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Cross sections for single electron emission have been measured in collisioasM#V/u Ar'3*
with atomic Li for electron energies 5—1000 eV and angle$-2%5. The high projectile velocity
made possible the separation of two- and three-body processes in the angular distributions of the
ejected electrons. Low-energy emission of the electrons is found to be significantly influenced
by two-body effects and, furthermore, the node in the2kiwave function manifests itself in the
angular spectra. Emission dfs electrons is attributed mainly to three-body effects. The two-
and three-body processes are associated with Compton scattering and photoabsorption, respectively.
[S0031-9007(98)06108-0]

PACS numbers: 34.50.Fa, 32.80.Fb

Electron emission from a target atom by impact of aresidual target ion. It is well known that this interaction
heavy projectile is a fundamental manifestation of the ionis mediated by a dipole transition involving the transfer
ization process [1,2]. Electrons emitted with low energiesf one unit angular momentuni & 1). Because of the
are particularly important because these electrons have, mncertainty principle the small angular momentum trans-
far, the largest probability for ejection. These low-energyfer corresponds to a broad angular distribution, symmetric
electrons, referred to as soft-collision electrons, are proaround 90, of the ejected electron [11].
duced mainly in large impact-parameter collisions. When With the similarities between fast ion and photon in-
the velocity of the projectile is much larger than the ve-teractions in mind, the emission of soft-collision elec-
locity of the active bound electron, the momentum transfetrons is usually attributed to three-body effects between
in a soft collision is small and the interaction of the ionthe projectile, the electron, and the target ion. On the
with the target resembles that of a photon. The similari-other hand, for larger momentum transfer, two-body in-
ties in ionization by photons and charged particles haveéeractions involving binary-encounter processes become
been recognized since the very beginning of atomic colliimportant. The two-body approximation and, thus, the
sion physics [3,4] and have subsequently been examinaukglect of the interaction with the residual ion is adopted
in detail [1,5,6]. Recently, considerable interest has beem the framework of the impulse approximation [12,13].
devoted to this subject [7—-10]. As pointed out by Bethe [3], the two-body process in

The emission of slow electrons from an atom by theelectron emission by ions is analogous to the Compton
interaction with a photon comes about by means of thescattering of photons. Accordingly, the energy spectra of
photoeffect where the incident photon is annihilated. Inthe binary-encounter electrons exhibit a pronounced peak
order to conserve energy and momentum the annihilatiowhose shape is determined by the Compton profile of
of a photon cannot take place without the interaction otthe corresponding bound orbital [14,15]. The binary en-
the electron with the residual ion. Therefore, the pho-counter mechanism may also produce a distinct peak near
toeffect necessarily corresponds to a three-body proce®9° in the angular distribution of the ejected electrons in-
involving the incident photon, the active electron, and thevolving high-order multipoles/(>> 1) [11]. Animportant
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criterion to observe such a sharp binary-encounter peak extending quite far from the nucleus (up to about 7 a.u.).
the validity of the impulse approximation which, in turn, Thus, atomic Li provides a unique system in which to
requires projectiles with a large velocity. test effects of the binding energy and the wave function

Thus, for fast projectiles two-body effects in ionization structure.
should produce a sharp peak, while three-body effects In the present work, we study the collision system
give rise to a broad angular distribution of the ejectedd5 MeV/u Ar'8* + Li where the projectile velocity is
electrons. These characteristic differences in the angularearly equal to half the velocity of lightv(/c = 0.42).
distributions of the binary- and soft-collision electronslt is shown that two- and three-body effects can, in fact,
provide an experimental method to separate the twobe separately identified in the angular distributions of
and three-body effects. For low-energy electron emissiotthe ejected electrons. Specifically, we found that three-
the important quantity which affects two- and three-bodybody effects dominate the ionization of tHe electron
aspects in the ionization process is the binding energy oivhile two-body effects are primarily manifested in the
the active electron [2]. When the initial binding is large, ionization of the2s electrons.
the interaction of the outgoing electron with the residual The measurements were carried out at the Grand
ion is expected to be large also during the collision. Accélérateur National d’lons Lourds accelerator facility

In previous studies, He for which the binding energyin Caen, France. A beam &5 MeV/u Ar'®* ions of
of the outermost electron is the highest of any atom hamtensity 1-2 uA, collimated to a size of abo@ mm X
often been used as a target. Hence, for electron emissienmm, was incident on a Li vapor jet target 64 mm
from He, three-body effects are expected to be mostliameter obtained by heating metallic Li in a temperature
significant. For example, the emission of soft-collisioncontrolled oven. Continuum electrons emitted from the Li
electrons in relativistic collisions of ¥ with He was were measured with a parallel-plate electron spectrometer
uniquely attributed to three-body, dipole-type transitionsfor energies ranging from about 5-1000 eV, and for
[10]. However, this supposition may not be valid for the angles ranging from 25-155. The scattering chamber
more general case of a target atom with less tightly boundnd the electron spectrometer were similar to those
electrons. Furthermore, structures in the wave functiondescribed previously [17].
more complex than those of tHe electron, may become  When working with the lithium vapor target various
important. instrumental difficulties had to be solved. The metallic

In this regard, we consider electron emission from Lilithium was heated slowly, thereby driving contaminations
which has two orbitals]s and2s, with largely different from the surface, until a stable lithium vapor beam was
binding energies. The densities and wave functions [16pbtained. For the reliable detection of low-energy elec-
of these orbitals are shown in Fig. 1. Theelectron has trons, the possibility of perturbing effects due to the elec-
a binding energy of about 59 eV and is localized closeric and magnetic fields associated with the relatively large
(<1 a.u.) to the nucleus. Thes electron has a much current used to heat the metallic lithium, as well as effects
smaller binding energy of about 5.5 eV. Because of thalue to lithium buildup on the spectrometer surfaces, must
node in the wave function, thxy orbital has two parts, an be considered. In the former case, measurements were
inner part close to the nucleus { a.u.) and an outer part taken with the heating current on and off, and in the lat-
ter case, an efficient baffle system was used to protect the
sensitive parts of the spectrometer. With the procedures
used, electron yields could be measured reliably for emis-
sion energies as low as 5 eV.

From the measured data we determined cross sections
differential in energye and angled of the ejected elec-
trons. To obtain absolute cross sections we normalized
the angle-integrated data to the corresponding Rutherford
cross sections [1,2]. Angular distributions for selected
electron energies from 10 to 300 eV are shown in Fig. 2.
It is noted that the measured data represent the sum of the
electron emission from both this and2s orbitals. The
L individual contributions from these shells can be separated

5L i 11 by model calculations as will be shown in the theoretical
- . analysis below.

0 e e haa s NG S S ag 0 The double-differential cross section for electron emis-
Ie ' ‘4' '2’ 5 ' 2 : ; : é R R 5 sion can be expressed as a coherent sum of multipoles
i ) a. u. over the final state [18]:
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FIG. 1. Electron densities (upper part) and wave functions do
(lower part) for the atomic orbitalss and2s of Li evaluated Q = Zalm Yin(0) |, (2)
using the Cowan code [16]. ded Im
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the experimental data taken primarily at forward6(°)
and backward angles=(120°). The sum of these two
theoretical components (solid curve) compares very well
the experimental data.

The results presented in Fig. 2 show that the two-
and three-body parts change considerably in magnitude
as the electron energy varies. For 10 eV electrons the
two- and three-body contributions to ionization are nearly
equal while for 300 eV electrons the two-body theory
accounts for nearly all of the electron emission. This

0.6}

Cross Section (102 cm?eV sr)

I former finding is remarkable. Since the pioneering work

0.4l of Bethe [3] it has become common practice to attribute

- the emission of low-energy electrons by fast projectiles to

Z 0.2- ; three-body dipole transitions [5,6,9,10]. On the contrary,

ok 2./ . 0.0k B N the present results illustrate convincingly the point made
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earlier that two-body interactions become important for
low-energy emission of less tightly bound electrons.

The two-body part of the interaction manifests itself as
FIG. 2. Angular distributions of electrons emitted at energiesa distinct binary-encounter peak centered nearv@ich
gf ré?érgcib 12;3'&”?2;?022%2% . tmetvsgfb%%?h?ﬁengsiv':ge@‘f‘epresents the Compton profile of the target electrons.
Eq. (2). The dashed curve labeled 3 is a fit to the underlyianhe |n(_:reaS||ng sharpness of the Corg.?tog protljle Wlthd
three-body part using the extended dipole term Bsi? 6 + ncreasing electron energies may readily be understoo
C cost (see text). The solid curve is the sum of the two dashedrom the derivative of the above expression for the initial
curves. momentum p., vyielding for the angular widthAg =

Ap./k (setting sird = 1 at angles near 9). Hence, for

whereY,,, are spherical harmonics ang, are amplitudes @ givenA p_ it follows that the angular widtiA ¢ decreases
for electron emission with angular momentuimand  With increasing electron momentuin .
magnetic quantum number. An important consequence of Eq. (2) is that nearly all

To treat the three-body part of the interaction weOf the two-body ionization can be attributed to tke
used the dipole term fof = 1 from Eq. (1). Hence, orbital. (Thels contribution becomes noticeable only at
the angular distribution reduces t + Bsir? 8, where  higher electron energies, e.g., at 300 eV.) Furthermore,
the constants\ and B are given by the amplitudes,,  the inner part of th@s wave function, since it is closer to
and a;+;. Since the smooth component of the angulatthe nucleus, has a broader Compton profile than the outer
distribution (three-body part) exhibits small asymmetriespart of the2s wave function which is spatially distributed
we also kept the monopole terin= 0 which gives the much farther from the nucleus. Thus, the effect of the
cross termC cosf due to an interference effect with node in the2s orbital (Fig. 1) is to give rise to a “kink” in
the dipole term. As shown below the monopole term isthe Compton profile, confirmed by the experiment, which
small due to the high projectile energy used in this work.can be clearly seen in the 100 and 300 eV spectra.
Therefore, for brevity, the sum of monopole and dipole Another remarkable result of the spectral analysis is
terms will be referred to as an extended dipole term.  that at high electron emission energies the three-body

Applying the impulse and peaking approximationspart of the ionization process can be separated from the
[2,14] within the framework of the Born approximation, dominating two-body part. To study further the properties
the two-body part of the interaction can be represented b9f the three-body interaction, in particular, the and2s
a simple expression including the Compton profile.) contributions, theoretical results for individual multipoles

2 have been evaluated within the framework of the Born
= —3J(p2), (2)  approximation using a modified version of the program by
de d) vike Gulyéaset al. [19]. The double-differential cross sections

whereZ, is the projectile chargey, = kcosé — AE/v  were integrated over the electron emission angle. This
is the initial momentum component along the beam diintegration cancels the interferences between multipoles
rection, andk = +2e is the ejected electron momentum. (e.g., monopole and dipole) so that the multipole terms
The momentumk. = +/2AE is derived from the energy become fully separable.
loss AE = € + E,, whereE,, is the binding energy of In Fig. 3 the fitted experimental data are compared with
the active electron. Note that = k for e > E,. theoretical results for dipole (plus monopole) transitions.
Theoretical results are compared with the experimentaThe theory confirms that the monopole term is much
data in Fig. 2. The two-body part (dot-dashed curve) issmaller than the dipole term.) The good agreement ob-
evaluated using Eq. (2). After subtraction of the two-tained between experiment and theory seen in Fig. 3 at-
body part, the extended dipole term (dashed curve) is fit ttests to the validity of attributing the fitted part of the
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interactions is dominant, with the contribution from the
orbital becoming significantly more important as the en-

ergy of the emitted electron increases. Finally, we show
that the analysis of three-body processes reveals charac-
teristic information about photoionization.
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FIG. 3. Angle integrated cross sections for electron emission
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