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Abstract

A detailed analysis of the iron Ko emission spectrum covering the wavelength region from
1.840 A to 1.940 A is presented. Measurements are made with a high-resolution Bragg crystal
spectrometer on the Princeton Large Torus (PLT) tokamak for plasma conditions which closely
resemble those of solar flares. A total of 40 features are identified consisting of either single or
multiple lines from eight charge states in iron, Fe xviil through Fe xxv, and their wavelengths
are determined with an accuracy of 0.1-0.4 mA. Many of these features are identified for the first
time. In the interpretation of our observations we rely on model calculations that determine the
ionic species abundances from electron density and temperature profiles measured independently
with non spectroscopic techniques and that incorporate theoretical collisional excitation and dielec-
tronic recombination rates resulting in the excitation of the 1s2s"2p® configurations. The model
calculations also include the effect of diffusive ion transport. Good overall agreement between the
model calculations and the observations is obtained, which gives us confidence in our line identifi-
cations and spectral modeling capabilities. The results are compared with earlier analyses of the
Ka emission from the Sun. While many similarities are found, a few differences arise from the
somewhat higher electron density in tokamak plasmas (10 ¢cm™3), which affects the fine-structure
level populations of the ground states of the initial ion undergoing electron-impact excitation or
dielectronic recombination. We also find that several spectral features are comprised of different
transitions from those reported in earlier analyses of solar data.




I. Introduction

Iron is the most abundant and, therefore, the most important high-Z element for the
diagnostics of hot astrophysical plasmas. X-ray emission from the iron K shell has been
observed in spectra of nearly all classes of cosmic x-ray sources, including active stellar
coronae (e.g., White et al. 1986; Tsuru ef al. 1989), compact x-ray binaries (e.g., White.
Peacock, and Taylor 1985), supernova remnants (e.g., Tsunemi et al. 1986), clusters of
galaxies (e.g., Mitchell et al. 1976; Serlemitsos et al. 1977; Ulmer et al. 1987), and active
galactic nuclei (see review by Fabian and George, 1991). Scheduled x-ray missions such
as ASTRO D, the Advanced X-Ray Astrophysics Facility (AXAF), and the X-Ray Multi-
Mirror Mission (XMM) will provide considerable improvements in both, sensitivity and
spectral resolution for iron K line detection. Iron is also an important element for the
diagnostics of hot laboratory plasmas, especially those produced in magnetic-confinement
fusion research, and its K-shell emission has been utilized extensively in the diagnostics of
tokamak plasmas (Hill et al. 1979; Bitter et al. 1979a). The iron K-shell spectrum has been
observed from a variety of other laboratory sources as well, such as vacuum sparks (Lie and
Elton 1971), beam-foil interactions (Briand 1982), and., most recently, ion traps (Brown
et al. 1989; Beiersdorfer 1990; Beiersdorfer et al. 1992a,c,d).

Eight different charge states, Fe xviiI through Fe xxv, contibute to the Ka emission in
the wavelength range 1.85-1.93 A. As a result, Ko emission data allow the detailed determi-
nation of equilibrium and nonequilibrium charge-state distributions and comparisons with
charge-balance calculations. Iron K-shell data also provide measurements of the electron
and ion temperatures, allow detection of non-Maxwellian electron distributions, and enable
the deduction of plasma motion.

Because of the importance of the iron K-shell emission for diagnostics, exact line iden-
tification is crucial for proper analysis of spectral data. Among the astrophysical measure-
ments, solar observations presently provide the highest-resolution iron K-shell x-ray data.
The spectral resolution of these data typically lies between A/AA= 1000-2500. This is more
than sufficient to resolve dielectronic satellite and associated resonance lines and to utilize
the data to infer plasma parameters. [dentification and wavelengths of transitions in Fe
XIX-XXV observed in solar flare spectra have been reported by various authors (Grineva
et al. 1973; Korneev et al. 1979; Feldman, Doschek, and Kreplin 1980; Doschek, Feldman,
and Cowan 1981). A most recent analysis of high-resolution iron K-shell data from solar
flare observations was presented by Seely, Feldman, and Safronova (1986), in the following
referred to as SFS, who identified transitions in all eight charge states Fe xvii1 through Fe



XXV.

Precise wavelength data from laboratory sources are only available for K-shell transitions
in Fe xxii1, Fe xx1v, and Fe xxv and have been derived from analyses of tokamak and
beam-foil spectra (Bitter et al. 1979b; Briand et al. 1983; Bitter et al. 1988). No laboratory
measurements that have similar precision as the solar flare measurements of SF'S have been
reported for transitions in Fe xviil through Fe xxi1. Such measurements are needed to
compare with the solar results.

[n the following we report measurements of iron K-shell transitions from high-resolution
observations on the Princeton Large Torus (PLT) tokamak. The measurements were per-
formed with improved spectral resolving power (A/AA= 3000) and better counting statistics
than past solar observations. We identified transitions in all eight charge states Fe xvii
through Fe xxv and determined their wavelengths within an accuracy of 0.1 - 0.4 mA.
Many of the transitions that we observed in Fe xviil through Fe xxI1 have not yet been
identified in solar spectra and are identified here for the first time. We also point out several
features which we determined to be comprised of transitions that are different from those
reported in earlier analyses.

In interpreting our observations we rely heavily on model calculations that determine the
lonic species abundances from measured electron density and temperature profiles, including
the effects of ion diffusion, and that incorporate theoretical values of collisional excitation
and dielectronic recombination rates computed by Jacobs et al. (1989) to predict the line
intensities of Fe xviil through Fe xxi1v. The rates of Jacobs et al. (1989) were computed
using separate simplifications assumed valid in three different electron density regimes: a
collisionless, low-density regime (< 10'? cm™3) believed applicable for astrophysical plasmas
such as solar flares, supernova remnants, and intercluster media; an intermediate-density
regime (10'3-10'* cm™3) for magnetically confined laboratory plasmas such as tokamaks
and possibly for accretion-powered astrophysical sources; and a high-density regime (> 10%°
cm™3) believed valid for laser-produced plasmas. The differences in the three regimes are
due to collisional effects which determine the assumed initial population distribution among
the fine-structure levels of the ground state of each ionic species. By using the rates of Jacobs
et al. to identify features in our tokamak spectra, we are able to test their validity in the
intermediate-density regime. We have found good overall agreement between calculated
and observed intensities. The good overall agreement also validates the assumptions that
enter into our charge balance calculation and intimates the utility of our model calculations
for determining ion transport parameters.

Obvious disagreements between model intensities and measurements are found only for



a few features attributed to transitions in the lower charge states, such as Fe xix and Fe
XX. The disagreement appears to be a consequence of the strong dependence of the line
emission on the electron density not adequately taken into account by the simplifications
entering the calculations of the excitation rates. In some cases we find that the oberved line
intensities fall in between the intensities predicted from the rates of Jacobs et al. (1989)
in the low-density or intermediate-density approximation. Additional disagreement arises
from inaccuracies in the theoretical wavelengths employed in our model. Because many
lines overlap and blend, small changes in the assumed wavelengths result in very differently
shaped emission features. We stress this point because this illustrates the need for highly
accurate wavelength data; without accurate data features consisting of unresolved lines
cannot be reliably predicted and observations cannot be properly interpreted.

The remainder of this paper is organized as follows. In Sec. II we discuss the plasma
conditions that prevailed when our measurements were made on the PLT tokamak. Typical
emission data are presented in Sec. [II. The intensity modeling calculations are described
in Sec. IV, whereby emphasis is placed on a discussion of the sensitivity of the resulting
synthetic spectra to the theoretical ionization balance and to the assumed line positions. In
Sec. V we present synthetic spectra for comparison with the experimental results followed
by a detailed discussion of the identification of individual features in our spectra. This
discussion is organized by wavelength region instead of ionization state. Here we point
out similarities and differences between our tokamak data and solar flare measurements.
Concluding remarks are presented in Sec. VL.

II. Plasma Conditions

The plasma conditions in tokamaks are the closest of any laboratory plasma to those en-
countered in many hot astrophysical x-ray sources. Peak electron temperatures in tokamaks
typically range around several thousand electron-volts; peak electron densities range from
10*2 to 10'* cm™3. The parameters of tokamak plasmas are thus comparable to conditions
encountered in solar flares and coronal plasmas of other active stars.

Tokamak plasmas are well diagnosed.  .ost importantly, plasma parameters relevant
for atomic physics are determined with independent, non spectroscopic techniques such
as laser scattering, microwave interferometry, electron cyclotron emission, and analysis of
the continuous x-ray emission from bremsstrahlung. A review of the techniques is given
by Orlinskij and Magyar (1988). As a result, tokamak plasmas are well suited to test
atomic physics models in a controlled environment (Beiersdorfer et al. 1989c). Iron is an



indigenous impurity in PLT plasmas (von Goeler 1979), and radiation from various ion
species can be observed under any plasma condition without prearrangement. Indeed, since
the inception of the technique by Bitter et al. (1979a), high-resolution measurements of the
K-shell emission from Fe xxv have served as the standard diagnostic on PLT to determine
the ion temperature from the width of the resonance line.

Data presented in this paper are from relatively low-density, cool, ohmically heated
discharges. Two typical electron temperature profiles are shown in Fig. 1(a). In the first
profile (dashed curve) a peak temperature of 1.0 keV is attained. The peak temperature
in the second profile (solid curve) is about 1.6 keV. In the following we shall refer to these
two profiles as the “cold” and the “hot” cases. The electron density profiles are virtually
identical for the hot and cold cases. A profile measured with laser scattering is shown
in Fig. 1(b). The central electron density is 1.7 x 10'®* cm™2; the corresponding density
averaged along a line of sight through the center of the plasma is 1x10'® cm™3. The ion
temperature is less than 1.0 keV'; consequently, the broadening of a given x-ray line in iron
due to the Doppler effect is less than AA/A < 1 : 3600.

Figure 1 shows that the electron temperature varies from more than 1 keV in the center
to a few eV at the edge of the plasma. As a result, the plasma contains radial shells of ions
whose charge states are decreasing from the inside toward the edge. This effect is illustrated
in Fig. 2. The figure shows the charge state distribution of iron ions for the hot electron
temperature case of Fig. 1, calculated with the MIST code developed by Hulse (1983). This
code uses the ionization and recombination rates of Post et al. (1977). A multiplier of
1.4 has been applied to all ionization rates in order to achieve agreement between charge
distributions in coronal equilibrium calculated with the MIST code and those calculated by
Jacobs et al. (1989), as discussed in Sec. [V. Because of the gradients in electron temperature
and density, the charge state distribution is affected by radial transport of ions into hotter
and colder regions. In calculating the radial charge distribution, we take into account
transport of ions from hot to cold plasma regions and vice versa. In doing so, we assume
that the ion transport is purely diffusive, i.e., we make the assumption that convective
flows are absent, and we set the diffusion coefficient D=3000 cm?/s. These assumptions
are in accordance with a measurement by Belersdorfer et al. (1989a) on the PLT tokamak,
which determined D=5000 cm?/s from radial profiles of the L-shell line emission of neonlike
selenium for plasma conditions similar to those in the present investigation. The use of a
different diffusion coefficient alters the calculated charge balance, but it does not change the
conclusions drawn from the analysis presented in subsequent sections. On the contrary, the
good agreement achieved between model calculations and measurements, which is presented



in subsequent sections, can be regarded as a validation of our assumption about tokamak
plasma transport. Details of ionization balance calculations in tokamaks and the MIST
code are given by Hulse (1983).

ITI. Spectral Observations

The iron Ko spectra are recorded with the Johann-type crystal spectrometer described
by Hill et al. (1979). The spectrometer views the plasma along a sightline in the horizontal
midplane of PLT as shown in Fig. 3. It was used earlier by Bitter et al. to measure the
152(21" dielectronic satellite lines of Fe xxv (1979b) as well as to determine the contributions
to the heliumlike resonance line from unresolved satellites of the type 1s2in!’ with n > 3
(1981).

For the present experiment the spectrometer was set up to record the iron Kea line
emission from all eight charge states Fe xviil through Fe xxv in the wavelength region
between 1.85 A and 1.95 A in a single setting. For this purpose the spectrometer employs
a 6-in.x 1.5-in.x0.03-in. quartz crystal cut parallel to the 1120 plane and bent to a radius
of curvature of 276 cm. The 2ds spacing of this crystal plane equals 4.913 A at 25° C
(Wyckoft 1963). Measurements are made in second order Bragg reflection at a Bragg angle
of about 50° to insure good spectral resolution. A multiwire proportional counter with a
sensitive area of 10 x 18 cm? is employed to record the spectra. The counter is filled with
a mixture of 90% krypton and 10% carbon dioxide. This gas mixture results in a constant
detection efficiency over the observed range of photon energies. Adjustable lead apertures
are placed in front of the crystal in order to limit the count rate to < 5 x 10° photons/sec.
In our experiment, the illuminated length of the crystal was 9 cm. The resolving power
A/AM of the instrument is about 3000, which is comparable to the Doppler-broadened line
width.

Two iron Ka emission spectra observed under the conditions corresponding to the cold
and hot electron temperature profiles of Fig. 1 are presented in Figs. 4(a) and 5(a), respec-
tively. Here spectral features are labeled by the ionic species that contributes most to the
emission. An exception is made for the well studied heliumlike transitions in Fe xXv, which
are labeled in the notation of Gabriel (1972) as w, r, y, and z (cf. Table [). Because of
the differences in electron temperature, the charge distribution is very different in the two
cases. As a result, the spectral line emission is very different, giving rise to spectra that
differ drastically from each other. In the following we use these two spectra as benchmarks
to test our intensity model and for line identification.
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IV. Intensity Modeling

Transitions in berylliumlike Fe xxi11 through heliumlike Fe xXv have been studied ex-
tensively in the laboratory, and their identities are well established. This is not the case
for transitions in the lower ionization stages Fe xviil (fluorinelike) through Fe xx1 (boron-
like), whose emission often is much weaker. Comparing spectra that are produced in a hot
plasma with those from a cold plasma (cf. Figs. 4 and 5) provides useful information for
identifying which ionic species is emitting a given set of lines. However, identification of in-
dividual lines is difficult for those ionic species with partially filled subshells, as a multitude
of transitions from the same as well as from different ionic species intertwine and blend.
Transitions can be excited by both dielectronic capture and electron-impact excitation. and
the observation of a given line may depend on the electron density, as electron collisions
populate and depopulate the various fine structure levels of the ionic ground states ( Mason
et al. 1979; Phillips et al. 1983; Lemen et al. 1986). As a consequence, line identification can
not solely rely on wavelength data or oscillator strengths from atornic structure codes, but
must take into account information on the excitation mechanisms and predicted intensity
of each possible transition.

In order to carry out the interpretation of the observed spectral features we have con-
structed a model that predicts the relative intensities of iron K-shell transitions from the
charge balance, electron-impact excitation rates, and dielectronic recombination rates, given
a measured temperature and density profile. In the model, the emissivity € of a given line
j from an lon with charge q is expressed by

€ = /[nqC'j + ng1aj]nedr. (1)

Here C; is the rate coefficient for excitation by electron collisions, and «; is the rate coef-
ficient for dielectronic recombination that populates the upper level of transition j; n. is
the measured electron density. Rates have been calculated by Jacobs et al. (1989) and take
into account the population distribution among the fine structure levels of the respective
ground states of species ¢ and ¢+ 1. The species abundances n, and ny4, are obtained from
ionization-balance calculations employing the MIST code (Hulse 1983) described above.
Note that the measured electron temperature enters in the calculation of both the rate co-
efficients and the ionic species abundance. The integration is performed along the sightline
of the spectrometer, i.e., along a line of sight through the center of the plasma. No line
excitation mechanisms other than electron-impact excitation and dielectronic recombina-
tion are included in the model, and among these only those processes are included that
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produce excited electrons in the n=2 shell. Dielectronic capture processes into the n=3
shell, for example, which strongly contribute to the feature on the long-wavelength side of
the heliumlike resonance line w (Bely-Dubau, Gabriel, and Volonté 1979; Bitter et al. 1981),
are not considered. Furthermore, emissivities are calculated only for transitions in Fe xviiI
through Fe XXIv, i.e., no calculations are made for those of the heliumlike lines w, z, y, and
z. The intensities of the heliumlike lines have been the subjects of an ongoing debate, and
even very sophisticated models do not describe their intensities adequately if the electron
temperature is low (Bitter et al. 1985; Doschek 1990; Bitter et al. 1991).

Before we apply our model calculations to the analysis of experimental spectra, two
important theoretical parameters must be checked. These are the ionization and recom-
bination rates, which determine the theoretical ionization balance, and the calculated line
positions. Adequate knowledge of the latter is especially important for lines that blend.

[n a first check, we calculate synthetic spectra in the coronal equilibrium limit, assuming
a constant electron temperacure of 862 eV throughout the plasma. This allows us to compare
our results to the synthetic spectra calculated by Jacobs et al. (1989). Results of our
calculations are shown in Fig. 6. The spectrum in Fig. 6(a) is calculated using the ionization
and recombination rates of Post et al. (1977), which are the default values in the MIST code.
These produce a charge balance lower than that calculated by Jacobs et al. (1989). To match
the calculations by Jacobs, the ionization rates of all species were increased by 40%. The
corresponding spectrum is shown in Fig. 6(b). A comparison of the two spectra in (a) and
(b) demonstrates the sensitivity of the synthetic spectra to the exact values of the ionization
and recombination rates and thus to the charge balance. In subsequent calculations we use
ionization rates that are 1.4 times larger than the default values, not only because they
yield a charge balance in agreement with that of Jacobs et al. (1989) but also because they
provide synthetic spectra that are better matches to the experimental data.

The synthetic emission spectra in Figs. 6(a) and (b) are calculated using theoretical line
positions provided by Jacobs et al. (1989). These line positions were calculated with the
relativistic multiconfiguration code developed by Cowan (1981) and have been estimated
to be accurate within 2-3 mA (Jacobs et al. 1989). In Fig. 6(c) we have recalculated the
emission spectrum of Fig. 6(b) using the semiempirical wavelengths reported by SFS, aug-
mented and modified based on our own set of wavelength calculations described below. The
SFS line positions were calculated with the Z-expansion technique and for each ionization
state were shifted by a common value to give best overall agreement with the solar iron
K-shell observations. The SFS values were estimated to be accurate within 0.25-0.65 mA,
and they indeed provide a close match with our experimental values.



Because our synthetic spectra comprise more transitions than calculated by SFS, we
have augmented their list with several transitions whose line positions we have estimated
from our own calculations. For this, we performed energy level calculations for Fe xviii
through Fe xXI1I using the relativistic atomic structure code RAC developed by Scofield
(1991). The RAC code performs multi-configurational structure calculations similar to the
extended average level calculations of the GRASP code described by Grant et al. (1980).
The wavelengths calculated with RAC are estimated to be less accurate than those provided
by SFS. Values calculated with RAC are listed together with the SFS values in Tables [
through VI, and the two calculations differ on the average by as little as 0.6 mA for Fe xx111
and Fe xx1I and as much as 1.6 mA for Fe xi1x. Because the difference between the two
calculations is, to first approximation, the same for each transition within a given ionization
state, we can estimate the line positions of lines not tabulated by SFS and complete the
list of wavelengths used for generating the synthetic spectrum in Fig. 6(c). Line positions
inferred in this way are listed in Tables [ through [V among the SFS values and are identified
as “estimates.”

We shifted the positions of some of the lines in Fe xX a~nd Fe XIX by a small amount
(typically less than 0.5 mA) from the SFS values. This shif. provides better agreement
between the synthetic spectra and observations. We also shifted several individual lines
by somewhat larger amounts. These include lines N11, N14, 09, and F1. Our model
predicts these lines to be relatively intense, yet in the wrong position when compared to the
experimental data. [n many cases, this shift is justified by estimating relative line positions
from our RAC calculations. For example, the RAC prediction for the 1s2s22p® 2P3/2 —_
15%2522p° 251/2 transition in Fe xvii differs considerably from that given by SFS. They
predicted its wavelength to be 1.9215 A. By contrast, the RAC calculation predicts a value
of 1.9254 A, which is 3.9 mA higher. Because the RAC value for the second, 2P1/2 -2 Si/2
transition in Fe xvi1 is 2.15 mA less than the value given by SFS, we estimate the position
of the line to be at 1.92755 A and use this value in generating the synthetic spectra (cf.
Table VI). This is discussed in detail below. The line positions of transitions in Fe XX and
Fe x1x that we have adopted for generating subsequent sythetic spectra are listed separately
from the SFS values in Tables V and VI.

A comparison of the spectra in Figs. 6(b) and (c) demonstrates the sensitivity of syn-
thetic emission spectra to the exact values of the line positions. Transitions from a given
ionic species do not simply shift positions in unison but change positions relative to each
other. Although the shift relative to each other is much smaller than the overall shift, it
has a pronounced effect on the shape of the predicted emission features. This sensitivity is



most pronounced when several lines blend, and the overall shape of a blend of lines changes
drastically as different individual line positions are assumed. Because we use the synthetic
spectra to identify individual :: insitions in the observed spectra, it is thus imperative to
use the most accurate available structure data in generating model spectra.

V. Line Identification and Wavelength Determination

Adopting the ionization rates and line positions employed to generate the spectrum in
Fig. 6(c), we use our intensity model to genera:~ sy athetic spectra for comparison with the
two experimental spectra of Figs. 4(a) and 5( ;. T'e resulting synthetic spectra are shown
as subfigures 4(b) and 5(b). The calculated relative line intensities for both, the hot and
cold case are listed in Tables [ through VI for all lines whose relative intensity is 0.01 or
larger.

Good overall agreement between synthetic and experimental emission spectra can be
noted by comparing subfigures (a) and (b) in 4 and 5. The calculated line intensities match
the observed intensities remarkably well. Because of this agreement we feel confident in
using the synthetic spectra for line identification. A list of our identifications is given in
Tables I through VI. An overview of our identifications is also given in Fig. 7, where we have
marked features using the key of Tables [ through VI. A given feature consisting of several
lines is labeled by all lines that contribute at least 20% to its intensity. A line contributing
more than 50% of the total is underlined.

The good overall agreement of the synthetic spectra with the observations is somewhat
surprising considering the neglect of many excitation processes that can affect the line
emission, such as innershell ionization, radiative cascades from levels higher than n=2,
charge-transfer processes, and radiative recombination. A disagreement, for example, is
found in the set of lines due to oxygenlike Fe XiX between 1.910 A and 1.920 A. The
observations in Fig. 4(a) show one intense feature at 1.917 A preceeded by two weaker
features. The calculations presented in Fig. 4(t), on the other hand, predict this line to be
weaker and preceded by a more intense line, i.e., the line labeled O3 in Table VI. Despite
this disagreement, however, there is sufficient agreement between the sythetic spectra and
observations to allow a reasonable match between the transitions that produce the features.

The emission from Fe xxI11, Fe xxI, Fe xx, and Fe X1X depends strongly on the value
of the electron density (Mason et al. 1979; Phillips et al. 1983; Lemen et al. 1986; Jacobs
et al. 1989) because their ground-state configurations have multiple fine-structure levels
whose relative populations are sensitive to the effects of collisional processes. This suggests
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that some discrepancies between the intensities of features in our sythentic spectra and
. observations might be due to density effects. Qur model calculations assume ground level
populations presumed valid for the intermediate-density regime 1013 — 10 ¢cm=2. The
electron density in tokamak plasmas, however, is a spatially varying quantity, and is lower
at the edge than in the center, as demonstrated by the profile in Fig. 1. It is conceivable
that some of the line emission, especially from ions in low ionization stages, emanates
from low-density regions where the ground-state population distributions assumed in the
intermediate-density limit are not valid. Consequently, we recalculated the iron emission
spectra using excitation rates in the low-density approximation of Jacobs et al. (1989). The
results of these calculations are shown in subfigures 4(c) and 5(c). The intensities of the
lower ionic species differ drastically from those obtained in tne intermediate-density limit
and do not match the observations. Although some discrepancies between our synthetic
spectra and observations may indeed be caus<d by density effects, as discussed in more
-tail below, we conclude that the intermediate-density approximation produces synthetic
=ctra that are much more closely matched to the observations than the spectra obtained
i1 the low-density limit.

A. Wavelength Determinations

. The wavelength A of a given line is determined by Bragg’s law (Compton and Allison
1935)
nA = 2d,sinf (2)

where n is the order of diffraction and @ is the Bragg angle. The value of d, can be calculated
from the expression

dp = doo(1 = (2d ) 6/n%22) | (3)

where 4 is the deviation of the index of refraction from unity. Following Compton and
Allison (1935), the value of §/A? is assumed to be independent of wavelength and equal to
3.64 x 1078 A~2 for quartz. The Bragg angle § of a line whose center position is observed
in channel N is given by

8 = 8. + arctan({(N. — N)Az/D) , (4)

where 6. is the Bragg angle corresponding to the central channel number N, of the detector.
Az is the distance between two adjacent channels, and D is the distance between the crystal
and the detector. The arctangent is used because the detector is oriented perpendicular to
the line connecting the crystai and the center of the detector (see Fig. 3). The center position

11




of a line is obtained from a least squares fit of Gaussian functions to the experimental data.
If the center position of a given line is known, its wavelength can be determined with respect
to a reference line from Egs. (2) and (4).

In the present measurement we have made all wavelength determinations with respect
to the wavelength of the heliumlike resonance line w, since this value has been measured in
several experiments (Briand et al. 1982; Beiersdorfer et al. 1989b) with high precision, i.e.,
better than 30 ppm. In the following, we have adopted a value of A = 1.85030 A for the
wavelength of w, which represents an average of the value of 1.85028 A obtained by Briand
et al. (1982) and the value of 1.85031 A obtained by Beiersdorfer et al. (1989b).

The error in our wavelength measurements depends largely on uncertainties in the value
of the spectral dispersion Azr/D. This value is known to within 2.0 x 1072. Thus the
uncertainty of the measured wavelengths is largest for lines which are situated farthest
from w. Due to the good couniing statistics, the statistical error for the center position
contributes very little to the overall uncertainty in the measured wavelength of all but the
weakest lines. The total estimated experimental error associated with the determination of
the wavelength of each line or group of lines is given in Tables I~VI. Qur error estimates are in
general larger than those quoted in the tables of SFS, despite our somewhat better spectral
resolution. This may be in part due to the fact that our estimates include uncertainties from
our instrumental dispersion. The uncertainties quoted by SFS represent standard deviations
for eight different measurements, and systematic errors due to instrumental effects, though
discussed in their paper, are not included in their error limits.

The accuracy with which a given line can be determined will be reduced if it blends
with one or more transitions in the same or in neighboring charge states. To identify
spectral features that comprise more than one line, we have relied extensively on our model
calculations. Many spectral features are indeed found to be blends and are identified as
such i the Tables. Anothe: lirnitation on the accuracy with which the wavelength of a
given transition can be determiined results from the possible presence of unresolved satellite
lines. Unresolved satellites are produced by the dielectronic capture of an electron into
an atomic level with quantum number n > 3 (Bely-Dubau et al. 1979; Bitter et al. 1981;
Lemen et al. 1984; Beiersdorfer et al. 1992a,b,c). These unresolved satellites occur mainly
on the long-wavelength side of a resonance line and have the effect of increasing the observed
wavelength of the apparent line. The intensity of these satellites is temperature dependent
and is largest for low electron temperatures. Among the transitions in Fe XXV, lines w
and y are the most strongly affected by the presence of unresolved satellites (Beiersdorfer
et al. 1992a,b,c). Among the transitions in Fe XXIV lines ¢ and r are most strongly affected
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(Lemen et al. 1984; Beiersdorfer et al. 1991a). A quantitative theoretical study of this effect
has been given by Bitter et al. (1985), where the wavelength shift of the apparent K« line
of helium-like titanium was studied as a function of electron and ion temperatures. They
found a wavelength shift of < 0.1 mA at electron and ion temperatures of 1 keV. Although
we are unaware of any theoretical or experimental study that describes the effects of high-n,
unresolved satellite lines on any of the transitions in Fe XXI11-XV1I1, we presume that their
presence might cause similar uncertainties in the wavelengths of the n=2 Ko« lines in these
lower-charged ion species.

[n the following we give a detailed discussion of our measurements and compare the
results with those from the solar flare observations of SFS. We have determined the line
positions of all features marked in Fig. 7.

B. Transitions in the Region 1.850 — 1.870 A: Lines w through =

The region between 1.850 A and 1.870 A contains all transitions in Fe xxv and most
transitions of Fe xxi1v. The heliumlike transitions w, z, y, and z are easily identified, and
our experimentai wavelengths agree weil with those of SFS, as seen from Table [. They also
agree within error limits with a recent measurement on the TFTR tokamak by Bitter et al.
(1988). Setting the reference wavelength of w to 1.8503 A, they report the wavelength of
z,y, and z to be equal to 1.8553 A, 1.8593 A, and 1.8680 A, respectively.

Among the lithiumlike transitions only ¢ and j do not blend with other intense tran-
sitions, and their wavelengths can be determined with the highest certainty. Transition t
blends with m, and k blends with r, while a overlaps with both k¥ and ¢. Although di-
electronic recombination excites k with a rate almost ten times the rate of r, r is almost
as intense as k£ both in the intermediate-density and low-density limit. This is because r
derives much of its intensity from innershell excitation, having an electron-impact excitation
cross section exceeded only by that of ¢ among the lithiumlike transitions, while k is excited
purely by dielectronic recombination.

[t is interesting to note the lithiumlike line [ and especially the two berylliumlike lines £'1
and E2, which are predicted to be located between j and z. While these lines have not yet
been identified, they may play a role in cold plasmas where the ionization balance favors Fe
XXIII. Ascertaining their exact positions would be very important, as it is conceivable that
[ and E2 blend with z and considerably enhance its apparent intensity in low-temperature
plasmas. Such measurements may be possible, for example, in ion trap or storage ring
facilities where one ionization stage or one excitation process can be studied at a time, as
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demonstrated recently in measurements of the Ko satellite spectrum of heliumlike vanadium
V xxiI1 from an electron beam ion trap (Beiersdorfer et al. 1991a).

C. Transitions in the Region 1.870 - 1.881 A: Lines £3 through B2

The wavelength region 1.870 - 1.881 A contains most of the berylliumlike transitions.
The most intense of these transitions is labeled £3 in Table [I. It is predominantly excited
by innershell excitation and is commonly refered to as line 3.

The broad feature near 1.873 A appears to be comprised of two lines, one centered
around 1.8725 A and the other around 1.8735 A. SFS identify them as the 3P, —=3D; and
3 P, —3D, transitions, labeled £6 and E8 in Table I[I. Our model calculations show that this
feature splits into two groups of lines, the first comprised of £6, e, and ET, the second
c mprised of E8, u, and £9. While £8 dominates the group at 1.8735 A, contributing
about two thirds of the total intensity, £6 does not dominate the other. For hot plasma
conditions with a high abundance of Fe xx1v, the lithiumlike line e contributes more to the
feature’s intensity than does £6. Furthermore, Lemen et al. (1984) showed that the overall
feature is enhanced by satellite transitions with high-n spectator electrons.

Our model calculations agree with SFS’s identification of the feature at 1.8757 A, labeled
E12 in Table II, and of the feature at 1.8781 A, labeled £15. SFS identify the adjacent
feature on the long-wavelength side of E15 as the !Sg —=* P, transition labeled £16. Our
measurements show that this feature is broader than expected if it were comprised of only
one line, and our model calculations predict that this feature is mainly due to the boronlike
transition B2 instead. As the calculated intensities in Table II indicate, B2 dominates this
feature even in hot and low-density plasmas.

D. Transitions in the Region 1.881 - 1.890 A: Lines B3 through E17

This region is entirely dominated by boronlike transitions. SFS have identified two
boronlike transitions in their spectra, i.e., the lines labeled B5 and B6 in Table [II. By
contrast, we identify contributions from six boronlike lines in this wavelength region.

In the last section we have shown that the feature that SF'S identify as the berylliumlike
transition E16 consists predominantly of the boronlike transition B2. Similarly, the feature
at 1.8868 A identified by SFS as the berylliumlike line E17 consists predominantly of the
boronlike transition B8. In our spectra this feature is produced by a blend of B7 and BS8.
E'17 might be situated on the long-wavelength side of B7 and B8, but it is too weak to be
seen. Even in the low-density limit this feature is predicted to have a large contribution
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from B8. We also note that identifying this feature as a blend of boronlike lines instead
of the berylliumlike line E'17 in the flare spectra significantly increases agreement between
measured and calculated wavelengths in the data presented by SFS.

We also find that the feature at 1.882 A consists of three lines: B3 at 1.8817 A on one
side, and the blend of B4 and B5 at 1.8826 A on the other. SFS ascribe this feature solely
to B5. As in our data, the feature in their flare spectrum appears wider than a single line
width and seems blended with B3 and B4 as well. This conclusion is also supported by our
intensity calculations in the low-density limit.

The only isolated boronlike line in the spectrum is B6 at 1.8853 A. This is true also for
the flare spectra. The width of this line can thus be used for comparison with neighboring
lines to check whether or not they are broadened by blends.

E. Transitions in the Region 1.890 - 1.900 A: Lines C1 through C'16

The wavelength region between 1.890 A and 1.900 A exhibits four strong peaks. The
most distinct is the peak at 1.8968 A, which we attribute to the blend of the carbonlike
lines C'11, C12, and C13. The predicted position of the lithiumlike line o also coincides
with the observed peak. Its inteasity, however, is predicted to be much too weak to be
significant. The other three peaks overlap and are situated between 1.8922 A and 1.8945
A. The first at 1.8922 A consists of a blend of the boronlike line B9, the lithiumlike line o3
and several carbonlike lines, of which C5 is the strongest. The second at 1.8933 A consists
of the two carbonlike lines C6 and C7; the third at 1.8945 A consists of C8 and C9. In
addition to these four peaks, we find a small shoulder on both their short-wavelength and
long-wavelength sides, which we attribute to the carbonlike lines C'1 and C14, respectively.

The solar flare data in this region reported by SFS look similar to ours, and thus they
do not-appear to be well described by our model calculations in the low-density limit. The
low-density calculations, for example, predict C9 to dominate the region, while C6 and C7
are predicted to be virtually absent. An inspection of the data clearly does not support
these predictions. On the other hand, the intermediate-density approximation does not fully
describe the solar data either. Instead, an appropriate description seems to fall somewhere
between the intermediate-density and low-density limits. Consequently, we believe that the
peak at 1.8933 A in the solar spectra consists of a blend of C6 and C7, as it does in the
tokamak spectra. Similarly, the peak at 1.8968 A most likely consists of a blend of C12 and
C13 (and perhaps of C'14). This supposition is supported by earlier predictions by Phillips
et al. (1983), who computed large contributions not only from C9 and C12 but also from
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C6 and C13 for plasmas with an electron density of 10! cm™3.

From our predictions, both in the low-density and in the intermediate-density limit, it is
doubtful that the lithiumlike lines 0 and p can be resolved in solar flare data. In principle,
it is conceivable that p may be observed free of blends with B9 or C3, as either of the latter
lines has only a moderate intensity; however, p itself is a weak line, and to observe p would
be possible only in very hot plasmas, where not only the carbonlike but also the boronlike
ionization stages have negligible abundances. [t is still more difficult to observe o because
it blends with the very strong carbonlike lines C'12 and C13. To our knowledge, the only
unambiguous observation of lines 0 and p in iron was reported from measurements on an
electron beam ion trap (Beiersdorfer et al. 1991b). In these measurements the energy of the
electron beam was set to a value that corresponded to the resonance energy for dielectronic
capture by the heliumlike iron ion into its 152s? upper level. At this electron energy only
these two lines were excited. Thus, o and p were observed free of blends, resulting in a test
of the effect of relativity on their radiative branching ratio (Beiersdorfer et al. 1991b).

F. Transitions in the Region 1.900 - 1.910 A: Lines C17 through V13

The cluster of lines in the wavelength region between 1.900 A and 1.910 A is mostly due
to transitions in nitrogenlike iron. The peak at 1.9081 A is dominated by the nitrogenlike
transition N11; it also reccives a small contribution from N12. The other strong peak
in the spectrum at 1.9056 A seems to be formed by the nitrogenlike transitions N6 and
NT. The remainder of the overall feature in this spectral range is comprised of unresolved
contributions from the nitrogenlike transitions N1, N2, ¥3, N5, N8, N9, and N10. A
small, almost fully resolved feature is found on the short-wavelength side at 1.9017 A,
which we ascribe to the carbonlike transition C17.

The appearance of the predicted emission spectrum in this wavelength range depends
sensitively on the values of the wavelength employed for each transition in the model cal-
culations. The values, which we use to generate the model spectra and which we give in
Table V, have been adjusted from the values given by SFS to match the observed shape of
this spectral region. Although we have achieved a good match with only minor adjustments
in the wavelength values, we note that our set of wavelength values is not unique and that
different combinations of wavelength values can be found that would generate theoretical
emission spectra in good agreement with observations, especially since the exact shape of the
nitrogenlike emission spectrum also depends sensitively on the electron density, as discussed
below. Consequently, the identification of the weak nitrogenlike transitions in this wave-
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length range will remain tenuous until either high precision energy level calculations or very
high resolution spectral observations become available to distinguish individual nitrogenlike
lines.

Like the Fe xXI emission, the Fe xx emission is very sensitive to the electron density. In
the low-density approximation, N 11 is by far the strongest feature followed by N5 (cf. Table
V). As the density increases, the intensity of N11 drops off, and N6 becomes the strongest
line. In the high-density regime, N2 and N3 become major contributors to the emission,
and the relative importance of N'11 diminishes further. This behavior is supported by the
calculations of Phillips et al. (1983) and of Lemen et al. (1986), who computed the line
intensities at densities of 10'! cm~3, 10!3 ¢m~3, and 10! ¢cm™3. The strong sensitivity to
the electron density explains why our measured value of the relative intensity of N11 and of
the blend N6 and N7 is larger than our predictions: The measured electron density never
exceeds 2 x 10'® cm™. while the intermediate-density approximation assumes a relative
distribution of ground-state fine-structure level populations that may be appropriate at
somewhat higher densities near 10’ cm™2. Model calculations incorporating an explicit
density-dependent determination of these level populations for several intermediate densities
would be needed to accurately describe the observed emission.

The solar spectra reveal features similar to ours. SFS identified two features in their
spectra, i.e., the lines we label N5 and N11. In the low-density approximation, these two
lines produce by far the strongest predicted features. Other nitrogenlike transitions are
predicted to cou :ribute to the emission in this range as well, such as N4 and N7. Indeed,
the flare data ov LF'S shiow two distinct peaks, which are situated on the short-wavelength
side of the peak ascribed to N5 by SFS and which were not identified. The lower energy
peak of the two may well correspond to N2, while the higher may correspond to C17.

G. Transitions in the Region 1.910 — 1.940 A: Lines N14 through F?2

The wavelength region above 1.910 A contains the weakest features in the emission spec-
tra we observed. The region harbors all oxygenlike transitions in addition to two fluorinelike
and a few nitrogenlike transitions. Like the model predictions in the wavelength region be-
tween 1.900 A and 1.910 A, the model predictions in this wavelength region are uncertain.
Again, the Fe XIX emission depends sensitively on electron density, and small changes in the
theoretical wavelength data result in very differently shaped spectra. Nevertheless, using
the wavelength data listed in Table VI, we have been able to match the observed intensities
reasonably well. The only exception is the intensity of the oxygenlike lines O1 and O3
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compared to that of O4, which is overestimated in the theoretical spectra in Figs. 4(b) and
5(b). We note that O3 rapidly loses intensity as the density is decreased. Like the ratio of
N11 and the blend of N6 and N7 discussed in the previous section, the difference may be
the result of overestimating the electron density in the model calculations.

Comparing the theoretical spectra with observations, we identify seven features in the
data. The shortest-wavelength peak at 1.9136 A we ascribe to the nitrogenlike transition
N14. The feature next to it we ascribe to the blend of oxygenlike lines O1, 02, and O3,
followed by a peak produced by O4. Our model also predicts observable intensities for O7
and 09, and we have identified two features in our spectra that may correspond to these
two transitions.

Only two Ko transitions are allowed in fluorinelike ions. These are predicted to have very
small intensities because only a small fraction of all iron ions are in the Auorinelike ionization
stage at the electron temperature prevalent in our tokamak plasmas. Nevertheless, we
have been able to identify two features in our data that we can ascribe to the fluorinelike
transitions. These are located at 1.9264 A and 1.9305 A. The wavelengths of these features
agree reasonably well with those predicted by the RAC code if one takes into account the
fact that the RAC code generally underestimates the wavelengths of transitions in this
wavelength region.

The solar spectra contain several features in this wavelength region. SFS tentatively
identified one oxygenlike transition and one fluorinelike transition in their spectra. In the
low-density approximation, transition 04 forms the strongest oxygenlike line, and it is this
transition that SFS assign to a feature at 1.9175 A. This agrees well with the value of 1.9170
A that we find in our measurements. The identification of the fluorinelike transition #1 in
the solar data, however, appears incorrect. SFS find a value of 1.9215 A, which is 5 mA
shorter than our value of 1.9264 A and which is much closer to O7 than to F1.

From the results of our model calculations we expect to find the nitrogenlike transition
N15 in the solar data. In the low-density approximation, it is predicted to be the strongest
of nitrogenlike transitions that fall into this wavelength region. The solar spectrum of SFS
indeed show a feature, situated on the short-wavelength side of O4 at about 1.914 A, which
is a suitable candidate.

VI. Summary and Discussion

We have presented a detailed analysis of the Ko spectrum of iron from tokamak plasmas
that contains all ionization stages from Fe xviir through Fe xxv. We have identified 40
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features consisting either of single or multiple lines, several of which were identified for
the first time, and determined their wavelengths with high accuracy. This compares with
27 features described in the solar flare spectra of Seely, Feldman, and Safronova (1986).
The increase is the result of better counting statistics and better resolution, as well as the
presence of transitions that are not excited in the lower-density solar plasmas.

Our analysis was aided by accurate knowledge of the plasma conditions, as electron
temperature and density were measured independently with non-spectroscopic techniques.
[n addition, we performed model calculations to predict synthetic emission spectra for com-
parison with our observations. The model incorporates electron collision and dielectronic
recombination rates that result in the excitation of the 1s2s"2p°® configuration and uses
the ion abundances derived from a balance of ionization and recombination for radially
varying temperature and density profiles. Very good overall agreement between the model
calculations and the oberservations was obtained, which gives us confidence in our line
identifications and spectral modeling capabilities. As a result, we were able to point out
several spectral features that are formed by transitions different from those reported in
earlier analyses.

The model calculations exhibit a strong sensitivity of the Fe xxi1, Fe xxI. Fe xx, and
Fe XIX line emission on electron density. This sensitivity arises from differences in the fine-
structure level populations of the ground states of the initial ion undergoing electron-impact
excitation or dielectronic recombination. Qur present model uses a simplified treatment of
the initial ground state population, which is assumed to be statistically distributed among all
ground state fine-structure levels. This approximation is shown to yield adequate predictions
of the overall line emission. A detailed modeling of the density dependence of the initial (and
excited) state distributions, however, is needed to describe with high precision all individual
line intensities. [n particular, we have found that the tokamak density is less than necessary
for the assumption of a statistical distribution among ground-state fine-structure levels to
be fully valid. Similarly, the full validity of the low-density assumption that only the lowest
fine-structure level is populated requires an electron density lower than that found in solar
flares. Because of the strong sensitivity of the K« line emission to electron density, future
models that include a detailed treatment of all density effects will be able to provide the
capability necessary to accurately infer the electron density from observations.

The model calculations also evhibit a strong sensitivity to the assumed line positions.
This is because many lines blend, especially those of the lower charge states of iron. Small
changes ( < 0.5 mA) in the assumed line position thus leads to a large difference in the
shape of a given =2mission feature. This means that our line identifications of some of the

19



weaker transitions are tentative. More precise calculations of the transition energies are
needed for unambiguous identification. Presently, the needed accuracy, which is on the
order of the quantum electrodynamical and residual electron-electron correlation energies,
exceeds that obtainable in available calculations. Alternatively, the transition energies
could be measured with very high-resolution spectroscopy on advanced laboratory x-ray
sources, such as electron beam ion traps, where line overlap and blending can be reduced
or eliminated by our choosing the ionization .tage and excitation process of interest.

The identity of the Fe xxv transitions w, r, y, and z is well established, and we did
not include them into our model. These lines play, however, an important role in plasma
diagnostics and are used, for example, for inferring the electron temperature. For this appli-
cation, it 1s necessary to model the intensities of these lines with high accuracy. Our model
indicates that :, for example, may overlap the berylliumlike line E2 and the lithiumlike
satellite [. As these two lines could be intense in cool plasmas, these lines must be included
in models used to analyze the heliumlike lines. Again, future investigations must ascertain
the positions of these lines.

In conclusion we note that our ionization balance calculations took into account the
effects of diffusive ion transport. All calculations we presented assumed a diffusion coefficient
of 3000 cm?/sec. This value provided the best agreement between synthetic and observed
spectra. Not as good, but reasonable agreement was also achieved for values between 2000
cm?/sec and 5000 cm?/sec. Because the model calculations are sensitive to ion transport,
we can use them for plasma diagnostics. By computing a series of synthetic spectra for
different diffusion coefficients until the best agreement with observation is attained, we can
infer the magnitude of the ion transport. The value of 3000 cm?/sec thus represents a
measurement of the diffusion coefficient, and 2000 cmz/sec and 5000 cmz/sec represent the
accuracy limits.
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Figures

FIG. 1. Plasma conditions for the present measurements: (a) electron temperature profiles
corresponding to the “hot” case (solid line) and “cold” case (dashed-line) referred to in
the text. The profiles are inferred from electron cyclotron emission data and have been
symmetrized for use as input in the modeling codes. The error bar indicates typical
scatter in the data. (b) electron density profile measured with Thomson scattering.
The density profiles for the “hot” and “cold” case are indistiguishable.

FIG. 2. Radial distribution of iron ions in PLT plasma. The profiles were computed with
the MIST code for the “hot” plasma conditions given in Fig. 1. The calculations assume
a radial diffusion coefficient of D=3000 cm?/s.

FIG. 3. Schematic of the high-resolution, helium-filled spectrometer on the PLT tokamak.
The spectrometer views the horizontal midplane of PLT. In accordance with Bragg's law,
x rays of different wavelength A are focussed at different positions along the position-
sensitive detector. Displacements perpendicular to the line of sight are exaggerated for
clarity.

FIG. 4. Ko spectra of iron for the “cold” plasma temperature case of Fig. 1: (a) Spectral
emission observed on the PLT tokamak: a given spectral feature is labeled by the ionic
species contributing most to its intensity. Lines from heliumlike Fe xxXv are labeled
individually in the notation of Gabriel (1972). (b) Synthetic iron Ka spectrum calculated
from rates valid in the intermediate-density regime; the calculations use the the “cold”
plasma parameters of Fig. 1 and assume a diffusion coefficient of D=3000 cm?/s. (c)
Synthetic iron Ko spectrum calculated from rates valid in the low-density limit: the
assumed parameters are the same as in (b). The spectral resolving power is set to
A/AA=3000 in each synthetic spectrum for comparison with the observed emission in (a).
Note that the emission of the heliumlike lines is not included in the model calculations.

FIG. 5. Ka spectra of iron for the “hot” plasma temperature case of Fig. 1: (a) Spectral
emission observed on the PLT tokamak; a given spectral feature is labeled by the ionic
species contributing most to its intensity. Lines from heliumlike Fe XXV are labeled
individually in the notation of Gabriel (1972). (b) Synthetic iron Ka spectrum cal-
culated from rates valid in the intermediate-density regime; the calculations use the
“hot” plasma parameters of Fig. 1 and assume a diffusion coefficient of D=3000 cm?/s.
(c) Synthetic iron Ka spectrum calculated from rates valid in the low-density limit;
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the assumed parameters are the same as in (b). The spectral resolving power is set
to A/AA=3000 in each synthetic spectrum for comparison with the observed emission
in (a). Note that the emission of the heliumlike lines is not included in the model
calculations.

FIG. 6. Synthetic iron Ko spectra generated with the model described in the text assuming
coronal equilibrium and an electron temperature of 862 eV. The spectra include line
emission from Fe xviil through Fe xxi1v, i.e., the line emission from Fe XXV is omitted.
(a) charge balance calculated with ionization and recombination rates of Post et al.
(1977) and line positions from Jacobs et al. (1989). (b) same as (a), except ionization
rates are increased by x1.4. (c) same as (b), except line positions are those calculated
by Seely, Feldman, and Safronova (1986), augmented and modified by our structure
calculations. Spectral linewidth AA=X/3000 is assumed to allow the summation of
adjacent transitions.

FIG. 7. Iron Ko spectrum measured on the PLT tokamak. The data have been accumulated

by integrating over 24 discharges and are plotted on a logarithmic scale to emphasize

weak transitions. Features are labeled by the individual lines that contribute at least 20%

of the intensity; a line contributing more than 50% of the total is underlined. Lowercase

letters refer to heliumlike and lithiumlike transitions in the notation of Gabriel (1972).

. E denotes berylliumlike transitions, B boronlike transitions, C carbonlike transitions, N
nitrogenlike transitions, O oxygenlike transitions, and F fluorinelike transitions.
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