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Systematic measurement of the relative electron-impact excitation cross section
of the 3d—2p P, resonance and3D; intercombination lines in mid-Z neonlike ions
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The relative electron-impact cross sections for exciting te-2p *P, resonance andD; intercombina-
tion lines have been measured in nine neonlike ions betwe¥n @nd K" . The ratio drops from about 4.4
for Cr** to less than unity for K&%" in response to an increase in relativistic effects. A measurement of the
dependence of this ratio on electron energy is presented t6r Ao dependence on electron energy is found.
The measured ratios are generally lower than theory, showing that the relative intensity of the intercombination
line is larger than predicted and illustrating the difficulty to predict electron-impact excitation cross sections in
the intermediate coupling regime at the level needed for spectral diagnostics.
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[. INTRODUCTION length of active regions in the Sun using a method described
by several authorgl4—17. This method relies explicitly on
The calculation of electron-impact excitation cross secthe optically thin intensity ratio, where neither line is reso-
tions of highly charged ions at the level of accuracy needediantly scattered, to infer an optical depth of the ne [18].
for reliable plasma diagnostics remains a challenge for mulCalculations of the optically thin value have been produced
tielectron ions. Even for relatively simple ions, such as tenby several authorsl9—-27. A closer look at the results from
electron neonlike ions where the?2s22p® ground configu- these calculations, however, shows_ that ther_e is scatter by
ration consists of completely filled shells, predictions about a factor of 2 among the relative excitation cross sec-

utilizing different theoretical approaches can easily differ bytionS of the intercombination and resonance line, which ef-

factors of 2. By contrast, experiments, especially those infgctively.eliminat(.as_ the qtility of the line pair as a plgsma
volving observations of extraterrestrial sources, x-ray laser lagnostic. The difficulty in calculating the intensity ratios of

and inertial confinement research, demand accuracies bet éwrg two neonlike lines is C_aused n part by the fact that-rela-
than 10%. '|V|ty plays a strong role in the description of these rdid-

: igns. AsZ increasesl. S-coupling gives way tgj -coupling,
The need for accurate calculailons was recently stressg d the intercombination line increases in intensity at the

in the case of the @3d;,"P1—2p° 'S and 2°3ds, °D; expense of the resonance line. In fact, néar38 the two

—2p° 'S, resonance and intercombination lines in neonlikejines are predicted to have equal collision strenggtg and
ions, known as 8 and D, respectively1,2]. The two lines 5 equal intensities. The ¥& ion is located in the middle

are among the strongest, most distinet 3—n=2 L-shell  of this changeover, and intermediate coupling is paramount
spectral features in mid-neonlike ions. In addition to their for an accurate description of this ion.
strong brightness, they have several properties that make The difficulty in properly describing the relative cross
them attractive diagnostic candidates. In the coronal limitsections of lines 8 and D in Fe'®" indicates a strong need
the dominant excitation process for each line is by far CO”i-for definitive experimenta| data. In the case Oflqie we
sional excitation from the ground state, and there are n@ave recently provided such dafa9] and shown that the
competing radiative or autoionizing decay channels. Thigctual ratio is~25% less than the most recent calculation. In
means that excitation models need only concentrate on accthe following, we present a set of measurements that can be
rate predictions of the electron-impact excitation cross secgsed as benchmarks for testing theoretical models of the rela-
tions. Accurate measurement of their relative intensities igjve cross section of the two lines as a function of atomic
helped by the fact that the lines are close to one another iRumberz. In the case of F&*, we present in addition a
wavelength, making it easy to measure both lines simultameasurement of the relative electron-impact excitation cross
neously and to accurately account for response effects of thesctions as a function of electron energy. This measurement
measuring instrument. _ _shows that the ratio is independent of the excitation energy.
The spectral features produced by neonlike transitionshe 3C to 3D ratios measured for all nine neonlike ions
have been investigated for diagnosing extraterrestrial SOUrCfven here are lower than predicted and match predictions
such as the SufiL—5], stellar coronag6,7], and x-ray bina-  from distorted-wave calculations only if the nuclear charge

ries [8], as well as terrestrial sources including tokamaksior each ion in the calculation were reduced by about 2.
[9-11] and laser-produced plasmids®,13. One specific di-

agnostic that has been pursued is a density diagnostic based
on resonant fluorescence, commonly referred to as resonant
scattering, of the @ resonance line relative to theD3inter- The measurements were conducted usingethe-ll elec-

combination line. In the case of ¥, resonant scattering tron beam ion trap located at the Lawrence Livermore Na-
has been used to infer density, column density, and pattional LaboratoryEBIT-Il operates at energies below 24 keV

II. EXPERIMENTAL ARRANGEMENT
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and has been extensively used for observations in the realm 400 AL R AL LAAML AL AR VA
Kr

of x-ray, EUV, UV, and optical spectroscopy. Overviews of
spectroscopic efforts conducted @BiT-Il are provided by
Beiersdorferet al. [30,31], and a review of the Livermore
electron beam ion traps is given by Maf&2]. In brief, the
target material under investigation was injected into the trap
region, where it was trapped electrostatically by applied volt-
ages in the axial direction and by the charge of the electron

3D
300

Intensity (arb. units)
N
=)
S

beam in the radial direction. Once trapped, the target mate- 100
rial was then collisionally ionized to the desired charge state
by the monoenergetic electron beam and its emission was 0 |
studied using a spectrometer arrangement appropriate to the 6.6 6.7 6.8 6.9 7.0
photon energy and desired resolution. There were two de-
vices used to inject the target material into the trap region: SO0
the metal vapor vacuum afdleVVA) and the gas injector. g 3D Br>>*
The MeVVA injected singly or doubly ionized ions into the g 400+ —
trap electrostatically, while the gas injector, using differential " 3C |
pumping, sends a constant stream of neutrals directly into the 'g 300 —
trap. The method of injection depends on the natural state of ~~
the element being studied. 2 200 -
Line emission presented here was measured using one of g
two flat crystal spectrometers, referred to as #rep-I and E 100 -
the BRAD-II [33,34], which look directly into the trap region I_J
perpendicular to the electron beam. These spectrometers 0 L I T S P
used flat crystals to disperse x rays according to Bragg'’s Law 7.10 7.20 7.30 7.40
[35]. For the present measurements, either a thallium acid
phthalate(TIAP; 2d=25.757 A [36]) or a rubidium acid 250 T T
phthalate RAP; 2d=26.121 A[36]) crystal was employed. 8 7n20*
Once dispersed, the x rays were detected by a position- ' 200} H 3C n-
sensitive proportional count¢B7]. The resolving power of "
the spectrometers was limited by the crystals and was 'g 150+ -
N AN=300-1000. ~
In order to effectively eliminate the absorption of x rays, Q 100 -
the spectrometers operated at a pressure B ° torr. The g
vacuum ofEBIT-Il was on the order of 10 torr, conse- g 50F a
quently it was necessary to provide a barrier between the
spectrometer andsIT-Il in order to preserve the integrity of 0 |
EBIT-I'S vacuum. This barrier was provided by a 10.45 10.50 10.55 10.60 10.65
25-mm-dianmx 1.0-um thick polyimide window forBRAD-I,
and a 25-mm-diard 0.5-um-thick mylar window forsrRAD- Wavelength (A)

I. In addition to these windows, the proportional counters
each utilized a 4um-thick polypropylene window coated
with 200—-400 A of aluminum to isolate their detection

chamber P=760 torr of P—10) from the chamber of the measured this ratio as a function of energy from slightly
spectrometer. above threshold to 4 keV. These results are shown in Fig. 4.
Because&BIT-Il employs a unidirectional electron beam, it
. MEASUREMENT creates line emission that is linearly polari88]. Also, the
crystals used in this experiment act as polarimeters, and
The measured spectra of th€ Jesonance to B inter-  therefore reflect the parallel and perpendicular electron field
combination lines along the neonlike isoelectronic sequenceomponent differentlyf36,38. The relative polarization of
between C¥** and KP®" are shown in Figs. 1-3. The elec- the resonance line and the intercombination line is calculated
tron beam energy at which each spectrum was taken was differ by less than 0.3% at energies between threshold and
chosen such that it was well above the ionization energy ta@ keV[39]; hence, the effect of the directionality of the beam
create the neonlike ion and just slightly below the energy tds the same for both lines. By taking the ratio of the lines, the
create the fluorinelike iofcf. Table ). This not only insured  polarization effects cancel making it unnecessary to account
a nearly pure neonlike charge state, but also limited the linéor polarization in our analysis in any other way.
population processes to direct impact excitation from the As is seen in Table |, different crystals were used for
ground state and radiative cascades from levels of highadifferent neonlike ions. This was done in order to avoid the
principal quantum numben. In the case of F&", we also  absorption edges of the crystals. For example, thallium has

FIG. 1. Measured neonlike spectra of?Kr, Br¥>", and Zrf%*.
3E denotes the transitiond®3d,, *P;—2p°8 1S,.
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3F, 3G, and M2 denote the transitions p23s3P,, 3P;, and

FIG. 2. Measured neonlike spectra of 8y Ni'®*, and  *P,—2p°®'S, respectively.

Cot’".

of all polymer windows on both the spectrometer and on the
N-shell absorption edges in this energy band at 846 e\detector, as well as the reflection properties of the crystals
(14.7 A) and 720 eV (17.2 A), and rubidium hasshell ~ [40]. The error bars include the statistical uncertainty from
absorption edges in this energy band at 1864 eV (6.6 Ayach line and the estimated uncertainty in the instrumental
[40]. It is our experience that the reflectivity of the TIAP is response. It is noted that although some spectra do exhibit
higher than RAP, hence, in the regions where neither crystamission from ions other than the target ion, this emission is
has an absorption edge, TIAP was used. resolved from the lines of interest and, therefore, has no ef-
fect on the ratios presented here. For example, thé®Mn
spectrum(see Fig. 3 contains a significant amount of €&
emission because the MeVVA employed to inject manganese

The results of the measurements of the relative collisiorutilized an iron trigger wire. The E&" emission is well re-

strengths of € and D versusZ are shown in Fig. 5 and solved and has no effect on the #h 3C to 3D ratio.
tabulated in Table Il. The measured ratios have been cor- We compare our measurements of this ratio versusth
rected for instrumental response, which includes the effectde relative collision strengths of the fully relativistic

IV. RESULTS AND DISCUSSION
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TABLE |. Parameters of measurements and properties of #m8&,'P;—2p® 1S, resonance and
2p°3ds),°D;—2p® IS, intercombination line EN® and EF are the electron-impact energies necessary to
make the neonlike and fluorinelike ions, respectively.

lon Np (A)® hsp (A)® Crystal  Foils” ENe EF E (eV)©

cri4t 18.5019 18.7971 RAP A 384 eV 1010 eV 960 eV
Mn15* 16.6236 16.8956 RAP A 436 eV 1133 eV 1030 eV
Fet6* 15.0141) 15.2612) RAP A 489 eV 1265 eV 1150 eV
Co'™ 13.6350 13.8725 TIAP A 547 eV 1397 eV 1320 eV
Nj 18+ 12.4340 12.6589 TIAP A 607 eV 1540 eV 1470 eV
cutt 11.3843 11.5990 TIAP A 671 eV 1690 eV 1600 eV
Zn?tt 10.4613 10.6678 RAP A 737 eV 1846 eV 1700 eV
Br3°>* 7.17002 7.35375 TIAE B 1119 eV 2730 eV 2625 eV
Kr36* 6.69816 6.87954 TIAB B 1205 eV 2927 eV 2827 eV

aAll wavelengths are those ¢#5] except F&", which was measured by Browet al. 1998[29].
bA=4,m polypropylene plus 0.5xm mylar; B=4um polypropylene plus Jum polyimide.
‘Electron energy at which ratio was measured.

dSecond-order measurement.

distorted-wave model of Zhang and Sampf28] and with a  («1/Z%), there is a systematic shift between each of the cal-
calculation by Hibberet al.[41], who use the configuration- culations and the experiment 6f30%. This difference cor-
interaction methodsee Fig. % Because Hibbert calculates responds to fitting the curve with a shiftéds=2Z—2. Even
weighted oscillator strengths, it is necessary to divide hidarger differences can be noted with other calculations, e.g.,
calclulation by the transition energy before comparing withBhatiaet al. show a discrepancy of nearly 60% in the case of
our measurements. The correction to the ratio is only 2—3 %-e'®" and a factor of 3.6 in the case of ‘¢ [21].
because the energy separation of the &d D lines is We note that the ratio continues to decrease as a function
minimal. With the exception of ¢f* and Mn'®", both theo-  of Z beyondZ=36. This is demonstrated by previous mea-
ries agree with one another and also both the theories and tls&rements of highez- neonlike ions. For example, Beiers-
experiment are smoothly decreasing function& of dorfer [11] gives a value of 0.680.19 for A¢’" and a

As mentioned in Sec. |, the decrease in the line intensitymeasurement by Marrst al. of Ba*®" gives a value of
ratio is a result of the fact that relativity plays an increasing0.55+0.11[42].
role, i.e., the dominant interaction energy is changing from The energy dependence of the!fe measurement is
the electrostatic interaction to the spin-orbit interaction. Al-compared to thék-matrix model of Moharet al. [27], the
though all three curves have nearly the saingependence results of Bhatia and Dosché¢R5] , and the distorted-wave

calculations of Zhang and Sampsi@8] (see Fig. 4. These

5'0I....I...u|.||.||.|.|....I...
4.5+ _ N = TABLE Il. Measured and calculated relative cross sections of
40d o, M ——m the P, resonance andD, intercombination line for neonlike ions
a s i Y between C¥** and Kr8*
s it L ol
0 3.04] [TTTYT T ‘I 1 l [ - Z Measured ratio  Zhang and Samp3on Hibbertet al®
T I
) { { % { 24 4.370.43 5.54 4.77
2.0 - 25 3.42+0.30 4.62 4.07
1.5+ B 26 3.04-0.12 3.90 3.83
L+fr—————r———————————y— 27 2.59+0.18 3.31 3.28
1000 1500 2000 2500 3000 3500 28 2.30-0.16 2.86 2.83
Beam eneigy (V) 29 1.97:0.14 2.44 2.47
FIG. 4. RatioR of Fe'%" 2p53ds,P,—~2p®lS, (3C) and 30 1.7x£0.10 2.15 2.17
2p°3ds;,°D;—2p® 1S, (3D) as a function of energy. The mea- 31 1.90 1.93
surement is depicted by inverted triangles, filled squares are thd2 1.70 1.74
R-matrix calculation of Moharet al. [27], filled circles depict the 33 1.53 1.58
calculation of Bhatia and DoschdR5], and the filled diamonds 34 1.40 1.44
depict the relativistic distorted-wave calculation of Zhang and3s 0.93-0.07 1.28 1.34
Sampsori28]. We also show a weighted linear fit to our data. In the 3¢ 0.99-0.07 1.19 1.25

region above threshold shown here, the average value for the ratio,
R, is 3.04+0.19. This is corrected for instrumental response includ-°Reference 28].
ing foil and crystal transmission and reflectivity. bReferencd41].
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b——T—T—T——T—TT 71T measurements in a plasma with a Maxwellian or even non-
& EBIT-NI Maxwellian electron temperature. Therefore, our results also
5f jlzﬁhgﬁg,f‘ei“a‘fpsm - present benchmarks for testing calculations of relative rate
e E\\ ' coefficients used for plasma diagnostics.
8 4t - In conclusion, we find a systematic difference for the rela-
= tive excitation cross sections of the neonliké-32p reso-
8 3+ - nance and intercombination line over a rangeZofWhere
= intermediate coupling is required to describe the wave func-
2+ . tions. The present results confirm the discrepancy between
theory and experiment found earlier for'fe [29] and ex-
1+ . tend it along the isoelectronic sequence. In all cases, the
relative strength of the intercombination line is found to be

1 1 | | | 1 1 1 1 | 1 1 |
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 larger than predicted. The present result is thus qualitatively
Atomic number the same as that for the ratio of intercombination to the reso-
nance line in midZ heliumlike ions reported recently4].
Calculations provide good agreement with the measurements
only if the effective atomic number is shifted by about two
units.

FIG. 5. Results of the present measurement, labekd-i,
compared to calculations of Hibbeet al. [42] and Zhang and
Sampson. All three curves scale agZ“%/however, there is a sys-
tematic shift of~30% between both theories and the experimental
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