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Final Ion-Charge Resolving Electron Spectroscopy: Photoionization Studies on Sm and E
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A new type of electron spectroscopy for the investigation of gas-phase targets has been developed.
Based on electron-ion coincidence measurements using synchrotron radiation the method for the first
time allows an electron spectrum to be split into the different final charge states. These spectra
give deep insight into different, in part spin-dependent, multiple photoionization mechanisms, which is
demonstrated for atomic samarium and europium in the photon energy range of the 4d giant resonances.
[S0031-9007(96)00283-9]

PACS numbers: 32.80.Fb, 32.80.Hd
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Photoionization studies of free atoms with monochr
matized synchrotron radiation in the energy range of
vacuum ultraviolet (VUV) have been performed for mo
than thirty years to increase our knowledge about atom
structure and the dynamics of excitation and deexcitat
processes. Besides photoabsorption experiments ph
electron and photoion spectroscopy have been establis
as versatile tools to investigate many-electron and re
tivistic effects ([1,2], and references therein). The co
bination of electron and ion spectroscopy, in particul
provides deep insight into the complexity of inner-sh
photoprocesses since information about the first step
photoionization decay process obtained by electron sp
troscopy is related to information about the final io
charge state obtained by ion spectroscopy. In this con
an electron-ion coincidence experiment can be regar
as the most developed realization of such a combi
tion [3–5]. This Letter presents this powerful method
its improved form where high coincidence counting rat
are achieved which makes it possible for the first tim
to scan systematically a complete electron spectrum
fixed photon energy by electron-ion coincidence measu
ments. We call this new technique final ion-charge
solving electron spectroscopy (FIRE spectroscopy).

Our experiments were performed to study the comp
excitation and decay processes of atomic Eu and Sm
the region of the 4d giant resonances. The atomic 4d gi-
ant resonances of the lanthanides are prominent exam
for many-electron correlations in atoms, molecules, a
solids ([2,6], and references therein). Moreover, this gro
of elements plays an important role in domains deal
with magnetism and/or (high temperature) superconduc
ity. In this context Eu is established as an important t
case for many investigations because of its half-filledf
subshell. The experimental setup is an improved vers
of an electron-ion coincidence apparatus used in previ
investigations of atomic Ba [5]: Monochromatized sy
chrotron radiation of the electron storage ring BESSY
Berlin is focused onto an atomic beam of Eu or Sm. T
photofragments are analyzed by a 180± cylindrical mir-
ror electron analyzer and a time-of-flight ion spectromet
20 0031-9007y96y76(23)y4320(4)$10.00
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both equipped with microchannel plate (MCP) detecto
A detected electron with selected kinetic energy´ triggers
a high voltage pulse which extracts the corresponding
incident photoion into the TOF spectrometer. In the resu
ing “coincidence-mode” ion spectrum, however, the sp
trum of true coincidences is usually superimposed by
normal ion spectrum due to random coincidences, wh
is also measured, in a “reference mode,” by triggering
ion extraction pulses randomly using a pulse genera
Both coincidence-mode and reference-mode spectra
obtained almost simultaneously by switching between
two modes every 5 sec. From these two spectra the s
trum of true coincidences is calculated channel by ch
nel, while correcting for (1) ion-detection efficiency of th
ion MCP detector for different charge states, (2) dead-ti
effects due to the ion MCP detector and the correspo
ing pulse electronics, and (3) effects of event statistics
true and false coincidences in coincidence and refere
mode [7]. Hence, our evaluation procedure takes into
count all important effects of high counting rates. The to
photoionization rate does not need to be reduced to av
random coincidences but can be optimized to achieve b
statistics of true coincidences in short accumulation tim
In consequence, a great number of those measuremen
different kinetic electron-energy values´ can be realized.
The resulting spectra of true coincidences show directly
decay probabilitiesph̄vs´, n1d for the decay ton1 after
electron emission at different kinetic electron energy v
ues´ for the chosen photon energyh̄v. A FIRE spectrum
EDCn1

h̄vs´d for fixed n andh̄v finally can be calculated by

EDCn1
h̄vs´d ­ ph̄vs´, n1dEDCh̄vs´d , (1)

where EDC̄hvs´d denotes the measured electron spe
trum (energy distribution curve) or a fitting curve to i
EDCn1

h̄vs´d represents the contribution of photoionizatio
processes ending up in an1 final state to the electron spec
trum EDCh̄vs´d becauseX

n1

EDCn1
h̄vs´d ­

√X
n1

ph̄vs´, n1d

!
EDCh̄vs´d

­ EDCh̄vs´d . (2)
© 1996 The American Physical Society
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As a first example Fig. 1 shows a fitting curv
to a measured electron spectrum of atomic
sfKrg4d105s25p64f76s2 8Sd taken at 138.5 eV pho
ton energy [EDC̄hvs´d, top] and its final ion-charge
resolved contributions [EDCn1

h̄vs´d, n ­ 1 4] given on
a kinetic electron energy scales´d as well as on an
ionization energy scalesI ­ h̄v-´d. The data points
were calculated according to Eq. (1). The error b
refer to the determination of the decay probabilit
ph̄vs´, n1d and are in most cases smaller than the d
point symbols. The displayed fitting curves cons
of a superposition of Gaussian profiles for photolin
and a smooth background function, respectively. T
position and width of the photoline profiles as obtain
by the fit to the normal electron spectrum have
been varied during the fits to the FIRE spectra. T
assignment of the photolines is based on a prev
electron spectroscopy study [8]. The11 FIRE spec-
trum is dominated by the strong4f21s7Fd photoline at
rum
s th
ur
w;

wit
9].
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FIG. 1. Top: Fitting curve to a measured electron spect
of atomic Eu taken at 138.5 eV photon energy. BP denote
monochromator band pass. The different layers under the c
give the contributions of the different FIRE spectra. Belo
FIRE spectra for the charge states Eu11 to 41. The data
points are obtained from Eq. (1) and are shown together
fitting curves. Ionization thresholds were taken from Ref. [
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I ­ 10.3 eV accompanied by4f21s5Fd photoemission
structures at higher ionization energiessI ­ 13 16 eVd
and a 6s21 photoline at I ­ 5.8 eV. Whereas the
energies of these hole states are located below
21 threshold atI ­ 16.9 eV, the 4f216s217s satellite
process atI ­ 17.5 eV is able to end up in a21 final
state by subsequent Auger decay which can be s
in the energy level diagram of Fig. 2. The comple
absence of the corresponding photoline in the11 FIRE
spectrum and a decay probability of 100% for a21

final state within the error bars indicates that cha
conserving fluorescence decay into a11 final state as
a competing process to Auger decay can be, inde
neglected in the energy range of the VUV. This res
has also been verified for the decay of the5p21s7,9Pd
hole states (I ­ 26.7 and 32.5 eV, respectively).

By the coincidence method it was also possible
determine and subtract the contribution of experim
tal background to the spectrum which does not
sult in true electron-ion coincidences. The remain
background in the spectra of Fig. 1, therefore, is d
to direct double ionization processes where during o
step two electrons are emitted simultaneously sha
e
ve

h

FIG. 2. Energy level scheme of Eu:fKrg4d105s25p64f76s2.
Energy levels of Eu11 were taken from Ref. [8], ionization
thresholds of Eu21 to 41 from Ref. [9]. Energy levels of
Eu 21 to 41 surrounded by boxes were obtained by singl
configuration relativistic Hartree-Fock calculations using th
Cowan code [10]. The number of levels contained in the boxe
ranges between 198 levels for the configuration4f22 and 9448
levels for the configuration5p226s21.
4321
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the available kinetic energy. In particular, the typica
shaped electron background emission in the21 FIRE
spectrum is explained bys4f, 6sd22s´,dPh1s´,dPh2 di-
rect double photoionization (DDPI) without subseque
Auger decay, whereas the background in the31 FIRE
spectrum can be explained by DDPI with subsequ
Auger decay as well as by direct double Auger d
cay (DDA) after single photoionization [e.g.,4d21 !

s4f, 6sd23s´,dAu1s´,dAu2]. DDA after 4d21 photoioniza-
tion has been found to dominate the background em
sion in the electron spectra of atomic barium in the ran
of the 4d giant resonance [5]. By contrast, direct trip
(or quadruple) ionization seems to be too exotic. T
background in the41 FIRE spectrum of Fig. 1, there
fore, should also be due to direct double ionization st
within a complete photoionization-decay cascade end
up in a 41 final state.

5s21 single photoionization (I ­ 43 to 52 eV) is found
to end up in a21 as well as in a31 final state (Fig. 1).
Relativistic Hartree-Fock calculations using the Cow
code [10] show that Eu31 fXeg4f6 statess4f216s22d are
extended to more than 10 eV above the Eu31 fXeg4f6 7F0

threshold atI ­ 41.8 eV (Fig. 2). Hence, the stronge
tendency of the5s21 7S photoionization process at highe
ionization energy (I ­ 50.4 eV) for a decay to31

compared to the5s21 9S process (I ­ 46.5 eV) can be
explained by the higher number of open Eu31 decay
channels. The weak structure in the31 spectrum atI ­
55 to 63 eV is attributed to5p22 n, satellite emission
followed by Auger decay.

The4d21 photoionization of Eu was studied at 168 e
photon energy. Figure 3 shows the corresponding e
tron and FIRE spectra. On the decay of4d21 hole
states a11 final state was not observed within th
error bars (#1%) indicating again the negligible role
of charge conserving fluorescence decay. Based
a many-body perturbation theory calculation, the sp
ting of the Eu 4d21 multiplet into two groups is ex-
plained by spin-orbit interaction of the4d21 hole [Eu:
4d9

3y2,5y24f7s8Sd9D] [8,11]. The existence of a corre
sponding7D multiplet [Eu: 4d9

3y2,5y24f7s8Sd7D] has been
predicted at,20 eV higher ionization energy but ha
never been confirmed experimentally. However, the m
interesting feature of the results in Fig. 3 is the co
plete suppression of the component at lower ioni
tion energy sI ­ 137.6 eVd in the 21 FIRE spectrum
in contrast to the high ionization energy line grou
(I ­ 142.5 eV). This suggests a splitting due to sp
coupling f4d94d7s8Sd7,9Dg even for the actual multiple
shown in Fig. 3. The reason is that the decay of
4d21 hole to 21 is expected to be dominated by
4d21 ! 4f22s´,dAu Auger process [4d94f7s8Sd7,9D !

4d104f5s6Ld s´,dAu
5,7L0] because on the one hand th

4d-4f overlap is large and on the other hand all the do
inating Auger processes involving 5p electronsf4d21 !

4f215p21s´,dAu and4d21 ! 5p22s´,dAug are able to
4322
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FIG. 3. Top: Fitting curve to a measured electron spectru
of atomic Eu taken at 168 eV photon energy in the range of t
4d21 photolines. Below: FIRE spectra for the charge states
21 to 41 (data points and fitting curves). Eu11 final charge
states were not observed within the error bars and have b
omitted for clarity. For further explanations see Fig. 1.

end up in a higher charged ion (see Fig. 2) [9,12].
9D spin coupling between the4d21 hole and the 4f shell
would then imply a spin flip to5,7L0 during the Auger
decay which seems, indeed, not favorable and is forb
den in theLS coupling scheme.

The given explanation for the suppression of the4d21

line component in the21 FIRE spectrum of Fig. 3 is
based on the fact that the spins of the seven electro
in the Eu 4f subshell are parallels8Sd. To test this idea,
therefore, SmsssfKrg4d105s25p64f66s2s7Fdddd, one element
before Eu in the periodic table, has also been investigat
Figure 4 shows the Sm4d21 multiplet by an electron
spectrum taken at 158 eV photon energy and its final io
charge resolved contributions. The Sm4d21 multiplet
looks very similar to the Eu4d21 photoemission structure
(Fig. 3) and exactly the same behavior concerning t
decay to21 was observed: the complete suppression
the low ionization energy line component in the21 FIRE
spectrum (Fig. 4).
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FIG. 4. Top: Fitting curve to a measured electron spectrum
atomic Sm taken at 158 eV photon energy in the range of t
4d21 photolines. Below: FIRE spectra for the charge stat
Sm 21 to 41 (data points and fitting curves). Sm11 final
charge states were not observed within the error bars and h
been omitted for clarity. For further explanations see Fig. 1.

In conclusion, it can be summarized that a new typ
of electron spectroscopy (FIRE spectroscopy) has be
of
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ve
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developed and applied to study many-electron decay
atomic Eu and Sm which in part has been found to be s
dependent. The experimental data allow an assignm
for 4d21 multiplet components to be given.
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