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Resonant inelastic scattering of quasifree electrons on C>*(1s)
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We report on studies of resonant inelastic scattering of quasifree electrons on C*>*. The resolution of
the electron spectrometer is sufficient to resolve the energy structure of electrons emitted as a result of
decay of doubly excited 3/3!’ configurations in C**. The line energies compare well with theoretical cal-
culations, using the truncated-diagonalization method. Theoretical calculations based on the Hartree-
Fock atomic model for the differential cross sections are also presented. The relative strength of these
states within the 3/3/' manifold is measured as a function of scattering angle and compared with theory.
The agreement is good for several states, but the 3s3d >D and 3p3d 'F states show large deviations from
the Hartree-Fock-model calculations. Good agreement is found between theory and experimental data
for the !F state when the autoionization rate to the ground state calculated with the truncated-
diagonalization method is used in the calculations. It is likely that strong correlation effects for the D
state are not as well treated in the Hartree-Fock model as by the truncated-diagonalization method.

PACS number(s): 34.50.Fa

I. INTRODUCTION

During recent years, elastic scattering of quasifree elec-
trons on energetic ions has been studied both experimen-
tally [1] and theoretically [2]. Several studies of reso-
nances in the elastic-scattering cross section have also
been reported, usually under the name of resonant-
transfer excitation Auger emission (RTEA) [3,4]. Excita-
tion of the projectile electron by the transferred target
electron is normally the dominant excitation mechanism
[5]. These so-called quasifree electrons are originally
bound in the target atom, but since their binding energy
is small compared with their kinetic energy in the projec-
tile system, we may consider them as free. The energy
distribution of these electrons or the ‘“target tempera-
ture” is determined via the Compton profile of the target
electron. In RTEA studies, the resonances are attributed
to the population of an intermediate state, which then de-
cays via Auger emission.

A characteristic feature in resonant elastic scattering is
that the initial and final ion states are identical such as in
the process C>T(1s)+e—C* (2Lnl")—C3*(1s)+e.
Resonant scattering of electrons on one-electron ions is
reported by De Paola, Parameswaran, and Axmann [6],
and Schulz et al. [7], and calculations are performed by
Badnell (4] and Bhalla [8]. The process, where the inter-
mediate two-electron state decays by radiation, results in
dielectronic recombination (DR). Measurements of DR
on one-electron ions are reported by Kilgus et al. [9],
and the corresponding theory by Griffin and Pindzola
[10]. For a general discussion of RTEA and DR, the
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reader is referred to review articles by Zouros [11], and
Hahn and La Gattuta [12].

In the present paper, another step in the direction of
detailed investigations of doubly excited states in ion-
atom collisions is reported. The process in focus is what
could be called resonant inelastic scattering of quasifree
electrons. The inelasticity is related to the different ini-
tial and final ion states such as in the process
C*(1s)+e—C** (3Inl')>C’*(2])+e. Measurements
involving electrons emitted as a result of the decay of
doubly excited (31,3!’) configurations in C** populated in
collisions between 8.6-MeV C°* and H, are discussed
below. Several lines in the electron spectrum are
identified, and line energies and relative intensities are
compared with theoretical calculations. The angular
dependence of the line intensities has also been measured
for laboratory angles in the range of 1°-5°.

In both resonant elastic and inelastic scattering, in-
terference with the corresponding direct nonresonant
channel is possible. The signature of such interferences is
observed in the present measurements, and the related
problems for a comparison of relative line intensities are
discussed.

II. THEORY

The process considered in this paper is analogous to a
free-electron inelastic scattering from a hydrogenlike ion.
In addition to the direct inelastic process, where the ini-
tial electron (1s) of the ion is excited to 2/ states, mani-
folds of doubly excited heliumlike states such as 373/’
that predominantly deexcite to 2/ exist. In general, in-
terference is found between the two processes, and one
expects a Fano-type profile in the differential inelastic
cross section at electron energies that can populate the
doubly excited states. Here only the contributions of
313]' resonances in the calculations of the electron
differential inelastic cross sections do /(dQ) for C3*(1s)
have been considered.
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The calculations are simplified because of the observa-
tion that for e ~ +C> T (1s) collisions, all the doubly excit-
ed states (3/3]') produced can have only orbital magnetic
quantum number M; equal to zero when the axis of
quantization is chosen as the electron-beam direction.
Since the different M; values are not statistically popu-
lated, deexcitation of these doubly excited states by elec-
tron emission (autoionization) leads to a nonisotropic
electron angular distribution. We have calculated this
angular distribution W(6) for all states belonging to the
3131’ complex (for details, see Ref. [8]), and the resonance
strengths Q(2/) defined below,

2.475x 10730 (2L, +1)(2S,+1)

Q2= E 2 A,(d—g)
« A, (d—2I) 20y :
SAtSA cm“eV . (1)

The doubly excited states, the ground state, and the states
for n =2 are denoted by d, g, and 2, respectively. A4,
and A, are the autoionization rates and the radiative
rates in units of s~ !. E represents the electron energy,
i.e., the difference between the energy of the doubly excit-
ed state and the ground state of the initial ion (C>").

In the impulse approximation, the bound electrons of
the target (H,) are treated as “quasi”-free electrons with a
characteristic momentum distribution, where the projec-
tile (C°"’ ion velocity is much larger than the typical
electron velocity of the target atom.

The differential electron cross section, with final elec-
tron energy € in the projectile frame, can be written in
the impulse approximation (in units of cm?/sr) as

do. - _J@Q)

2 (4 —2he0)=002DW(0) CEIAE 2)
where

Q=QE+2E)"*~V, . &)

The Compton profile of the target (H,), J(Q), Q, and the
velocity of the projectile V), are in a.u., £,=27.21 eV, and
E; is the electron-binding energy of H,. The normalized
angular distribution of the electron is W(6).

The differential electron cross section in the laboratory
frame, with electron energy €; and observation angle 6, ,
is given by standard transformations,

doy, €1 t sin’6; o
T
X%ﬁ—(d-Zl,e,@) , 4)
where
g, =[t"%cosf, +(e—1tsin%9,)!/?]*, (5a)

V,—(2g;)" *cos6,

[2e, +V2—2V,(2¢,) cos6, 1"

cosf=

The cusp energy ¢ is equal to %sz.
All the calculations were performed using the
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Hartree-Fock atomic model with the inclusion of
electron-configuration mixing in the same complex.

III. EXPERIMENT

The experiment was performed at the 6-MV Aarhus
tandem accelerator. The general characteristics of the
experimental setup have been described before [13], and
only details important for the present experiment will be
given here (see also Fig. 1). The beam is collimated by a
set of three fixed apertures. Immediately after the third
aperture, the beam traverses a differentially pumped gas
cell. The emitted electrons as well as the ion beam exit
the gas cell through a 10°-wide forward window. The
electrons are analyzed by a 45° parallel-plate analyzer
with a theoretical resolution of 0.25% and detected by a
channel-electron multiplier. The ion beam is collected by
a Faraday cup (FC) placed in front of the analyzer. The
minimum electron-observation angle is 0.8°, which is
determined by the size and distance between the collima-
tors and the first entrance slit of the analyzer. Due to the
minimum electron-observation angle and the design of
the FC, electrons between 1° and 6.5° could be detected.
Very low background of electrons from the residual gas
and from the ion beam was observed even for the smallest
observation angle.

Figure 2 shows the electron spectrum obtained at 1°.
In Fig. 2(a), a wide range of electron energy is shown.
The large peak on the left-hand side is the electron-
capture-to-the-continuum (EC) peak [14], and the broad
peak on the right-hand side is the binary-encounter (BE)
peak [1]. On top of the BE peak, Auger electrons from
the resonant configurations 2/nl’ are observed. The ener-
gy of these Auger lines is well known [5] and has been
used to obtain the beam energy. This procedure is found
to be more accurate than to obtain the beam energy from
the EC peak, which in the present experiment cannot be
measured at 0°.

Auger electrons are observed on the right-hand side of
the EC peak, around 600 eV. An expansion of this ener-
gy region is shown in Fig. 2(b). Figure 2(b) is not an en-
largement of Fig. 2(a), but refers to another measurement
where the analyzer voltage is scanned within an interval
corresponding to the energy of the Auger electrons emit-
ted from the 3Inl’ doubly excited configurations of C**.
The series 3131’,3141',3151",316l', . .. are clearly seen in
Fig. 2(b). Another expansion of the electron spectrum
within the energy range of the Auger electrons corre-
sponding to the 3/31’ doubly excited configuration of C**
is shown in Fig. 2(c).

Since the acquisition of each electron spectrum re-
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FIG. 1. Experimental setup.
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quires a prolonged measurement, the long-term energy
stability of the accelerator is extremely important.
Therefore, great care was taken in running the accelera-
tor in a very stable mode. The Aarhus tandem accelera-
tor is updated for the *C-dating program, and its stabili-
ty has recently been studied by measuring very narrow
nuclear resonances [15]. The spectrum shown in Fig. 2(c)
is the result of measuring for 12 h. The observed resolu-
tion is 0.4%, which, compared to the theoretical 0.25%,
demonstrates that the effect of beam-energy drifting is
small in the present experiment.
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FIG. 2. Electron spectra observed at 1° observation angle
from the collision 0.712 MeV/u C5*+H,. (a) Wide energy
range showing the EC peak, the BE peak, and Auger lines from
resonant configurations 2/nl’; (b) energy range showing Auger
lines from the configurations 3Inl’; (c) same as (b) for 313!’
states. (b) and (c) are not expansions of (a), but other measure-
ments, each with a different scanning voltage range.
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IV. RESULTS AND DISCUSSION

In Fig. 3, a schematic-level diagram with possible exci-
tation and deexcitation paths involving doubly excited
states is shown. These states are populated as a result of
excitation of the 1s electron and simultaneous capture of
a quasifree electron from the target. A “schematic”
target-electron Compton profile is also shown. The figure
further shows how the projectile energy can be calculated
to obtain maximum population of the resonances of in-
terest. The present experiment is performed with C>*
ions with an energy of 8.6 MeV. This corresponds to an
electron distribution with a maximum at ~350 eV, which
is not really optimum in the present situation where we
aimed at 400 eV. However, we have not considered the
energy shift in the binary-encounter peak described by
Gonzilez et al. [16]. As can easily be seen from Fig. 3,
we expect to populate 2/nl’ and 3/nl’ states and possibly
higher-excited states.

The Auger lines corresponding to decay of the doubly
excited 3131’ states were fitted by a least-squares method,
using a Gaussian shape and a linear-background func-
tion. An example of a fitting is shown in Fig. 4. The
former line, corresponding to the 352 'S state, is affected
by a Fano-type interference, which is not included in the
fit. The spectra obtained for observation angles ranging
from 1° to 5° have been fitted using a nine-peak structure.
A ten-peak structure could also be fitted but with a
higher statistical x> and with a nonsatisfactory fit over
the full angular range studied. Therefore, the nine-peak
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FIG. 3. Energy-level diagram for doubly excited C** and
some excitation and deexcitation paths of relevance to the
present experiment. Also shown is a schematic energy distribu-
tion of target electrons relative to a 8.6-MeV C°* ion. The
projectile-frame energy of Auger electrons is shown on the vert-
ical scale to the right.
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FIG. 4. Electron spectra from decay of 3/3/" configurations
fitted with a nine-peak structure, as shown in Table I, corre-
sponding to observation angles (a) 1° and (b) 4°.

structure was chosen to be the most suitable. In all the
fits, the width and the energy position were free parame-
ters. The width was, as expected, found to increase
linearly with the emission angle in the range 1°-5° due to
Doppler broadening. Leaving the peak positions free and
obtaining the same peak structure along the different an-
gles ensure the consistency of the method, withk the low-
intensity peak 6 as the only exception. Note that for 4°
observation angle [Fig. 4(b)], the position of the fitted
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peak 6 relative to the others has changed, most likely be-
cause of bad statistics. For this reason, we have excluded
the peak from the analysis below.

Table I shows the measured energy positions and the
relative intensities of the 373/’ series. The different
theoretical values are from van der Hart and Hansen [17]
(theor. 1), and the present theory (theor. 2). The experi-
mental and theoretical relative intensities are normalized
to the second peak 3p?!'D.

Excellent agreement between the experimental values
and theory 1 [17] for the energy positions is found. Two
lines (4 and 6 in Fig. 4 and Table I) are well identified as
transitions from the triplet states 3s3d >D and 3p3d *P.
Theory 2 gives a good estimate of the relative energy po-
sition of most of the lines, but it shows a constant shift
towards lower energies of about 1.3 eV.

To get the experimental relative intensities, the areas of
the Gaussian peaks after background subtraction were
normalized to the beam integration and to the pressure in
the gas cell. The statistical errors are given by the stan-
dard deviation of the area in the fit, which is in the range
of 2—159%. The uncertainty in the determination of the
gas pressure introduces an extra error of about 2% in all
cases.

By measuring at angles from 1° to 5° in the laboratory
frame, a broad interval of scattering angles (from 5° to
30°) in the projectile frame is covered. The scattering an-
gles in the projectile system are related to laboratory ones
through Eq. (5b). In Fig. 5, the measured angular depen-
dence for eight of the peaks described in Table I is com-
pared with theoretical estimates. Peak 6 is not clear in all
the spectra, and its angular dependence could not be
studied. Theory and experiment are normalized to each
other at 0° for the 3p 2'D line. In most cases, the agree-
ment between theory and experiment is good. However,
for the triplet 3s3d 3D (peak 4) and the singlet 3p3d 'F
(peak 7), we observe a large discrepancy between the data
and the Hartree-Fock calculations. A large basis set for
the 3p3d 'F and 3s3d ’D state was used to obtain the au-
toionization rates. The total rates are found to be sensi-
tive to these considerations, but the autoionization rate to
the ground state A,(d —g) in Eq. (1) does not change

TABLE I. Energy positions and relative intensities of Auger electrons resulting from doubly excited
states 313/’ of C**. Peak numbers label the nine peaks identified in the present experiment. Theor. 1
corresponds to Ref. [17] and Theor. 2 to the present work (see Sec. II). The relative experimental inten-
sity of 94 should be considered the sum of the 3s3p P and 3s3d °F states.

Peak Energy (eV) Rel. intensities
no. Terms Expt. Theor. 1 Theor. 2 Expt. Theor. 2
1 3s2!S 21.45 21.45 20.7 42 20
2 3p?'D 22.48 22.54 21.5 135 135
3 3s3p'P 23.39 23.45 22.4 94 19
3p3d*F 23.39 22.4 61
4 353d °D 24.14 24.21 23.0 65 20
5 3d%'D 25.14 25.36 24.5 45 25
6 3p3d P 25.94 25.82 8
7 3p3d 'F 27.02 27.27 26.8 24 94
8 3s3d 'D 29.08 28.95 29.3 68 71
9 3p3d 'P 29.91 29.91 30.3 12 11
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significantly. There is, however, a significant difference
between A,(d —g) values in the present calculations and
the truncated-diagonalization method [17] for the
3p3d 'F state. Figure 5 contains the theoretical results
for the !F state, using both values of 4,(d —g). It is like-
ly that the value of A,(d —g) for the 3s3d 3D state may
be similarly influenced by strong electron-correlation
effects. Neither peak is associated with the most dom-
inant transitions, and the error bars are larger. Neverthe-
less, for peak 4, the calculation overestimates the data by
a factor of 3 at 1° observation angle. This discrepancy is
too large to be explained as statistical uncertainties or as
a consequence of lack of resolution. It should be noted
that a comparison between experiment and theoretical
calculations of relative line intensities is not straightfor-
ward. The data may be influenced by state mixing, and
also interferences with the direct nonresonant channel
most likely make problematic a detailed comparison of
line intensities based on the present measurements and
theory. The spectrum shown in Fig. 4 indicates that peak
1 has a resonance structure (Fano profile), and according-
ly, the Gaussian-peak area is not an accurate measure of
the line intensity related to the population of the 3s2'S
state. Similar effects may influence some of the other
lines.

V. CONCLUSION

Auger electrons emitted after collisions between C>*
and H, have been measured as a function of emission an-

gle. A detailed experimental and theoretical investiga-
tion of electrons resulting from decay of doubly excited
states 3/31' of C** is presented. The line energies are in
good agreement with calculations based on the
truncated-diagonalization method by van der Hart and
Hansen [17]. The relative intensities and angular depen-
dence of the states within the 3/3/' manifold are com-
pared to a calculation using the Hartree-Fock model (see
Sec. II). This calculation compares well for the angular
dependence of most of the Auger lines. However, a large
deviation is found for two states, 3s3d 3D and 3p3d F,
There is evidence for strong electron correlation for the
3p3d 'F state autoionization rate to the ground state.
When this rate, calculated with the truncated-
diagonalization method [17], is used in the present calcu-
lations, the agreement between theory and experiment is
excellent. It is probable that the 3s3d 3D autoionization
rate to the ground state may be influenced also by
electron-correlation effects. Further investigations, using
higher resolution and a better theoretical model than the
Hartree-Fock model, could settle that question for the
3s3d 3D state.
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