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Spectra of hydrogenlike iron Fe XXVI have been observed from Tokamak Fusion Test Reactor
plasmas with a high-resolution crystal spectrometer. The experimental arrangement permits simul-
taneous observation of the Fe XxvI Ly-a; and Ly-a, lines and the associated dielectronic satellites,
which are due to transitions 1snl-2pnl’ with n =2, as well as the heliumlike 1s%('S,)-1s4p ('P,) and
both hydrogenlike Ly-B, and Ly-f3, lines from chromium. Relative wavelengths and line intensities
can be determined very accurately. The spectral data are in very good agreement with theoretical
calculations. The observed spectra have also been used to estimate the total dielectronic recombina-

tion rate coefficient of Fe XXVI.

I. INTRODUCTION

Spectra of hydrogenlike iron Fe XXVI have been previ-
ously observed from solar flares? and beam-foil experi-
ments.® The main interest in data from solar flares re-
sides in their potential application to plasma diagnostics,
especially a determination of the electron temperature
from the relative intensities of the Ly-a lines and their as-
sociated dielectronic satellites. On the other hand, the
goal of the beam-foil experiments has been to perform
very accurate absolute wavelength measurements of the
Ly-a; and Ly-a, lines in order to determine the 1s Lamb
shift and to test predictions of quantum electrodynamics
(QED) for higher-Z ions. The wavelengths measured by
Briand et al.® were in very good agreement with calcula-
tions from Erickson* and Mohr.>® These beam-foil ex-
periments, however, did not show satellites of the Ly-a
lines. In fact, special care was taken to avoid contamina-
tion of the Ly-a, and Ly-a, lines from high-» satellites by
an appropriate choice of the target foil thickness.

The satellites of the Ly-a lines are of purely dielectron-
ic nature, in contrast to the well-documented case of heli-
umlike ions,” ~!2 where the satellites of the resonance line
can also originate from collisional inner-shell excitation.
The satellite spectra of hydrogenlike ions are therefore
important for an understanding of the process of dielec-
tronic recombination. Unfortunately, due to low count
rates' or insufficient spectral resolution,? the data ob-
tained so far from solar flares have not permitted a de-
tailed comparison of the dielectronic satellites’ features of
Fe xxvI with theory.

Spectra of FeXXVI can also be recorded from large
tokamak plasmas, e.g., Joint European Torus (JET) and
Tokamak Fusion Test Reactor (TFTR), which contain
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metal impurities in small concentrations (typically 0.1%
of the electron density n,). In these tokamaks, plasmas
with central electron densities 7;(0) <10%° m ~2 and cen-
tral electron temperatures 7,(0)=5 keV can be main-
tained under steady-state conditions for several seconds.
Under these conditions, the ion charge state distribution
of the metal impurities approaches the coronal equilibri-
um. However, deviations from coronal equilibrium can
occur as a result of radial ion transport. The line-
excitation mechanisms for high-Z ions in these plasmas
are similar to those in solar flares, due to the fact that the
electron densities are well below the critical value for col-
lisional deexcitation. Since the plasma conditions are
reproducible, spectra can be recorded with small statisti-
cal errors. Since n, and T, are determined from indepen-
dent diagnostics, it is possible to make a detailed compar-
ison of these spectra with theory.

In this paper, we discuss Fe XXVI spectra which have
been obtained from TFTR plasmas with a high-resolution
crystal spectrometer. We also present spectra of chromi-
um lines, i.e., the heliumlike 1s%(1S;)-1s4p ('P,) transi-
tion and the hydrogenlike Ly-3, and Ly-f3, lines, which
were observed simultaneously with the Fe XXVI spectra.
This makes it possible to determine the wavelengths for
these transitions relative to the Fe XXVI Ly-a lines and to
verify the theoretically predicted Z dependence. The ex-
perimental data are compared with results from the
multiconfiguration Dirac-Fock model (MCDF), Hartree-
Fock-Slater'* (HFS) calculations, as well as the theoreti-
cal predictions of Erickson,* Vainshtein and Safronova, !
and Dubau et al.'®> Also estimated from HFS calcula-
tions are the contributions from the satellites to the
chromium resonance lines, especially the satellites of the
1s%(1Sy)-1s4p ('P,) transition. These calculations em-
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ploy the Hartree-Fock-Slater atomic model to obtain the
single-particle wave functions. 417

II. EXPERIMENTAL RESULTS

Figure 1 shows the experimental arrangement and a
schematic of the TFTR vertical spectrometer used for
these measurements. The spectrometer consists of five
arms which record x-ray line spectra from impurity ions
at different vertical sight lines with major radii R=2.41,
2.55, 2.63, 2.89, and 2.96 m. Instrumental details have
been described in Ref. 18. The spectra of hydrogenlike
iron are recorded by the arm with a near-central sight
line at R=2.63 m, while the other four arms record spec-
tra from heliumlike iron. The Fe XXVI spectra were mea-
sured with a bent (2023; 2d=2.7497 A) quartz crystal of
6X1.5X0.030 in.> and a position-sensitive multiwire
proportional counter in the Johann configuration.'® The
radius of curvature of the crystal was 12.268 m and the
spectral resolution was A/AA=~10000 A at A=1.7780 A.
The Johann configuration permitted simultaneous obser-
vation of spectral lines in the wavelength range from
1.760 to 1.805 A.

Figure 2 presents the observed spectrum. It shows the
satellite spectrum of Fe XXVI and, in addition, features of
Cr xX11I and Cr xX1v. The data were accumulated from
14 nearly identical TFTR discharges with a central elec-
tron density n,(0)~1.4X10' m ™ and a central electron
temperature T,(0)=S5 keV during a 2-s period of steady-
state conditions. The radial profiles of the electron densi-
ty and electron temperature were measured with a far-
infrared interferometer and an electron cyclotron emis-
sion radiometer, respectively, and are shown in Fig. 3.
The spectrum presented in Fig. 2 shows a relatively high
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FIG. 1. Experimental arrangement.
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FIG. 2. Observed x-ray spectrum. The spectrum consists of
the Fe XXVI Ly-a lines with the associated dielectronic satellites,
the Crxxiil 1s%(!S,)-1s4p (1P,) transition, and the Cr Xx1v Ly-
B lines.

background of continuum radiation from bremsstrahlung
and recombination. This is due to the fact that the heli-
umlike Fe XXV is the dominant charge state, and that the
fractional abundance ng.yxvi/Hpexxy Was only 0.12.
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FIG. 3. Radial profiles of (a) the electron temperature mea-
sured from the electron cyclotron emission radiometer and (b)
the electron density obtained from the TFTR far-infrared inter-
ferometer.
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TABLE I. Experimental wavelengths and theoretical predictions for the resonance lines of chromium and iron. Wavelengths are
given in angstroms and the peaks refer to Fig. 2. Asterisks denote chromium features; the other peaks are iron features.

}‘theorb
Peak Transition N Aexpt (MCDF) Atheor © Atheor ©
1 1s2('Sy)-1s4p ('P, )* 67.55 1.763 3 1.763 67 1.7634¢
2 1s(3S,,,)-3p (3P3 ,)* 85.32 1.7658 1.765 70 1.7659 1.765 717(6)
3 1s (1S, ,,)-3p PP, 5)* 92.31 1.766 8 1.766 84 1.766 8 1.766 862(6)
4 1s(3S,,,)-2p (2P; ) 173.86 1.778 04 1.7780 1.778 04(1)
5 1s(3S,,,)-2p (?P, ;) 212.97 1.7834 1.7834 1.783 46(1)

*The experimental wavelengths are normalized to the theoretical values of the Fe xxv1 1s (%S ,)-2p (*P; ;) transition.
®Present calculations with a multiconfiguration Dirac-Fock (MCDF) program and QED corrections.

‘Reference 14.
94This wavelength was calculated as explained in the text.

‘Reference 4; the values in parentheses represent the uncertainty on the last digit inferred from the QED uncertainties.

This value of ng, yxvi/HEexxy Was inferred from a com-
parison of the measured intensities of the Fe XXVI Ly-a
lines with the Fe xxv 1s%('S,)-1s2p ('P;) resonance line,
recorded at R=2.55 m. For comparison
N e xxvi /e xxy — 0.4 for coronal equilibrium. From cal-
culations of the ionization equilibrium with a one-
dimensional multiion species transport (MIST) code,?
which takes into account cross field ion transport, in ad-
dition to processes of ionization and recombination, we
found that the observed ratio of 0.12 is consistent with a

radial diffusion coefficient of 2 X 10*cm?s ™.

Tables I and II list experimental wavelengths, as well
as results of our calculations which are based on the
MCDF code of Grant, McKenzie, and Norrington,?! for
the chromium and iron features shown in Fig. 2. The
code includes corrections arising from the finite nuclear
size, the vacuum polarization, and the self-energy. The
QED corrections are usually considered as a sum of the
last two corrections. Features 1-3 have been identified
as the 1s%( ‘SO )-1s4p(1P1) transition of Cr XXIII, and the
Ly-B,, lines of Crxxiv. Features 4 and 5 are the
Fe xXV1 Ly-a lines, and features 6—8 are the associated

TABLE II. Experimental wavelengths and predictions from different theoretical models, MCDF,
HFS, TF, and Z expansion, for the main n=2 satellites of Fe XxvI shown in Fig. 2. Wavelengths are
given in angstroms and satellite line strengths F5 (s) are in units of 10'3 s~ ',

A'theora
Peak Key Transition N Aexpt (MCDF) Atheor F3(s)
6 T 1525 (1Sy)-2s2p ('P}) 241.15 1.7873 1.787096 1.7865° 16.19°
1.7861¢ —7¢
1.7871¢ 4f
K 1s2p (°P,)-2p*('D,) 1.787 117 1.7871° 10.26°
1.7870¢ —11¢
1.7873¢ 4f
7 0 1s2s(38)-2s2p *P,) 253.62 1.7890 1.788 109 1.7882° 3.27°
1.7881¢ —1¢
1.7881¢ —1f
B 1s2p (°P,)-2p3(%P,) 1.788 760 1.7887° 7.22°
1.7882¢ —10°
1.7888¢ 9f
8 J 1s2p ('P,)-2p*('D,) 278.98 1.7924 1.79208 1.7919° 32.96°
1.7917¢ —5°
1.7970¢ of
A 1s2p (°P,)-2p(°P,) 1.792 54 1.7925° 12.19%
1.7921¢ —8°
1.7925¢ 4f

“New calculations performed with a multiconfiguration Dirac-Fock (MCDF) code.
"Reference 13; Hartree-Fock-Slater (HFS) calculations.

°Reference 15; scaled Thomas-Fermi (TF) model.
9Reference 14; Z-expansion technique.

“Reference 15; percentage differences = 100[ x(TF) —x(HFS)]/x(HFS).
Reference 14; percentage difference = 100[x (Z expansion) — x(HFS)]/x(HFS).
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most prominent n=2 satellites. The listed theoretlcal
wavelength of 1.7634 A for the 1s%( 1S0)-1s4p ('P;) tran-
sition of Cr XXIII was obtained by adding the energies of
the Crxxul Isd4p('P;)-1s2s('Sy) and  1s2s('Sy)-
1s2('S,) transitions given by Vainshtein and Safronova.'*
The same value was found from an estimate by Wiese and
Musgrove,2? using the difference of calculated binding
energies for the n=4 level from Ermolaev and Jones®
and the binding energy of the ground state from Safrono-
va.?* The listed channel numbers N correspond to the
center positions of the observed spectral features. They
were determined from a least-mean-squares fit of Voigt
functions to the experimental data. The experimental
wavelengths were then evaluated from Eq (1):

A=2d sin(6,+A0) , (1)

where A6O(deg)=3.753X 1073 N —N,) is given by the
dispersion of the instrument. N, is the center channel of
the Ly-a, line (feature 4). Since the spectrometer has no
absolute wavelength calibration, the Ly-a, line was taken
as a reference, normahzmg Ao=2d sinf, to the theoreti-
cal value A,=1.778 04 A from Erickson.* For compar-
ison, the value given by Johnson and Soff,?> who per-
formed the most accurate calculations for hydrogenlike
ions, is A;=1.778016 3(1) A. The experimental error for
the wavelength measurements is £0.2 mA. The key
letters of the 1s2/-2p2l’ dielectronic satellites of Fe XXVI

in Table II correspond to Safronova’s notation. The ex-
perimental wavelengths have been compared with MCDF
and HFS (Ref. 13) calculations. They are also compared
with the theoretical results of Dubau et al. from the
scaled Thomas-Fermi (TF) model'® and the predictions of
Vainshtein and Safronova, who used the Z-expansion
technique.'* We note that both the TF and HFS results
include an overall 0.8-mA shift to account approximately
for the QED corrections. Also listed are the satellite line
strengths, F3 (s)=F,(s)/w,, obtained from the HFS cal-
culations, which are compared with values given by Du-
bau et al.’®> and Vainshtein and Safronova.'* w,
represents the statistical factor of the ground state. For
the present case, w, =2. We note that the F,(s) values
for the strong satellite lines from Ref. 14 are in much
better agreement (within 49%) with the corresponding
values from the HFS calculations, while the results of
Ref. 15 are consistently lower by = 10%.

In order to make a detailed comparison of the observed
Fe xXV1 dielectronic satellite spectrum with theory, it is
necessary to first consider the possible contamination of
this spectrum by satellites of the Cr XX11I 1s2-1s4p transi-
tion and of the CrxX1v Ly-f8 lines, whlch fall into the

wavelength range from 1.780 to 1.800 A. For this pur-
pose, we calculated the wavelengths and the line
strengths F3(s) of the 1s%2/-1521'4p satellites using the
HFS model. The results are listed in Table III. [Note

TABLE III. Theoretical data for the main n=2 satellites of the Cr xx11 1s%('S,)-1s4p ('P,) transi-

tion. Wavelengths are in angstroms, satellite line strengths F¥ (s) are in units of 10" s~

!, energies Eg

are in keV, and relative satellite to resonance line intensities I /I are in percent.

Transition Atheor F}(s) Eg I /Iy
1525 (18)4p (2P, ,,)-15225 (38 5) 1.7806 1.145 5.241 3.52
1525 (18)4p (*P, ,,)-15s225 (%S ) 1.7808 0.447 5.240 1.38
1s2p CP)as (2P, ;,)-15225 (%S, ;) 1.7812 0.049 5.238 0.16
1s2p CP)as (*P, ;)-15225 (%S, ) 1.7825 0.012 5.233 0.04
1s2p ("P)ap (*D+ ,)-1s2p (PP, ,5) 1.7848 0.017 5.268 0.06
1s2p ('P)4p (P ,)-1s2p (P53 ;5) 1.7873 0.039 5.270 0.12
1525 (3S)4p (*P, ,,)-15225 (%S, ;) 1.7874 0.365 5.214 1.12
1525 (38)4p (3P; 5 )-15225 (23S ) 1.7875 0.737 5.214 2.26
152p ("\PYap (®Ds ,)-1s22p (*Py ;) 1.7875 0.153 5.269 0.46
1s2p ('P)ap (°D5 )-1s22p (2P5 ) 1.7877 0.086 5.268 0.26
1525 (38)4p (*P5 ,)-15225(2S 1) 1.7881 0.084 5211 0.26
1s2p CP)4p (23S, ,)-1s22p (*P, ;) 1.7881 0.033 5.256 0.10
1s2p CP)4p (3P ,)-152p (PP, ;) 1.7890 0.016 5.252 0.04
1s2p CP)ap (2S5 5)-1522p (*P, ) 1.7910 0.386 5.256 1.18
1s2p CP)ap (2D, 5)-1s22p (*P, ) 1.7913 1.486 5.243 4.56
152p CPYap (®Ds ,)-1s*2p (P 5) 1.7914 5.498 5.254 16.86
1s2p CPYap (PP, ,)-1s22p (PP, »,) 1.7914 0.094 5.243 0.28
152p CP)Yap (2P ,)-1s22p (°P5 ) 1.7919 0.658 5.252 2.02
1s2p *P)4p (*S; ,,)-1s2p (*P, ;) 1.7922 0.134 5.240 0.42
1s2p CP)4p (®Ps ,5)-1s22p (P ;) 1.7923 0.716 5.251 2.20
1s2p CP)ap (*P; ,,)-1522p (2P; ) 1.7923 0.253 5.251 0.78
1s2p ('S)4p (S, 5 )-1s22p (PP, ,») 1.7937 0.020 5.234 0.06
152p CP)4p (*Ds ,)-1s22p (°P5 ;) 1.7948 0.038 5.241 0.12
1s2p CP)4p (*S;,,)-1s22p (*P5 5) 1.7951 0.024 5.240 0.08
1525 (*8)4d (2D, ,)-1s2p (*P, ») 1.7978 0.061 5.218 0.18
1525 (3S)4s (2S, ,)-1s22p (PP, ,,) 1.8002 0.049 5.209 0.16
1525 (3S)4d (*Ds ,)-15s*2p (°P5 ;) 1.8007 0.056 5.218 0.18
1525 (38)4s (38, »)-1s22p (PP, ) 1.8031 0.051 5.209 0.16
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that the wavelength value for the 1s%('S,)-1s4p ('P,) res-
onance line obtained from these HFS calculations is
1.7617 13;, without any adjustment.] The relative intensi-
ties of the satellites and the resonance line (Table III) are
given by Eq. (2):

Ig
2 =F(T,)F,(s) , )
IR
where
5.24% 10277 ~3/2,  Es/HTe
F(T,)= 2 , (3)
117 Ci(T,)
AEA4
Fy(s) Fi(s) . 4)

= ; )]
P AF+> 4
g s

AZ® is the autoionization rate from the state |s ) and the
ground state |g ); the sum over g’ extends over all the
states of the (Z) ion accessible by autoionization from the
state |s). A}/ is the radiative transition from the state
|s) to the state |f); the sum over f' relates to all the
lower states of the Z —1 ion. wy is the statistical weight
of the upper level. T, is the electron temperature in keV,
and E are the energy differences between the 152/4p lev-
el of lithiumlike Cr XXII and the ground state of helium-
like CrxxIir listed in Table III. Cg(T,)~1.08X 10~ 1
cm® s7!at T, =5 keV is the excitation rate coefficient for
the resonance line given by Sampson, Goett, and Clark.
The I /I, values calculated for this electron temperature
are listed in Table III. Most of these satellites are very
weak. Therefore they do not perturb the iron spectrum.
A possible exception is the 1s2p(*P)4p(®Ds ,,)-
1s%2p (*P5,,) satellite, the intensity of which is about
15% of the 1s%(1S,)-1s4p ('P,) resonance line, and which
may be blended with the line J.

The satellites of the Cr XxX1v Ly-f3 lines are in the wave-
length range from 1.765 to 1.800 A.? The contribution
of these satellites to the spectrum is negligible, since the
intensity of the Ly-3 lines is very small.

In the following, we compare the observed dielectronic
satellite spectrum of Fe XXVI with synthetic spectra. The
synthetic spectra were constructed from the theoretical
data for the Ly-a lines and the main n =< 3 satellites of the
HFS calculations!® and Refs. 15 and 14, respectively.
For this purpose, we first calculated radial emissivity
profiles for each spectral line using the iron charge state
distribution obtained from the MIST code calculations and
the measured electron density and electron temperature
profiles. The line intensities were then evaluated from
chord integrals of these emissivity profiles. The obtained
synthetic spectra are presented in Fig. 4. For the wave-
lengths of the Ly-a resonance lines in Figs. 4(b) and 4(c)
we took the values of Erickson.* The synthetic spectra
are in good general agreement with the experimental
data. The wavelengths given by the HFS calculations
and by Vainshtein and Safronova are in better agreement
with the experiment than those of Dubau et al.

It is also of interest to estimate the total dielectronic
recombination rate coefficient a, for Fe XXVI, since this
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FIG. 4. FeXXVI spectra: (a) observed spectrum after back-
ground correction, (b), (c), and (d) synthetic spectra constructed
from theoretical data from Hartree-Fock-Slater calculations
(Ref. 13) and Refs. 15 and 14, respectively.

coefficient is of importance for transport code calcula-
tions of the ion charge state distribution. For this pur-
pose, we use the expression
Is

a;= CR ( Te ) E -

, (5)
s Ir

where ¥ o I /Iy is the sum of the observed dielectronic
satellite intensities relative to the intensity of the reso-
nance lines, and Ci(T,) is the collision excitation rate
coefficient for the resonance transitions taken from
theory. Expression (5) is a good approximation if the line
radiation is emitted from a region with a nearly constant
electron temperature. For our experimental conditions,
the main contribution to the observed spectra originates
from a near-central region (R =2.6310.20 m) of the
plasma, due to the fact that the excitation energies for the
Ly-a lines and the associated satellites are 6.9 eV and 5.2
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keV, respectively. However, contributions from noncen-
tral regions are not negligible. In fact, our calculations of
the emissivity profiles indicate that the noncentral contri-
butions are 35% for the Ly-a lines and 45% for the n=2
satellites. Equation (5) can therefore only be used for a
rough estimate.

Evaluating from Fig. 4(a) the experimentally observed
satellite structure between A=1.785-1.800 A, and ta}g-
ing for I the intensity between A=1.775 and 1.785 A,

|

372 Eaa

B,,+B —2
( 172 3/2)[ T

e

E, Ey

where E =169 Ry, E, =676 Ry, Ey=1Ry, E,, =507
Ry, B,,,=11.3, B;,,=22.7, x=0.24, and 851522 1, and
inserting for T, the peak electron temperature of 5 keV,
we obtain an upper bound value a; =5.3X10" " cm®s ™1,
For comparison, the theoretical predictions for this elec-
tron temperature of Dubau et al.'> and Burgess® are
3X107 B cm® s7! and 3.8X 1071 cm?® s, respectively.
Note that the calculations of Cx(T,) from Dubau et al.
and Burgess show a wide maximum between 3 and 7 keV.
The value of Dubau et al. could be obtained from Eg. (5)
if we assumed a value of T, =3.4 keV in the calculation
of Cxr(T,). Since the experimentally observed data
represent line-averaged intensities from a region with
variable electron temperature, it is more realistic to use
an averaged value of the electron temperature rather than
the peak value of 5 keV. An averaged value of T,=3.4
keV is not inconsistent with our experiment.

III. CONCLUSION

The simultaneous observation of features from both
chromium and iron made it possible to verify the Z
dependence of the wavelength calculations. We find that
the present MCDF and the Z-expansion calculations
with QED corrections are in very good agreement with
the experimental data. An overall 0.8-mA wavelength
shift from nonrelativistic calculations, as suggested in

exp

we obtain for 3 ¢ Is/Ip a value of 0.42, and a value of
0.34 after subtracting the contribution from the chromi-
um 1s°2/-1s21'4p satellites (Table III). We have not made
any corrections for the contribution of the n > 3 satellites
to the Ly-a resonance lines, since this contribution is
small for the experimental electron temperatures. The
largest uncertainty results from the value for Cr(T,).
Using for Cx(T,) the expression from Vainshtein, Safro-
nova, and Urnov,28

E

aao

T

e

EaaO/Te_FSSlS2
Eopoy/Tetx

r
Ref. 15, is almost sufficient to account for higher-order
effects. We note that the satellite line intensity factors for
the strong satellite lines from the HFS (Ref. 13) calcula-
tions are in excellent agreement (within 49%) with the re-
sults from the Z-expansion technique'* and in a reason-
able agreement ( < 10%) with the TF (Ref. 15) results.

Synthetic spectra constructed from the predictions of
the HFS (Ref. 13) and the TF (Ref. 15) models as well as
the Z-expansion technique'* are in good general agree-
ment with the observed spectra.

The experimental data have also been used to estimate
the dielectronic recombination rate coefficient of Fe XXVI.
A value of a; =3X 10" cm® s™! is obtained for an aver-
age electron temperature of 3.4 keV, which is in agree-
ment with the theoretical predictions. '>2%3°
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