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Vacuum-ultraviolet photoelectron spectroscopy of laser-excited aligned Ca atoms
in the 3p-3d resonance region
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In this work the autoionization of the configuration Ca 3p53d4s4p of free calcium atoms has been
investigated by the use of angle-resolved photoelectron spectroscopy. In a first step, atoms in the ground-state
Ca 3p64s2 1S0 were laser excited and aligned to the first optically excited-state Ca 3p64s4p 1P1. From this
intermediate state, with the help of synchrotron radiation~31.5–34.5 eV!, the closed 3p subshell was opened,
leading to the population of Ca 3p53d4s4p autoionizing states. The autoionization decay of these states to
both the ground state and shakeup states of singly charged ions was investigated using two types of photo-
electron spectrometers. An angle-integrating spectrometer allowed us to tentatively assign the dominating
angular momenta and to measure the relative partial cross sections. Furthermore, by combination with an
angle-resolving spectrometer the angle dependence of the outgoing photoelectrons in the region of 32.7–
33.3 eV was completely characterized for the three main diagram lines. Completeness was achieved in the
sense that for action of linearly polarized light sources maximal information was extracted.

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

The method of combining synchrotron and laser radiat
for photoionization experiments introduced in the first half
the 1980s@1–3# proved itself to be a powerful tool supplyin
unique direct information on the photoionization of sho
lived atomic states@4#. The method was further developed
order to study photoelectron spectra from laser-exc
aligned atoms@5#. By changing the direction of laser pola
ization additional information on the ionization into differe
channels was provided. A more complete exploitation of t
method was achieved by introducing an angle-resolving e
tron spectrometer for the measurement of the angular di
bution of the photoelectrons@6,7#. The angular distribution
strongly depends on the geometry of the experimental s
with respect to the polarization vectors of the radiation fie
and on the dynamics of the photoionization. Applications
an angle-resolved setup in experiments with lithium@6# and
sodium @8,9# demonstrated its large potential. Extension
the method to targets with more complicated structure
photoionization dynamics seemed very promising. As a s
in this direction we present here results on photoionizat
studies from the laser-excited aligned 4s4p1P1 state of cal-
cium in the region of the 3p-3d excitations.

In the Periodic Table calcium is at a position just befo
the beginning of the 3d transition metals and the contractio
of the 3d orbital upon core excitations leads to strong co
figuration interaction. The properties of the 3d wave func-
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tion of Ca are governed by the double-well-shaped poten
with a delicate balance between attractive Coulomb and
pulsive centrifugal parts. This wave function is fairly sen
tive to small variations of the atomic central field. Therefo
photoionization in the region of the 3p-3d transitions from
excited atomic calcium may reveal new features in comp
son with the case of photoionization from the ground sta

Photoionization of atomic calcium has received consid
able attention. A large number of the experimental inve
gations have been devoted to the photoionization in the
gion of the 3p inner-shell excitations from the ground stat
This region has been studied by means of photoabsorp
with high energy resolution@10#, photoelectron spectroscop
@11#, and photoion-@12,13# and angle-resolved photoelectro
spectroscopy @14#. A theoretical analysis of the odd
3p-hole states of Ca based on extensive Hartree-Fock ca
lations has been performed in@10#. Photoionization from the
ground state in the region of the 3p threshold is dominated
by the strong dipole resonance 3p53d 1P1 at 31.41 eV. Due
to the large 3p-3d overlap this resonance decays mainly v
3d-3p recombination with the ejection of a valence electr
leaving the ion in the ground state 3p64s and also giving rise
to many satellite lines in the photoelectron spectra@11,14#.
The intensity of the fluorescence emitted from t
Ca1 4p 2P state in the region of the 3p excitations has been
measured in@15# with the polarization analysis of the fluo
rescence in the vicinity of the 3p-3d resonance. Recently,
coincidence measurement between the angle-resolved ph
electron and the polarization-analyzed fluorescence pho
of the decaying ion has been performed@16,36# in the region
of this resonance with the purpose to obtain complete in
mation about the photoionization amplitudes.

In contrast, until recently there have been no d
available on the photoionization of Ca from excite

.
te
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55 1923VACUUM ULTRAVIOLET PHOTOELECTRON . . .
states in the vacuum-ultraviolet~vuv! energy range. Experi
mental results on the photoexcitation of the 3p electrons
from the excited Ca have been obtained in@17# by using
a flashlight pumped dye laser to induce t
3p64s2 1S0–3p

64s4p 3P1 (l5657.2 nm) intercombination
transition and the vuv radiation of a ruby laser produc
plasma. The photoabsorption spectrum in the region 2
47 eV showed autoionizing resonances of even parity wit
dominating feature at 32.3 eV. The technique of simu
neous action of laser and synchrotron radiation was app
to Ca in@18#. In that study it was combined with the metho
of photoelectron spectroscopy to investigate photoioniza
from the 3p64s4p 1P1 excited state of Ca. A strong broa
feature with a maximum at 33.03 eV photon energy was
served in the ionization channel to the ground state 3p64s of
the ion. Later the same technique was applied in@19# where
advantage was taken of the possibility to change the di
tion of linear polarization of the pumping laser and a ten
tive assignment to the total angular momenta of the re
nances was proposed.

In this paper we present a considerably extended se
data with improved energy resolution and statistics on
photoionization from the laser-excited aligned 4s4p 1P1
state of Ca in the region of the 3p-3d transitions by synchro-
tron radiation~SR! emitted from the electron storage rin
BESSY. The photoelectron spectra are investigated for s
eral ionization channels: to the ionic ground state 4s, as well
as to the ionic excited states 3d, 4p, 5s, 4d, 5p, and 4f with
a more detailed study of the three lowest channels 4s, 3d,
and 4p. To obtain a more complete set of data on the pho
ionization of aligned target atoms we utilized combined
sults of measurements with the angle-resolving elect
spectrometer~ES! and the angle-integrating cylindrical mir
ror analyzer~CMA!.

The experimental setup and the procedure of meas
ments are described in Sec. II. The geometrical aspect
photoionization by combined use of laser and synchrot
radiation beams are very useful@20#. Changing the geom
etry, for example, has already been applied for the iden
cation of resonances@6,8,19#. A similar method has been
used by a number of groups for low-lying autoionizing sta
in experiments with two laser beams. In such a case circ
polarized ionizing light is easily achieved and brings in e
tended possibilities of the method~for Ca, see@21#!. In fact,
effective application of the experimental setup with a giv
geometry can be achieved only in combination with a bro
theoretical analysis of its possibilities to obtain meaning
information on the process with a particular target. T
analysis is carried out in Sec. III. Section IV contains expe
mental results obtained by using the CMA and a discuss
based on the above-mentioned analysis. In Sec. V we
sider the results of the combined use of the ES and CM
Some results on the anisotropy of the photoelectrons in
4s channel have already been published@22#, but we include
them in this paper for completeness.

II. EXPERIMENTAL SETUP

The experimental setup consists of three essential p
the laser system, the synchrotron radiation source, and
vacuum chamber for the production of the atomic beam
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the detection of the photoelectrons.
The laser system is used for the pumping proc

Ca 4s2 1S0→4s4p 1P1 (l5422.7nm). It is a cw ring dye
laser, pumped by an argon-ion laser~4 W multiline uv! with
an output power of about 150 mW~Stilbene 3! in single-
mode operation. The wavelength and the single-mode op
tion are monitored by a wavemeter and a spectrum analy
Approximately 4% of the laser radiation is used to excite
atoms in a reference chamber in order to lock the laser to
atomic transition by the observation of the resonance fl
rescence. The laser and the synchrotron radiation beam
directed into the main vacuum chamber with the elect
spectrometer. They propagate antiparallel to each other
intersect the atomic beam of Ca in the interaction region
front of the electron spectrometer. Within an experimen
uncertainty of a few percent both radiation beams are c
sidered to be ideally linearly polarized. The particle dens
in the interaction region is kept below 1011 atoms/cm3 in
order to minimize radiation trapping effects which destr
the atomic alignment. The alignment is controlled by t
observation of the polarization of the resonance fluoresce
However, it should be noticed that the volume probed by
photomultiplier is not exactly defined. As a consequence
expect that an averaged value of the alignment over a r
tively large volume is measured, which does not necessa
coincide with the alignment present in the reaction volum
The reaction volume is defined by the region of optim
overlap of the intensity distributions of the beams particip
ing ~laser radiation beam, synchrotron radiation bea
atomic beam! and the angle of acceptance of the electr
spectrometers. The low atomic density necessitates the u
the high photon flux of a wiggler-undulator beam line at t
electron storage ring BESSY in Berlin. The synchrotron
diation is monochromatized by a toroidal grating monoch
mator~approximately 1013 photons/s at 34 eV within a band
width of 0.1 eV!. The polarization axisEW of the synchrotron
radiation is fixed within the horizontal plane, whereas t
polarization axisAW of the laser radiation can be rotated b
the angleh from 0° to 360° with respect to the horizonta
plane by means of a Fresnel rhomb~Fig. 1!.

For the electron spectrometer two different configuratio
are used:~a! the 180° cylindrical mirror analyzer~angular
acceptance 0.8% of 4p and energy resolution 0.8% of th
pass energy!, which detects electrons under the ‘‘magic
angleuCMA554.7° relative to the polarization axisEW of the
synchrotron radiation and integrates over the azimuthal an
from 290° to190° @Fig. 1~a!#, and~b! the simulated hemi-
spherical spectrometer ES~angular acceptance 0.033% o
4p and energy resolutionDE/E.231022), which can be
rotated in the plane perpendicular to the photon beams by
angleu with respect to the polarization axisEW of the syn-
chrotron radiation@Fig. 1~b!#.

III. THEORETICAL BACKGROUND

The geometry of the experimental setups presented in
1 is rather complicated due to several distinctive spatial
rections related to the polarized laser and SR beams and
electron spectrometers. In addition, the shape of the C
entrance slit is not trivial. Therefore, it is important to dete
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1924 55M. WEDOWSKI et al.
mine how many independent dynamical parameters one
extract from the measurements by the above-described
perimental arrangement and whether this set of paramete
complete for the particular process. Questions arise conc
ing the possibilities to measure the traditional quantities
the photoelectron studies: the integral cross sections from

FIG. 1. Scheme of the experimental setups used for the stud
the photoionization of laser-excited aligned Ca atoms~a! with the
cylindrical mirror analyzer~CMA! and ~b! with the rotatable elec-
tron spectrometer~ES!.
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unpolarized targets(E) and the correspondent coefficient
anisotropy of the photoelectronsb(E). It would be very use-
ful to establish the general features of the intensity variati
as a function of the direction of the polarization of the las
beam and@for the setup in Fig. 1~b!# as a function of the ES
position. Therefore it is necessary to clarify the possibilit
of the experiments by a theoretical analysis.

A. General considerations

The theory of angular distributions of photoelectrons fro
polarized atoms has been the subject of many publicat
~for example,@23#, and references therein!. We use here a
formalism developed in@24# in connection with the resonan
photoionization by the combined use of laser and synch
tron radiation. Further considerations are necessary to
lyze the potential of the present measurements. The gen
expression for the angular distribution can be written in
form

ds

dV
5

s

4p S 11 (
k0 ,k,kg

Ak00
bk0kkg

Fk0kkgD , ~1!

wheres is the isotropic cross section, i.e., the photoioniz
tion cross section for unpolarized atoms. TheAk00

are the
normalized statistical tensors of the initial state describ
the polarization of the target with the total angular mome
tum J0 ~these tensors are given in a frame with thez axis
along the symmetry axis of the pumping process!. The
Fk0kkg

contain the geometry of the experimental setup a
the polarization state of the photons. Summation in Eq.~1! is
performed over all possible sets@k0kkg# except@000#. The
generalized asymmetry coefficientsbk0kkg

contain informa-
tion on the dynamics of the photoionization and are e
pressed in terms of reduced matrix elements of the dip
operator

of
bk0kkg
5N213Ĵ0 (

g f ,Jf
(

J,J8 l ,l 8, j , j 8
~21!J1Jf1kg21/2ĴĴ8 ĵ ĵ 8 l̂ l̂ 8~ l0,l 80uk0!H j l 1

2

l 8 j 8 k
J H j J Jf

J8 j 8 k J H J0 1 J

J0 1 J8

k0 kg k
J

3^g fJf ,l j :JiDig0J0&^g fJf ,l 8 j 8:J8iDig0J0&* , ~2!
ex-
en-

nce

the
ns

he
where we abbreviatedĴ5A2J11. The standard notation fo
the Clebsch-Gordan coefficients, 6-j and 9-j symbols are
used andN is the normalization factor

N5 (
g f ,Jf ,l , j ,J

z^g fJf ,l j :JiDig0J0& z2. ~3!

Summation is performed over the partial waves of the p
toelectron with the orbital angular momentuml and the total
angular momentumj and over the total angular momentu
of the channelJ. Summation overg fJf corresponds to ex
perimentally unresolved final ionic states. Though in gene
the coefficientsbk0kkg

are independent dynamical paramete
-

al
s

this is not the case in some particular situations. For
ample, when only channels with one total angular mom
tum J contribute to photoionization, thebk0kkg

with equal

values ofk are proportional to each other as the depende
of k0 and kg is factorized in the 9-j symbol in Eq.~2!. A
particular case of the generalized anisotropy parameter is
conventional coefficient of anisotropy of the photoelectro
from an unpolarized target

b52A 10
3 b022. ~4!

In our case we consider an atomic state withJ051 prepared
by linear pumping and ionized by linear polarized SR. T
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TABLE I. Kinematic factors for the geometries of experiments with the ES@Fk0kkg
(u,h), see Fig. 1~a!#

and with the CMA@Gk0kkg
(h), see Fig. 1~b!#.

k0 k kg Fk0kkg
(u,h) Gk0kkg

(h)

0 2 2 2
A5
2A6

~113 cos 2u! 0

2 0 2 2
A5
2A6

~113 cos 2h! 2
A5
2A6

~113 cos 2h!

2 2 0
A5
4A3

@113 cos2~u2h!#
A10
pA3

sin2h

2 2 2
5

4A21
@2113 cos2~u2h!

5A2
pA21

sin 2h

13 cos 2u13 cos 2h]

2 4 2 2
A15
32A7

@6110 cos 2~u2h!
A5
6A21 S 72 ~113 cos2h!1

10A2
p

sin2h D
13 cos2h110 cos 2u

135 cos2~2u2h!]
e
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photoionization channels withJ50, 1, and 2 are open. Th
initial state is aligned and only terms withk050,2 contribute
to Eq. ~1!. Linear polarized SR gives valueskg50,2. From
the triangle rulekW01kW1kWg50W it follows thatk<4. Further-
more,k is even asl andl 8 have the same parity due to pari
conservation in the photoionization process, otherwise
Clebsch-Gordan coefficient in Eq.~2! turns to zero. As a
result, only five generally independent dynamical coe
cients do not vanish in Eq.~1!: b022, b202, b220, b222, and
b242. Hence the maximum information one can get from t
angular distributions when the laser and SR are linear po
ized in the caseJ051 consists of the six parameters: the fi
generalized anisotropy coefficients and the cross sectios.
The next question is if the setup used, i.e., the geometr
the photon beams and the configuration of the electron
tectors, allows one to measure all the parameters.

Concerning the particular geometries displayed in Fig
the geometrical factors for experiments with the ES a
CMA, Fk0kkg

(u,h) can be calculated@24# and the results are
presented in Table I. The left column corresponds to m
surements with the ES. The intensity of the photoelectron
given as a function of the two anglesu andh,

I ~u,h!5CES

s

4p S 11 (
k0 ,k,kg

Ak00
bk0kkg

Fk0kkg
~u,h! D .

~5!

The right column in Table I corresponds to the measu
ments with the CMA. In this case the intensity depends o
on the angleh,

W~h!5CCMA

s

4 S 11 (
k0 ,k,kg

Ak00
bk0kkg

Gk0kkg
~h! D . ~6!

CES and CCMA are coefficients corresponding to the ef
ciency of the particular experimental setup. Assuming id
conditions, they should be angle independent. Furtherm
e

-

e
r-

of
e-

,
d

a-
is

-
y

l
e,

as a maximum, only five measurements by the ES at dif
ent pairs of angles@u,h# are independent. This results from
the number of linear independent trigonometrical combi
tions in the corresponding column in Table I~a constant
representings also has to be taken into account!. Using the
CMA, as a maximum three measurements at different an
h give independent parameters. Therefore the separate
periments, either with the ES rotating in a plane perpendi
lar to the photon beams or with the CMA, are not enough
find the six parameters. In contrast, the combined ES p
CMA arrangement is complete for the investigation of t
photoionization of aligned atoms withJ051 by linear polar-
ized radiation. As an example, we write down one of t
simplest possible set of equations defining all the five gen
alized anisotropy coefficients and the cross sections in
terms of directly measured intensitiesI (u,h) andW(h):

CCMAs5 4
3 @W~0°!12W~90°!#52@W~m!1W~2m!#,

~7!

b02252A 3
10R0,m , ~8!

A20b2205A 3
5Rm,m , ~9!

A20b20252 1
10A 3

10 ~2R0,022R0,m2Rm,m18Rm,0

13Rm,2m!, ~10!

A20b2225
1
20A 3

7 ~4R0,024R0,m29Rm,m24Rm,0215Rm,2m!,
~11!

A20b24252 3
10A 3

35 ~2R0,022R0,m2Rm,m22Rm,0

13Rm,2m!. ~12!

The factorRu,h is defined by
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Ru,h5
I ~u,h!

I ~m,0°!

3W~0°!

W~0°!12W~90°!
21. ~13!

m denotes the magic angle (m554.7°). Equations~7!–~13!
correspond to the five pairs of angles in the ES mode of
experiment: @u,h#5@0°,0°#, @0°,m#, @m,0°#, @m,m#,
@m,2m#, and two angles in the CMA mode: 0° and 90
However, in general other combinations of angles are p
sible in order to obtain the same information. Note that
cording to Eq.~7! measurements at two different angles a
needed in order to obtain the isotropic cross sections. In
contrast, for the 4p geometry as well as for the full circle
entrance slit of the CMA one measurement at the ma
angle would be sufficient. In general, in order to find t
isotropic cross sections by using linearly polarized photon
beams one must move the detector out of the plane of
beams. This is the reason the CMA mode of the experim
is needed for measurements ofs. The total number of inde-
pendent parameters that can be measured in the present
ies is not enough to find in a model-independent way
dipole matrix elements including their relative phases e
for the case of ionization into the ground 4s state of the ion.
For example, by application of two linearly polarized phot
beams it is impossible to obtain the isotropic cross secti
for individual photoionization channels with differentJ and
circular polarized ionizing light is needed for this purpo
@25#.

Using the combined ES and CMA measurements the
isotropy coefficient of photoelectronsb can be found. From
Eqs.~4! and ~8! one obtains

b5R0,m . ~14!

Although an extraction of all the six parameters is po
sible by using Eqs.~7!–~13!, however, it is not easy in prac
tice to obtain all five generalized anisotropy coefficients
cause this can be achieved only by means of changing
angle u at least once. This procedure is very sensitive
possible misalignments of the ES with respect to the inte
tion region. Finding the correct factor~13! is difficult be-
cause theCES in Eq. ~5! in fact depends onu and one must
use an independent method of its correction, for example
look for an isolated isotropic line in the spectra. The probl
is much more serious than in experiments with two la
beams when the rotation of the ES can be simulated easil
the simultaneous rotation of the polarizations of the la
beams keeping the electron detector in a fixed position~for
example, @26,27#!. Another problem is that by switching
from the CMA to the ES the effective alignment of the targ
can be changed. Since the value of theA20 is considered as a
constant the formulas given above will need further corr
tion. Finally, most of the coefficientsbk0kkg

in Eqs.~8!–~12!
include many terms that can give rise to large experime
error bars. Therefore, it is worthwhile to look for other po
sibilities of the experimental equipment that do not invol
scanning overu as well as to investigate in more detail th
possibilities of measurements with the CMA.

B. Possibilities of experiments with the CMA

The general shape of theW(h) after substitution of the
geometrical factorsGk0kkg

(h) from Table I is
e
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W~h!5CCMA

s

4
@11A20a20P2

0~cosh!1A20a21P2
1~cosh!#

5CCMA

s

4 S 11
1

4
A20a20~113 cos2h!

1
3

2
A20a21sin2h D , ~15!

where

a205
A35
3A3S b2422

3A2
A7

b202D , ~16!

a215
2

3p S 103 D 1/2S b2201
A5
A7

b2221
5

3A7
b242D , ~17!

andPk
q(cosh) stands for the associated Legendre polynom

As follows from Eq. ~15! there are two other independe
parameters in addition to the cross sections: a20 anda21,
which can be expressed in terms of the CMA measurem
at particular anglesh,

ā20:5A20a2052
W~0°!2W~90°!

W~0°!12W~90°!
, ~18!

ā21:5A20a215
3

2A2
W~m!2W~2m!

W~0°!12W~90°!
. ~19!

With the help of Eq.~7! one can express Eq.~19! in terms of
the CMA measurements at three angles instead of four
also use different combinations of angles to obtaina20 and
a21.

General and simple results hold for the coefficientsa20
anda21 in the case when only channels with the total angu
momentaJ50,1 contribute to the photoionization proces
From the triangle rules contained in the 9-j symbol in Eq.
~2! it follows that b24250 and the combination

b2201A 5
7b222 gives strictly zero due to the particular value

of the 9-j symbol. Therefore from Eqs.~16! and ~17!

a2052A 10
3 b202 and a2150. A straightforward calculation

from Eqs.~2! and ~3! gives then

a2052A2
s02

1
2s1

s01s1
, ~20!

wheres0 ands1 are the isotropic cross sections for chann
with J50 and 1, respectively. When only one of the tw
channels contributes~for example, in the region of a stron
resonance with the particular value ofJ) Eq. ~15! takes the
forms

W~h!5W0@12A2A20P2~cosh!# for J50 ~21!

and

W~h!5W0S 11
1

A2
A20P2~cosh!D for J51, ~22!
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whereP2(cosh) stands for the second Legendre polynom
andW05

1
4CCMAs. In the case of the ‘‘ideal’’ linear pump

ing, i.e., when only the magnetic substate with the project
M050 is populated (A2052A2), Eqs.~21! and ~22! give
cos2h and sin2h angular dependences for channels w
J50 and 1, respectively. This feature has already been
ploited in the first analysis of the photoionization from t
excited and aligned 4s4p1P1 state of Ca@19#. Channels
with J52 in general do not show a simple universal beh
ior and a more detailed dynamical investigation of the dip
matrix elements is needed. According to the above consi
ation the parametera21 is nonzero only if the channelJ52
contributes to ionization. A nonzero parametera21 may oc-
cur either directly due to a channel withJ52 or in the case
of interference also by interaction between channels w
J52 and channels with other angular momenta. Therefo
positive or a negative sign of theā20 explicitly determines
whetherJ equals 0 or 1, respectively, provided theā21 is
zero, while a nonzeroā21 can serve as an indication for th
presence of channels withJ52. It follows from Eqs.~16!
and ~2! that a20 is free of interference effects between t
channels with differentJ. Indeed, only channels withJ52
it

ea
e
ro
e
a
ite
re
w
t
th

p

us
l

n

x-

-
e
r-

h
a

contribute tob242, while b202 depends only on terms diago
nal in J. As a result, measurements with the CMA and line
polarized photon beams give a good qualitative method
the detection of the total angular momenta of the photoi
ization channels.

C. The phase tilt method

In @22# an experimental method was introduced for t
investigation of the angular distribution of photoelectro
from laser-aligned core-excited atoms. This method cons
in the determination of the direction of laser polarization f
extremal electron intensity at fixed detector configuratio
Writing down Eqs.~5! and ~15! for the case of the two ex
perimental geometries shown in Fig. 1 in the form

I ~u,h!5a~u!1b~u!cos2@h2dES~u!# ~ES!, ~23!

W~h!5a1b cos2~h2dCMA! ~CMA!, ~24!

we find the general expressions for the phase tiltsdES(u) and
dCMA:1
tan2dES~u!52sin2u
b2201A5

7b2222~5/4A7!b242~117 cos2u!

A2b2022b220cos 2u2A 5
7b222~11cos2u!1~1/8A7!b242~3110 cos2u135 cos 4u!

, ~25!
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ular
tan2dCMA5
2a21
a20

, ~26!

wherea20 and a21 are defined by Eqs.~16! and ~17!. The
values of the phase tiltsdES(u) anddCMA show the direction
of the extremal electron intensities for measurements w
the ES positioned at the angleu and with the CMA, respec-
tively. The phase tilts are very convenient quantities to m
sure as they are independent of the values of the alignm
A20 in the pumped state, the intensity of the photoelect
flux, and rather insensitive to smaller changes of the exp
mental conditions between different runs. Therefore, the
curacy of the measurements of the phase tilts is just lim
by uncertainties in the determination of the angles. Mo
over, in the case of the ES measurements there is a
established reference point for counting the phase
dES(u) as it is always zero when the ES is positioned in
direction of the polarization of the SR@u50 in Eq.~25!#. By
the use of Eqs.~8!–~13!, or Eq.~18! and~19!, the phase tilts
can also be expressed in terms of the intensities, for exam

tan2dCMA5
3

2A2
W~m!2W~2m!

W~0°!2W~90°!
. ~27!

Although the phase tilts~25! and~26! are rather complicated
functions of the generalized anisotropy parametersbk0kkg

and hence the dipole matrix elements, they can be very
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ful. As follows from the preceding subsection, neglecting t
photoionization channels withJ52 leads to tan2dCMA50
and tan2dES(u)50. It has been shown in@22# how phase
tilts can be used for accurate and independent measurem
of the anisotropy parameterb by the ES and CMA in the
special case of dominatingJ52 channel.

Measurements with a fixed detector configuration ha
significant experimental advantages. Therefore, it is wo
while to consider the possibility of obtaining a complete s
of six parameters by the combined use of the CMA and
ES at fixed positionu5u0, i.e., only by rotation of the lase
polarization. From the geometrical factors~Table I! it fol-
lows that three independent parameters can be extracted
the ES measurements which, when added to the threeparam-
etersfrom the CMA measurements, give exactly the requir
quantity. Nevertheless, the result is negative due to the lin
dependence of the corresponding geometrical fac
Fk0kkg

(u0 ,h) andGk0kkg
(h). Measurements with rotatabl

ES at fixedh5h0 in combination with the CMA results
would give the complete set of parameters.

1Note that our definition of the phase tilt differs from the defin
tion of the phase shift introduced in@24# by the factor22 for more
straightforward connection with experimentally measured ang
distributions.
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IV. RESULTS OF THE CMA MEASUREMENTS

A scheme of levels related to the process under invest
tion is shown in Fig. 2. The position of the strong dipo
resonance 3p53d4s2 1P1 at 31.41 eV, which can be excite
from the ground state, is also marked. In the experiments
scanned the energy of the SR beam within the range 31
34.5 eV. Measurements with the ES were performed wit
the range 32.7–33.3 eV, which corresponded to the m
prominent resonance feature for ionization into the 4s chan-
nel. The spectrometer resolution of approximately 0.2 eV
the CMA mode and 0.5 eV in the ES mode was not enou
to resolve ionization into different fine structure levels of t
residual ion in the excited states. In Table II the possible o
going partial waves for the different final ionic states a
total angular momentaJ are summarized.

Figure 3 shows the photoelectron spectra of calcium at
photon energy of 32.9 eV, as detected by the CMA. M
surements in laser-on and laser-off modes are presente
well as the difference spectrum that corresponds to the p
toelectron spectrum from the isotropic excited 4s4p 1P1
state. According to Eq.~7! the spectra have been obtained
combining measurements at two different angles of the la
polarizationh: either 0° and 90°, orm and2m. Both com-
binations of angles gave similar results and the final spe
were taken as the average. Note that the excited-state sp
taken at different anglesh, from which the spectra in Fig. 3
are determined, look quite different. The variation with t
angleh is illustrated in Fig. 4.

Unfortunately, the 4p line from the excited state partl

FIG. 2. Energy-level diagram of Ca, Ca1, and Ca21. The energy
scale refers to the ground state of neutral calcium. Energy levels
taken from@10,11,28,29#. Different ionization mechanisms are in
dicated in the figure.
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overlaps with the 4s line from the ground state, as seen fro
Fig. 3~a!. Therefore it is difficult to isolate accurately th
ionization into the 4p channel when the main ionizatio
channel from the ground state shows large cross section
resonance structures. In particular, we did not investigate
range of the photon energies below 31.5 eV when the p
toelectrons from the decay of the strong resonance
31.41 eV into its main 4s channel disturb the photoelectro
spectrum of the laser-excited atoms in the 4p channel.

Both spectra, from the ground and from the excited st
@Figs. 3~b! and 3~c!#, show many satellite lines originatin
from ionization with excitation. The intensity ratios of dif
ferent photoelectron lines produced from the ground stat
the energy 32.9 eV are very close to those observed in@11# at
the same energy. Strong lines in Fig. 3~c! at energies below
17.5 eV originate from the Auger decay of the core-excit
Ca1 states 3p5nln8l 8 and indicate that these states are pop
lated with high probability via the decay of the Ca autoio
izing states by the ejection of low-energy electrons~Fig. 2!.
A very similar production mechanism for the double-charg
Ca ions has been found for photoionization from the grou
state at the excitation energies above the 3p53d4s and
3p54s2 thresholds@12,13#.

We will concentrate now on the constant ionic state~CIS!

TABLE II. Allowed channels with total angular momentumJ
for photoionization from the excited Ca stat
Ca(4s4p 1P1)1g→Ca1(nl 2LJf)1« l j . Square brackets indicat
channels that are forbidden for ionization provided t
LS-coupling scheme is valid.

J nl(2LJf) « l j

0 4s (2S1/2) «s1/2
4p (2P1/2) «p1/2

(2P3/2) «p3/2
3d (2D3/2) «d3/2

(2D5/2) «d5/2

1 4s (2S1/2) @«s1/2#
@«d3/2#

4p (2P1/2) «p1/2, «p3/2
(2P3/2) «p1/2, «p3/2

@« f 5/2#
3d (2D3/2) @«s1/2#

«d3/2, «d5/2
(2D5/2) «d3/2, «d5/2

@«g7/2#

2 4s (2S1/2) «d3/2, «d5/2
4p (2P1/2) «p3/2

« f 5/2
(2P3/2) «p1/2, «p3/2

« f 5/2, « f 7/2
3d (2D3/2) «s1/2

«d3/2, «d5/2
«g7/2

(2D5/2) «s1/2
«d3/2, «d5/2
«g7/2, «g9/2

re
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spectra, i.e., on the individual cross sections of photoion
tion from the excited state to the first calcium ion chann
4s, 3d, 4p, 5s, 4d, 5p, and 4f as functions of the photon
energy. To obtain the CIS spectra the energy window of
CMA was tuned to the photoelectron line corresponding
the particular ionic state. For the channels 4s, 4p, and 3d the
measurements were performed at the anglesh50°, 90°,
m, and2m of the laser polarization. By the formulas~18!
and ~19! the parametersā20, ā21 were extracted as well a
the phase tilt~26! and the cross section~7!. Complete scans
of h over the full circle were also performed at select

FIG. 3. Photoelectron spectra of Ca measured at 32.9 eV ph
energy by the CMA:~a! laser off; ~b! laser on; and~c! the differ-
ence spectrum.

FIG. 4. Photoelectron spectra of the laser-excited Ca meas
at 32.9 eV photon energy by the CMA for different directions of t
laser polarization:~a! h590° and~b! h50°.
-
s

e
o

energies. For allh scans a least-squares fit procedure us
Eqs. ~15! and ~24! delivered results similar to those de
scribed above. A typicalh scan for decay in the 4s ioniza-
tion channel at 33.0 eV photon energy is shown in Fig.
The general shape of anyh scan is illustrated by this ex
ample.

In photoionization from the ground state 4s2 the 4s chan-
nel is distinguished, because it can be reached by o
electron transition, while the satellites are excited from
ground state mainly by ground-state correlations. In the c
of photoionization from the excited 4s4p state, the two
channels 4s and 4p must be treated equivalently and on
should speak about the two main photoelectron lines 4s and
4p. Therefore, it is not surprising that the 4p and the 4s
cross sections are of the same order within the energy ra
studied. However, the 4p cross sections are larger for mo
energies.

Figure 6 shows relative partial cross sections for the
cay channels investigated. The summed cross sections fo
these decay channels are shown in Fig. 6~a!, the main decay
channels 4s and 4p are shown in Fig. 6~b!, while the satellite
decay channels are depicted in Figs. 6~c!–6~e!. There are
dramatic differences in the coupling of the different ioniz
tion channels to the resonances. Figures 7–9 present th
ergy dependence of the parameters for the channels 4s, 4p,
and 3d as functions of the photon energy.

In the following discussion of the individual channe
with respect to the cross section, the parametersā20 and
ā21, and the phase tiltd

CMA we use the photon energy scal
i.e., we will refer the energies to the laser-excited 4s4p 1P
(2.93 eV) state.

A. Ionization into the 4s channel

Photoelectrons in the continua«s1/2 (J50,1), «d3/2
(J51,2), and«d5/2 (J52) are produced during the ioniza
tion into the 4s channel~see Table II!. The CIS is dominated
by the broad resonance structure with a maximum at 33.0
@Fig. 7~a!#, which correlates well with the preceding me
surements@18#. The shape of the structure shows that it
not a single resonance, but a result of several overlapp
resonances. At the low-energy side of the structure a c
enhancement of the cross section is seen in the range 3
32.7 eV, which indicates contribution from other resonan
with a more pronounced feature at 32.6 eV. Below 31.8

on

ed

FIG. 5. Typicalh scan measured at 33.0 eV photon energy
the CMA for the 4s ionization channel. The phase tiltdCMA is
indicated.
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1930 55M. WEDOWSKI et al.
the signal drops to zero. At the high-energy side of the m
resonance one can distinguish a plateau formed out
number of features that can hardly be separated. At pho
energies within the range investigated the
3p54s2 2P3/2,1/2 ionization thresholds 31.38 and 31.73 e
above the excited Ca 4s4p 1P1 level can be reached@10#.
The other well established thresholds accessible in
range are 3p5(3d 2 1S)2P3/2 at 33.1860.03 eV and
3p5(3d 2 1S)2P1/2 at 33.4660.04 eV @10,11,30–32#. Auger
lines as well as the photoionization cross section of Ca in
cate other possible thresholds in the energy region un
consideration@11,17,30,32# ~for recent calculations of the
thresholds and further references see@33#!. However, there is
no clear evidence that the CIS spectrum in the 4s channel is
influenced by all these thresholds.

Figure 7~d! shows that the phase tilt is constant within t
error bars (dCMA5215.5°65.0°) in the range of the main
resonance at 33.0 eV in contrast to the rapid variation of
cross section. The constant value of the parametersā20 and
ā21 in Figs. 7~b! and 7~c! indicates that the broad resonan
is formed primarily of contributions from channels with on
value of J, namely,J52, otherwisedCMA should be 0° or
90° in accordance with the discussion in Sec. III C. The
fore we identify the resonance at 33.0 eV
3p53d(1P)4s4p: J52 with further overlappingJ52 reso-
nances contributing to the main peak. Also in the reg
32.1–32.7 eV the behavior of the phase tilt points to a s

FIG. 6. Summed and partial cross sections for the photoprod
tion of singly charged calcium ions from the excited 4s4p 1P1 state
as a function of the photon energy. The channels 4s, 4p, 4d, 4f ,
5s, 5p, and 3d are taken into account. All data are presented
relative units.
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nificant contribution from channels withJ52, in particular,
at the weaker resonance at 32.6 eV. In contrast to the c
section that is an incoherent sum of contributions from ch
nels with differentJ, the phase tilt depends also on the i
terference between the channelsJ52 and 1, and between
J52 and 0. Therefore, the phase tilt, as well as theā21, can
be fairly sensitive to the contributions from the ionizatio
channels withJ50,1. Note that in the pureLS-coupling
scheme ionization from the excited state 3p64s4p 1P1 into
the 4s channel withJ51 is forbidden~see Table II!. This
can partly explain the dominant contribution from chann
with J52 into the 4s partial cross section.

Taking advantage of the fact that the main feature in
4s channel results from ionization into the channels w
J52 one can extract in a model-independent way the va
of the anisotropy parameterb from the value of the phase til
dCMA @22#. For theJ52 channel Eq.~26! with the use of
Eqs.~16!, ~17!, and~2! reduces to

tan2dCMA5
4A2
3p

523 f ~X!

52 f ~X!
, ~28!

c-

FIG. 7. The~a! cross section, parameters~b! ā20 and~c! a21, and
~d! phase tilt in the 4s channel measured by the CMA as a functio
of the photon energy. The marks in~a! represent the positions of th
resonance features presented in Table III.
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where

f ~X!5112
11uXu2

112A6 ReX
~29!

andX represents the ratio of the reduced dipole matrix e
ments

X5
^4s 2S1/2,«d3/2:J52iDi4s4p:J051&

^4s 2S1/2,«d5/2:J52iDi4s4p:J051&
. ~30!

For the caseJ52 when only two partial waves«d3/2,5/2con-
tribute, the anisotropy coefficientb takes the form@see Eqs.
~4! and ~2!#

b5
1

10

7 f ~X!25

f ~X!21
. ~31!

Using the experimental value ofdCMA one obtains from Eqs
~28! and ~31! b50.84(5). This can be compared with th
values ofb51 in the 1D2 channel (X52/A6) andb50.5
for the 3D2 channel (X52A3/2) in the pureLS-coupling
scheme. Therefore our data indicate a violation of
LS-coupling scheme for ionization into the 4s channel in the
region of theJ52 resonance at 33.0 eV.

B. Ionization into the 4p and 3d channels

Results for ionization into the other main channel 4p and
the satellite channel 3d are presented in Figs. 8 and 9, r
spectively. In addition to the cross sections the phase
dCMA and the parametersā20 and ā21 are depicted. As a
consequence of the partial overlap of the 4p line of the laser-
excited state with the 4s photoelectron line of the atomi
ground state the data for the 4p channel are less reliable. Th
influence is not negligible because the intensity of
ground-state signal shows prominent resonance feature
the energy region investigated@inset in Fig. 8~a!#. In contrast
to the 4s channel~Fig. 7! all parameters show complicate
shapes indicating that the dominant contributions come fr
multiple J’s. Furthermore, in most cases there is no coin
dence of these features with the resonance structure o
cross section. Nevertheless, we will discuss some feature
more detail and we will try to give a tentative assignmen

The resonance 2 at 31.75 eV, which is the strongest in
3d channel, belongs, most probably, to a state withJ51.
This follows from large negative value ofā20 and negligible
value of ā21 in the 3d channel@Figs. 9~b! and 9~c!# and the
fact that the background at resonance is relatively weak.
same feature in the 4p channel@Fig. 8~a!# has a strong back
ground from channels withJ52. We assign tentatively the
value J51 also to a smaller closely spaced peak 1
31.65 eV and to similar features 3 at 32.20 eV and 4
32.40 eV. However, probably theJ52 background increase
with energy at least up to 32.50 eV. This seems to b
common feature for all three channels 4s, 3d, and 4p. Fur-
thermore, we tentatively assignJ52 to the feature 5 a
32.60 eV in the 3d spectrum. Indeed, this feature cannot b
long again toJ51 because of the sharp variation inā20 and
ā21 @Figs. 9~b! and 9~c!#, whereas dominating contribution
from J50 are unlikely because of the nonzero values
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ā21. The position at 32.60 eV is in accordance with the re
nance in the 4s spectrum, which also showed properties co
responding toJ52.

A strong doublet structure 7,9 with maxima at 32.90 a
33.05 eV is seen in the cross section of both chann
though the shape of the structures differs and they lik
consist of contributions from overlapping resonances. T
above discussion for the 4s channel gives a hint that in th
range 32.8–33.2 eV one can expect large contributions f
theJ52 resonances to the spectra and that both compon
of the doublet are dominated by channels withJ52. The
data for the parametersā20 and ā21 in the 4p and 3d chan-
nels, however, contradict this assumption as both unde
sharp variations around 33.0 eV and one must assign dif
ent leading total angular momenta to the components. N
ertheless, contributions ofJ52 channels to the structures
evident from the nonzero values ofā21. A drastic drop in the
ā20 @Figs. 8~b! and 9~b!# indicates that the high-energy com
ponent 9 at 33.05 eV likely has leading channels w
J51. It is difficult to assign a single value ofJ to the low-
energy component 7 at 32.90 eV. It looks as if it would i

FIG. 8. The~a! cross section, parameters~b! ā20 and~c! ā21, and
~d! phase tilt in the 4p channel measured by the CMA as a functio
of the photon energy. The marks in~a! represent the positions of th
resonance features presented in Table III.
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1932 55M. WEDOWSKI et al.
clude a large portion of theJ50 because of an increase
ā20 at the position of the maximum, but the percentage
different J’s is not the same in the 4p and 3d channels.

A feature 10 around 33.45 eV in both spectra 4p and
3d shows dominant contributions from channels withJ52
because of the increase in the parameterā21. The structure
shows different shapes in the 4p and 3d spectra: there are
two maxima in the 4p spectrum and a single maximum
the 3d spectrum. This may be caused by opening of
threshold 3p5(3d2 1S)2P1/2 at 33.4660.04 eV.

In the following region the parameterā20 undergoes sev
eral very sharp jumps. Some of them can be attributed to
particular resonance features in the cross section while,
example, a rapid variation at 33.75–33.80 eV@Fig. 8~b!#
does not correlate with any pronounced feature in thep
spectrum. Summarizing, we give in Table III energies of
main features in the even core-excited CIS of Ca in the ra
of the photon energies 31.5–34.0 eV with tentative ass
ments of the total angular momentum of the dominating i
ization channels.

C. Other channels

A limited number of measurements have been done
other photoionization channels, 5s, 4d, 5p, and 4f , which
did not cover the whole energy range and were taken o
for the anglesh50° andh590°. Relative cross sections a
given in Fig. 6. The absolute values in the 4d and 5p chan-
nels are even larger than those in the 3d channel, while the
4 f and 5s cross sections are comparable with it.

The CIS for the 5s channel shows a strong line 6
32.85 eV that coincides in the position with a structure
the low-energy slope of the main maximum in the 4s chan-
nel. Above we have assignedJ52 to this structure. We mea
sured also the phase tiltdCMA for the line in the 5s channel
and found it very close to those in the 4s channel. The signa
drops to zero out of the narrow energy range 32.7–33.0
It is astonishing that the mainJ52 line of the 4s spectrum at
33.0 eV does not appear in the 5s spectrum.

For the 4d, 5p, and 4f channels the parameterā20 shows
similar behavior in the range 32.7–33.1 eV, indicating
common mechanism of ionization into these three io
states: from dominatingJ52 channels at lower energies to
wards increasing contribution from theJ50 channels at
higher energies. In contrast, the parameterā20 in the 4s,
4p, and 3d channels showed quite different behavior in th
energy range. Another observation is a common sharp va
tion of the ā20 starting from 33.15 eV in the channels 4p,
3d, 4d, and 4f which indicates the threshol
3p5(3d2 1S)2P3/2.

V. THE ES AND COMBINED
ES PLUS CMA MEASUREMENTS

A. Generalized anisotropy parameters

The main advantage of using the combination of b
setups is the possibility to make a step towards the comp
experiment, i.e., to measure the complete set of genera
anisotropy parameters. We shall, however, concentrate
on the anisotropy parameterb in the 4s channel. As in the
case of the CMA measurements presented in the prece
f
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section one can findb in the 4s channel in the region of the
J52 resonance by using results of the ES measureme
The phase tilt~25! for the channels withJ52 reduces to

tan2dES~u!52
6 f ~X!sin2u115 sin4u

f ~X!~116 cos2u!115 cos4u
, ~32!

where f (X) is defined by Eq.~29!. Figure 10 shows the
experimental results of the phase tiltdES(u) taken at the
photon energy of 33.0 eV for decay in the 4s channel. These
data are extracted from theh dependence of the ES signal
different spectrometer anglesu. Measurements are in fai
agreement with the theoretical prediction of a1D2 resonance
for pureLS coupling,

tan2dES~u!52
6 sin2u19 sin4u

116 cos2u19cos 4u
, ~33!

whereas a3D1 resonance would result in the linear relatio
of dES(u)522u. The best fit of Eq.~32! to the data using
Eq. ~31! givesb50.87(3) in excellent agreement with th

FIG. 9. The~a! cross section, parameters~b! ā20 and~c! ā21, and
~d! phase tilt in the 3d channel measured by the CMA as a functio
of the photon energy. The marks in~a! represent the positions of th
resonance features presented in Table III.
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value from the CMA measurements~Sec. IV A!. This shows
the violation of theLS coupling and points to a consistenc
of the ES and CMA measurements. The question of the c
sistency is very important for the combined ES plus CM
analysis and is considered in more detail in the next sub
tion.

The generalized anisotropy parameters measured in
case of ionization with fixedJ do not give independent in
formation. Indeed one can obtain from Eqs.~2!–~4!, taking
J051,

b20253~21!JS 35D 1/2H 1 1 J

1 1 2J , ~34!

b2205b02252S 310D
1/2

b, ~35!

b2225~21!J11
3

A2 H 1 1 J

1 1 J

2 2 2
J H J J 2

1 1 1J
21

b. ~36!

FIG. 10. Phase tiltdES(u) in the 4s channel measured at
photon energy of 33.0 eV as a function of the ES position. The s
curves are the theoretical predictions for1D2 and

3D2 ionization
channels.
n-

c-

he

Note that Eqs.~34!–~36! are valid for ionization into any
ionic state providedJ is fixed. In contrast, the formula

b2425
3A6
5A35~10b27!, ~37!

which follows from Eqs.~2!–~4! and~29!–~31!, is valid only
for the 4s channel~recall that onlyJ52 can contribute to the
b242 due to the triangle rules!. It follows that the present
measurements are sufficient only for a determination
f (X), Eq. ~29!, but not the complex parameterX, Eq. ~30!.
Therefore it is impossible to find both the ratio of the re
values of the reduced matrix elementsD3/2 andD5/2 and the
phase shift differenced3/22d5/2 for ionization into the
«d3/2 and «d5/2 continua. Usingb50.87(3) one obtains
from Eqs.~29! and ~31! the equation

~ReX2m!21~ ImX!25R2, ~38!

which determines a circle of allowed values in theX plane
with the position of the center and the radius given
m51.410.4

20.2 and R51.360.3. Note that our case of fixe
J52 differs from those when both continua«d and«s con-
tribute to the photoionization. In these cases the parame
cos(dd2ds) andDs /Dd can be extracted neglecting relativi
tic interactions from the measurements with two linear p
larized photon beams@34,35#.

Figures 11 and 12 show~as an example in the energ
range 32.7–33.3 eV for the decay channels 4s and 3d) the
cross sections, the anisotropy parameterb, and the other four
generalized anisotropy parameters. The latter are extra
from the measurements by the use of Eqs.~9!–~13!. For the
parametersb220, b202, b222, andb242 only their products
with the initial alignmentA20 can be determined. Substitu
ing J52 andb50.87(3) into Eqs.~34!–~37! one obtains
b20250.077, b220520.48(2), b22250.081(2), and
b24250.42(8). Thesolid line forb in Fig. 11~b! shows the
value 0.87 extracted from independent ES and CMA m
surements. Solid lines in Figs. 11~c!–11~f! mark the values
of A20bk0kkg

assuming the ‘‘ideal’’ initial alignment

A2052A2. The predicted values show some deviations fr

id
TABLE III. Tentative assignment of resonance structures observed.

Number Energy~eV! Energy~eV! Assigned Observed
of with respect to with respect to dominating decay
state the ground state the excited state angular momentumJ channels

1 34.60 31.65 1 3d,4p
2 34.70 31.75 1 3d,4p
3 35.15 32.20 1 3d,4p
4 35.35 32.40 1 3d,4p
5 35.55 32.60 2 4s,3d,4p
6 35.80 32.85 2 4s
7 35.85 32.90 0 3d,4p
8 35.95 33.00 2 4s
9 36.00 33.05 1 3d,4p
10 36.40 33.45 2 4s,3d,4p
11 36.65 33.70 2 4s,3d
12 36.75 33.80 0 4s,3d
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the experiment. For example, they are not within the lim
of experimental error for the small parameterA20b222. Nev-
ertheless, in general there is reasonable agreement bet
the experiment and the predictions.

Note that as a result the electron spectroscopic data i
cate almost ideal pumping (A2052A2) for the laser-excited
intermediate state. Furthermore, nonzero values of theb242
@Figs. 11~f! and 12~f!# point to a contribution from channel
with J52 over the whole energy range shown. This is
accordance with the discussion of Sec. IV on the parame
ā21 in the 4s, 4p, and 3d channels.

B. Consistency of the measurements

Due to the difficulties of the combined ES plus CM
measurements outlined in Sec. III A it is very important
check the mutual consistency of the two independent ES
CMA experiments. The apparent agreement found in the
ues ofb in the 4s channel is not completely sufficient be
cause it is based on measurements of the phase tilt only.
property is inherently stable against the value of the ini

FIG. 11. Set of six parameters for photoionization from the
cited and aligned 3p64s4p 1P1 state of calcium in the 4s channel:
~a! the cross section~in arbitrary units!, ~b! the anisotropy param
eter b, and the other four generalized anisotropy parameters~c!
A20b220, ~d! A20b202, ~e! A20b222, and ~f! A20b242 as functions of
the photon energy. The solid lines represent the theoretical pre
tions.
r
ed

via

ze
en
s

een

i-

rs

nd
l-

his
l

atomic alignment and against the difficulties encounte
concerning the adjustment of the different beams with
spect to each other. Therefore a more detailed discussion
be presented.

Assume now that the efficiency of the ES changes w
the angleu and also the effective alignment of the target
different for experiments with the CMA and ES, bein
A20
CMA and A20

ES, respectively. Repeating the derivation
Eqs.~7!–~13! it is easy to show that instead of Eq.~13! one
must use

Ru,h5r ~u!
I ~u,h!

I ~m,0°!

~a12!W~0°!12~a21!W~90°!

W~0°!12W~90°!
21,

~39!

wherea5A20
ES/A20

CMA and the unknown coefficientr (u) ac-
counts for change of the ES efficiency when rotating fro
m to u @r (m)51#. Also, in the formulas~9!–~12! the align-
mentA20 should be replaced byA20

ES, while in the formulas
of Sec. III BA20

CMA should be used instead ofA20. Substitut-
ing Eqs.~9!–~12! in Eqs. ~16! and ~17! and using Eq.~39!
one obtains

-

ic-

FIG. 12. Set of six parameters of photoionization from the e
cited and aligned 3p64s4p 1P1 state of calcium in the 3d channel:
~a! the cross section~in arbitrary units!, ~b! the anisotropy param-
eter b, and the other four generalized anisotropy parameters~c!
A20b220, ~d! A20b202, ~e! A20b222, and ~f! A20b242 as functions of
the photon energy.
ā205
1

a
Rm,05

1

a F ~a12!W~0°!12~a21!W~90°!

W~0°!12W~90°!
21G , ~40!

ā215
1

apA2
~Rm,m2Rm,2m!5

1

apA2
I ~m,m!2I ~m,2m!

I ~m,0!

~a12!W~0°!12~a21!W~90°!

W~0°!12W~90°!
. ~41!
e
ing

-
ntal
nt
eri-
The right-hand sides of Eqs.~40! and ~41! are functions of
a but not ofr (u). Therefore a comparison of the paramete
ā20 andā21 obtained by the CMA alone and by the combin
ES plus CMA setup leads to the determination ofa. The best
consistency was obtained by the assumption of the tri
valuea51.

For another check we took the values of the generali
anisotropy parameters from the combined measurem
@Eqs. ~9!–~12! and ~39!#, calculated the phase tiltdES(u)
s

l

d
ts

according to Eq.~25!, and compared the results with th
phase tilt independently measured by the ES alone. Us
this procedure one can check the valuer (0°). Again best
consistency is obtained forr (0°)51. Therefore the trivial
values ofa and r (0°) areused throughout the paper. How
ever, these two quantities depend on the actual experime
conditions and in general differ from unity. In the prese
case unity resembles the best approximation to the exp
mental situation encountered.
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VI. CONCLUSION

Photoionization of atomic calcium from the excited a
aligned 4s4p 1P1 state has been investigated experimenta
by applying the technique of simultaneous action of la
pumping and synchrotron radiation in combination w
methods of angle-resolved and angle-integrated elec
spectroscopy. The investigation covers the energy rang
photons, 31.5–34.5 eV. Ionization channels correspondin
different states of the residual calcium ion were studied
has been shown theoretically that the present setup is c
plete for investigation of the photoionization by linear pola
ized light of the aligned target with the total angular mome
tum J051. This process is characterized by six independ
parameters: the cross section and five generalized aniso
parameters including the conventional anisotropy of the p
toelectrons from an unpolarized target. All these parame
were determined experimentally in a limited energy ran
~32.7–33.3 eV!.

The measured cross sections in different ion final-s
channels show several autoionizing features which have
been observed hitherto. Measurements in different ioniza
channels with changing of the direction of the laser polari
tion allow us to assign tentatively the dominating total ang
lar momentum of structures observed.

A table of even core-excited autoionizing features in c
cium is presented together with the corresponding obse
decay channels. To distinguish ionization channels with
ferent total angular momentaJ a new method is applied
which consists of measurements of the two independent
rametersā20 and ā21, in addition to the cross section in a
angle-integrating mode. The new parameters are sensitiv
the value ofJ and to the redistribution of ionization prob
L.
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abilities between channels with differentJ. They are helpful
not only for identification of the resonances but also for
vealing ionization thresholds which are not clearly seen
the cross sections.

It is found that ionization of the 4s electron leaving the
ion in the excited 4p state (4p channel! is the favorable
mechanism to produce the single-charged calcium ions
the photoabsorption in the excited 4s4p 1P1 state in the
range 31.5–34.5 eV. Ionization of the excited 4p electron
leaving the calcium ion in the 4s ground state (4s channel!
is dominated by theJ52 channel and is less probable exce
at the peak at 33.0 eV photon energy. The photoelectron
ellites are, in general, as strong as in the case of the ph
ionization from the ground state.

Using the phase tilt method we measure the anisotrop
photoelectrons in the 4s channel and find a violation of the
LS-coupling scheme for the photoionization into this cha
nel. By combining results of measurements with the ang
resolved rotatable electron spectrometer and an
integrating cylindrical mirror analyzer a set of generaliz
anisotropy parameters in the channels 4s and 3d are ob-
tained, including the conventionalb parameter. This demon
strates the feasibility of such measurements by using cro
laser and synchrotron radiation beams.
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