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Abstract

To characterize line formation near threshold for electron-impact exci-
tation, dielectronic capture into high-n levels in lithiumlike Ti!®t ions has
been studied with high-resolution x-ray spectroscopy on the Livermore elec-
tron beam ion trap. The process is shown to result in satellite lines which are
virtually indistinguishable from their dipole-allowed heliumlike parent lines.

High-n satellite lines are absent from dipole-forbidden heliumlike lines.



I. Introduction

Dielectronic capture by heliumlike ions into levels with high principal
quantum numbper n,
1s? 4+ e — 1s2lnl’ (1)

results in x rays

1s2inl" — 18*nl' + hu, o (2)
with energy very close to that of the heliumlike parent line
1520 -+ 18* + hvy . (3)

In nlasma, dielectronic capture and electron-impact excitation processes oc-
cur concurrently, and x rays emitted in the radiative stabilization blend with
the parent line and form satellite lines on the low-energy side, which typically
cannot be resolved [1-3].

We have studied the process of high-n dielectronic capture by heliumlike
Ti?®* ions with the Livermore EBIT [4], which probes ions with a near-
monoenergetic electron beam. If the beam energy is set to a value just below
the threshold for direct excitation, dielectronic capture into high-n levels
ensues, and x rays re:lulting frorn subsequent radiative stabilization can be
observed in the absesce of their parent lines.

The measurements show that only the two dipole-allowed transitions w
and y, which proceed from the upper levels 1s2p ' P, and 1s2p 3P, respec-
tively, are associated with high-n satellites lines. The magnetic quadrupole
transition z and the magnetic dipole transition z, which proceed from the
upper levels 1s2p 2P, and 1s2s 35;, respectively, are not accompanied by
high-n satellites. This behavior is consistent with the relative magnitude of
the radiative decay rates of the heliumlike transitions and of the Auger rates

of the high-n doubly excited levels.
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II. Experiment

The n = 2 to n = 1 transitions of Ti*** are measured using the EBIT
high-resolution von Hamos spectrometer [5], which observes X rays in a plane
perpendicular to the direction of the electron beam. The spectrometer em-
ploys a 50-mm x25-mmx0.25-mm LiF crystal bent to a radius of curvature
of 30 cm. The crystal is cut parallel to the (200) plane with a 2d-spacing of
4.027 A. Consequently, the heliumlike transitions are observed at a near 45°
Bragg angle. At this angle, the crystal acts as a polarizer, and detected x
rays are polarized parallel to the beam direction [6]. A helical delay line pro-
portional counter [7] with a sensitive area of 3 x 11 cm? is employed to record
the spectra. The resolving power of the spectrometer is about A\/A\ = 1000,
which is sufficient to resolve all directly excited heliumlike lines.

Accurate knowledge of the beam-ion interaction energy is important for
our measurement. Because of the space charge of the electron beam the in-
teraction energy is not simply determined from the acceleration potential.
Instead, we have determined the interaction energy to within 10 eV by mea-
suring the energy of the photons emitted in the radiative capture of beam
electrons by bare and hydrogenlike argon ions with a solid-state detector.
Such emission is always present for beam energies above about 4 keV, as

small quantities of argon are part of the residual gas.

K x-ray spectra of heliumlike Ti?°* obtained at three different beam en-
ergies are shown in Fig. 1. The spectrum in (a) is obtained at a beam energy
of 4986 eV, which is well above the direct electron-impact excitation thresh-
old for all four heliumlike transitions (cf. Table 1), and all four heliumlike
lines are seen. The spectrum in (b) is obtained at 4685 eV, which is 49 eV
below the threshold for z. Indeed, z is not seen in the spectrum. On the

other hand, z and lines that appear to be w and y continue to be present.



z has disappeared in (c), which was recorded 53 eV below its threshold;
apparent lines w and y, however, persist in the spectrum. The latter lines
are formed by dielectronic capﬁure into Rydberg levels and subsequent ra-
diative stabilization. Because of a close match of their transition energies,
they are virtually indistinguishable from their parent transitions. The spec-
tra also show the two principal lithiumlike lines ¢ and r, i.e., the transitions
15252p 2Pyp — 18225 25,5 and 15282p 2Py )y — 18%2s 25} 5. Below threshold
for direct excitation, apparent lines ¢ and r are formed dielectronically like
the apparent heliumlike lines.

The relative line intensities of the heliumlike lines and their associated
high-n satellite lines are shown in Fig. 2 as a function of beam energy in
the range 4.6 < Eyeam < 5.1 keV. All intensities are normalized to w. The
figure demonstrates that = and z vanish about 50 eV below threshold; no
apparent lines due to high-n satellites form below threshold that extend
their excitation functions. Indeed, the onset of z and =, as the threshold is
crossed, is consistent with a 50-eV FWHM spread in the energy distribution
of the electron beam measured earlier with a K-edge filter by Levine et al. [8]
This is not true for y and, implicitly, for w. Their excitation functions do not
vanish below threshold, but smoothly match those of their apparent lines, as
indicated by Fig. 2(c).

The high-n spectator electron shifts the transition energies of apparent
lines slightly from those of their heliumlike parent lines. We have measured
the shift in case of apparent line w, and results are plotted in Fig. 3. All
shifts are toward lower energy. In a plasma, where high-n satellites blend
with their parent line, this casuses a redshift and broadening of w. As a
result, the presence of high-n satellites can affect determinations of ion tem-

perature from the line width and of plasma streaming from the line position,

1| . v BT T " [ n



as demonstrated by Bitter et al. [3] In addition, their presence limits the

~accuracy with which transition energies can be measured [9].

To complete the characterization of the behavior of the heliumlike lines
near threshold, our measurements extend to the KMM dielectronic resonance
centered at Egean, = 4.95 keV. Here resonant capture of a beam electron

substantially enhances emission of the heliumlike lines via the process

1s? + 7 = 1318 — 152l + ¢~ . ' (4)

ITII. Discussion

The marked differences in the threshold behavior of the four heliumlike
lines can be explained with » look at their respective radiative rates and the
Auger rates of the associated high-n configurations.

The satellite intensity is proportional to the so-called line factor [10,11],
g AYAY
9i £;A7 + £ A

«2:

(5)

A" is the autoionization rate for decay of upper level |s) to the ground state
|7) of the recombing ion; A2/ is the rate of radiative decay of upper level |s)
to lower level |f); g, and g; are the statistical weights of the autoionizing level
and of the ground state of the recombining ion, respectively. The sum over f’
extends over all levels lower than |s); the sum over |7} extends over all levels
that are populated by autoionization of |s). A%/ can be approximated by the
radiative rate of the associated parent line (cf. Table I), while A3 ~ 10+
s~! for n=4 and drops as n~3. Hence, line factors of high-n satellites to the
heliumlike electric dipole lines are as large as Fy ~ 10713 s'l‘; those to the
magnetic dipole and quadrupole lines have lines factors of only F; < 10571,

Consequently, dielectronic capture into Rydberg levels is a strong process
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only for dipole-allowed parent transitions with large radiative rates, and their
intensity matches smoothly with the intensity of their high-n satellites, as
the threshold for direct excitation is crossed. By contrast, dipole-forbidden

lines are devoid of matching high-n satellites as a result of the competition

" between autoionization and radiative stabilization of high-n, doubly excited

levels, and turn on in a step-like fashion.

The differences in threshold behavior of dipole-forbidden and dipole-
allowed transitions suggests a means for identifying contributions from dif-
ferent transitions in blends. In heliumlike ions thet have a finite nuclear
moment the 152p 3P level decays to the ground state via the hyperfine in-
teraction and blends with y. Its radiative decay rate is about 10%1% s=! for
heliumlike ions of the transition metals {12]. Like a the line is, therefore,
unaffected by high-n satellite transitions and should turn on in a step-like
fashion as the direct excitation threshold is crossed. This step should be a
distinct feature in the excitation function of y. Experiments involving V2t
or Mn?** are planned to confirm these expectations. The dominant. isotope

of Ti has a vanishing nuclear moment, and no such step is seen in Fig. 2(c).
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Tables

TABLE L. Radiative rates (Ref. 13) and threshold energies for direct electron-

impact excitation (Ref. 14) of w, z, y, and z in Ti?°*,

Line A, (s7Y) Eu (eV)
w241 x 101 4749.6
T 1.66 x 10%  4733.8

1.06 x 10 4726.9

3.76 x 107 4702.0
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Figures

Fig. 1. K x-ray spectra of Ti®* obtained at beam energies (a) 4985 eV, (b)
4685 eV, and (c) 4649 eV. Lines labeled in quotation marks are excited

- by dielectronic capture of beam electrons into high-n levels.

Fig. 2. Relative line intensities of the forbidden and intercombination lines
- in Ti?%*, Ey, denotes the threshold energy for electron-impact excitation.

The enhancement at 4.95 keV is due to resonance excitation.

Fig. 3. Shift of apparent line w below threshold for electron-impact excita-
tion (E;;). Measurements are relative to the position of w above thresh-

old.
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