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First Angle-Resolved Photoelectron Measurements following Inner-Shell Resonant Excitation
in a Singly Charged lon
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We have measured the angular distribution of electrons emitted in the autoionization of the
giant resonanc@p®4s2S — [(3p°3d 'P)4s]?P in Ca" ions over the profile of the resonance. The
absolute value of the asymmetry parameter we have determined at the top of the resonance is
B = 1.89 = 0.13, suggesting thal.S coupling remains a good approximation for the description of
this ionic resonance. [S0031-9007(96)00400-0]

PACS numbers: 32.80.Hd, 32.80.Fb

In this paper, we present the results of the first detoionization cross sections of a few singly charged ions
termination of the angular distribution of photoelectronswere measured, mostly over the energy range correspond-
ejected after resonant excitation of an inner-shell elecing to resonant excitations of inner electrons. More re-
tron in an atomic ion. More specifically, thip — 3d  cently, we have demonstrated the feasibility of performing
giant resonance in Cawas photoexcited, according to photoelectron spectrometry on ionic species in a beam-
3p%4s2S — [(3p>3d 'P)4s]*P, and the electrons emitted beam experiment [7,8]. The advantages of beam-beam
in the autoionization of the excited iofi3p33d4s?P —  experiments are manifold. The ions can be produced in
3p%ep 2P] were detected as a function of electron kinetica well defined state; more sophisticated detection tech-
energy and direction of emission. niques, such as photoion or photoelectron spectrometries,

Resonant photoionization plays an important role incan be used, and the photoionization cross sections can be
studies of multiply charged ion plasmas: Photoexictatiordetermined on an absolute scale, provided the overlap be-
of an electron to an empty ionic orbital is related oftentween the two beams is carefully measured.
with a strong enhancement of the photoionization cross The study of giant resonances in atoms has attracted
sections. For inner-shell excited light ions, autoionizationconsiderable interest during the past two decades [9]. In
is the most likely decay process to occur. Photoelectrothe case ofip — nd transions in the heaviest alkaline-
spectroscopy is then the best tool to study the dynamicearth atoms or ions, these resonances result from the
of the these processes. It gives unique information omrbital collapse during the photoexcitation of thmgp
the decay paths of the excited ion, as well as on théow-lying inner-shell electron to amd empty subshell.
angular distribution on the electrons emitted during theThe large overlap between the wave functions describing
autoionization. the innernp and the collapsedd atomic subshells is

Several theoretical models have been developed to calesponsible for the very high oscillator strength of these
culate the parameters of direct and resonant photoionizaesonances (2.3 in Ca The photon energy dependence
tion in a large number of ions [1]. These results suffer eof the angular distribution of photoelectrons over the
lack of experimental data to test their validity. Most of profile of a resonance can exhibit very strong oscillations,
the experiments carried out up to now have used the duaésulting from possible interferences between outgoing
laser-produced plasma (DLPP) technique for photoabsorgvaves in continuum channels with different momenta
tion measurements [2,3], bringing information on relative[10]. Such oscillations were not observed in the case
variations of the total cross section and resonance eneof the 3p — 3d giant resonance in neutral Ca for the
gies. Some of them have merged beams of monochrelectrons leaving the Caions in the3 p®4s configuration,
matized synchrotron radiation (SR) with a singly chargedaccording to3p#4s*'S — 3p33d4s>'P — 3pS4sep 'P
ion beam to measure, by ion spectrometry [4—6], the totg]11]. A constant valugB = 2 was determined for the
yield of the resulting doubly charged ions. Absolute pho-asymmetry parameter over the profile of the resonance,
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indicating thatL S coupling is still a good approximation. where 6 and ¢ are the polar and azimuthal angles

However, some departure from th& coupling has been describing the direction of emission of the electrons

observed in theld — 4p giant resonance of strontium relative to the axis of the CMA and to the main axis of

[12], and, recently, in photoemission measurements opolarization of SR, respectively?, is the second order

atomic chlorine [13]. In the case of Cathe spin-orbit Legendre polynomial;3 is the asymmetry parameter;

interaction, being proportional tb/r3, must be stronger P is the SR linear polarization degree; agg is the

than in the case dfp — 3d giant resonance of Ca. Thus, rotation angle of the main axis of the polarization ellipse

it is important to explore whether some deviations fromafter the refocusing mirror. In the geometry described

LS coupling occurs in Caions. above, the angular distribution of the outgoing electrons
The photoexcitation of th&p — 34 giant resonance is obtained by integrating (1) over the sold angl€

in Ca" ions was previously studied both theoretically seen by each detector. The angular acceptance of one

and experimentally. The excitation enerdy of the detector isA¢ = 9°. Because of the velocity of the ions

resonance was measuréd, = 33.19 eV) in a photoab- (3 X 10° m/seg, the angular acceptandsd of the CMA

sorption experiment [14], and the absolute value of itgs different in the reference frame of the laboratory and

oscillator strengtlf was determined in a photoion beam- in the reference frame of the ions [22]. Taking into

beam measurement [6]. In a previous experiment, waccount the effective length of the source volume of the

have detected the electrons emitted in the autoioniza=MA, the angular distribution of the electrons in the

tion of the resonance, using angle-integrated photoeledaboratory frame can be expressed after integration as

tron spectrometry [7,8]. Finally, the coincidence signal _

between the photoelectrons and the photoions was mea- 7' Cio{l + 0495BPco(ep; + @o)}, (2)

sured recently over the same energy range [15]. Omnd in the ion frame as

the theoretical side, the multiconfiguration Hartree-Fock _

(MCHF) approximation was used to calculate the energy o; = Cio{l + 0.567BP co(e; + ¢o)},  (3)

and oscillator strength of the resonance for 3pd4s2S  whereg; is the azimuthal angle for each detedtoandC;

ionic state [16] and thép°3d 2D metastable state [17]. is the relative efficiency of the detector The coefficients

The photoionization cross section was also calculated i€; have been systematically determined by measuring

this energy region using thB-matrix [18] and random the angular distribution of the electrons emitted ip- 2

phase (RPAE) [19] approximations. There is no calculasubshell photoionization of Ne atomg (= 0.54 * 0.02

tion available at this time on the angular distribution onat 33.2 eV photon energy [23]). We have checked that the

the photoelectron in the resonance. effect of the spiralization of the electrons emitted outside
As in our previous experiments [7,8], we focused & Ca the axis of the CMA is negligible in our geometix o <

ion beam in the source volume of an electron energg°). In Egs. (1) to (3)o, B, P, and ¢, are functions

analyzer (CMA) together with a modulated monochro-of the photon energy.P and ¢, have been determined

matic photon beam emitted by the SuperACO storage rinfrom Eg. (2) by measuring the angular distribution of the

in Orsay. After interaction, the photoelectrons were enphotoelectrons emitted in photoionization of He atoms

ergy analyzed in the CMA, and the current of doubly(8 = 2). We foundP = 0.85 = 0.03, andgpy = 3.6° =

charged ions produced by photoionization and selecte€.8° at 33.2 eV photon energy.

by a second magnet was measured in a Faraday cup.Eight photoelectron spectra of Caons are recorded si-

A new high-transmission CMA [20] and new vacuum multaneously over the energy range of the giant resonance,

chambers allowing the detection of the electrons undeeach one corresponding to one angle Figure 1 shows

ultrahigh vacuum conditions1(~° Torr presently) were an example of spectra obtained at 33.2 eV, after correction

built, reducing significantly the background of electronsfor the efficiency of each channeltron We observed here

produced by collisional ionization between the ion beanthe electron lines produced in the resonance process,

and the residual gas. The electrons emitted around the. ., ¢, »

angle of §,, = 54°44/, with respect to the direction of Ta' 3p°4s Sij2 + hv(33.2 eV)

ions, in the interaction between the two counterpropagat- — Ca"*[(3p°3d)' PJ4s * P12

ing beams were detected, after energy analysis, by eight tn 61

idgntical electron multipliers placed sg/)r/nmetr?/cally ir)1l thg — Ca&3p° 'S0 + epiapp(213eV). (4)

focal plane of the CMA. taking the assignment proposed by Mieczeikal. [18].
The angle-resolved photoionization cross section can b&he difference between expected (21.3 eV) and mea-
expressed in the dipole approximation as [21] sured kinetic energy of the electrons (see Fig. 2) results
do o 8 from three different shifts: an accelerating Doppler shift
0 E‘l iy |:P2(C039) - E:| (+2.6 eV), due to the velocity of the ions, and two
decelerating shifts, produced by the positive charge of

(1) the ion beam(—3 eV) and the contact potentials on the

X P si +
Psird co(g QDO)}’ surfaces of the CMA~=—0.9 eV), respectively. The shift
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FIG. 1. Photoelectron spectra emitted in the photoionization o ;;_0 ' 33'_2 ' 33'.4

of Ca' ions by 33.2 eV photons, measured simultaneously at

eight different azimuthal angles. Photon energy (eV)

FIG. 2. Upper panel:; variation, over the energy range of the
resonance, of the sum of the integrated counts of the electron
lines recorded simultaneously at the eight angles. Middle panel:

in the energy position of the lines at some angless due  Vvariation over the same energy range of tBeasymmetry

to local variation of this contact potential and to slightly para?“eter deéerdm";et?] at .inﬁti"id”?' ph(go?t e”ergiesl from tt.he
’ " spectra recorded at the eight angles. Bottom panel: variation
different position of some of the detectors. of the yield of C&" ions produced in the photoionization of

In order to deduce the asymmetry paramesefrom  the Ca ion beam; dots show the measured®Caurrent, and
such spectra, we evaluated the integrated area under the solid line is a Gaussian profile centered at the energy of the

electron lines, and fitted the data by formula (3), usthg resonance (see text).
as a free parameter. Varying the photon energy over the
profile of the resonance, we obtained the excitation func-
tion of the resonance. Inthe upper panel of Fig. 2 we show
the sum of the eight integrated counts. The dispersion ciigreement with each other, as well as with previous pho-
the data at some photon energies is due to fluctuations @ion measurements [6]. They exhibit a quasi Gaussian
the ion beam current. Since the direstghotoionization shape with a FWHM of about 0.15 eV, resulting from
cross section is very weak outside of the resonance, the convolution of our spectral bandpass (0.14 eV) with
high electron counting rate we observed on the tails of th¢he natural width of the line (calculated to be between
resonance in the upper panel is mostly due to some noige05 eV [18] and 0.06 eV [19]).
produced by stray light caused by defects in the refocusing Kabachnik and Sazhina [10] have proposed general
mirror. From the eight spectra, we determined the variaexpressions for the angular distribution of photoelectrons
tion of the 8 parameter as shown in the middle panel. Thein the region of autoionizing states. As expected, if only
vertical error bars include the contributions of the statisti-one autoionization decay channel is open, the parameter
cal errors on the integrated counts and substracted baclg is independent of the photon energy, i.e., the presence
ground, as well as the uncertainty on the determination oféf a resonance does not affect the photoelectron angular
the coefficientsC;. Finally, the excitation function of the distribution. IfLS coupling is assumed, the two outgoing
resonance obtained from the Cayield is shown in the wavesepi,, and eps, are not separable, and then one
lower panel of Fig. 2. The absolute uncertainty on theseshould expect a constant valye = 2. Nevertheless, a
measurements is mainly due to the accuracy of the elestrong coupling exists between the giant resonance and
trometer, and is of the order of 2 pA. double excitation transitions, as confirmed by MCHF
Both resonance profiles, measured separately from thealculation [24]. Another indication of the importance
electron spectra and ion yield, are in good qualitativeof double excitations was given by Ivanov and West
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