization via
the 8d D5/z state requires terms up to cos 8 in order to
describe the process. Signal levels for the Sd states were
not as large as those for the 7p or 8p states discussed
above. As a result the error bars on the data points are as-
sessed as approximately four times the size of a single
point shown in the figures. The agreement with theoreti-
cal calculations again is not bad given the experimental
uncertainty, however, the experimental data again lies
slightly above the theory when normahzed at 6=0 and m..
The frequency splitting between the extreme hyperfine
levels of the Sd D3/2 and the 8d Ds/2 levels is 48 and 18
MHz, respectively. This corresponds to hyperfine periods
of 20 ns (Sd D3/z) and 50 ns (8d D5/2). Because of the
short laser pulse and large photoionization cross section
for d levels the hyperfine effect is not expected to have a
large effect on the measured angular distributions. A de-
tailed calculation was not performed on these levels so
that quantitative comparison is not possible at this time.

I

m/P
ANGLE e (rodions)

FIG. 10. Comparison of photoelectron angular distributions
resulting from three-photon ionization of cesium atoms in
which the second photon is in resonance with the 8d D5/q state.
The experimental error bars in both intensity (photoelectron sig-
nal) and angle are approximately four times the size of a data
point.

V. CONCLUSIONS

We present a detailed comparison of experimental and
theoretical photoelectron angular distributions for
resonantly enhanced two- and three-photon ionization of
an alkali-metal atom (cesium). In cases where the laser
pulse duration is comparable to or larger than the hyper-
fine coupling period of the resonant intermediate state it
is necessary to include hyperfine coupling effects in
describing the angular distributions. It is also shown that
the earlier results of Kaminski et al. were likewise af-
fected by mixing of the resonant hyperfine intermediate
state.
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