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Ch. Dzionk, W. Fiedler, M. v. Lucke, and P. Zimmermann
Institut fiir Strahlungs un-d Kernphysik, Technische Universitat Berlin, Hardenbergstrasse 36,

D 100-0 Berlin 12, Federal Republic of Germany
(Received 19 September 1988)

Using synchrotron radiation, an atomic beam technique, and a time-of-Aight spectrometer the
photoion yield spectra of the singly and doubly charged lanthanides La, Ce, Pr, Nd, Sm, and Eu in

the region of the 5p excitation between 20 and 40 eV were measured. The experimental results are
discussed within the concept of autoionizing atomic states and the production of doubly charged
photoions by stepwise processes. For Pr, as an example, the partial cross sections of the subshells

6s, ~„4f,~„5p3/p and 5p, &2 were calculated with the method of the time-dependent local-density

approximation, and the results are compared with the Pr and Pr + signals.

I. INTRODUCTION

The first measurements of the lanthanide absorption
spectra in the range of the Sp excitation between 20 and
40 eV were reported by Tracy, ' who investigated the ele-
ments Sm, Eu, Dy, Ho, Er, Tm, and Yb. The spectra are
dominated by broad asymmetric resonances which lie
above the Sp P3/2 thresholds. For the heavier elements
Dy, Ho, Er, Tm, and Yb strong discrete lines are ob-
served for transitions to P3/2 based levels. In the special
case of Yb with the closed 4f subshell, Tracy' could as-
sign these discrete lines essentially to four series Sp end
converging to the spin-orbit limits Sp P3/2 and P, /2 at
31.3S and 37.52 eV.

After the photoexcitation or photoionization of the Sp
electrons, the rearrangement of the core takes place by
the emission of one or two electrons and/or by the emis-
sion of photons. These processes can be studied by the
technique of photoelectron or photoion spectroscopy or
by the detection of the fluorescence. We have used a
time-of-flight spectrometer to obtain the relative cross
sections for single and double photoionization of the
lanthanides in the region of the Sp excitation. Similar ex-
periments for the more easily vaporizable elements Sm,
Eu, Tm, and Yb were performed by Holland and Cod-
ling and Holland et aI.

II. EXPERIMENTS

The synchrotron radiation of the 800-MeV electron
storage ring BESSY in Berlin was used for the photoexci-
tation of the atoms. The radiation was dispersed by a
1 m Seya monochromator equipped with a 1200 lines/
mm grating. The photon flux was monitored by a
sodium-salicylate coated photomultiplier. The mono-
chromator output was focussed on an atomic beam which
was produced by the thermal evaporation of the metals in
an elusion oven heated by electron impact. The temper-
atures which were necessary for the production of a par-
ticle density of about 10" cm in the interaction region

were in the range of about 900 K for Eu, 1000 K for Sm,
1600 K for Nd, 1800 K for Pr, and 2000 K for La and
Ce. The photoions were extracted from the interaction
region by short pulses (120 V amplitude, 1 p, s width, 25
kHz repetition rate) which served as the start signals for
a time-of-flight spectrometer. After identification of the
mass and charge spectra in a multichannel analyzer, ap-
propriate time windows were used for the simultaneous
detection of the singly and doubly charged photoions as a
function of the photon energy.

III. RESULTS

The results of the photoion yield spectra for the singly
and doubly charged lanthanides La, Ce, Pr, Nd, Sm, and
Eu in the region of the Sp excitation are shown in Fig. 1.
In a later paper we shall present the results for Gd, Tb,
Dy, Ho, Er, Tm, and Yb. For each element the scale is
arbitrary and independent of the others. Several sys-
tematic trends can be observed.

(1) The discrete resonances, which may be mainly attri-
buted to Spend transitions, are dominant for the singly
charged ion signals X . These resonances occur prefer-
ably in the region below the Sp P3/2 limits. Therefore,
these parts of the L+ signals should be described mainly
as resulting from the autoionization of atomic levels
based on Sp P3/2. For the heavier elements there is an
increasing tendency that these discrete lines of the L
signals are reproduced by the corresponding X signals
(though with small amplitudes, as can be seen for Sm +

and Eu +). The average of the discrete lines in all X
spectra reveals roughly a broad two-peak structure.

(2) The X + signals have a pronounced shape-
resonance-like asymmetric peak at the "high energy"
part of the spectrum above the Sp P3/2 limits, which
dominates the spectra in the region of the Sp ionization.

The doubly charged ions can be created by direct dou-
ble ionization where the photon energy is shared by both
electrons resulting in a broad background of the corre-
sponding photoelectron spectra. The cross section of this
process, however, is usually much smaller than those of
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stepwise processes like the photoionization of the 5p elec-
tron followed by the Auger decay of the 5p hole.
Discrete resonances in the X signals should be ex-
plained by the excitation of atomic levels X Sp nl which
decay in a two-step process to doubly charged ions. Tra-
cy' proposed for the Sp'( P, zz) based levels the spin-(lip
mechanism for the first step via X Sp ( P &&z )nl
~X+ 5p ( P3&z)+e, which is followed by the Auger
decay to X +. Especially for the light elements of the
lanthanides, however, there should be a large inhuence of
6s X 5d mixing in the presence of the Sp hole as was con-
vincingly demonstrated by Connerade et al. ' for the
two-step autoionization in Ba.
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FIG. 2. The sum of the Pr+ and Pr + signals and the total
photoionization cross section of Pr in the region between 19 and
32 eV calculated with the method of the time-dependent local-
density approximation (TDLDA).
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For a better understanding of the spectra, we have cal-
culated the partial photoionization cross sections of the
different subshells 5p, 4f, 5d, and 6s using a relativistic
version of the time-dependent local-density approxima-
tion (TDLDA). The TDLDA is closely related to the
random-phase approximation with exchange (RPAE),
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FICx. 1. Photoion yield spectra of the singly and doubly
charged lanthanides La, Ce, Pr, Nd, Sm, and Eu in the region of
the 5p excitation. The scales of the different elements are arbi-
trary and independent of each other.

FIG. 3. The partial photoionization cross sections of the sub-
shells Pr 6sI~z, 4f, ~z, SP, ~z, and SP I&, in the region between 19
and 32 eV calculated with the method of the time-dependent
local-density approximation (TDLDA).
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but instead of Hartree-Fock orbitals, LDA orbitals are
used. In this method the external potential U,„, of the
photon field induces a displacement in the electronic
charge distribution, which gives rise to an induced poten-
tial. From this induced potential the frequency depen-
dent polarizability a(co) and the cross section for photo-
absorption o (co) =4m(co/c)Ima(co) can be calculated.

Figure 2 gives, as an example, the total cross section of
Pr in the region between 19 and 32 eV as the sum
of the partial cross sections of the subshells 6s, &2, 4f, &2,

5p3/2 and 5p»2 starting from the ground state config-
uration 4f 6s . Relativistic orbital energies and the
Gunnarsson-Lundqvist formula for the exchange-
correlation function were used for these calculations.
The comparison with the experimental curve, which is
the sum of the Pr+ and Pr + signals shows good agree-
ment in the broad features although there is a shift of
about 1 eV for the peaks at 23 and 25 eV. As the calcula-
tions did not take into account any multiplet splitting,

one cannot compare the diA'erent widths and amplitudes.
For the separate interpretation of the Pr+ and Pr +

signals, the partial cross sections of the subshell 6s»2,
4f~i2, 5p3/2 and 5p, &2 are shown in Fig. 3. The sum of
6s, &2 and 4f5&2 should be discussed in connection with
the Pr+ signal, whereas the ionization of the 5p3/2 and
5p»2 electrons with the subsequent Auger decay should
lead to Pr +. The comparison of o.(4f,&2)+o(6s, &2)
with the Pr signal yields a qualitative agreement with
the two-peak structure of the experimental results. Good
agreement is obtained by the comparison of cr(5p&iz) and
o (5p, &2) with the Pr + signal where the structures of the
experimental curve are quite well reproduced.
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