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4d Photoionization of Free Singly Charged Xenon Ions
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Electron spectroscopy in direct4d photoionization of free Xe1 ions has been realized for the first
time, applying various timing and coincidence techniques to suppress and to monitor on line the st
fluctuating background. The ionization energies of4d5y2 and 4d3y2 electrons of Xe1s5p5 2P3y2d and
Xe1s5p5 2P1y2d were determined and compared to calculated RHF(CI) values and to correspond
results of neutral Xes5p6 1S0d atoms to study the influence of the outer-shell electron occupation on t
4d21 inner-shell process. [S0031-9007(99)08598-1]

PACS numbers: 32.80.Hd, 32.80.Fb
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The influence of the valence electron structure of mat
on inner-shell excitation processes is the fundamen
effect of one of the major techniques for the investigatio
of solids, surfaces, and thin films, that is, core level sh
spectroscopy using vacuum ultraviolet (VUV) radiation o
x rays. Basically, this effect can be studied by comparin
inner-shell spectra of free atomic systems along isonucl
series, generating a well-defined preparation of the valen
electron states by laser excitation or by studying fre
positive ions of different initial charges. However, VUV
photoionization experiments on beams of free positive io
are rare because they are difficult to carry out [1].
particular, the detection of photofragments like photoio
or photoelectrons is hampered by a low signal due to t
low target density that can be reached within an ion bea
and which is 5 orders of magnitude lower compared
the ordinary gas phase or surface experiments. On
other hand, this low signal is superimposed by a fluctuati
background due to ion-ion and ion-residual gas collision
which usually is much higher compared to the signal.

Because of these difficulties, photoelectron spectro
copy on free positive ions first of all succeeded on
on Ca1, using highly brilliant undulator radiation at a
photon energy of 33.2 eV, that is, the resonance ene
for the very strong3p ! 3d autoionizing resonance in
Ca1 [2,3]. Later, in order to suppress and to monito
on line the background signal in electron spectra of fr
positive ions, various timing and coincidence techniqu
have been developed which allowed the first observati
and identification of3p resonances in excited metastab
sCa1dp [4]. Now, these techniques make it possible t
measure even an electron spectrum obtained by dir
continuum excitation of a free positive ion target with
cross section expected to be 1 to 2 orders of magnitu
lower. In the present study, we chose the4d inner-shell
photoionization of Xe1: fKrg4d105s25p5 to compare with
the corresponding process in the isonuclear electro
system of atomic Xe:fKrg4d105s25p6 [5,6] and to study
the influence of the5p outer-shell occupation.

Results on the ion spectra of Xe1 using synchrotron ra-
diation in the spectral range of the4d excitation have been
0031-9007y99y82(10)y2068(3)$15.00
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presented already by Sanoet al. [7]. O’Sullivan et al. [8]
investigated the4d excitation along the isonuclear se
ries I, I1, and I21 by photoabsorption in a laser-produce
plasma. Iodine is located just one element before xen
in the periodic table. Hence, atomic I:fKrg4d105s25p5

is isoelectronic to Xe1 in the ground state. Electron
spectroscopy results on the4d21 multiplet of atomic io-
dine were presented by Tremblayet al. [9] and Nahon
et al. [10]. In this context we present for the first time
electron spectroscopy data on the4d21 multiplet of Xe1.

Our experiments were performed at the electron stora
ring BESSY. A beam of free Xe1 ions was extracted from
an electron impact ion source. The Xe1 ion beam was
electrostaticly preseparated and focused onto the inter
tion zone where it crossed a monochromatized beam
undulator radiation. At the point of intersection the Xe1

density was in the range of106 cm23 and the photon flux
amounted to1012 to 1013 photons per sec. Photoionized
Xe1 ions, i.e., Xe21 and Xe31 ions, were analyzed elec-
trostaticly and detected by a microchannel plate detect
Electrons emitted from the interaction zone were analyz
by a 360± cylindrical mirror analyzer and also detecte
by a microchannel plate detector. The BESSY bun
clock signal was used when working in the single bunc
mode which provides pulsed undulator radiation of
4.8-MHz repetition rate. The bunch clock signal allowe
us to gate for the electron signal between the bunch
(bunch-gate method). Thus, various types of spectrosco
on free positive ions could be realized: ion-yield spe
troscopy, electron spectroscopy, bunch-gate electron sp
troscopy, and (bunch-gate) electron-ion coinciden
spectroscopy. By the bunch-gate methods, as well as
the coincidence technique, a suppression and on-line mo
toring of the strong fluctuating background signal in ele
tron spectra were realized [4]. Finally, using a gas inl
system, also rare gas electron spectra could be measur

In Fig. 1(a) an electron spectrum of Xe1 is displayed
measured at a photon energy of 103.3 eV that sho
the 4d21 multiplet of Xe1 sXe1: fKrg4d105s25p5 !
Xe21: fKrg4d95s25p5 1 ´ld. To correct for the back-
ground signal, bunch gate as well as the electron-i
© 1999 The American Physical Society
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FIG. 1. Electron spectrum of ionic Xe1 taken at 103.3-eV
photon energy (a), fitted by a superposition of two Gaussia
type doublet structures that are also shown individually (
and compared to a RHF(CI) calculation [11] to the4d21

multiplet of Xe1 (d). Starting from Xe1: fKrg4d105s25p5 2P3y2
(solid line) and Xe1: fKrg4d105s25p5 2P1y2 (dashed line),
respectively, the calculated spectra have been convoluted w
the experimental bandpass (0.6 eV). For comparison t
electron spectrum of atomic Xe taken at 93.1-eV photon ener
is shown (b), fitted by one Gaussian-type doublet structure.

coincidence technique was applied, while the ion an
lyzer was tuned to accept Xe31 ions only. From the en-
ergy level diagram in Fig. 2 it is obvious that the4d21

hole statessXe21: fKrg4d95s25p5d are located above the
Xe31 threshold but below the Xe41 threshold. Hence,
the 4d21 ionization process of Xe1 exclusively leads to
the formation of Xe31 in the final state by subsequen
Auger decaysXe21: fKrg4d95s25p5 ! Xe31 1 ´Augerd,
provided that charge conserving fluorescence decay
be neglected as demonstrated recently for atomic Xe [1
The absolute uncertainty of the kinetic energy measu
ment of emitted electrons and, hence, of the ionizati
energy scale in Fig. 1(a) amounts to60.5 eV due to a
fluctuating space charge retarding of the emitted ele
trons within the ion beam that is correlated with ion bea
instabilities.

For comparison, Fig. 1(b) shows the well-known corre
sponding4d21 multiplet of atomic Xe:fKrg4d105s25p6 !
Xe1: fKrg4d9s2D3y2,5y2d5s25p6 1 ´l measured at 93.1 eV
photon energy. The spectrum has been fitted by
Gaussian-type doublet structure with a constant wid
equal to the combined bandpass of the monochrom
tor and the electron analyzer (0.6 eV). In contrast
that rather simple spin-orbit doublet, the4d21 multi-
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FIG. 2. Energy level diagram of ionic xenon based on pu
lished data [12–14], a calculation in the RHF(CI) approxim
tion [11], and the present experimental results. The arro
indicate the4d21 photoionization process on Xe1 with subse-
quent Auger decay into a Xe31 final state.

plet of Xe1, shown in Fig. 1(a), is more complex. On
reason for that might be the coexistence of the two i
tial fine structure state Xe1: fKrg4d105s25p5 2P1y2,3y2
within the ion beam that are separated by 1.3 eV [1
In fact, the 4d21 multiplet of Xe1 can be fitted fairly
well by a superposition of two almost identical Gaussia
type doublet structures, as demonstrated in Fig. 1
The components of that fit are shown individually
Fig. 1(c) and compared to the results of a relativis
Hartree-Fock [RHF(CI)] calculation [14] to the4d21

multiplet, starting from Xe1: fKrg4d105s25p5 2P3y2 and
Xe1: fKrg4d105s25p5 2P1y2, respectively [Fig. 1(d)]. The
calculation confirms the general feature of the measu
4d21 multiplet of Xe1, consisting of a superposition o
two doublet structures. A corresponding assignment
given in Table I. According to this interpretation, the fiv
5p electrons of Xe1 act as a kind of “spectator” during
4d photoionization, and each of the two observed doub
structures almost represents the4d21 2D3y2,5y2 spin-orbit
splitting, in Xe21: fKrg4d95s25p5s2P1y2d and in Xe21:
fKrg4d95s25p5s2P3y2d, respectively. The relative energ
levels of the corresponding states are also given in Tab
and shown in Fig. 2. However, the broadening of t
observed line components in Fig. 1(a), compared to
experimental bandpass, and the complex multiplet
the RHF(CI) calculation in Fig. 1(d) indicate the influenc
of intermediate coupling. Obviously the correspondin
multiplet components due to the coupling between t
open4d and5p shells in the4d95s25p5 configuration are
not resolved in the experiment. Intermediate coupli
was found to well describe the4d21 multiplet of atomic
iodine I: fKrg4d105s25p5 [9,10] that in the ground state
is isoelectronic to Xe1. In analogy to Xe1, the 4d21
2069
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TABLE I. Assignment of the line structures in Fig. 1.

Initial state Ionization state
Line Ionization Relative Relative
No. energy [eV] Xe1: fKrg . . . energy [eV]a Xe21: fKrg . . . energy [eV]a

I 71.6 6 0.5 4d105s25p5 2P3y2 0.0 4d9s2D5y2d5s25p5s2P3y2d 71.6 6 0.5

II 72.9 6 0.5 4d105s25p5 2P1y2 1.3 [11] 4d9s2D5y2d5s25p5s2P1y2d 74.2 6 0.5

III 74.9 6 0.5 4d105s25p5 2P3y2 0.0 4d9s2D3y2d5s25p5s2P3y2d 74.9 6 0.5

IV 76.2 6 0.5 4d105s25p5 2P1y2 1.3 [11] 4d9s2D3y2d5s25p5s2P1y2d 77.5 6 0.5
aTo ground state [Kr]:4d105s25p5 2P3y2 of Xe1.
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multiplet of I consists of a doublet structure too, but th
separation of the two line groups is less pronounced.

Our data demonstrate several important trends: Goi
from Xe to Xe1, the center of gravity of the4d21

multiplet is shifted by s5.5 6 1.0d eV towards higher
ionization energy. Obviously the screening of the4d21

hole by the5p subshell is weaker in the case of ionic
Xe1 because of the one missing5p electron. Moreover,
from the point of view of ajj-coupling scheme the4d21

2D3y2,5y2 spin-orbit energy increases from 2.0 eV for Xe
to 3.3 eV for Xe1. The 5p21 2P1y2,3y2 spin-orbit energy
increases from 1.3 eV for Xe1 in the ground state to
2.6 eV in the presence of a4d hole. Going from Xe1 to
isoelectronic I, the center of gravity of the4d21 multiplet
is shifted by about 15.5 eV towards lower ionizatio
energy due to the lower nuclear charge by one element
unit in the case of iodine.

In conclusion, photoelectron spectroscopy on dire
continuum excitation of a free positive ion target wa
realized. The influence of outer-shell occupation o
inner-shell excitation was studied by the example of4d
photoionization along the isonuclear series Xe, Xe1. In
comparison to isoelectronic iodine, the4d21 multiplet
of Xe1 was discussed in terms of different coupling
mechanisms.
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