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Diff'erential Cross Sections for the 3s-3p Excitation of Sodiumlike Ar + Ions by Electron Impact
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DiAerential cross sections have been measured for the electron-impact excitation of a multiply
charged ion. In a crossed-beam experiment the resonant 3s-3p transition of sodiumlike Ar'+ is studied
at an electron energy of 100 eV in an angular range between 13' and 29 . The experimental cross sec-
tions are found to be in good agreement with theoretical predictions obtained in Coulomb-Born
distorted-wave approximation.

pACS numbers: 34.80.—i

Electron-impact excitation of ions plays an important
role in all kinds of plasmas. For example, it drives the
population of excited levels of multiply charged impuri-
ties in high-temperature plasmas and hence contributes
significantly to the energy loss of the confined system.
Accurate electron-excitation rates are needed in the mod-
eling of dense plasmas such as stellar plasmas or short-
wavelength (vacuum-ultraviolet or x-ray) lasers, although
plasma screening effects, which may inAuence the excita-
tion rates, may no longer be negligible in dense plasmas.

Electron-ion excitation rates are di%cult to measure
and, despite newly available powerful ion sources, ion
storage rings, and ion traps, the number of experimental
studies has remained rather small. The necessary infor-
mation comes, therefore, mainly from theoretical calcula-
tions, which ought to be carefully checked.

A few total excitation cross sections have been mea-
sured. Several resonance transitions in Li-like (C +,

N +) [1,2] and Na-like (Al +) [3] systems from nonau-

toionizing low-lying states have been studied by counting
the photons emitted after the excitation process. More
recently, the same method was used for the 2p-3l excita-
tion of Ba + within an electron-beam ion-trap (EBIT)
arrangement [4]. Alternatively the 3s-3p excitation of
Si + has been analyzed by applying the electron-energy-
loss technique [5] near the excitation threshold. Experi-
mental information on differential excitation cross sec-
tions has been limited so far to forward angle scattering
for three singly charged systems: Mg+, Zn+, and Cd+
[6-g].

In this paper we report on the first measurement of
differential excitation cross sections of multicharged ions.
These data have been obtained in a crossed-beam experi-
ment. A beam of multiply charged ions is intersected by
an electron beam at an angle of 90 . Electrons which are
scattered at an angle between 13 and 29 are analyzed
with respect to their kinetic energy. At a fixed scattering
angle the ratio of inelastic to elastic scattering signals is

measured and used to derive absolute diff erential excita-
tion cross sections.

In a first experiment we have focused our eff'ort on the
resonant 3s-3p transition in Ar +,

e +Ar +(3s S) e +Ar +(3p P) —17.4eV,

mainly for two reasons. First, the cross section is expect-
ed to be relatively high, and second, a high-quality in-

tense ion beam has been available.
The ion beam which is delivered by the LAGRIPPA

accelerator has a kinetic energy of 20 keV per charge.
Before entering the interaction region it is focused with

the aid of a double Einzel lens to a beam diameter of 2 to
3 mm. The ion current is measured with a Faraday cup
in a separate vacuum chamber. This turned out to be
necessary in order to allow for a diA'erential pumping sys-

tem and to reduce the noise caused by the ion beam.
During the actual measurements the electrical ion current
has been of the order of 10 pA.

At an electron energy of E0=100 eV the electron-
beam diameter in the interaction zone is about 1.5 to 2

mm and the half-width of its energy distribution is below

500 meV. Because of an important background arising
mainly from scattering on metallic surfaces the electron
current had to be kept at a value of about 4 pA.

For optimizing the overlap of both beams and the zone
seen by the spectrometer, the positions of the electron and

ion beams have been adjusted with the aid of two pairs of
deAection plates. The optimum setting is controlled by a
removable aperture, which can be positioned directly at
the desired interaction region. Furthermore, the elastic
electron-ion signal is used for a final adjustment.

The electron energy is determined with a double-stage
cylindrical energy spectrometer the position of which can
be varied between 13 and 29 . With an entrance aper-
ture of 1 mm x 2 mm, a solid angle of 4 x 10 sr is

covered. The acceptance angle of the spectrometer is

0.4, leading, together with the finite interaction
volume, to an angular resolution of about 1 . The ener-
getic resolving power of this system is of the order of 50
depending on the exact size of the interaction volume and

the scattering angle. In order to guarantee good vacuum
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conditions and to obtain an effective shielding of the spec-
trometer, a negatively biased double mesh shielding is
used.

The main difficulty in such an experiment is caused by
the low target thickness. The target ion-beam density is
as low as 10 particles per cm which corresponds to a
gas pressure of 5&10 '' Torr. Thus, the measurement
requires the residual gas pressure to be at least of the
same order of magnitude. Under the present conditions
the expected ion excitation counting rate is estimated to
range between 0.1 and 1 count per s whereas the total
background which is due to the interaction of the primary
electron beam (10' electrons per s) with the residual gas
has been estimated to be of the order of 10 events per s.
In addition, contributions from the ion-gas interaction
and the electron-surface scattering make the situation
even worse. To achieve a successful measurement under
such conditions it has been crucial to satisfy the following
points.

(1) A differential pumping system provides a base
pressure of 3x10 '' Torr, which increases to 1&10
Torr with both beams in operation.

(2) A chopping technique has been applied to both
beams. The energy distribution of the scattered electrons
has been measured for four different conditions, namely,
with both beams in operation, with both beams off, and
alternatively with only one of the two beams working.
During the analysis of these spectra the slight increase
(15%) of the background pressure in the case of the ion
beam being on had to be taken into account.

(3) Because of the finite velocity of the ion beam the
peak which is due to the elastic electron-ion scattering
appears in the laboratory frame at an energy higher than
that for the elastic scattering from the residual gas, i.e.,

250

in a part of the energy spectrum free of any electronic
noise. Correspondingly, by a proper adjustment of the
accelerating ion voltage it is possible to position the
desired inelastic electron-ion peak in a region of the ener-

gy spectrum where the background is low. This is dern-
onstrated in Fig. 1, which shows the energy distribution
of electrons scattered at an angle of 24, . For an electron
energy of 100 eV, an Ar-ion-beam energy of 140 keV,
and a scattering angle of 24, one obtains an energy shift
for the elastically scattered electrons of about 12 eV.
Therefore, this well separated peak can be measured with
high accuracy and can be used to normalize the inelastic
signal.

Under these conditions typical counting rates, which
depend strongly on the scattering angle and the range of
the energy spectrum, are as follows: excitation signal
rate, 0.02-0.3 count/s; elastic electron-ion signal, 1-250
counts/s; background by the ions, O. l-S counts/s; and
background by the electrons, 0.1-20 counts/s. The col-
lection time for one data point was of the order of several
hours up to one day. Further details on the experimental
setup as well as on the procedure being applied in

evaluating the measured data will be given in a forthcom-
ing paper [9].

The quantity actually being measured in the experi-
ment is the ratio of the two signals which are due to the
inelastic and elastic electron-ion scattering, respectively.
Figure 2 shows this ratio for the excitation of the first ex-
cited state 3p P (the substates 3p pI/z and 3p p3/i
separated by 0.3 eV are not resolved) at an electron ener-

gy of 100 eV and at scattering angles between 14 and
29'. The ratios are found to be of the order of 10 to
10, thus allowing for a calculation using perturbation
theory to which the experimental values are compared.

In the present case the energy of the incoming electron
is about 6 times the transferred energy and the transition
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Scattering angle / degreeFIG. 1. Energy distribution of electrons being scattered at an
angle of 24 by Ar + ions and by the background gas. Primary
electron energy: 100 eV. 1, Elastic electron-ion signal; 2, elas-
tic scattering by the residual gas; 3, signal due to the 3s-3p ex-
citation; 4, inelastic electron-residual-gas scattering.

FIG. 2. Ratio r of diAerential cross sections for the inelastic
and elastic scattering of electrons by Ar + ions. r=(3s 3p
excitation signal)/(elastic signal). Experiment: open circles;
theory: solid curve. Electron energy: 100 eV.
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involves the 3s-3p valence-particle dipole excitation.
This makes it legitimate to carry out the calculations of
the transition matrix element in first-order perturbation
theory. The distorted-wave approximation provides such
a framework. The single-particle wave functions of the
target are calculated in the frozen-core Hartree-Fock po-
tential. Two different distorting potentials for the incom-
";ng and outgoing electron waves have been considered:
first a pure Coulomb potential due to the ion charge
(7+), resulting in the so-called Coulomb-Born approxi-
mation, and second, a screened potential. This screened
potential is taken to be the Hartree-Fock potential built
by the total charge distribution of the core plus one
valence electron (3s and 3p in the entrance and exit chan-
nels, respectively). The same potential has been used to
calculate the elastic cross section.

The first important observation is that the restriction to
pure continuum Coulomb waves represents an excellent
approximation in the angular range of the present experi-
mental interest. Moreover, exchange contributions may
safely be neglected. These are not surprising results be-
cause of the strong ionic charge. Note that an agreement
within about 20% is observed between measured and cal-
culated ratios.

The excitation cross section has been calculated over
the entire angular range. As illustrated in Fig. 3 the elec-
tron screening of the nuclear charge need not be con-
sidered for scattering at angles below 70 . For backward
angles, electon mean-field effects on the continuum wave
functions do lead to dramatic changes of the inelastic
cross section. Note, however, that exchange corrections
at this high energy are still negligible. These features are
also true for elastic scattering; forward elastic scattering

is simply given by the classical Rutherford formula.
These theoretical calculations support our experimental
strategy. For forward scattering it is well justified to ex-
tract the differential excitation cross section by multiply-
ing the measured ratio of Fig. 2 with the e -Ar + Ruth-
erford cross section calculated at the same angle.

The experimental excitation cross sections are shown in

Fig. 4 together with our theoretical predictions. The
given error bars correspond to the statistical errors calcu-
lated from the counting rates and the subtraction pro-
cedure. A further error is introduced by normalizing to
the elastic scattering signal, which requires the exact
knowledge of the scattering angle. This is determined
from the kinematic shift of the elastic electron-ion signal
with an accuracy of 0.5 . This uncertainty leads to an
additional error of the determined cross section between
6% and 15%.

It is interesting to note that the cross section shows a
maximum at a quite large angle of about em.,„=23' and
that it falls off very rapidly towards 0 . Indeed, this be-
havior is also predicted by a semiclassical approach.
Describing the motion of the free electron by a classical
Coulomb trajectory and treating the excitation process in
first-order perturbation theory, one finds the excitation
cross section to peak approximately at the same scatter-
ing angle with a similar absolute value [10].

The physics involved in this result becomes comprehen-
sible when assuming that a highly polarized excited state
is formed at the scattering angle e,. „after a hm =+1
transition. This implies that the exciting electron has to
transfer in a sudden process at the distance of closest ap-
proach, ro, one unit of angular momentum to the atom.
Therefore, the classical trajectory has to fulfill the condi-
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FIG. 3. Diff'erential cross section for the 3s-3p excitation of
Ar + by electron impact. Electron energy: 100 eV. Curves a,
Coulomb-Born calculation; curves b, Hartree-Fock wave calcu-
lation: with electron exchange, dashed curves; without electron
exchange, solid curves.
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FIG. 4. Angular diAerential excitation cross section for the
resonant 3s-3p transition in Ar +. Electron energy: 100 eV.
Experiment: open circles; theory: solid curve.

1409



VOLUME 67, NUMBER 11 PH YSICAL REVIEW LETTERS 9 SEPTEMBER 1991

tion h/2tt=rohp. The momentum transfer Ap and the
excitation energy IJE are related by Ap =AE/v, where v

is the average electron velocity before and after the exci-
tation. This condition yields indeed a scattering angle of
23 when dividing the classical trajectory into an incom-
ing part at the energy Ep and an outgoing part at
Ep

—h,E.
This study has demonstrated the importance of large

scattering angles contributing to the electon-impact exci-
tation of multiply charged ions. Thus, in the near future
our experimental setup will be modified in order to cover
a larger angular region. At large angles the Coulombic
force is no longer dominant and eA'ects due to the ionic
core can be studied in comparison with our calculation.
Recently, close-coupling and distorted-wave calculations
have been performed by Pindzola et al. [11] which show
a very good agreement with our own theoretical results
over the entire angular region.

The experiments have been performed at LAGRIPPA—a joint laboratory of Commissariat a l'Energie At-
omique and CNRS. The authors would like to thank A.
Brenac, G. Lamboley, and Th. Lamy for providing the
ion beam. Discussions on theoretical aspects of this work
with J. P. Desclaux are gratefully acknowledged. Furth-
ermore, we have benefited from contributions of J.
Crangon, P. Perrin, J. C. Rocco, and F. Zadworny in the

early stage of this experiment.
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