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Production and relaxation pathways of multiply excited states
in slow highly charged ion-atom collisions
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We report triple-coincidence measurements of Auger electrons, scattered projectile, and target recoil ions in
slow collisions of highly charged ions with many-electron atoms. Subpartial Auger-electron spectra corre-
sponding to specific final projectile and recoil-ion charge states have been obtained by means of time-of-flight
and position imaging techniques for the 60-keV'Q- Ar collision system. The spectra exhibit marked differ-
ences and provide insights into the production and relaxation pathways of multiply excited states populated
during the collisions[S1050-294®9)51105-0

PACS numbeps): 34.70+e, 34.50.Fa

When a slow multiply charged projectile ion moving at a obtained partial Auger spectra corresponding to the different
velocity below that of typical outer-shell atomic electrons target ion charge states that are much more informative than
collides with a many-electron neutral target, a large numbesingles’ spectra. These spectra can provide further informa-
of electrons can become active during the collision. Suction if the final projectile charge state is also determined.
collisions are dominated by the transfer of a number of target From a theoretical point of view, understanding multielec-
electrons to the projectile, resulting in the formation of pro-tron processes is a twofold problem. First, the different
jectile multiply excited states. Substantial progress has beef€chanisms involved in the collision process that lead to the
made toward understanding one- and two-electron processg&duction of the multiply excited states must be recognized
in slow ion-atom collisions during the past three decade&nd described. Second, the radiative and nonradiative prop-

(see, e.g., Ref1], and references therginAlthough slow erties of the resulting multiply excited states must be known.

collisions involving more than two active electrons have alsoConcernlng the first problem, quantum-mechanical or semi-

been investigated for over two decades as well, our under(EIaSSical Freatmefn't.of co[li;ions involving more than two
. electrons is prohibitively difficult due to the large number of
bl h ¢ d | h hannels involved. Therefore, extended classical overbarrier
rable to that of one- and two-electron processes. The Va$ECB) models have been developgtB, 14 to account for
: ; ; _%ultiple-electron capture processes. These models are lim-
involved measurements of cross sections for projeclilgieq tg giving the capture state distribution on the projectile
charge-change and recoil-ion production, both in a singlesang possible simultaneous target excitation. There has been,
and in coincidence modes, and a limited number involved,ntjj recently[15-17, a severe lack of theoretical work on
energy gain and visible photon spectroscofsee, e.g., the radiative and nonradiative properties of multiply excited
[2-5], and references therginMoreover, since autoioniza- states, due in part to the extremely large number of states
tion is a main decay mode of multiply excited states, Augerthat need to be taken into account, and in part to the lack of
electron spectroscopy has been employed in a singles’ modsperimental data to which the calculations can be directly
[6,7] to study such collisions. While such measurementsompared. Therefore, relaxation scheniésl2] based on
have played a significant role in understanding two-electrosimple arguments, such as autoionization to the nearest con-
processegsee, e.g., Ref[8], and references therginthe  tinuum limits and minimum electron rearrangemétwo-
situation is drastically different when many electrons are in-electron transitions have been invoked. This Rapid Com-
volved. For example, Benoit-Cattiet al. [6] obtained a munication reports triple-coincidence measurements of
singles’ electron spectrum for the 70-keV Nt Ar collision  Auger electrons, scattered projectile, and target recoil ions in
system. The analysis of the spectrum was rather difficulslow multiply charged ion-atom collisions. The measure-
since it contained contributions from doubly, triply, quadru- ments provide insights into the relaxation pathways of mul-
ply, and quintuply excited states that rendered the interpretiply excited states populated in such collisions.
tation nontrivial. During the last six years, however, Morgen-  The 60-keV G*-ion beam was provided by the Univer-
stern and co-workers have made significant contributionsity of Nevada, Reno, 14-GHz electron cyclotron resonance
[9-12] toward understanding Auger-electron spectra 0ob{ECR) ion source, and guided to the collision chamber where
tained in multiple-electron capture processes by means of thecrossed a supersonic Ar gas jet at 90°. After the collisions,
coincident detection of Auger electrons and target ions. Theyhe target recoil ions were extracted transversely to the ion
beam by a uniform electric field, traveled through a time-of-
flight (TOF) spectrometer, and were then detected by a mi-
*Present address: Department of Physics, Celal Bayar Universiticrochannel plate detectdMCP). The charge-changed pro-

Manisa, Turkey. jectiles were charge analyzed downstream from the collision
"Present address: Department of Physics, Kansas State Universighamber by a parallel-plate electrostatic deflector and de-
Manhattan, KS 66506. tected by a two-dimensiondPD) position-sensitive MCP.
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FIG. 1. (a) Coincidences between recoil ions and Auger electrons or phofion€oincidences between projectile and recoil iofts.
Recoil-ion TOF spectrum(d) Singles’ Auger-electron/photon spectrum. The labi€lsnd y indicate K-Auger electrons and photons,

respectively(e) Final projectile charge-state distribution.

Auger electrons ejected at 90° relative to the incident iorsent in the Af* spectrum. This indicates that high-lying
beam traveled through a TOF electron spectrometer, locategbubly excited states are populated that preferentially au-
opposite to the recoil-ion spectrometer, and were detected hionize to the nearest continuum limits, thus rendering the
another MCP. The impact positions on the projectile detectok-shell vacancy passive. Examination of Figb)lshows that
provided the final projectile charge states, while coincideniard* (q=3-5) recoil ions are found in coincidence with

TOF measurements between projectile and recoil ions pro-
vided the recoil-ion charge states and between projectiles and
electrons provided the TOF of the electrons. The major ad-
vantage of the TOF electron spectrometer is that it simulta-
neously accepts electrons of all energies, so that no scanning
is needed. If high resolution is desired, the electrons may be
decelerated using a grid assembly. The true triple-
coincidence rate was about 0.16 Hz for a primary ion-beam
current of 2 pA. The data presented in this paper were col-
lected in 48 h. More experimental details will be given in
forthcoming articles.

Coincidences between recoil ions and Auger electrons or
photons are represented by the scatter plot of H@. Since
the electron detector views the interaction region, photons
with energy higher than 12 eV that are emitted toward the
detector will be detected. Figurél) represents coincidences
between projectile and recoil ions. Projections onto the ap-
propriate axes provide the recoil-ion TOF spectr{ifig.
1(c)], the equivalent of a singles’ Auger-electron spectrum
[Fig. 1(d)], and the final projectile charge state distribution
[Fig. 1(e)]. It is evident from Fig. la) that the singles’
Auger-electron spectrum resulted from processes involving
from two to five active electrons, and the interpretation of
this spectrum would be a formidable task. However, partial
spectra corresponding to the different recoil-ion charge states
can be obtained from the current measurements and are
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shown in Fig. 2. Clearly, the partial spectra exhibit marked FIG. 2. Partial Auger-electron/photon spectra corresponding to
differences. In particularik-Auger electrons are nearly ab- the different recoil-ion charge states.



RAPID COMMUNICATIONS

R3160 H. MERABET et al. PRA 59

projectile ions that changed their charge states by one or two < Electron Energy (eV)

units. This implies that the corresponding partial spectra can 290 5|0 2|0 1|0 ?‘

be further reduced to subpartial spectra associated with the 20— &y .25

different final projectile charge states. Ar,0 o0t T (1,28)
For double-electron capture, the ECB model by Niehaus 150 NK gr— (1’2"}% o

[14] predicts that the two most weakly bound target electrons ar—1 10

will be captured by the projectile with a total binding energy b K-Auger

of 71 eV. The reaction window for this process overlaps the 100 600 580 500

configurations (1,4,4) and (1,4,5), which therefore should ¥ < E (eV)

be dominantly populated. Indeed, this is the case as seen in 50

the partial spectrum for Af. The Auger line identification

was carried out using the Hartree-Fock atomic structure code

Counts
o
-

by Cowan [18]. On the other hand, the observed 3+ |5+ ;. 1 3;34 _, 124
(1,3n), n=3-5, configurations can be accounted for Ar—,0 b:E1'3’3’4; _,21'2’3;
within the ECB model only if the assumption of double- 60 ar c:(1 ’3’3’5) S ’2’5)
electron capture accompanied by target excitation is invoked. v b,°—| d‘:(1’,3’,3’,5) - (1:2:3)

Such an assumption has been invoked by de &tijal. [11] 40
in the case of the N'+Ar collision system; however, no
direct experimental evidence in support of this assumption
has been reported.

We now turn our attention to the next most challenging
problem of three active electrons. The ECB model predicts 0
that the three most weakly bound target electrons will be
captured with a total binding energy of 120.9 eV. The reac-

tion window overlaps the configurations (1,3,4,4), (1,3,4,5), FiG. 3. Subpartial Auger/photon spectra corresponding to triply
and (1,4,4,4). The model also predicts a population of thgynized recoil ions and projectiles that retained ¢t spectrum
configurations (1,3,3,4), and (1,3,3,5) via four-electron proor two (bottom spectrumelectrons. Inset: a moderate resolution
cesses where the target may be left in an excited state. Judg-Auger-electron spectrum in coincidence with the combination
ing from the double-electron capture population, however(ar3+ o°*).
and the fact that with an increasing number of captured elec-
trons the population shifts toward lower-lying levels on theto the (1,3,3) continuum limits, whereas the other
projectile, we believe that the (1,4,4,4) is an unlikely con-(1,2n),n=3-5, limits are substantially distant in energy.
figuration that will therefore be disregarded. The subpartiaWhile autoionization of the (1,8),n=3—5, configurations
Auger spectra corresponding to th8™0and G final pro-  involves the emission oK-Auger electrons that are well
jectile charge states are shown in Fig. 3. A striking feature iseparated in energy from the autoionization electrons of the
that K-Auger electrons are nearly absent in the {A0°") triply excited configurations, the (1,3,3) configurations au-
channel. Instead, a strong photon peak is observed, signallintgionize with the emission of electrons that overlap those
the important role played by radiative stabilization in retain-from the (1,3,3) configurations, thus further complicating
ing two electrons, and the fact th&tAuger electrons are not the analysis of the (Af,0%") spectrum.
emitted in the first autoionization step. Another difference is Information on the properties of the (1,3)3,n=4,5,
the near absence in the (&r,0°") channel of electrons configurations can now be extracted. We start by examining
resulting from the autoionization of the (1,3,4,4) andthe (AP*,0°") spectrum. It is clear that autoionization of
(1,3,4,5) configurations to the (1,3,3) configurations, whichthese configurations to the associated 1),2=4,5, con-
in turn autoionize to the (1,2) continuum limits, thus leadingtinuum limits is more probable than to the (1,2,3) limits.
to the retention of one electron only. This spectrum should, in principle, provide branching ratios
Auger electrons resulting from the autoionization of thefor autoionization to the different continuum limits. One
(1,3,3,4) and (1,3,3,5) configurations to the (1,2,3), (1,2,4)complication, however, arises from the fact that these con-
and (1,2,5) configurations are common to both channeldigurations give rise to electrons that overlap in energy, thus
Whether an event results in the combination{AI0®") or  rendering the relative initial populations impossible to obtain
the combination (At",0°") is then determined by the com- from this spectrum. Examination of the inset of Fig. 3, which
petition between the radiative and autoionization decays a moderate resolutiag-Auger-electron spectrum obtained
modes of the doubly excited statésee, e.g., Ref19], and in coincidence with the combination (Af,0°"), reveals
references thereinThe (AP*,0°") spectrum is therefore a that both the (1,2,4) and (1,2,5) configurations have been
pure spectrum involving one autoionization step only, whilepopulated. However, due to the overlap in teAuger-
the (A",0°%) spectrum is still a composite one resulting electron energies and the limited statistical precision, we re-
from the autoionization of the triply and subsequent doublyfrain from attempting to obtain the relative initial popula-
excited states. We did not include in the labeling possibldgions using simple arguments such as the® scaling law.
lines resulting from the autoionization of the (1,3,4,4) andinstead, we will give experimental branching ratios for the
(1,3,4,5) configurations to doubly excited configurationsunknown combination of the (1,3r8,n=4,5, configura-
other than (1,3,3). This is because all states belonging ttons. By taking the ratio of the Auger line intensities under
these configurations are energetically allowed to autoionizéhe labels ‘(@) and (c)” and “(b) and (d),” in the

e:(1,3,44) —(1,3,3)
f:(1,3,4,5) —(1,3,3)
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(Ar3*,0°") spectrum, to the total intensity undetd), (b),  than 0.3. However, more accurate yields are harder to obtain
(c), and (d),” we obtain autoionization branching ratios of due to the strong overlap in electron energies between pro-
~0.8 to the (1,2 continuum limits, and~0.2 to the cesses (a), (c), and (g).” Discussion of four- and five-
(1,2,3) limits. These branching ratios are weighted accord€!€ctron processes is reserved for a more extensive report.
ing to the unknown initial populations. Since the energy gap " Summary, we have reported triple-coincidence mea-
between the (1,2,5) and (1,2,3) continuum limits is Iargersure.m.ents 9f Auger glectrons, scatf[ered prOJecn_Ie_, and target
r{econ ions in slow highly charged ion-atom collisions. The
subpartial Auger spectra provide an opportunity to better un-
(1,3,3,5) configurations to the (1,2,5) limits is larger thanders_tand th? production and the subsequent relaxa_tlo_n of
S o multiply excited states. The spectra reveal clear deviations

0.8, while that of the (1,3,3,4) to the (1,2,4) limits is less . Lo R
than, but probably not far from, 0.8. It should be noted herefrom the widely adopted criterion of autoionization to the

that while the absence oK-Auger electrons in the nearest continuum limits, and provide information on
(Ar3* 05+) spectrum is consistent with the widely used as_branching ratios for autoionization to the different continuum

sumption of the dominance of autoionization to the neareslfm'ts’ and on fluorescence yields for some intermediate

continuum limits, the data show clear deviations from thisStates' The ECB model predictions are reasonably well sup-

assumption when several other continuum limits are ava"_ported py t.he measurements; hpwever, the pfed'c“on of tar-
able. get excitation is yet to be experimentally confirmed. To fur-

. o , her understand multielectron pr in h collision
The subpartial spectra should also contain information offer u derstand multielectron processes in such collisions, a

the branching ratios for radiative and autoionizing decays o umbe_r of similar measurements are planned using ba_re lons,
the doubly excited states. Taking the ratio of the Auger line or which the Auger _Ilnes will b.e narrower and easier to
intensities under the labels() and(d)” in the (Ar3*,0°") separate, and theoretlcql branching ratios are easier to obtain
spectrum to the total intensity under the same labels in botF1Or purposes of comparison.

spectra, one obtains a fluorescence yield~dd.3 for the This work was supported by the Nevada NSF, the U.S.
(1,2,3) doubly excited configurations. The fluorescenceDOE, Chemical Physics EPSCoR, and the NSF under Grant
yields for the (1,2,4) and (1,2,5) configurations are largeNo. PHY-9732614.

conclude that the branching ratio for autoionization of the
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