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Abstract

We have used high-resolution x-ray spectroscopy to investigate inner-shell

: ionization of Cr21+ ions by electron impact using the Electron Beam Ion Trap at

Lawrence Livermore Laboratory. Our measurements indicate that inner-shell

ionization enhances the intensity of the radiative transition ls2s 3S1_1s2 1S0.
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I. Introduction

Helium-like ions occur in many types of plasma. Examples include solar flares and

tokamaks, as well as plasmas produced by intense laser pulses. Since the ions in a plasma

repeatedly undergo excitation by colliding electrons, they continually emit x-rays, most of '
which escape the plasma. These impact excitation x-rays provide important clues to the

d

composition, charge balance, density and temperature of the plasma. The helium-like

x-ray spectrum is of particular interest because satellite lines from neighboring lithium-like
and beryllium-like charge states mingle with the He-like lines. Their relative intensities

therefore provide a convenient indication of the charge balance. Processes such as
dielectronic recombination and inner-shell ionization complicate the picture, however,

because they populate excited levels in adjacent charge states.

In hot ionizing plasmas, inner-shell ionization can have a profound effect on the

intensity of the transition ls2s 3S1_Is2 1So. It is precisely the x-rays resulting from this
transition that allow us to isolate the inner-shell process. The Electron Beam Ion Trap

(EBIT) has already been used to investigate both impact excitation and dielectronic
recombination [1,2]; now we have studied ionization interactions as well (Wong el al. [3]

have investigated outer-shell ionization of Ba 53. ions).
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Fig. 1 He-like andLi-like n=2 levels(energyaxisisnotdrawnto
scale).The 2-1 x-raylinesobservedin ourexperimentare labeled
usingthe notationof Gabriel[4]. ThethreedoublyexcitedLi-like
levelsshownare the onlyoneswith appreciablecrosssectionsfor
direct excitation. Theverticaldottedlinesindicateinner-shell
ionization.

II. Theory

Figure 1 shows the energy levels involved (He-like and Li-like), as well as their

radiative decays to the ground state. The resonance line w, an electric dipole (El)

transition, is the strongest. Next in intensity is y, also an E1 transition, but weaker than w
because it is an intercombination line. The other intercombination line, x, is a magnetic
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quadrupole transition. Line z, a magnetic dipole transition, is a forbidden line, but in

EBIT, even z is strong because the plasma density is low. Neither the 3P0 nor the ISo level

decays radiatively to the ground state since j =0 to j =0 transitions are strictly forbidden (the

, latter state does decay through two-photon emission, while nuclear hyperfine splitting

enable,; the ls2p 3P0-_ls 2 transition for the 53Cr nucleus, whose abundance is about 9.5%).

, The satellite lines q, r, and t, come from doubly excited Li-like ions. Such doubly-excited

ions can be produced by dielectronic recombination; these three levels also have significant

cross sections for direct (inner-shell) excitation from the Li-like ground state.

Line z can be enhanced strongly by inner-shell ionization, Inner-shell ionization of a

Li-like ion removes one of the two K-shell electrons, e.g.,:

Cr 21+ + e" + (Cr22+) ' + 2e" (1)

leaving the resulting He-like ion in either the ls2s 3S1or ls2s k301evel. The threshold for

this process is 7.4 keV, much higher than the (outer-shell) ionization potential of Cr21+,

and close to the ionization potential of Cr 22+. A possibility also exists (if the electron

energy is slightly greater than 7.4 keV) that the ion ends up in one of the other He-like

levels, a process known as shake-up. The 3S1 level, being the lowest, is also fed by

cascades. Cascades from the 3P0 and 3P 2 levels, as well as states with n > 2 provide about 80

percent of z's intensity.

At the low electron and ion densities present in EBIT, collisional de-excitation is

rare and metastables decay before they can undergo additional excitations. Hence, line

intensities can be expressed in terms of the ground state density and excitation cross

sections [5]. The photon emission rate for line w is given by:

Rw = jcNHcCrw (2)

where Je is the electron current density, NHc is the number of ground-state He-like ions in

the beam, and e w is the cross section for electron impact excitation. For z, we must add
terms for cascades and inner-shell ionization'

R z = NHcJe(crz + _o'iBiz ) + NLijeo'ii (3)

The second term is a sum over all the states i that can feed z, where (7i is the state's

, excitation cross section and Biz is the branching ratio. The last term gives the inner-shell

contribution; it is the only one that depends on NLi, the Li-like ion density. The observed

emission intensity is proportional to the photon rates:

Ii = Ri.G (4)



where the constant G depends on the geometry of the detector and the EBIT. Since we

cannot measure the ion number densities NHe and NLi, we take the intensity ratio:

" NLi crii (5)Iz _ Rz_crz' + _ __,
Iw Rw trw NHe o"w ,

where O'z' =O'z+ ,_xJ'iBiz.To determine NLi/NHe, we can use one of the Li-like satellites:

NLi _ (6)
l--q- NHe trw

! where Iq and Crqcorrespond to line q. Combining (5) and (6) gives a linear relationship

i among Iz, Iq, and Iw:
i

I Iz = °'z' Iw + °'ii Iq (7)
: cr--_ -%q

. Thus, by measuring the line intensities at different charge states, one can determine o'ii/o"q.
J

III. Experimental Procedure

We used the Livermore Electron Beam Ion Trap (EBIT), described by Levine et al.

[6], to generate highly charged chromium ions. By adjusting the beam accelerating voltage,

! one can probe electron-ion interactions at energies from 4-25 keV. At energies above the

! inner-shell threshold, Cr 22+ ions predominate overwhelmingly. To increase the fraction of

Cr 21+ ions, we alternate the electron beam ener_ between the KLL dielectronic

resonance, at about 4.2 kV, and the observation energy (9-23 kV). Since the DR cross

section is large, many Cr22+ ions recombine into the Li-like ground state. The DR

resonance has a gaussian shape, so slightly changing the lower level voltage reduces the

Cr 21+/Ct 22+ ratio. Typical dwell times are 5 ms for observation and 10 ms at the KLL
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Fig. 2. Line ratio IQ/I,,,as a function of drift tube voltage shows how
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resonance. Figure 2 shows the relative charge balance, indicated by the ratio Iq/Iw, as a
function of beam energy near the DR resonance.

' ' IV. Results

, We recorded the x-ray lines using a von H,'imos crystal spectrometer [7] set up to

view at a 90-degree angle to the electron beam. We were able to observe inner-shell

ionization at six different interaction energies, ranging from 8.8 keV to 23.5 keV. Figure 3

shows the effect of inner-shell ionization iri the 20.3-kev spectrum. Compared to line w,

satellite lines q and r are larger because more Cr 21. is present; at the same time, z has

been noticeably enhanced.
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Fig. 3 High-resolution x-ray spectra at beam energy of 20.3 keV (,_/A,_ = 1800). (a) Cr 21+
fraction is small so satellite lines are small and line z is little enhanced. (b) With more Cf -1"
present, q and r are larger; corresponding enhancement of z from inner-i;hell ionization is
evident.

When the charge balance is varied, the line ratios show the expected linear

relationship. Figure 4 is a plot of the line ratio Iz/I wversus Iq/I w for 8.8 kev and for 20.3
keV, along with a linear fit to each data set, derived using a nonlinear least squares

procedure. We find the same relationship between Iz/I w and Ir/I w. Table I summarizes

the results for ali six interaction energies. Note that the fits to Iq and Ir give approximately

the same intercept in each case. Although the slopes are proportional to O'q and o"r

respectively, the intercept should equal _rz /ctw in both cases.
,p

The linear correlation between Iz/I w and Iq/I w in each case makes it evident that
' inner-shell ionization has a significant effect on z. Additional evidence comes from the

increase in slope with energy (up to 20.3 keV) since crii is predicted to increase

i correspondingly. At the same time, the possibility of shake-up cannot be excluded. We

also checked for correlations between lines y and x and the Li-like satellites. Both showed
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a slight positive slope at each energy, although in the case of x, the value wastoo small to

be conclusive. Line y shows a definite linear correlation, but the slopes do not vary

monotonically with energy as with z. The enhancement of y may be caused by overlap with

line t since these two were not completely resolved by the spectrometer.

Table I. Linear fit parameters for intensity ratio Iz/l,
versus Iq/I, and Iq/Iw for different energies (in keV)

z/w vs.q/w z/w vs. r/w

Energy Slope Intercept Slope Intercept

8.8 0.32 + .03 0.17 _+.01 0.92 + .11 0.17 +_.01

11.8 0.56 + .06 0.12 _ .02 1.78 + .23 0.11 + .02

" 14.8 0.72 + .07 0.06 4:.02 2.47 + .34 0.05 + .03

17.8 0.91 + .08 0.02 4:.02 2.99 + .37 0.01 4"_.03

20.3 1.10 + .07 0.01 _4:.01 2.85 + .27 0.00 + .02

23.3 1.13 + .08 0.03 + .01 2.90 + .28 0.03 + .02

=
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