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We report studies of double-electron transfer in slow collisions (v ~0.2-0.4 a.u.) of the F-like (nine-
electron) ions Si**, Ar’*, Sc'**, Ti3*, Fe!”*, and Cu®®* with He atoms. The transfer populates dou-
bly excited states of the Na sequence (eleven electrons) of these elements that we study via the subse-
quent electron emission using high-resolution Auger spectroscopic techniques. Comparison is made to
spectra that are formed by single-electron capture by Ne-like (ten-electron) ions in the 2p>3s 3P, , meta-

stable levels.

Non-Coulomb (Breit interaction) Auger decay of the Na-like metastable level

2p°®3s3p *D, ,, forms a prominent line in many of these spectra.

INTRODUCTION

Due to the development of a number of new sources of
highly charged ions, the study of slow ion-atom collisions
has been essentially revitalized. Highly charged ion-atom
collisions have been studied for many years using fast
beams from high-energy accelerators, i.e., in the regime
where the kinetic energy of the projectile always dom-
inates over the potential energy involved in the collision
[1]. Modern types of ion sources allow the production of
highly charged ions with considerably less kinetic energy
than those from accelerators. This is done by reversing
the process of fast ions colliding on slow electrons (e.g., in
a foil) and using fast electrons to ionize the species of in-
terest, typically at near room temperature [2]. Examples
of such ion sources are the electron cyclotron resonance
(ECR) sources [3], electron-beam ion sources (EBIS) [4],
and the recent extraction of very highly charged ions
from an electron-beam ion trap (EBIT) [5]. By using
such sources, an inadequately explored energy region in
ion-atom collisions becomes accessible both for sophisti-
cated spectroscopic studies as well as for the study of
excitation-capture processes. Reference [6] gives a recent
review of low-energy ion-atom collisions.

This work reports experiments involving highly
charged ion beams extracted from the Lawrence Berkeley
Laboratory Electron Cyclotron Resonance (LBL ECR)
ion source [7]. The experiments concerned the produc-
tion of Na-like core-excited configurations by electron
capture from He target atoms. The elements used in this
work are Si, Ar, Ti, Sc, Fe, and Cu. For a number of
these elements, the Na-like core-excited configurations
were populated in two different ways, i.e., double-electron
capture to F-like (2p°) beams or single-electron capture to
the 2p>3s metastable fraction of the corresponding Ne-
like beams. In the single-capture case we make use of the
well-developed semiclassical over-barrier model [8] to de-
scribe the collision. The main aim of this work is to show
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systematic trends in the double-electron-capture mecha-
nism for F-like beams colliding on He.

EXPERIMENT

The experiments to be discussed here have been con-
ducted using highly charged F- and Ne-like ions extract-
ed from the LBL ECR ion source. In all cases the ion
beams were extracted from the source at 10-kV extrac-
tion potential (i.e., beam velocities of 0.24-0.36 a.u.).
After charge-mass analysis the ions were directed into
one of the two beam lines used for slow ion-atom collision
studies (v =1 a.u.); see Fig. 1 and Ref. [9]. One of the
beam lines has a zero-degree tandem spectrometer con-
sisting of an electrostatic 45° parallel-plate analyzer and a
commercial McPherson spherical sector electron
analyzer. This system has been described in earlier works
[10], [11]. The second beam line has a more general pur-
pose scattering chamber. Particular features of this
chamber include a rotatable 45° electron analyzer and
provide for the placement of a number of gas jets at vary-
ing distances along the beam for time-of-flight studies.

The target cell in the tandem spectrometer line consists
of an outer and inner cell insulated from each other [12].
The application of a biasing voltage to the inner cell
shifts the energy of electrons produced inside the cell
(prompt decays). This also allows the measurement of
low-energy electrons by shifting them to energies above
the detection threshold (~5 eV). A demonstration of the
cell-biasing technique in distinguishing Auger lines from
allowed and forbidden transitions is shown in Fig. 2 (see
Ref. [11] for more detail). This technique was used exten-
sively in these experiments.

In each of the beam lines the ion beam is shaped by
two sets of adjustable (four-jaw) collimators separated by
approximately 1 m. The upstream collimator is used to

define a beam with an approximate size of 2X2 mm?,
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FIG. 1. This figure shows the general layout of the atomic physics facility at the LBL ECR ion source. After mass-charge analysis
through a 90° magnet, the beam is directed towards the atomic physics beam line by a 70° magnet. The beam line is then divided into
three experimental lines by a 40° magnet. Two of these beam lines have been used in these experiments.

while the second collimator is used to eliminate slit scat-
tered particles. This degree of beam collimation reduces
the background electron rate due to scattered ion beam
to minimal levels. The use of the large volume McPher-
son hemispherical analyzer also reduces background due
to scattered electrons often to negligible levels.

The experiments were run with typical pressures of
about 5X 1072 Torr in the beam transport lines, 1 X107’
Torr in the target chamber, and gas cell pressures rang-
ing from 0.1 to 1.5 mTorr. The target cell pressure was
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FIG. 2. The effect of the cell bias voltage is demonstrated for
metastable (i.e., long-lived) levels. The 2p°3s3p *D,,, Auger de-
cay line is left unaffected by the —40 V bias used to obtain the
“shifted” spectrum. The feature at around 302 eV appears to
have some metastability as shown by the arrows. The
3s3d *Fy,, level is known to be 49.9 eV above the 3s3p*D, ),
level [28].

monitored by a capacitance manometer and regulated by
an automatic leak valve; the target gas was always He.
The dwell time in each energy channel was normalized to
a constant amount of integrated beam current collected
in a Faraday cup.

RESULTS

Auger spectra have been recorded for the Na-like
final-state projectile ions Si**, Ar’", Sc!0F Till* FelS+,
and Cu'®*. An overview of measured spectra for Si, Ar,
Ti, and Fe is shown in Fig. 3 after transformation to the
emitter frame. In those cases where it was possible (i.e.,
Si, Ar, and “®Ti), the Na-like final states have been pro-
duced by both double-electron capture to F-like beams
and single-electron capture to Ne-like beams. The Ne-
like beams of Fe!** and Cu!®" were found to contain lit-
tle or no 2p°3s 3P0,2 metastable components because the
lifetime of these levels is too short to survive the transit
time from the source to the spectrometer. The metasta-
ble levels in Ne-like Sc''* and “’Ti'>* may be quenched
by the hyperfine interaction. A schematic energy-level
scheme for some of the 2p°nin’l’ configurations is shown
in Fig. 4.

F-LIKE PROJECTILES

The ground-state configuration of F-like ions is 2p?
and there are no long-lived (metastable) excited
configurations. Single-electron capture populates nonau-
toionizing configurations, i.e., 2p°nl, which are the nor-
mal Ne-like excited configurations. However, double-
electron capture to the F-like beam will populate Auger
levels. This process can occur by two independent mech-
anisms: (i) two independent single-electron-capture col-
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lisions, the first leaving the ion in one of the Ne-like
metastable levels (2p33s 3P0,2) either directly or via cas-
cading; (ii) double-electron capture in a single collision.
These two processes can be distinguished by their target
pressure dependence. A study of Auger line intensity
versus target pressure was presented in Ref. [13] for the
collision system Ar°" on He. Similar pressure-
dependence studies were also done for the elements
presented here, e.g., Fig. 5 shows the pressure variation
for 130-keV Ti'3* colliding on He.
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FIG. 3. Auger spectra from F-like Si, Ar, Ti, and Fe collid-
ing on a He-gas cell target. Each spectrum is normalized to a
target pressure of 0.3 mTorr. The dwell time at each point was
normalized to the charge collected in the Faraday cup. The in-
tensity for each projectile has been divided by the initial projec-
tile charge state for comparison purposes. (Therefore, to nor-
malize to the same number of particles, each of these spectra
should be multiplied by the square of the F-like projectile
charge.) The most striking feature is the rapid growth of one
line in particular as Z increases. This line has been identified as
due to the decay of the 2p*3s3p *D,,, metastable level. The
numbers (5, 6, 7, 8, etc.) refer to the n quantum number in the
2p*3snl configuration.
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FIG. 4. Energy diagram showing the configuration ordering
for Na-like ions. The configurations shown are 2p°3sn/ and
2p34l4l'.

The single-collision double-capture process has, in
turn, two different competing mechanisms; these are (a)
sequential capture (during a single collision) of two elec-
trons, one at each of two avoided crossings of the
relevant molecular-orbital energy levels, (b) the process of
two-electron capture at a single avoided crossing.

The concept in (b) of “dynamical” or ‘“‘scattering corre-
lation” was discussed originally for He-like projectiles
(0%") colliding on a He-gas target [14]. This work pro-
vides evidence of similar double-capture behavior for ini-
tial projectile ions belonging to the F 1 sequence.

Mechanisms (a) and (b) are expected to populate
different configurations of the final Na-like ion. The
sequential capture process (a) should populate
configurations such as 2p°nin’l’, where n’'~n and I'=I,
e.g., 2p>3141', 2p>3131’, 2p>4141’, and possibly 2p°>3I5]
(equivalent or near-equivalent configurations) for the
Ar’" case. However, the correlated capture process (b)
can lead to the population of highly nonequivalent
configurations, e.g., 2p°3snl, where n >3. In [13] it was
shown that a peak of the population occurred at around
2p33s81 for Ar’" colliding on He (at least for electrons
emitted in the beam direction).

Ne-LIKE PROJECTILES

The ground state of Ne-like ions is 2p®!S, and single-
electron capture to this configuration will not populate
Auger levels. Ne-like ions have the two metastable levels
2p°3s 3P, and *P,. The lifetimes of these levels are of
some importance as the population is formed in the ECR
plasma and the transit time from source to target is
~11-18 us.
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FIG. 5. Pressure scaling of spectra from 130-keV Ti'** colliding with He. Spectrum (a) has been divided by two and was taken at
twice the pressure of spectrum (b). Spectrum (c) is the difference (a)—(b). Two electrons each captured in separate collisions would
produce intensity features showing a quadratic pressure dependence. This is seen in (c) as the feature near 460 eV and is attributed to
decay from 2p>3s5,6/ configurations; it is seen that not all of this intensity comes from double collisions. Note that the lower energy
lines (e.g., 2p>3131") appear to follow a linear pressure dependence, i.e., they are populated by cascades from levels formed by true

double-capture collisions.

Single-electron capture to the 2p>3s metastable Ne-like
levels will produce Na-like core-excited levels, namely
2p53s(3P0,2)nl. Furthermore, the n, and to some extent
the /, quantum numbers in these configurations can be es-
timated by the semiclassical over-barrier model. In Fig. 6
we show predicted values for n and / from the classical
over-barrier model for single-electron capture [8,15]. The
n value is given by

22/7
nz_:q (2 q +1) 1)
2I1(Vq +gq)
where g is the ion charge and I the ionization potential,
in a.u., of the target atom. The maximum internuclear
separation for electron transfer R, is given by
__2q—1)
¢ —2I+q*/n? "’

The / value is estimated to be /=~m,v,R, /#, with v, the

()

P
projectile velocity. From Egs. (1) and (2) one has then
— 12
Vg +1 E(MeV)
~ . , 3
! 1 6.29 M (amu) )

with M and E the projectile mass and kinetic energy.
Yrast levels are those with the maximum /=n —1.

The maximum j level of an yrast configuration may decay

radiatively only down the yrast chain of similar states of

lower n and can lead to strong population of low-lying
configurations such as 2p33s3p. This model can be used
with care for any isoelectronic sequence — the model de-
pends only on the ion charge, the beam velocity for /, and
the ionization potential of the target. A good illustration
of the utility of the over-barrier model is found in the col-
lision system of Ar®* on He. The predicted values of n
and / are 4 and ~2, respectively; previous electron spec-
troscopic studies have shown 2p°3s4d to be the most
probable “capture” configuration [16].

The spectra obtained in the present experiments have
been analyzed or compared in two ways.

(i) We compare the spectra produced by single-electron
capture to the metastable fraction of a Ne-like beam to
those produced by double-electron capture to the corre-
sponding F-like beams.

This has been done for the Na-like projectile final
states of Si**, Ar’*, and Ti''" (the 2p33s 3P, lifetime for
Ne-like Ti is around 35 us (beam flight time ~ 13 us) and
the *P, is much longer lived. This comparison is shown
in Fig. 7. Here the final Auger configurations are mainly
2p33snl. The 3s-3p excitation energy is around 10 eV for
Si and thus collisional excitation is not expected to have
high probability at these beam energies.

(i) We compare spectra produced by the different F-
like projectile beams. Here isoelectronic regularities and
relative cross sections are of interest. Such spectra are
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FIG. 6. Predictions of the classical over-barrier model for (a)
n and (b) / values (squares) for single-electron capture from a
He-gas target. Circles in (b) are the yrast values associated with
the predicted n. The model shows that, for highly charged ions,
e.g., g =12, it is unlikely that yrast levels will be populated at
the collision velocities studies here (0.24-0.36 a.u.).

shown in Fig. 3.

It is evident that one single line grows very fast in in-
tensity as the projectile increases. This line has been
identified as from the Auger decay of the metastable
2p33s3p *D, ,, level. The integers (5,6,7, . ..) above the
spectral lines in Fig. 3 refer to the » quantum number in
2p°3snl.  Hydrogenic energy values for these
configurations are given in Table I.

The metastability of this level has been discussed in
[11] in relation to Na-like Fe, however, some of the de-
tails will be repeated here. The 2p>3s3p “D, , level of
Na-like ions is forbidden to decay by Coulomb autoioni-
zation or electric dipole (E 1) photon emission. This is be-
cause it is very nearly a pure state of total spin 3 (quar-
tet). There are no lower energy, opposite parity states
with the same total spin to which it might decay by E1
emission. Similarly, the Auger final state 2p %/, with spin
4, cannot be reached because Coulomb autoionization
preserves spin. The level does autoionize slowly via the
spin-spin part of the Breit interaction to the final state
2p®l(J=1). The metastability of this line has been es-
tablished in the various spectra by biassing the He-gas
cell as demonstrated in Fig. 4. The lifetime of this level
has been calculated by Chen [17] wusing a
multiconfiguration Dirac-Fock (MCDF) approach in-
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TABLE 1. Hydrogenic energies for the yrast levels belonging
to the 2p°3snl configurations E, =E ., =—13.6(Z,/n )%, where
Z, is the charge state of the Ne-like ion and E , is the energy of
the lowest 2p°3s level above the 2p°®'S, Ne-like ground state.
This approximation is best for the higher [ levels for a given n
(i.e., nonpenetrating orbitals), and the accuracy increases with
n. The energies in the table are given in eV. The Ar’" energies

can be compared to those Folkmann et al. [27].

2p3sn (I=n—1) Ar’t Till* Fel3*
n=4 197.6 336.1 507.6
5 217.2 380.2 585.9

6 227.8 404.1 628.4

7 234.2 418.5 654.1

8 238.4 4279 670.8

9 241.3 4349 682.2

10 243.3 438.9 690.4

11 696.4

12 701.0

© 252 458.5 725.2

cluding contributions from the Breit interaction. These
calculations show that the Auger branching ratio is
essentially 1 for all ions considered here. There is an M2
radiative decay branch to the 2p°®3s 2P, ,, which becomes
important for the higher-Z ions. Table II contains mea-
sured and calculated energies for the Auger line from the
2p°3s3p *D, ,, level for a number of Na-like ions.

This level is particularly interesting because (a) its
Auger branching ratio is 1 and (b) it is a pure quartet lev-
el. Direct population of such a level would require one of
the captured electrons to reorient its spin, as the target
electrons have opposite spin (1s21S,). The apparent in-
tensity of the *D,, line is greatly affected by the varia-
tion of the metastable level decay length as the Z of the
projectile is charged. Table III lists intensities observed
and corrected for the decay length variation for Ar’™,
Ti''", and Fe'>" ions, the decay constants being taken

TABLE II. Measured and calculated energies for the
2p33s3p *D, , decay for a number of Na-like ions. The calculat-
ed values are taken from [17] and a private communication for
Si. The decay was not observed for Si** as the level lifetime is
so long that very little decay occurs along the available 100 mm.

Measured Calculated

energy energy”
Ion (eV) (eV)
Si3* not observed 61.1
Ar’t 114.1(3) 114.1
Til'* 176.5(5) 178.0
Fel®* 253.9(5) 252.5
Cu'®* 312.8(5) 315.1

*MCDF plus Breit calculation by Chen [17].
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TABLE III. Measured and corrected relative intensities per from [17], and for the change of the spectrometer accep-
ion per unit target thickness for the Auger decay of the  tance solid angle along the ~ 10-cm decay path following
2p®3s3p “D;,, metastable level for Na-like Ar’*, Ti''*, and  the gas cell. These data suggest that the population of

Fel**. the 2p°3s3p*D,,, level scales at a rate roughly
Relative line intensities §quivalent to the thir.d‘ power .of the charge of t.h.e F-like
Ion o Measured Corrected ion (gg). The intensities in Fig. 7 have been divided by

the charge of the F-like projectile for convenience of

A.r 9 0.10 0.40 comparison. This scaling turns out to match that of the
T 13 1.00 ;(9)0 2p335s22P term if the intensities from the 2P decays are
Fe 17 717 93 scaled by the branching ratios for Auger decay. These
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FIG. 7. Comparison of Na-like Auger lines produced by F-like and Ne-like projectiles colliding on He. For each pair, regions of
the spectra corresponding exclusively to double-electron capture to the F-like projectile can be seen. All beam energies are 10
keV Xgq.
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branching ratios are also taken from the work of Chen
[17]. However, neither of the two mechanisms for
double-electron capture predict the population of such
low-lying levels, especially considering the strong g,
dependence. This suggests that these levels are populated
by radiative cascades. This argument does not rule out
spin reorientation into higher 2p°3snl*(I +1) levels; how-
ever, the probability for a spin reorientation is small and
the present data do not give any support to such a mech-
anism. One reason for very high population of the
2p°3s3p *D,,, is that it is fed directly by the radiative
yrast chain, whereas the 3s22P term is not. However,
cascades may also populate the 2p°3s3p *D, »2 level in the
spectra produced by the Ne-like projectiles.

Figure 6 indicates that Ti'?" colliding on He should
populate configurations such as 2p>3s5! (for the metasta-
ble beam fraction). Such configurations have energies
around 400 eV. Figure 6 also suggests that the / value
should be about 3, i.e., smaller than the maximum al-
lowed (/=4). Thus the yrast levels may not be
significantly populated. It is known from work at higher
beam energies using a carbon foil for excitation that the
decay of yrast levels leads to strong population of low-
lying configurations [18]. However, high-n levels off the
yrast branch have, in general, higher x-ray and Auger
branching ratios and this may explain the apparent low
intensity of the 2p°3s3p *D, ,, decay in Fig. 7. It should
be pointed out here that a proper comparison of the
Auger intensities for the Ne-like and F-like beams collid-
ing on He is hindered by an incomplete knowledge of the
fraction of the Ne-like beams in the metastable
(2p°3s 3Po,z) levels. Methods of measuring or estimating

ISOELECTRONIC STUDY OF DOUBLE-ELECTRON CAPTURE. ..
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the metastable beam fractions of ECR beams have been
discussed, e.g., Ref. [19]; usually these methods are based
on optical spectroscopy. In general, the metastable beam
fraction will depend on the particular element being ex-
tracted from the ion source and also which charge state
has been optimized. In Fig. 8 we show the charge states
produced by the LBL ECR for Ar and Ti as the source
was run for the experiments reported here. It may be
that the 2p°3s 3Po,2 metastable beam fractions were
greater for Ar®*t than for Ti'?*, as is evident from Fig. 8.
The figure shows ECR beam current for the different
charge states plotted against the energy to reach charge
state g from g — 1.

The double-capture mechanism appears to lead to pop-
ulation of highly nonequivalent configurations. This is
similar to the findings of Ref. [14] and also shows some
similarity to the bound-continuum capture work of Tanis
et al. [20]. It would appear that the two electrons (cap-
tured to a bound configuration) ‘“repel” each other in
both »n and [ space, leading to population of levels on or
close to the yrast chain. Similar population of high-/ lev-
els was seen in the collision of 60-keV O°' on He [14].
This could explain the strong population of low-lying lev-
els such as the 2p>3s3p *D, ,, by cascade repopulation. A
high-/ population has also been recently seen by observ-
ing the yrast transitions following multielectron capture
in Kr'®* +Kr, and Kr!®* + Ar collisions by Martin et al.
[21]. As seen from Fig. 6, single-electron capture is not
expected to populate such high angular momentum
configuration, at least at these beam velocities. In the
spectrum of Ti'?* on He the over-barrier model would
predict population of the 2p>3s(5,6d,f) configurations

50 Ar®*(2p53s) TI'2*(2p°3s)
PAr8+ T 1 I 1 1
70 ! =
]
Z 60| H .
£ I
:: | T|11+ |
3 aof oA T \\ \ -
£ / / gm'? \
S / 6 ] \\ \
m 30 OAr® é'T ~o “Opr10+ N
e Sy 5+ 19+ ~—_ 13+
B 2o A S P ul
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0 1 1 | | ] 1 1
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lonization Energy (q - 1—q) (eV)

FIG. 8. Beam-currents extracted from the LBL ECR are plotted against the electron energy required to reach each charge state
from the preceding one, i.e., I(q) vs E(g —1—gq). This is done for Ar and Ti extracted under the ECR conditions used in the exper-
iment. Note that the Ti value must be divided by 5 to get the true beam current. The vertical lines show the excitation energy of the
metastable Ne-like configurations above the 2p® ground state.
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which are off the yrast chain. The energy of such
configurations is around 380-410 eV; see Fig. 7. Howev-
er, as in Ref. [13], we might expect that the population of
the 2p°3s5,6d configurations would show a quadratic
pressure dependence for the Ti!*" on He system. In our
pressure-dependence studies, Fig. 5, we found less evi-
dence for this than in the Ar’"3" comparison [13].
However, clearly some of the higher 2p>3snl energy lines
show a greater than linear pressure dependence. The less
convincing nature of this process may be explained by the
following.

(a) The double-electron-capture process may dominate
over single-electron capture for such highly charged pro-
jectiles at these low velocities. The double-capture pro-
cess could, of course, also populate other configurations
decaying with the same energy, within the resolution of
the system. We cannot resolve decays from 2p°3snl or
2p33snl’ for large values of n. In [22] it was found that
multielectron capture in Ar?t + Ar collisions accounted
for a large percentage of the total capture cross section.
Reference [23] also shows a larger cross section for
double-electron capture compared to single capture.

(b) The configurations populated in the single-
capture—two-collision process should have a lower total
angular momentum than that of the true double-
electron-capture case. This may lead to population of
levels with higher x-ray branching ratios and therefore
less Auger intensity. The x-ray branching ratio increases
strongly with increasing Z.

The picture constructed here is based only on the lines
seen in the spectra. It is clear from Ref. [17] that the x-
ray and Auger transition probabilities do not scale in an
ordered manner, at least for the 3/3/’ configurations. In
general, the x-ray fluorescence yield increases with Z, but
this is not true for all levels, e.g., 2p°3s3p *Dy ,,, where a
decrease is predicted for the elements studied here
(14 < Z <29). It should also be noted that each level has
in fact three decay branches: (i) x-ray transitions to the
2p°nl closed core configuration, (ii) Auger transitions
(strongest to the nearest continuum), and (iii) photon
transitions within the core-excited system itself. This
latter branch may be of some importance for the higher-
Z ions especially for those levels with low x-ray and
Auger rates, i.e., yrast and near-yrast levels. Lifetime
measurements of some 3/3]’ levels for S and Cl are being
carried out by Jupén and co-workers following a spectral
analysis of the core-excited configurations of Na-like, S,
Cl, Ar, and Ti [24,25].

These experiments have been conducted at a constant
extraction potential of 10 kV and it is conceivable that
the results would vary significantly with beam velocity.
One study of the velocity dependence of the total double-
capture cross section [23] shows that this cross section is,
however, less sensitive to the beam velocity than the
single-capture cross section, although for individual lev-
els cross sections can be strongly dependent on the beam
velocity [26]. We have only also studied electrons emit-
ted at 0°, i.e., along the beam direction and strong aniso-
tropies have been recently observed in double-capture
collision [26].

An interesting effect of using odd-Z nuclei is shown in

&
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(@) Scl12+ on He

2 T T T T T T T
(b) Cu20+on He
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FIG. 9. Spectra produced by F-like Sc and Cu colliding on
He normalized in the same way as Fig. 3. The loss of Auger in-
tensity may be caused by hyperfine quenching of the Auger lev-
els. However, the general trends shown by these spectra as to
which configurations are populated are similar to those of Fig.
3.

Fig. 9. This shows Auger spectra produced by F-like
Sc!?2t and Cu®* colliding on He. The spectra are nor-
malized in the same way as those shown in Fig. 3. Al-
though similar to Ti and Fe regarding the configurations
populated, there is a striking difference in the overall in-
tensity. The drop in intensity may be due to hyperfine
mixing of the Auger levels with levels having strong x-ray
transitions. It may be that the hyperfine interaction will
quench to some extent the population of metastable beam
components. Another interesting side issue is the appear-

Electron Yield (arb. units)

|
0 50 100 150 200 250
Electron Energy (Emitter frame) (eV)

FIG. 10. Auger spectrum produced by 80-keV Ar®*" on He
shows that configurations such as 2p°3p? are populated by
2p33s3P,, levels capturing one electron. This is due to
configuration mixing between 2p°3s3d and 2p°3p?, which is
strong for all ions in the Na sequence. Note that sd-p? mixing is
one of the most common interactions in atomic systems.
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ance of static atomic correlation in the population of
electronic configurations by electron capture. Figure 10
shows in detail the region of spectrum containing the de-
cay of the 2p>3/31' configurations of Na-like Ar. This
spectrum is for the system Ar®" on He, ie., capture of
one electron to the 2p°3s 3P0’2 metastable levels of the
beam. The 2p°3p? configuration is seen to be populated.
This should be expected as the 2p°3p? and 2p°3s3d
configurations are quite strongly mixed by configuration
interaction. Level energies have been taken from the
work of Bengtsson et al. [24].

CONCLUSION

We have recorded Auger spectra corresponding to the
decay of Na-like core-excited configurations of Si**,
Ar’t, Sclot Tt Fel*, and Cu'®". These
configurations have been populated by double-electron
capture to beams of F-like ions and for Si, Ar, and Ti by
single-electron capture to the metastable fraction of the
Ne-like beam. We have observed the population of “non-
equivalent” configurations (i.e., 2p°3s6l, 3571, etc.) by the
double-capture mechanism. This is similar to the results

of Stolterfoht et al. [14] for 60-keV O°" on He. Evi-
dence for cascade population of the lower-lying
configurations (2p 3s3/) is presented, in particular cascade
population along the yrast chain. Configuration interac-
tion has been seen to populate 2p°3p? when the 2p>3s3d
configuration is populated (via p?-sd mixing). The
hyperfine interaction has been proposed to both quench
the metastable beam fraction from the ECR source and
to lessen the Auger intensity (i.e., increase the x-ray
fluorescence yield) for odd-Z Na-like ions.
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