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Experimental determination of photoelectron angular distributions for 6S, ,, — €P photoionization
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We have measured photoelectron angular distributions for the single-photon ionization of cesium at
various wavelengths in the range from 313.5 to 266 nm. The photoelectron-angular-distribution asym-
metry parameter B shows strong variations with energy, in contrast to nonrelativistic prediction of B=2.
This variation is due to the spin-orbit interaction of the continuum electron. This effect is particularly
dramatic near the Cooper minimum. From these results we determine the Fano parameter, providing
confirmation of the semiempirical results of Norcross [Phys. Rev. A 7, 606 (1973)] for this range of ener-

gies.

PACS number(s): 32.80.Fb

The importance of spin-orbit coupling in the heavy al-
kali metals has long been recognized. Fermi [1] showed
that this perturbation is responsible for the anomalous
doublet-line-strength ratio for the 6 %S, , —n 2Pj (j=3/2
and 1/2) transition series in cesium in 1930. The line-
strength ratio deviates from its nonrelativistic value of
2:1 due to the attractive (repulsive) spin-orbit interaction
for the 2P, ,, (*P, ;) states, leading to a contraction (ex-
pansion) of the corresponding radial wave functions. The
electric dipole moments for the transitions from the
ground state to the n ZPj series are thus significantly al-
tered. This effect has also been used to explain and/or
predict a number of interesting effects in photoionization.
Seaton [2] explained the nonzero minimum of the photo-
ionization cross section of heavy alkali metals in terms of
a difference in electron energy for the Cooper minimum
for the two fine-structure channels. Fano [3] predicted
that a large photoelectron spin polarization would result
from photoionization of unpolarized atoms by circularly
polarized photons, an effect observed experimentally by
Heinzmann, Kessler, and Lorenz [4]. Baum, Lubell, and
Raith [5] reported a related polarization effect at about
the same time. Spin-orbit coupling in the alkali-metal
atoms can also be probed by measuring photoelectron an-
gular distributions [6—10]. Recently we reported experi-
mental measurements of photoelectron angular distribu-
tions for rubidium [11], for which a strong variation was
evident as the wavelength of the exciting laser ap-
proached that of a Cooper minimum. These results were
in excellent agreement with measurements [5] and calcu-
lations [12] of spin-polarization effects.

In this report we discuss similar measurements that we
have completed in atomic cesium. The Cooper minimum
in cesium occurs at a lower energy than in rubidium, al-
lowing observations over a wider range of wavelengths,
and thus we were able to observe a wider variation of an-
gular distributions. Cesium has been the atom of choice
for many of the studies of spin-orbit effects, both theoreti-
cal [1,8-10,12—-19] and experimental [4,5,20,21]. One
reason for this is, of course, that cesium is the most mas-
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sive nonradioactive alkali metal, and thus is a good sys-
tem for studying this perturbation. Cesium is also of in-
terest, however, since the energy at which the cross sec-
tion for the j =1/2 channel vanishes occurs very close to
the ionization threshold. The cross section for ionization
remains relatively large throughout the region about the
Cooper minimum [22], making cesium a good source of
spin-polarized electrons. (The polarization is 100% at
about A=295 nm [4].)

The angular distribution of photoelectrons induced by
linearly polarized radiation via an electric dipole transi-
tion is described by [23]

do

oTtoT
(1
dQ )

=?[ 1 +BP2(COSG)] s

where 3 is the asymmetry parameter that characterizes
the photoelectron angular distribution, 6 is the angle be-
tween the radiation polarization direction and the photo-
electron  momentum  direction, and  P,(cosf)
=(3 cos’9—1)/2 is the second-order Legendre polynomi-
al. The energy dependence of B is a result of the varia-
tion of, and the interference among, the various possible
continuum waves in photoionization. For the alkali-
metal atoms in the ground state, only s—p transitions
are possible in an electric dipole interaction because there
is no / —1 —1 transition in that case. If only the nonrela-
tivistic Hamiltonian is considered, the photoelectron an-
gular distribution is proportional to cos?6 (i.e., B=2), and
the distribution is independent of energy. The spin-orbit
interaction changes this result, however, since the rela-
tive magnitude of the photoionization cross sections to
the €P; (j=3/2,1/2) channels varies with energy. The
asymmetry parameter can be written in the form [6]

B=2R§/z +2R ;R ;,,c08(83 ;=8 ) 2)
2R3, +R1,, ’

where R; is the radial matrix element for the
n2s,,—e sz transition, and §; is the phase shift of the
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wave function. Spin-orbit effects in the p continuum on
8, are relatively small [8,9]. Quantum-defect determina-
tions [24] in the bound-state spectra of cesium show that
A=8;,,—8,, is relatively constant for high n states. We
will use this bound-state data cosA =0.995 for analysis of
our results. In the absence of spin-orbit coupling,
R;,,=R,,, and the asymmetry parameter 8 reduces to 2.
R;,, and R, are significantly affected by the spin-orbit
perturbation, however, and as the photon energy is varied
near the Cooper minimum, R;,, and R,,, each pass
through zero, but at somewhat different energies. Be-
cause of the slight radial contraction of the j=1/2 wave
function, the nS,,, —€P,,, amplitude vanishes at a lower
energy than does the amplitude for the j =3/2 channel.
Thus B is expected to decrease rapidly from its nonrela-
tivistic value of 2. From Eq. (2) we see that when
R,,,—0,8—1. Beyond this zero point, R, ,, is of oppo-
site sign and of increasing magnitude while R;,, is de-
creasing. When R,,,=—1R;,, 8 is zero and the distri-
bution is completely isotropic. For negative 3, the max-
imum photoelectron current is emitted perpendicular to
the polarization of the light. After reaching a minimum
value near —1, B increases with increasing energy to a
final value of 2.

The experimental system for measuring photoelectron
angular distributions, shown in Fig. 1, is similar to that
described previously [11]. The dye-laser system in this
experiment consists of a tunable oscillator with three
stages of amplification, all pumped by the frequency-
doubled output of a neodymium-doped yttrium alumi-
num garnet (Nd:YAG) laser. Using different dye solu-
tions (R590, R610, and DCM) we obtained TEM,,, mode
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FIG. 1. Experimental setup. The tunable output of the
Nd:YAG laser-pumped dye laser is frequency doubled in a
second-harmonic-generating crystal (SHG). The visible radia-
tion is absorbed and the uv transmitted by the filter (F), and the
polarization of the uv beam is rotated by rotating the Fresnel
rhomb (FR). The interaction region is defined by the intersec-
tion of the laser beam and the atomic cesium beam, the latter
generated in a effusive oven. The interaction region is shielded
by a pair of parallel conducting planes. The upper plane has an
aperture behind which is mounted an electron lens (EL) and a
channel electron multiplier. The pulse counting electronics
determine the number of laser shots for which at least one elec-
tron is transmitted by the aperture.
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output in the range from 550 to 627 nm. A [-BaB,0,
frequency-doubling crystal was used to generate a tunable
ultraviolet (uv) laser beam in a range from 275 to 313.5
nm. The 266.0-nm data were obtained using the fourth
harmonic of the Nd:YAG laser. We used a half-wave
Fresnel rhomb (FR) to rotate the polarization of the uv
beam. Through careful alignment of the rhomb and its
axis of rotation, displacement of the laser beam in the in-
teraction region was less than 0.2 mm. Polarization of
the uv light exiting the rhomb was linear to within one
part in a thousand.

The effusive atomic beam was generated in a two-stage
oven. The cesium reservoir temperature was held at
~160°C, governing the density of cesium atoms in the
interaction area, which ranged from 1X 10’-5x 107
atoms per cm’. The temperature of the oven nozzle was
slightly elevated (about 180 °C) to keep the cesium molec-
ular content very small. After passing the interaction
area, the cesium beam was evacuated by a turbomolecu-
lar pump, greatly reducing the background noise count
rate.

The interaction area was shielded against perturbing
electric fields by a pair of parallel conducting planes, both
of stainless steel, one of sheet metal, the other of mesh
(with 82% transmission and 50 threads per inch), which
were electrically grounded. The planes were separated by
d =2.75 cm. The upper plate had a 2.2-mm-diameter
aperture, above which an electron lens and channel elec-
tron multiplier were mounted. The size of this aperture
and that of the interaction region, defined by the intersec-
tion of the atom beam (¢==2 mm) and the laser beam
(¢=0.5 mm) define the angular resolution of our mea-
surements, which we estimate to be approximately 0.16
rad (9°). The earth’s magnetic field in the interaction
area was compensated to below 10 mG using three or-
thogonal pairs of Helmholtz coils of diameter 90 cm.
The chamber was pumped by a 6-in. cryopump, which
pulled the chamber pressure to 4X 10~ % Torr. Use of a
cryopump for this chamber reduced problems of stray
fields that can result when using a diffusion pump, for ex-
ample, due to thin coatings of pump oil inside the
chamber. This is especially important for measurements
of angular distributions of low-kinetic-energy electrons,
where stray residual fields can influence measurements
significantly.

The primary effect of any residual electric fields on our
angular distribution measurements would be a change in
the effective aperture size, thus influencing the angular
resolution. Since a nonzero effective aperture size results
in a relative increase of the isotropic part of the angular
distribution, any stray fields that are present could cause
a systematic error to our data. We determine an upper
limit to the residual electric-field strengths in or sur-
rounding our interaction volume using the results of re-
lated measurements we have made for two-photon ioniza-
tio of cesium and rubidium. In these measurements we
have photoionized the neutral atoms with photon ener-
gies as low as 20 meV over the ionization potential. Our
ability to observe these photoelectrons establishes an
upper bound on a repulsive stray field of E =20 meV
X(2/qd). An upper bound on an attractive stray field
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FIG. 2. Photoelectron angular distributions of cesium with light of wavelength from 266 to 313.5 nm. The laser polarization is in

the vertical direction.

strength is also determined through these measurements,
in that there is never a delayed electron pulse detected.
An attractive potential would accelerate toward the
detector those photoelectrons initially ejected away from
the detector. These electrons would arrive significantly
later than the electrons initially ejected toward the detec-
tor, resulting in a second time-delayed photoelectron
pulse. The results of these measurements thus determine
a maximum residual field strength in the interaction re-
gion, for which we calculate a negligible effect on our
determination of 3, even at the lowest photoelectron ki-
netic energies reported in this paper.

We have measured the cesium photoelectron angular
distributions at eight different wavelengths near the
Cooper minimum. The experimental photoelectron an-
gular distributions are shown in Fig. 2. Measurements
were made at wavelengths ranging from A=266.0 to
313.5 nm. The photoionization threshold corresponds to
a laser excitation wavelength of 318.4 nm for cesium.
The crosses in Fig. 2 represent the average of the detec-
tion rates at angles 6 and 6+ 180°, and are determined
from 2400 laser pulses per point. Each data point has
been adjusted to correct for coincidence errors, assuming

the electron detection is governed by Poisson statistics.
These adjustments were minimized by restricting the
maximum count rate to 0.3 counts per laser pulse. We
estimate that less than 10 photoelectrons are produced
per laser pulse, corresponding to ionization of ~0.1% of
the atoms in the interaction volume. Space-charge effects
are also minimized at these low excitation rates. The
solid line for each distribution is the results of a least-
squares fit of Eq. (1) to the data.

The measured asymmetry parameters [ determined by
Eq. (1) are given in Table I. These values have been ad-
justed for the effect of the finite aperture size and interac-
tion volume. This is determined by averaging the square
of the cosine of the angle 6 over both these regions. For
our experimental geometry the asymmetry parameter is
effectively decreased by 0.7-0.9% by this angular resolu-
tion. ABg reported here is purely statistical, and
represents one standard deviation of the mean. The devi-
ation of the data points from the fit is consistent with

shot noise o ~V'n, where n represents the number of
detected electrons. The uncertainties reported in the
column AB; include a term that accounts for the back-
ground noise count rate determined by blocking the

TABLE 1. Experimental results of these measurements, including asymmetry parameter S, the Fano
parameter x, and uncertainties of each representing one standard deviation of the mean.

A (nm) e (eV) B AB, ABr x Ax
313.5 0.061 0.817 0.039 0.039 1.75 0.05
303.3 0.194 0.452 0.025 0.032 1.37 0.03
294.4 0.317 —0.068 0.014 0.031 0.95 0.02
290.8 0.370 —0.289 0.033 0.046 0.78 0.03
282.3 0.498 —0.727 0.020 0.068 0.44 0.06
278.4 0.559 —0.848 0.018 0.053 0.32 0.06
2754 0.608 —0.889 0.050 0.086 0.27 +0.10,—0.15
266.0 0.767 —0.822 0.030 0.057 —0.35 0.06
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atomic beam. These values were obtained by scaling ASg
by a factor (1+r), where r represents the ratio of the
standard deviation of the noise to the standard deviation
of the signal data. We measured the background at a
variety of angles 0, but no asymmetry was observable
within the accuracy of these measurements. Thus the
average background rate was subtracted from each data
point in the distribution before the best-fit value of 8 was
determined. The background rate increased in general as
we decreased the wavelength, ranging from less than
0.002 counts per laser shot at A=313.5 nm to about 0.02
counts per laser shot for A ~280 nm.

From Table I we note that the 8 values decrease as the
Cooper minimum is approached and increase again after
the minimum is passed. We plot the variation of 8 with
energy in Fig. 3. The asymmetry parameter passes
through zero near A=294.4 nm, at which point the pho-
toelectron angular distribution is nearly spherical.
Beyond this point, as the laser wavelength continues to
decrease, B becomes negative, corresponding to a max-
imum in the photoelectron angular distribution in the
direction perpendicular to the laser polarization. S ap-
proaches —1(R;,,=—1R,,;), and then begins to in-
crease again. With our present setup we are unable to
generate wavelengths in the range below 266 nm, and so
we cannot observe the angular distribution when
R;,,—0 (at which point f=0). Our experiment does,
however, clearly show the rapid variation of the angular
distribution of the photoelectrons over a wide range of
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FIG. 3. Asymmetry parameter 3 for cesium 62S]/2—>€Pj
photoionization vs photoelectron energy &. The data points
represent the results of this work. Results of ab initio calcula-
tions of Ong and Manson [8)], dashed line, and Huang and
Starace [9], solid lines, are also shown. The latter were carried
out in length (L) and velocity (V) gauges, the results of which
are shown here. The dot-dashed line represents the results of
calculations by Norcross [15] for the Fano parameter, which we
have converted to 3.

wavelengths near the Cooper minimum. We have also
shown the theoretical results of Ong and Manson [8], and
of Huang and Starace [9] in Fig. 3. The calculations of
Huang and Starace were carried out in the length and ve-
locity gauges, the former placing the Cooper minimum at
too high an energy, while the latter places it too low.
Huang and Starace used both frozen and relaxed ionic
core wave functions. The results shown in Fig. 3 are
those of the relaxed core calculations. The dot-dashed
line in Fig. 3 is the asymmetry parameter for cesium as
calculated by Norcross [15]. Agreement with these re-
sults is excellent.

The data for the asymmetry parameter 3 as seen in Fig.
3 appears to have a minimum value greater than —1.
The reason for this is not understood. Experimental ar-
tifacts such as the finite aperture size and residual
electric-field effects have been carefully considered and
accounted for in the data and their error bars. The
quantum-defect phase shift A can result in B;, > —1, but
the magnitude of the phase shift necessary to fit the ob-
servations seems unreasonable. In the limit of small A, it
can be shown that fB;,=—1+4(1—cosA)/3. Thus a
minimum asymmetry parameter of —0.9, as indicated in
Fig. 3, implies that A=0.127. This value is a factor of 4
larger than the value determined near threshold from
bound-state data [24].

In Table I we have also shown our results for the Fano
parameter x (&), which is a measure of the difference of

the transition =~ moments R, and R;,,
x(e)=(2R;,,+R,,,)/(R3,,—R ;). The asymmetry
parameter 8 may be written in terms of x

as [3’=2[(x2~1)—§(x+1)(x-2)(1—cosA)]/(x2+2).
Clearly when cosA==1 the sign of x cannot be determined
from our measurements. As discussed earlier, we use
cosA=0.995 to determine x from our data for 5. The un-
certainty Ax is derived from AB;. This uncertainty is
asymmetric when x is small, as indicated for the
A=275.4 nm data point. The uncertainty is also relative-
ly large in this region due to (i) the insensitivity of B to x
near x =0, and (ii) the large AB; resulting from the back-
ground noise rate for our measurements. We have plot-
ted x as a function of the electron kinetic energy € in Fig.
4. Our data is represented by the squares. We have also
shown in Fig. 4 the results of the two other experimental
determinations of x, as well as two semiempirical calcula-
tions. The x’s indicate the data points from Heinzmann,
Kessler, and Lorenz [4] as derived from their measure-
ments of the Fano effect. When ionized with circularly
polarized light, the spin polarization of the ejected elec-
tron P is given by (3] P=[(2x +1)
+4(x +1)(x —2)(1—cosA)]/(x*+2). The uncertainties
in x for these data are smallest in the region near x =0,
as can be seen in Fig. 4, since the polarization depends
most sensitively on x in these regions. The data points
shown as open circles in Fig. 4 are derived from the mea-
surements of the asymmetry in the photoionization
current from a polarized cesium beam for left or right
circularly polarized light, as determined by Baum, Lu-
bell, and Raith [5]. The asymmetry in the current is
given by Q=2(x —1)/(x*+2), leading to determination
of x, so that these measurements are again expected to be
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FIG. 4. The Fano parameter x as a function of photoelectron
energy. The present data is shown by the square data points.
The uncertainties of our data in the range 0.19 <€ <0.4 are less
than the size of the squares. The results of Heinzmann, Kessler,
and Lorenz are shown as x’s, and those of Baum, Lubell, and
Raith as circles. Also shown are the results of semiempirical
calculations by Weisheit [12], dashed line, and Norcross [15],
solid line.
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most sensitive around x =0. These three data sets are
generally consistent within quoted experimental uncer-
tainties, except perhaps for € <0.2 eV. The uncertainties
for our data are comparable to those of the other two sets
for €>0.4 eV, and much smaller than the others for
lower electron kinetic energies.

In principal, these three different photoionization mea-
surements in cesium could be used in conjunction to
determine A=8;,,—3, ), in the continuum. The parame-
ters 8 and P each depend on x and A, while Q depends
only on x, so any two of these data sets could yield the
two parameters. In practice, however, this is difficult to
do because of the uncertainty of the data sets and the
small magnitude of 1—cosA. For this reason, A is typi-
cally inferred from bound-state data, as we have done,
and x is determined for each of these photoionization
measurements individually.

The two solid lines in Fig. 4 are results of the sem-
iempirical calculations of Weisheit [12] and Norcross
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[15]. Our data are in good agreement with the Norcross
curve, which is also consistent with measurements in the
bound-state spectra of the doublet-line-strength asym-
metry [20]. The semiempirical works of Hofsaess [16]
and Hansen [19] are also in excellent agreement in the
bound-state region but do not report x in the continuum
for comparison with our results. The results of ab initio
calculations [13,14,17,18] for the Fano parameter in cesi-
um are not in as good agreement. We have not shown
these results in Fig. 4.

The final point we should like to address concerns the
location of the energy at which x =2. The transition mo-
ment to the P, ,, state vanishes at this point, and several
papers have addressed this issue previously [4,5,15,20].
Specifically, the question was whether the x value at the
threshold is greater than or less than 2. For x>2 at
threshold, the zero of R/, occurs in the continuum spec-
trum, while for x <2, this transition moment vanishes for
a bound state. The data for the bound-state spectra re-
ported in Ref. [20] strongly indicates that x =2 at an en-
ergy above the ionization threshold, a result in agreement
with that of Norcross [15]. Subjecting our data for x vs €
to a linear-least-squares-fitting procedure, we determine
that the best-fit value of x at threshold is 1.96+0.06.
Thus the present data seem to contradict the conclusion
of Refs. [15] and [20] on this point, but they are not espe-
cially conclusive.

In conclusion, we have reported measurements of the
energy dependence of the photoelectron angular distribu-
tion in cesium for single-photon ionization. The asym-
metry parameter has the general shape expected on the
basis of ab initio calculations but the energy of the
minimum is not in agreement. The Fano parameter, de-
rived from our angular distribution measurements, is in
good agreement with the results of measurements of the
Fano effect and with the calculated results of Norcross.
The uncertainties of our measurements are significantly
less than those of the previous measurements.
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