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Circular dichroism in photoelectron angular distributions (CDAD) is used to examine the align-
ment of the 7P3/; and 7Py, levels of cesium, prepared by absorption of linearly polarized laser ra-

diation.

As expected, the 7P, level exhibits no CDAD, whereas the 7P3; level shows a

significant CDAD signal, although smaller than that predicted by theory. The difference between
experiment and theory is attributed to m, mixing due to hyperfine coupling during the finite ion-

ization time of the laser pulse.

INTRODUCTION

In this Rapid Communication, we report an experimen-
tal observation of circular dichroism in angular distribu-
tions (CDAD) of photoelectrons ejected from an atomic
system. Circular dichroism occurs when the responses of
a system to left and right circularly polarized light are
different. It is often associated with the discrete (bound-
bound) absorption of molecules'-? that lack a plane or
point of symmetry (i.e., they have a chiral center) and is
most commonly observed as a difference in the indices of
refraction for left and right circularly polarized light.
Studies of circular dichrosim are of considerable interest
in physics, chemistry, and biology because of the frequent
occurrence of chirality in molecules. Bound-continuum
absorption has also been predicted to exhibit circular di-
chrosim,®~7 providing insight into the dynamics of photo-
ionization processes. Circular dichroic effects have been
predicted for angular distributions of photoelectrons eject-
ed from optically active®’ and oriented’ molecules. More
recently, Dubs, Dixit, and McKoy®™'° have proposed that
circular dichroism in angular distributions can be used to
probe the alignment of atoms and molecules. Alignment
(or orientation) of an atom or molecule frequently results
from optical excitation using linearly (or circularly) po-
larized light. A convenient way of studying circular di-
chroism in angular distributions from aligned systems is to
perform a two-color resonance-enhanced multiphoton ion-
ization experiment in which excitation with linearly polar-
ized light is used to produce an aligned intermediate level,
which is then ionized using circularly polarized light. The
photoelectron signal is measured as a function of the angle
between the laser polarization used in the excitation step
and the electron collection direction. CDAD is then the
difference between photoelectron angular distributions ob-
tained using left and right circularly polarized light for
the ionization step. The observed CDAD signal contains
information about the alignment of the system under
study.® 10

Three recent CDAD experiments have been reported
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for molecular systems. Appling et al.!' used CDAD to
probe the alignment of NO molecules excited to the
A%t state by linearly polarized light. In a related
CDAD study, Winniczek et al.'? probed the alignment of
ground-state NO molecules produced by photodissocia-
tion of CH;0ONO. CDAD for a fixed molecule was re-
ported by Westphal et al.,'* who measured photoelectron
angular distributions for CO molecules adsorbed on a
Pd(111) crystal (where the CO is oriented with the C
atom pointing toward the surface). To our knowledge, no
experimental observations of CDAD for an atomic system
have been previously reported.

Two groups'*'> have reported photoelectron angular
distributions for resonance-enhanced two-photon ioniza-
tion (1+1) of cesium via the 7P/, and 7P3, levels, using
linearly polarized light for both the excitation and ioniza-
tion steps. In general, for linearly polarized light, a two-
photon ionization process is expected to yield a photoelec-
tron angular distribution of the form '®

1(8) = (o/4r) 1+ BoP>(cos0) + B4P4(cosO)] , 1)

where o is the total two-photon ionization cross section,
P, are nth-order Legendre polynomials, and B, are the
asymmetry parameters. The B, coefficients are deter-
mined by the radial dipole matrix elements involved in the
excitation and ionization transitions and thus contain de-
tailed information about the photoionization process, in-
cluding the alignment of the intermediate level. If the in-
termediate level is not aligned (i.e., if all m; states are
equally populated), only terms up to second order in the
Legendre polynomial expansion will contribute to the an-
gular distribution. In the case of (1+1) ionization of cesi-
um via the 7P/, level, the m; = =+ 1/2 states are equally
populated by absorption of the linearly polarized light and
the level is not aligned. For the 7P3/, level, however, the
|my| =1/2,3/2 states are unequally populated (only the
my =1 1/2 states are excited) by absorption of linearly
polarized light, resulting in an aligned level. It is expected
therefore that higher-order Legendre polynomials will
contribute to the photoelectron angular distribution for
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this level. Experimentally, however, it is found'*'> that
the angular distributions observed depend upon the laser-
pulse duration. Using a long pulse length (=400 ns)
flashlamp-pumped dye laser, Kaminski, Kessler, and Kol-
lath'* reported angular distributions for the 7P, and
7P3/, levels which were very similar and adequately de-
scribed by Eq. (1) including only the second-order term,
with B, = 1.4. Subsequently, Compton et al.'> measured
angular distributions using a nitrogen-pumped dye laser
with a shorter pulse duration (== 10 ns). Their results for
the 7P, level agreed well with the results of Kaminski,
Kessler, and Kollath,'* with 8, = 1.3. However, their re-
sults for the 7P3/, level differed remarkably from that of
Kaminski, Kessler, and Kollath,'* requiring up to fourth-
order terms to fit the data, with 8, =1.56 and B84 =0.69. It
was shown theoretically !> that these differences could be
explained by including the effects of hyperfine coupling,
which causes a reduction in the alignment of the level dur-
ing the finite time of the laser pulse.

In a vector model, hyperfine coupling results from the
electronic angular momentum vector J, precessing about
the total angular momentum vector, F=J+1, where I is
the nuclear-spin angular momentum. This precession
occurs with a characteristic time of the order 4 divided by
the hyperfine level separation. When the bandwidth of
the laser used for excitation is greater than the separations
of the relevant hyperfine levels, a nonstationary intermedi-
ate state is produced which is a superposition (partially
coherent) of hyperfine levels. The time evolution of this
nonstationary state results in a mixing of the my; states,
which reduces the initially prepared alignment. Such
effects have been described in detail by Fano and Macek '’
and Greene and Zare.'® The nuclear-spin angular mo-
mentum, I, of cesium is 7h/2 and the hyperfine coupling
time is of the order of a few nanoseconds. The alignment
measured experimentally will therefore depend upon the
duration of the laser pulse. Varying degrees of disalign-
ment thus provides an explanation for the differing results
of Kaminski, Kessler, and Kollath'* and Compton et al.®
for the angular distribution of the 7P3/; level of cesium.

In this paper, we present CDAD results for the 7P,
and 7P3/; levels of cesium, using a Nd:YAG-pumped
dye-laser system (YAG denotes ytrrium aluminum gar-
net) with == 6-ns pulse duration. Our results are in quali-
tative agreement with the theoretical predictions of Dubs,
Dixit, and McKoy.*!? Quantitative differences between
experiment and theory are attributed to hyperfine cou-
pling effects during the laser-pulse duration, which were
not included in the theory.

EXPERIMENT

The experimental CDAD measurements were per-
formed in an atomic beam apparatus with a base pressure
=~10"7 Torr. A pulsed Nd:YAG-pumped dye laser sys-
tem (Quanta-Ray DCR,PDL) with a pulse duration of
== 6 ns provided the radiation for both the excitation and
ionization steps. The output of the dye laser was linearly
polarized to =98% (using a Glan air prism) and was
tuned to either the 6S;,— 7P/, or 6S,,— 7P3/, transi-
tion of atomic cesium. A second laser beam (532 nm,

second harmonic of the Nd:YAG) was circularly polar-
ized (using a quarter-wave plate) and counterpropagated
with the dye laser beam. In order to obtain a high purity
of circular polarization, the polarization of the 532-nm
laser beam (which was linearly polarized at the laser exit)
was further purified using a Glan air prism, then rotated
with a double Fresnel rhomb prior to entering the
quarter-wave plate. Right (or left) circular polarization
was obtained by rotating the input polarization 45° (or
—45°) relative to the quarter-wave plate crystal axis.
The two counterpropagating laser beams were crossed by
a collimated effusive beam of cesium atoms (oven temper-
ature ~130°C) in the center of a time-of-flight electron-
energy analyzer. The time delay between the two laser
pulses could be varied with an adjustable optical delay line
in the dye laser beam. The time delay was set such that
atoms in the ionization volume experienced the full time
duration of both laser pulses simultaneously.

Photoelectrons were collected at right angles to both the
laser beams and the cesium beam and were energy ana-
lyzed by time of flight through a 7-cm drift tube. Stray
magnetic fields were reduced to a value below 1 mG by a
u-metal shield lining the vacuum chamber. Electrons
were detected with a dual channel-plate multiplier (18-
mm diameter) with a concentric-ring anode collector
(inner collector, 8-mm diameter; outer collector, 18-mm
diameter). Data were obtained with the inner collector
which provided a geometric acceptance angle of =+ 2°.
The collector output signal was digitized using a 100-
MHz transient digitizer (DSP Technologies 2001A) and
transferred via a CAMAC (computer-automated mea-
surement and control) interface to a laboratory computer
(Compaq Deskpro 286).

Photoelectron angular distributions were measured by
rotating the polarization of the excitation (dye) laser rela-
tive to the electron collection direction, while keeping the
polarization of the 532-nm ionizing laser fixed. Typically,
photoelectron signals were averaged over 100 laser shots
and collected at 9° intervals. For the CDAD measure-
ments, the dye laser was attenuated using neutral density
filters in order to minimize the one-color (1+1) ionization
signal. For all CDAD measurements reported here, the
two-color (1+1') ionization signal was = 100 times that
of the one-color (1+1) signal. In addition, the two pro-
cesses could be distinguished by the difference in electron
flight times (a difference of =30 ns or =0.39 eV). In
order to obtain a CDAD signal, angular distributions were
recorded for both left and right circular polarizations of
the ionizing laser.

RESULTS AND DISCUSSION

The CDAD signal at a given photoelectron ejection an-
gle (relative to the polarization direction of the excitation
laser) is defined® as the difference in signals obtained for
ionization with left (I;) and right (Ig) circular polariza-
tions: Icpap(@) =1I1,(8) —Igr(6). Experimental angular
distributions for the 7P/, level of cesium, using left and
right circularly polarized light for ionization, are shown in
Fig. 1(a). As described above, absorption of linearly po-
larized light by ground-state cesium atoms produces equal



RAPID COMMUNICATIONS

43 CIRCULAR DICHROISM IN PHOTOELECTRON ANGULAR ... 6439

o

c

3

o .

5 () QLK y

§ | TPy /s

~ 1.0 igﬁg .

ol 3‘5/} ?ﬁémfg

08} Yiéé ifiééé -
f:?;&@
08 (b) X ﬁgt 1
(‘J 1r}2 L
Angle 6

FIG. 1. Photoelectron angular distributions for the (a) 7P
and (b) 7P3; levels of cesium, using left (L) and right (R) cir-
cularly polarized light for ionization. Error bars represent one
standard deviation of the signal averaged over several hundred
laser shots.

populations of the m; = * 1/2 states of the 7P/, level and
the atom is therefore (by definition) not aligned. As ex-
pected for a system which is not aligned, the angular dis-
tributions for ionization with left and right circularly po-
larized light are found to be identical and Icpap(6)
equals zero at all angles (i.e., there is no circular di-
chroism). This result, while expected, provided confidence
that (i) a high purity of circular polarization of the ioniza-
tion laser was maintained, (ii) spatial overlap of the two
laser beams remained constant during rotation of the
excitation-beam polarization, and (ii) the (1+1) contri-
bution to the photoelectron signal was negligible com-
pared to the (1+1') signal.

A similar plot of angular distributions for the 7P;/; lev-
el is shown in Fig. 1(b). In this case, absorption of linear-
ly polarized light produces an aligned atom (the
|m;|=3/2 and |m,;|=1/2 states are not equally popu-
lated) and the angular distributions for ionization by left
and right circularly polarized light are clearly different.
Figure 2 shows the resulting CDAD signal, which has
been normalized to the average of the signals at 6 =0 and
7/2:

IL(e) _'IR(O)
L) +1(/2)1

Note that, by symmetry, I;(8) =Ig(8)=1(8) at 6=0
and 7/2. Also shown in Fig. 2 (solid line) are the theoreti-
cal CDAD results of Dubs, Dixit, and McKoyl9 (using
the same normalization procedure) for ionization with
532-nm light, based upon the theory of Ref. 9. Qualita-
tively, the experimental results are consistent with the
theoretical predictions: the CDAD signal vanishes at 6=0
and n/2 and has a characteristic sin(28) angular depen-
dence. However, the magnitude of the experimental

Sn(8) = )

[} n/2 ™

Angle ¢

FIG. 2. Experimental and theoretical CDAD signals for the
7P3/2 level of cesium [normalized according to Eq. (2)]. (@) ex-
perimental (error bars represent one standard deviation of the
signal averaged over several hundred laser shots); ( ) theory
(Ref. 19) (without hyperfine corrections); (---) theory including
hyperfine corrections (as described in text).

CDAD signal is considerably smaller than that of the
theoretical calculations. Theoretically, the CDAD inten-
sity, Icpap(8), is given by '°

ICDAD(O) =§0LP£ (COSO) N (3)

where P/(cos®) are associated Legendre polynomials
and a; ==ALEL. Here, A; are the state multipole moments
of the angular momentum distribution (which describe
the alignment of the atom) and B, describe the dynamics
of the photoionization event, including the matrix ele-
ments and phase shifts of the continuum partial waves.*'°
For one-photon excitation from an unaligned ground
state, only A4, (the quadrupole moment of the angular
momentum distribution) contributes to the alignment of
the intermediate level and Eq. (3) reduces to

Icpap(8) = 2 4,B,sin(20) . 4)

The theoretical result of Dubs, Dixit, and McKoy'® shown
in Fig. 2 (solid line) is based upon Eq. (4) with the as-
sumption that no time elapses between excitation and ion-
ization and hence the alignment (4,) does not change. In
the present experiments, as much as = 6 ns can elapse be-
tween excitation and ionization. As described above and
discussed by Fano and Macek'” and Greene and Zare,'?
the presence of unresolved hyperfine levels (which are
coherently excited) induces a time dependence in the mul-
tipole moments of the electronic angular momentum dis-
tribution. In general, the hyperfine coupling reduces the
alignment initially produced in the excitation step. In the
present experiments, the bandwidth of the excitation laser
is greater than the splitting of the hyperfine levels of the
7P3/, level and a superposition of these hyperfine levels
(F =S5, 4, 3,2) is excited. A decrease in alignment caused
by hyperfine coupling may therefore affect the CDAD re-
sults.
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In order to quantitatively estimate the effect of
hyperfine coupling on the CDAD results, the time depen-
dence of A, was calculated using the theory of Fano and
Macek.!”!® In the actual CDAD experiment, each Cs
atom will undergo a different amount of depolarization
depending on the time between excitation and ionization,
and the measured alignment will be a convolution of the
time dependence of the depolarization, the ionization rate,
and the laser power and pulse shape. In order to simplify
the calculation considerably, we calculated the average
value of 43 in the “long-time limit,” 18 which is applicable
when ionization occurs over a time period which is much
longer than the time of precession of J about F. In this
limit, the average value of A4, is given by '8

5
(A1) =4,0) 3 £ s)

2
2F+1)2 |[F F2
=2 QI+1)

Evaluation of the 6j-symbols and summation over F yields
(A2(2))=0.2194,(0). Therefore the theoretical CDAD
results of Dubs, Dixit, and McKoy,'® which were calculat-
ed assuming 4, =A4,(0), were multiplied by 0.219 to give
the dashed curve shown in Fig. 2. As can be seen, the in-
clusion of hyperfine depolarization (even in the approxi-
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mation of the long-time limit) results in much better, al-
though not statistically perfect, agreement between theory
and experiment. The remaining discrepancy is not supris-
ing in view of the fact that the long-time limit used to ob-
tain Eq. (5) only roughly approximates the 6-ns laser
pulse duration used for the experiments.

We conclude that CDAD is indeed a sensitive method
for measuring the alignment of atomic systems and should
be a useful technique in many areas of atomic and molec-
ular physics. Further experiments are planned to measure
CDAD in the absence of hyperfine depolarization using
high-resolution diode lasers to excite single hyperfine lev-
els of heavy atoms.
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