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ABSTRACT 

A bent quartz crystal spectrometer of the Johann type with a spectral 

resolution of A'&X* 1OO0O-2SOO0 is used on TFTR to determine central plasma 

parameters from the spectra of heliumlike and lithiuralike metal impurity ions 

(Ti,Cr,Fe, and Ni)• The spectra are observed along a central radial chord and 

are recorded by a position sensitive nultiwire proportional counter with a 

spatial resolution of 250 . Standard delay-line time-difference readout is 

employed. The data are histogrammed and stored in 64k of memory providing 128 

time groups of 512-channel spectra. The central ion temperature and the 

toroidal plasma rotation are inferred from the Doppler broadening and Doppler 

shift of the K lines. The central electron temperature, the distribution of 

ionization states, and dielectronic recombination rates are obtained froi:. 

satellite-to-resonanee line ratios. The performance of the spectrometer is 

demonstrated by measurements of the Ti XXI K radiation. 

Permanent Address: Ohiversite' P.M. Curie, Institut Curie, Paris, France. 
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INTRODUCTIOH 

High resolution Bragg crystal spectrometry has becowe a well established 

technique for diagnosing ion temperature T\ in tokauak plasmas by measurement 

of Doppler broadening of impurity X-ray lines.""' This technique has been 

devised as a primary central T A diagnostic for high electron density n e, and 

high electron temperature T e, neutral-beaffl heated TFTR plasmas, in view of the 

technical problems incurred by other methods under these near-breakeven 

conditions. In particular/ determination of the central ion temperature from 

the energy spectrum of escaping charge exchanged neutrals may be prohibited by 

the attenuation of these neutrals in dense TFTR pj. smas. Central Doppler 

spectroscopy of impurity lines at ultraviolet and visible wavelengths will be 

impaired by a paucity of spectral lines due to the high degree of stripping of 

the impurity ions in the hot core of the plasma. Also, the neutron flux 

method of T^ measurement become!, less reliable for deuterium-beam heated 

plasmas since a part of the observed neutron flux must be attributed to non-

Maxvellian beam particles. 

The TFTR Horizontal High-Resolution Bragg Crystal Spectrometer is a bent 

crystal spectrometer in thvi Johann configuration. It is similar to the 

instruments used earlier on the PLT ar.d PDX tokamaks, except that the plane 

of dispersion is vertical instead of horizontal. The spectrometer permits 

simultaneous observation of different spectral lines and has been specifically 

designed for observation of the resonance lines and the associated satellite 

spectra of heliumlike and hydrogenlike heavy ions, which represent the 

dominant state of ionization of metal impurities in large tokamak plasmas with 

electron temperatures Tfl > 1 keV. The intensity of the dielectronic 

satellites and the collisionally excited satellites relative to fr.e resonance 

lines can be used to determine the central electron temperature T e and the 
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relative abundances of the various charge states, as well as atomic physics 

parameters such as wavelengths and dielectronic recombination rates for 

highly stripped ions. The instrument is also used to measure the toroidal 

plasma rotation velocity in neutral-bean heating experiments from the observed 

Doppler shift of spectrun lities. The spectrometer is presently set for 

measurement of the Ti XXI Ka line spectrum, but can be modified to use other 

elements such as Cr, Fe, or Hi. The spectrometer is located in the TFTR Test 

Cell and will be in operation until the end of 1985. It thus serves as a T^ 

diagnostic on TFTR for the initial ohmic heating phase and first neutral-beam 

heating experiments. For later high power (27 HW) neutral-beam heating 

experiments, a three-chord vertical spectrometer will be installed in the 

shielded TFTR diagnostic basement to reduce background noise from high neutron 

fluxes. 

A description of the horizontal spectrometer and the technique of data 

reduction is given in Sec. X. Results are presented in Sec. II. 

I. DESCRIPTION OF INSTRUMENT 

The principle of the Johann X-Ray Crystal Spectrometer tXCS) has been 

described earlier.1'5 X rays emitted by plasma ions pass through a beryllium 

window into the spectrometer and- are Bragg reflected by a cylindrically bent 

crystal onto a position sensitive detector. Different wavelengths are focused 

at different locations on the detector. The position sensitive X-ray detector 

allows one to count X rays and sort them according to position, which is 

directly related to wavelength or energy. The spectra obtained during a TFTR 

discharge are stored in a histogramming memory and later read by a computer. 

Figure 1 shows the X-ray spectrometer on TFTR. TFTR is towards the 

left.. The crystal spectrometer is identified by its two tubes, one horizontal 
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and one inclined downward to the detector shielding cave. Both tubes enter 

the truncated cylindrical crystal housing at the top right. The beryllium 

window can ;just be seen at the left end. of the horizontal tube mounted on a 

13.25-in diameter Conflat flange. The window is 5 in x 12 in x 0.005 in and 

is supported by a stainless steel rib structure with 0.0625-in wide vertical 

ribs spaced 0.125 in apart. The vacuum seal of the window to the flange is by 

a gold wire. The interior of the tubes and crystal housing are maintained at 

an atmosphere of helium to transmit the X rays with minimum absorption. A 

high level of helium purity is maintained by continuously purging the 

spectrometer with helium at a slow flow rate. Helium Is introduced into both 

tubes to ensure a uniform filling. Remote adjustment of the flow rate from 

the control room permits control of purity and, thus, X-ray transmission in 

order to adapt to varying TFTR X-ray emission conditions. Due to a decrease 

in relative intrinsic impurity concentration and T e with increasing electron 

density n e, X-ray emission can vats sitjr.if icsmtly with n e, and also witVi other 

operational parameters. The detector is surrounded by lead brick to sHeld 

against gamma rays and hard X-ray bremsstrahlung, and by a neutron shield of 

borated polyethylene. The horizontal tube is inclined laterally at an angle 

of 22" with respect to the radial direction at the center of the vacuum 

vessel, so that a component of 37* of the toroidal plasma rotation velocity 

can be measured via Doppler shift of the emitted spectral lines. 

In order to perform Doppler broadening measurements with a time 

resolution of 10 - 30 ms and to meet the requirements on intensity and 

spectral resolution, we use a 6 in x 1.5 in x 0.03 in quartz (2053) crystal 

which, has a resolving power of 10 . The 2d - spacing of the (2053) lattice 

planes is 2.7497 K which allows us to observe the Ti XXI Ka line at \ = 

2.6099A at the large Bragg angle 9 = 71.65", The crystal has been bent 
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precisely to the radius of curvature of 372.3 cm by means of a four-bar 

bending jig. Both the large radius of curvature and the large Bragg angle 

reduce the Johann error and focusing errors which result from a small 

displacement of the detector from the 'Rowland circle. The spectral 

resolution is, therefore, mainly determined by the finite spatial resolution 

of the detector of 180 - 250 jim. The overall spectral resolution has been 

measured with a continuum X-ray source and with a 100-pm wide slit, which was 

positioned on the Rowland circle. From these measurements we obtained \/&\ = 

35000. Since the integrated reflectivity of a crystal increases with 0, it is 

desirable to measure at a large Bragg angle, in order to also obtain a high 

throughput. 

Figure 2 illustrates schematically the detector and electronics. The 

detector is a multiwirt roportional counter (MWPC) having active volume of 10 

i 1! x 0,6 cm , and position sensitivity along the 18-cra dimension with a 

spatial resolution of ~ 180 - 250 ̂ m (FWHM).6 Either P10 (argon with 10% CH4> 

or Xe gas is directed through the detector. Position encoding is done by a 1-

us lumped parameter delay line (DL) having its 40 taps attached to 40 cathode 

strips. A detected X ray results in a pul3e induced at that location on the 

DL. The difference in arrival times of the two pulses propagating to the left 

and right ends of the DL is proportional to position. An amplifier, double 

delay line filter, and zero crossing discriminator provide a sharp pulse at 

this arrival time for each end of the detector. Time-difference decoding is 

done by a time-to-amplitude converter (TAC) and amplitude decoding by an 

analog-to-digital converter (ADC) with fixed 512-channel conversion gain. 

Channel number is proportional to linear position along the detector^ 

Mthough the detector operates well up to 350 kHz, throughput is limited to 

80 kHz by delays in the TAC. An alternate time decoding scheme with a time-
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to-digital converter (TDC) is used for the XCS on the PLT tokamak and will be 

installed on TFTH. This module has a specified throughput up to 1 MHz. 

Spectra of 512-channel length integrated over 128 different time intervals 

during a discharge are stored by a remote histogramming memory. The duration. 

of each time group is software controllable from 1 to 1000 ms. To provide an 

on-line test of the detector, electronics, and helium purity, a 2-mCi F e 5 5 X-

ray source is mounted just inside the crystal-to-detector tube about 1.5 m 

from the detector. 

II. RESULTS 

Measurements of the Ti XXI Ka radiation have been performed on TFTR for 

a wide range Of discharge parameters: plasma currents I of 0.6 - 1.5 MA, 

plasma radii a of 55 - 85 cm, and central electron densities n. of 1 - 4 x 

10 I J cm . In these experiments the throughput of the crystal spectrometer 

has always been near the TAC-limited value of 60000 counts/sec. This 

suggested that the actual rate of photons striking the detector was much 

higher than this value, especially in low density discharges when the X-ray 

pulse-height analysis diagnostic indicated intense titanium radiation. Parts 

of the crystal and the detector have, therefore, been covered in order to keep 

the intensity below the maximum rate of 350000 photons/sec acceptable by the 

detector. Under these conditions Doppler broadening measurements with a small 

statistical error have been performed with a time resolution of 10-30 ms. 

A sample of the Ti XX and Ti XXI KB spectra recorded by the TFTR XCS i? 

shown in Fig. 3a. Line designations are explair<«fl in Ref. 7. Line w is the 

Be-like resonance transition which is used for T- determination. Line q is 

the resonance transition for lithiumlike titanium. Its low intensity relative 
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to w indicates that most of the titanium in the center is He-like. Lines x 

and y are 2p 3 P 2 and 2p ^p, intercombination transitions/ and z is the 

heliumlike forbidden transition from the 2s S state. Lines r, k, and j are 

dielectronic satellites of w. They are produced by resonant capture of an 

electron in the n = 2 shell. The foot on line w (with peak d 1 3) is due to 

dielectronic satellites with the captured electron in levels n > 3. The 

intensity ratios of these satellites with respect to the line w are functions 

of T e only and can be used for T e measurements. 

Figures 3b and 3c show observed resonance line profiles from two time 

groups to illustrate the variation of the Doppler broadening with increasing 

Tj_t The solid lines represent least squares fits of a Voigt function which 

takes into account the contributions from the natural linewidth of « and the 

finite instrumental resolution. The natural line broadening is described by a 

Lorentzian, and the measured instrumental function is represented by a 

Gaussian. The fitting limits, indicated by carets in Fig. 3b and 3c, are 

chosen to avoid partially the dielectronically broadened right-hand side of 

the peak and to extract only the Doppler-width contribution. Evaluation of T. 

by a single Voigt function fit is justified when the electron temperature T e > 

1.3 keV. At lower electron temperatures the contribution from n > 3 

satellites is significant and T^ has to be determined from comparison with 

synthesized theoretical spectra which include the n > 3 satellites. A 

detailed comparison of the experimental data with synthetic spectra is shown 

in Figs. 3d and 3e. The synthetic spectra have been calculated from the 

theoretical transition arrays given by Bely-Dau et al. 

A comparison of results from the Ti spectra with the results from other 

diagnostics is shown in Figs, 5 and 6. The T^ and T e values obtained by tna 

different methods are in good general agreement. Typical and worst case 
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deviations for ohmically heated TFTR discharges are 100 and 200 eV out of 1.3 

to 2.0 KeV. 

Doppler shifts of the TiXXI resonance line due to » toroidal plasma 

rotation have recently been observed on TFTR in first neutral-beam heating 

experiments. Figure 6 shows a sequence of TiXXI-ka-line profiles which were 

recorded before, during, and after the injection of a neutral hydrogen beam of 

25-keV energy and a total power of 1.15 MR into a hydrogen plasma with a 

central density of 2 x 10 3cm~. Figures 7a, b present the ion temperature 

results and the toroidal plasma rotation velocities, ivt, inferred from 

measurement of the Doppler width and Doppler shift of the TiXXI k.« line. flvt 

has been determined with reference to the center position of the TiXXI ka line 

in the ohmic heating phase. The maximum value of the toroidal plasma rotation 

velocity is 1.5 x 10 cm/sec. A momentum confinement time of 0.3 see is 

inferred from the decay of the Doppler shift after neutral beam injection. 

CONCLUSIONS 

The ion temperature of TFTR plasmas has been determined by Doppler 

broadening measurements o£ the Ti XXI Koc line with a time resolution of 

10-30 ms and an accuracy Of AT$_ » 100 eV. The throughput of the horizontal 

X-ray crystal spectrometer is presently lisaited to 80000 Ilz. Replacement of 

the TAG in the electronic readout system by a TDC (Time to Digital Converter) 

will allow us to increase the count rate up to the detector limit of 350000 

photons/sec and to further improve the time resolution to a few 

milliseconds. The diagnostic also measures the toroidal plasma rotation 

velocity and other important parameters such- as the electron temperature. 
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\ 

These parameters can be directly inferred from the observed spectra by first 

principles. Data from other diagnostics are therefore not required for 

interpretation of the spectroscopic measurements. 

i 



r r 
! 10 
j 

Acknowledgments 

The authors gratefully acknowledge the continuing support of Drs. 

H, F, Furth, P. Rutherford, and D. M. Meade. The technical support of 

J. Gorman, J. Lehner, and the TFTR operating crew is appreciated. We regret 

the recent death of our colleague Fred Tenney* 



11 

REFERENCES 

H. Bitter, 5. von Goeler, R. Horton, Mi Goldman, K.W, Hill, N.R, 

Sauthof?, and H. Stodiek, Princeton Plasma Physics Laboratory Report 

PPPL-1490 (1978), Phys. Rev. Lett.42j 304 (1979). 

E. Kallne, J. Xallne, and J.E. Rice, Phys. Rev. Lett. 49, 330 (1962). 

T.F.R. Group, J. Dubau, =ind M. Loulergue, J. Phys. B J_5_, 1007 (1982). 

F. Bely-Dubau, H. Bitter, J. Dubau, P. Fauchcr, fl.H. Gabriel, K.W. Hill, 

S, von Goeler, N.R. Sauthoff, and S. Volonte, Phys. Lett. 93A, 189 

(1983). 

M. Bitter, S* von Goeler, M. Goldman, It.W. Hill, R. Horton, W. Roney, 

N.R. Sauthoif, and W. Stodiek, in Temperature, Its Measurement and 

Control in Science and Industry _5, 693 (1982). 

R.A. Boie, J. Fischer, Y. Inagaki, F.C. Merrltt, V, Radeka, L.C. Rogers, 

and D.H. Xi, Nucl. Instrum. Methods 201, S3 (1982). 

F. Bely-Dubau, P. Faucher, L. Steenman-ciark, H. Bitter, S. von Goeler, 

K.W. Hill, C. Camhy-Val, and J. Dubau, Phys. Rev. A 26, 3459 (1982). 



12 

FIGURES 

Photograph of horizontal XCS on TFTR. TFTR and the Be window are 

at the left end of the horizontal tube. Crystal is mounted in 

semicylindrical housing at top right of photo. Detector at the 

lower end of inclined tuba ia surrounded by lead bricks and 

polyethylene. 

Block diagram of raultiwire proportional counter and signal 

processing and data handling electronics. 

(a) Spectrum of heliumlike titanium Xa X rays and satellites 

measured by horizontal XCS on TFTR. (b) and (c) Voigt-function 

fits to resonance line w and ion temperatures T^ determined from 

Doppler broadening. Note that the change in channel location of 

line w, relative to Fig. 3(a), is due to a realiqnnent of the 

spectrometer. (d) and (e) Fitting of theoretical spectrum to 

experimental data. The T -values inferred from these fits are 

shown in Fig, 5. 

Time evolution of T, in TFTR as determined from the XCS and the 

neutron diagnostic. 

Time evolution of T e in TFTR as determined from the XCS and other 

diagnostics. 
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Fig 6 TiXXX-ka line profile* before, during, and after the injection of a 

neutral hydrogen bean of 25-keV energy and 1.15 HW total power into 

a TFTR discharge with a central eltctron density of 2 x 10 1 3cm~ 3. 

Fig. 7 Ion temperature results and toroidal plasma rotation velocities 

from measurements of the Doppler width and Dr'.jplesr shift of the 

TiXXI-Xa line. The left and right scales on the ord^ate in Tig. 

7b give the center position of the Tixxi-V.a line in channel numbers 

and the wavelength shift and toroidal plasma rotation velocity, 

respectively, relative to the canter position of th-.̂  TiXXI-ka line 

in the ohmic heating phase.' 
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Fig. 1 
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