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Inner-shell resonances in metastable Caions
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Electron spectroscopy experiments have been developed by applying coincidence techniques to handle
strong background covering a weak signal on photoelectron spectroscopy of free positive ions with synchrotron
radiation. 3 inner-shell resonances ird&xcited metastable Cecould be identified and tentatively assigned.
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PACS numbse(s): 32.80.Hd, 32.80.Fb

Photoionization of free positive ions in the spectral rangebackground. Figure(d) shows a scheme of the experimental
of the vacuum ultraviolefVUV) is a rather actual and inter- setup. A C& ion beam is extracted by a voltage of 2 kV
esting field of researcfi,2]. Comparing VUV photoioniza- from a discharge ion source. After electrostatic preseparation
tion of free atoms and free positive ions along isonuclear an¢he beam is focused onto the interaction zone where it
isoelectronic sequences gives well-defined information abougrosses a beam of monochromatized undulator radiation
the interaction between valence-shell configuration androm the electron storage ring BESSY. At the point of inter-
inner-shell excitation. Those interactions, e.g., cause bindingection the Ca density is in the range of 2a&m™>. The
and Auger energy shifts upon condensation of free atoms tBhoton flux at 33-eV photon energy amounts td*jthotons
solids[3], and they are applied in core level shift photodec_per'se_cond_ in a bandpass of 0.1 eV. Em_ltted electrons as well
tron spectroscopy to study chemical structure of solids, sur®S ionized ions are analyzed electrostatically and detected by
faces and thin filmg4]. Moreover, the field of inner-shell Microchannel plates. . .
photoionization of free positive ions is directly linked to b In our|f|rs(tj T)xperl!'nentr,] anlelectronﬂon lcomudence (;V’ﬁ
plasma physics, solar physics, and astrophysics. een realized by using the electron signal as start and the

. . .. . signal of ionized ions as stop for a time-to-amplitude con-

VUV-photoabsorption experiments on free positive ions

. . } erter (TAC), as shown in Fig. (b). In the resulting time
started in the 1970.5 using laser and Iaser'-mSjuced plasmas Bectrum pairs of electrons and ionized ions that arise from
generate VUV radiation as well as the ionic targgiso].

! : ) ; ]Ihe same ionization process form a discrete peak due to their
However, to obtain partial cross sections by detection o

photofragments, i.e., photoions and photoelectrons, ion-beam

experiments must be performed, because within a plasma or  g) electron

ion source the ion- and electron-emission background cannot analyzer pre-separator
be handled. But even beam experiments are hampered by a  '*" a“"'yzefetarding lens @ einzel lenses

very high background due to ion-ion and ion-residual-gas ,

7

collisions compared to a weak signal due to the extremely
low ion density that can be reached within an ion beam
(n<10® cm™3) [7-10. In the mid-1980s synchrotron radia-
tion (SR) was used to realize photoion spectroscopy on dif-
ferent positive ion species profiting from aréngular accep-
tance for the photoions and a large interaction region by
merging ion and SR beafd]. A similar experiment has been
presented recentl{8]. Despite the low angular and spatial b)
acceptance of electron analyzers, electron spectroscopy of
free positive ions (C&) could be realized in 199[®], prof-
iting from the high VUV-photon flux of undulator radiation
and the high cross sectiono€&2000 Mb) of the Ca:
3p—3d excitation at 33.2-eV photon enerdy]. Even an-
gular distribution of the emitted electron on the decay of this
resonance state has been investigated recgtfly :
In order to expand electron spectroscopy studies to pro- '
cesses of lower cross sections, additional techniques are |——>
needed to increase the signal-to-background ratio, apart from
working with the highest photon flux and the lowest residual
gas pressure as possible. In this context we present two dif-
ferent photoelectron spectroscopy experiments applying co-
incidence techniques as background filter and allowing for FIG. 1. (a) Setup for electron spectroscopy of free ions at
on-line monitoring of the usually strongly fluctuating signal BESSY. (b) Electron-ion coincidence electronics.
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———————T dence spectrum and includes all fluctuations, e.g., due to

——
- Ca*— Ca?* 1 instabilities of the ion source. Hence all structures in the

600 —m—e e difference spectrum shown in the bottom part of Fig. 2 cor-
Ion Signal (Ca®*) respond with true coincidences, i.e., photoionization signals

400 - . of Ca'. Despite the extremely low signal rate and the statis-
3 . _ ] tical uncertainty, the background filter effect of the method is

200 - Electron Signal (e=21+ 2¢V) evident. The signal-to-background ratio is estimated to be
r . 1 reduced from 1:40 to 1:4 in the electron signal by applying

=] the electron-ion coincidence background filter. A corre-

06 L | sponding preliminary spectrum has already been presented,
o but the data are given on an incorrect photon energy scale
2 04| | [2]. The already mentioned well-known strong 3 3d
& | » | resonance starting from ground-state "C) arises at
= 02 L andom Coincidence Signal | 33.2-eV photon energy as expected. The subsequent autoion-
g . o ) g
= I ] ization decay leads to the creation of a*Cadon and the
Y P N T SN S emission of a free electron in the final state:
o . True Coincidence Signal ] Ca+:3p64s 28ﬂ3p53d 4s ZPHCazJ’:SpG g4 ep. (2)
0.1 L i The kinetic energy of the emitted electron is given by the
L . difference between the resonance photon energy and the
0.0 - = Ca'(4s): 4s™1 ep ionization energy(e=7w s | 4s=33.2
01 r 1 —11.9 eV[11]=21.3 e\). The additional resonance struc-
T tures in the bottom part of Fig. 2, mainly the peak at 31.8-eV
31 32 33 34 photon energy, may be interpreted as correspondmgd
Photon Energy [¢V] citation starting from 8 excited metastable C43d):

Ca":3p%3d 2D—3p°nl(nl)’ %(P,D,F)
FIG. 2. Top: Rate for ionized Caions (C&") and emitted

electrons with 2% 2 -eV kinetic energy. Center: Rate of electron- —Ca&*:3p® 1S+€'(p,f). 3)
ion coincidences and random coincidenddsy. (1)]. Bottom:
Rate of true coincidences. Here, the kinetic energy of the emitted electron only dif-

fers slightly from 21.3 eMe’' =fiw;es— 13¢=31.8-10.2 eV
time correlation. Peak position and width are mainly deter{11]=21.6 eV}, which means that both resonance processes,
mined by the time of flight of the ions between interaction starting from C&4(4s) [Eq. (2)] and from Cd(3d) [Eq. (3)]
zone and ion detector. Uncorrelated background emissions ire registered by the broad band electron analyzer at constant
the electron and ion spectra only lead to random coinci21-eV pass energy. In photoabsorption spe¢f2,13 as
dences, arbitrarily distributed on the time scale. Hence setwell as in photoion yield spectf&@] of Ca" a group of weak
ting a suitable time window by a single-channel analyzeresonance structures between 31.5- and 33.0-eV photon en-
(SCA), the major part of the background is suppressed anérgy has also been observed but, up to now, none of them
electron-ion coincidence rate can be measured as a functidras been identified to be due t@ &xcitation starting from
of the kinetic electron energy and/or photon energy. The re€a’(3d).

maining rate of random coincidencBsg. within the set time To definitely clarify the origin of the resonances in Fig. 2
window A7 can be calculated with the help of the electronbetween 31.5 and 33.0-eV photon energy the experimental
and ion signal rateR, and Ry : setup of Fig. 1@) has been improved by replacing the pre-
liminary broad band electron spectrometer by a 360° cylin-
Ric=ReRionA 7. (1) drical mirror analyzer with an angular acceptance of 3% and

an energy resolution of 1.4%. Moreover, our second back-

For the results shown in Fi® a small preliminary ver- ground filter method“bunch-gate method) has been ap-
sion of an electrostatic electron analyzer with an angular acplied. Instead of the ion signal the BESSY bunch clock sig-
ceptance of 0.5% and an energy resolution of 13% has beamal has been used for the coincidence electronics displayed
used. In the top part, the rates for ionized*Gans (C&")  in Fig. 1(b). Working in the BESSY single bunch mode the
and for emitted electrons with (212)-eV kinetic energy are SR is pulsed with a repetition rate of 4.8 MHz and a pulse
displayed as a function of the photon energy. The spectra amidth of well below 200 ps. Thus in the resulting time spec-
dominated by different types of background emission and d&rum photoelectrons form a discrete peak due to their time
photoionization signal of Cais not apparent. The same sig- correlation with the SR pulses. Background emissions due to
nals have been used to realize simultaneously an electron-igan-ion and ion-residual gas collisions are not correlated with
coincidence with a suitable time window. The result isthe SR pulses and lead to unstructured background in the
shown in the center part of Fig. 2 in comparison to the caltime spectrum. Again, setting a suitable SCA time window
culated spectrum of random coincidences according to E¢he major part of the background is suppressed. By replacing
(1). The latter is a perfect on-line measured reference fothe ion counting rateR,,, in Eq. (1) by the bunch rate
uncorrelated background emission in the electron-ion coinciRyun=4.8 MHz, again the remaining rate of background
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L L L L proven by the center part of Fig. 3, which shows the result of
[ Ca* (ds): 45! ] a repe_titi(_)n of the measurement but by applying the electron
ion coincidence technique instead of the bunch-gate method.

Residual gas photoionization cannot lead to true electron-ion
coincidences because the created photoions from atoms or
molecules are not extracted and do not reach the ion detector.
Accordingly, the peak at 32.9 eV disappears. The bunch-gate
CIS spectrum at the bottom part of Fig. 3 has been measured
with a constant difference of 10.2 eV between monochro-
mator and electron analyzer energy, which corresponds to
1 the Ca(3d): 3d le(p,f) ionization energylsy [11].
] Resonances are observed at 31.8-, 32.4-, and around 32.7-eV
photon energy in accordance to the resonance structures in
Fig. 2. Therefore, these resonances have definitely been iden-
tified now to be due to resonance excitation in*Cad).
] When comparing the relative signal rates of the resonances

e B L B L LA B in Fig. 3 it seems that even the major part of the ions in our
15 | Ca* (34): 34 E beam was excited to C43d).
10 [ Bunch Gate 3p excitation in Cd(4s) as well in C&(3d) is strongly

F influenced by electron correlations due to thee @&bital col-

[ Bunch Gate

- Coincidence
5L

Signal Rate [s1]

Sk E lapse and accurate theoretical results to resonance energies
0 E ] and strengths are very difficult to obtdibh4,15. Ca"(3d) is

£ 3 excited by 1.70 e\[11] compared to C&(4s). Resonance
S B 4 excitation to $°3d4s 2P starting from Ca(3d) can there-

'31' = '32' — '33' - '34' - fore expect to be 1.70 eV below the G4s) resonance at
33.2 eV[Eq.(2)], i.e., at 31.5 eV, which is slightly below the
observed C&(3d) resonances in Figs. 2 and 3. However,
taking into account that not only a coupling in the excited

FIG. 3. Bunch-gate CIS spectru(top) and electron-ion coinci-  state to?P is allowed but also t¢D and 2F, when starting
dence CIS spectrurftentej of the Ca'(4s): 4s ep photoemission  from Ca'(3d) [Eq. (3)] the observed inner-shell resonances
process. Bottom: Bunch-gate CIS spectrum of the"(@d):  in Ca*(3d) may be assumed to be due to excitation into the
3d e(p,f ) photoemission process. 3p°3d4s4s 2(P,D,F) multiplet.

- _ . . In conclusion, we can state that under optimized but still
emission within the set time window can be calculated,yjistic conditions, i.e., an increase of the photon flux by
which represents an alternative perfect on Ime measured re&-ne and an increase of the ion density by two orders of
erence and has been_ subtracted from the signal. L magnitude, the presented techniques allow for systematic

In the top part of Fig. 3, a bunch-gate constant-ionic-statgy|e et spectroscopy studies with synchrotron radiation on

(CIS) spectrum of the C¥4s): 4s " ep photoemission fee positive ions, probably even outside of strong reso-
process is shown. Both monochromator and electron angances.
lyzer have been scanned with a fixed energy difference cor-

responding to the Cq4s): 4s™ ! ep ionization energy(l 45 The authors would like to thank P. Zimmermann, W.
=11.9 eV[11]). Again, the well-known ! 3d ground- Braun, and F. J. Wuilleumier for their interest in this work.
state resonance arises at 33.2 eV. However, the resonanthe financial support of the Deutsche Forschungsgemein-
structure at 32.9 eV is not due to photoionization of @at  schaft and the European Community is gratefully appreci-

can be explained by residual gas photoionization. This isted.
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