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Final lon-Charge Resolving Electron Spectroscopy: Photoionization Studies on Sm and Eu
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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 dfdfetiresonances.
[S0031-9007(96)00283-9]

PACS numbers: 32.80.Fb, 32.80.Hd

Photoionization studies of free atoms with monochro-both equipped with microchannel plate (MCP) detectors.
matized synchrotron radiation in the energy range of théA detected electron with selected kinetic eneggyiggers
vacuum ultraviolet (VUV) have been performed for morea high voltage pulse which extracts the corresponding co-
than thirty years to increase our knowledge about atomiincident photoion into the TOF spectrometer. Inthe result-
structure and the dynamics of excitation and deexcitatioing “coincidence-mode” ion spectrum, however, the spec-
processes. Besides photoabsorption experiments phottsum of true coincidences is usually superimposed by the
electron and photoion spectroscopy have been establishedrmal ion spectrum due to random coincidences, which
as versatile tools to investigate many-electron and relais also measured, in a “reference mode,” by triggering the
tivistic effects ([1,2], and references therein). The com-on extraction pulses randomly using a pulse generator.
bination of electron and ion spectroscopy, in particularBoth coincidence-mode and reference-mode spectra are
provides deep insight into the complexity of inner-shellobtained almost simultaneously by switching between the
photoprocesses since information about the first step of avo modes every 5 sec. From these two spectra the spec-
photoionization decay process obtained by electron spet¢rum of true coincidences is calculated channel by chan-
troscopy is related to information about the final ion-nel, while correcting for (1) ion-detection efficiency of the
charge state obtained by ion spectroscopy. In this contexon MCP detector for different charge states, (2) dead-time
an electron-ion coincidence experiment can be regardeeffects due to the ion MCP detector and the correspond-
as the most developed realization of such a combinaing pulse electronics, and (3) effects of event statistics of
tion [3—5]. This Letter presents this powerful method intrue and false coincidences in coincidence and reference
its improved form where high coincidence counting ratesnode [7]. Hence, our evaluation procedure takes into ac-
are achieved which makes it possible for the first timecount allimportant effects of high counting rates. The total
to scan systematically a complete electron spectrum fgphotoionization rate does not need to be reduced to avoid
fixed photon energy by electron-ion coincidence measureandom coincidences but can be optimized to achieve best
ments. We call this new technique final ion-charge restatistics of true coincidences in short accumulation time.
solving electron spectroscopy (FIRE spectroscopy). In consequence, a great number of those measurements of

Our experiments were performed to study the complexifferent kinetic electron-energy valuescan be realized.
excitation and decay processes of atomic Eu and Sm iithe resulting spectra of true coincidences show directly the
the region of the d giant resonances. The atomid gi- decay probabilitiep ., (e, n+) for the decay to.+ after
ant resonances of the lanthanides are prominent exampletectron emission at different kinetic electron energy val-
for many-electron correlations in atoms, molecules, andiese for the chosen photon ener@y. A FIRE spectrum
solids ([2,6], and references therein). Moreover, this groufEDC}., () for fixed n and/iw finally can be calculated by
of elements plays an important role in domains dealing N
with magnetism and/or (high temperature) superconductiv- EDCh. (&) = pio(e.n+)EDCho (&) (1)
ity. In this context Eu is established as an important tesivhere EDG,,(¢) denotes the measured electron spec-
case for many investigations because of its half-filléd 4trum (energy distribution curve) or a fitting curve to it.
subshell. The experimental setup is an improved versioEDC},,(¢) represents the contribution of photoionization
of an electron-ion coincidence apparatus used in previousrocesses ending up ima- final state to the electron spec-
investigations of atomic Ba [5]: Monochromatized syn-trum EDG;,, (¢) because
chrotron radiation of the electron storage ring BESSY in
Berlin is focused onto an atomic beam of Eu or Sm. The > EDCj/ (e) = (Z Do (&, n+))EDCﬁw(s)
photofragments are analyzed by a 1&¥lindrical mir- n+ n+
ror electron analyzer and a time-of-flight ion spectrometer, = EDCj,(e). (2)
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As a first example Fig. 1 shows a fitting curve I = 10.3 eV accompanied byf !'(°F) photoemission
to a measured electron spectrum of atomic Euwstructures at higher ionization energids= 13-16 eV)
([Krl4d'°5s5p°4f76s285) taken at 138.5eV pho- and a 6s ' photoline at/ = 5.8 eV. Whereas the
ton energy [EDG,(e), top] and its final ion-charge energies of these hole states are located below the
resolved contributions [EDE,(g), n = 1-4] given on 2+ threshold at/ = 16.9 eV, the4f 1657175 satellite
a kinetic electron energy scales) as well as on an process atl = 17.5 eV is able to end up in &+ final
ionization energy scald/ = hw-g). The data points state by subsequent Auger decay which can be seen
were calculated according to Eq. (1). The error barsn the energy level diagram of Fig. 2. The complete
refer to the determination of the decay probabilitiesabsence of the corresponding photoline in the FIRE
DPrw(e,n+) and are in most cases smaller than the datapectrum and a decay probability of 100% for2a
point symbols. The displayed fitting curves consistfinal state within the error bars indicates that charge
of a superposition of Gaussian profiles for photolinesconserving fluorescence decay intola final state as
and a smooth background function, respectively. The competing process to Auger decay can be, indeed,
position and width of the photoline profiles as obtainedneglected in the energy range of the VUV. This result
by the fit to the normal electron spectrum have nothas also been verified for the decay of the '("°P)
been varied during the fits to the FIRE spectra. Thehole statesi( = 26.7 and 32.5 eV, respectively).
assignment of the photolines is based on a previous By the coincidence method it was also possible to
electron spectroscopy study [8]. Thiet FIRE spec- determine and subtract the contribution of experimen-
trum is dominated by the strongf ~!(’F) photoline at tal background to the spectrum which does not re-
sult in true electron-ion coincidences. The remaining
background in the spectra of Fig. 1, therefore, is due
Tonization Encrgy I [eV] to direct double ionization processes where during one
step two electrons are emitted simultaneously sharing
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FIG. 1. Top: Fitting curve to a measured electron spectrunEnergy levels of Eul+ were taken from Ref. [8], ionization

of atomic Eu taken at 138.5 eV photon energy. BP denotes ththresholds of EW2+ to 4+ from Ref. [9]. Energy levels of
monochromator band pass. The different layers under the curvéu 2+ to 4+ surrounded by boxes were obtained by single
give the contributions of the different FIRE spectra. Below; configuration relativistic Hartree-Fock calculations using the
FIRE spectra for the charge states E# to 4+. The data Cowan code [10]. The number of levels contained in the boxes
points are obtained from Eg. (1) and are shown together withanges between 198 levels for the configuratign? and 9448
fitting curves. lonization thresholds were taken from Ref. [9]. levels for the configuratiofip —26s~".
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the available kinetic energy. In particular, the typically Tonization Energy 1 [eV]

shaped electron background emission in the FIRE 148 144 140 136 132
spectrum is explained by4f,6s) 2(e€)pni(e€)pny di- o R 7 ;

rect double photoionization (DDPI) without subsequent Eu 7.9 4d” “p Fiw = 168 gV

Auger decay, whereas the background in fhe FIRE
spectrum can be explained by DDPI with subsequent -
Auger decay as well as by direct double Auger de-
cay (DDA) after single photoionization [e.g4d ' —
(4f,65) 3 (e€)au1(e€)au2]. DDA after 4d~! photoioniza-
tion has been found to dominate the background emis- [ —

sion in the electron spectra of atomic barium in the range )| 44 ' .
i ;o
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of the 4l giant resonance [5]. By contrast, direct triple
(or quadruple) ionization seems to be too exotic. The

background in thet+ FIRE spectrum of Fig. 1, there- = ] et
fore, should also be due to direct double ionization steps §
within a complete photoionization-decay cascade ending - 4
up in a4+ final state. iz 6f 3+
55~ ! single photoionization/(= 43 to 52 eV) is found E S J+/r’ p
to end up in &+ as well as in &+ final state (Fig. 1). 2 3 —
Relativistic Hartree-Fock calculations using the Cowan ey
code [10] show that BU [Xe]4f° states(4f'6s~2) are } 0
extended to more than 10 eV above the EiXel4f° 7 F, =)
threshold at/ = 41.8 eV (Fig. 2). Hence, the stronger =

tendency of thess~! 7S photoionization process at higher 1

ionization energy [ = 50.4 eV) for a decay to3+

compared to thess~ 'S process [ = 46.5 eV) can be plk

explained by the higher number of open3Eudecay

channels. The weak structure in the¢ spectrum af = Kinetic Energy € [cV]

55 to 63 eV is attributed tc5p 2 nt satellite emission FIG. 3. Top: Fitting curve to a measured electron spectrum

followed by Auger decay. of atomic Eu taken at 168 eV photon energy in the range of the
The4d ' photoionization of Eu was studied at 168 eV 44! photolines. Below: FIRE spectra for the charge states Eu

photon energy. Figure 3 shows the corresponding ele@+ to 4+ (data points and fitting curves). But final charge

tron and FIRE spectra. On the decay 4! hole states were not observed within the error bars and have been

states al+ final state was not observed within the omitted for clarity. For further explanations see Fig. 1.

error bars £1%) indicating again the negligible role

of charge conserving fluorescence decay. Based on

a many-body perturbation theory calculation, the split-

ting of the Eu4d~! multiplet into two groups is ex- end up in a higher charged ion (see Fig. 2) [9,12]. A

plained by spin-orbit interaction of théd~' hole [Eu:  °D spin coupling between théd ! hole and the #ishell

4d3, 5,417 (3S)°D] [8,11]. The existence of a corre- would then imply a spin flip to*’L’ during the Auger

sponding’ D multiplet [Eu:4d§/2,5/24f7(88)7D] has been decay which seems, indeed, not favorable and is forbid-

predicted at~20 eV higher ionization energy but has den in thelLS coupling scheme.

never been confirmed experimentally. However, the most The given explanation for the suppression of #ae!

interesting feature of the results in Fig. 3 is the com-ine component in the+ FIRE spectrum of Fig. 3 is

plete suppression of the component at lower ionizabased on the fact that the spins of the seven electrons

tion energy(/ = 137.6 eV) in the 2+ FIRE spectrum in the Eu 4 subshell are paralléfS). To test this idea,

in contrast to the high ionization energy line grouptherefore, Sm([Krl4d'°5s25p%4£%6s%(’F)), one element

(I = 142.5 eV). This suggests a splitting due to spin before Eu in the periodic table, has also been investigated.

coupling [4d°4d’(3S)7°D] even for the actual multiplet Figure 4 shows the Smd~! multiplet by an electron

shown in Fig. 3. The reason is that the decay of aspectrum taken at 158 eV photon energy and its final ion-

4d~' hole to 2+ is expected to be dominated by a charge resolved contributions. The Skhi~! multiplet

4d~1 — 4f2(e€)a, Auger process4d’4f’(3S)"°D —  looks very similar to the Edd ' photoemission structure

4d'°4£3(L) (e€)au >'L'] because on the one hand the (Fig. 3) and exactly the same behavior concerning the

4d-4f overlap is large and on the other hand all the domdecay to2+ was observed: the complete suppression of

inating Auger processes involvingp®lectrong4d ' —  the low ionization energy line component in the FIRE

4f15p (el)pay and4d—! — 5p2(ef)s,] are able to spectrum (Fig. 4).
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lonization Energy 1[eV] developed and applied to study many-electron decay on
144 140 136 132 128 124 atomic Eu and Sm which in part has been found to be spin
L P e " ' - dependent. The experimental data allow an assignment
Sm P 4q! o L fo=1588Y for 4d~! multiplet components to be given.
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