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We report measurements of photoelectron angular distributions via electric quadrupole transi-
tions in cesium atoms using multiphoton excitation techniques. Experimental results are presented
for the cases of one-photon resonant, two-photon ionization via the 6d 2D, and 6d 2Ds,, electric
quadrupole transitions and for one-photon resonant, three-photon ionization via the 5d ’D,,, and
5d *Ds,, transitions. The ratios of the total ionization rates for linearly and circularly polarized
light have also been measured for the 6d 2D;,, and 6d 2D, states. A theoretical analysis and de-
tailed comparison with the experimental results are given.

I. INTRODUCTION

It has been shown theoretically' and verified experi-
mentally? some time ago that with properly chosen reso-
nance conditions, electric quadrupole transitions can
dominate in multiphoton ionization (MPI). This offers
the possibility of studying excited states which may oth-
erwise be difficult to reach, thus providing spectroscopic
information complementary to that obtained through di-
pole transitions.

After the early experiments? of this type on sodium,
experimental’ and theoretical*~® studies have concen-
trated on one-photon resonant, two-photon ionization in
cesium atoms via the 6s %S /, to the 6d 2D, , 5, quadru-
pole transitions. Measurements with linearly and circu-
larly polarized light were used to extract the ratios of
the radial transition matrix elements from the
6d D, /12,5, levels to the p and f states (partial waves) of
the continuum. In that experiment® the spin polariza-
tion of the photoelectrons was also measured, as it pro-
vides additional and, depending on the particular mea-
surement, redundant information which is necessary for
the extraction of atomic parameters. The overall agree-
ment between experiment and theory*~® has, however,
been poor, especially the ratio of two-photon ionization
cross sections for linearly and circularly polarized light
via resonance with the 6d ?D;,, and D;,, states. The
reasons for the disagreement so far have remained ob-
scure.

In this work we undertake a complete analysis of the
above resonant quadrupole MPI, including the possible
effects of saturation, laser bandwidth, etc. Part of the
motivation stems from the previous disagreement be-
tween the experimental results of Kaminsky et al.? and
the calculations of Jaouen et al.,* who have reported ra-
tios of generalized cross sections for linearly and circu-
larly polarized light. Since for the case of exact reso-
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nance the amount of ionization is not simply proportion-
al to a generalized cross section, it could not be expected
a priori that experiment and the theory of Ref. 4 would
agree even if both were correct. Resonance effects were
not included in the formalism and calculations of Jaouen
et al.*

Our aim in this paper is to assess these effects quanti-
tatively through the comparison of new data with com-
plete calculations in which all atomic parameters are ob-
tained a priori through quantum-defect theory. The
only experimental input has consisted of the laser power,
bandwidth, and pulse duration. In cases of uncertainty,
we have reported calculations for a range of values of
the appropriate parameter (the laser power, for example)
and examined the sensitivity of the results to such
values. We find that the sensitivity may change dramati-
cally in different ranges of intensity which can serve as a
guide for the determination of an optimum intensity.
Although the experimental data are in general agree-
ment with theory, some remaining discrepancies under-
score the usefulness of such measurements in the deter-
mination of atomic parameters.

Additional information about atomic structure is ob-
tained through the study of photoelectron angular distri-
butions (PAD), which in this case reflect the properties
of the quadrupole-excited states. With the exception of
two recent short papers,’” very little work on PAD in-
volving quadrupole transitions has been published. Al-
though some of the information about such states can be
obtained in principle without the involvement of quadru-
pole transitions, the latter provide the means for study-
ing effects not easily accessible otherwise.

Although it was not our intention to elaborate on res-
onance line shapes in this publication, we do present a
brief analysis of one example related to some of the tran-
sitions of interest in this paper. This example serves the
twofold purpose of providing an additional consistency
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test for our calculations and of illustrating certain
features of such line shapes.

II. EXPERIMENTAL
A. Atomic beam apparatus

Details of the experimental apparatus employed to
conduct the PAD studies have been published else-
where.® Briefly, it consisted of a frequency-tunable dye
laser, the polarization optics, the vacuum chamber
which contained the alkali-atomic beam assembly and
electron energy analysis and detection system, and the
data acquisition system.

The dye laser (Quanta Ray model PDL-1) was
pumped by a ND:YAG (yttrium aluminum garnet) laser
(Quanta Ray model DCR2A). The output light of the
dye laser had a pulse duration of =6 ns and a band-
width of =~0.02-0.03 nm. The linearly polarized output
light of the dye laser was further purified by a Glan-air
polarizer and the degree of polarization P was deter-
mined to be better than 0.99. The polarization vector of
the laser light was rotated using a double-Fresnel rhomb.
The dye laser beam entered the vacuum chamber
through a Pyrex window (thickness is 0.25 in.) and was
focused into the alkali-atomic beam in a crossed arrange-
ment using a 35-mm focal length lens. The estimated
laser power density per pulse was ~10® W/cm? The
cesium beam was generated by a standard thermal
source equipped with a multichannel hole array to colli-
mate the beam. The atomic number density at the point
of intersection with the laser was estimated to be =~ 10"
atoms/cm?®. Space-charge effects were minimized by
keeping the number density low and controlling the laser
power.

Photoelectrons emitted perpendicular to the direction
of propagation of the laser beam were sampled and ener-
gy analyzed by a 160° spherical sector electrostatic ener-
gy analyzer. The energy resolution of the analyzer in
these studies was ~0.2 eV at a photoelectron transmis-
sion energy of =~18 eV. The angular resolution of the
analyzer was estimated to be ==*1.5°

The photoelectrons transmitted through the analyzer
were detected by a dual channelplate charged-particle
detector and the signal after amplification was fed into a
gated boxcar integrator (Princeton Applied Research
model 165).

The output signal of the boxcar integrator, which is
proportional to the initial photoelectron signal, was plot-
ted on an x-py recorder, either as a function of the laser
excitation wavelength or as a function of the kinetic en-
ergy of the photoelectrons. Photoelectron angular distri-
butions were obtained by recording the boxcar integrator
output signal as a function of the angle 6 for
0< 60 <180°, where 6 is the angle between the direction
of detection of the photoelectrons and the direction of
the electric vector of the laser light. Photoelectron an-
gular distributions for electric quadrupole transitions
have an additional dependence on angle ¢ (azimuthal an-
gle), which is defined between the direction of detection
of the photoelectrons and the direction of propagation of
the laser beam.® For all the measurements reported here

¢~7/2. However, we note that the entrance axis of the
photoelectron spectrometer is strictly oriented at right
angles to the direction of propagation of the laser beam
before it passes through the focusing lens. The actual
azimuthal acceptance angle A¢ will therefore depend
upon the focal length of the lens and the cross-sectional
area of the laser beam. An axial ray through the lens
will remain at a right angle to the acceptance axis of the
analyzer. The marginal rays will introduce a change in
the azimuthal acceptance angle ¢ of magnitude approxi-
mately a /f, where a is the diameter of the beam and f
is the focal length of the lens. For our system this max-
imum change is =3°. This is not expected to cause a
significant change in the results reported here.

B. Heat-pipe apparatus

Measurements of the ratios of the ionization rates for
linear and circularly polarized light were carried out not
in a beam but by using a 38-cm active length cylindrical
stainless steel “heat pipe” equipped with Pyrex windows
(see Hamadani et al.®). The windows were found not to
affect the polarization of the laser beam. The heat pipe
was operated at room temperature or at low temperature
(<50°C) and without a buffer gas or at a very low
buffer-gas pressure (<< 1 Torr). Thus the apparatus was
not operated in the heat-pipe mode. The pipe was
equipped with a parallel off-center collecting wire which
was biased several volts negative in order to collect the
saturated positive-ion pulse produced by the unfocused
collinear laser beam. The pulse was sampled by a fast
digital oscilloscope (LeCroy 9400). This data-acquisition
system allowed for immediate determination of the total
charge collected for each laser pulse. The average of
many such pulses was obtained. Circularly polarized
light (> 99%) was produced by a Soleil-Babinet compen-
sator which was adjusted for each fine-structure state.
Use of the compensator permitted changes from linearly
to circularly polarized light without intensity or beam
position changes. The laser beam intensity employed for
both linearly and circularly polarized light was 2.0 10°
W/cm?, The entire voltage pulse was integrated to ob-
tain the values used to calculate the circular to linear
ionization ratios. Use of a long heat pipe allows for sen-
sitive measurements of MPI without focusing the laser
beam (low power density).

III. THEORY

The calculations of the reported angular distributions
have been performed in the framework of perturbation
theory of the appropriate order."!! The interaction be-
tween light and electrons can be written in terms of the
multipole expansion

V= VD+ VQ+ P
——erxe0) e 3,004 ()
ij
where only the electric dipole (¥'?) and quadrupole (V'9)

terms have been retained. The quadrupole dyadic is
defined by
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Q,=x;x;—3r®8;, i,j=1,2,3 ()

where x;=x, x,=y, x3=2, and §;; is the Kronecker 8.
€(0) is the electric field vector evaluated at the origin of
the coordinates. For linearly polarized light we take z
along the polarization direction and x along the propa-
gation direction. Thus, only the (3/0x )e, derivative is
nonzero and equal to ikzx for a field e,e’**. To within a
multiplication factor the PAD is proportional to
| M[) |2, where N is the order of the process (number of
photons absorbed). For a two-photon quadrupole-dipole
(QD) transition, we have

(leia1)<a1!Q|8)
i ’
2

while for a three-photon quadrupole-dipole-dipole
(QDD) transition we have

|M‘3’}2—2 (fID]ay)a,|D|a){e|Qlg)
fg I =

a, (a)az—cog—2a))(mal——wg——w+%rax)

M2 | = (3a)

Vo —Wg—O+ I‘a]

’

(3b)

where |a;) is the resonant intermediate state reached
via the quadrupole transition and Fa1 its width, whose

value does not matter in the angular distribution, as it
factors out. The energies of the ground and intermedi-
ate atomic states are denoted by fiw,, ﬁmal, and ﬁwaz, re-

spectively, while o is the frequency of the incident pho-
tons. Apart from multiplication constants, the dipole
and quadrupole operators are given by

D=z, (4a)
172

L PAY,  — Y, (4b)

Q=2zx =E

81
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where Y,, are spherical harmonics. Since no spin
analysis is performed, we must sum incoherently over
the spin projection (along the laser polarization axis) of
the outgoing electrons. We also average over the two
magnetic substates of the ground state since under the
conditions of the experiment the initial state is not
aligned.

Specifically for the case of one-photon resonance with
the 62D, states, one has to calculate transition ampli-

J
tudes of the form

MY, =23 3 aim,jm; | LM sp)
j'm LM,

X {K;Lsjm; | D |6;21j'm;)
X (6;24j'm; | Q| 6,044, +3) , ()

where the subscript refers to the initial-state magnetic
number and the superscript p==1 to the spin projec-
tion of the outgoing electron. The -coefficients
arm, =4rle "L Y/m,(0,¢), where 8, is the phase shift

of the Lth partial wave and (0,4) determine the direction
of the outgoing electron. The final expression for the an-
gular distribution is

[16,6)= M|+ | M |?
MV | MR ®
A long and tedious calculation yields the following ex-
pressions for f,(6,4) and f $4(6,4) corresponding to

one-photon resonant, two-photon ionization through the
6D, ,, and 6D/, intermediate states, respectively:

£$25(8,4)=14B,cos*0 4 B,cos*6 , (7
where
= — (7—3y%+4y cosd)+(12—3y2— 16y cosd )cos’d

2 (14y%+2y cosd)(1+3 cos?p)
(8)

and

B.— 5(3—2y cosd) 1—cos’¢ ©)

S (14p2+2pcosd) | 1+3cos?p |~

with 8 =6, —§8; being the difference of the phase shifts of
the p and f partial waves of the final continuum state
and

(ep|r|6d]|)
(ef |r|6d)

y

the ratio of the two bound-continuum matrix elements

contributing to the process. No j dependence of these

matrix elements or phase shifts seems necessary in this

case, as far as the angular distributions are concerned.
For f5,,, we have

£25(60,¢)=1+PB,cos?0+Bycos*0 +Bcos®o , (10)
where

(7+4y cosd—3y2)+(43+ 76y cosd+8y?)cos’d
(142ycosd+y2)(1+8cos’p)

By=—

5(2—2y cos8)+20(8 4 3y cosd )cos’d
By=— 2 ) , (12)
(14+2p cosd+y~)(1+8cosed)

125 cos’¢

Be=— :
° (142 cosd+y?)(1+8cos’p)

(13)

The most striking difference of these expressions from
similar expressions of angular distributions through di-
pole transitions is their dependence on the azimuthal an-
gle ¢. The presence of the quadrupele transition breaks
the cylindrical symmetry of the usual dipole transitions.
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We note also that f5,, does not contain a cos®d term be-
cause the anisotropy created by the intermediate state
does not allow it since its total angular momentum is
only % On the contrary, the cos®@ term is, in general,
present in the f, distribution. It vanishes, however,
when ¢ =7/2, as is evident from Eq. (13). An additional
feature appears in that case. Not only does the cos®d
term vanish, but f*, becomes identical to £}, as can
be readily verified by inspection of Egs. (8)-(13). Basi-
cally, this is an interference effect, not in 6, which is the
usual situation with angular distributions, but in ¢. We
encounter a more dramatic interference effect below, in
connection with three-photon ionization.

For the one-photon resonant, three-photon ionization
through the 52D, /s2.5,2 intermediate states, the analytical
results are extremely lengthy and will not be shown here.
The distribution now has the form

FPU6,8)=1+P,c0s’0 + B,c0s*0 + Becos®0 + Bycos®d
(14)

where the coefficients j3,, are again functions of the
phase shifts §,,8,,6, of the ratios of the respective
bound-continuum matrix elements, as well as cosg. It
should be noted that we now have three even partial
waves (I =0,2,4) contributing to the process, in contrast
to a pure dipole three-photon process where only two
odd partial waves (/=1,3) would contribute. As in the
previous case of 62D, the angular distributions observed
via either fine-structure level, 2Ds ,,’D /,, become iden-
tical when ¢=7/2.

All calculations of matrix elements and phase shifts
necessary for the coefficients f8,, reported in Secs. IVB
and IVC have been performed using quantum-defect
theory. The two-photon matrix element entering in the
dipole-dipole transitions from 52D ,2.3,2 to the continu-
um has been calculated through the quantum-defect
Green’s-function technique for the infinite summation
over intermediate states.

For many aspects of resonance multiphoton transi-
tions, a calculation in terms of the density matrix is
necessary. This is particularly important for line shapes,
peak heights, etc., especially under conditions of severe
saturation. Angular distributions are affected only when
two nearby states are coupled through the interaction
with the field, as has been shown elsewhere,!""!? and also
demonstrated by experimental results with the appropri-
ate analysis in previous papers by some of us.® It turns
out, however, that under the conditions of the present
experiments, saturation does not influence the PAD,
which can therefore be described in terms of Egs. (3a)
and (3b). When we come to the analysis of peak heights,
on the other hand, the density matrix becomes necessary
in order to cope with the vanishing denominators, the
finite laser bandwidth, etc. Occasionally it is possible to
employ a simpler resonance formalism in terms of the
amplitudes of the Schrodinger equation. We found it
necessary to employ the density matrix for the ratio of
resonance ionization for circular to linear polarization
but more convenient to calculate the line shapes of Fig.
6(b) through the amplitude formalism.

IV. COMPARISON OF THEORY
AND EXPERIMENT

A. Circular to linear ionization ratios

The MPI scheme for one-photon resonant, two-photon
ionization via the 6d 2D,, and 6d *D;,, quadrupole
transitions is shown in Fig. 1. A typical spectrum of the
photoelectron signal as a function of the laser excitation
wavelength  obtained over the spectral region,
441 <A <443 nm, at an estimated laser power density of
~10® W/cm? is shown in Fig. 2.

Unlike weak-field spectroscopy, the strengths of reso-
nance transitions with relatively strong lasers are not
determined simply by the statistical weights of the reso-
nant levels. Saturation, laser bandwidth, and pulse dura-
tion are some of the parameters that enter in a rather
complex system of density-matrix equations through
which the peak heights are determined. Often the result
is counterintuitive, in that known regularities of line
strengths are reversed in a multiphoton spectrum. The
results are, moreover, intensity dependent. An example
of such behavior was predicted in one of our earlier pub-
lications,® in which we have demonstrated a rather deli-
cate power dependence on the three-photon ionization
cross section resonantly enhanced by the
65 %S, ,, —6p 2P\ 2.3, transitions in cesium. We have a
similar situation here when we study the ratio of total
ionization for light circularly polarized to that for linear-
ly polarized. The experimental results for the two
different resonances 62Ds,, and 6%D;,, are shown in
Fig. 3, together with the results of our calculation as a
function of laser power. The effect of large power is evi-
dent. In the limit of large power these ratios tend to
unity because all atoms are ionized independently of po-
larization. The ratio does not approach unity monotoni-
cally but exhibits significant oscillations within a range
of intensities from 10® to ~10% W/cm?. The experimen-
tal data were obtained at an intensity (~10° W/cm?)
which lies well within the flat part of the theoretical

a0 t
".A 222 L/
E 30
nO
2 6d <Tae 6d 2Dy,
> 20 |- ¥ 6d 2D,
(G} /2
@
w
Z
w
10 |+
0 6s —
FIG. 1. Excitation scheme for one-photon resonant, two-

photon ionization via the 6s 2S—6d 2D, s, quadrupole tran-
sitions in cesium atoms. The energy difference AE between the
two fine-structure levels is 42.94 cm ~'.
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FIG. 2. Photoelectron signal as a function of the laser exci-
tation wavelength for one-photon resonant, two-photon ioniza-
tion via the 6s2S,,,—6d D3/, 5,, quadrupole transitions in
cesium atoms, for light linearly polarized.

values. We should therefore have the values 1.186 for
the 6D, ,, resonance and 1.196 for the 6D;,, resonance.
The calculated value for 6D ,, resonance is clearly out-
side the experimental error bars while for 6D;,, reso-
nance it is compatible with the lower value of the experi-
mental error bracket.

To assess the possible reasons for this discrepancy, let
us note first that in the low-intensity regime the ratio of
the two-photon ionization cross section for circular to
linear laser light for the 2D;,, intermediate can be writ-
ten as

28RE+2R;  2842p2

= = s (15)
P3A= )RE+18RE 22+ 18y?
while for the 2D, intermediate the ratio is
296R}+14RE 296+ 14p? 16

P52= 334RZ+196R2 234+ 196p?
where Ry and R, are shorthand notations for the
bound-continuum radial matrix elements {ef |r|6d)
and (ep |r|6d), respectively, defined in Sec. III, to-
gether with the parameter y =Rp /Ry appearing in Eqgs.
(11)=(13). The values of these parameters employed in
our calculations have been obtained a priori (without in-
put from the experiment) and lead to y=0.29, as ob-
tained from single-channel quantum-defect theory. The
value obtained by Jaouen et al.* for this parameter
through a similar calculation, although slightly different
from ours, is also compatible with the experimental
value of p;,, at low intensity. Neither their values nor
our values, however, are compatible with the experimen-
tal ps,,. The experimental value of Kaminsky et al.? at
a power density of ~2x10° W/cm? is ~1.08+0.04 for
the 62D, ,, resonance and 1.07+0.03 for the 62D, res-
onance.

From Egs. (14) and (15), we see that the ratios p; at-
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FIG. 3. The ratio of the total ionization rates (circularly to
linearly polarized light) for one-photon resonant, two-photon
ionization via the 6d 2D,,,;«6s2S,,, and 6d2Ds,,«6sS,,,
electric quadrupole transitions in cesium as a function of laser
power. The lines are the theory (see text), the points are the
present experimental values. Limits shown are standard devia-
tions.

tain their maximum value (in the low-intensity regime)
for y =0, which in practice means y <<1. These max-
imum values are 1.273 for p; , and 1.265 for ps,,. Even
in the limiting case, the theoretical result is outside the
experimental error bars for ps,, but is compatible with
the error bars for p;,,. Although quantum-defect theory
gave y=0.29, we cannot rule out the possibility that y is
in fact smaller. Even y =0.2 would lead to a significant
change of the p; ratio while y=0.1 (which is entirely
possible) would lead to values for p; very close to their
maxima. But still the discrepancy for ps,, cannot be re-
moved no matter what the value of y may be. Moreover,
laser intensity effects (even though there is no reason to
doubt the low-intensity assumption) would make the
discrepancy even worse.

In searching for other possible effects compatible with
this discrepancy, we have considered the possibility of
spin-orbit effects in the continuum. If such effects were
present, they would cause the radial matrix elements
from 62Dj to a continuum el; to depend on j and j'.
The expressions given in Eqgs. (15) and (16) would no
longer be valid in that case. We have carried out the
relevant calculation, which is rather lengthy and need
not be reproduced here. The resulting expressions are
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84+6(RP3/2 /RF5/2 ?

P32= 2 2
66+4(R,,3/2 /RFS/2 ¥+ 5(RP3,2 /RFS/2 )(Rp

172

/Rp, ’

)]

2 2 2
2000+ 72(Rg, /Ry, V+98(Rp /Ry, (Rp  /Rp, )

P'5/2= 2 2
1600+38(Rs, /Ry, VP+1372Rr , /Rp, VRp, /R, )

where the R’s represent radial matrix elements from the
respective states of the doublet 6D;,, 5, to the partial
wave indicated by the subscripts of R. For example,
Rf,, in Eq. (17) stands for (ef(3)|r|6d(3)), while
R, in Eq. (18) stands for (ef(3)|r|6d(5)), etc.
Note first that the continuum £f(}) does not enter at all

in the ionization of the 6d;,,, owing to the dipole selec-
tion rules. All ratios of the form R PJ/RF,, in Eq. (17)
J

will be of the order of 0.3 or less. Even if RPn/z/RPm

were as large as 20 or 30, the ratio p3, would not
change much. The situation with p5,, is entirely
different. The ratio R Fs/z/R Fy plays a crucial role in

that case. A brief investigation of Eq. (18) shows that if,
for example, the p-to-f partial-wave ratio is 0.1 while
R Fs/z/R Fy is of the order 10, the ratio ps,, assumes the

value 1.37, while p} , remains in the vicinity of 1.25.

There is quite a bit of uncertainty concerning spin-
orbit effects in bound-continuum matrix elements from
excited states such as the 6D state of cesium.!® It is, on
the other hand, known'* that in the energy range around
4 eV above threshold, there are significant spin-orbit
effects on  matrix elements of the form
(ep(3,1)|r|6S,,,) connecting the ground state with
the continuum through single-photon absorption. In
previous work ! by some of us, indirect evidence has
pointed to the possibility of similar effects in three-
photon ionization from the ground state. All of the
above, combined with the analysis based on Egs. (17)
and (18), support the conjecture that spin-orbit effects in
the continuum may play a role. A systematic calcula-
tion of these effects represents a rather complex under-
taking, which would be justifiable and of maximum utili-
ty if additional experimental data were available; it is a
project which we intend to pursue in the near future.

To summarize the present status of this aspect, we are
led to the tentative conclusion that the ratio of the p-
to-f partial wave, namely y, may be smaller than the
0.29 given by quantum-defect theory, and that spin-orbit
coupling in the continuum may introduce significant j
dependence of the (efj’|r|6dj) radial matrix ele-
ments.

B. Photoelectron angular distributions

1. 6d 2D3/2'5/2 states

The results of the PAD measurements for the
6d ’D;,, and 6d ’D , states are shown by the solid dots
in Figs. 4(a) and 4(b), respectively. It is interesting to
note that the overall features of the two distributions are
the same.

The BB,; coefficients [see Eq. (7)] were obtained from

) (18)

the experimental data by using a least-squares-fitting
procedure and are presented in Table I. The coefficient
B, has been normalized to unity.

From the f3,; coefficients in Table I, two noteworthy
points can be seen. First, the best fit for both the
6d 2D, ,, and 6d *D; , fine-structure states is given by a
polynomial containing even powers of cos”0 up to a=4.
In general, the PAD for the 6d 2D, state would be ex-
pected to contain the cos®@ term. Second, we note that
the values of the B, coefficients for the two fine-
structure states are similar, i.e., differences in the angu-
lar distributions for both fine-structure levels are experi-
mentally undetectable. This is to be distinguished from
angular distributions for two-photon resonant, three-
photon ionization via n 2Dy /»2,3,2 States through dipole
transitions, which are distinctly different.®

The B,; coefficients obtained by using the theoretical
analysis discussed earlier are shown in Table I, where B,
has been normalized to unity. The PAD resulting from
this analysis are shown by the solid lines in Fig. 4 and
have been normalized to the experimental data at 6=0.

From the theoretically calculated j3,; coefficients, it is
seen that for ¢=w/2 the PAD for both the fine-
structure states are described by a polynomial containing
even powers of cos®0 up to a=4. It can also be seen
that the B3,; coefficients for both cases are identical.

These theoretical results are consistent with the exper-
imental observations. There remains, however, a
discrepancy between the numerical values of the experi-
mentally and theoretically determined f,; coefficients.
In order to understand this discrepancy let us consider
the hyperfine coupling times 7, given by the inverse of
the energy difference of the outer hyperfine structure lev-
els, F=2 and F=1 and 6 for the 6d 2D, ,, and 6d *D; ,,
states. These times are =~5.1 ns and =~13.9 ns for the
6d *D,,, and 6d 2D, states,'® respectively, which are
comparable to the 6-ns duration of the laser pulse.
Thus, hyperfine coupling can occur during the ionization
period, causing the initial alignment of the intermediate
state to be partially lost and the PAD to be affected.®
Exact theoretical estimates of hyperfine coupling effects
in the present case would involve long and tedious labor.
In view of our earlier work establishing the importance
of these effects® and the reasonable qualitative agreement
between experiment and the present theory, as shown in
Fig. 4 and described above, we feel the present situation
to be satisfactory.

2. 5d 2D3/2‘5/2 States

The MPI scheme for the one-photon resonant, three-
photon ionization via the 5d 2D, and 5d *Ds,, quadru-
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TABLE 1. The B; coefficients obtained by a least-squares-fitting procedure to the experimental data and by theoretical calcula-
tions for one-photon resonant, two-photon ionization via the 6d 2D, s, states and one-photon resonant, three-photon ionization

via the 5d 2D, , 5, states of cesium atoms.

Expt. Theory
State By B, B4 Bs Bo B, B Bs
6d D, ,, 1.00 —0.77£1.17 8.12+1.59 1.00 —8.26 20.42
6d Dy 1.00 —1.34+0.97 9.94+1.73 1.00 —8.26 20.42
5d D, ), 1.00 2.18+1.95 1.36t4.18 4.341+3.18 1.00 —14.26 78.65 —14.30
5d *Ds ,, 1.00 9.02+6.85 —3.34111.07 8.8418.81 1.00 —14.26 78.65 —14.30

B, has been normalized to unity and the error associated with it is zero.

pole transitions is shown in Fig. 5. This case is rather
unusual in that it is the first (to our knowledge) investi-
gation of a quadrupole transition followed by two-
photon ionization. In terms of transition strengths, this
is equivalent to an overall four-photon purely dipole pro-
cess.

The 5d ’D, s2,5,2 doublet is in an energy region in
which two-photon excitation to the 11s2§ and 7f2F
states are encountered as the photon frequency is varied
from resonance with 52D,, to resonance with the
52Ds,,, as shown in Fig. 6(a). The usual dipole-dipole
two-photon transition is responsible for the resonance
with the 11s. The resonance with the 7f is, however,
something unusual in that it involves a quadrupole-
dipole (and dipole-quadrupole) two-photon transition
without an intermediate single-photon resonance. It is,
at first, surprising that the three resonances involving
one quadrupole transition are equal to or higher than
the purely dipole 11s resonance. The reason for this be-
havior has to do with the weakness of the two-photon
dipole transitions to 11s as well as the weakness of pho-
toionization from an excited s state. The spectrum,
shown in Fig. 6(a), was obtained at a laser power of ap-
proximately 10° W/cm? and shows asymmetric profiles
which are rather usual in this type of process. The chief
cause of such profiles is Stark broadening originating
from a slight but significant frequency dependence of the
ac Stark shift of the resonance as the laser frequency is
swept around it. The 5d2D;,, resonance is Stark

6d ’Dy,, 6d 2Dy,

PHOTOELECTRON SIGNAL
(arb. units)

ANGLE 6 (radians)

FIG. 4. Photoelectron angular distributions for one-photon
resonant, two-photon ionization via the (a) 6s 2S,,,—»6d 2D, ,
and (b) 6s2S,,,—6d2Ds,, quadrupole transitions in cesium
atoms. The dots are the experimental values and the solid lines
represent the theory. Standard deviations in the experimental
values are approximately twice the diameter of the dots.

broadened towards the blue, while the 5d 2D, is Stark
broadened toward the red. An important contribution
to this behavior comes from the fact that when the ener-
gy of the first photon is varied around the 5d 2D/, and
5d ’Ds,, states, the second photon is in the vicinity of
the 10p 2P and 11p 2P states, respectively. The nearby
presence of the 7f *F state at the second-photon level
also plays an important role, as does, of course, the gen-
eral interference with the complete multiphoton back-
ground. A study of ac as well as dc Stark effects on
MPI of cesium via the above four states has been
presented by Klots and Compton.'°

Given the above intricate interplay of quadrupole and
resonance effects, we calculated these line shapes as an
additional test of our theoretical model. Most critical is
the correct prediction of peak heights, which, as men-
tioned earlier, turn out to be counterintuitive. The
correct overall asymmetry is also important. We have
been able to reproduce these features to a reasonable de-
gree [see Fig. 6(b)] without using an input from the ex-
periment other than the intensity, and also without any
theoretical adjustable parameters. Under the conditions
of these experiments, we find that a calculation in terms
of amplitudes of the Schriodinger equation (rather than
the density matrix) is sufficient. We are dealing in this
case with a multilevel system whose complexity is in-
creased by the participation of quadrupole transitions.
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FIG. 5. Excitation scheme for one-photon resonant, three-
photon ionization via the 6s2S,,—5d 2D;,,5,, quadrupole
transitions in cesium atoms. The energy difference AE between
the two fine-structure levels is 97.59 cm ™.
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Because of such transitions, on the other hand, there is
no saturation of the bound-bound transitions. As a re-
sult, the dominant width of the resonant states comes
from ionization, which makes the treatment in terms of
amplitudes adequate.

We turn now to the PAD measurements. Results for
the 5d ?D,,, and 5d ’Ds,, states are shown in Fig. 7.
Theory predicts that these distributions should be in-
dependent of the fine structure of the D states and there-
fore identical. The overall features of the experimental
distributions are indeed very similar. The B,; coefficients
as obtained from a least-squares-fitting procedure are
listed in Table I. Again the coefficient B; has been nor-
malized to unity. The best fit requires a polynomial of
cos’*0 with a up to and including 3 for both distribu-
tions. The value of the coefficients §,, resulting from
this fit, however, show large uncertainties which can be
traced to the sensitivity of the fit to certain data points,
notably around 70°, where a slight hump seems to exist.
Thus not only do these coefficients show average values
quite different from the theoretical ones—also shown in
Table I—but more serious is the uncertainty involved.
Because of this uncertainty, agreement or disagreement
with theory cannot be decided at this point. Taking ad-
ditionally into account, however, the visual difference be-
tween experimental and theoretical curves, we must con-
clude that some unknown (for the time being) influence
prevents quantitative agreement. The possibility of

T 3
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54205, 3/2
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=
g (a) lw‘
s A
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2 2
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5 71%F
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o 1]15 S
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=
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I
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kY N ._f/
(6) ol
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LASER WAVELENGTH (&)

FIG. 6. Ionization signals as a function of wavelength show-
ing the one-photon resonant, two-photon ionization signals due
to the quadrupole allowed 5d ’Ds,,;,, states. Other reso-
nances shown are due to three-photon ionization with enhance-
ment occurring at the two-photon level. (a) Experimental re-
sults and (b) calculation.

hyperfine coupling during the laser pulse may be partly
responsible for this discrepancy. Also, the small contri-
bution of nonresonant purely dipole three-photon ioniza-
tion (which is estimated to be no more than 5%) may
play some role from 70° to 110°, where the PAD of the
quadrupole signal drops to small values. There is thus a
number of questions raised by this work that will occupy
us in a following paper.

V. CONCLUSIONS

This paper reports detailed experimental and theoreti-
cal studies of MPI and PAD resonantly enhanced by
quadrupole transitions. Both theory and experiment
show that when the electrons are analyzed perpendicular
to the light propagation direction (¢=0), the angular
distributions are independent of the fine-structure level
excited. The theory also adequately reproduces the qual-
itative features of the data. Small deviations between ex-
periment and theory are attributed to dipole-dipole con-
tributions and the effects of hyperfine coupling at the in-
termediate level due to the long temporal profile of the
laser pulse.

Measurements of the ratio of two-photon ionization
yield for circularly to linearly polarized light via the
6d 2D, /+2,3,2 quadrupole resonance are also compared to
theoretical calculations. Difficulties with previous exper-
iment and theory are addressed.
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APPENDIX

Calculation of the hfs energy spacing and correspond-
ing coupling times is the following:

D AK 3K(K+1D)—=2IT+1)J(J +1)
Wr=1/2h AR+ o i i —1)

K=F(F+1)—-I(I+1)=J(J+1).
For Cs, I =7/2, and we have for 62D3/2,

F=2,5, A=16.30 MHz, |B| <8 MHz,
and for 6°Dy ,,
F=1,6, A=-3.6 MHz, B=0.

In case (i) we have for 6D, ,,
F=2, K=-%2,
W,=—24

4 (assuming B=0) ,

and for 6D;,,
F=5 K=12

2
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W,=2 A4 (assuming B=0),
AWp=W;—W,=124=195.6 MHz .

If we assume | B | =8 MHz, there is a correction +2
MHz, we have in case (ii) for 6D,

F=1, K=—-%,
W,=1(—-3.6)(—%)=40.5 MHz ,
and for 6D ,,
F=6 K=2%,
We=1(—3.6)(¥)=-31.5 MHz
| AWp | =72 MHz .
The corresponding coupling times follow for 6D ,,,

F=2,5, m=5.112ns,
and for 6D ,,

F=1,6, 7;,=13.89 ns.
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