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First Angle-Resolved Photoelectron Measurements following Inner-Shell Resonant Excitatio
in a Singly Charged Ion
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We have measured the angular distribution of electrons emitted in the autoionization of the
giant resonance3p64s 2S ! fs3p53d 1Pd4sg2P in Ca1 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 6 0.13, suggesting thatLS 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
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In this paper, we present the results of the first
termination of the angular distribution of photoelectro
ejected after resonant excitation of an inner-shell e
tron in an atomic ion. More specifically, the3p ! 3d
giant resonance in Ca1 was photoexcited, according t
3p64s 2S ! fs3p53d 1Pd4sg2P, and the electrons emitte
in the autoionization of the excited ionsf3p53d4s 2P !
3p6´p 2Pg were detected as a function of electron kine
energy and direction of emission.

Resonant photoionization plays an important role
studies of multiply charged ion plasmas: Photoexictat
of an electron to an empty ionic orbital is related oft
with a strong enhancement of the photoionization cr
sections. For inner-shell excited light ions, autoionizat
is the most likely decay process to occur. Photoelec
spectroscopy is then the best tool to study the dynam
of the these processes. It gives unique information
the decay paths of the excited ion, as well as on
angular distribution on the electrons emitted during
autoionization.

Several theoretical models have been developed to
culate the parameters of direct and resonant photoion
tion in a large number of ions [1]. These results suffe
lack of experimental data to test their validity. Most
the experiments carried out up to now have used the
laser-produced plasma (DLPP) technique for photoabs
tion measurements [2,3], bringing information on relat
variations of the total cross section and resonance e
gies. Some of them have merged beams of monoc
matized synchrotron radiation (SR) with a singly charg
ion beam to measure, by ion spectrometry [4–6], the t
yield of the resulting doubly charged ions. Absolute ph
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toionization cross sections of a few singly charged io
were measured, mostly over the energy range corresp
ing to resonant excitations of inner electrons. More
cently, we have demonstrated the feasibility of perform
photoelectron spectrometry on ionic species in a be
beam experiment [7,8]. The advantages of beam-b
experiments are manifold. The ions can be produce
a well defined state; more sophisticated detection te
niques, such as photoion or photoelectron spectromet
can be used, and the photoionization cross sections ca
determined on an absolute scale, provided the overlap
tween the two beams is carefully measured.

The study of giant resonances in atoms has attra
considerable interest during the past two decades [9].
the case ofnp ! nd transions in the heaviest alkalin
earth atoms or ions, these resonances result from
orbital collapse during the photoexcitation of thenp
low-lying inner-shell electron to annd empty subshell.
The large overlap between the wave functions describ
the inner np and the collapsednd atomic subshells is
responsible for the very high oscillator strength of the
resonances (2.3 in Ca1). The photon energy dependen
of the angular distribution of photoelectrons over t
profile of a resonance can exhibit very strong oscillatio
resulting from possible interferences between outgo
waves in continuum channels with different mome
[10]. Such oscillations were not observed in the c
of the 3p ! 3d giant resonance in neutral Ca for th
electrons leaving the Ca1 ions in the3p64s configuration,
according to3p44s2 1S ! 3p53d4s2 1P ! 3p64s´p 1P
[11]. A constant valueb  2 was determined for the
asymmetry parameter over the profile of the resona
© 1996 The American Physical Society
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indicating thatLS coupling is still a good approximation
However, some departure from theLS coupling has been
observed in the4d ! 4p giant resonance of strontium
[12], and, recently, in photoemission measurements
atomic chlorine [13]. In the case of Ca1, the spin-orbit
interaction, being proportional to1yr3, must be stronge
than in the case of3p ! 3d giant resonance of Ca. Thu
it is important to explore whether some deviations fro
LScoupling occurs in Ca1 ions.

The photoexcitation of the3p ! 3d giant resonance
in Ca1 ions was previously studied both theoretica
and experimentally. The excitation energyEr of the
resonance was measuredsEr  33.19 eVd in a photoab-
sorption experiment [14], and the absolute value of
oscillator strengthf was determined in a photoion beam
beam measurement [6]. In a previous experiment,
have detected the electrons emitted in the autoion
tion of the resonance, using angle-integrated photoe
tron spectrometry [7,8]. Finally, the coincidence sign
between the photoelectrons and the photoions was m
sured recently over the same energy range [15].
the theoretical side, the multiconfiguration Hartree-Fo
(MCHF) approximation was used to calculate the ene
and oscillator strength of the resonance for the3p64s 2S
ionic state [16] and the3p63d 2D metastable state [17
The photoionization cross section was also calculate
this energy region using theR-matrix [18] and random
phase (RPAE) [19] approximations. There is no calcu
tion available at this time on the angular distribution
the photoelectron in the resonance.

As in our previous experiments [7,8], we focused a C1

ion beam in the source volume of an electron ene
analyzer (CMA) together with a modulated monoch
matic photon beam emitted by the SuperACO storage
in Orsay. After interaction, the photoelectrons were
ergy analyzed in the CMA, and the current of doub
charged ions produced by photoionization and sele
by a second magnet was measured in a Faraday
A new high-transmission CMA [20] and new vacuu
chambers allowing the detection of the electrons un
ultrahigh vacuum conditions (1029 Torr presently) were
built, reducing significantly the background of electro
produced by collisional ionization between the ion be
and the residual gas. The electrons emitted around
angle of um  54±440, with respect to the direction o
ions, in the interaction between the two counterpropa
ing beams were detected, after energy analysis, by e
identical electron multipliers placed symmetrically in t
focal plane of the CMA.

The angle-resolved photoionization cross section ca
expressed in the dipole approximation as [21]

ds

dV


s

4p

(
1 2

b

2

"
P2scosud 2

3
2

#

3 P sin2u cos2sw 1 w0d

)
, (1)
of

ts
-
e
a-
c-
l

ea-
n
k
y

in

-
n

y
-

ng
-

y
ed
up.

er

s
m
he

t-
ht

be

where u and w are the polar and azimuthal angle
describing the direction of emission of the electro
relative to the axis of the CMA and to the main axis
polarization of SR, respectively;P2 is the second orde
Legendre polynomial;b is the asymmetry paramete
P is the SR linear polarization degree; andw0 is the
rotation angle of the main axis of the polarization ellip
after the refocusing mirror. In the geometry describ
above, the angular distribution of the outgoing electro
is obtained by integrating (1) over the sold angledV

seen by each detector. The angular acceptance of
detector isDw  9±. Because of the velocity of the ion
s3 3 105 mysecd, the angular acceptanceDu of the CMA
is different in the reference frame of the laboratory a
in the reference frame of the ions [22]. Taking in
account the effective length of the source volume of
CMA, the angular distribution of the electrons in th
laboratory frame can be expressed after integration as

si ø Cish1 1 0.495bP cos2swi 1 w0dj , (2)

and in the ion frame as

si ø Cish1 1 0.567bP cos2swi 1 w0dj , (3)

wherewi is the azimuthal angle for each detectori, andCi

is the relative efficiency of the detectori. The coefficients
Ci have been systematically determined by measu
the angular distribution of the electrons emitted in 2p-
subshell photoionization of Ne atoms (b  0.54 6 0.02
at 33.2 eV photon energy [23]). We have checked that
effect of the spiralization of the electrons emitted outs
the axis of the CMA is negligible in our geometrysDw ,

2±d. In Eqs. (1) to (3)s, b, P, and w0 are functions
of the photon energy.P and w0 have been determine
from Eq. (2) by measuring the angular distribution of t
photoelectrons emitted in photoionization of He ato
sb  2d. We foundP  0.85 6 0.03, andw0  3.6± 6

0.8± at 33.2 eV photon energy.
Eight photoelectron spectra of Ca1 ions are recorded si

multaneously over the energy range of the giant resona
each one corresponding to one anglewi . Figure 1 shows
an example of spectra obtained at 33.2 eV, after correc
for the efficiency of each channeltroni. We observed here
the electron lines produced in the resonance process,

Ca13p64s 2S1y2 1 hns33.2 eVd

! Ca1pfs3p53dd1Pg4s 2P1y2s3y2d

! Ca213p6 1S0 1 ´p1y2s3y2ds21.3 eVd , (4)

taking the assignment proposed by Mieczniket al. [18].
The difference between expected (21.3 eV) and m
sured kinetic energy of the electrons (see Fig. 2) res
from three different shifts: an accelerating Doppler sh
s12.6 eVd, due to the velocity of the ions, and tw
decelerating shifts, produced by the positive charge
the ion beams23 eVd and the contact potentials on th
surfaces of the CMAsø20.9 eVd, respectively. The shift
4497
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FIG. 1. Photoelectron spectra emitted in the photoionizat
of Ca1 ions by 33.2 eV photons, measured simultaneously
eight different azimuthal angles.

in the energy position of the lines at some angleswi is due
to local variation of this contact potential and to slight
different position of some of the detectors.

In order to deduce the asymmetry parameterb from
such spectra, we evaluated the integrated area unde
electron lines, and fitted the data by formula (3), usingb

as a free parameter. Varying the photon energy over
profile of the resonance, we obtained the excitation fu
tion of the resonance. In the upper panel of Fig. 2 we sh
the sum of the eight integrated counts. The dispersion
the data at some photon energies is due to fluctuation
the ion beam current. Since the direct 4s-photoionization
cross section is very weak outside of the resonance,
high electron counting rate we observed on the tails of
resonance in the upper panel is mostly due to some n
produced by stray light caused by defects in the refocus
mirror. From the eight spectra, we determined the va
tion of theb parameter as shown in the middle panel. T
vertical error bars include the contributions of the statis
cal errors on the integrated counts and substracted b
ground, as well as the uncertainty on the determination
the coefficientsCi. Finally, the excitation function of the
resonance obtained from the Ca21 yield is shown in the
lower panel of Fig. 2. The absolute uncertainty on the
measurements is mainly due to the accuracy of the e
trometer, and is of the order of 2 pA.

Both resonance profiles, measured separately from
electron spectra and ion yield, are in good qualitat
4498
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FIG. 2. Upper panel: variation, over the energy range of
resonance, of the sum of the integrated counts of the elec
lines recorded simultaneously at the eight angles. Middle pa
variation over the same energy range of theb asymmetry
parameter determined at individual photon energies from
spectra recorded at the eight angles. Bottom panel: varia
of the yield of Ca21 ions produced in the photoionization o
the Ca1 ion beam; dots show the measured Ca21 current, and
the solid line is a Gaussian profile centered at the energy of
resonance (see text).

agreement with each other, as well as with previous p
toion measurements [6]. They exhibit a quasi Gauss
shape with a FWHM of about 0.15 eV, resulting fro
a convolution of our spectral bandpass (0.14 eV) w
the natural width of the line (calculated to be betwe
0.05 eV [18] and 0.06 eV [19]).

Kabachnik and Sazhina [10] have proposed gene
expressions for the angular distribution of photoelectro
in the region of autoionizing states. As expected, if on
one autoionization decay channel is open, the param
b is independent of the photon energy, i.e., the prese
of a resonance does not affect the photoelectron ang
distribution. If LScoupling is assumed, the two outgoin
waves´p1y2 and ´p3y2 are not separable, and then on
should expect a constant valueb  2. Nevertheless, a
strong coupling exists between the giant resonance
double excitation transitions, as confirmed by MCH
calculation [24]. Another indication of the importanc
of double excitations was given by Ivanov and We
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[19] who calculated an oscillator strengthf  3 for the
giant resonance, while the experimental value isf  2.3.
Since their RPAE calculation did not take into accou
contribution of double excitations, this discrepancy can
attributed to a redistribution of the oscillator strength
the giant resonance into two-electron transition channe

The values of the asymmetry parameter we have
termined over the profile of the resonance are system
ically lower than 2. Our most accurate determination
b  1.89 6 0.13 at the top of the resonance. This val
was obtained from six independent measurements. W
the error bar, it is consistent with a constant valueb  2
expected for ań p wave in theLScoupling scheme. This
behavior suggests that, in similar fashion to neutral
and despite the complexity of the ionic resonance,LScou-
pling remains a good approximation for the description
the giant resonance in the Ca1 ion. With experimental
data on the angular distribution now available for Ca1,
we await new theoretical calculations to further illumina
the physics of giant ion resonances.
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