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Near-threshold spectrum of photoelectron angular distributions
from maximally oriented Ca 4s5p 1P

K. W. McLaughlin, K. Aflatooni, and D. W. Duquette
Behlen Laboratory of Physics, University of Nebraska, Lincoln, Nebraska 68588-0111

~Received 27 September 1996; revised manuscript received 23 January 1997!

Photoelectron angular distributions from Ca 4s5p 1P, maximally oriented using circularly polarized pulsed
laser excitation, have been measured by rotating the linear polarization axis of a counterpropagating ionizing
laser pulse. The angular distributions were measured as a function of ionizing energy in the near-threshold
region encompassing the 3d4d 3D and 3S autoionizing resonances as well as the newly identified1P reso-
nance of the same configuration. Isotropic angular distributions in the vicinity of the new resonance is consis-
tent with its total angular momentumJ51 assignment. Remote from the resonances, the ratio of the dipole
matrix elements for photoelectrons- to d-wave production is independent of ionizing energy, while the relative
phase difference between these partial waves varies significantly. An interference between partial waves gives
rise to a previously unobserved asymmetry in the photoelectron angular distributions which is shown to occur
within an independent-particle model.@S1050-2947~97!06505-0#

PACS number~s!: 32.80.Dz, 32.80.Fb
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I. INTRODUCTION

The near-threshold photoionization spectrum is known
displaying qualitative@1#, as well as quantitative@2#, devia-
tions from independent-particle behavior. Photoelectron
gular distributions provide some of the most detailed inf
mation for investigating these deviations since t
interference between the photoelectron partial waves is
served. The narrow energy resolution and polarization se
tivity afforded by laser excitation allows atomic states to
prepared with well-defined energy, angular momentum,
magnetic substate population. Subtle details can be pro
through studies from such well-defined states. Smith and
workers @3# were the first to study configuration mixing i
laser-excited states by taking advantage of the sensitivit
photoelectron angular distributions.

Berry and co-workers pioneered@4# the study of photo-
electron angular distributions from excited states and w
the first @5# to observe ‘‘quantum beats’’ or oscillations i
these distributions due to the coherent superposition of
perfine levels in the intermediate state. This hyperfi
induced mixing of magnetic sublevels was later found to
the mechanism by which nondipole allowed autoionizi
levels were being excited in the photoionizing spectra fr
the 6s6p 1P @6# and 5d6p 3D1 @7# states of barium and th
3d3 2D3/2 @8# state of scandium.

The presence of autoionizing resonances in the photo
ization spectrum is a direct consequence of configuration
teraction between the excited discrete state and the und
ing continuum. In addition to aiding the assignment
spectroscopic symmetries for such resonances@9#, angular
distributions can be a sensitive probe of photoelectron
namics within these regions@10#. Angular distributions can
undergo dramatic changes as the ionizing energy is sca
through the resonance region@11#. Reaction-matrix multi-
channel quantum-defect calculations have been success
reproducing@12# the complicated angular distribution spect
in the region of the 3pnd and 3pns autoionizing Rydberg
551050-2947/97/55~5!/3615~10!/$10.00
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states of magnesium, but less successful with the compar
4pns states of calcium@13#, the 5pns states of strontium
@14#, or the 6pns states of barium@15#. A modified
R-matrix calculation has been extended recently to acco
for the angular distribution from inner-shell photoionizatio
of excited atoms@16#.

The total cross section for photoionizing the 4s5p 1P ex-
cited state of calcium has been measured recently in the n
threshold region encompassing the tripletS and D reso-
nances of the 3d4d configuration@17#. In addition to these
previously known terms, a new, extremely strong resonan
tentatively assigned as the1P term of the same configura
tion, was profiled at a resolution of 0.15 cm21. We report
here measurements of photoelectron angular distribution
a function of ionizing energy encompassing these re
nances. In addition to the photoelectron dynamics to
gleaned from such distributions, these measurements a
an independent assessment of the total angular momen
assignment of the newly identified resonance.

II. EXPERIMENTAL METHODS

A. Laser system and optics

The partial energy-level@18# diagram of Fig. 1 shows the
relevant transitions pertaining to the present measureme
A frequency-doubled dye laser pulse excited ground-s
calcium in an atomic beam to the 4s5p 1P state. A second,
independently tunable, dye laser pulse selectively ioni
this excited state with ionizing wavelengths from 668 to 6
nm. The resulting ionization energy range encompasses
doubly excited 3d4d 3S and 3D terms and the recently iden
tified @17# 1P term of the same configuration. The groun
state Ca1 4s 2S is the only accessible ionic channel for th
ionizing energy range.

Photoelectron cross sections were put on a relative s
by normalizing the photoelectron yield to the fluorescen
from the Ca 4s5p 1P→4s3d 1D transition at 672 nm. This
line is sufficiently distinct from the excitation wavelength
3615 © 1997 The American Physical Society
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allow the scattered light from the excitation laser pulse to
rejected from this measurement with a 30 nm bandwi
interference filter. With the presence of the ionizing las
pulse, however, scattered light prevented a reliable ass
ment of this fluorescence. Hence, the relative cross sect
reported here could not be placed on an absolute scale
method based on fluorescence depletion due to ioniza
@19#.

Figure 2 shows a schematic of the overall experime
Two independently tunable dye laser oscillators and ass
ated amplifiers are pumped by a neodymium yttrium alu
num garnet~Nd:YAG! pulsed laser operating at a 10 H
repetition rate. For clarity, the amplifier trains for the d
lasers are not shown. Both dye lasers are tuned by comp
controlled rotation stages. The output from the excitation d
laser, with a spectral linewidth<0.1 cm21, is amplified
twice and then frequency-doubled in ab-barium borate crys-
tal. Following this frequency conversion, a Pellin-Broca d
persing prism diverts any remaining fundamental compon
from the subsequent beam path.

The outputs from both dye lasers are linearly polariz
The excitation beam is made circularly polarized using
Fresnel rhomb just prior to its entrance into the vacu
chamber. A Glan prism with a 105 extinction ratio ensures
the purity of the linearly polarized radiation incident on th
rhomb. The output from the ionization dye laser, with a sp
tral linewidth<0.15 cm21, is amplified once, twice, or thre
times depending on the ionizing intensity required.
computer-controlled beam gate repetitively blocks the ion
ing beam allowing the background photoelectron signal to
assessed along with the fluorescence from the excited s

FIG. 1. Partial energy-level diagram of calcium illustrating t
pertinent transitions used to assess relative photoionization c
sections from excited Ca 4s5p 1P.
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Following the beam gate, a 0.5 mm diameter aperture
as a spatial filter for the ionizing beam. This increases
divergence such that the first diffraction minimum has a d
tinct diameter of 8 mm at the entrance to the vacuum cha
ber. A second iris with this diameter passes only the cen
maximum into the vacuum system. The diameter of the
citation beam upon entrance to the vacuum chamber is
mm. Thus, by aligning the center of the ionizing beam
overlap the excitation beam, the excited atoms are expo
to a pulse of ionizing radiation which, to a good approxim
tion, is spatially uniform.

The outputs from both dye lasers are pulses of'5 ns
duration. The ionizing pulse is delayed'15 ns relative to the
excitation pulse by requiring the former to traverse a lon
beam path. This assures that the excitation and ionizing t
sitions are sequential, independent processes.

A double Fresnel rhomb acts as an achromatic half-w
plate, allowing the linear polarization axis of the ionizatio
beam to be rotated about its propagation axis without los
intensity. A Glan prism polarizer following the doubl
Fresnel rhomb was rotated to pass the output from
rhomb. This ensures the purity of the linear polarization st
of the ionization beam to within the 105 extinction coeffi-
cient of the polarizer.

The two laser beams counterpropagate within the vacu
chamber with a divergence of,0.5°. The pulse energy o
the ionizing beam was measured as this beam exited
vacuum chamber. The relative photoionization cross sec
was obtained by normalizing the photoelectron signal to t
ionizing photon flux as well as the excited-state fluorescen

B. Atomic source and detector systems

A schematic of the interior of the vacuum system h
been published@17# and only a brief discussion is given her

ss

FIG. 2. Schematic of the overall experiment for assessing p
toelectron angular distributions from oriented Ca 4s5p 1P. Laser
beams are indicated by solid lines, computer interfacing by das
lines, and electrical signals by dotted lines.
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55 3617NEAR-THRESHOLD SPECTRUM OF PHOTOELECTRON . . .
The calcium atomic beam is produced thermally by a th
mocoax heater with the temperature monitored by an inte
thermocouple embedded at the midpoint of the heating
ment. A reentrant nozzle terminates in a 45° chamfer to fo
an uncollimated atomic beam in an ‘‘outer’’ vacuum cha
ber. The atomic-beam nozzle is aligned 1.3 cm from th
mm diameter aperture which provides the coupling betw
the differentially pumped inner and outer vacuum chamb

The oven temperature ranged between 790 to 830 K
was controlled to within62 K. This corresponds to an
atomic density of'13109 cm23 at the center of the inter
action region. This estimate assumes a saturated vapo
panded into a hemisphere upon exiting the nozzle and
counts for the canal factor@20# of 4d/3l50.16, wherel
(50.53 in.) is the channel length of the nozzle andd
(51.6 mm) is its diameter. At these densities radiation tr
ping of the observed fluorescence is completely neglig
@21#.

The interaction region and electron detection syst
within the inner vacuum chamber is magnetically shield
by 1 mm thickm metal and electrically shielded with 60%
transparent molybdenum~Mo! mesh. Using a Hall probe th
magnetic field within the interaction region was found to
<4mT. The interaction region is within a hollow coppe
cylinder. Its endcaps consist of two electrically isolated co
per ring electrodes 1.2 cm apart. The ring electrode in
direction of the photoelectron detector supports a Mo d
with a 3.6-mm-diam aperture resulting in a 0.28 sr so
angle acceptance for photoelectron detection.

The fluorescence collection system consisted of a ph
multiplier coupled to the interaction region by twof /2.5
lenses. Photoelectrons are detected by dual microcha
plates in a chevron arrangement. The detectors have a c
mon detection axis which is perpendicular to the plane
fined by the atomic and laser beams. A drift region of 10
total length permits photoelectrons to be coarsely energy
solved by time of flight. The electrical isolation of the ind
vidual endcaps and cylinder of the interaction region all
an arbitrary bias potential to be placed across the interac
region. To collect all of the photoelectrons, the near end
~relative to the drift region!, cylinder, and far endcap elec
trodes were set at230,250, and270 V, respectively. The
230 V near endcap potential, relative to the grounded
trance mesh of the drift region, serves to focus photoe
trons leaving the interaction region toward the microchan
plate detector. For angular-resolved measurements all e
trodes are set at250 V. This maintains the focusing at th
entrance to the drift region while the interaction region
field free.

C. Data acquisition

The timing signal for the gated counter is obtained from
fast photodiode~1 ns rise time! detecting a reflection from
the pump-laser beam. With the excitation laser tuned to
Ca 4s2 1S→4s5p 1P transition and the ionizing radiatio
blocked and then unblocked, the count rates averaged u
0.4 fluorescent photons and 0.1 photoelectrons per l
pulse, respectively. The cross section, with a standard de
tion of <20%, was independent of ionizing photon flux f
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such count rates. The ionizing photon flux could be coars
adjusted by removing amplification stages for this laser.

With the excitation laser detuned from th
Ca 4s2 1S→4s5p 1P transition, the photon and electro
count rates dropped over two orders of magnitude from
average signal rates given above. Repetitive tuning and
tuning was accomplished with the stepper-motor control
the excitation dye laser. The wavelengths of either dye la
output, measured with a monochromator, were linear w
stepper-motor position over the tuning range of a dye~typi-
cally 30 nm! encompassing 11–123103 discrete steps of the
stepper motor. Thus, the excitation dye laser could be re
ducibly tuned with only its linewidth limiting the repeatabi
ity. With similar stepper-motor control of the ionizing dy
laser, the discrete steps in the ionizing spectrum have a
cision limited only by the 0.15 cm21 linewidth of this laser.
The absolute scale in the ionizing energy was limited by
60.06 nm spectral resolution of the 24 cm focal leng
monochromator. After calibration with low-pressure di
charge lamps, the observed line centers of the3S and
3D1,2 resonances in the spectra were within61 cm21 of
their previously assigned@18# positions. No further absolute
wavelength determination was attempted.

Data acquisition was controlled via computer interfaci
with the gated counter, ionizing beam gate, pulse ene
meter, and the stepper motors controlling the tuning of b
dye lasers. After a 20 s dwell time~200 laser pulses!, the
computer tuned or detuned the excitation laser for
Ca 4s2 1S→4s5p 1P transition or gates the ionizing beam
Thus, photon and electron counts were accumulated b
with and without the production of excited atoms, as well
with the ionizing radiation blocked and unblocked. The
different permutations allowed background signals to be s
tracted. With the wavelength of the ionizing laser bea
fixed, each photoelectron angular distribution is the comp
ite of angular differential cross sections measured sequ
tially.

III. DATA ANALYSIS

A. Angular distributions

Figure 3 defines a coordinate system for data analy
The linear polarization axis and the propagation direction
the ionizing beam define thex axis and theẑ direction, re-
spectively. The polarization axis is referenced from the v
tical atomic beam axis by the anglef. This angle is obtained
from a rotation stage which rotates the double Fresnel rho
with a relative precision of62°. The electron detection axi
is horizontal within the vacuum system. Hence, the pho
electron detection angle iswe5F2f with F'90°. Any
misalignment inF, the angle between the reference for t
rotation stage and the electron detection axis, represen
systematic error. An independent assessment of this e
will be discussed in Sec. III B.

Figure 4 shows a polar plot of a photoelectron angu
distribution. There is no classical interpretation for the
from the symmetry axis set by the linear polarization axis
the ionizing laser. This asymmetry results from the interf
ence of photoelectron partial waves and will be discusse
Sec. IV B.
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The polar plots must display an inversion symmetry d
to the we1180°→we invariance of Fig. 3. This symmetr
was verified in initial measurements, but thereafter ang
differential measurements were only assessed fromwe
590° to290°. To aid visualization, the experimental da
are duplicated and inverted through the origin in the po
plots.

The solid line in Fig. 4 corresponds to the express
~after accounting for finite angular acceptance!

ds

dVU
ue5p/2

5a1b cos~2we!1c sin~2we!. ~1!

FIG. 3. Coordinate frame used for analysis of photoelect
angular distributions. The linear polarization axis and the propa
tion direction of the ionizing beam define thex axis andẑ direction,
respectively. The linear polarization axis is referenced from
atomic-beam axis by the anglef. The photoelectron detection ang
is we5F2f, with F'90°.

FIG. 4. Polar plot of the azimuthal photoelectron angular dis
bution from oriented Ca 4s5p 1P. The width and radial dimension
of the wedged boxes indicate the uncertainty in the detection a
and the cross section, respectively. The detection anglewe of Fig. 3
is referenced counterclockwise from thex axis of the polar plot.
The ionization energy is relative to the Ca 4s2 1S ground state. The
solid line denotes the fit to Eq.~3!.
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The physical significance of this form and its parameters w
be discussed shortly. The fit parametersa, b, and c were
estimated by minimizingx2 defined@22# by

x2[(
i51

N Fspred~w i !2sobs~w i !

s~w i !
G2, ~2!

where sobs(w i) and s(w i) represent the observed angl
differential cross section and its standard deviation at
photoelectron detection anglew i . The subscripte denoting
the photoelectron is dropped here for clarity.N is the total
number of data points in the angular distribution measu
ment. The minimization ofx2 was accomplished using a
iterative Gauss-Newton technique@23#.

To account for the finite angular acceptance for pho
electron detection

spred~we!5E
we2Q

we1Q

dwe8
ds

dVU
ue5p/2

52aQ1
b

2
@sin~2we12Q!2sin~2we22Q!#

2
c

2
@cos~2we12Q!2cos~2we22Q!#, ~3!

with the angular acceptance 2Q50.6 rad. The angular dis
tributions are not absolute measurements; therefore the
evant quantities are the ratiosb/a andc/a. These ratios for
the parameters of Eq.~3! differed by less than one standa
deviation from the corresponding ratios for the parameter
Eq. ~1!. Thus this correction for the finite angular acceptan
had a minor influence on the results. Since the expansio
in terms of orthogonal functions, the fit parameters are
correlated and the standard deviationDb for the coefficient
b is given @24# by

Db
252F ]2

]b2
~x2!G21

, ~4!

with similar expressions for the other two parameters.

B. Diagnostic experiments

A possible source of systematic error in the photoelect
detection anglewe involvedF, the angle between the refe
ence for the rotation stage and the electron detection a
This alignment could be established to within62°. An as-
sessment of any systematic error was made as follows. If
handedness of the circularly polarized excitation is revers
the angular distribution must display a mirror reflectio
about the plane defined by the laser propagation and
electron detection axes~the detection plane!. The handed-
ness of the circularly polarized excitation was reversed
interchanging the ‘‘fast’’ and ‘‘slow’’ axes of the Fresne
rhomb. The resulting angular distribution of Fig. 5 displa
the expected reflection about thewe50 axis of the polar plot.
A correction ofF→90°21.1° was required in order that th
tilt for the two patterns exactly mirror one another throu
this axis. This source of systematic error was eliminated
applying this correction to all angular distributions.
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55 3619NEAR-THRESHOLD SPECTRUM OF PHOTOELECTRON . . .
To further assess this correction independently, Fig
shows the angular distribution using linear rather than cir
larly polarized excitation. With the linear polarization axis
the excitation beam fixed along the atomic beam axis,
angular distribution must be invariant to a reflection throu
thedetection plane. This follows from Fig. 3 since the pho
toelectron detection is symmetric about the detection a
Combining this symmetry with thewe1180°→we inversion
invariance, the polar plot must also display a reflection sy
metry about the plane of polarization for the excitation be
~thewe590° axis in the polar plot!. Using method@25# to be
discussed shortly, the theoretical distribution for this cas
given by

ds

dVU
ue5p/2

5a01a2cos~2we!1a4cos~4we!. ~5!

FIG. 5. Azimuthal distribution of photoelectrons from
Ca 4s5p 1P oriented with circularly polarized excitation of the op
posite handedness relative to the angular distribution of Fig. 4.

FIG. 6. Angular distribution of photoelectrons from las
aligned Ca 4s5p 1P. With the linear polarization axis of the exc
tation beam fixed, the distribution is obtained by rotating the lin
polarization axis of the counterpropagating ionizing laser. The s
line denotes the fit to Eq.~5! after accounting for finite angula
acceptance.
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The solid line in Fig. 6 corresponds to this expression~after
accounting for finite angular acceptance! with the an fit pa-
rameters listed in the figure. Any asymmetry for this dist
bution can be investigated by fitting the distribution of Fig.
to

ds

dVU
ue5p/2

5a01a2cos~2we!1b2sin~2we!

1a4cos~4we!1b4sin~4we!. ~6!

This latter fit resulted in b2520.3860.61 and
b4520.4060.55, with thean coefficients unchanged.With-
out the 1.1° correction applied toF, these coefficients were
b2520.7860.43 andb4520.5960.39 and, therefore, are
significantly different from zero. Thus, the minor 1.1° co
rection appears to eliminate the systematic misalignmen

Since the angular distributions are relative measureme
the pertinent experimental quantities are the ratiosb/a and
c/a for the anisotropic terms of Eq.~3!. For the distribution
of Fig. 4, these quantities areb/a50.34360.043 and
c/a50.94060.040. The sensitivity of these results to the p
rity of the circular polarization state of the excitation bea
was investigated by one further diagnostic experiment.
order to introduce an elliptical component into the polariz
tion state of the excitation beam, the optical axis for t
Fresnel rhomb was purposely misaligned by 10° from

FIG. 7. The spectra for the anisotropic fit parameters of Eq.~3!:
~top! dimensionless cosine term coefficientb/a; ~bottom! dimen-
sionless sine term coefficientc/a. The vertical extent of each dat
box indicates a one standard deviation uncertainty. The solid
represents a sum of terms of the form of Eq.~7! for each resonance
plus a linear background term. The fit parameters are given
Tables I and II.
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TABLE I. Resonance parameters obtained by fitting the spectrum for the anisotropic cosine coeffic
Fig. 7 to a sum of profiles of the form of Eq.~7! plus a linear background term. The background continu
was fit toA(E251 400 cm21)1B, with A53.52(60.50)31024 andB50.19860.007.

Resonance
energy

E0 (cm
21)

Width
G (cm21) X Y Z

3D1 51 351.7 5.4560.45 22.27 (60.82)31022 0.41560.060 20.33660.026
3D2 51 369.4 8.2160.70 6.15 (60.75)31022 20.42660.056 20.26460.042
1P 51 466.7 10.062.3 statistically insign. 9.7 (64.1)31022 20.24160.036
3S 51 571.7 12.563.4 3.0 (62.2)31023 27.0 (65.1)31023 20.30060.035
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proper 45° alignment with the transmission axis of the G
prism. The proper alignment could be established to wit
62°. The distribution with the imposed misalignment h
the following fit parameters: b/a50.30660.039 and
c/a50.89160.035. The small influence due to the impos
misalignment established that the uncertainty in the pro
alignment was insignificant. This result further indicates t
the pollution imposed on the polarization state of either la
beam by the windows to the vacuum chamber also ha
negligible influence. The 3° wedged windows to the vacu
chamber were oriented such that the two faces were
from the vertical. The fractional excess between vertical a
horizontal linear basis states transmitted into the vacu
chamber is three orders of magnitude less than that impo
by the 10° misalignment of the Fresnel rhomb.

IV. DISCUSSION OF RESULTS

A. Spectra

The spectra for the normalization parametera in Eq. ~3!
and that for the total cross section were in excellent ag
ment with each other and with that previously reported@17#.
Figure 7 shows the spectra of the anisotropic fit parame
in Eq. ~3!, expressed as the dimensionless ratiosb/a and
c/a. These spectra were fit to a sum of generalized@25,26#
Fano-type profiles for each resonance

b

a
or

c

a
5
Xe21Ye1Z

11e2
. ~7!

X, Y, andZ are fit parameters withe[(E2E0)/G, the ion-
izing energy relative to the linewidthG and positionE0 of
each resonance. These fit parameters, given in Tables I
II, were estimated by minimizing the appropriatex2 values.
The total cross section varies by orders of magnitude in
n
n

er
t
r
a

5°
d
m
ed

e-

rs

nd

e

vicinity of each resonance. However, the near vanishing
the anisotropic termsb/a andc/a at peak centers artificially
broadensthe peak widths in the spectra for these coefficie
by restricting the peak depths to changes only on the orde
unity. For this reason the resonance linewidthsG for the
anisotropic parameters,b/a andc/a, do not agree with those
from the total cross-section measurement. The sum of
lated resonance profiles~7! provided an adequate fit to th
spectra of Fig. 7 only if the resonance linewidths we
treated as fit parameters as well.

The angular distributions changed dramatically within t
vicinity of the 3D1 and 3D2 resonances at 51 352 an
51 369 cm21, respectively. Figure 8 displays the distrib
tions in this region with the vertical arrangement quali
tively indicating the total cross section at the correspond
ionizing energy. The waist of the angular distribution patte
balloons with the pattern progressively changing its orien
tion as the3D1 resonance is approached from the low-ene
side or the 3D2 resonance is approached from the hig
energy side. A progressive change in orientation continue
the vicinity between these two fine-structure levels. T
change in orientation was not observed for the1P or 3S
resonances; the pattern simply became isotropic as t
resonance positions were approached.

At peak center of the four resonances the sine-term c
ficient c/a does not differ significantly from zero and th
cosine-term coefficientb/a is nonzero only at the peak of th
3D2 resonance. Thus the angular distributions are isotro
at peak center for those resonances with total angular
mentumJr51.

A recently published@25# density matrix formalism is
convenient for analyzing the current experimental results.
isotropic distribution is predicted@25,27# for linearly polar-
ized dipole excitation to a strongJr51 resonance from an
ient in
um
TABLE II. Resonance parameters obtained by fitting the spectrum for the anisotropic sine coeffic
Fig. 7 to a sum of profiles of the form of Eq.~7! plus a linear background term. The background continu
was fit toa(E251 400 cm21)1b, with a52.29(61.17)31025 andb50.97660.007.

Resonance
energy

Eo ~cm21!
Width

G ~cm21! X Y Z

3D1 51 351.7 8.9560.42 21.48(60.76)31022 20.11160.029 20.71660.028
3D2 51 369.4 6.3360.36 27.2(62.6)31023 0.19960.034 20.67760.025
1P 51 466.7 25.061.3 statistically insign. 0.16760.038 20.88060.041
3S 51 571.7 16.961.6 2.32(60.59)31022 0.23160.050 20.89160.047
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55 3621NEAR-THRESHOLD SPECTRUM OF PHOTOELECTRON . . .
initial J051 state which is maximally oriented~M0511 or
21! along the propagation direction of the ionizing radiatio
A Jr50 resonance would likewise yield an isotropic dist
bution. Thus, the isotropic distribution observed in the vic
ity of the new resonance at 51 467 cm21 is consistent with
either aJr50 or 1 assignment. However, only theJr51
assignment is consistent with previous observations@17,27#.

Similarly, linearly polarized dipole excitation to a stron
Jr52 resonance from a maximally orientedJ051 initial
state leads to distributions of the form of Eq.~1! where the
sine-term coefficient vanishes@25,27#. This prediction can be
justified without resorting to detailed angular-momentu
coupling methods. Parity and total angular-momentum c
servation considerations allow only the photoelectr
d-wave contribution for the dipole excitation

Ca 4s5p~J051!1g→~Jr52!→Ca1 4s 2S1e.

It is the interference between the photoelectron partial wa
which gives rise to the tilt from the symmetry axis set by t
linear polarization axis of the ionizing radiation. Thus, n
glecting the continuum contribution, the angular distributi
at peak center for the3D2 resonance is easily predicted
display no asymmetric tilt. The spectra of Fig. 7 and the t
distributions of Fig. 8 in the vicinity of the peak of th
3D2 resonance at 51 369.4 cm21 support this prediction.

B. Angular distribution asymmetry

The conclusion that the interference between par
waves is the source of the tilt from the symmetry axis
easily shown for a hydrogenicp state. Within an electric
dipole approximation and treating the interaction with t
ionizing radiation to first order in perturbation theory, th
photoelectron angular distribution is given by@28#

ds

dV
5
4p2v

c
kSme2

\2 D z^Ckuê•r¢uC0& z2, ~8!

FIG. 8. Photoelectron angular distributions in the ionizing e
ergy region encompassing the3D1 and

3D2 resonances. The verti
cal arrangement corresponds qualitatively to the total relative c
section at the corresponding ionizing energy.~Note the logarithmic
vertical scale.!
.
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-
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whereC0 andCk denote the initial and final state, respe
tively, with r¢ the electron coordinate andk the magnitude of
the photoelectron wave vector. The ionizing photon has
larization ê and energy\v5Eb1(\k)2/2m, whereEb de-
notes the binding energy of the ejected electron.

The final state in Eq.~8! should have the asymptoti
boundary condition appropriate for photoionization whi
requires that ast→` a localized wave packet can be co
structed with linear momentum\k¢ . For photoionization
from a neutral atom the ejected electron experiences a lo
range Coulomb potential resulting in the modified parti
wave expansion@28#

Ck~r¢!5k21/2(
l50

`

(
m52 l

1 l

i le2 i ~s l1d l !REl~r !Ylm~ r̂ !Ylm* ~ k̂!,

~9!

where the presence of a Coulomb phase shifts l along with
the short-range interaction phase shiftd l enters into the nor-
malization factor for each term in the summation and
radial wave functionREl(r ) has the Coulomb logarithmic
phase factor in its asymptotic form as well@28#. The spheri-
cal harmonicYlm* ( k̂) in the expansion~9! gives the ampli-
tude for a photoelectron in this angular-momentum state
have the directionk̂.

For the coordinate system defined in Fig. 3 the ionizi
radiation propagates along the quantizationz axis for the
polarized atom and the linear polarization axis of the ion
ing beam defines thex axis. The angular distribution given
by Eq. ~8! with ê•r¢5x can be written as

ds

dV
5A0z^CkurY1,21~ r̂ !2rY1,11~ r̂ !uC0& z2, ~10!

with

A05
4p2v

c
kSme2

\2 D S 2p

3 D .
SubstitutingC0(r )5Rn,l 851(r )Y1,11( r̂ ) for an initial hydro-
genicp11 state and the Coulomb partial-wave expansion~9!
for the final-state results in

ds

dV
5A1uj00eiDsY00~ k̂!Rs2j20e

iDdY20~ k̂!Rd

1j22e
iDdY22~ k̂!Rdu2, ~11!

whereA15A0 /k, D l5s l1d l , and

Rl5E dr r 3REl~r !Rn,l 851~r ! ~ l5s,d!

denotes the radial dipole matrix elements. The dipole se
tion rules (D l561) arise from an integral over three sphe
cal harmonics with the following numerical results:j005
2(4p)21/2, j205(20p)21/2, and j225(3/10p)1/2. Evaluat-
ing Eq. ~11! in the azimuthal plane results in

-

ss
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TABLE III. The ratio Rs /Rd for the reduced dipole matrix elements for photoelectrons- to d-wave
production and the relative phase differenceDd2Ds between these matrix elements consistent with
photoelectron angular distributions from Ca 4s5p 1P.

Ionizing
energyb

(cm21)

Propensity favoreda Propensity unfavoreda

uRs /Rdu (Dd2Ds)
c uRs /Rdu (Dd2Ds)

c

51 088 0.60760.025 111.9°63.5° 2.4960.09 90.5°62.6°
51 146 0.60260.031 111.5°62.2° 2.5060.10 89.8°62.9°
51 205 0.65560.026 107.7°63.5° 2.2360.09 89.3°62.8°
51 695 0.65860.041 98.3°63.6° 2.0360.13 81.4°63.1°

aRefers to the propensity for the electric dipolel→ l11 photoabsorption to normally dominate over th
l→ l21 channel.
bRelative to the calcium ground state which has an ionization threshold of 49 305.95 cm21.
cThe phase differenceD[Dd2Ds is modulo 2np6D with n an integer.
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ds

dVU
ue5p/2

5c11
3
2 @cos~2we!22Rcos~2we1D!#

5c11
3
2c2cos~2we2h! ~12!

using D5Dd2Ds , R5Rs /Rd , c15R22Rcos(D)1 5
2, c2

5114R224Rcos(D), A25(pvm/6c)(eRd /\)
2, and h

5t2D/2 with

tan~t!5S 112R

122RD tanS D

2 D .
Equation~12! can be rearranged to the form of Eq.~1! by a
further trigonometric identity.

In the limiting case where thed wave dominates,R
5Rs /Rd→0 and the azimuthal distribution would display n
asymmetric tilt from the linear polarization axis of the io
izing radiation. In the limit where thes wave dominates, it is
easily predicted from Eq.~11! that the angular distribution is
isotropic. For small relative phase shifts such thatD→0, the
azimuthal distribution again displays no tilt from the symm
try axis even for the case where both partial waves are
nificant. In general, it is a nonvanishing relative phase s
D5Dd2Ds that produces an asymmetric tilt of the az
muthal distribution from this axis. The magnitude of this t
will vary when the relative strengthR of the partial waves
varies or when the relative phase shiftD varies.

Resulting from an interference between partial waves
asymmetry has no classical interpretation. The observa
of this asymmetry requires the system to be oriented. W
both lasers linearly polarized, no asymmetry due to the
terference of partial waves is observed. An asymmetry
be observed in the sense that the photoelectron trajec
favors the acute angle between the two polarization a
however, this propensity has an obvious classical interpr
tion due to the force on the atomic oscillator@5,29#. If both
photons had been circularly polarized there is no observ
photoelectron angular variations in the azimuthal plane to
laser beam propagation. Therefore, in addition to a requ
orientation, one of the photons must be linearly polarized
order to provide a reference in this azimuthal plane. Angu
displacements from this reference with the same handed
as the circularly polarized photon qualitatively differ fro
angular displacements made with the opposite handedne
-
g-
ft
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n
h
-
n
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C. Atomic parameters

A recent density matrix formalism@25# is convenient for
generalizing these hydrogenic results for the photoioniza
process: Ca 4s5p 1P1g→Ca1 4s 2S1e( l , j ) involving a
maximally oriented initial state. Neglect of relativistic effec
imposes the condition thatDS50 and eliminates any depen
dence on the fine structure of the final state. The two exp
mental parametersb/a andc/a of Eq. ~1! can then be written
@25,27# in terms of two atomic parameters

a

z
5
R2

6
1
Rcos~D!

6A10
~&1) !1

299A70148A1052140

1260A70
,

~13a!

b

z
5
Rcos~D!

2A10
~&1) !1

172)129&

1680&
, ~13b!

and

c

z
5
Rsin~D!

2A10
~&1) !, ~13c!

whereR[Rs /Rd is the ratio of the radial dipole matrix ele
ments for the photoelectrons- to d-wave production andD
[Dd2Ds is their relative phase difference. In atomic un
z5pavRd

2, with v the ionizing photon energy anda the
fine-structure constant.

Since Eqs.~13a!–~13c! are noninvertible, the solution fo
the atomic parameters consistent with the experimental qu
tities (b/a)obs and (c/a)obs was obtained by the following
graphical technique for solving simultaneous equations
contour plot using the ratios of Eq.~13! with the specified
value (b/a)5(b/a)obs yields those values ofR andD which
are consistent with (b/a)obs. Similarly, those values consis
tent with (c/a)obs are obtained from a contour plot with th
specification (c/a)5(c/a)obs. The intersection of these two
contour plots yields the unique values ofR andD consistent
with both (b/a)obsand (c/a)obs. Repeating this process wit
the standard deviations imposed on (b/a)obs and (c/a)obs
allows the uncertainties inR andD to be estimated.

Since Eq.~13a! is quadratic inR there are two solutions
consistent with (b/a)obs and (c/a)obs. In Table III these so-
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lutions are labeled according to the propensity for the elec
dipole l→ l11 photoabsorption to normally dominate ov
the l→ l21 channel. Due to the sinusoidal dependence
Eq. ~13! and the fact that the absolute handedness of
circularly polarized excitation photon was not determine
the phase difference is specified only within modulo 2np
6D with n an integer. The ionizing energies considered
Table III are at the extremes of the ionizing energy reg
studied, sufficiently remote from the autoionizing regio
such that the angular distributions exhibited no perturba
from these resonances.

There is one previous measurement with which our res
can be compared. A photoelectron angular distribution fr
Ca 4s4p 1P has been measured@29# at a single ionizing en-
ergy of 53 314 cm21 above the Ca ground state. The exci
tion and ionizing laser beams were both linearly polariz
With the relative angle between these two linear polarizat
axes fixed, the angular distribution was measured by rota
both linear polarization axes simultaneously. The theoret
expression involved an expansion of associated Lege
functions up to fourth order. The expansion coefficie
yielded the following estimates:uRu50.7060.21 and
ucos(D)u50.0560.03. Within the interval@0°,360°# there are
four values ofD consistent with these estimates, although
inequality Rcos(D),0 was established@29#. The present
propensity-favored values agree with this established sig

Since the propensity-unfavored values are inconsis
with this previous measurement these solutions will
longer be considered physical. The propensity-favored
ues, however, are in excellent agreement with an impro
precision for the assessment ofuRs /Rdu. This ratio shows an
insignificant energy dependence over the ionizing energy
gion studied here. The mean valueuRs /Rduavg of 0.63 plus or
minus one standard deviation of 0.03 is consistent with
four reported values in Table III. In contrast, the relati
phase difference (Dd2Ds) varies significantly with ionizing
energy even within the small region of the spectrum stud
f
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V. SUMMARY

Photoelectron angular distributions from Ca 4s5p 1P,
maximally oriented using circularly polarized pulsed las
excitation, have been measured by rotating the linear po
ization axis of a counterpropagating ionizing laser pulse. T
angular distributions were measured as a function of ioniz
energy from 1800 to 2400 cm21 above threshold. This near
threshold region encompasses the 3d4d 3D and 3S autoion-
izing resonances as well as the newly identified1P reso-
nance of the same configuration. An ionizing ener
resolution of 0.15 cm21 allowed the angular distribution
spectrum within the 3d4d 3D1,2 fine structure to be clearly
resolved. The spectra for the parameters describing the
gular distributions were well fit by a sum of generalize
Fano-type profiles for each resonance. In agreement w
prediction, isotropic angular distributions were observed
peak center for each resonance with total angular momen
J51. Isotropic distributions in the vicinity of the new reso
nance is consistent with its1P assignment.

Remote from the resonances, the ratio of the dipole ma
elements for photoelectrons- to d-wave production is 0.63
plus or minus one standard deviation of 0.03, independen
ionizing energy within the region of the spectrum studied.
contrast, the relative phase difference between these ph
electron partial waves varies significantly with ionizing e
ergy. A nonclassical asymmetry was observed in the c
tinuum photoelectron angular distributions. This asymme
was shown to occur within an independent-particle mo
and arises from an interference between partial waves.
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