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Photoelectron angular distributions from G&bg 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 thed8d 3D and S autoionizing resonances as well as the newly identififdreso-
nance of the same configuration. Isotropic angular distributions in the vicinity of the new resonance is consis-
tent with its total angular momentuth=1 assignment. Remote from the resonances, the ratio of the dipole
matrix elements for photoelectr@a 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 modg51050-294{®7)06505-0

PACS numbd(s): 32.80.Dz, 32.80.Fb

[. INTRODUCTION states of magnesium, but less successful with the comparable
4pns states of calciunj13], the Sons states of strontium
The near-threshold photoionization spectrum is known fof14], or the €ns states of barium[15]. A modified
displaying qualitativg 1], as well as quantitativE?], devia- R-matrix calculation has been extended recently to account
tions from independent-particle behavior. Photoelectron anfor the angular distribution from inner-shell photoionization
gular distributions provide some of the most detailed infor-Of excited atomg16].
mation for investigating these deviations since the The total cross section for photoionizing thesp ‘P ex-
interference between the photoelectron partial waves is presited state of calcium has been measured recently in the near-
served. The narrow energy resolution and polarization seledhréshold region encompassing the tripetand D reso-
tivity afforded by laser excitation allows atomic states to behances of the 84d configuration[17]. In addition to these
prepared with well-defined energy, angular momentum, angr€viously known terms, a new, extremely strong resonance,
magnetic substate population. Subtle details can be probdgntatively assigned as thP term of the same configura-

through studies from such well-defined states. Smith and cc&'on’ was profiled at a resolution of 0.15 ch We _rep(_)rt
workers[3] were the first to study configuration mixing in ere measurements of photoelectron angular distributions as

laser-excited states by taking advantage of the sensitivity of function of lonizing energy encompassing tht_ase reso-
T nances. In addition to the photoelectron dynamics to be
photoelectron angular distributions.

B d K . 41 the studv of phot gleaned from such distributions, these measurements allow
EITy and Co-WOorkers .ploneere{ ] € study of photo- 5, independent assessment of the total angular momentum
electron angular distributions from excited states and wer

. -2 C X eotssignment of the newly identified resonance.

the first[5] to observe “quantum beats” or oscillations in
these distributions due to the coherent superposition of hy-
perfine levels in the intermediate state. This hyperfine- Il. EXPERIMENTAL METHODS
induced mixing of magnetic sublevels was later found to be
the mechanism by which nondipole allowed autoionizing
levels were being excited in the photoionizing spectra from The partial energy-levdll8] diagram of Fig. 1 shows the
the 6s6p P [6] and H6p 3D, [7] states of barium and the relevant transitions pertaining to the present measurements.
3d® 2D, [8] state of scandium. A frequency-doubled dye laser pulse excited ground-state

The presence of autoionizing resonances in the photoiorsalcium in an atomic beam to thes8p P state. A second,
ization spectrum is a direct consequence of configuration inindependently tunable, dye laser pulse selectively ionized
teraction between the excited discrete state and the underl$his excited state with ionizing wavelengths from 668 to 695
ing continuum. In addition to aiding the assignment ofnm. The resulting ionization energy range encompasses the
spectroscopic symmetries for such resonari@sangular  doubly excited 84d 3S and 3D terms and the recently iden-
distributions can be a sensitive probe of photoelectron dytified [17] P term of the same configuration. The ground
namics within these regiorf40]. Angular distributions can state Cd 4s2S is the only accessible ionic channel for this
undergo dramatic changes as the ionizing energy is scannéghizing energy range.
through the resonance regi¢til]. Reaction-matrix multi- Photoelectron cross sections were put on a relative scale
channel quantum-defect calculations have been successful oy normalizing the photoelectron yield to the fluorescence
reproducind 12] the complicated angular distribution spectra from the Ca 45p !P—4s3d!D transition at 672 nm. This
in the region of the Bnd and Jns autoionizing Rydberg line is sufficiently distinct from the excitation wavelength to

A. Laser system and optics
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FIG. 2. Schematic of the overall experiment for assessing pho-

toelectron angular distributions from oriented G&g'P. Laser

F.IG' L Pa”_'?" energy-level diagram of_caluum |!Ius_trat!ng the beams are indicated by solid lines, computer interfacing by dashed
pertinent transitions used to assess relative photoionization crogs . -4 electrical signals by dotted lines

sections from excited CasBp 1P.
Following the beam gate, a 0.5 mm diameter aperture acts
allow the scattered light from the excitation laser pulse to héS @ spatial filter for the lonizing be_am. Th.'s Increases t.he
rejected from this measurement with a 30 nm bandwidttf'verg.ence such that the first diffraction minimum has a dis-
: . . . inct diameter of 8 mm at the entrance to the vacuum cham-
interference filter. With the presence of the ionizing laserfyer A second iris with this diameter passes only the central
pulse, however, scattered light prevented a reliable assesgraximum into the vacuum system. The diameter of the ex-
ment of this fluorescence. Hence, the relative cross sectionstation beam upon entrance to the vacuum chamber is 1.5
reported here could not be placed on an absolute scale byram. Thus, by aligning the center of the ionizing beam to
method based on fluorescence depletion due to ionizatioaverlap the excitation beam, the excited atoms are exposed
[19]. to a pulse of ionizing radiation which, to a good approxima-

Figure 2 shows a schematic of the overall experimenttion, is spatially uniform.
Two independently tunable dye laser oscillators and associ- 1he outputs from both dye lasers are pulses~d ns

ated amplifiers are pumped by a neodymium yttrium ammi_durz_;ltio_n. The ionizing pu_lge is delayedl5 ns relative to the
num garmet(Nd:YAG) pulsed laser operating at a 10 Hz excitation pulse by requiring the former to traverse a longer

repetition rate. For clarity, the amplifier trains for the dye beam path. This assures that the excitation and ionizing tran-

sitions are sequential, independent processes.
lasers are not shown. Both dye lasers are tuned by computer- A double Eresnel rhomb acts as an achromatic half-wave

controlled rotation stages. The output from the excitation dyeblate, allowing the linear polarization axis of the ionization
laser, with a spectral linewidth<0.1 cm?, is amplified  beam to be rotated about its propagation axis without loss of
twice and then frequency-doubled ingebarium borate crys- intensity. A Glan prism polarizer following the double
tal. Following this frequency conversion, a Pellin-Broca dis-Fresnel rhomb was rotated to pass the output from the
persing prism diverts any remaining fundamental componenthomb. This ensures the purity of the linear polarization state
from the subsequent beam path. of the ionization beam to within the %Gextinction coeffi-
The outputs from both dye lasers are linearly polarizedCient of the polarizer. .

The excitation beam is made circularly polarized using a . 1he two laser beams counterpropagate within the vacuum
Fresnel rhomb just prior to its entrance into the vacuumChamber with a divergence 6£0.5°. The pulse energy of
chamber. A Glan prism with a ®Qextinction ratio ensures the ionizing beam was measured as this beam exited the

the purity of the linearly polarized radiation incident on this vacuum ghamber. The r.ellat|ve photoionization Cross sectlc_)n
rhomb. The output from the ionization dye laser, with a spec—was pbtalned by normalizing the photpelectron signal o this
L 1 s ! ionizing photon flux as well as the excited-state fluorescence.
tral linewidth=<0.15 cn1+, is amplified once, twice, or three
times depending on the ionizing intensity required. A
computer-controlled beam gate repetitively blocks the ioniz-
ing beam allowing the background photoelectron signal to be A schematic of the interior of the vacuum system has
assessed along with the fluorescence from the excited stateeen publishefil7] and only a brief discussion is given here.

B. Atomic source and detector systems
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The calcium atomic beam is produced thermally by a thersuch count rates. The ionizing photon flux could be coarsely
mocoax heater with the temperature monitored by an internadjusted by removing amplification stages for this laser.
thermocouple embedded at the midpoint of the heating ele- With the excitation laser detuned from the
ment. A reentrant nozzle terminates in a 45° chamfer to fornCa 42 'S—4s5p 1P transition, the photon and electron
an uncollimated atomic beam in an “outer” vacuum cham-count rates dropped over two orders of magnitude from the
ber. The atomic-beam nozzle is aligned 1.3 cm from the Zaverage signal rates given above. Repetitive tuning and de-
mm diameter aperture which provides the coupling betweetuning was accomplished with the stepper-motor control of
the differentially pumped inner and outer vacuum chambersthe excitation dye laser. The wavelengths of either dye laser
The oven temperature ranged between 790 to 830 K andutput, measured with a monochromator, were linear with
was controlled to within£2 K. This corresponds to an stepper-motor position over the tuning range of a @ygi-
atomic density of~1x10° cm™2 at the center of the inter- cally 30 nm encompassing 11— ¥210° discrete steps of the
action region. This estimate assumes a saturated vapor estepper motor. Thus, the excitation dye laser could be repro-
panded into a hemisphere upon exiting the nozzle and aaucibly tuned with only its linewidth limiting the repeatabil-
counts for the canal factdr0] of 4d/3l=0.16, wherel ity. With similar stepper-motor control of the ionizing dye
(=0.53in.) is the channel length of the nozzle add laser, the discrete steps in the ionizing spectrum have a pre-
(=1.6 mm) is its diameter. At these densities radiation trap<ision limited only by the 0.15 cim linewidth of this laser.
ping of the observed fluorescence is completely negligibleThe absolute scale in the ionizing energy was limited by the
[21]. +0.06 nm spectral resolution of the 24 cm focal length
The interaction region and electron detection systemmonochromator. After calibration with low-pressure dis-
within the inner vacuum chamber is magnetically shieldeccharge lamps, the observed line centers of & and
by 1 mm thickx metal and electrically shielded with 60% 3D, , resonances in the spectra were withirl cm * of
transparent molybdenufMo) mesh. Using a Hall probe the their previously assignefd8] positions. No further absolute
magnetic field within the interaction region was found to bewavelength determination was attempted.
<4 uT. The interaction region is within a hollow copper  Data acquisition was controlled via computer interfacing
cylinder. Its endcaps consist of two electrically isolated cop-with the gated counter, ionizing beam gate, pulse energy
per ring electrodes 1.2 cm apart. The ring electrode in theneter, and the stepper motors controlling the tuning of both
direction of the photoelectron detector supports a Mo diskdye lasers. After a 20 s dwell timg@00 laser pulsgs the
with a 3.6-mm-diam aperture resulting in a 0.28 sr solidcomputer tuned or detuned the excitation laser for the
angle acceptance for photoelectron detection. Ca &° 1S—4s5p P transition or gates the ionizing beam.
The fluorescence collection system consisted of a photoFhus, photon and electron counts were accumulated both
multiplier coupled to the interaction region by twig2.5  with and without the production of excited atoms, as well as
lenses. Photoelectrons are detected by dual microchannéfth the ionizing radiation blocked and unblocked. These
plates in a chevron arrangement. The detectors have a corflifferent permutations allowed background signals to be sub-
mon detection axis which is perpendicular to the plane detracted. With the wavelength of the ionizing laser beam
fined by the atomic and laser beams. A drift region of 10 Cm!‘|xed, each photpelectrpn angular dls_trlbuuon is the compos-
total length permits photoelectrons to be coarsely energy rdte of angular differential cross sections measured sequen-

solved by time of flight. The electrical isolation of the indi- tally-
vidual endcaps and cylinder of the interaction region allow

an arbitrary bias potential to be placed across the interaction
region. To collect all of the photoelectrons, the near endcap A. Angular distributions

(relative to the drift region cylinder, and far endcap elec- Figure 3 defines a coordinate system for data analysis.

trodes were set at 30, ~50, and— 70V, respectively. The . too- " olarization axis and the propagation direction of
—30V near endcap potential, relative to the grounded enfhe ionizin pbeam define the axis anpd tﬁég direction. re-
trance mesh of the drift region, serves to focus photoelec- lonizing ine XIS rection,

gpectwely. The polarization axis is referenced from the ver-

Ill. DATA ANALYSIS

trons leaving the interaction region toward the microchanne}f. . : ) . .
9 g cal atomic beam axis by the angfe This angle is obtained

plate detector. For angular-resolved measurements all ele . )
trodes are set at 50 V. This maintains the focusing at the rom a rotation stage.whlch r?tates the double Fregnel rhpmb
entrance to the drift region while the interaction region isWIth a relative precision of-2°, The electron detection axis
field free. is horizontal W|_th|n the vacuum system. Hence, the photo-
electron detection angle ig.=® — ¢ with ®~90°. Any
misalignment in®, the angle between the reference for the
rotation stage and the electron detection axis, represents a
The timing signal for the gated counter is obtained from asystematic error. An independent assessment of this error
fast photodiodg1 ns rise timg detecting a reflection from will be discussed in Sec. Il B.
the pump-laser beam. With the excitation laser tuned to the Figure 4 shows a polar plot of a photoelectron angular
Ca 4?2 1S—4s5p P transition and the ionizing radiation distribution. There is no classical interpretation for the tilt
blocked and then unblocked, the count rates averaged up foom the symmetry axis set by the linear polarization axis of
0.4 fluorescent photons and 0.1 photoelectrons per lasé¢he ionizing laser. This asymmetry results from the interfer-
pulse, respectively. The cross section, with a standard devignce of photoelectron partial waves and will be discussed in
tion of <20%, was independent of ionizing photon flux for Sec. IV B.

C. Data acquisition
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A Circularly polarized The physical significance of this form and its parameters will
Alomic l Excitation beam be discussed shortly. The fit parametarsb, andc were
‘@ estimated by minimizing? defined[22] by

N 2
2_ Tpred ®i) — Topd i)
=2

s(¢i) ’ @

Photomultiplier

where o,,{ ¢;) and s(¢;) represent the observed angle-
differential cross section and its standard deviation at the

Microchannel

pate photoelectron detection angle . The subscripe denoting
Lo ; detector the photoelectron is dropped here for clariy.is the total
; +2 : number of data points in the angular distribution measure-

ment. The minimization ofy?> was accomplished using an
iterative Gauss-Newton techniq{i23].

To account for the finite angular acceptance for photo-
electron detection
FIG. 3. Coordinate frame used for analysis of photoelectron

Linearly polarized
Ionization beam

angular distributions. The linear polarization axis and the propaga- _ ¢et®  do
tion direction of the ionizing beam define theaxis andz direction, Opred Pe) = d‘PedQ

i . N g #e=© b= /2
respectively. The linear polarization axis is referenced from the e ™

atomic-beam axis by the angde The photoelectron detection angle b
is pe=D — ¢, with d~90°. =2a0 + > [SIN(2¢e+20)—SiN2¢p,—20)]
The polar plots must display an inversion symmetry due
to the ¢+ 180°— ¢, invariance of Fig. 3. This symmetry
was verified in initial measurements, but thereafter angle-

differential measurements were only assessed fre  with the angular acceptance®2=0.6 rad. The angular dis-
=90° to —90°. To aid visualization, the experimental data triputions are not absolute measurements; therefore the rel-
are duplicated and inverted through the origin in the polareyant quantities are the ratibga andc/a. These ratios for
plots. the parameters of E@3) differed by less than one standard
The solid line in Fig. 4 corresponds to the expressiongeviation from the corresponding ratios for the parameters of

(after accounting for finite angular acceptance Eq. (1). Thus this correction for the finite angular acceptance

had a minor influence on the results. Since the expansion is

=a+bcog2¢,)+cSsin2¢,). (1)  in terms of orthogonal functions, the fit parameters are un-

0= 12 correlated and the standard deviatiag for the coefficient

b is given[24] by

- ; [cog2¢.+20)—cog2¢.—20)], 3

do
dQ

2
fit parameters b2 (X )
a: 26.28 *0.64
b: 9.01 f1.11

c: 24.71%0.86

"""

(92 -1
T 50 (Relative Scale) AZ—Z[ } (4)
b™— ’

with similar expressions for the other two parameters.

B. Diagnostic experiments

A possible source of systematic error in the photoelectron
detection anglep, involved ®, the angle between the refer-
ence for the rotation stage and the electron detection axis.
This alignment could be established to withir2°. An as-
sessment of any systematic error was made as follows. If the
handedness of the circularly polarized excitation is reversed,
sonization the angular distribution must display a mirror reflection
energy: about the plane defined by the laser propagation and the
i 51625.6 cm~1 electron detection axeghe detection plang The handed-

ness of the circularly polarized excitation was reversed by

FIG. 4. Polar plot of the azimuthal photoelectron angular distri-INt€rchanging the “fast” and “slow” axes of the Fresnel
bution from oriented Cagbp *P. The width and radial dimensions homb. The resulting angular distribution of Fig. 5 displays
of the wedged boxes indicate the uncertainty in the detection anglte expected reflection about the=0 axis of the polar plot.
and the cross section, respectively. The detection apgtf Fig. 3 A correction of®—90°—1.1° was required in order that the
is referenced counterclockwise from tieaxis of the polar plot. tilt for the two patterns exactly mirror one another through
The ionization energy is relative to the Cs£4S ground state. The this axis. This source of systematic error was eliminated by
solid line denotes the fit to E¢3). applying this correction to all angular distributions.
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T 50 (Relative Scale) The solid line in Fig. 6 corresponds to this expresdiafter
accounting for finite angular acceptahesth the a, fit pa-
rameters listed in the figure. Any asymmetry for this distri-
bution can be investigated by fitting the distribution of Fig. 6
to

&

do _
o~ =ay+a,c082¢,)+bysin(2¢,)

t | daQ|.

. O=l2

fit parameters Q +a,C094¢¢) +bySin(4¢e). (6)

a: 24.71 10,73 ) ) )

b 8,98 *4.07 This latter fit resulted in b,=-0.38:0.61 and

¢ -24.63 t1.11 b,=-0.40*=0.55, with thea,, coefficients unchangedVith-

outthe 1.1° correction applied t®, these coefficients were
L 51625.6 cm~! b,=-0.78+0.43 andb,=-0.59+0.39 and, therefore, are

significantly different from zero. Thus, the minor 1.1° cor-
FIG. 5. Azimuthal distribution of photoelectrons from rection appears to eliminate the systematic misalignment.
Ca 45p 1P oriented with circularly polarized excitation of the op- Since the angular distributions are relative measurements,
posite handedness relative to the angular distribution of Fig. 4. the pertinent experimental quantities are the rakits and
c/a for the anisotropic terms of E¢3). For the distribution
To further assess this correction independently, Fig. @f Fig. 4, these quantities aré/a=0.343+0.043 and
shows the angular distribution using linear rather than circuc/a=0.940+0.040. The sensitivity of these results to the pu-
larly polarized excitation. With the linear polarization axis of rity of the circular polarization state of the excitation beam
the excitation beam fixed along the atomic beam axis, thvas investigated by one further diagnostic experiment. In
angular distribution must be invariant to a reflection throughorder to introduce an elliptical component into the polariza-
the detection planeThis follows from Fig. 3 since the pho- tion state of the excitation beam, the optical axis for the
toelectron detection is symmetric about the detection axisFresnel rhomb was purposely misaligned by 10° from its
Combining this symmetry with the.+ 180°— ¢, inversion

invariance, the polar plot must also display a reflection sym- 0.8

metry about the plane of polarization for the excitation beam
(the p.=90° axis in the polar pl9t Using method25] to be 5
discussed shortly, the theoretical distribution for this case is 3%
given by ol
Lo
do €S
FTo) =ap+a,cog2¢,) +a,cod4e,). (5) e
O=l2 S,u_,\
E
=
fit parameters T 25 (Relative Scale)
ay: 11.15
ay: -6.19
a, -1.45 o,
Ac
g
8
Cp
= - =
So
0
SE
g»ﬁ’
std. dev.
ag: 0.37 e ———
1 0.47 51000 514150 51300 51450 51600 51750
8t ¥ Energy above Ca ground state (units of cmd)
a,: 0.51 1 51625.6 cm~1

FIG. 7. The spectra for the anisotropic fit parameters of(Bg.
FIG. 6. Angular distribution of photoelectrons from laser (top) dimensionless cosine term coefficidmta; (bottom) dimen-
aligned Ca 45p 'P. With the linear polarization axis of the exci- sionless sine term coefficienta. The vertical extent of each data
tation beam fixed, the distribution is obtained by rotating the lineahox indicates a one standard deviation uncertainty. The solid line
polarization axis of the counterpropagating ionizing laser. The solidepresents a sum of terms of the form of Eg.for each resonance
line denotes the fit to Eq®5) after accounting for finite angular plus a linear background term. The fit parameters are given in
acceptance. Tables | and II.
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TABLE I. Resonance parameters obtained by fitting the spectrum for the anisotropic cosine coefficient in
Fig. 7 to a sum of profiles of the form of E¢) plus a linear background term. The background continuum
was fit to A(E—51 400 cmY) + B, with A=3.52(+0.50)x 10" * andB=0.198+ 0.007.

Resonance
energy Width
Eo (cm™) T (cm™ X Y z
D, 51351.7 5.4%0.45 —2.27 (+0.82)x102 0.415+0.060 —0.336-0.026
°D, 51369.4  8.2%0.70 6.15 (£0.75)x 1072 —0.426+0.056 —0.264+0.042
p 51466.7  10.682.3 statistically insign. 9.744.1)x10°2  —0.241+0.036
s 51571.7 12.53.4 3.0 #=2.2)x10°° —7.0 (+5.1)x10°®  —0.300+0.035

proper 45° alignment with the transmission axis of the Glarvicinity of each resonance. However, the near vanishing of
prism. The proper alignment could be established to withirthe anisotropic termb/a andc/a at peak centers atrtificially
*+2°. The distribution with the imposed misalignment hadbroadenshe peak widths in the spectra for these coefficients
the following fit parameters:b/a=0.306:£0.039 and by restrictingthe peak depths to changes only on the order of
¢/a=0.891+0.035. The small influence due to the imposedunity. For this reason the resonance linewidihgor the
misalignment established that the uncertainty in the propeanjsotropic parameterb/a andc/a, do not agree with those
alignment was insignificant. This result further indicates that,gm the total cross-section measurement. The sum of iso-
the pollution imposed on the polarization state of either lase[ated resonance profiled) provided an adequate fit to the

beam.by Fhe windows to the vacuum chamber also had §pectra of Fig. 7 only if the resonance linewidths were
negligible influence. The 3° wedged windows to the vacuum

hamb onted h that the two f 16 reated as fit parameters as well.
?ro?nmthzrvvevﬁ[irgalo r1l'ehneefra§tlijc§:nal e?(cesi bvgtc\)/veaézcne\s/e\xﬁ:rael aﬁ d The angular distributions changed dramatically within the
) e T ; ) vicinity of the 3D, and 3D, resonances at 51 352 and
horizontal linear basis states transmitted into the vacuu

chamber is three orders of magnitude less than that impose 36.9 Crﬂ. ' res.pectl\{erlly.hFlgure' 8 Id|splays the d|str|l|3.u-
by the 10° misalignment of the Fresnel rhomb. tions in this region with the vertical arrangement qualita-

tively indicating the total cross section at the corresponding
ionizing energy. The waist of the angular distribution pattern
balloons with the pattern progressively changing its orienta-
A. Spectra tion as the®D, resonance is approached from the low-energy

The spectra for the normalization paramedein Eq. (3) ~ Side or the °D, resonance is approached from the high-
and that for the total cross section were in excellent agreeenergy side. A progressive change in orientation continues in
ment with each other and with that previously repofted. the vicinity between these two fine-structure levels. This
Figure 7 shows the spectra of the anisotropic fit parameterghange in orientation was not observed for tHe or °S
in Eq. (3), expressed as the dimensionless ratita and ~ resonances; the pattern simply became isotropic as these
c/a. These spectra were fit to a sum of generaliZ2826 ~ resonance positions were approached.

IV. DISCUSSION OF RESULTS

Fano-type profiles for each resonance At peak center of the four resonances the sine-term coef-
ficient c/a does not differ significantly from zero and the
b ¢ Xe+Ye+Z cosine-term coefficierti/a is nonzero only at the peak of the

a%3T T @) 3D, resonance. Thus the angular distributions are isotropic

at peak center for those resonances with total angular mo-
X, Y, andZ are fit parameters wite=(E—E)/I", the ion- mentumJ,=1.
izing energy relative to the linewidth and positionE, of A recently published25] density matrix formalism is
each resonance. These fit parameters, given in Tables | amd@nvenient for analyzing the current experimental results. An
I, were estimated by minimizing the approprig¢é values. isotropic distribution is predictef25,27 for linearly polar-
The total cross section varies by orders of magnitude in thézed dipole excitation to a strond=1 resonance from an

TABLE Il. Resonance parameters obtained by fitting the spectrum for the anisotropic sine coefficient in
Fig. 7 to a sum of profiles of the form of E¢) plus a linear background term. The background continuum
was fit to a(E—51 400 cmY)+ B, with @=2.29(+ 1.17)x10™° and 8=0.976+ 0.007.

Resonance
energy Width
Eo,(cm™®  T'(em™ X Y z
D, 51351.7 8.950.42 —1.48(+0.76)x 10 2 —0.111+0.029 —0.716:0.028
D, 51 369.4 6.330.36 —7.2(x2.6)x10°3 0.199+0.034 —0.677+0.025
p 51 466.7 25.61.3 statistically insign. 0.1670.038 —0.880+0.041

3s 51571.7 16.91.6 2.32(-0.59)x 102 0.2310.050 —0.891*+0.047
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50 . T . . " T . whereWV, and ¥ denote the initial and final state, respec-
401 ] tively, with ¥ the electron coordinate aridthe magnitude of
304 S
the photoelectron wave vector. The ionizing photon has po-

201 larization & and energyhw=E,+ (fk)%/2m, whereE,, de-
notes the binding energy of the ejected electron.

The final state in Eq(8) should have the asymptotic
boundary condition appropriate for photoionization which
requires that at— a localized wave packet can be con-

structed with linear momentunik. For photoionization

Total Relative Cross Section (arb. units)
o

21 ] from a neutral atom the ejected electron experiences a long-
o range Coulomb potential resulting in the modified partial-
1 : , . : . : . wave expansiof28]
51320 51340 51360 51380 51400
Energy above Ca ground state (units of cm-1) o0 +1
VD =KEE, 3 il R (1) Yin(F) i),

FIG. 8. Photoelectron angular distributions in the ionizing en- =0 m=-|

ergy region encompassing t3®, and °D, resonances. The verti- )
cal arrangement corresponds qualitatively to the total relative cross

section at the corresponding ionizing ener@yote the logarithmic ~ where the presence of a Coulomb phase shifalong with
vertical scale. the short-range interaction phase skdiftenters into the nor-

malization factor for each term in the summation and the

initial Jo=1 state which is maximally oriente@l,=+1 or ~ 'adial wave functionRg(r) has the Coulomb logarithmic

—1) along the propagation direction of the ionizing radiation. Phase factor in its asymptotic form as wi]. The spheri-

A J,=0 resonance would likewise yield an isotropic distri- Cal harmonicYf;, (k) in the_ expan5|or(9) gives the ampli-

bution. Thus, the isotropic distribution observed in the vicin-tude for a photoelectron in this angular-momentum state to

ity of the new resonance at 51 467 chis consistent with ~have the directiork. S o

either aJ,=0 or 1 assignment. However, only the=1 I_:or_ the coordinate system defined in F_|g. 3 the ionizing

assignment is consistent with previous observat[d7s27.  radiation propagates along the quantizatiorxis for the
Similarly, linearly polarized dipole excitation to a strong Polarized atom and the linear polarization axis of the ioniz-

J,=2 resonance from a maximally orienteg=1 initial ing beam deﬂngs the axis. The angular distribution given

state leads to distributions of the form of E@) where the DYy Ed.(8) with e-F=x can be written as

sine-term coefficient vanish¢25,27]. This prediction can be

justified without resorting to detailed angular-momentum do o o 2

coupling methods. Parity and total angular-momentum con- d_Q:A0|<‘I’k|rY1,—1(r)—fY1,+1(r)|‘1’o)| , (10

servation considerations allow only the photoelectron

d-wave contribution for the dipole excitation with

2
Ca 4s5p(Jo=1)+y—(J,=2)—Ca" 4s?S+e. AO:‘”T_"’ k(ﬁ)(z_”)
c h 3

Itis the interference between the photoelectron partial wavegypstituting® o(r) =R, /- 1(r) Y1 + 1(f) for an initial hydro-

which gives rise to the tilt from the symmetry axis set by thegenicp, , state and the Coulomb partial-wave expansi@n
linear polarization axis of the ionizing radiation. Thus, ne-fgr the final-state results in

glecting the continuum contribution, the angular distribution
at peak center for théD, resonance is easily predicted to

display no asymmetric tilt. The spectra of Fig. 7 and the two il = Ay €00€"25Y oo K) R — £208™44Y 5o(K) Ry
distributions of Fig. 8 in the vicinity of the peak of the dQ
D 1369.4 cth hi iction. i >
, resonance at 51 369.4 cmsupport this prediction + £, 84Y,(K)RY|2, (11)
B. Angular distribution asymmetry whereA;=Aq/k, Aj=0+ 6, and

The conclusion that the interference between partial
waves is the source of the t!lt from the'symmetry axis is Rlzf dr r3RE|(f)Rn,w:1(f) (1=s,d)
easily shown for a hydrogenip state. Within an electric
dipole approximation and treating the interaction with the
ionizing radiation to first order in perturbation theory, the denotes the radial dipole matrix elements. The dipole selec-

photoelectron angular distribution is given [28] tion rules Al= *1) arise from an integral over three spheri-
5 cal harmonics with the following numerical resultséo,=
do 47w ) me’ (T o T TP ® —(47) Y2 £,0=(20m) Y2 and &,,=(3/10mr)*2 Evaluat-
dQ ¢ 77 | (Ve T ¥l ing Eq. (11) in the azimuthal plane results in



3622 K. W. MCLAUGHLIN, K. AFLATOONI, AND D. W. DUQUETTE 55

TABLE lll. The ratio R¢/Ry for the reduced dipole matrix elements for photoelectserto d-wave
production and the relative phase differentg— A4 between these matrix elements consistent with the
photoelectron angular distributions from Ca5$ *P.

lonizing Propensity favoret Propensity unfavoréd
energy

(cm‘l) |Rs/Ry| (Ag—Ay° |Rs/Ry| (Ag—Ay°
51 088 0.60%0.025 111.9%3.5° 2.49£0.09 90.5%*2.6°
51 146 0.6020.031 111.5%2.2° 2.50:0.10 89.8%+2.9°
51 205 0.653:0.026 107.7%£3.5° 2.23:0.09 89.3%*+2.8°
51 695 0.6580.041 98.3*3.6° 2.03:0.13 81.4%*3.1°

®Refers to the propensity for the electric dipdlesl1+1 photoabsorption to normally dominate over the
|—1—1 channel.

bRelative to the calcium ground state which has an ionization threshold of 49 30595 cm

‘The phase differencA=A4— A is modulo Zh7r+ A with n an integer.

1 do C. Atomic parameters

= 7 — 3 _
A, dQ . C1t+5[co092¢.) —2RCcOg2¢p+A)]

o A recent density matrix formalisri25] is convenient for

generalizing these hydrogenic results for the photoionization
=C1+ 3¢,c082¢s— 7) (12 process: CagbplP+y—Ca' 4s2S+e(l,j) involving a

maximally oriented initial state. Neglect of relativistic effects
using A=A4—Ag, R=R¢/Ry, ¢;=R*-~Rcos@d)+3, ¢, imposes the condition thatS=0 and eliminates any depen-
=1+4R?—4Rcos@), A,=(mwm/6c)(eRy/7)?, and dence on the fine structure of the final state. The two experi-
=7—A/2 with mental parametelty/a andc/a of Eq. (1) can then be written
[25,27 in terms of two atomic parameters

1+2R A
tan(7)= 1-2R ta"(g : a R?> RcogA) 299,/70+ 48\/105— 140
Z:€+—_(ﬂ+‘/§)+ — :
Equation(12) can be rearranged to the form of Ed) by a 6v10 1260/70 (139

further trigonometric identity.
In the limiting case where th&l wave dominatesR
=R./Ry—0 and the azimuthal distribution would display no b _RcodA) (VI+V3)+ 17234292 (13
asymmetric tilt from the linear polarization axis of the ion- 4 2@ 16802
izing radiation. In the limit where the wave dominates, it is
easily predicted from Eq11) that the angular distribution is and
isotropic. For small relative phase shifts such that 0, the

azimuthal distribution again displays no tilt from the symme- ¢ Rsin(A)
try axis even for the case where both partial waves are sig- gz — (V2+V3), (130
nificant. In general, it is a nonvanishing relative phase shift 2\10

A=A4— A that produces an asymmetric tilt of the azi- _ . . _
muthal distribution from this axis. The magnitude of this tilt WNereR=Rs/Ry is the ratio of the radial dipole matrix ele-

will vary when the relative strengtR of the partial waves ments for the photoelectros to d-wave production and

. R R 3 _ 2 . . .« .
Resulting from an interference between partial waves thi¢ = Ta@Rg, with » the ionizing photon energy and the

asymmetry has no classical interpretation. The observatiofine-structure constant.

of this asymmetry requires the system to be oriented. With Since Eqs(133—(13¢) are noninvertible, the solution for
both lasers linearly polarized, no asymmetry due to the inthe atomic parameters consistent with the experimental quan-
terference of partial waves is observed. An asymmetry cafities (b/a)qps and (c/a)qps Was obtained by the following
be observed in the sense that the photoelectron trajectographical technique for solving simultaneous equations. A
favors the acute angle between the two polarization axegontour plot using the ratios of E413) with the specified
however, this propensity has an obvious classical interpreta/alue (b/a) = (b/a) s yields those values d® andA which

tion due to the force on the atomic oscilla{é&,29]. If both ~ are consistent withk/a),s. Similarly, those values consis-
photons had been circularly polarized there is no observablignt with (c/a) s are obtained from a contour plot with the
photoelectron angular variations in the azimuthal plane to thépecification ¢/a) =(c/a),ps. The intersection of these two
laser beam propagation. Therefore, in addition to a requiredontour plots yields the unique valuesRfandA consistent
orientation, one of the photons must be linearly polarized irwith both (b/a)psand (€/a)ns. Repeating this process with
order to provide a reference in this azimuthal plane. Angulathe standard deviations imposed ol/d),,s and (€/a)gps
displacements from this reference with the same handednesfiows the uncertainties iR and A to be estimated.

as the circularly polarized photon qualitatively differ from  Since Eq.(138 is quadratic inR there are two solutions
angular displacements made with the opposite handednessonsistent with /a)y,s and (€/a)q,s. In Table Il these so-
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lutions are labeled according to the propensity for the electric V. SUMMARY

[ + i i S
dipole | —1+1 photoabsorption to normally dominate over Photoelectron angular distributions from 1P,
the | —1—1 channel. Due to the sinusoidal dependence in

Eq. (13) and the fact that the absolute handedness of thgnaximally oriented using circularly polarized pulsed laser

circularly polarized excitation photon was not determined,exc!tat'on.’ have been measured_by rotating the linear polar-
the phase difference is specified only within modulom2 ization axis o_f a counterpropagating ionizing Ias_er pul_se._The
. i L . : ._angular distributions were measured as a function of ionizing
+ A with n an integer. The ionizing energies considered in _ :
S . energy from 1800 to 2400 cm above threshold. This near-
Table Il are at the extremes of the ionizing energy region ; 3 3 .
) L ST =~ threshold region encompasses tha4d8°D and °S autoion-
studied, sufficiently remote from the autoionizing regions. . econances as well as the newly identifisel reso-
such that the angular distributions exhibited no perturbatior) 9 ) . y identitie
nance of the same configuration. An ionizing energy
from these resonances. esolution of 0.15 cm! allowed the angular distribution
There is one previous measurement with which our result§ ectrum within. the 84d°D. - fine struct%re to be clearl
can be compared. A photoelectron angular distribution fro rgsolved The spectra for tﬁéz arameters describin thg an-
Ca %&4p P has been measuré9] at a single ionizing en- : P P g

ergy of 53 314 cm* above the Ca ground state. The excita-gmalr distributiqns were well fit by a sum of generalizeq
tion and ionizing laser beams were both linearly polarized.Fam?'n./pe proﬁleg for each resonance. In agreement with
With the relative angle between these two linear poIarizatiorP eak centér for each resonance with total anqular momentum
axes fixed, the angular distribution was measured by rotatin — 1 Isotropic distributions in the vicinity of ?he NEW 16S0-
both linear polarization axes simultaneously. The theoretical ™ P Y

functions up to fourth order. The expansion coefficients X P

yielded the following estimates|R|=0.70+0.21 and elements for photoelectrost to d-wave production is 0.63

|cos(A)|=0.05+0.03. Within the interval0°,3607 there are plus or minus one standard deviation of 0.03, independent of

four values ofA consistent with these estimates, although theioniZing energy within the region of the spectrum studied. In

inequality Rcos\)<0 was established29]. The present contrast, the relative phase difference between these photo-

propensity-favored values agree with this established sign. electron partial waves varies significantly with lonizing en-
£ray. A nonclassical asymmetry was observed in the con-

Since the propensity-unfavored values are inconsister} hotoelect lar distributi Thi t
with this previous measurement these solutions will nolnuumhp otoelectron an%g ar '?g u |or:js. IS a_lslymmedryl
longer be considered physical. The propensity-favored valas snown to occur within an independent-particle mode
ues, however, are in excellent agreement with an improvegnd arises from an interference between partial waves.
precision for the assessment|&%;/Ry|. This ratio shows an
insignificant energy dependence over the ionizing energy re- ACKNOWLEDGMENTS
gion studied here. The mean vali /Ry 4 0f 0.63 plus or
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