PHYSICAL REVIEW A

Measurement of relative electron-impact-excitation cross sections for Fe
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We present measurements of the relative electron-impact-excitation cross sections for the
15218,—1s2p 'P,, 15218, —152p *P,, 1s?'S,—1s2p *P,, and 15 'Sy—1s2s 'S, transitions for the He-

like ion, Fe?**

. The measurements were made at two electron energies: 6.86 and 9.94 keV. The

cross-section measurements are compared with theoretical calculations.

In this paper we present measurements of the
electron-impact-excitation (IE) cross sections near the
threshold energy E and at about 1.5E for the resonance
(1s21Sy—1s2p 'P,), magnetic quadrupole (1s2'S,-
1s2p *P,), intercombination (1s2'S,-1s2p 3P,), and for-
bidden (1s?'S,—1s2s °S,) lines of the He-like ion Fe?**.
The lines are referred to as w, x, y, and z, respectively.!
These lines, as well as the same transitions in other solar-
abundant He-like ions, have been observed in the spectra
of solar flares.>* In addition, these transitions have been
observed in tokamak spectra“*7 of He-like titanium,
chromium, iron, and nickel.

The motivation for measuring cross sections for w, x, y,
and z is that the solar and tokamak observations reveal
apparent discrepancies between the measured line ratios,
x/w, y/w, z/w, and theoretical calculations. The
differences between theory and observation are compli-
cated and variable, depending on the plasma conditions
and temperature. The discrepancy for the solar iron
spectra is noted by Lemen et al.® and Doschek and Tana-
ka.? In particular, for the solar data the intensity ratio
y/w is larger than calculated. The x /w and z /w ratios
could also be larger than calculated, but for all line ratios
the differences between theory and experiment depend on
the abundance ratio of Fe>>" to Fe** " in the flare plasma,
which is uncertain. The tokamak discrepancies are dis-
cussed in some of the above referenced papers.

Theoretical calculations for the He-like ion lines are
given in a number of papers.>’” !> These calculations
consider contributions due to direct excitation, excitation
followed by cascade (IEC), radiative recombination (RR),
and resonances. It is important to attempt to clarify the
reasons for the discrepancies between observation and
theory since the discrepancies might be caused by physi-
cal effects in the plasmas. For example, transient ioniza-
tion in a plasma could produce an enhancement of line z
due to innershell ionization of Fe?*", and a non-
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Maxwellian velocity distribution could alter the line ra-
tios. Accurate cross sections are necessary to evaluate
the effects of nonequilibrium plasma processes on line ra-
tios.

The Fe**t measurements were obtained using the elec-
tron beam ion trap (EBIT) at the Lawrence Livermore
National Laboratory (LLNL). The EBIT and the mea-
surement technique are described in detail elsewhere.!®!”
Briefly, ions are injected, trapped in an approximately 2-
cm-long electrostatic well, and ionized to a high charge
state by an electron beam. The degree of ionization is ad-
justed by varying the energy of the electron beam. The
electron beam is also used to excite the ions. Measure-
ments are made by observing the x rays emitted upon the
decay of excited states and upon radiative recombination.
The energy of the electron-ion collisions is nearly
monoenergetic with a width of approximately 50 eV full
width at half maximum, making it possible to measure
cross sections at discrete energies and to investigate sepa-
rately different excitation processes in a particular ion.

The electron density in the beam is approximately
2X10" c¢cm™ 3. For He-like ions with atomic number
Z 212, populations of metastable levels are negligible
compared to the ground level population, and therefore
line ratios are not sensitive to electron density.

Different excitation processes in a particular ion can be
investigated individually by varying the energy of the
beam. In particular, the beam energy can be set at an en-
ergy slightly exceeding the IE threshold of a particular
level, and the threshold IE cross section can be measured.
At higher energies it is necessary to consider several addi-
tional atomic processes in order to interpret results.

Finally, it should be noted that in the experiments to
be described below, radiation was detected in a direction
perpendicular to the electron-beam direction with a
curved crystal spectrometer. It is necessary to consider
the anisotropy of the emission and polarization of the ra-
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diation in interpreting the results.

Spectra of Fe?*™ were obtained with a high-resolution
curved-crystal spectrometer constructed jointly by the
Naval Research Laboratory and the National Institute of
Standards and Technology (NIST). The spectrometer is
based on a Johann configuration employing a bendable
crystal and a fixed detector-to-crystal distance. In an in-
strument of this type, changing the Bragg angle results in
a change in the radius of the Rowland circle which re-
quires a change in the radius of the crystal bend. This is
accomplished with the crystal-bending apparatus, which
is described by Henins.'® The crystal used was Ge(220)
with a 2d spacing of 4.00 A. The nominal Bragg angle
was 27.55°. A Ho La calibration source was used to help
determine wavelengths and the spectrometer dispersion.

The detector is a position-sensitive sealed gas propor-
tional counter manufactured by Deslattes and colleagues
at NIST. A similar detector is described by Duval
et al.'® The detector has a single anode wire and a
double-wedge type cathode. The spatial resolution is
about 200 um. The detector gas is Xe with 10% CH,, at
one atmosphere pressure. A 76-um-thick Be window
covered the detector aperture. The noise in the detector
and associated electronics was only about 1-3
counts/channel away from spectral lines in integration
times of several thousand seconds.

The EBIT source, approximately 2 cm long and 70 um
in diameter, was inside the Rowland circle, and the Ho
calibration source was outside the Rowland circle. The
electron beam was normal to the plane of dispersion of
the spectrometer. Because of the small size of the EBIT
source and the distance between the EBIT source and the
crystal, only a small wavelength range could be viewed at
the 27.55° Bragg angle. This range was about 14 mA,
hence it was only possible to observe three of the four
He-like lines simultaneously. The Bragg angle could be
conveniently changed to alter the wavelengths incident
on the detector.

The detector wedge pattern was perpendicular to the
line of sight, and only one point on the detector was per-
fectly in focus on the Rowland circle. Therefore spectral
resolution was not uniform over the detected wavelength
range. However, the resolution was always sufficient to
resolve fully the He-like iron spectrum. The sensitivity of
the detector as a function of position (channel) on the
cathode was measured with a radioactive source and
found to be uniform within £3%.

In addition to the high-resolution curved-crystal spec-
trometer, a lower-resolution 5-mm-thick X 6-mm-diam
solid-state Ge detector provided by LLNL was used to
observe the entire iron spectrum over a broad wavelength
range. In particular, RR lines formed by capture into
n =2,3 levels of Fe*** were observed along with a broad
IE feature composed of w, x, y, and z, and an innershell
excitation line from Fe?*™" called ¢'. Line g is due to the
transition, 1s%2s 25, , —1s2p ('P)2s 2P ),.

A term diagram of Fe?*" is shown in Fig. 1. The
wavelengths in the figure are from solar observations by
Seely et al.?® We obtained spectra at electron-beam ener-
gies of 6.86+0.01, and at 9.94+0.01 keV. These energies
were determined to this precision from the centroids of
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FIG. 1. Term diagram for He-like ions. The percentage
figures give the fraction of the line intensity arising from excita-
tion followed by cascade into the upper level of the line, for the
9.94-keV case. For example, 59% of the intensity of line z at
9.94 keV arises from excitation of levels with n > 2 followed by
cascade into the 1s2s 3S, level.

radiative recombination lines.

The interpretation of the 6.86-keV spectra is relatively
straightforward. Because 6.86 keV is below bound-state
excitation energies for n = 3, and because this energy is
not coincident with a possible resonance due to dielect-
ronic capture followed by autoionization into one of the
excited states of w, x, y, or z, there are no possible contri-
butions from this process and IEC. Furthermore, there
was very little Fe?*' in the trap, as evidenced by the
small intensity of line g, which appears as an unresolved
shoulder on the long-wavelength side of line y. At 6.86
and 9.94 keV the intensity of ¢ was determined by model-
ing each line in the high-resolution spectra as a Gaussian
peak of unknown amplitude and width, but constrained
to a known wavelength. Only spectra where the y,q
feature was fully within the observable wavelength win-

TABLE 1. Fe**" line ratios measured at 90° to the electron-
beam axis and with the beam normal to the plane of spectral
dispersion.

Electron-
beam energy
(keV) x/w y/w z/w
6.86 0.18+0.03 0.25+0.04 0.241+0.06
9.94 0.12+0.02 0.20+0.03 0.33+0.06
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dow were used. A nonlinear least-squares-fitting routine
was used to determine the amplitude of each line. The
reduced y? value from fitting the data by this procedure
was in the range of 0.85 to 1.17, indicating good agree-
ment between the fitting model and the data. The ob-
served intensity of ¢ was 12+4% the intensity of y.

The interpretation of the 9.94-keV spectra is more
complicated because in this case the beam energy exceeds
the ionization energy of Fe?**. Inspection of the solid-
state Ge detector spectra shows RR lines onto bare iron
nuclei as well as onto H-like iron. Excitation of n =3 lev-
els of Fe?** followed by cascade into n =2 levels (IEC) is
important, and radiative recombination contributions to
the lines must also be considered. From analysis of the
solid-state Ge detector spectra, we find the following per-
centages of iron ions: Fe?*™, 41449, Fe®**, 56+5%;
Fe»*,36+2%, and Fe***, 4+1%.

It was necessary to take two spectra in order to include
all four Fe*** lines. The 6.86-keV spectra are shown in
Fig. 2. The 9.94-keV spectra appear similar to the
lower-energy spectra. Spectra were integrated in time
until a 1o statistical uncertainty in the total intensity of
the weakest line (usually x) was 10%.

The experimental ratios x /w, y /w, and z /w are given
in Table I for both the 6.86- and 9.94-keV cases. We em-
phasize that these ratios refer to cross sections obtained
at 90° to the electron beam, uncorrected for polarization
effects. Lines w and y are E1 transitions, while line z is
an M1 transition and line x is an M2 transition.

For the 6.86-keV case it is possible to take full account
of the effects of polarization since these have been calcu-
lated by Inal and Dubau.!® The crystal we use is a per-
fect crystal (Henins?!), and the reflectivities for parallel
and perpendicular polarization have been calculated by
Gullikson?? as a function of wavelength. The reflectivity
of the perpendicular component is approximately propor-
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tional to cos(26), where 0 is the Bragg angle.

Theoretical calculations of line ratios for the 6.86-keV
case obtained from direct IE rates,!®!313 including the
effects of polarization, are given in Table II. The calcula-
tions take into account the fact that the 1s2p P level de-
cays only to the 1s2s 3S, level and that the branching ra-
tio of 152p 3P, to 1s2s 3§, is 0.18. These are the expected
theoretical line ratios obtained after diffraction by the
crystal. Also given in parentheses are the line ratios ob-
tained from calculated mean intensities, i.e., no polariza-
tion. These ratios are given in order to illustrate the
large effect that polarization has on the measured line ra-
tios. For example, at 6.86 keV line z has almost no polar-
ization, line w is polarized about 58%, line x is polarized
about —52%, and line y is polarized about —20% (Inal
and Dubau'?).

The 9.94-keV results involve more than one atomic
process. The most important process is IEC. We have
calculated the IEC contribution explicitly for n =3
through n =5 for s, p, and d levels using the cross sec-
tions calculated by Sampson, Parks, and Clark® and the
cascade matrix calculated by Pradhan.'* We have extra-
polated these results to include all s, p, and d levels
through n =10. We find that the RR of Fe**" contrib-
utes less than 3% of the total due to all other processes,
and therefore RR is neglected. The calculated line ratios
for the 9.94-keV case are also given in Table II. Again,
calculations in parentheses refer to unpolarized lines.

Theory indicates that the contribution of IEC at 9.94
keV to the total rates is about 7%, 27%, 17%, and 82%
for lines w, x, y, and z, respectively (see Fig. 1). Since the
IEC component may be polarized differently than the
components due to direct excitation, we have only es-
timated the effect of polarization on the y /w and x /w ra-
tios in the 9.94-keV case. Two estimates are given assum-
ing (a) the IEC component has the same polarization as
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FIG. 2. Spectra of w, x, y, and z obtained at 6.86 keV.
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TABLE II. Theoretical intensity ratios computed from direct IE cross sections and cascades at 6.86 and 9.94 keV.
Electron-beam energy
(keV) x/w y/w z/w
6.86 0.19 (0.39)* 0.20 (0.34) 0.23 (0.34)
Bely-Dubau et al.®
Inal and Dubau®
6.86 0.19 (0.40) 0.20 (0.35) 0.23 (0.34)
Jones?
Inal and Dubau®
9.94 0.088¢%,0.075" (0.16) 0.13%,0.137(0.18) 0.32)

Sampson, Parks, and Clark®
Bely-Dubau et al.®
Pradhan®

Inal and Dubau®

?Line ratios in parentheses refer to unpolarized (isotropic) radiation. The other line ratios include the theoretical angular distribu-
tion and the effects of the Ge(220) crystal on line intensities due to polarization. They are directly comparable to the measured ratios

in Table I.

b Reference 10.

¢Reference 15.

dReference 13.

¢ Cascade-produced radiation is assumed to be unpolarized.

" Cascade-produced radiation polarization is assumed to be the same as the polarization of the direct excitation radiation.

& Reference 9.
" Reference 14.

the direct component, and (b) the IEC component is un-
polarized.

A comparison of Tables I and II shows good agree-
ment between experiment and theory for x /w and z/w
line ratios at 6.86 keV. The measured y /w ratio is slight-
ly larger than theory.

At 9.94 keV it is only possible at present to compare
the measured x /w and y /w ratios with theory, since line
z is produced more by cascade than direct excitation, and
the cascade polarization is unknown. We find measured
ratios that are about 1.5 times larger than theory for the
x/w and y/w ratios. A comparison of the 6.86- and
9.94-keV results suggests that the theoretical ratios are
more accurate at energies close to threshold than for
higher energies.

However, we should note that recent ongoing work at
LLNL with the EBIT suggests that additional recom-
bination mechanisms (not yet quantified) may exist other

than radiative recombination from the beam electrons
considered above. Recombination mechanisms would
enhance triplet to singlet ratios. Therefore the above
conclusion concerning the comparison with theory and
experiment at 9.94 keV should be regarded with caution.
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