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Photoelectron recapture as a tool for the spectroscopy of ionic Rydberg states
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We use recapture of near-threshold photoelectrons by postcollision interaction with Auger electrons as an
effective method for population of the high-Rydberg states of subvalence ionized Ne ions. The subsequent
intermultiplet Auger transitions are detected by high-resolution electron spectrometry. The series of transitions
2p*(*D)np 2D,ZFHZp4 3P up ton=20 are observed and identified with the help of multiconfiguration Dirac—
Fock ab initio calculations.
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Spectroscopic data on atomic ions are required for modf11]. They applied the technique of high-resolution threshold
eling of stellar atmospheres as well as for laboratory plasmaghotoelectron spectroscopy to study the' I2p*n¢ satellite
with their relevance for fusion reactors. Experimentally, thestates and observed several Rydberg series, up=26 in
spectroscopic study of ions, in particular their electron specsome series. The energy positions and the quantum defects
troscopy, is a challenging task. In spite of big progress in thisvere determined. Although threshold photoelectron spectros-
field (see, for example, a review by Wd4f)) there is still a  copy is indeed powerful, its application is limited to states
need for the development of improved methods of spectrowhich are coupled to the direct photoionization channel.
scopic investigation of atomic ions. The present methods cur- In principle, singly charged inner-valence-excited con-
rently existing for ion spectroscopy are always experimen{figurations can also be reached by resonant Auger decay of a
tally very challenging. In the past decade particular interesteutral core-excited state, such as th&'3p photoexcited
was attracted by a special class of autoionizing states dftate in Ne. As an advantage, states can be populated by
atomic ions, the so-called inner-valence excitati@]s(:on_ resonant Auger, which are hardly accessible via outer-shell
sider, for example, a Ndon with a vacancy in the 2sub- photoionization._The exploitation of resonant Auger decay
shell. A relaxation of this ion via “normal” Auger decay is for spectroscopic purposes so far has been limited by the
energetically not allowed. However, if in the process ef 2 Proad photon bandwidths and low resolution of energy
ionization another electron is excited to p 6r higher Ryd- ~ analysis for high-energy Auger electrons. However, recent
berg orbital, such “two-hole one-particle” states may deca)pevelopments of high-resolution soft x-ray monochromators

via the “participator” Auger transitiof2,3]. Especially inter- and of electron energy analyzers have improved this situation

esting are the transitions in which the two-hole configurationdramat'ca”y' Recent experiments employing a Doppler-free

. : . . resonant Raman Auger techniqufl?] for studying
IS n(_)t.qhanged .bUt only the core mulnplet_s are different InNe+252p5np states have reached a resolution comparable
the initial and final states. For example, in Nelue to a

: . - _ ith th | lifeti idth of th i
significant singlet-triplet splitting, thes2p®(*P)3p states lie with the natural lifetime width of the states considered

53 @ . [13,14. In this experiment, the multiplet structure of the
above the &2p> °P level of Ne™ and can decay to it. Such inner-valence states has been resolved. Some of these states

transitions, called valence multiplet changing or intermultip-jje ah6ye the double-ionization threshold and therefore can
let Auger transitions, are predomlnant_ln the low k'n.et'c' utoionize, emitting Auger electrons of comparatively low
energy part of the spectrum and determine the large width 0feqy(10-30 eVf. The spectroscopy of these second-step
the mner—valenge—gxmted lonic stats-9). Auger electrons provides independent information about the
S_pectroscopm |nformat|on_ about -these two-hple ON€jnner-valence excitations competing in quality with the study
particle states so far was mainly obtained by studies of the 1o first-step Auger decaL5]. The drawback of the reso-
satellite structure in the subvalence shell photoionization,;\t rRaman Auger technique is that in this way it is not
[10]. The state of the art of such ionization + eXCitaﬂon_eX'possibIe to excite higher members of the Rydberg series.
periments has recently been demonstrated by Bolognhedi Highly excited ionic Rydberg states can be populated by a
recapture process in near-threshold inner-shell photoioniza-
tion. When the atom is photoionized just above the inner-
*On leave from Institute of Nuclear Physics, Moscow State Uni-shell threshold, the slow photoelectron is still near the ion at
versity, Moscow 119899, Russia. the moment when Auger decay occurs. Due to the postcolli-
"Electronic address: ueda@tagen.tohoku.ac.jp sion interaction(PCI) the photoelectron is retarded and can
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be recaptured by the ion into one of its Rydberg orbitals
[16,17. If the final ionic state lies above the threshold for
double ionization, the autoionization can occur through the
inner-valence Auger decay. Excitation of Rydberg ionic
states by photoelectron recapture was confirmed by the mea-
surements of low-energy electron spectra in near-threshold
photoionization of the Ar @ shell[18,19.

In this paper we suggest how the recapture process with
the following autoionization can be systematically applied
for spectroscopic study of the inner-valence Auger transi-
tions in ions. Greatly improved intensity of the photon beam
and the improved resolution of the spectrometer allow us to
use this phenomenon as an effective spectroscopic tool. We
demonstrate it on the example of valence intermultiplet Au-
ger transitions in Neions excited by photoelectron recapture
in Ne 1s photoionization. In the decay of Nks™) the stron-
gest Auger line is the transitiors1!— 2p* !D. Thus, one can
expect that the Rydberg statep?@D)np will be most
strongly populated in the recapture process. By observation
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ger transitions, we have been able to observe recapture into
these states up to=20 and to determine their spectroscopic
properties.

The present experiment has been carried out oncthe |

FIG. 1. Portions of the low-energy electron spectrum recorded at
0° (full circles) and 90°(open circles relative to the polarization
vector. The p**D)np ?F,?D—2p* 3P autoionization decay of
L|)nner-valence-excited ionic Rydberg states of Ne, with5,6 are
displayed in panelga) and (b), respectively. The solid curves are
the results of a least-squares fit described in the text.

branch of the high-resolution photochemistry beamline 27S
[20-223 at SPring-8, the 8 GeV synchrotron radiation facility
in Japan. The radiation source is a figure-8 undul 2.
The direction of the linear polarization vector for the first- profiles of full width at half maximumFWHM) of 11 meV;
order harmonic light generated by this undulator is horizonthis width is entirely due to the resolution of the electron
tal, whereas that of the 0.5th-order harmonic light is vertical spectrometer. Since the electron spectrometer is not rotated,
By changing the undulator gap, and monitoring the changeneasurements at 0° and 90° can be normalized in relative
of the photon flux, one can perform the angle-resolved elecintensity simply by dividing the photon flux as measured by
tron spectroscopy with an electron spectrometer fixed in tha photodiode. The spectra at the two angles are fitted simul-
horizontal direction. The high-resolution electron spectrostaneously, so they have identical energy positions for each
copy apparatus consists of a hemispherical analy@am-  peak. The energy difference of transitions leading to the dif-
madata Scienta SES-2008oupled via an electrostatic lens ferent components of the finalp23P multiplet was kept
to a gas cell and a differentially pumped chamfizt]. We  fixed in the fitting to known value$26,27. The kinetic-
have set the pass energy to 2 eV, with an analyzer slit widtlenergy scale was calibrated from the positions of the transi-
of 1.5 mm. We measured the electron spectrum in theions in the series @(*D,)np ?F — 2p* °P,, whose limit is
kinetic-energy region 0.1-3.3 eV generated by photoionizaknown to be 3.2 0385 eY26,27. The accuracy of the cali-
tion of Ne atoms by photons of energy 100 meV above theyration of the energy scale is +5 meV, and the accuracy of
1s ionization threshold of 870.17 eV. The incident photonrelative position of most observed peaks is +1 meV. The
energy was calibrated by comparing the positions of tharansmission of the electron analyzer at different kinetic en-
1s'np resonances with known valug®5]. The photon- ergy was investigated by comparing the peak height of the
energy bandwidth does not contribute to the observed elecNe 1s photoline with the value expected from its known
tron energy width and was set to about 400 meV. The angleeross sections, asymmetry parameters, and broadening and
resolved measurements have been done for two mutuallistortion due to the PCI effect; it resulted that in the energy
perpendicular directions of linear polarization, so that theregions covered by the spectra presented the intensity
anisotropy of angular distribution of emitted electrons, aschanges by no more than 15%.
well as intensity, have been determined. Resolution of our experiment is sufficiently high to re-
The measured low-energy electron spectrum contains se¥olve not only the transitions to the different fine-structure
eral series of well-resolved transitions. In Fig. 1, we showevels of the finaPP,, , , state, but also the multiplet structure
two parts of the spectrum which correspond to the lowesbf the excited Rydberg states. In order to identify the transi-
members of the series for the transitiong*@D)np  tions, we have madab initio multiconfiguration Dirac—Fock
—2p* 3P for n=5 [Fig. a)], n=6 [Fig. 1(b)]. Black dots (MCDF) calculations of the energy positions, the relative
show the experimental results obtained for 0° emission withntensities, and the anisotropy paramegiof the angular
respect to the photon polarization direction. Open circlesdistribution for the considered transitions. Both initial and
show the spectrum for the 90° emission. The lines represeriinal ionic state configuration interactions were taken into
the results of a least-square fit to the spectra with Gaussiasiccount in a configuration space which includet2$’2p*np
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TABLE I. Term values, intensity ratios, and angular anisotropy paramgtéssthe two lowest observed
members of the seriesp¥'D)np °F — 2p* *P ; , and 2*(*D)np *D— 2p* *P, ; , N=5,6 of intermultiplet
Auger transitions. Intensities have been normalized to the strongest transition for the respective

Intensity ratio B
Initial state Final state T (eV) Expt. Theor. Expt. Theor.
5p 2F 3 0.212 0.191) 0.18 0.5%11) 0.65
5p °D 0 0.260 0.161) 0.12 -0.5610) -0.70
5p 2F 3 0.246 0.591) 0.58 0.45%6) 0.55
5p 2D 1 0.294 0.441) 0.40 -0.576) -0.60
5p °F 3 0.326 1.001) 1.00 0.285) 0.36
5p 2D 2 0.374 0.700) 0.80 -0.465) -0.34
6p °F 3 1.191 0.151) 0.18 0.5%10) 0.65
6p °D 0 1.216 0.181) 0.10 -0.6410) -0.70
6p °F 3p 1.225 0.561) 0.58 0.406) 0.53
6p 2D 1 1.250 0.461) 0.37 -0.5%5) -0.57
6p °F 3 1.305 1.001) 1.00 0.245) 0.37
6p D 2 1.330 0.751) 0.80 -0.425) -0.35

nonrelativistic configurationg=3-7) in the initial state and  son for this is that the lifetime of thep?(*D)np 2P states is
1s?2s?2p* configuration in the final state. Initial and final much shorter than that of th& and?D states, and due to
states were separately optimized using the atomic structun@eir large width it might be impossible to separate them
code GRASP92[28]. The wave functions thus obtained were from the background. In our calculations the width f
used for calculations of the Auger matrix elements exploitingcomes out two orders of magnitude larger than th&Eodind
the program packageatip [29], and then the intensity an@ 2D, which is still not sufficient to explain the apparently
parameter for each Auger line were evaluated assuming thgbmplete absence of transitions originating fromRestate.
the initial state pOpUlation is statistical and the alignmentHowever, as it was demonstrated ear[ié]', accurate calcu-
transfer is not distorted by the PCI. lations of these widths should include electron correlations
Using the calculated values, we have identified the linegn a much larger basis than used in the present work. Thus,
in the spectra shown in Fig. 1. The peaks correspond to thge reason for the absence of the*@D)np 2P series is an
transitions p*(‘D)np °F—2p* °P,, , and *'D)np °D open question.
—2p*°P, ; , (n=5,6). The measured term valudsand the Comparing the spectra in Figsal and ib) one sees that
measured and calculated relative intensities Anadlues are  the splitting of theF and?D initial states diminishes with an
shown in Table 1. Good agreement confirms our assignmenipcrease inn, as expected. This tendency persists for
It is interesting that the transitions pA'D)np°P  =7_9. Athighern, however, the multiplets are already not
—2p* 3P, ; o are not seen in our experiment. A possible rearesolved. The spectrum for higheris presented in Fig. 2.

et The strongest peaks are associated with the transitions

T 1, 2p*(*D)np— 2p* 3P,. However, rather often they overlap
_ — 13 with the weaker lines corresponding to the transitions to
%30 \ other members of th& multiplet. The series is clearly seen
€30+
g
I TABLE II. Term valuesT and quantum defect8 of the initial
2201 states for higher members of the serigé(2D)np— 2p*(®P,). The
8 series limit is 3.2 0385 eV26,27.
£

101

n T (eV) ) n T (eV) )
0 . . . 10 0619 06245 16 0230  0.6016)

2.6 2.7 28 29 3.0 3.1 11 0.503 0.60@1) 17 0.202 0.6(08)
Kinetic energy (eV)
12 0.419 0.61@7) 18 0.180 0.60L0)
FIG. 2. Low-energy electron spectrum of the 13 0.354 0.60485) 19 0.160 0.5611)
2p*(*D)np 2F,’D — 2p* °P autoionization decay of inner-valence- 14 0.305 0.64@4) 20 0.143 0.4@14)
excited ionic Rydberg states of Ne, witl 11, recorded at Offull 15 0.263 0.61(5)
circles and 90°(open circle relative to the polarization vector.
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up ton=20. From the energy position of the lines the quan-general applicability to light atoms and molecules containing
tum defectd is obtained and is presented in Table Il togetherfirst or second row atoms.

with the term valuedl. The obtaineds values are constant Note added in proofRecently, the observation of some
within the experimental errors and compare well with thosegther ionic series based on the technique described here has

derived from satellite state measuremets. been reported by Hentgees al. [30].
In conclusion, the recapture process due to the PCI effect

can be used as an effective means for populating the inner- This experiment was carried out with the approval of the
valence Rydberg excitations of ions. In combination withSPring-8 Program Advisory Committee and supported in part
high-resolution low-energy electron spectrometry it permitsby Grants-in-Aid for Scientific Research from the Japan So-
to study the series of intermultiplet Auger transitions. In aciety for the Promotion of ScienddSPS. N.M.K. acknowl-
particular case of Neions, we used this method to study the edges the hospitality and financial support of Bielefeld Uni-
2p*(*D)np °D,*F — 2p* °P, , , transition. We succeeded in versity. He is also grateful to the IMRAM(Tohoku
resolving the multiplet structure of the initial states in the University) for financial support and hospitality extended to
transition up ton=9. The series are observed uprte20.  him during his visit. U.H. also acknowledges the hospitality
The suggested spectroscopic method is expected to haveofthe IMRAM.
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