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Measurements of excitation rate coefficients for Al-like ions: Fe X1V, Ni XVI, and Cu XVII
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Absolute excitation rate coefficients for Fe X1v and Ni XVI ions are measured spectroscopically
in the Texas Experimental Tokamak. Previous measurements for the 3d-3p transition array of
CuxviI are verified and the measurements are extended to the 3s3p?— 3s23p transition array of
this ion. The experimental rate coefficient for the 3d-3p transition array of Fexiv is 6.2x10~°
cm’s™! at an electron temperature near 160 eV and for Nixvi and CuXvVil, the values are
4.2 107°% and 3.8 107 cm®s™!, respectively, at an electron temperature near 240 eV. For the
3s3p?*P,,,—3s%3p 2Py, transition array, the experimental excitation rate coefficient for Fe X1V is
8.2 107% cm®s~! at an electron temperature near 160 eV and for NixvI and CuxVII the value is
5.5%107° cm*s™! at an electron temperature near 240 eV. The uncertainty in these results is es-
timated to be £50% (one standard deviation). Computed values of absolute excitation rates in a
distorted-wave approximation and Mewe’s semiempirical formula are found to be in good agree-
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ment with the experimental values.

The absolute excitation rate coefficients of high-Z ions
of elements such as iron, nickel, and copper are very im-
portant for plasma diagnostics and for radiative energy-
loss calculations for fusion plasmas. A plasma spectro-
scopic technique which uses a tokamak plasma for the
measurement of absolute excitation rate coefficients of
ions was demonstrated in Ref. 1. Using the procedure of
Ref. 1, we measured the absolute excitation rate
coefficients for Fe X1v, Ni XVvI, and Cu XVII ions. We im-
proved the experimental accuracy for absolute intensity
measurements of spectral lines by calibrating the 1-m
grazing-incidence monochromator at the Synchrotron
Ultraviolet Radiation Facility (SURF II) at the National
Bureau of Standards (NBS). Also, we reestablished our
previous results and extended our measurements to more
transitions in Cu XVII ions. We report in this paper our
experimental excitation rate coefficients and their com-
parison with the theoretical calculations based on
distorted-wave and Gaunt factor approximation
methods.

The Al-like ions, Fe X1v, NixVvl, and CuXVIl, have
the two-level ground configuration, 3s23p (*°P, 5 ;,,). By
designating P, ,, as 1 and 2P;,, as 2 as in Ref. 1, the
average effective excitation rate coefficient X.{(7T,) is
written as
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where X;_; and X,_; are excitation rate coefficients from

levels 1 and 2 to level i, respectively.

The absolute effective excitation rate coefficient
X Te), to the level i, from the ground configuration of
these ions is obtained from Eq. (9) given in Ref. 1, i.e,,
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where j is either of the two levels of the ground
configuration designated by 1 or 2, A(i —j) is the wave-
length, I(i —j) is the measured intensity, A4(i —j)/
Si.iA(i—k) is the branching ratio of the transition
probability of the transition (i-j), and A(for), I(for), and
A(for) are the wavelength, intensity, and transition prob-
ability, respectively, of the forbidden line between the
levels 1 and 2 of the ground configuration. N, and T,
are the electron density and electron temperature mea-
sured at the peak of the ionic radial profile in the
tokamak. The assumption of statistical population be-
tween the levels of the ground configuration in deducing
Eq. (2) is valid for Fe x1v, NiXxVI1, and CuXVII ions, be-
cause their forbidden transition probabilities are only 60,
191, and 330 s~ respectively, which are much smaller
than the electron and ion collisional frequencies®? as dis-
cussed in Ref. 1.

The details of our experiment on the Texas Experi-
mental Tokamak (TEXT) are described in Ref. 1. Only
the differences are noted here. A 1-m grazing-incidence
monochromator equipped with a 1200-line/mm gold-
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TABLE I. Absolute excitation rate coefficients.

X (Theory cm?s~!)

A A o X.x (experiment) Distorted-wave Gaunt factor
Ion and transition (A) sh %f;r%) (cm3s™) method approximation
Fe x1v T,=159 eV T,=159 eV
3p?iP,,,-3p2P,y, 5302.9 60 N,=2.9%10" cm~3
3p2P,,,-3d *Ds,, 219.1 3.99x 10'° " o o o
3p 2P —3d 2D 2201 078x 100  1-2X10 6.2 10 5.76 X 10 6.77x 10
3s23p 2Py ,,-3s3p??P,, 264.8 3.44%10°  6.44x 10 8.2x107° 7.45x107° 8.3x107°
Ni xvI T,=237 eV T,=237 eV
3p2P,,,-3p 2P, 3601.1 191 N,=2.8x10" cm~3
3p2P;,,-3d *Ds ), 194.0 4.55x 10" . ,9 o o
3pPr_3d Do 19520 0.94 101 1.12x 10 4.2 10 4.38x 10 5.09% 10
3s3p 2P, ,,-353p2%P; 232.5 4.12x 10" 1.0x 10* 5.5x107° 5.61x10~° 6.22x107°
Cuxvil T,=237 eV T,=237 eV
3p2P,,,-3p P, 3007.6 330 N,=3.5x10" cm—?
3p2Py,,-3d *Ds,, 183.5 4.92%10'"° . s o e
3p 2P —3d D 184.9 105w 1010 66110 3.8x10 3.92x 10 4.56x 10
35 23p 2P, ,,—3s3p?2P; 218.7 4.35x10'°  6.63x10*  5.5x107° 4.83x10°° 5.41x107°

“Predicted from interpolation within the isoelectronic sequence.

coated grating is used for absolute intensity measure-
ments of spectral lines below 30 nm. The detector at the
exit slit of this instrument is a photomultiplier with a
sodium-salicylate-coated quartz window in front to act
as a scintillator for the radiation. This instrument was
radiometrically calibrated at NBS using SURF IL.* It is
also calibrated in situ using the TEXT plasma by em-
ploying the branching ratio technique as described in
Ref. 1. A careful evaluation of the solid angle of accep-
tance for the grazing-incidence spectrometer on TEXT is
necessary to convert the irradiance calibration of SURF
IT into a radiance calibration for a comparison with the
branching ratio technique.! It is found that the two cali-
brations are in agreement within 25% at the calibration
wavelengths of the branching ratio technique. In the
present experimental analysis, the radiance calibration
deduced from SURF II data is used because it gives a
continuous distribution with respect to wavelength rath-
er than the discrete distribution from the branching ratio
technique.

A grazing-incidence time-resolving spectrograph’
(GRITYS) is used to determine the spatial location of the
ions in the plasma because the forbidden lines of Fe X1v
and Ni XVI are not intense enough to be detected by the
airpath Czerny-Turner monochromator arrangement as
described in Ref. 1. The results of a similar scan using
the scanning mirror and the airpath Czerny-Turner
monochromator arrangement to obtain the Cu XVII ion
distribution agreed with the results of the GRITS instru-
ment well within the measurement uncertainties. The
measurements of electron-density and electron-
temperature spatial profiles of the plasma were previous-
ly described in Ref. 1.

The final results are summarized in Table I. The
wavelengths and transition probabilities of the forbidden
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FIG. 1. Electron-impact excitation rate coefficients as a
function of electron temperature. (a) 3p-3d excitation, (b)
3s23p-3s3p? excitation. Legend: ——, distorted wave;
(— — —), Gaunt factor (Mewe); and experimental points with
error bars.



5450

lines are taken from Ref. 6. The allowed line wave-
lengths and identifications for FexIv, NiXxvi, and
Cuxvil are taken from Refs. 7 and 8. The transition
probabilities of allowed lines are calculated by using the
atomic-structure code of Cowan with the Slater integrals
multiplied by a scaling factor of 0.8.° The measured ra-
tio of the absolute intensities of the allowed line and the
forbidden line, for specific average electron densities, are
given in column 4. The experimental excitation rate
coefficients are deduced from Eq. (2) and are given in
column 5. Equation (1) gives the effective theoretical ex-
citation rates that are compared with the experimental
values. Electron-temperature values at the minor radii
of the peak of the ionic abundances are used in evaluat-
ing the effective theoretical excitation rate coefficients of
Eq. (1). Column 6 gives the theoretical excitation rate
coefficients computed using a distorted-wave method'®
and the effective Gaunt factor approximation due to
Mewe!! are listed in column 7. Figure 1 shows the tem-
perature dependence of the theoretical rate coefficients
and the experimental points with error bars for the ions
and transitions listed in Table I. Both the distorted-
wave method and the Gaunt factor method give results
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in good agreement with experiment. The vertical error
bars on the experimental points represent the +30% un-
certainty in the average electron-density determination
and the horizontal bars show the £10% uncertainty in
the temperature measurements. The other main source
of error is the absolute radiometric calibration of the 1-
m grazing-incidence spectrometer. However, the cali-
bration is performed by using two different methods, one
using the SURF II synchrotron source and the other us-
ing the in situ branching ratio technique. As both cali-
brations have a *25% uncertainty and agree within
25%, the overall uncertainty in the experimental rates
should be less than +50%. All of these are measure-
ment uncertainties and represent one standard deviation
of the mean.
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