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- Abstract

K]3 spectra of heliumlike iron, Fe XXV, have been observed from TFTR

plasmas with a high-resolution crystal spectrometer. The wavelength range of

the Fe K13 spectrum partially overlaps the spectrum of heliumlike nickel (Ni

XXVII), which is used on TFTR and JET for ion temperature measurements.

The experimental arrangement made it possible to observe the Fe XXV K/3

, lines and their satellite transitions of the type ls21'31" --> ls221', as well as the

entire satellite spectrum of the Ni XXVII K c_ line simultaneously. In order to

= identify the features of the K 13spectra and to study their possible interference

! with the Ni XXVII spectrum, the intensity of the K]3 spectrum was enhanced

_ by injection of iron into the plasma. Accurate wavelengths and intensities

_- . have been obtained and compared with different theoretical calculations.

*Supported by DOE Contract No. DE-AC02-76-CHO-3073
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I. Introduction

High resolution satellite spectra of high-Z atoms are important for the diagnostics of

tokamak plasmas and solar flates, and they are also of interest in testing atomic theories

• which must include relativistic and quantum electrodynamics effects. In the large

tokamaks such as the Tokamak Fusion Test Reactor (TFTR), the Joint European Torus

(JET), the large Japanese tokamak JT-60 U, and Tore Supra, where large volume

(>40m 3) plasmas with peak electron temperatures - 5 keV are maintained for several

seconds, hydrogenlike and heliumlike ions of high-Z atoms such as titanium, chromium,

iron, and nickel, are readily produced. Line radiation from these highly stripped ions is

used for electron and ion temperature diagnostics as well as for determination of charge-

state distributions and ion transport coefficients. In particular, the resonance line of

heliumlike nickel 1-4 is employed on TFTR, JET and Tore Supra for Doppler broadening

and Doppler shift measurements in order to determine the central ion temperature as well

as toroidal and poloidal plasma velocities.

, In the case of TFTR and Tore Supra which use stainless steel 6- 70 at. % Fe, ~ 20 at. %

Cr, -- 7 at. % Ni) walls and Inconel ( ~ 70 at. % Ni, --15 at. % C-'r,--7 at. % Fe, --2.5 at.

. % Ti) bellows protective cover plates, iron and nickel are simultaneously present as wall-

derived impurities. Thus the possibility exists that the FeXXV Kfl spectrum and the
O

NiXXVII Kct spectrum, which fall in the wavelength range from 1.57 to 1.62 A,

interfere with each other. It is therefore of considerable interest to determine whether a

distortion of the Ni K ct spectrum by the Fe Kfl spectrum impairs the ion temperature

measurements. In this paper, we investigate the K fl spectrum of heliumlike iron. Such a

study is very important since experimental data on K13 spectra are scarce.

Under normal TFTR operating conditions prior to 1987, when the present data were

collected, the nickel K ct radiation was much more intense than the iron K 13radiation. 5

Iron was therefore injected into the plasma by a laser blow-off technique in order to

enhance the iron Kt3 emission relative to the nickel K ct emission. Thus it was possible

to extract the Fe Kfl spectrum from the obtained composite spectrum and to clearly

identify most of the theoretically predicted features.

" The experimental wavelengths of the K fl lines and the associated satellite features were
0

determined relative to the positions of nickel K ct lines with an accuracy of ~ 0.1 m A.
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An important result of our expeliments is that the Kfl features are found to be well

separated from the nickel K a resonance line, so that there is no interference with the

central ion temperature measurement. As an additional benefit, observation of the time I

history of the K,/3 radiation following the iron injection makes it possible to study the

confinement of metal impurity ions in TFTR plasmas.

The paper is organized as follows" Section II presents theoretical data on the iron Kfl

satellite spectrum obtained from the Hebrew University-Lawrence Livermore Atomic

Code (HULLAC) package. The experimental results and data analysis are described in

Section III. Conclusions are given in Section IV.

II. Theory

The spectrum of interest includes the Kfl lines of heliumlike iron, corresponding to the

transitions ls 2 IS0- ls3plP1 and ls 2 1S0 - ls3p 3Pl, and the associated lithiumlike and

berylliumlike satellites due to the transitions: ls221 - ls21'31" and ls22s21 ' - ls2s21'31".

These satellites can be formed (1) in the process of dielectronic recombination of

heliurnlike or lithiumlik_ ions or (2) by collisional inner-shell excitation of lithiumlike

and berylliumlike ions from their ground states. In the first process a free electron is

captured by a heliumlike or lithiumlike ion into the n = 3 level •

ls 2 + e" --4 ls21' 31", (1)

o__r.r

ls22s + e- --4 ls2s21'31". (2)-

The resulting autoionizing states given in Eq. (1) can decay by two types of radiative

decay schemes"

ls21'31" --4 ls231, (3)

or

ls21'31" _ ls221. (4)



The first type provides satellites to the heliumlike K a resonance line. These, so-called

unresolved n=3 satellites, lie very close to the K a resonance line and have been

investigated rather well. 6 Of interest for the present paper are the transitions of the
a

second type which give rise to n = 2 satellites of the K/3 lines. Because the plasma also

contains lithiumlike ions, we expect to find satellite transitions from the dielectronic

" reccmbination of lithiumlike ions by radiative decay of the excited states given in Eq. (2):

2 ,ls22s + e- _ 1s2s2r31" .-_ is 2s21. (5)

The relevant transitions due to the second process of direct electron-impact excitation of

inner-shell electrons from lithiumlike and berylliumlike charge states involve only the

ground states of these ions:

ls22s + e" _ ls2s31 + e" (6)

and

ls22s 2 + e" ---) ls2s231 + e-, (7)

since the so-called zero-density limit applies to the low electron densities of TFTR

- plasmas.

In the following, we discuss the line emissivities for ions from different charge states.

The emissivities of the heliumlike K13fines can be represented by

eH, = N, Nn, C (8)

where N, and Nn, are the electron and hefiumlike ion densities and C is an ei:fective

excitation rate coefficient which takes into account direct excitation and radiative

cascades. These rate coefficients were obtained with the HULLAC set of atomic codes,

which calculate wave functions, energy levels, and radiative transition rates by the

relativistic, multi-configuration parametric potential method with full configuration

interaction. 7 The collisional excitation rates were calculated in the distorted-wave

approximation; an efficient technique, which performs an angular factorization of both

the direct and exchange contributions to excitation cross sections and interpolates the

" necessary radial integrals as a function of threshold energy 8 was used. The excitation

i
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rate coefficients obtained from these calculations are given in Table I as a function of the

electron temperature.

The emissivities of the so-called collisional satellites lines which result from inner-shell _

electron impact excitation of the lithiumlike and berylliumlike charge states are given by
_
L

A'4 (9) =
eN = U'Uu("')C Z Af + Z Af __

E

where Nt._(8,) is the density of the lithiumlike or berylliumlike charge state, A,.eis the

radiative transition probability for the transition in question, and A,a is the autoionization =

probability to some t-mN state i. The excitation rate coefficients C for the lithiumlike and

berylliumlike ions were obtained by the same methods as were the rate coefficients for _

the heliumlike ions, while the autoionization rates were obtained from a factorization-
_

interpolation technique using a single consistent potential for the bound and continuum

orbitals. 9 The excitation rate coefficients and transition probabilities for Fe XXIV and Fe
-

XXIII are also listed in Tabl_ I.

The emissivities of the lithiumlike dielectronic satellites of the Kfl lines can be

represented by

ea = N, NmF_(T,)F;(s ) , (10)

where the factor

j exp(-%.) (lt)

depends only on the electron temperature, and

Fz(s) : i7 Z Af +'Z A,'q" (12) :
c /"

=

, ,,, . ...... ,.

4 -



is the line strength. Here gs and gi are the statistical weights of the autoionizing states

and the ground states, respectively, and Es is the energy of the satellite level above that

0 of the heliumlike ground state. The emissivities of the berylliumlike dielectronic

satellite lines are given by an expression similar to (4) except that N_, is replaced by

Nt.s. The intensity factors F2(s) for the strong lithiumlike and berylliumlike dielectronic
l

satellites calculated with the HULLAC package are listed in Tables II and III,

respectively.

e.

; III. Experimental Results.

The spectra were obtained from five nearly identical ohmically heated TFTR discharges

with the following parameters: Tb.e plasma current and the toroidal magnetic field were

_' lp = 1.4 MA and BT = 3.2 T, and the plasma major and minor radii were R -- 2.48 m and
,L

a = 0.80 m. These discharges were in steady-state conditions during the period fi'om 1.5

_ to 4.5 s and had a peak electron temperature of 2.7 keV and a peak electron density of 4.3
x 1013 cm -3 . Figure 1 shows the time evolution of the electron temperature Te and

electron density Ne for the TFTR discharge number 28931, which is typical of the

_ discharges used in this experiment. The electron temperature and density data were

-_ obtained from electron cyclotron measurements and laser interferometry. Iron was

injected into the plasma at 2.7 s by a laser blow-off technique. The injection led to a

substantial increase (30 %) of the total radiated power, but did not affect the central

electron temperature and electron density, see Fig. 1.

-_ The spectral data were recorded with the TFTR horizontal and vertical curved crystal

: spectrometers.10,11 The horizontal spectrometer was used to measure the composite

spectra of the NiXXVII K c_ and the FeXXV K/3 radiation. This spectrometer permits
O

observation of spectral features in the wavelength range 1.57 to 1.62 A, with a spectral

resolving power of ,_/A _ = 7500. The vertical spectrometer was used for simultaneous
O

observation of the FeXXV K a: spectrum near 1.85 A. Both spectrometers recorded 128

spectra from a discharge with a time resolution of 10 ms per spectrum, starting at 2.5 s.
q,

Figure 2 shows the time history of the FeXXV K o_and K/3 line intensities. These line

_ - intensities reach a maximum at 2.770 s, i.e. 70 ms after the injection of iron. The

intensities then decay exponentially with an e-folding time of 300 ms, which is a measure

of the particle confinement time. A more detailed understanding of these data requires

5



plasma modeling calculations, e. g. with the Multi-Ion Species Transport (MIST) code, 12

which takes into consideration the processes of ionization and recombination as well as

ion transport due to diffusion and convection.
1

Figure 3 presents composite satellite spectra of the iron Kfl and nickel K c_ lines from

different time periods: (a) the period from 2.5 to 2.7 s before the injection of iron, and (b)

the period from 2.75 to 2.88 s after injection, when the radiation from the injected iron is

greater than 50% of its maximum value (see Fig. 2). The satellite spectrum of the

NiXXVII K c_ line has been described earlier by Hsuan e_.taL 1 and by Bitter et al. _¢The

dominant features of the FeXXV K/3 spectrum, the ls 2 1SO - ls3plP1 and ls 2 1SO -

ls3p 3Pl transitions, are on the short wavelength side of the NiXXVII K(x line between

channels 140 and 160. It is evident from Figs. 3 (a) and (b) that the iron K]3 spectrum is

very weak compared to the nickel spectrum under normal operating conditions in TFTR,

but that it is enhanced by an order of magnitude following the iron injection. The second

spectrum, Fig. 3_o), also shows some K/3 satellite lines in the neighborhood of the nickel

K c_ line w and Jt_v1_e,wavelength range of the nickel features x, s and t, see Gabriel's

notation. 13 The:,e features are not apparent in Fig. 3(a). The nickel resonance line w,

the dielectronic samllite line j and the combined lines q and y, as well as I,/3 and z (see +

Gabriers notation 13) are not distorted by the iron lines, even during strong iron injection.

Since the electron temperature Te and the electron density Ne were not affected by the

iron injection, the nickel spectrum of Fig. 3(a) can be normalized and subtracted from the

composite nickel-iron spectrum of Fig. 3(b). The experimental iron K fl spectrum

obtained in this way is shown in Fig. 4(a). The main features of the observed spectrum

include the Kfl 1 and K/!2 lines (labeled 1 and 2) and the more prominent satellite

transitions 3 through 9 which are identified in Table 4. In order to determine

wavelengths of the observed spectrum accurately, the central channel numbers for the

prominent peaks have been obtained by a least squares fit of Voigt profiles to the

experimental data. These central channel numbers have then been converted to

wavelengths using the equation

2, = 2dsin(O o + AO), (13)
4,'

where 2d = 2.028/_ is the 2d-spacing of the quartz crystal (cut: 2243) and 40 (deg) =

9.6880x10"3(N-N0) is the dispersion of the instrument. NO and 00 are the channel

number and the Bragg angle for the nickel line w. Since the spectrometer has no

6



absolute wavelength calibration, the theoretical wavelength value of 1.5884 A for the
.

nickel w line from Safronova's calculations 14 is used as a reference value, i. e. we

assigned A.0_°r=l.5884=2dsin(00) to channel number N0. The experimental =
lD

wavelengths of the prominent feat_res are shown in Table 4 together with the theoretical __

wavelengths of the present calculations, see Tables II and III, and those from the

" calculations by Safronova, 14 Chen 15 and Nilsen. 16 Safronova uses the 1/Z expansion Y

perturbation technique, with relativistic corrections taken into account within the

framework of the Breit operator. Chen 15 computes the relevant atomic data __

relativistically in intermediate coupling using configuration interaction in the multi-

configuration Dirac-Fock model (MCDF); a generalized Breit interaction and QED
7

corrections were also taken into account. The third set of calculations by Nilsen uses

MCDF for bound states and distorted-wave Dirac continuum states for electrons.

The different sets of theoretical wavelengths listed in Table 4 are in good general _-

agreement with the experimental wavelengths, given that these wavelengths can be

shifted by a constant amount due to the fact that the spectrometer is not absolutely

calibrated. The wavelengths of Safronova's calculations seem to be more consistent with

, the observed data; the wavelengths from our calculations tend to be smaller than the
O

observed v',dues by about 0.3 m A, while those from Chen and Nilsen tend to be 0.2 and
O

- 0.7 m A, respectively, larger than the observed data.

Figure 4(b ) shows a synthetic FeXXV K/3 spectrum constructed from the present =

theoretical data. The additional parameters, i. e. the electron and ion temperatures, Te

and Ti, as well as the relative densities, NHe, NLi and NBe, of the heliumlike,

lithiumlike, and berylliumlike charge states of iron, have been derived from the iron K cx

spectrum which was observed with the vertical TF'IN spectrometer. The synthetic

spectrum shown in Fig. 4(b) was obtained using Te = 2.7 keV, Ti = 3.0 keV, and with

NHe, NLi and NBe in the ratio of 1.0" 0.55 •0.11.

.

IV Conclusions.

The Fe XXV K/3 spectrum has been obtained from TFTR discharges and found to be in
L

good agreement with a synthetic spectrum constructed from new theoretical predictions.

Since the iron K]3 spectrum was partially blended with the Ni XXVII Kc_ spectrum, it

was necessary to enhance the intensity of the K13 radiation by the injection of iron into

7 =

.
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the plasma. A total of nine features in the Fe XXV K/3 spectrum have been identified.

The relative intensities depend on the electron temperature and charge state balance,

which suggests their future use for plasma diagnostics. Q

Experimental wavelengths of the FeXXV K 13spectrum have been determined relative to

the Ni XXVII Ka resonance line. The satellite lines of the iron K/3 spectrum do not
=

interfere with the Ni XXVII K o_resonance line. This is important for both TFTR and

Tore Supra plasmas where iron and nickel are simultaneously present as impurities and

where the Ni XXVII K a line is used for ion temperature measurements.
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Table I: Excitation rate coefficients,for direct electron impact excitation from the _ound

states of (a) FeXXV, FeXXI, and (b) FeXXIII at electron temperatures between 1.2 and

8 4.0 keV. Also listed are the autoinization probabilities A_, the radiative transition

Ay The numbers in
probabilities Ar, and the branching ratios defined as 13, Z a_ + Z A;I

/ i

square brackets are powers of ten.

Table II: Intensity factors for the lithiumlike dielectronic satellite lines of the iron K/3

lines; only lines with line factors larger than 1% of the strongest satellite are listed.

Numbers in square brackets signify powers of 10.

Table III: Intensity factors for the berylliumlike satellites of the iron K/3 lines; only lines

* with Fz(s) > 2.0xlOtZs-t are included. Numbers in square brackets signify powers of 10.

I

Table IV: Experimental wavelengths and theoretical predictions for the lines in the

iron K/3 spectrum; peaks are numbered as in Fig 6.

+
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Figure Captions

Figure 1: Electron temperature and electron density as functions of time for TFTR shot

28931. The data were obtained from measurements of the electron cyclotron _

emission and laser interferometry. Iron was injected at 2.7 s by a laser

ablation technique.

Figure 2: Time history of (a) the Fe K]3 and (b) the Fe K c_ line intensities.

Figure 3: Satellite spectra of Ni XXVII K o_ and Fe XXV K/3 (a) before and (b) after

iron injection. The data have been accumulated from five nearly identical

TFTR ohmic shots during the periods 2.5 - 2.7 s for Fig. 3 (a) and 2.75 - 2.88

s for Fig. 3 (b). The features of the Ni XXVII K a satellite spectrum have

been identified using Gabriel's notation. 13 The Fe XXV K/3 features are

significantly enhanced in the spectrum (b) which was recorded after iron

injection.

Figure 4: (a) Experimental iron K/3 spectrum obtained by subtracting a normalized _,

spectrum of Fig. 3 (a) from the spectrum shown in Fig. 3 (b). (b) Synthetic

iron K/3 spectra constructed from present theoretical data for the measured d,

electron and ion temperatures of Te = 2.7 keV and Ti = 2.35 keV. The

shaded area represents the satellite contributions from collisional inner-shell

excitation. The solid line represents the entire spectrum including

contributions from dielectronic recombination.
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