RAPID COMMUNICATIONS

Identification and characterization of the dielectronic process in the formation
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Electron correlation effects in the production of tieshell vacancies in lithium are investigated by bom-
barding atomic Li with 5-keV electrons. High-resolution Auger electron spectra show that discrete doubly
vacantK-shell states are predominantly formed from ionization plus excitation, giving rise tcsthg'2S and
2snpl3P states of Li. For these fast electron projectiles, the shake-up and dielectronic manifestations of the
electron-electron interaction are shown to be the only mechanisms for creating the observed hollow states. The
formation of the 2np*3P states is found to be mediated only by the dielectronic process, permitting this
aspect of the electron-electron interaction to be separately identified and its contribution characterized.
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While the most basic three-body processes such aalternatively been referred to as T8vo-step process with
electron-impact single ionization of atomic hydrogen areone projectile interactior 2], “knockout” [10] or “kickout”
now essentially understodd], the investigation of many- [13].) Similar shakeshake-off or shake-umnd dielectronic
electron systems remains the subject of intensive researgiiocesses have been invoked to describe double excitation
activities. In this latter regard, extensive efforts continue td 14] and ionization-excitation transitiorj4.5].
be devoted to the identification of electron correlation phe- Apart from general characteristics such as the prevalence
nomena associated with electronic transitions induced b Shake when the primary electron is ejected with high ki-
photon or charged particle impact on atomic targejsFor ~ Netic energy, the separation of the shake and dielectronic
instance, with the help of improved experimental and theoPOC€SSEs and the de_termlnatlon Of specific properties asso-
retical techniques, new attention has focused on two-electro ated with each_ remains a _challeng|_ng task,_both_e_xpgrlmen-
processes in heliuni3—10], the simplest atom containing ally and theoretlc_ally. The_f|rst experimental identification of
more than one electron. the shake and dielectronic processes was made for doubly

The understanding of many-electron processes is Oﬁevacanﬂ<—shell states in lithium resulting from fast ion impact

fi6] and more recently for the double ionization of helium

formulated by isolating mechanisms that manifest them'mduced by incident photongl0]. In the case of fast ions,

selves in characteristic features of the measured or calculateglyie _selective measurements were used to separately identify
observables. A prime example is double ionization of He. FOkhe gielectronic and shake processes based on the fact that
photon impact, double ionization is generally described inthey primarily contribute to the formation of different excited
terms of two mechanisms, shake-off and a dielectronic prostateq16]. However, as noted above, for fast ions indepen-
cess[2]. Similar mechanisms are invoked in the case of fasjent interactions with the projectilsometimes referred to as
charged particle impad®2,11,13 where, additionally, both TS2) can also give rise to the observed states, making it
electrons can be removed in independent interactions withifficult to isolate the electron-electron processes. For the
the projectile. In the shake-off approach it is assumed thatlouble ionization of helium by photon impact, the energy
one of the target electrons is removed suddenly by the imsharing and angular asymmetry of the ejected electrons were
pacting photon or particle, while the other electron remainsised to determine characteristics that are generally associ-
initially unperturbed. Then, because of the sudden change iated with shake and dielectronic processes, respecfit6ly

the atomic Coulomb field, this latter electron relaxes from itsin this case, both electrons are ejected to the continuum,
initial He wave function onto the hydrogenic set of He representing a summation over all final states, so the ob-
wave functions, which includes continuum states, leading t@erved properties of the ejected electrons involve a continu-
a probability for the second electron to be shaken(wffi-  ous progression from shake to dielectronic processes that are
ized. On the other hand, the dielectronic mechanism dedlifficult to isolate. The characteristics of the electron-
scribes the correlated dynamics of the two electrons as thesiectron interaction processes were determined for a limited
leave the atom, where the primary electron ejects the secondumber of electron energies for the primary ejected electron
ary electron in a binary encounter. This final-state correlation10]. Hence, the measured contribution to double ionization
process involves the mutual scattering of the electrons and er the events that were found to involve mainly dielectronic
dielectronic in natur¢11]. (This dielectronic mechanism has processes constituted a small fraction of the total of such

events.
In the present work, electron correlation effects for doubly
*Corresponding author. vacantK-shell states resulting from ionization-excitation are
Electronic address: jean-yves.chesnel@ismra.fr investigated. By considering electron correlation involving
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discrete states, it will be shown that the production of spe-

cific excited states can be exclusively attributed to the dielec- 400 I- ::i 90 IS
tronic process. Specifically, the formation of tifeshell va- 300 |- & & £
cancies in lithium is investigated by bombarding atomic Li 200 L 2 s 8
with 5-keV electrons. For atomic Li, electron correlation ef- 100 § *T
fects associated witK-shell ionization-excitation events can I |
be readily studied from the resulting Auger-electron emission 0 r

(this is not possible for He Furthermore, by using fast elec-
trons as projectiles, two-electron transitions due to indepen-
dent interactions with the projectilgwo-step process with
two projectile interaction$TS2)] will be shown to be negli-
gible. Thus, in contrast to previous work with fast'&r ions
[16], for the present investigation the shake and dielectronic
processes are the only mechanisms by which dokikdéell
vacancies are created in the target atom. Under these condi-
tions, we show that a “pure” dielectronic contribution to the I
formation of hollow lithium can be isolated experimentally. 200 |-
The present measurements were conducted at CIRIL in
Caen using an electron gun of simple design. A beam of
5-keV electrons of intensity-100 uA, collimated to a di- o1 52 53 54 55 56 57 55 59
ameter of~2 mm was directed onto a jet of lithium vapor Electron energy (V)
atoms. The Li target was obtained by heating metallic Li in a ) o ]
temperature-controlled oven. The lithium temperature was F'G: 1. SingleK-shell excitation Li Auger spectra for electron
~700 K to obtain a stable jet of Li atoms without producing SMiSSion angles of 90%, 120%, and 135° induced by 5-keV electron
significant amounts of molecular L{15]. Electron emission mPact: The specific excited-state configurations are indicated. The
from the Li target was investigated using an electrostati background due to continuous electron emission from direct ioniza-

lel-plate elect t a7l Th It th Sion of the target has been subtracted. Absolute cross sections were
parallel-plate electron spectromefd?]. The voltage on the determined by normalizing the larges(Rs2p 3P) 2P line to the

p_IateS of the speptrometer was scanne(_d to_ record the eIeCtr‘fmaoretical cross section obtained in the plane-wave Born approxi-
yields as a function of the electron emission energy. To Obfnation[ls].

tain the angular dependence of electron emission, spectra
were collected at several observation angles relative to thelectron p-e) interaction, the observation that single excita-
beam direction. tion produces mainlyP states indicates that for the present
Figure 1 shows Auger spectra recorded at various electrooollision system transitions mediated by thee interaction
emission angles for singl&-shell excitation. The peaks are predominantly dipole. This result is important in deter-
originate from the Auger decay of doubly excited statesmining the mechanisms for producing tweshell vacancies
1s2Inl’ 2L (n=2) of Li. Small contributions from molecu- in lithium, for which it will also be assumed that transitions
lar Li, are observed near 52 eV. However, the totaglddn- ~ due top-e interactions are mostly dipole.
tribution does not exceed 5% of the total measured electron High-resolution electron spectra for doudeshell va-
yield. The spectra are dominated by the strongtancy production are shown in Fig. 2._The main features of
1s(2s2p 3P) 2P line formed by the $—2p dipole transi- these spectra are shown to be nearly |ndeper_1dent pf the_ Qb—
tion from the ground-state £2s2S. The angular depen- servation angle. Most of the observed peak intensity origi-
dence of this line intensity was verified to be symmetric with n?te.S+ frprg.the. Augher o:ceca;y of cfouh@shelI-exmtr?d”s_tates
respect to the emission anghe=90°. A sirfé dependence of L1, indicating that for fast electron impaktshell ion-

that reprod the maximum at 90° was found. indicatin ization plus excitation events are significantly more probable
at reproduces the maximum a as found, Indicalingy, >y gouplek-shell excitation events. This was also the case
that the magnetic quantum numbd; =1 is predominantly

. Pl ) for fast ion[16] and photor{20] impact. The main lines are
populated 19]. In addition to the $(2s2p °P) “P line, sig-  atributed to the 8ns'3S and ZnpP states of LT, while
nificant line intensities are observed for othes28np?P e only evidence for doubl-shell excitation is the
states, resulting from dipole transitions-%np involving 2522 2P line centered at about 75.5 eV. DoutKeshell
highern values ©>2). On the contrary, the line intensity jonjzation cannot be separately identified with the method
for the 1s2s? %S state(near 51 eV populated via the mono- used here because no Auger emission will result.
pole transition $—2s is found to contribute negligibly to The important feature of these spectra is the fact that,
the spectra. Similar results were previously obtained for 95¢contrary to the case of singke-shell excitation, the line in-
MeV/u Ar'®* projectiles[16]. tensities for theS and P states corresponding to double-

From the spectra of Fig. 1, it is found that the intensity ofK-shell vacancies are of the same order of magnitude.
the main B—2p dipole transition [giving rise to  Hence, both monopole and dipole transitions play compa-
1s(2s2p 3P) 2P] is about 30 times larger than that for the rable roles in the formation of tw&-shell vacancies, sug-
1s—2s monopole transitionleading to %2s?2S). Since gesting a different mechanism for the formation of these
single excitation results from a direct interaction between theloubleK-shell vacancy states compared to sinilshell
projectile and the active target electron, i.e., a projectilevacancy states.

400 |- 135°

300 -

Doubly differential cross section (107 cm” eV ™ sr™)

100 |-
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- ckeVe L TABLE I. Relative intensities, normalized to Fheszzls line, of
& 90° the Li" doubleK-shell vacancy states observed in the present work
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for 5-keV electrons compared with those of REZ0]| for 197-eV
photons and those of Ref16] for 95-MeV/u Ar*®* ions. For this
work, the relative intensities were obtained from total cross sections
that were determined by integrating the high-resolution Auger spec-
tra (Fig. 2) over electron emission energy and angle. The relative
intensities for Ref[20] were determined from Fig. 2 of that work.
120° The uncertainties are 10—15% for the relative intensities of this
work and Ref[20], while the uncertainties for the relative intensi-
ties of Ref.[16] are 15—20 %.
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2,3spt P

2

Relative intensities

Doubly differential cross section (107 cm’ eV " sr™
T

0 Present work Ref.20] Ref.[16]
5L States 5-ke\e™  197-eV photons  95-MeV/u Af*
2s?1g 1 1 1
] 2s2p P 1.4 1.1 2.6
2s2p P 1.1 0.8 1.3
2p?ls 0.2 0.2 0.4
P BT A TTUL TR L 2s3s3S 1.3 1.6 1.7
70 72 7: 76 78 80 8 84 86 3
Electron energy (eV) (2,3sp) °P 0.9 12 1.5

FIG. 2. DoubleK-shell vacancy Li Auger spectra for electron

emission angles of 90°, 120°, and 135° induced by 5-keV electror\which the perturbation strengch|/v (Z is the projectile

impact. The excited-state configurations are indicated. The bac‘%harge ana is the collision velocityis smaller than 0.1 a.u
ground due to continuous electron emission from direct ionization, .. it o case here DR

of thg target _has_ been subtracted. Absolute cross sections were d% Since the formation of doubly vacait-shell states in
termined as in Fig. 1.

lithium by 5-keV electron impact can be considered to be

Additionally, the secondK-shell vacancy results solely entirely governed by the-e interaction, only the shake and
from the electron-electrorefe) interaction. This can be de- dielectronic processes need to be considered in giving rise to
duced from Table | where the relative intensities for thethese states. For both mechanisms, the primary interaction of
doubleK-shell vacancy states produced by electron impacthe projectile with the target produces an intermediate state
are seen to be nearly the same as those for photon impadtat becomes the initial state for the subsequeeatprocess.
from Ref.[20]. For incident photons, twd-shell vacancy From the present singl€-shell excitation results, the pri-
states can only result from thee interaction following an  mary transition is principally dipole, i.e. sk ¢p for ioniza-
initial K-shell ionization(or excitation event caused by the tion or 1s—np for excitation. On the other hand, the subse-
incident photon, which is assumed to interact with a singlequent transition mediated by tleee interaction can be either
electron. The fact that the relative intensities of the doublemonopole or dipole, as evidenced by the fact thatShadP
K-shell vacancy states are nearly the same for incident phstates associated with two-shell vacancies are comparable
tons and the incident fast electrons considered here implig® magnitude(see Fig. 2
that the mechanisms for the production of these states are the As mentioned above, in the case of the shake mechanism
same. the primary transition is assumed to take place suddenly, in a

For these fast electron-atom collisions, independentime significantly shorter than the characteristic periods of
projectile-electron interactions, i.e., TS2, could also give risghe target electrons. The primafyshell process is “sudden”
to the formation of the 8np’3P states via the dipole tran- if one of the Is electrons is ejected with high kinetic energy.
sitions Is—ep and Is—np. If this were the case, however, Then, the remaining target electrons experience the relax-
then the observed relative line intensities for thBsstates  ation of the electron cloud, while the ionized electron is al-
would be larger than those observed for incident photongieady far removed from the target. In this picture, the re-
Such was the case for fast heavy ion impact as seen from trgédual target ion is isolated when the shake process takes
results for 95 MeV/u A" ions that are also listed in Table place. Hence, the total angular-momentlrof the transient
|, where the relative intensities for thes@p’®P states are target ion cannot change, and the shake process can only
clearly larger than those for electron or photon impact. ~ give rise toAL=0 (and Al=0) transitions[16]. Since the

Thus, it is concluded that the secoKeshell vacancy for ~ primary K-shell ionization creates a transient stag24'3S
5-keV electron impact results almost entirely from #ae  of Li *, the subsequerk-shell excitation via shakeup can
interaction following ionization(or excitation of the first — only take place by ad—ns monopole transition, leading to
targetK-shell electron by the incident fast electron. This re-the 2sns'*S states. Consequently, the shake-up process can-
sult is consistent with plane-wave Born approximationnot contribute to the formation of thesap=3p states for
(PWBA) calculations(not shown [18] that indicate the TS2 which aAL=1 (andAl=1) transition is required.
contribution to be negligible when using projectiles for In contrast to the shake-up process, the dielectronic pro-
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cess can involve an exchange of angular momentum betweeronic contribution to doubléc-shell vacancy state formation
the primary and secondary active electrons due to the mutug@ separately identified and its specific contribution deter-
“scattering” of these electrons. For instance, when the pri-mined. Furthermore, compared to the case of double-
mary ionization occurs by means of 8% ep transition, the  jonization event$10] where both electrons are ejected to the
dielectronic process can cause excitation by a subsequegéntinuum, the present results for ionization plus excitation
dipole transition 3—np leading to twoK-shell vacancies if events exhibit the advantage of investigatifiscreteexcited
the ep electron, as it leaves the atom, promotes the remainstates in order to determine specific characteristics associated
ing 1s electron tonp by giving up itsI=1 unit of angular  with dielectronic and shake processes, respectively.
momentum[16]. While the dielectronic process does not | symmary, we have investigated electron correlation ef-
necessarily have to involve an exchange of angular momengcts in the production of doubly vacakt-shell states in
tum, thereby also permitting monopole transitions that giveytomic lithium induced by 5-keV electrons. Spectra obtained
rise to the Bns"’S states of L, only the dielectronic by means of high-resolution Auger spectroscopy show that
manifestation of the-e interaction can produce the observed yyo K-shell vacancies involving discrete states are produced
2snp™°P states. Since these latter states are also not formedainly by K-shell ionization plus excitation events, leading
from independent interactions with the projectifeS2) in g 2n|’ (n=2) configuredS and P states of hollow Li.
the present electron-lithium collisiorisee Table ), as dis-  For these high-velocity electron projectiles, independent in-
cussed abpve, the dielectronic process is the only mechanisggractions with two target electrori$S2) have been shown
for producing the observedshp'°P states. Thus, spectral tg play a negligible role so that only processes associated
identification of the doublé<-shell vacancyP states in the \ith thee-e interaction(dielectronic or shake-ygead to the
present work reveals directly the dielectronic aspect of thgpserved doublé-shell vacancy states. Since the shake-up
e-e interaction, from which its specific role can be ascer-process cannot create ther?pl P states from the interme-
tained. o o . diate 1s2s13S states, the formation of theg® states is es-
Fr01r731 the relative intensities listed in Table |, the sentially mediated only by the dielectronic process. Thus, the
2snp™P states for 5-keV electron impact constitute aboutgie|ectronic manifestation of the-e interaction can be sepa-
60% of the total doublé-shell vacancy intensity associated rated from shake and its contribution quantitatively deter-
with K-shell ionization plus excitation eventSig. 2). More-  mined for these fast charged particle-atom collisions. Based
over, the dielectronic process may contrib(iteaddition to o the present results, the dielectronic process, i.e., dynamic
shake-up to the formation of the 8ns'*S states in LT, eectron correlation, is found to be responsible for at least
although this contribution is expected to be small. Hence, th@f of thee-e interaction events that lead to discrete double-
dielectronic process, which is the only mechanism for pro _she|| vacancy states in 5-keV electron-lithium collisions.
ducing theP states, plays the dominant role in the productiong,iure work will focus on the formation of thesPsl3S
of hollow Li" ions by fast electron impact. In the case of states, which can generally involve both shake and dielec-

8 . . N . ; )
95-MeV/u Ar®* ion impact[16], these sam states also ronic processes, to determine the relative importance of
constitute the largest contribution to the formation of theinesee-e mechanisms in producing tf@states.

doubleK-shell vacancy states. However, a considerable frac-

tion (more than half as can be deduced from Tableflthis We are thankful to L. Nagy for helpful discussions. We
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which the perturbation strengt|/v is smaller than 0.1 a.u., ment of Energy, Office of Basic Energy Sciences, and the
as is the case here with fast electron projectiles, the dieleddungarian OTKA(Grant No. T03294p

[1] M.A. Khakoo et al, Phys. Rev. 461, 012701(2000. [12] Z. Smit et al, Phys. Rev. M9, 1480(1994: P. Pelicoret al,
[2] J.H. McGuireet al,, J. Phys. B28, 913(1995, and references ibid. 62, 022704(2000.

therein. [13] T. Mukoyama and M. Uda, Phys. Rev.65, 052706(2002.
[3] J.S. Briggs and V. Schmidt, J. Phys. 38, R1 (2000, and  [14] J.P. Gieseet al, Phys. Rev. A2, 1231(1990.

references therein. [15] J.A. Taniset al, Phys. Rev. A57, R3154(1998.
[4] I.Yu. Tolstikhinaet al, Phys. Rev. A67, 4387(1998. [16] J.A. Taniset al, Phys. Rev. Lett83, 1131(1999; Phys. Rev.
[5] I. Taouil et al, Phys. Rev. Lett81, 4600(1998. A 62, 032715(2000.
[6] A. Lahmam-Bennanet aI., PhyS. Rev. AB9, 3548(1999 [17] N. Stolterfoht, Z. Phy5248 81 (197])’ 248 92 (1971)

[7] A. Dorn et al, Phys. Rev. Lett86, 3755(2001).

[8] S.F. Itza-Ortizet al,, J. Phys. B34, 3477(2002.

[9] H. Merabetet al, Phys. Rev. A65, 010703R) (2002.

[10] A. Knappet al, Phys. Rev. Lett89, 033004(2002.

[11] N. Stolterfoht, Nucl. Instrum. Methods Phys. Res58 477
(1991

[18] Calculations of excitation and ionization were performed using
a Born approximation code provided to us by A. Sdlinpub-
lished.

[19] B. Cleff and W. Mehlhorn, J. Phys. B, 593 (1974).

[20] S. Diehlet al, J. Phys. B30, L595 (1997).

040701-4



