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Abstract

" The paper describes the X-ray diagnostics of central plasma parameters of present large tokamak

fusion experiments by means of Johann type curved crystal spectrometers. These spectrometers

• have a very high spectral resolution, _/AX > 10000, and are mainly used to determine the

central ion temperature from Doppler broadening measurements of the 1s-2p resonance lines of

high-Z heliumlike ions. The full diagnostic potential of the spectra of heliumlike ions is

demonstrated by the detailed analysis of FeXXV satellite spectra from a particular high

temperature tokamak discharge with reactor-like conditions. This analysis is based on least

squares fit comparisons of the experimental data with synthetic spectra, which are constructed

from theoretical predictions, lt is found that the satellite spectra which are associated with the

heliumlike resonance lines are in excellent agreement with the theoretical predictions. The

satellite spectra can therefore be used for electron temperature measurements, measurements of

the dielectronic recombination rate coefficients and the determination of relative ion charge-sr.ace

abundances. Discrepancies between experiment and theory are, however, observed fo'r the

intensity ratios of the heliumlike lines. Also discussed are atomic physics data needs and the

potential of the X-ray diagnostic for future large tokamaks, such as ITER.
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I. Introduction

X-ray diagnostics of tokamak plasmas have become very important during the last decade due

to the fact tha/ these plasmas have achieved fusion-reactorlike experimental conditions with high

temperatures of the order of 10 keV. Heliumlike ions of high-Z elements can be produced in the hot

core of these plasmas, and spectra of ArXVII 1,2, TiXXI 3-5, CrXXIII 6,7, FeXXV 8,9 and

NiXXVI110-13 are now widely used to determine the cer_tral plasma parameters. The main diagnostic

application is the measurement of the central ion temperature, Ti(0), from the Doppler widths of the

emitted X-ray lines, which requires crystal spectrometers of very high spectral resolutien, ),./AL >

10000. The obtained high-resolution spectra are well suited for a detailed comparison with theoretical

predictions due to the fact that tokamak plasmas are in steady state for durations of several seconds

and are well-diagnosed by independent measurements of plasma parameters, such as the electron

density and the electron temperature. Since the spectra of heliumlike ions are also used for the study

of solar flares, very accurate theoretical calculations of these spectra have been performed for the

elements with Z< 45. 3, 14-19 The spectra consist of the heliumlike lines w: ls 2 1S0 - ls2p lP 1 ,

x: ls 2 1SO - ls2p 3P 2, y: ls 2 1SO - ls2p 3P 1, and z' ls 2 1S0- ls2s 3S1 and the associated

dielectronic and 'collisionally excited' satellites which are due to lithiumlike transitions of the type

1s2nl - l s2pnl with n >_2. The intensity ratios of the satellites and the resonance line w provide

important additional diagnostic information. They can be used for measurement of the central electron

temperature ar ,_ determination of the ion charge state distribution. We point out that the experimental

verification of theoretical predictions for the spectra of the heliumlike ions is important to establish a

solid base for the theoretical calculations of the more complex ions. lt is the purpose of this paper to
9

review the atomic physics results from present tokamak experiments and to discuss the prospects of

X-ray diagnostics on future large tokamaks.

The paper is organized as follows. Section II describes the experimental parameters and X-ray

crystal spectrometers of the Tokamak Fusion Test Reactor (TFFR), which is one of the present large

tokamak experiments. Section III presents the analysis of two spectra of heliumlike iron from a

particular TFTR discharge to demonstrate the importance of heliumlike spectra for the diagnostic of

tokamak plasma parameters and to show a comparison of the observed spectra with theoretical

predictions. In section IV we review atomic physics results from present tokamak experiments, and in

section V we discuss the potential of x-ray spectroscopy for the diagnostics of future large tokamaks.

Conclusions are presented in section VI.

II. Crystal Spectrometers on Tokamak Experiments

The objective of the present large tokamak experiments is to study deuterium and

deuterium-tritium plasmas under reactorlike conditions. The major tokamak experiments are the Joint

European Torus (JET), the Japanese Tokamak JT-60, the French Tore Supra, and the US Tokamak
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Fusion Test Reactor (TFTR). A schematic (one half of a vertical cross-section) of TFTR is shown in

F_.g. 1. The plasma is magnetically confined by toroidal and poloidal fields, and it is ohmically heated

by an induced toroidal current which is in the range from 0.5 to 2.2 MA. Since ohmic heating is not

efficient at high temperatures, auxiliary plasma heating is provided by the injection of 12 energetic

(120 keV) neutral deuterium beams with a total power up to 35 MW and by radio frequency (ion

' cyclotron) heating with input powers up to 12 MW. Table I lists the experimental parameters of

TFTR. The plasma contains small amounts (10 -5 - 10-3 Ne, where N e is the electron density) of

. metal impurities, such as Ti, Cr, Fe and Ni, which are ionized to different charge states. The radiation

emitted from these metal impurity ions at the higher concentrations can represent a significant fraction

of the total radiative power loss from the plasma. Therefore, every effort is made to reduce the

amount of these impurities. On the other hand, the line radiation of these metal ions provides

invaluable diagnostic information.

Figure 1 also shows the experimental arrangement of six crystal spectrometers which are used

for Doppler broadening measurements.20, 21 These spectrometers are Johann type curved crystal

spectrometers with a high spectral resolution, k/A_. >_.10000. The crystal curvature radii are in the

range from 3.8 to 12 m. The spectrometers have one horizontal sightline in the midplane and five

nearly vertical sightlines at different major radii to measure radial profiles of the ion temperature. The

detectors have to be shielded against neutron and gamma radiation. The Johann configuration offers

the advantages that (1) the heliumlike lines and the associated satellites can be simultaneously

" observed and (2) each spectral line is reflected from the entire crystal. Thus, since the resonance line

and the satellites are observed under the same experimental conditions, their intensity ratios can be

- determined very accurately. The statistical errors of the spectral data are small due to the high

throughput of the instruments.

Although plasma diagnostics generally rely on indigenous metal impurities, such as Ti, Cr, Fe

and Ni, other elements have been introduced into tokamak plasmas by laser evaporation or by gas

puffs. These techniques were used by the TFR group to study the Z-dependent wavelength shifts and

satellite line intensities in the spectra of the heliumlike ions. Figure 2 presents spectra of argon,

scandium, vanadium, chromium and manganese, obtained from these experiments. 22 The spectra

show a characteristic charge-dependent wavelength shift which is ascribed to the Z 4 dependence of

the spin orbit interaction energy. Further documentation of these effects has been obtained from

TFTR experiments by observation of the heliumlike spectra of titanium, chromium, iron and

nickel. 21 We note that the spectral features are well separated in the heliumlike spectra of ions with Z

= 24 - 26, and that these spectra are therefore most appropriate for diagnostic applications. Figure 3

represents the fractional ion charge state abundances of iron as a function of the electron temperature

for coronal equilibrium conditions. 23 Heliumlike iron is the dominant charge state for electron

,. temperatures in the range from 1.5 to 7 keV and is therefore well suited for the diagnostics of central

TFTR plasma parameters.



III. Analysis of the satellite spectra of heliumlike ions

In this section we describe the detailed analysis of two FeXXV spectra which were

obtained from a TFTR deuterium plasma with ohmic heating of 1 MW and auxiliary heating of 20

MW by injection of neuv, al deuterium beams. The analysis is based on a detailed comparison of

the observed spectra with synthetic spectra which were constructed from theoretical

predictions. 15,18 The data were recorded by the TFTR horizontal crystal spectrometer, which

collects 128 FeXXV satellite spectra per discharge with a time resolution of 50 ms. Figure 4 shows

the ion temperature results from Doppler broadening measurements of the ls-2p resonance line.

The ion temperature increased from 2.5 to 28 keV during the period of the deuterium beam

injection from 3 to 4 sec. Figure 5 presents the observed time evolution of the central electron

temperature and electron density from measurements of the electron cyclotron emission and by

far-infrared laser interferometry, respectively. Both the ions and the electrons were heated very

efficiently for the given experimental conditions. This type of tokamak discharge also provides

high yields (~ 5x1016 sec "1) of 2.5 MeV neutrons from D-D fusion reactions and will most likely

be used for the final D-T experiments on TFTR.

Figures 6 and 7 present two observed FeXXV satellite spectra and synthetic spectra, ,

which represent least squares fits of theoretical predictions to the experimental data. The observed

spectra are accumulated spectra covering periods of steady state conditions, i. e. the time of ohmic

heating from 2.5 to 3 see and the time from 3.5 to 4 see with the injection of deuterium beams,

when the parameters n e, T e, and T i, had again reached steady state conditions (see Figs. 4 and 5).

Due to the accumulation of data over these extended periods, the statistical errors are substantially

reduced. The synthetic spectra consist of the heliumlike lines w, x, y and z, and the lithiumlike

(and berylliumlike) satellites due to transitions ls2nl - ls2pnl with n >_ 2. The main spectral

features have been identified by key letters following Gabriel's notation 14 and are explained in

Table II.The heliumlike lines are mainly produced by electron impact excitation from the heliumlike

ground state, whereas the satellites can be produced in the process of dielectronic recombination of

the heliumlike ions and/or by electron impact (inner-shell) excitation from the ground state of the

lithiumlike (and berylliumlike) ions. The relative contributions from these two processes are

different for different satellites. The satellites k and j are produced by dielectronic recombination,

whereas the so-called 'collisional' satellites q, r, and t with transitions involving the lithiumlike

ground state, have strong contributions from the process of inner-shell excitation. In addition to the
11,

features listed in Tabel II, the synthetic spectra also include numerous n > 3 satellites which are of

pure dielectronic nature.

Expressions for the emissivities, e, of the different spectral components are given in an

abbreviated form below (see Reference 15 for a detailed description):



(1) heliumlike lines (w, x, y, z)'

Ew,x,y,z = <O'V>w,x,y,z Ne NHe

(2) 'collisional'satellites"

Ec.s. = <OW>c.s. Ne NLi ( or NBe)
if

(3) "dielectronic' satellites:

• I_d.s. = FI(T e ) F2(s) NeNHe

Ne , NHe,NLi and NBe are, respectively, the electron density and the densities of the heliumlike,

lithiumlike and berylliumlike charge states. <o'v> is the excitation rate coefficient for electron

impact excitation for the case of a Maxwellian electron energy distribution. FI(T e ) -

(2r_h/mkTe)3/2 exp(-Es/Te), where E s is the energy difference between the excited lithiumlike

state, ls2pnl, and the ls 2 heliumlike ground state. F2(s) -- gs/gl Ar SfAaSi(£'AaSi'+ £'ArSf') is

the satellite line strength; gs and gl are the statistical weights of the excited lithiumlike state and the

heliumlike ground state, respectively; and AaSi and Ar sf are the probabilities for autoionization and

radiative tmzasitions from the 1s2pnl state.

lt follows from the expressions (1), (2) and (3), that the intensity ratios of the

'collisional' satellites and the heliumlike resonance line w are directly proportional to the relative

abundances, NLi/NHe and NBe/NHe, since <ow> w and <OW>c.s. have approximately the same

Te dependence 15, and that the intensity ratios of the 'dielectronic' satellites and the resonance line

" w are only a function of the electron temperature. The synthetic spectra depend therefore on only

four parameters: T e , NLi/NHe, NBe/NHe, and the ion temperature Ti, which determines the

width of the spectral lines. The synthetic spectra shown in Figs. 6 and 7 represent least squares fits

f h h r i 1 r i i n h x rim nt l data with respect to these four parameters. The

results are listed in Table III. The details of the least squares fitting procedure, which involves

several steps, have been described earlier. 13

For an experimental verification of the theory it is necessary to compare the parameter

values of T e, NLi/NHe and NBe/NHe in Table III with results from independent

electron-temperature measurements and coronal-equilibrium calculations. In the spectrum shown in

Fig. 6, the contributions from the various spectral components are clearly distinguishable due to

the fact that the satellite intensities are appreciable for electron temperatures of 3 keV and that the

Doppler width for an ion temperature of 2.5 keV is smaller than the separation of the main spectral

', fel,mres. The errors obtained fm the parameters Te, NLi/NHe and NBe/NHe from the least squares

iit method are therefore small. The value for the electron temperature, T e = 3.24 + 0. 04 keV, in

,. Table III is in good agreement with the electron temperature measurements during the ohmic

heating phase (see Fig. 5). However, the relative abundances, NLi/NHe - 0.376 + 0.012 and

NBe/NHe = 0.144 + 0.013, in Table III are larger than the coronal-equilibrium values NLi/Ntt e =



0.186 and NBe_He = 0.022 (see Fig. 3). The spectrum shown in Fig. 7 seems, at first sight, to

have less structural detail than the spectrum shown in Fig. 6. This is due to the fact that the satellite

intensities are very much reduced for electron tempertures of 8 kev and that the spectral features

are smeared otit as a result of the large Doppler broadening obtained for ion temperatures of 20

keV. The least squares fit method made it nevertheless possible to detect the very small intensity

contributions of the dielectronic satellites and to derive from these contributions an electron

temperature value of T e = 8.2 keV + 0.4 keV, which is in excellent agreement with the central

electron temperature obtained from the laser Thomson scattering diagnostic (see Fig. 8). This

agreement indicates that the observed radiation originates mainly from the hot core of the plasma,

even though the data represent chord-integrated measurements along a horizontal sightline through

the plasma (see Fig. 1). We may therefore conclude that the measured ion temperature value is the

central ion temperature Ti(0). lt is evident from Fig. 7, that the 'collisional' satellites are much

stronger than the dielectronic satellites. In fact, the relative abundances, NLi/NHe = 0.260 + 0.008

and NBe/NHe = 0.018 + 0.005, in Table III are much larger than the coronal-equilibrium values,

NLi/NHe = 0.047 and N B_NHe < 0.01 for an electron temperature of 8 keV. This enhancement

of NLi/NHe and NBe/NHe is ascribed to charge-exchange recombination of the FeXXV and

FeXXIV ions with the injected deuterium atoms. The intensity ratios, x/w, y/w and z/w, of the

_ heliumlike lines are found to be larger than the ratios obtained from Eq. (1) which only accounts

for the d.iL¢_ excitation from the heliumlike ground state. 15 In our least squares fit procedure, we

introduced the qantities xa, ya and za, which measure the enhancement of x/w, y/w and z/w over 0

the predictions from Eq. (1). The observed ratios of the heliumlike lines will be further discussed

in the next section.

IV Review of experimental Results.

o In this section we review the atomic physics results from the X-ray spectroscopy of

a tokamak plasmas and discuss the contributions from the different spectral components separately.

| A. Measurements of Dielectronic recombination rate coefficients.
|
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Data on dielectronic recombination rate coefficients are needed for plasma modeling

calculations to determine the ionization equilibria of high-Z ions in solar flares and in fusion

plasmas. However, it is very difficult to measure these rate coefficients. Standard techniques
which use crossed-beam methods suffer from the lack of suitable ion beams and are limited to

- low-ionization states. Data on rate coefficients for high-Z ions were therefore mainly obtained from

plasma experiments by indirect methods based on observations of the line radiation from "

successive charge states. The interpretation of these experimental data depends on extensive

modeling of the charge state distribution, so that the uncertainties for the derived rate coefficients -.

are often large. Only recently, due to the development of Electron Beam Ion Traps (EBIT), has it

become possible to perform reliable measurements of rate coefficients of high-Z ions, such as



NiXXVII. 24 lt is thus fortunate that the dielectronic satellite spectra of the 1s-2p resonance lines

offer an opportunity to determine the dielectronic rate coefficients for high-Z heliumlike and

hydrogenlike ions. The method, which was first proposed by Bely-Dubau et al. 25, is independent

of plasma modeling and involves only the single-charge state of interest. Following Bely-Dubau et

al., the total dielectronic recombination rate coefficient associated with the 1s - 2p core transition of

• heliumlike ions can be obtained from measurements of the sum of the intensity, ratios of the

dielectronic satellites and the resonance line, Z Idflw, using the expression

(4) a d ---<¢3v> w E Idfl w

where the collisional excitation rate coefficient for the resonance line w, <Ow> w , is assumed to

be known. Figure 9 shows the results for the dielectronic recombination rate coefficients of

FeXXV, which were obtained by this method from tokamak experiments. 26 The data are in good

agreement with the theory of Bely-Dubau et al. 15,25, as one may expect from the discussion of the

dielectronic satellite spectra given in the previous section. Further results on the dielectronic rate

coefficients of heliumlike and hydrogenlike TJ, Cr and Ni are given in Reference 27. We note that

experimer, tal results on the dielectronic recombination of heliumlike nickel NiXXVII from tokamak

experiments axe in good agreement with those obtained by Knapp et al.. 24

" B Comparison of the ion charge state distributions with coronal equilibrium

calculations

o

As discussed in the previous section, it is possible to determine the relative abundances,

NLi/NHe and NBe/NHe, of the heliumlike, lithiurnlike and berylliumlike charge states from the

intensity ratios of the 'collsional' satellites and the resonance line w. If radial ion transport is

negligible, these relative ion abundances are expected to be in agreement with coronal equilibrium.

This is due to the fact that the densities in tokamak plasmas, which are of the order of Ne ~ 1013

-1014 cm "3, correspond to ,..e so-called zero density limit for ions with Z > 20, so that the high-Z

ions are in their ground states. Moreover, the ionization and recombination times are small

compared with the times of steady state conditions, so that the charge state distribution reaches an

ionization equilibrium. Effects of radial ion transport can, however, lead to a shift of the ionization

equilibrium in the hot core of tokamak plasmas towards lower charge states. These effects can thus

be determined by measuring the deviations from coronal equilibrium. A quantitative analysis

requires, in general, detailed modeling calculations which include radial profile effects of the

electron tempera, we and density and which must primarily be based on reliable coronal equilibrium

predictions. Improved coronal equilibrium predictions for the ion charge states of nickel have

recently been provided by Zastrow et al. 12 and have been compared with experimental data from

" JET 12and TFTR. 13 The JET data were obtained from a great number of discharges with very

different electron density and electron temperature profiles. These data were analyzed by



comparing the observed line intensities with modeling calculations of chord-integrated line

emissivities along the spectrometer sightline through the plasma. It was found that the observed

line intensities were within the bounds of the coronal equilibrium predictions for the given range of

radial prof'des.-On the other hand, the TFTR data were obtained from a special series of ohmically

heated helium plasmas v,;th very flat radial profiles of the electron density and electron

temperature. The observed spectra were therefore essentially emitted from plasmas with

well-defined single values of the electron density and electron temperature. Thus, it was justified

to neglect radial profile effects and to compare the observed spectra with synthetic spectra for

single values of the parameters T e, T i, NLi/NHe and NBe/NHe, applying the least squares fit

analysis described in the previous section. The results obtained from the TFTR experiments are

shown in Figs 10 and 11. Due to the least squares fit analysis, it is possible to determine the

relative charge state abundances very accurately with error bars. We note that the deduced

abundance ratios are larger than the coronal equilibrium predictions. As shown in Figs 10 and 11

by data points for three different electron temperatures, a more involved analysis which includes

chord-integrals assuming a coronal equilibrium distribution for the ion charge state distribution

cannot explain the observed deviations. Based on the present coronal equilibrium ca)culations,

particle diffusion coefficients, D, in the range from 1 to 2.5 m2/s are needed to explairi the TFTR

results.

C Intensity ratios of the heliumlike lines

The R-Ratio

R(ne) = z/(x+y),

and G-Ratio,

G(Te) = (x + y + z)/w,

of the heliumlike lines w, x, y and z have important diagnostic applications for electron density

measurements 28 in solar flares29, 30 and in laser-produced high-density plasmas, as well as for

measurements of non-thermal electron energy distributions in tokamak plasmas with auxiliary RF

heating. 31-33 However, with exception of the measurements of SiXXII134 and MgX135 from

DITE, the data from tokamak experiments for the heliumlike line ratios are not in agreement with

the theoretical predictions. 5,8,12,13,36 As shown by the analysis of the two FeXXV spectra in

section III, the ratios x/w, y/w and z/w are found to be larger (see Table III) than the predictions

for direct electron impact excitation, which is the principal excitation mechanism. Additional
f,,

processes, such as the excitation of the lines w, x, y, and z by recombination of hydrogenlike ions

and inner-shell ionization of lithiumlike ions, which contributes to the line z, cannot, in general,

explain the observed ratios. In fact, the largest deviations occur for low electron temperat,,xes, 5,13 .,

when the concentration of hydrogenlike ions is negligible. Similar deviations from the theoretical

predictions have recently been found for the satellite spectrum of CrXXII137 from the Frascati



Tokamak as shown in Fig. 12. The experimental data are compared with a synthetic spectrum

(solid fine) based on the theoretical predictions of J. Dubau for the dielectronic satellites and data of

R. Mewe and J. Schrijver 38 for the relative intensities of the heliumlike lines w, x, y, and z. The

electron and ion temperatures were Te = 2.3 keV and Ti = 2.0 keV. The predictions 38 for the

intensities of w, x, y, and z are represented by the hatched areas. The synthetic spectrum also

" includes contributions to the line z from the inner-shell ionization of lithiumlike ions, which were

calculated for the density ratio NCrXXII / NCrXXII I = 0.45 derived from the intensity ratio q/w.

. We point out that recent measurements of the TiXXI line ratios on EBIT were in good agreement

with theory.39 Thus, the tokamak results for the heliumlike lines are still puzzling and need further

investigation.

V. X-ray spectroscopy on future large tokamaks

In this section we discuss the potential diagnostic use of X-ray spectroscopy on future

large tokamaks, such as ITER, the International Thermonuclear Experimental Reactor. The

objectives of ITER are (1) to demonstrate controlled ignition and extended burn of D-T plasmas,

(2) to validate the design concepts and engineering components for a fusion power reactor, and (3)

to serve as a test facility for neutronics, blanket modules, tritium production and advanced

technologies. 40 The conceptual design parameters of ITER are listed in Table IV. Comparing these

parameters with those of present-day large tokamaks (see Table I), we note that crucial plasma

parameters, such as the electron density and the ion temperature, ne = 2x10 20 m "3 and T i = 10 -

" 30 keV, are already obtained in the present experiments, but that other ITER parameters, such as

the plasma volume (500 m3), the stored energy (600 MJ), the energy yield from fusion products

(~1 GW), the radiated power (--100 MW) and the pulse lengths (> 1000 see), are by orders of

magnitude larger than the parameters of the present tokamaks. A major problem for the operation

of ITER will be the control of the plasma-wall interaction to maintain the required plasma purity of

Zef f -- 1.7 (Zeff = 1 corresponds to a pure deuterium-tritium plasma). The solution of this problem

depends not only on a choice of appropriate wall and divertor materials, but also on the control of

the energy release from the plasma. To control the energy release from the plasma and to reduce the

heat load on the divertor under quasi-continuous operation with pulse lengths greater than 1000

see, it has recently been proposed 41 to inject high-Z impurities into the plasma which can provide

radiative cooling of the plasma edge region at a rate of 100 MW. Thus, contrary to present-day

tokamaks, where every effort is made to reduce the level of plasma impurities, ITER may require

the injection of impurities for its operation. The most likely candidate will be krypton (Z = 36),

'_ since it is chemically inert and since it can be easily introduced in controllable quantities. Krypton

can solve two problems for ITER: (1) the radiation from the low krypton ion charge states can

. provide the required radiative cooling and (2) the charge state of heliumlike krypton, which will be

the dominant state of ionization in the hot core of the plasma for the projected central electron

temperatures of 30 keV, can be used for Doppler broadening measurements to determine the central
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ion temperature Ti(O). We point out that ion temperature measurements by the techniques of charge

exchange recombination spectroscopy, which are now widely used on tokamaks and which require

the injection of neutral hydrogen beams, may not be applicable since neutral deuterium beams will

not penetrate t-o the core of the plasma. However, the development of efficient high-resolution

crystal spectrometers for Doppler broadening measurements at wavelengths of 0.95 A will be an

experimental challenge. Futhermore, it is important to establish a reliable atomic physics data base

on high-Z elements, such as krypton, in order to predict by plasma simulation calculations the

effects of radiative cooling for the different experimental conditions on ITER. The atomic data base •

for the ITER experiment must include other elements, which may be constituents of the plasma

facing components like carbon, iron, nickel, molybdenum, tungsten, beryllium, and boron or

contaminants like oxygen. Especially important are data on rate coefficients for ionization,

recombination azld line excitation for ali the ion charge states of these elements. Obviously, atomic

physics contributions are essential to solve the many critical problems related to the control of the

energy release from the plasma, the diagnostics of plasma parameters, issues of the plasma-wall

interaction and the removal of the 'helium ash' due to DT fusion reactions from the plasma.

Experiments are now under way, on TFTR and EBIT, to study the spectra of the different krypton

ion charge states and to investigate the effects of krypton on the plasma performance.

VI. Conclusion J

High-resolution crystal spectrometers have been very important for the X-ray diagnostics

of central plasma parameters in present tokamak fusion experiments. In particular, the Doppler

broadening and Doppler shift measurements of the 1s-2p resonance lines cf high-Z heliumlike ions

have been invaluable for the determination of the central ion temperature and the central plasma

motion in tokamak experiments with auxiliary heating by neutral beam injection and ion cyclotron

heating. In fact, these measurements were essential for the discovery and characterization of new

tokamak operating regimes with enhanced particle and energy confinement. Since tokamak plasmas

are well-diagnosed by independent measurements of the electron temperature and the electron

density, high-resolution spectra of heliumlike ions obtained from these plasmas are well suited for

a detailed comparison with atomic theories. It is found that the spectra of dielectronic and

'collisional' satellites which are associated with the heliumlike resonance lines axe accurately

described by only four parameters, Ti, T e, NLi/NHe and NBe/NHe, in excellent agreement with

the theoretical predictions. The intensity ratios of the dielectronic satellites and the heliumlike

resonance line can therefore be used for electron temperature measurements and measurements of

the dielectronic recombination rate coefficients of heliumlike ions. The relative ion charge-state °

abundances, NLi/NHe and NBe/NHe, which are obtained from the intensity ratios of the

'collisional' satellites and the resonance line, are larger than the predictions for coronal equilibrium.

The observed deviations can be ascribed to effects of radial ion transport in tokamak plasmas;

however, uncertainties in the theoretical data for ionization and recombination rate coefficients,

10
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which are used for the coronal equilibrium calculations, are still a concern for a quantitative

determination of the transport coefficients. The ratios of the heliumlike lines x/w, y/w and z/w are

larger than predicted by the processes of direct excitation, recombination of hydrogenlike ions, and

inner-shell ionization of lithiumlike ions. Heliurnlike ions of elements with still higher Z, like

krypton, will be important for the diagnostic of the central plasma parameters in future large

• tokamaks, such as ITER. The development of efficient high-resolution crystal spectrometers for

Doppler broadening measurements at wavelengths ). < 1 /_, will be an experimental challenge.
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Table I: Parameters of the Tokamak Fusion Test Reactor (TFTR) Experiments

w,

Plasma Major Radius, R 2.65 m

Plasma Minor Radius, a 0.95 m

Toroidal Magnetic Field, BT 5.0 Tesla -

Plasma Current, Ip 0.6-3.0 MA

Auxiliary Heating:

Neutral Beam Heating, NBI 35 MW

Ion Cyclotron Heating, ICH 12 MW

Electron Density, ne 0.1-3 xl020 m"3

Electron Temperature, T e 1-10 keV

Ion Temperature, T i 1-35 keV

Stored Energy, E 1-5 M.I

D-D neutron yields <6x 1016 sec" 1

Pulse Length 6 sec

n "I:Ti (1020 m'3sec keV) 4.3

D
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TABLE II: Theoretical wavelengths for the heliumlike transitions w, x, y and z of

FeXXV and the associated main n = 2 satellites. Also listed are the

• satellite line strengths, F2(s).

Key Transition Wavelength F2(s )

(A) (1013 s1 )

w Is 2 ISO - ls2p lP 1 1.8498 -

x ls 2 ISO- ls2p 3P 2 1.85503 -

t 1s22s 2S 1/2 - ls2p2s(3p)2P1/2 1.8566 10.9

y ls 2 IS O- ls2p 3P 1 1.8590 -

q ls22s 2S 1/2 - ls2p2s(1 p)2P3/2 1.8605 0.003

k ls22p 2Pl/2 - ls2p 2 2D3/2 1. 8626 35.0

" r 1s22s 2S 1/2 - 1s2p2s( 1p)2p 1/2 1.8631 6.73

j 1s22p 2P3/2 - 1s2p 2 2D5/2 1.8654 51.3
o

z ls 2 IS O- ls2s 3S 1 1.8676 -

13 ls22s 2 ls 0 - ls2p2s 2 lP 1 1.87003 0.86

i
L
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Table III: Parameter values obtained from least squares fits of synthetic spectra

to the observed spectra shown in Figs. 6 and 7, for the case with

ohmic heating (Column A) and the case with additional neutral beam

heating (Column B). ,

Parameters A B

Ti (keV) 3,2 _.+0.1 20.7 + 0.3

Te (keV) 3.29+ 0.04 8.2 + 0.4

nLi/nHe 0.376 + 0.012 0.260 + 0.008

nBe/nHe 0.144 + 0.013 0.018 + 0.005

xa 1.59 + 0.05 2.49 + 0.08

ya 1.61 + 0.04 1.80 + 0.04

za 1.65 + 0.04 2.29 + 0.06
b

lt,.



Table IV: Conceptual Design Parameters of the International Thermonuclear

E_cperirnental Reactor (ITER)

" Plasma Major Radius, R 6.0 m

Plasma Minor Radius, a 2.15 m

. Toroidal Magnetic Field, BT 4.85 Tesla

Plasma Current, Ip 22 MA

Auxiliary Heating: 115 MW

Electron Density, ne 2 x 1020 m'3

Zef f 1.7

Electron Temperature, T e 10 - 30 keV

Ion Temperature, T i 10 - 30 keV

Stored Thermal Energy, E 600 MJ

Fusion Products, Pfusion 1000 MW

Alpha Particles, Pa 200 MW

Radiated Power, Prad 100 MW

Pulse Length 400 - 2500 sec

n "_T i (1021 m'3sec keV) 4 - 8

15



Figure Captions

Figure 1: Schematic of the Tokamak Fusion Test Reactor (TFTR) showing one half of a vertical

cross-section. The dotted lines represent the vertical axis of the torus and the horizontal

midplane. Also shown is the arangement of the TFTR Horizontal and Vertical X-ray

Crystal Spectrometers for Doppler broadening measurements of the ion temperature.

Figure 2: Satellite spectra of heliumlike ions from Reference 22.

Figure 3: Fractional abundances of iron ion charge states as a function of the electron temperature

for coronal equilibrium conditions after Reference 23.

Figure 4: Ion temperature results from Doppler broadening measurements of the FeXXV ls-2p

resonance line w. The data were recorded from a TFTR deuterium plasma with 20 MW

of auxiliary heating by deuterium neutral beam injection (NBI) from 3 to 4 sec using

the TFTR Horizontal Crystal Spectrometer.

Figure 5: Time evolutions of the electron temperature and electron density from the same
h

discharge as in Fig. 4.

Figure 6: Satellite spectrum of FeXXV. The experimental data (circles) were recorded from the

same discharge as in Fig. 4 during the period of ohmical heating from 2.5 to 3 sec.

Also shown is a synthetic spectrum with its various spectral components (solid lines)

which was constructed from a least squares fit of theoretical predictions of References

15 and 18 to the experimental data.

Figure 7: Satellite spectrum of FeXXV recorded from the same discharge as in Fig. 4 during the

period of neutral beam injection from 3.5 to 4 see. The synthetic spectrum was

constructed as described in caption of Fig. 6.

Figure 8: Electron temperature profile measured by the laser Thomson scattering diagnostic at 3.5

sec from the same discharge as in Fig. 4.

Figure 9: Dielectronic recombination rate coefficient of FeXXV as a function of the elctron

temperature from Reference 26.

B

Figure 10: Comparison of the relative abundances of lithiumlike and heliumlike nickel with coronal

equilibrium predictions from Reference 13.

16



Figure 11" Comparison of the relative abundances of berylliumlike and heliumlike nickel with

coronal equilibrium predictions from Reference 13.

Figure 12: Satellite spectrum of CrXXIII from the Frascati tokamak experiment. The solid lines

• , represent theoretical predictions from References 6 and 38.
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