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We have studied indirect excitation processes contributing to the x-ray line emission of neonlike bari-
um (Ba*") interacting with an electron beam. Techniques are presented which resolve the contribu-
tions due to electron capture by fluorinelike ions and inner-shell ionization of sodiumlike ions from con-
tributions due to direct electron-impact excitation and radiative cascades. The strength of resonance ex-
citation of the 2p-3s magnetic quadrupole line through intermediate levels 4/n!’' (n =5,6) is measured to

equal S=(2.8+0.8)x10 ' cm?eV.

PACS numbers: 34.80.Kw, 32.30.Rj

Atomic line radiation can be excited by many mecha-
nisms. In a plasma with a Maxwellian electron distribu-
tion virtually all excitation processes can occur simul-
taneously. This is not the case for ions interacting with a
monoenergetic electron beam. Electron beams can be
used to select and study atomic excitation processes iso-
lated from each other. Such studies are of importance
for proper modeling of the line emission observed from
internal-confinement fusion, ' magnetic fusion,? and as-
trophysical sources.*

In the following we report a systematic investigation of
x-ray line formation due to indirect excitation mecha-
nisms in a highly charged ion interacting with an elec-
tron beam. For the measurement we use the Livermore
electron-beam ion trap (EBIT). The device employs a
100-300-mA electron beam to generate, confine, and ex-
cite high-Z ions.*3 A particular charge distribution is
selected by appropriate choices of the beam energy. Un-
like facilities EBIS or ECR,® which are ion sources,
EBIT is specifically designed as an x-ray source, and the
interaction of the electron beam with trapped ions is
studied by observing the x-ray emission.

Our investigation focuses on the magnetic quadrupole
transition (2p323s1/2)7=2— 2p®'Sy in neonlike barium
(Ba**). The transition, labeled M2, was chosen be-
cause it can be excited by other than direct electron col-
lisions and radiative cascades from higher-lying levels:
It also is susceptible to indirect excitation processes in-
volving ions of neighboring charge states. Its upper level
is the lowest-lying excited level in a neonlike ion, and,
because of its high total angular momentum, is the ter-
minal level for many yrast transitions, i.e., transitions be-
tween levels of maximum angular momentum. The line
was first observed and identified in solar spectra of neon-
like iron” and in laboratory spectra of the transition ele-
ments chromium, iron, and nickel on the Tokamak
Fontenay-aux-Roses.?

Processes that can lead to the excitation of line M2
are direct electron-impact excitation,

2p84e ™ — 2p3pn3sinte n

radiative cascades following excitation,
2p8+e " — 2pipnite ” — 2p3p3sipte " +hv,  (2)
radiative electron capture by fluorinelike barium,
2p3pte” — 2pindsinthy, (3)
inner-shell ionization of sodiumlike barium,
2p83s+e " — 2p3p3s1pt2e T,
2522p®3s+e " — 25122p %3510+ 2e ~ 4)
— 252p3n3sipnt2e
and resonance excitation,

2pS+e ™ — 2pipnin'l'— 2p3n3s,pte . (5)

By contrast, the neonlike electric dipole transition
(2p3/23dss)y=1— 2p%'So, which we label 3D, is almost
exclusively populated by direct electron-impact col-
lisions, Eq. (1). Cascades from levels n = 3 are predict-
ed to contribute less than a few percent of the total exci-
tation flux. The same is true for electron capture, Eq.
(3). Inner-shell ionization cannot contribute to its exci-
tation, as the electron density in EBIT is low enough
(=<6x10'2 cm ™3) to ensure single-collision conditions
and the absence of metastables. Because of this insensi-
tivity to excitation processes other than direct electron
collisions the intensity of line 3D provides a good refer-
ence for determining the intensities of other neonlike
transitions. We use this in the following to measure the
intensity of M 2 relative to 3D. We note that the excita-
tion cross section of 3D was measured recently by Marrs
et al.* Using their values, the cross section of a given
line can be inferred from a relative measurement involv-
ing the 3d — 2p transition.

The neonlike line intensities are measured as a func-
tion of electron-beam energy using a flat-crystal spec-
trometer in a plane perpendicular to the beam direction.
The spectrometer employs a silicon (220) crystal and a
position-sensitive proportional counter. The Bragg angle
is near 45° so that mostly radiation with electric-field
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vector parallel to the beam is diffracted; x rays with
electric-field vectors perpendicular to the beam are al-
most completely absorbed by the crystal and are not
counted. Barium is given off by the cathode of the elec-
tron gun and continuously enters the trap so that its
spectrum is observed in quasi-steady-state. On average,
one spectrum is obtained in 90 min.

The measured ratio M 2/3D versus electron energy is
plotted in Fig. 1. The figure also shows predictions from
a collisional-radiative model that includes the ground
state and the 156 excited levels in the configurations
2s2p6n1 and 2s 22p Snl with n=3,4,5. The model takes
into account all E1 and E 2, as well as relevant M1 and
M2 radiative transitions, and all electron-impact col-
lisions connecting these levels. Energy levels and radia-
tive rates are computed in the relativistic, multicon-
figurational parametric potential method.® Electron-
collision cross sections are obtained from quasirelativistic
distorted-wave calculations. '°

The theoretical intensity ratios have been normalized
to measured values near 5.7 keV, where impact excita-
tion of n=3 levels is the only direct contributor to the
line emission. This is necessary because the calculations
are for total cross sections and do not take into account
that the line emission from EBIT is generally polar-
ized.!" We have made separate calculations for 3D of
electron-impact excitation to magnetic sublevels using
the method of Zhang, Sampson, and Clark.'? These cal-
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FIG. 1. Dependence of the relative intensity of line M2 on
beam energy. The data are normalized to the intensity of line
3D. Open circles reflect data excited predominantly by elec-
tron collisions and cascade feeding. Resonance excitation is
strongest for data plotted as solid circles. Recombination of
Ba*'* strongly affects data plotted as solid triangles; inner-
shell ionization of Ba*" affects the data plotted as solid
squares. Also shown are the predictions from a collisional-
radiative model which includes all n=3 levels (dotted line), all
n=3,4 levels (dashed line), and all n=3,4,5 levels (solid line).
The dot-dashed and long-short-dashed lines represent model
calculations of the effects of inner-shell ionization (II) of
Ba** and of radiative recombination (RR) of Ba*’*, respec-
tively. In the latter calculation the radiative recombination
coefficient has been increased by a factor of S to fit the data.
Eion denotes the ionization potential of Ba“* at 8.33 keV.
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culations predict a nearly constant polarization of
P=+0.40 at 5.7 keV and P=+0.44 at 12.0 keV and
thus justify a one-point normalization. The factor need-
ed to match calculated with observed line ratios implies a
polarization of P =—0.05=*0.10 for M 2.

Cascade feeding is an important excitation mecha-
nism; as a result, agreement between data and theory is
sensitive to the number of levels included in the model.
Calculations that include only the n=3 excited states
(37 levels including the ground state) and only the
n=3,4 excited states (89 levels) are shown in Fig. 1 as
dotted and dashed lines. The curves fit the data less well
than the curve resulting from the 157-level model calcu-
lations. Inclusion of additional excited levels in the mod-
el may increase the computed intensities close to the ion-
ization potential of Ba**, E,,=8.33 keV. However,
construction of such very large collisional-radiative mod-
els is not warranted until polarization effects are ad-
dressed in the calculations.

Resonance excitations'3~'® involving intermediate con-
figurations of the type 2p>4inl’, n=4 are seen to
enhance the line intensities below E <5.7 keV. Reso-
nances involving 2s core electrons occur in the range
5.8<E 6.2 keV, but do not seem to affect the line
strongly.

The effect of electron capture on the intensity of M2 is
demonstrated by the data in Fig. 1 for beam energies
above the ionization potential E;,, of neonlike barium.
The first set (solid triangles) is obtained in the presence
of a considerable fraction of barium ions in the fluorine-
like charge state so that recombination is an integral part
of the processes occurring in the trap. We also measure
the line intensities above Ej,, without the effects of
recombination. An ionization balance free of Ba*’" is
established by setting the beam energy to 5.65 keV. The
energy is then briefly (Ar = 5 msec) switched to a value
above E,,, where measurements are taken without sig-
nificantly perturbing the ionization balance. The result-
ing line intensities at 9, 10, 11, and 12 keV are shown in
Fig. 1 as solid squares.

A clear enhancement of the excitation cross section of
M2 is found in the presence of fluorinelike ions. To esti-
mate the effect of recombination, we have expanded our
model to include radiative capture of beam electrons into
levels 25 22p>nl (n < 4) followed by cascades. The mod-
eling results are shown as the long-short-dashed line in
Fig. 1. The target-ion density ratio Ba*’*/Ba%™ re-
quired for the calculations is determined experimentally
from the ratios of fluorinelike and neonlike 3— 2 transi-
tions. We find that radiative recombination alone cannot
account for the large increase in the line emission. To
obtain the fit shown, it is necessary to increase recom-
bination rates by a factor of 5. This implies that recom-
bination processes other than radiative capture of beam
electrons shape the ion kinetics in EBIT. Assuming
charge exchange with nitrogen is the dominant recom-
bination mechanism, we estimate a pressure of nn,
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~107°-10 "% Torr in the trap.'” This value is con-
sistent with our usage of a nitrogen-gas jet to cool the
ions,'® and is substantially higher than the density
(=<107'? Torr) expected in a cryogenically pumped
trap at liquid-helium temperature.

A second indirect excitation mechanism involves the
inner-shell ionization of sodiumlike ions, which occurs
for energies above 8.2 keV. Because the density ratio
Ba®*/Ba** as determined experimentally from the ra-
tios of sodiumlike and neonlike 3— 2 transitions, is
small in measurements with £ > E;,,, the enhancement
of the neonlike lines is expected to be small and cannot
be conclusively inferred from the data in Fig. 1.
Theoretical results assuming a ratio Ba***/Ba** =0.25
are shown in Fig. 1 as the dot-dashed line.

We can identify the effect of inner-shell ionization by
increasing the relative amount of sodiumlike ions. The
results are shown in Fig. 2. In the figure we also plot the
relative intensity of the electric quadrupole transition
2p35/23p|/2—> 2p6 'S0, labeled E2L, which cannot be ex-
cited via inner-shell ionization. Measurements are made
by establishing a large relative abundance of Ba*>* at an
energy near 5 keV (i.e., the LNO resonance) and briefly
switching to 12 keV. Extrapolation to zero abundance of
Ba*** provides the line intensity in the absence of
inner-shell ionization. These values are plotted as open
circles in Fig. 2. As expected, inner-shell ionization
enhances the M2 line, but does not affect the electric
quadrupole line.

Our measurements allow us to determine the strength
S of the LNO and LNP dielectronic resonances contrib-
uting to the excitation of M2 in the energy range
5.0-5.7 keV. S is defined as

SMzEfLNO np O (&S . M2,E)dE (6)

where o(g.s.,,M2 E) is the cross section for resonance
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FIG. 2. Dependence of the intensities of lines M2 and E2L
on the relative abundance of sodiumlike and neonlike ions.
The beam energy is 12 keV. The increase in intensity of line
M 2 is due to inner-shell ionization of sodiumlike ions.

excitation from the neonlike ground state to the excited
level M2. Using the method of Chen and Reed '’ and in-
cluding cascade contributions from higher-lying neonlike
levels, we calculate Sp>=3.5%x10""'" cm?eV and Sip
=1.0x10"" cm?eV. For comparison, the calculated
cross sections for electron-impact excitation of M2 and
3D at E=5.3 keV (again including cascade contribu-
tions) are oM2=98x10"22 cm? and ¢2?=3.5x10"2!
cm?, respectively. Resonance excitation, therefore,
enhances the emission of M2 by more than 50% in the
energy range 5.0-5.7 keV, and that of 3D by less than
4%. Consequently, we can determine Sy, from the
shaded area in Fig. 1 and by normalizing to /% we find
S=(2.8+0.8)x107" cm?eV. This value agrees with
the calculated value within error limits. Resonances in-
volving levels 4/n/' with n =7 occur at energies above
5.6 keV, but modify our result only slightly because of
the n ~® scaling; e.g., expanding the integration range to
include the LNQ resonance increases the calculated
value of Sy, only by about 10%.

In summary, we note that our results represent the
first identification of the x-ray signature of indirect exci-
tation processes in the x-ray spectrum of a highly
charged ion interacting with a monoenergetic electron
beam. Contributions from resonance excitation, recom-
bination, and inner-shell ionization have been observed
and their energy dependence has been determined.

We have found that M2 is strongly affected by in-
direct processes. Observations of neonlike iron from the
Sun'®?® as well as neonlike germanium, selenium, and
silver from the Princeton Large Torus?' found M2 to be
substantially larger than predicted by models that in-
cluded only direct electron-impact excitation and radia-
tive cascades. Recent theoretical work has focused on
contributions from resonance excitation to explain the
discrepancy for iron.!} A study by Rugge and McKen-
zie?® of the neonlike line emission of iron from solar
flares showed that the relative line intensities calculated
by Smith er al.'® with a model that included resonance
contributions were too small to account for the observed
intensities, espeically at high electron temperatures.
Subsequent calculations of the resonance contributions,
including those based on the methods of Chen and Reed
employed above, resulted in values which were even
smaller than those of Smith er al.'>'® As our measure-
ment of the resonance contribution is consistent with the
more recent calculations, we conclude that indirect pro-
cesses other than resonance excitation, i.e., recombina-
tion and ionization, which we have shown to be effective
excitation mechanisms, are responsible for the large rela-
tive intensities of M2 in solar and tokamak observations
and should not be neglected in model calculations for
these plasmas.
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FIG. 1. Dependence of the relative intensity of line M2 on
beam energy. The data are normalized to the intensity of line
3D. Open circles reflect data excited predominantly by elec-
tron collisions and cascade feeding. Resonance excitation is
strongest for data plotted as solid circles. Recombination of
Ba*'* strongly affects data plotted as solid triangles; inner-
shell ionization of Ba** affects the data plotted as solid
squares. Also shown are the predictions from a collisional-
radiative model which includes all n=3 levels (dotted line), all
n=3,4 levels (dashed line), and all n=3,4,5 levels (solid line).
The dot-dashed and long-short-dashed lines represent model
calculations of the effects of inner-shell ionization (II) of
Ba*** and of radiative recombination (RR) of Ba*'*, respec-
tively. In the latter calculation the radiative recombination
coefficient has been increased by a factor of 5 to fit the data.
Eion denotes the ionization potential of Ba** at 8.33 keV.



