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Vacuume-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 C@°3d4s4p 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 3p%4s? 13, were laser excited and aligned to the first optically excited-state gf4s3p P;. From this
intermediate state, with the help of synchrotron radiat@h5-34.5 eV, the closed ® subshell was opened,
leading to the population of Cap33d4s4p 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 numbsg(s): 32.80.Fb, 32.80.Dz

I. INTRODUCTION tion of Ca are governed by the double-well-shaped potential
with a delicate balance between attractive Coulomb and re-
The method of combining synchrotron and laser radiatiorpulsive centrifugal parts. This wave function is fairly sensi-
for photoionization experiments introduced in the first half oftive to small variations of the atomic central field. Therefore,
the 19804 1-3] proved itself to be a powerful tool supplying photoionization in the region of thep33d transitions from
unique direct information on the photoionization of short- excited atomic calcium may reveal new features in compari-
lived atomic statef4]. The method was further developed in son with the case of photoionization from the ground state.
order to study photoelectron spectra from laser-excited Photoionization of atomic calcium has received consider-
aligned atomg5]. By changing the direction of laser polar- able attention. A large number of the experimental investi-
ization additional information on the ionization into different gations have been devoted to the photoionization in the re-
channels was provided. A more complete exploitation of thiggion of the 3 inner-shell excitations from the ground state.
method was achieved by introducing an angle-resolving electhis region has been studied by means of photoabsorption
tron spectrometer for the measurement of the angular distrinith high energy resolutiofil 0], photoelectron spectroscopy
bution of the photoelectron$,7]. The angular distribution [11], and photoion}12,13 and angle-resolved photoelectron
strongly depends on the geometry of the experimental setugpectroscopy[14]. A theoretical analysis of the odd
with respect to the polarization vectors of the radiation fields3p-hole states of Ca based on extensive Hartree-Fock calcu-
and on the dynamics of the photoionization. Applications oflations has been performed i0]. Photoionization from the
an angle-resolved setup in experiments with lithilBhand  ground state in the region of thep2hreshold is dominated
sodium[8,9] demonstrated its large potential. Extension ofby the strong dipole resonanc@3d P, at 31.41 eV. Due
the method to targets with more complicated structure andb the large $-3d overlap this resonance decays mainly via
photoionization dynamics seemed very promising. As a ste@d-3p recombination with the ejection of a valence electron
in this direction we present here results on photoionizationeaving the ion in the ground stat@®s and also giving rise
studies from the laser-excited aligned4$'P, state of cal- to many satellite lines in the photoelectron spe¢fira,14.
cium in the region of the 8-3d excitations. The intensity of the fluorescence emitted from the
In the Periodic Table calcium is at a position just beforeCa’ 4p 2P state in the region of theBexcitations has been
the beginning of the & transition metals and the contraction measured irf15] with the polarization analysis of the fluo-
of the 3d orbital upon core excitations leads to strong con-rescence in the vicinity of thef83d resonance. Recently, a
figuration interaction. The properties of the 3vave func- coincidence measurement between the angle-resolved photo-
electron and the polarization-analyzed fluorescence photon
of the decaying ion has been perfornjéé,36 in the region
*Permanent address: Max-Planck-Institlit fRadioastronomie, of this resonance with the purpose to obtain complete infor-
Auf dem Higel 69, D-53121 Bonn, Federal Republic of Germany. mation about the photoionization amplitudes.
TPermanent address: Institute of Nuclear Physics, Moscow State In contrast, until recently there have been no data
University, 119899 Moscow, Russian Federation. available on the photoionization of Ca from excited
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states in the vacuum-ultraviolétuv) energy range. Experi- the detection of the photoelectrons.
mental results on the photoexcitation of the &lectrons The laser system is used for the pumping process
from the excited Ca have been obtained[i¥] by using Ca 4s® 'S;—4s4pP; (A=422.7nm). Itis a cw ring dye
a flashlight pumped dye laser to induce thelaser, pumped by an argon-ion lagérw multiline uv) with
3p®4s215,—-3p®4s4p 3P, (\=657.2 nm) intercombination an output power of about 150 m\{Stilbene 3 in single-
transition and the vuv radiation of a ruby laser producedmode operation. The wavelength and the single-mode opera-
plasma. The photoabsorption spectrum in the region 274ion are monitored by a wavemeter and a spectrum analyzer.
47 eV showed autoionizing resonances of even parity with @pproximately 4% of the laser radiation is used to excite Ca
dominating feature at 32.3 eV. The technique of simulta-atoms in a reference chamber in order to lock the laser to the
neous action of laser and synchrotron radiation was appliedtomic transition by the observation of the resonance fluo-
to Ca in[18]. In that study it was combined with the method rescence. The laser and the synchrotron radiation beams are
of photoelectron spectroscopy to investigate photoionizatiomlirected into the main vacuum chamber with the electron
from the 3%4s4p P, excited state of Ca. A strong broad spectrometer. They propagate antiparallel to each other and
feature with a maximum at 33.03 eV photon energy was obintersect the atomic beam of Ca in the interaction region in
served in the ionization channel to the ground stgi43 of ~ front of the electron spectrometer. Within an experimental
the ion. Later the same technique was appliefll®] where  uncertainty of a few percent both radiation beams are con-
advantage was taken of the possibility to change the direcsidered to be ideally linearly polarized. The particle density
tion of linear polarization of the pumping laser and a tenta-n the interaction region is kept below #0atoms/cm in
tive assignment to the total angular momenta of the resoerder to minimize radiation trapping effects which destroy
nances was proposed. the atomic alignment. The alignment is controlled by the
In this paper we present a considerably extended set afbservation of the polarization of the resonance fluorescence.
data with improved energy resolution and statistics on thédowever, it should be noticed that the volume probed by the
photoionization from the laser-excited aligned44 P,  photomultiplier is not exactly defined. As a consequence we
state of Ca in the region of thg33d transitions by synchro- expect that an averaged value of the alignment over a rela-
tron radiation(SR) emitted from the electron storage ring tively large volume is measured, which does not necessarily
BESSY. The photoelectron spectra are investigated for sewoincide with the alignment present in the reaction volume.
eral ionization channels: to the ionic ground staseas well  The reaction volume is defined by the region of optimal
as to the ionic excited statesl 34p, 5s, 4d, 5p, and 4f with overlap of the intensity distributions of the beams patrticipat-
a more detailed study of the three lowest channels34l, ing (laser radiation beam, synchrotron radiation beam,
and 4p. To obtain a more complete set of data on the photoatomic beam and the angle of acceptance of the electron
ionization of aligned target atoms we utilized combined re-spectrometers. The low atomic density necessitates the use of
sults of measurements with the angle-resolving electroithe high photon flux of a wiggler-undulator beam line at the
spectrometefES) and the angle-integrating cylindrical mir- electron storage ring BESSY in Berlin. The synchrotron ra-
ror analyze(CMA). diation is monochromatized by a toroidal grating monochro-
The experimental setup and the procedure of measurégnator(approximately 18 photons/s at 34 eV within a band-
ments are described in Sec. Il. The geometrical aspects gfidth of 0.1 e\). The polarization axi€ of the synchrotron
photoionization by combined use of laser and synchrotronadiation is fixed within the horizontal plane, whereas the
radiation beams are very usefi0]. Changing the geom- 5jarization axisA of the laser radiation can be rotated by
etry, for example, has already bgen applied for the identifiy, o angley from 0° to 360° with respect to the horizontal
cation of resonancefs,8,19. A S|mllar methoq ha_s been plane by means of a Fresnel rhortfig. 1).
used by a number of groups for low-lying autoionizing states  £q the electron spectrometer two different configurations
in experiments with two laser beams. In such a case circulagq used(a) the 180° cylindrical mirror analyzetangular

polarized ioqi;ipg light is easily achieved and brings in ex'acceptance 0.8% of# and energy resolution 0.8% of the
tended possibilities of the methdtbr Ca, sed21]). In fact,  aqq energy which detects electrons under the “magic”
effective application of the experimental setup with a given

geometry can be achieved only in combination with a broaoangl‘?}‘gct'\"/*:5‘;.7 i relatl\:je. tct) the tpolanzattlr?n a>§E ththle |
theoretical analysis of its possibilities to obtain meaningfulsync rotron radiation and integrates over the azimutnal angle

information on the process with a particular target. The]trom —90° to+90° [Fig. @], and(b) the simulated hemi-

analysis is carried out in Sec. lll. Section IV contains experi—Spherlcal spectrometer E@ngular acceptance 0.033% of

B — _2 .
mental results obtained by using the CMA and a discussioff” and €nergy resolutiod E/E=2>x10"%), which can be
based on the above-mentioned analysis. In Sec. V we cofiotated in the plane perpendicular to the photon beams by the
sider the results of the combined use of the ES and CMAangle 6 with respect to the polarization axis of the syn-
Some results on the anisotropy of the photoelectrons in thehrotron radiatiorfFig. 1(b)].
4s channel have already been publish2d], but we include

them in this paper for completeness.
lll. THEORETICAL BACKGROUND

The geometry of the experimental setups presented in Fig.
1 is rather complicated due to several distinctive spatial di-

The experimental setup consists of three essential partsections related to the polarized laser and SR beams and the
the laser system, the synchrotron radiation source, and theectron spectrometers. In addition, the shape of the CMA
vacuum chamber for the production of the atomic beam an@ntrance slit is not trivial. Therefore, it is important to deter-

II. EXPERIMENTAL SETUP
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unpolarized targetr(E) and the correspondent coefficient of
anisotropy of the photoelectrofg E). It would be very use-

ful to establish the general features of the intensity variations
as a function of the direction of the polarization of the laser
beam andfor the setup in Fig. (b)] as a function of the ES
position. Therefore it is necessary to clarify the possibilities
of the experiments by a theoretical analysis.

CMA entrance slit

laser

raolation A. General considerations
larizati tated b . . .
synctrotron O ot oy The theory of angular distributions of photoelectrons from
raaiation . . . .
(a)  (olorization fxed) atomic beam polarized atoms has been the subject of many publications

(for example,[23], and references therginWe use here a
formalism developed ifi24] in connection with the resonant
photoionization by the combined use of laser and synchro-
tron radiation. Further considerations are necessary to ana-
lyze the potential of the present measurements. The general
expression for the angular distribution can be written in the

form
laser dO‘ o (
=) radiation —=—|14+ > A oBiwk Frkk | (1)
(polarization rotated by dQ 477 kO'kvky 0 oy 0Ty
synchrotron Fresnel rhomb)
radiation i i i i i ioni
b)(polcrimﬁon xed) atomic beam where o is the isotropic cross section, i.e., the photoioniza-

tion cross section for unpolarized atoms. Thg, are the
Q[ormalized statistical tensors of the initial state describing
the photoionization of laser-excited aligned Ca atd@swith the € polarization of the target with the total angular momen-

cylindrical mirror analyze(CMA) and (b) with the rotatable elec- tulm Jot(hthese tenstors ar.e gl\;etnh In a frame Wlthomag)ﬂs
tron spectromete(rES). along e symmetry axis O € pumping progessne

Fkokk7 contain the geometry of the experimental setup and

mine how many independent dynamical parameters one cdhe polarization state of the photons. Summation in(&Epis
extract from the measurements by the above-described eRerformed over all possible seftkokk,] except[000]. The
perimental arrangement and whether this set of parameters @neralized asymmetry coefficieng ., contain informa-
complete for the particular process. Questions arise concertion on the dynamics of the photoionization and are ex-

ing the possibilities to measure the traditional quantities ofressed in terms of reduced matrix elements of the dipole
the photoelectron studies: the integral cross sections from asperator

FIG. 1. Scheme of the experimental setups used for the study

Jo 1 J
N o en on R ,
Bk =N7133, > > (—1)J”f+kv1’2JJ’jj’II’(IO,I’O|k0){ _ 2” AR O O N
o 2B INRUNIN L 1§ k)31 ok
ko k, k
X{y11,1j :|IDl vodo)( viIs,1"j": 3" D] vodo)* )

where we abbreviatedl= \2J+ 1. The standard notation for this is not the case in some particular situations. For ex-
the Clebsch-Gordan coefficients,j6and 9§ symbols are ample, when only channels with one total angular momen-
used andN is the normalization factor tum J contribute to photoionization, thﬁkokky with equal

values ofk are proportional to each other as the dependence
of ko andk, is factorized in the 9-symbol in Eq.(2). A
N= X Kyds.j:dlIDl vodo). (3)  particular case of the generalized anisotropy parameter is the
UREDE conventional coefficient of anisotropy of the photoelectrons

o ) from an unpolarized target
Summation is performed over the partial waves of the pho-

toelectron with the orbital angular momenturand the total \/5
angular momentunj and over the total angular momentum B==~N7% Boza-
of the channell. Summation overy;J; corresponds to ex-

perimentally unresolved final ionic states. Though in generaln our case we consider an atomic state wigh-1 prepared
the coefficients,@kokk7 are independent dynamical parametersby linear pumping and ionized by linear polarized SR. The

4
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TABLE |. Kinematic factors for the geometries of experiments with the[Eﬁokky(G, 1), see Fig. 8]
and with the CMA[GkOkky( 7), see Fig. b)].

Ko k ky ) Gk, (7)
0 2 2 —% (1+3cos @) 0
2 0 2 %(1+3c0327) %(chosz;)
2 2 0 %[14—3 cos26—7)] %sin%
2 2 2 4i\/2_1[—1+300526—7/) :—\/%sinZn
+3 cos &+ 3 cos 2]
2 4 2 —%[6+1O cos 26— 7) 6—\/\2—1 ;(1+3 00327)+107T25in27]

+3 cos2+10 cos 2
+35c0s226— 7)]

photoionization channels with=0, 1, and 2 are open. The as a maximum, only five measurements by the ES at differ-
initial state is aligned and only terms wik=0,2 contribute  ent pairs of angleg#, n] are independent. This results from
to Eqg. (1). Linear polarized SR gives valués=0,2. From the number of linear independent trigonometrical combina-
the triangle ruleko+ k+K,=0 it follows thatk<4. Further- ~ tions in the corresponding column in Table(@ constant
more,k is even as andl’ have the same parity due to parity "ePresentingr also has to be taken into accourtfsing the
conservation in the photoionization process, otherwise th&MA, as a maximum three measurements at different angles
Clebsch-Gordan coefficient in Eq2) turns to zero. As a 7 9ive independent parameters. Therefore the separate ex-
result, only five generally independent dynamical coeffi-periments, either with the ES rotating in a plane perpendicu-
cients do not vanish in EQL): Bgzz, Boozs Bazos Bazzs and Igr to the photon beams or with the CMA, are not enough to
B24. Hence the maximum information one can get from thefind the six parame.ters. In contrast, thg com_blngd ES plus
angular distributions when the laser and SR are linear pola®MA arrangement is complete for the investigation of the
ized in the casdy= 1 consists of the six parameters: the five Photoionization of aligned atoms withy=1 by linear polar-
generalized anisotropy coefficients and the cross seetion ized radiation. As an example, we write down one of the
The next question is if the setup used, i.e., the geometry o¥implest possible set of equations defining all the five gener-
the photon beams and the configuration of the electron dedlizéd anisotropy coefficients and the cross seciorin
tectors, allows one to measure all the parameters. terms of directly measured intensitie, 7) andW(7):
Concerning the particular geometries displayed in Fig. 1,

the geometrical factors for experiments with the ES and Cemao=3[W(0°)+2W(90°)]=2[W(m) +W(—m)],

CMA, Fy k(0. 7) can be calculatef?4] and the results are @)
presented in Table I. The left column corresponds to mea- _ \/?
surements with the ES. The intensity of the photoelectrons is Bozo=~ N isRom. ®)
given as a function of the two angl@sand 7,

o A20B220= \/ng,m, 9

1(6,7)=Cesz—| 1+ 2 A oBickk Fikk (0,77)>.
4 0 0 0
4 Korleky ’ ’ 5) As0B207= — 15 \/%(ZRO,O_ 2Rom— Rmm* 8Rmpo
The right column in Table | corresponds to the measure- +3Rm,-m), (10
ments with the CMA. In this case the intensity depends only L0
on the angley, AgoB222= 35\ 3 (400~ 4Rom—9Rrm— 4Rmo— 1R, ),
11

g
W(7)=Ccmayg 1+k0%k7 Ak0Bigkk, Cikgki ( 77)) . (6)

AzoB242= — 16 \/%(ZRO,O— 2Rom— Rmm—2Rmpo

Ces and Cya are coefficients corresponding to the effi- +3Rm —m)- (12
ciency of the particular experimental setup. Assuming ideal
conditions, they should be angle independent. Furthermordhe factorR, , is defined by
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(6,7 3W(0°)
%771 (m,0°) W(0°)+2W(90°)

g
1. (13 W(7n)= CCMAZ[1+AZOaZOPg(COS77) +Ag1P3(cosy) ]

m denotes the magic anglenE54.7°). Equationg7)—(13) _ o
correspond to the five pairs of angles in the ES mode of the _CCMAZ
experiment: [6,7]=[0°,0°], [0°,m], [m,0°], [m,m],

1
1+ ZAzoazo(lJr 3 coszy)

[m,—m], and two angles in the CMA mode: 0° and 90°. L oA in2 (15)
However, in general other combinations of angles are pos- 2 M20dziSINen |

sible in order to obtain the same information. Note that ac-

cording to Eq.(7) measurements at two different angles arewhere

needed in order to obtain the isotropic cross sectiorin

contrast, for the 4 geometry as well as for the full circle B V35 3\2

entrance slit of the CMA one measurement at the magic azo_ﬁ '8242_WB202 : (16)
angle would be sufficient. In general, in order to find the

isotropic cross sectionr by using linearly polarized photon 2 (10\*? J5 5

beams one must move the detector out of the plane of the a21=—(—> (5220+—,3222+ —,3242), (17
beams. This is the reason the CMA mode of the experiment 3| 3 V7 3V7

is needed for measurementsa@f The total number of inde- a ] ]
pendent parameters that can be measured in the present st@@9Px(cosy) stands for the associated Legendre polynomial.

ies is not enough to find in a model-independent way alAs follows from Eg.(15) there are two other independent
dipole matrix elements including their relative phases everparameters in addition to the cross sectifinaz, and az;,

for the case of ionization into the ground 4tate of the ion. Which can be expressed in terms of the CMA measurements
For example, by application of two linearly polarized photonat particular angles,,

beams it is impossible to obtain the isotropic cross sections

for individual photoionization channels with differedtand W(0®)—W(90°)

Ay =A =2 , 18
circular polarized ionizing light is needed for this purpose 820+ = A208207 S\ 19°) T 2W(90°) (18)
[25].
Using the combined ES and CMA measurements the an- _ 3 W(m)—W(—m)
isotropy coefficient of photoelectron® can be found. From a1 = Agpd21= W(0°) + 2W(90°) ° (19
Egs.(4) and(8) one obtains 22 W(0°) (90%)
B=Rom- (14)  With the help of Eq(7) one can express EQL9) in terms of

the CMA measurements at three angles instead of four and

Although an extraction of all the six parameters is pos-also use different combinations of angles to obtajp and
sible by using Eqs.7)—(13), however, it is not easy in prac- a,,.
tice to obtain all five generalized anisotropy coefficients be- General and simple results hold for the coefficieass
cause this can be achieved only by means of changing thénda,, in the case when only channels with the total angular
angle 6 at least once. This procedure is very sensitive tomomentaJ=0,1 contribute to the photoionization process.
possible misalignments of the ES with respect to the interacFrom the triangle rules contained in thej Symbol in Eq.
tion region. Finding the correct factdd3) is difficult be- (2) it follows that B,,,=0 and the combination
cause theCes in Eqg. (5) in fact depends om and one must 65'2204— ﬁﬁm gives strictly zero due to the particular values

use an independent method of its correction, for example, t :
look for an isolated isotropic line in the spectra. The problemOf the 94 symbol. Therefore from Eqs(16) and (17)

is much more serious than in experiments with two lase@20= — V%850, andayy=0. A straightforward calculation
beams when the rotation of the ES can be simulated easily byom Egs.(2) and(3) gives then

the simultaneous rotation of the polarizations of the laser

beams keeping the electron detector in a fixed position go— 301
example,[26,27]). Another problem is that by switching ay= —\2———
from the CMA to the ES the effective alignment of the target

can be changed. Since the value of g is considered as a whereg, ando, are the isotropic cross sections for channels
constant the formulas given above will need further correcyjith J=0 and 1, respectively. When only one of the two
tion. Finally, most of the coefficient8 i in Eqs.(8)=(12)  channels contributeor example, in the region of a strong
include many terms that can give rise to large experimentalesonance with the particular value &f Eq. (15) takes the
error bars. Therefore, it is worthwhile to look for other pos- forms

sibilities of the experimental equipment that do not involve

scanning ovel as well as to investigate in more detail the W(7)=Wo[1—2A,Ps(cosy)] for J=0  (21)
possibilities of measurements with the CMA.

, (20

0'0+0'1

and
B. Possibilities of experiments with the CMA
The general shape of thé&/(7) after substitution of the W(7)=W,| 1+ iAzon(COSn) for J=1, (22
geometrical factor@kokky( n) from Table | is V2
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whereP,(cosy) stands for the second Legendre polynomialcontribute toB,4,, while 8,5, depends only on terms diago-
andWy=3Ccuao. In the case of the “ideal” linear pump- nalinJ. As a result, measurements with the CMA and linear
ing, i.e., when only the magnetic substate with the projectiorpolarized photon beams give a good qualitative method for
Mo=0 is populated f,,=—2), Egs.(21) and (22) give  the detection of the total angular momenta of the photoion-
cogy and sify angular dependences for channels withization channels.

J=0 and 1, respectively. This feature has already been ex-

pIoifted in the f!rst analysis of the photoionization from the C. The phase tilt method

excited and aligned s4p P, state of Ca[19]. Channels ) )

with J=2 in general do not show a simple universal behav- N [22] an experimental method was introduced for the
ior and a more detailed dynamical investigation of the dipo|e|nvest|gat|on of the angular distribution of photoelectrons

matrix elements is needed. According to the above consideffom laser-aligned core-excited atoms. This method consists
ation the parametea,; is nonzero only if the channel=2 in the determination of the direction of laser polarization for

contributes to ionization. A nonzero paramets; may oc- ext.rt_amal electron intensity at fixed detector configuration.
cur either directly due to a channel with=2 or in the case  Witing down Egs.(5) and (15) for the case of the two ex-
of interference also by interaction between channels wittP€rimental geometries shown in Fig. 1 in the form

J=2 and channels with other angular momenta. Therefore a _ _oE

positive or a negative sign of tha,, explicitly determines (6, 7)=a(0) +b(6)cosTy— )] (ES), (23
whetherJ equals 0 or 1, respectively, provided thg, is

zero, while a nonzera,; can serve as an indication for the W(n)=a+b cosqn— ™) (CMA), (24)
presence of channels with=2. It follows from Eqgs.(16)

and (2) that a,g is free of interference effects between the we find the general expressions for the phase 8fit§¢) and
channels with differenf. Indeed, only channels with=2  §MA:!

Bazot \/5,3222_ (514\7) B4 1+ 7 cos2)

tan26% 9) = — sin20
V2 Bour— Boadc0S B— 2 Bagd 1+ COS20) + ( 1/8YT) Boad 3+ 10 cosP+ 35 cos 4)

(29

2a,, ful. As follows from the preceding subsection, neglecting the

tan25CMA=a—, (26)  photoionization channels witi=2 leads to tand“MA=0

20 and tandt%(#)=0. It has been shown if22] how phase

where a,, and a,; are defined by Eqs16) and (17). The tilts can be used for accurate and independent measurements
values of the phase tilt8556) and 6°M* show the direction of the anisotropy parameteg by the ES and CMA in the
of the extremal electron intensities for measurements witlspecial case of dominating=2 channel.
the ES positioned at the angieand with the CMA, respec- Measurements with a fixed detector configuration have
tively. The phase tilts are very convenient quantities to measignificant experimental advantages. Therefore, it is worth-
sure as they are independent of the values of the alignmeijhile to consider the possibility of obtaining a complete set
Az in the pumped state, the intensity of the photoelectroryf six parameters by the combined use of the CMA and the
flux, and rather insensitive to smaller changes of the experigg at fixed positiord= 6y, i.e., only by rotation of the laser
mental conditions between different runs. Thergfo_re, the_acpolarization. From the geometrical factofSable ) it fol-
curacy of the measurements of the phase filts is just limiteg, s that three independent parameters can be extracted from
by uncertainties in the determination of the angles_. Moreine ES measurements which, when added to the fraesm-
over, in the case of the ES measurements there is a WeiPtersfrom the CMA measurements, give exactly the required

established reference point for counting the phase til . . . :
5E(6) as it is always zero when the ES is positioned in theﬁuanuty. Nevertheless, the result is negative due to the linear

direction of the polarization of the SR=0 in Eqg.(25)]. By dependence of the corresponding geomgtr:|cal facltors

the use of Eqs(8)—(13), or Eq.(18) and(19), the phase tilts Fkokky( %0,7) and G"okky( 7). Measurements with rotatable

can also be expressed in terms of the intensities, for examplES at fixed = 7, in combination with the CMA results
would give the complete set of parameters.

3 W(m)—W(—m)

MA _
tan26¢ 25 W(0%) —W(90")"

(27)

) ) !Note that our definition of the phase tilt differs from the defini-
Although the phase tilt&25) and(26) are rather complicated tjon of the phase shift introduced j&4] by the factor—2 for more

functions of the generalized anisotropy paramete(oskky straightforward connection with experimentally measured angular
and hence the dipole matrix elements, they can be very uselistributions.
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Ca 3p°3ddsdp TABLE II. Allowed channels with total angular momentudn
E(eV)‘

\ for  photoionization  from the excited Ca  state:
37 Ca(4s4p1P1)+y—>Ca+(nI2LJf)+st. Square brackets indicate
. channels that are forbidden for ionization provided the
35+ LS-coupling scheme is valid.
334 J nl(’L,) &l;
3141
31 0 4s (*Sy) €S2
-~ >~ 4p (°Pyp) €Pus2
18] s 17.98 Cd” 3p° (*P3) £P3p
i ;f 3d (°Dyp) edszp
] S (°Dsp) edsp
] synchrotron 12.68———S5s
radiation
| 315 =345 ev 1 4s (Syp) [esyl
107 96— #p , [eda]
] 4p (“Pap) €P12: €P3p2
] 78— 3 (*P3p) €P12, €P3p
il s11 4 , [efso]
5 Cd* 3° 3d (“Dap) [&s2]
] ez, eds
293 || 4sip' (®Dgp) gdgp, edgp
1.89 4s4p R, [e072]
- Laser
0L 2 4s (°Sy) edsp, edsp
Ca 3p°4s*'S, 4p (°Pyp) €P3p2
efsp
FIG. 2. Energy-level diagram of Ca, Caand C&". The energy (?P3p) £P12s €P3s2
scale refers to the ground state of neutral calcium. Energy levels are efgp, efzp
taken from[10,11,28,29 Different ionization mechanisms are in- 3d (2D3,2) &Sy
dicated in the figure. edyn, edsp
IV. RESULTS OF THE CMA MEASUREMENTS ) €972
_ _ (“Dsp) £S1
A scheme of levels related to the process under investiga- ez, eds),

tion is shown in Fig. 2. The position of the strong dipole
resonance °3d4s? P, at 31.41 eV, which can be excited
from the ground state, is also marked. In the experiments we
scanned the energy of the SR beam within the range 31.5everlaps with the 4 line from the ground state, as seen from
34.5 eV. Measurements with the ES were performed withirFig. 3(a). Therefore it is difficult to isolate accurately the
the range 32.7-33.3 eV, which corresponded to the mogbnization into the 4 channel when the main ionization
prominent resonance feature for ionization into tieecthan-  channel from the ground state shows large cross section with
nel. The spectrometer resolution of approximately 0.2 eV iresonance structures. In particular, we did not investigate the
the CMA mode and 0.5 eV in the ES mode was not enoughiange of the photon energies below 31.5 eV when the pho-
to resolve ionization into different fine structure levels of thetoelectrons from the decay of the strong resonance at
residual ion in the excited states. In Table Il the possible out31.41 eV into its main 4 channel disturb the photoelectron
going partial waves for the different final ionic states andspectrum of the laser-excited atoms in the ehannel.
total angular momentd are summarized. Both spectra, from the ground and from the excited state

Figure 3 shows the photoelectron spectra of calcium at thgFigs. 3b) and 3c)], show many satellite lines originating
photon energy of 32.9 eV, as detected by the CMA. Meafrom ionization with excitation. The intensity ratios of dif-
surements in laser-on and laser-off modes are presented f&sent photoelectron lines produced from the ground state at
well as the difference spectrum that corresponds to the phdhe energy 32.9 eV are very close to those observétilihat
toelectron spectrum from the isotropic excited4# P,  the same energy. Strong lines in Figcj3at energies below
state. According to Eq.7) the spectra have been obtained by 17.5 eV originate from the Auger decay of the core-excited
combining measurements at two different angles of the lase€a’ states $°nin’l’ and indicate that these states are popu-
polarizationy: either 0° and 90°, om and —m. Both com-  lated with high probability via the decay of the Ca autoion-
binations of angles gave similar results and the final spectrezing states by the ejection of low-energy electréRi. 2).
were taken as the average. Note that the excited-state spectavery similar production mechanism for the double-charged
taken at different angles, from which the spectra in Fig. 3 Ca ions has been found for photoionization from the ground
are determined, look quite different. The variation with thestate at the excitation energies above the*Rl4s and
angle z is illustrated in Fig. 4. 3p®°4s? thresholdd12,13.

Unfortunately, the ¢ line from the excited state partly We will concentrate now on the constant ionic stai¢S)

€072, €Jgp2
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100 angle n (degrees)
5)
) M FIG. 5. Typicaln scan measured at 33.0 eV photon energy by

the CMA for the 4 ionization channel. The phase ti#°™A is

counts

wo{ {  Auger indicated.
é c) difference 4p
8 2007 energies. For ally scans a least-squares fit procedure using
5 5p 4d “ Egs. (15 and (24) delivered results similar to those de-
i /‘J\w\\w/\’\/\/i“ M/{’ ® scribed above. A typicah scan for decay in thedlioniza-
s 5 16 v 18 19 %0 21 22 23 24 25 26 27 28 29 tion channel at 33.0 eV photon energy is shown in Fig. 5.
kinetic energy (eV) The general shape of any scan is illustrated by this ex-

ample.
FIG. 3. Photoelectron spectra of Ca measured at 32.9 eV photon S )
energy by the CMA{a) laser off: () laser on: andc) the differ- In photoionization from the ground stats®the 4s chan

ence spectrum nel is distinguished, because it can be reached by one-
P ' electron transition, while the satellites are excited from the

spectra, i.e., on the individual cross sections of photoionizadound state mainly by ground-state correlations. In the case

tion from the excited state to the first calcium ion channel! Photoionization from the exciteds4p state, the two

4s, 3d, 4p, 5s, 4d, 5p, and & as functions of the photon channels 4 and 4p must be trgated equwalently and one

energy. To obtain the CIS spectra the energy window of th&hould speak about the two main photoelectron linesAd

CMA was tuned to the photoelectron line corresponding tg*P- Therefore, it is not surprising that thep4and the 4

the particular ionic state. For the channets 4p, and 3 the ~ CT0SS sections are of the same order within the energy range

measurements were performed at the angjes0°, 90°, studied. However, the pi cross sections are larger for most

m, and —m of the laser polarization. By the formul4gg)  €N€rdles. _ . .

and (19) the parametera,,, a,, were extracted as well as Figure 6 shows r.elatlve partial cross sections fo_r the de-

the phase til(26) and the cross sectioff). Complete scans cay channels investigated. The summed cross sections for all

- these decay channels are shown in Fig),&he main decay
of #» over the full circle were also performed at selected
K P channels 4 and 4p are shown in Fig. @), while the satellite

decay channels are depicted in Figéc)66(e). There are
dramatic differences in the coupling of the different ioniza-
32.9 eV tion channels to the resonances. Figures 7—9 present the en-
4p 4s ergy dependence of the parameters for the chanrgld g,
and 3 as functions of the photon energy.
In the following discussion of the individual channels

with respect to the cross section, the paramegggsand

a,;, and the phase til6™* we use the photon energy scale,
J\ J\ i.e., we will refer the energies to the laser-excites#ig *P

(2.93 eV) state.

300

a) 1=90°
2004

counts

5p4d
1004

400
b) n=0° A. lonization into the 4s channel

3003 Photoelectrons in the continuas;, (J=0,1), eds,

2001 (J=1,2), andeds;, (J=2) are produced during the ioniza-
tion into the 4 channel(see Table ll. The CIS is dominated
100 by the broad resonance structure with a maximum at 33.0 eV
j\/\ A N [Fig. 7(@], which correlates well with the preceding mea-
e o T & s 3 % % 2 surementd18]. The shape of the structure shows that it is
Kinetic energy (eV) not a single resonance, but a result of several overlapping
resonances. At the low-energy side of the structure a clear
FIG. 4. Photoelectron spectra of the laser-excited Ca measuregnhancement of the cross section is seen in the range 32.0—
at 32.9 eV photon energy by the CMA for different directions of the 32.7 eV, which indicates contribution from other resonances
laser polarization(a) »=90° and(b) »=0°. with a more pronounced feature at 32.6 eV. Below 31.8 eV

counts
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FIG. 6. Summed and partial cross sections for the photoproduc-
tion of singly charged calcium ions from the excitesi P, state
as a function of the photon energy. The channals4p, 4d, 4f,

5s, 5p, and 3 are taken into account. All data are presented in 0L P 1
. . 31.5 32 325 33 335 34 34.5
relative units.

photon energy (eV)

the signal drops to zero. At the high-energy side of the main
resonance one can distinguish a plateau formed out of o _
number of features that can hardly be separated. At photo ) phase tilt in the 4 channel measured by the CMA as a function
energies within the range investigated the Caof the photon energy. The marks(a represent the positions of the
3p°4s? 2Py, 41, ionization thresholds 31.38 and 31.73 eV resonance features presented in Table .
above the excited Cas4p P, level can be reachefl0]. - o . . .
The other well established thresholds accessible in thigificant contribution from channels with=2, in particular,
range are B°(3d21S)2P,, at 33.18-0.03eV and at the weaker resonance at 32.6 eV. In contrast to the cross
3p>(3d? 15)2[31/2 at 33.46-0.04 eV[10,11,30—32 Auger section that is an incoherent sum of contributions from chan-
lines as well as the photoionization cross section of Ca indinels with differentJ, the phase tilt depends also on the in-
cate other possible thresholds in the energy region unddgerference between the channéls 2 and 1, and between
consideration[11,17,30,32 (for recent calculations of the J=2 and 0. Therefore, the phase tilt, as well asdhg can
thresholds and further references §&8l). However, there is  be fairly sensitive to the contributions from the ionization
no clear evidence that the CIS spectrum in tisechannel is  channels withJ=0,1. Note that in the puré S-coupling
influenced by all these thresholds. scheme ionization from the excited statp®3s4p P, into
Figure 7d) shows that the phase tilt is constant within thethe 4s channel withJ=1 is forbidden(see Table ). This
error bars A= —15.5°+5.0°) in the range of the main can partly explain the dominant contribution from channels
resonance at 33.0 eV in contrast to the rapid variation of thavith J=2 into the 4 partial cross section.
cross section. The constant value of the parametgysind Taking advantage of the fact that the main feature in the
a,, in Figs. 7b) and 7c) indicates that the broad resonance4s channel results from ionization into the channels with
is formed primarily of contributions from channels with one J=2 one can extract in a model-independent way the value
value ofJ, namely,J=2, otherwises®™* should be 0° or of the anisotropy paramet@ from the value of the phase tilt
90° in accordance with the discussion in Sec. Ill C. There<s™* [22]. For theJ=2 channel Eq(26) with the use of
fore we identify the resonance at 33.0 eV asEQs.(16), (17), and(2) reduces to
3p°3d(iP)4s4p: J=2 with further overlapping =2 reso-
nances contributing to the main peak. Also in the region tan25°MA=4\/§5_3f(X)
32.1-32.7 eV the behavior of the phase tilt points to a sig- 37 5—f(X)’

FIG. 7. The(a) cross section, parametely a,o and(c) a,;, and

(28)
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where

2000 |- 43 ground state

CcToss section

a) 4p cross sect
+|X|?
1600 b

f(X)=1+2 (29

1+2.6 ReX

counts

1000 |-

. . i 315 32 325 33 335 34 345 1
and X represents the ratio of the reduced dipole matrix ele-
ments

1| 2| 3| 4|

4s2 :J=2||D||4s4p:Jo=1 0
:< $%Syj2,8d3,,:d=2|D||4s4p:J, > (30 o8| b)4p A20a20
(4s2S,)5,6ds5,:J=2||D||4s4p:Jp=1) o : &
L
For the casd =2 when only two partial wavesds, 5/, con- °': i !,h}“;
tribute, the anisotropy coefficiertt takes the fornjsee Egs. 02| 1
(4) and(2)] 0.
0.8
1 7f(X)-5 a1 o8
T 10 f(X)-1° S

Using the experimental value ™" one obtains from Egs.
(28) and (31) B=0.845). This can be compared with the
values of =1 in the 'D, channel k=2/\/6) and3=0.5

for the 3D, channel K= —/3/2) in the pureLS-coupling
scheme. Therefore our data indicate a violation of the
L S-coupling scheme for ionization into thes4¢hannel in the
region of theJ=2 resonance at 33.0 eV.

n
[
B. lonization into the 4p and 3d channels %
Results for ionization into the other main channel @nd 2 °
the satellite channel 8 are presented in Figs. 8 and 9, re-  dy4p 'BCMA
spectively. In addition to the cross sections the phase tilt “
5MA and the parametera,, and a,; are depicted. As a w0 | ]
consequence of the partial overlap of thelihe of the laser- e ” 8 » 8 3 s
excited state with the st photoelectron line of the atomic photon energy (eV)

ground state the data for thgp4hannel are less reliable. The o o
influence is not negligible because the intensity of the FIG. 8. The(a) cross section, parametets a,, and(c) a;, and
ground-state signal shows prominent resonance features {f) phase tiltin the $ channel measured by the CMA as a function
the energy region investigatéihset in Fig. §a)]. In contrast of the photon energy. The mark_s(la) represent the positions of the
to the 4s channel(Fig. 7) all parameters show complicated "esonance features presented in Table [II.
shapes indicating that the dominant contributions come from
multiple J’s. Furthermore, in most cases there is no coinci-a,;. The position at 32.60 eV is in accordance with the reso-
dence of these features with the resonance structure of theance in the 4 spectrum, which also showed properties cor-
cross section. Nevertheless, we will discuss some features mesponding tal=2.
more detail and we will try to give a tentative assignment. A strong doublet structure 7,9 with maxima at 32.90 and
The resonance 2 at 31.75 eV, which is the strongest in th83.05 eV is seen in the cross section of both channels,
3d channel, belongs, most probably, to a state wital. though the shape of the structures differs and they likely
This follows from large negative value aby and negligible  consist of contributions from overlapping resonances. The
value ofa,, in the 3d channel[Figs. 9b) and 9c)] and the  above discussion for thes4channel gives a hint that in the
fact that the background at resonance is relatively weak. Theange 32.8—33.2 eV one can expect large contributions from
same feature in theplchanne[Fig. 8(@)] has a strong back- theJ=2 resonances to the spectra and that both components
ground from channels witd=2. We assign tentatively the of the doublet are dominated by channels with 2. The
value J=1 also to a smaller closely spaced peak 1 atdata for the parametees,, anda,, in the 4p and 3 chan-
31.65eV and to similar features 3 at 32.20 eV and 4 anhels, however, contradict this assumption as both undergo
32.40 eV. However, probably thle=2 background increases sharp variations around 33.0 eV and one must assign differ-
with energy at least up to 32.50 eV. This seems to be &nt leading total angular momenta to the components. Nev-
common feature for all three channels, 8d, and 4. Fur-  ertheless, contributions df=2 channels to the structures is
thermore, we tentatively assigh=2 to the feature 5 at evident from the nonzero valuesaj,. A drastic drop in the
32.60 eV in the @ spectrum. Indeed, this feature cannot be-a,, [Figs. 8b) and 9b)] indicates that the high-energy com-
long again toJ=1 because of the sharp variationdg, and ponent 9 at 33.05eV likely has leading channels with
a,, [Figs. 9b) and 9c)], whereas dominating contributions J=1. It is difficult to assign a single value dfto the low-
from J=0 are unlikely because of the nonzero values ofenergy component 7 at 32.90 eV. It looks as if it would in-
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clude a large portion of thd=0 because of an increase in 1800
a, at the position of the maximum, but the percentage of  1s00 |
differentJ’s is not the same in theptand 3 channels. 1200 -
A feature 10 around 33.45eV in both spectrp 4nd
3d shows dominant contributions from channels withk 2
because of the increase in the paramatgr The structure eoo
shows different shapes in thepdand 3 spectra: there are
two maxima in the $ spectrum and a single maximum in 1| zI
the 3 spectrum. This may be caused by opening of the i
threshold $°(3d21S)2P,, at 33.46-0.04 eV. o8| )32
In the following region the parametes, undergoes sev- -
eral very sharp jumps. Some of them can be attributed to the
particular resonance features in the cross section while, for
example, a rapid variation at 33.75-33.80 €Mg. 8b)]
does not correlate with any pronounced feature in tpe 4
spectrum. Summarizing, we give in Table Il energies of the
main features in the even core-excited CIS of Ca in the range i
of the photon energies 31.5-34.0 eV with tentative assign- 08| ¢)3dA20a21
ments of the total angular momentum of the dominating ion-
ization channels.

3d cross section

counts

C. Other channels

A limited number of measurements have been done for
other photoionization channelssb4d, 5p, and 4, which
did not cover the whole energy range and were taken only | dy3deo
for the anglesy=0° and»=90°. Relative cross sections are %0
given in Fig. 6. The absolute values in thd 4nd 5 chan-
nels are even larger than those in thet Ghannel, while the
4f and 5 cross sections are comparable with it. 4 \‘J\‘f
The CIS for the 5 channel shows a strong line 6 at 45|
32.85 eV that coincides in the position with a structure on ]
the low-energy slope of the main maximum in the eéhan- s 32 325 33 335 34 345
nel. Above we have assignde- 2 to this structure. We mea- photon energy (eV)
sured also the phase t#™A for the line in the 5 channel

and found it very close to those in the ¢hannel. The signal FIG. 9. The(a) cross section, parametets a, and(c) az;, and
drops to zero out of the narrow energy range 32.7-33.0 V() phase tilt in the 8 channel measured by the CMA as a function
Itis astonishing that the maih=2 line of the 4 spectrum at o the photon energy. The marks @ represent the positions of the
33.0 eV does not appear in the Spectrum. resonance features presented in Table III.

For the 4, 5p, and 4 channels the parametas, shows
similar behavior in the range 32.7-33.1eV, indicating asection one can fing in the 4s channel in the region of the
common mechanism of ionization into these three ionicy=2 resonance by using results of the ES measurements.

states: from dominating=2 channels at lower energies to- The phase til(25) for the channels witd=2 reduces to
wards increasing contribution from th&=0 channels at

higher energies. In contrast, the paramedgg in the 4s,

4p, and 3 channels showed quite different behavior in this
energy range. Another observation is a common sharp varia-
tion of the a,, starting from 33.15 eV in the channelp4 where f(X) is defined by Eq.29). Figure 10 shows the
3d, 4d, and 4 which indicates the threshold experimental results of the phase tHEY(6) taken at the

(degrees)

6f(X)sin20+ 15 sin4
f(X)(1+6 cos®)+15 cosd’

tan2655(0) = — (32

3p°(3d?1S)2P,),. photon energy of 33.0 eV for decay in the éhannel. These
data are extracted from thgdependence of the ES signal at
V. THE ES AND COMBINED different spectrometer angle& Measurements are in fair
ES PLUS CMA MEASUREMENTS agreement with the theoretical prediction of@, resonance

. . for pureLS coupling,
A. Generalized anisotropy parameters

The main advantage of using the combination of both tan2s55 0) = — 6 sin20+9 sin4g
setups is the possibility to make a step towards the complete 1+6 cosP+9cos &’
experiment, i.e., to measure the complete set of generalized
anisotropy parameters. We shall, however, concentrate firsthereas D, resonance would result in the linear relation
on the anisotropy parametgr in the 4s channel. As in the of 655 #)=—26. The best fit of Eq(32) to the data using
case of the CMA measurements presented in the precedirigg. (31) gives 8=0.87(3) in excellent agreement with the

(33
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135 Note that Eqs(34)—(36) are valid for ionization into any
90 ! measured ionic state provided is fixed. In contrast, the formula

— calculated

454
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o

e 0

&b 3\/6

2 el ‘ 3, Py 5106-7), 37

> -135- - '

B -89 ] which follows from Eqs(2)—(4) and(29)—(31), is valid only

_'f :zig: -30 . for the 4s channel(recall that onlyJ= 2 can contribute to the
B _a15d 7 ) 0, Bo4» due to the triangle rulgslt follows that the present
9 3604 o] 1, measurements are sufficient only for a determination of
& —405 L f(X), Eqg. (29), but not the complex paramet&r, Eq. (30).

F —450- o Therefore it is impossible to find both the ratio of the real

—485 N v L P values of the reduced matrix elemelits;, andDs, and the

45 0 45 90 135 180 225 - ) -3/2 ATV .

phase shift differenced;,— 85, for ionization into the
edsp and edg, continua. UsingB8=0.87(3) one obtains
from Eqgs.(29) and(31) the equation

spectrometer angle ® (degrees)

FIG. 10. Phase tilts%(6) in the 4s channel measured at a
photon energy of 33.0 eV as a function of the ES position. The solid ReX— )2+ (ImX)2= R2 38
curves are the theoretical predictions fdb, and 3D, ionization ( R ) ' (38)

channels. which determines a circle of allowed values in tieplane

value from the CMA measuremen(iSec. IV A). This shows with th_eo 2position of the center and the radius givc_en by
the violation of theL. S coupling and points to a consistency *~ 14,04 and R=1.320.3. Note that our case of fixed

of the ES and CMA measurements. The question of the corl ~ 2 differs from those when both continea andes con-
sistency is very important for the combined ES plus cmAltribute to the photoionization. In these cases the parameters

analysis and is considered in more detail in the next subse£9S€@—d) andDs/Dy can be extracted neglecting relativis-
tion. tic interactions from the measurements with two linear po-

The generalized anisotropy parameters measured in tHafized photon beami84,35,. _
case of ionization with fixed do not give independent in-  Figures 11 and 12 shovas an example in the energy

formation. Indeed one can obtain from E¢®)—(4), taking @nge 32.7-33.3 eV for the decay channeisahd ) the

Jo=1, cross sections, the anisotropy paramgteand the other four
generalized anisotropy parameters. The latter are extracted
3\¥3(1 1 3 from the measurements by the use of E§-(13). For the
Baoz= 3(—1)J(§) {1 1 2], (34)  parametersB,.0, Baoz, B2z, and B,g, only their products
with the initial alignmentA,y can be determined. Substitut-
3\ 12 ing J=2 and 8=0.87(3) into Eqs.(34)—(37) one obtains
B220= Bo22= _(E) B, (35  PBo0=0.077, Bap=—0.482), p2,=0.08(2), and

B240=0.428). Thesolid line for 8 in Fig. 11(b) shows the
value 0.87 extracted from independent ES and CMA mea-

-1 surements. Solid lines in Figs. @)—-11(f) mark the values
1] B. (36) of AZOBkOkky assuming the “ideal” initial alignment

A= — 2. The predicted values show some deviations from

J

3 1 1 J
Bap=(—1)7*1—4¢1 13 ‘
1 1

\E 2 2 2

TABLE lll. Tentative assignment of resonance structures observed.

Number EnergyeV) Energy(eV) Assigned Observed
of with respect to with respect to dominating decay
state the ground state the excited state angular momehtum channels
1 34.60 31.65 1 8.4p
2 34.70 31.75 1 8.4p
3 35.15 32.20 1 8.,4p
4 35.35 32.40 1 8.,4p
5 35.55 32.60 2 4,3d,4p
6 35.80 32.85 2 4
7 35.85 32.90 0 8,4p
8 35.95 33.00 2 4
9 36.00 33.05 1 8,4p
10 36.40 33.45 2 4.3d,4p
11 36.65 33.70 2 4.3d
12 36.75 33.80 0 ¢.3d
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FIG. 11. Set of six parameters for photoionization from the ex-  FIG. 12. Set of six parameters of photoionization from the ex-
cited and aligned B°4s4p *P; state of calcium in the ékchannel:  cited and aligned B%4s4p P, state of calcium in the & channel:
(a) the cross sectiofin arbitrary unit3, (b) the anisotropy param- (a) the cross sectiofin arbitrary unit3, (b) the anisotropy param-
eter 8, and the other four generalized anisotropy paramef®rs eter 8, and the other four generalized anisotropy parame(iers
Az0B220 (d) AzeB202 (€) Azoﬁzz_zx and (f) AzoB242 as functipns of Az0B220 (d) AxgBaoz () AggBarn and(f) AyBa4 as functions of
the photon energy. The solid lines represent the theoretical predighe photon energy.
tions.
atomic alignment and against the difficulties encountered
the experiment. For example, they are not within the limitsconcerning the adjustment of the different beams with re-
of experimental error for the small paramefer3,,,. Nev-  spect to each other. Therefore a more detailed discussion will
ertheless, in general there is reasonable agreement betwele@ presented.
the experiment and the predictions. Assume now that the efficiency of the ES changes with
Note that as a result the electron spectroscopic data indthe angleg and also the effective alignment of the target is
cate almost ideal pumpin@\éo_ \/—) for the laser-excited different for eXperlmentS with the CMA and ES belng
intermediate state. Furthermore, nonzero values ofghe A% and A5, respectively. Repeating the derivation of
[Figs. 11f) and 12f)] point to a contribution from channels ECIS (7)—(13) it is easy to show that instead of Ed.3) one
with J=2 over the whole energy range shown. This is inmust use
accordance with the discussion of Sec. IV on the parameters . .
A, in the 4s, 4p, and 3 channels. 1 (6) 1(6,m) (a+2)W(0°)+2(a—1)W(90°)
1(m,0°) W(0°)+2W(90°) '
(39

B. Consistency of the measurements

Due to the difficulties of the combined ES plus CMA Where a=Az, and the unknown coefficient(¢) ac-
measurements outlined in Sec. IIl A it is very important tocounts for Change of the ES efficiency when rotating from
check the mutual consistency of the two independent ES an@h to 6 [r(m)=1]. Also, in the fOFmU|a$9) (12) the align-
CMA experiments. The apparent agreement found in the valmentA,, should be replaced b&zo, while in the formulas
ues of B8 in the 4s channel is not completely sufficient be- of Sec. Il BACMA should be used instead Af,. Substitut-
cause it is based on measurements of the phase tilt only. Thisg Eqs.(9)—(12) in Egs.(16) and (17) and using Eq(39)
property is inherently stable against the value of the initialone obtains

S/ACMA

1 1] (a+2)W(0°) +2(a— 1)W(90°)

B0~ Rmo™7 W(0°) +2W(90°) el “0
— 1 B 1 [(mm)—1I(m,—m) (a+2)W(0°)+2(a—1)W(90°)
a21_ aﬂ\/E(Rm’m Rm,—m)_ a']T\/E I(m,o) W(0°)+2W(90°) (41)

The right-hand sides of Eq$40) and (41) are functions of according to Eq.(25), and compared the results with the

a but not ofr (0). Therefore a comparison of the parametersphase tilt independently measured by the ES alone. Using

a,,anda,; obtained by the CMA alone and by the combinedthis procedure one can check the val(@°). Again best

ES plus CMA setup leads to the determinatiorwofThe best  consistency is obtained far(0°)=1. Therefore the trivial

consistency was obtained by the assumption of the trivialalues ofa andr(0°) areused throughout the paper. How-

valuea=1. ever, these two quantities depend on the actual experimental
For another check we took the values of the generalizedonditions and in general differ from unity. In the present

anisotropy parameters from the combined measurementase unity resembles the best approximation to the experi-

[Egs. (99—(12) and (39)], calculated the phase til§55(¢)  mental situation encountered.
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VI. CONCLUSION abilities between channels with differeht They are helpful
not only for identification of the resonances but also for re-

Photoionization of atomic calcium from the excited and T . ;
. 1 ) ) . vealing ionization thresholds which are not clearly seen in
aligned 44p P, state has been investigated experlmentally,[he cross sections

by ap_plylng the technique of 5_'m_“'ta’?e°“3 action of Ia_ser It is found that ionization of the € electron leaving the

pumping and synchrotron radiation in combination with ion in the excited # state (4 channel is the favorable

methods of angle-resolved and angle-integrated electron . X . .

spectroscopy. The investigation covers the energy range echanism to prpduge the smglle-charged calcmm lons by
' e photoabsorption in the excitecs4p P, state in the

photons, 31.5-34.5 eV. lonization channels corresponding t L .
different states of the residual calcium ion were studied. I 2'9€ 31'5_34‘.5 eV.' Io_nlzatlon of the exciteg dlectron
eaving the calcium ion in thesiground state (4 channel

has been shown theoretically that the present setup is co I dominated by thd=2 channel and is less probable except

plete for investigation of the photoionization by linear polar-
ized light of the aligned target with the total angular momen-& .the peak.at 33.0 eV photon energy. The photoelectron sat-
lites are, in general, as strong as in the case of the photo-

tum Jy=1. This process is characterized by six independen? ization from the around state
parameters: the cross section and five generalized anisotroﬂ)‘gpU ina the oh gt]ilt method w m re the anisotr f
parameters including the conventional anisotropy of the pho- sing the phase ethod we measure the anisotropy o

toelectrons from an unpolarized target. All these paramete ré?toelelgtronsr:n the?ﬁlcrlﬁnnerl] a;nq fmd t‘f" V'Ql?t'otE.Of tr?e
were determined experimentally in a limited energy rang coupiing scheme for the photolonization nto this chan-
(32.7-33.3 eV nel. By combining results of measurements with the angle-

The measured cross sections in different ion final-stat(—[\esm\/e‘.j rotqtab!e elgctron spectrometer - and Qngle-
channels show several autoionizing features which have nérgtggratmg cylindrical mirror analyzer a set of generalized
been observed hitherto. Measurements in different ionizatioﬁm'SOtrOpy parameters in the channets ahd 3l are ob-

channels with changing of the direction of the laser poIariza—ta'ned’ including the convention#l parameter. This demon-

tion allow us to assign tentatively the dominating total angu_strates the feasibility of such measurements by using crossed

lar momentum of structures observed. laser and synchrotron radiation beams.

A table of even core-excited autoionizing features in cal-
cium is presented together with the corresponding observed
decay channels. To distinguish ionization channels with dif-
ferent total angular momentd a new method is applied The authors gratefully acknowledge continuous support
which consists of measurements of the two independent pay the BMBF and the BESSY staff. A. N. G.-G. gratefully
rametersa,, anda,;, in addition to the cross section in an acknowledges the hospitality and financial support by the
angle-integrating mode. The new parameters are sensitive echnical University Berlin and financial support by the
the value ofJ and to the redistribution of ionization prob- Deutsche Forschungsgemeinschatft.
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