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An alternative experimental technique for efficient population of triply excited states in atoms and ions is
presented. The states are produced by triple electron capture in energetic ion-atom collisions. The method is
used to study autoionizings2p??S, 2P, 2D, “P and 2°?2P, 2D states of fluorine. Differential cross
sections, resonance energies, and Auger decay branching ratios were determined from the experiment. Results
are compared to different calculations based on the hyperspherical close coupling method.
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The study of triply excited states of atoms and ions preticular, all 2s2p? and 20° triply excited states of ¥ ions

sents opportunities to probe multiparticle excitations of a populated in collisions of bare 16 MeV Fions on Ar.

quan_tum sys.tem, thus providing te;ts for the mgst adV‘Em(?elglultiple transitions from these states into the continua of
atomic theories. For these states, interelectronic correlatlolg7+ are identified from the ejected electron spectra in the

plays a crucial role in determining their properties. As a re-

sult, theoretical descriptions based on the conventional ind direction of the ion beam and are used to determine transi-

; . . . ion energies, branching ratios, and absolute differential cross
pendent particle model fail completely. Triply excited states, . for the ob d states. Th . tal b hi
in general, are difficult to produce from the ground state bysec lons for the observed states. 1he experimental branching

single-photon absorption or by electron impact excitation,ratios are compared to available theoretic;al calculations. .
since both processes rely on the weak electron-electron in- 11Ply excited states have been previously observed in
teraction to promote more than one electron in a single col€nergetic ion-atom collisiongl2], however, since the states
lision. Thus, only with the advent of intense light sources inWere formed via the excitation process, only very few of
the last decade have experimental studies of triply exciteél€m had been identified. Multiply excited states were also
states in Li atoms been initiated. A number of these statefprmed in low-energy ion-atom and ion-surface collisions,
have been investigated using photoion and photoe|ectrohut the resolution in these experiments was not sufficient for
spectroscopy1-6]. These experiments have stimulated anthe identification of individual statefl3]. Recently, triply
avalanche of theoretical calculatiofiz-11] that, in general, excited states of ions have been produced by resonant trans-
described fairly well specific experimental results. fer and excitation(RTE) using metastable ion beam#4].
While the employment of synchrotron radiation for such Although, the technique has been successfully applied to
studies has yielded considerable information on triply ex-measurements of autoionization rates and branching ratios in
cited states of Li atoms, the insufficient densities of ionicLi-like ions, the selectivity of the RTE process leads to the
targets ruled out the possibility to investigate triply excitedpopulation of mainly 82p?2D¢® states. The triple electron
resonances in Li-like ions. Furthermore, the limited nature okapture, as illustrated in this paper, is a more robust method.
the photoexcitation technique prohibited the population ofin the present work only thel2l’21” intrashell triply ex-
quartet states. The absence of available experimental data fgfeq states are investigated, but the technique can be ex-

three electron ions has prevented theorists from pursuing g qed to the production of other hollow states by utilizing
global understanding of triply excited states, such as new,

e ) (ﬁ)propriate ion-atom collision systems.
classification schemes, approximate quantum numbers, an

. . . . The present measurements were carried out at the J. R.
possible approximate selection rules for the formation an(it/I donald Lab : . ing th
the decay of these states. acdonald Laboratory at Kansas State University, using the

7 MV EN tandem Van de Graaff accelerator. Magnetically

In this paper, we demonstrate a different method, relyin . :
on the strong electron-projectile Coulomb interaction, to ef%]SEIeCtech P beams were focused i 5 cmlong differen-

ficiently form triply excited states of ions and atoms. Thelially pumped gas cell. The Auger electrons, resulting from
states are produced via triple electron capture in energeti@® collision with argon, were emitted at energies corre-
ion-atom collisions. By the proper selection of collision part-SPonding to transitions of triply excited states ts21 final
ners, any triply excited state of any ion can, in principle, bestates of " and detected with a zero-degree hemispherical
populated. The technique is demonstrated by studying thepectrograplil5]. The unique feature of this spectrograph is
2121"21" intrashell states of fluorine, and experimental meathe capacity to analyze electrons in an energy bandwidth of
surements are compared to theoretical calculations based about 20%, which significantly facilitates experimental mea-
the hyperspherical close coupling meth@dSCQO. In par-  surements of low intensity processes such as triple electron
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capture. The ejected Auger electrons were decelerated to ob- T
tain the present optimal resolution of the systéd25%).
Double differential cross sections were measured with a total
uncertainty of 30%, calculated by taking the quadrature sum
of the statistica(20%) and absolut¢25%) uncertainties. The
latter incorporates mainly the electron detection efficiency of
the spectrograph. Two potential sources of experimental un-
certainties are represented by the possible contamination of
F°* beams with other charge states and the double collisions
in the gas cell. The single collision regime was established
by setting the Ar target pressure at 20 mTorr corresponding
to the middle of the linear interval of the electron yield-target
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pressure curve. Also, the formation of'For F'* contami- 0+ ——
nation beams, which could contribute to the electron emis- 570 575 580 585 590 595 600 605
sion from populated states, has been shown to be negligible
[16]. Consequently, it was demonstrated that the observed 5
triply excited states of & are formed in a single collision of ~
F°* ions with Ar. @ 44
In order to maximize the population ofl2'2|" triply -
excited states in & projectile ions, an appropriate atomic E 31
gas has to be chosen as a target. An ideal collision partner for %5
F°* ions is provided by atomic argon whokeshell energy = L
(—9.45 a.u.) is located near the=2 energy level of § ]
F8* (—10.12 a.u.). For this collision system, the production a ]
of triply excited states of fluorine is realized primarily by the
transfer ofL shell electrons of Ar. Since triply excited states o 1 | o ¥s ) Y ,
are identified from the energies of the corresponding Auger 605 610 615 620 695 630

transitions, formation of other states, which have Auger en-
ergies close to the investigated ones, should be avoided. For
bare fluorine ions, the major possible contamination will 5 1 present experimental measurements of Auger decay
come from the decay of thel21"31" states. In the present cpannels from the triply excited states of Li-like fluorine into the

collision system, however, these states are hardly populategntinua of £+ ions. The solid line represents the Gaussian fit to
since electron capture from tHe shell of Ar to then=3  {he experimental data.

shell of fluorine is very small, due to the difference in bind-
ing energies for these shells.

Figure 1 shows the measured Auger-electron spectra re- One of the main goals for studying triply excited states is
sulting from the collisions of 16 MeV ¥ ions with Ar.  to find approximate quantum numbers such that they can be
Auger electrons in the projectile rest frame energy range oérdered into classification schemgs7—19. In the past de-
600—625 eV emitted from thes2p?2S, ?P, ?D, *P and  cade, the investigation of triply excited states using hyper-
2p32P, 2D triply excited states were observed. The upperspherical coordinates resulted in the successful classification
frame also shows Auger transitions fronh22’ doubly ex-  of both the 221'2l” and 331’'3l” manifolds[17,18. By
cited states, formed by double electron capture. Auger eneanalyzing the correlated motion of the three electrons, in-
gies of these well-known transitions were used for the pretrashell triply excited states of atoms have been classified
cise energy calibration of the electron detector. Pealakin to the different bending vibrational normal modes of an
assignments and Auger transition energies are presented Xl; molecule, withX being the nucleus an¥ being an
Table I. For the 221'2l" triply excited states, we can still electron. The classification, which was based on a model of
use the conventional independent particle designations. Eachree electrons on the surface of a sphere, has not yet been
state decays by Auger emission te2l singly excited states fully tested, largely, due to the lack of information on the
of F'*. These measured energies are compared to theoreticahergies of triply excited states, either from accurate calcu-
predictions where the energies of the triply excited states arations or from experiments. As a result, the HSCC method
calculated using the HSCC method. Clearly, there is a gerfor three-electron systems has been developed in order to
eral good agreement between the calculated Auger energiedtain a larger set of accurate theoretical data for analysis. In
and the experimental results. All the theoretical energies arthe HSCC method, which has been extensively employed for
within the experimental uncertainty of 0.25%. We note thatthe two-electron systenj0], the total wave function is ex-
the energies of 21'21” triply excited states of ¥ have panded in analogy to the Born-Oppenheimer approximation
also been calculated using theZléxpansion9] and trun-  but with the hyperradius as the adiabatic paraniétéy. Fig-
cated diagonalizatiofil1l] methods, but these calculations ure 2 shows an example of the hyperspherical potential
show inferior agreement with the measurements. curves for the 2P° states of E' in the region where

Auger electron energy (eV)
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TABLE |I. Summary of present experimental results and theoretical calculations for the observed triply excited stétesSifdte
differential cross sectionéSDCS are given in units of 10?* c?/sr. Auger energies are calculated relative to the ground state of Li-like
fluorine (E=2242.2 eV[9]).

Peak Peak Assignment Auger Enei@y) Branching ratios
No. Initial state Final state Expt. HSCC calc. SDGS SDCSac  Expt.  Theory[9]  Theory[25]
la 252p? D 12s's 609.3

609.4+0.5 3.3£0.6 6.05 0.41 0.44 0.52
1b 2s2p? D 1s2p 3P] 609.7j
2 2s2p??P 1s2p P 611.9+0.6 611.73 29+0.7 3.19 0.45 0.39 0.44
3 2p®?D 1s2p P 613.6-0.6 613.60 2.9+0.8 1.02 0.32 0.25 0.24
42 2s2p*%S  1s2'S } 616.7:0.5 61703 05+02  0.99 0.50 0.50 0.52
4b 2s2p?2s 1s2p 3P 617.4
5a 2s2p? %P 1s2p 3P 618.11 0.55 0.60 0.56
5b 2s2p??D  1s2s3S 619.1+0.8 618.39 12.7+2.9 15.90 0.59 0.56 0.48
5c 2p3?D 1s2p 3P 619.04 0.68 0.74 0.75
6 2s2p??2S 1s2p 3S 625.4-0.5 625.73 0.5+0.2 1.35 0.50 0.37 0.47
7 2p° 2P 1s2p 3P 627.1+0.5 627.12 1.8+0.4 1.86 0.78 0.60
8 2s2p? 4P 1s2p 3P 599.0+0.7 599.29 9.5+1.9 13.10 1 1 1

SDCS(sum  34.4+7.7 43.84

2121"'nl" triply excited states are located. In the HSCC As explained earlier, triple electron capture is an efficient
method, the couplings among the potential curves are inmethod for populating triply excited states without relying
cluded and the solution of the coupled hyperradial equationsn the weak electron-electron interaction. To demonstrate the
allows one to obtain accurate energies and widths of thealidity of this argument, we calculated the triple electron
resonances. In particular, the coupling with the family ofcapture cross sections within the independent electron ap-
curves with sharp descent is responsible for the Auger tranyroximation. In the first step, the probability of transferring
sitions to the singly excited states of = Specifically, we  anL electron of Ar to the  or 2p states of B* is calculated
used theR-matrix propagation method together with the slow using the standard two-center atomic orbital expansion
variable discretization procedui21,27 to solve the coupled method[24]. We can then calculate the probability of triple
equations. We obtained energy derivatives of the sum of thgjeciron capture, within the independent electron model,
eigenphases directly from tifematrix at the fixed end point \hich follows a simple binomial distribution. By integrating
of the hyperradiusR~10 a.u., and fitted to a Lorentzian qyer the impact parameter plane, the triple electron capture
function to evaluate energies and widths. This technique alsoss section for each triply excited state is then calculated
lows us to evaluate approximate energy positions and totajssyming statistical populations. In Table 1, the theoretical
widths without applying boundary conditions Rt~ [23].  gifferential cross sections for the zero degree Auger-electron
7 emission from the observed states are compared to experi-
\\\ mental results. The agreement is quite acceptable in view of
‘\\\ the complexity of the process. This confirms that triply ex-
cited states are formed mostly without relying on the weak
electron-electron correlation. However, electron correlation
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Table | displays Auger decay branching ratios obtained
from present measurements along with a selection of theo-
retical predictions for triply excited ® ions[9] and Li at-
oms [25]. The determination of branching ratios in the
present experimental technique is independent of the electron
spectrometer constant and target pressure. This significantly

FIG. 2. Adiabatic hyperspherical potential curves f@° states ~ educes the experimental uncertainty, providing accurate in-
of F* in the energy region of I21'nl” triply excited states. The formation on the decay dynamics from populated states. An
two lowest attractive potential wells support the two intrashellOverall reasonable agreement between theoretical predictions
states 8%2p and 2p° of this symmetry. The family of curves with and present experimental results was observed for all inves-
fast descent represent continuum states’6f\Wwhich are coupled to  tigated Auger decay channels. In the analysis of peak 5,
triply excited states resulting in autoionization. which represents a mixture of three decay channels from
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2s2p? 2P, 2D and 20°°D triply excited states, we relied on toabsorption or electron impact excitation from the ground
the knowledge of the branching ratios for the2p? ?D state  state of an atom, which rely on the weak electron-electron
measured in a previous experim¢ht], where the’D reso-  correlation to populate triply excited states, the present
nance was selectively populated by RTE in metastable ionmethod benefits from the stronger electron-projectile Cou-
atom collisions. Since in this work thes2p??D to 'S |omb interaction, resulting in the copious production of hol-

+3P decay channel is measured separaeéak 1, the con-  |ow states in ions and atoms. The technique was demon-
tribution of the other decay branch from this stat® to °S)  strated by investigating autoionizing2p? 2S, 2P, 2D, *P

into peak 5 has been evaluated. In order to extract the indigng 2% 2P, 2D states of fluorine produced in energetic col-
vidual contributions of the remaining two Auger decay chan-jisions of 16 MeV E* ions with Ar atoms. The energies of

H 22 3 32
nels in peak 5, namely,s2p” P to 1s2p°P and " "D 10 hege triply excited states are compared to different calcula-

3 . . . .
1s2p°P, calculations within an independent electron ap-ions pased on the hyperspherical close coupling method.
proximation were performed and the results were normalizegjsferential cross sections for triple electron capture are cal-

to the other decay branchéseaks 2, 3from 2s2p®*P and  cylated in the independent electron approximation and are
2p” °D states observed in the spectra. shown to be in good overall agreement with the experimental
The good agreement between experimental and theoreata |n addition, the Auger decay branching ratios have been
cal branching ratios indicates a correct representation of thgyiracted from the electron spectra and compared to the lim-
investigated triply excited states through a chosen configurggeq calculations available in the literature. By proper selec-
tion complex, as was stressed in the recent work of Chungqn, of collision partners, we expect that triple electron cap-

[25]. Also, the agreement of the branching ratios calculateq,re can offer an efficient method for the study of triply
for Li atom with the experimentally measured ones f6f F excited states in different ions.

signifies that Auger decay branching ratios are insensitive to

the nuclear charge along the isoelectronic sequence. The support of the Division of Chemical Sciences, Geo-
In summary, we demonstrate an alternative experimentadciences and Biosciences, Office of Basic Energy Sciences,

method where triply excited states of atoms and ions can b®ffice of Science, U.S. Department of Energy is gratefully

efficiently populated via triple electron capture. Unlike pho-acknowledged.
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