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Abstract--Uncertainties in deducing central ion temperatures in the JET tokamak from the 
line width of the helium-like nickel resonance line emitted by impurity nickel ions in the plasma 
centre are examined. The statistical errors in fitting a Voigt function to the experimental line 
profile data points produce estimated ion-temperature errors of typically < 5%. Other major 
sources of errors include (i) averaging of the ion temperature over the spectrometer 
line-of-sight through the plasma, (ii) the effects of dielectronic satellites on the line profiles and 
(iii) the effects of bulk plasma toroidal rotation. The magnitudes of these errors are quantified 
for various plasma conditions and shown to be small (~< 10%) for JET plasmas. Error (i) is 
opposite in sign to errors (ii) and (iii), leaving total estimated ion-temperature errors (including 
statistical effects) of < 15%. 

1. I N T R O D U C T I O N  

To gauge the success of  different operating scenarios, central ion temperatures in tokamak plasmas 
such as JET need to be routinely monitored by accurate diagnostics. The measurement of  the 
thermal Doppler  broadening of  spectral lines emitted from metallic impurities in the plasmas is now 
established ~-3 as a convenient method to make these temperature measurements. Other techniques 
include energy analysis of  (charge exchange) neutral particles escaping from the plasma and the 
measurement of  Doppler  widths of  low atomic number  ions excited by charge exchange from 
neutral beam injection. ~ 

I n  this paper, the errors in determining ion temperatures from Doppler  broadening of  the 
helium-like nickel resonance line using an X-ray crystal spectrometer at JET (Joint European 
Torus) are investigated. The following are the major  sources of  error in determining the central 
plasma ion temperature from spectral line profile width: (1) statistical errors in fitting profiles to 
the experimental data, (2) the effect of  averaging over the spectrometer line of  sight, (3) the effect 
of  dielectronic satellites to the resonance line on the profile shape, and (4) the effects of  toroidal 
plasma rotation (in particular rotation shear). 

Calculations which model the experimentally measured line profiles are described and estimates 
of  the ion temperature errors for different plasma conditions are presented. Though the calculations 
are specific for the helium-like nickel resonance line and the JET plasma, the methods of  error 
analysis are of  more general interest and could be applied to other spectral lines and plasmas. 

There are situations particularly during neutral beam injection where the nickel ion temperature 
differs from the bulk (hydrogen or deuterium) plasma ion temperature. 7 We do not address the 
physics of  this effect here, but it should be borne in mind for this paper, that the words ion 
temperature should be taken to mean the nickel ion temperature. Also, possible effects due to 
non-isotropic distributions have been studied elsewhere concluding these would not influence the 
ion temperature meaurements,  s 

2. T H E  I O N  T E M P E R A T U R E  M E A S U R E M E N T S  A N D  S T A T I S T I C A L  E R R O R S  

The X-ray crystal spectrometer is used to view the JET plasma along a line-of-sight, which lies 
in the tokamak  equatorial plane and reaches the minimum distance of  approach to the torus axis 
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Fig. 1. Schematic of the X-ray crystal spectrometer and the JET tokamak. Important components are 
labelled and the line-of-sight through the plasma is shown. 

of  symmetry R0 = 1.82 m within the vacuum vessel at the plasma inner edge (Fig. 1). The plasma 
column is seen twice. A crystal (e.g., quartz cut parallel to the 223 plane with 2d = 2.0296/~) 
diffracts the X-rays to a proportional counter with the spectral dispersion such that different anode 
wires (channels) detect different wavelengths. The signal of  each channel is counted separately over 
20 msec intervals and stored digitally. Signals for each channel are added up over the necessary 
times (depending on the signal intensity) for statistical variations to become small. The spec- 
trometer is described in more detail by Bombarda et al 9 and a further detailed report is to be 
published. 

The spectrometer is routinely used to observe the line profile of the helium-like nickel resonance 
line at a wavelength 20 of 1.5886 A (photon energy E0 = 7.82 keV). A Voigt profile, to take account 
of Doppler and natural line broadening and the instrument function of  the spectrometer, is fitted 
to the central and lower wavelength regions of  the line profile where there are no known satellite 
lines (see Sec. 4). The ion temperatures are obtained from the half-width of the fit (Fig. 2). The 
line broadening is dominated by thermal Doppler broadening, since the natural and instrumental 
half-widths are typically only 5-15% of  the thermal Doppler half-width for ion temperatures in 
the range 2-15 keV. 

For  a purely thermal Doppler-broadened profile, the half-width A2 of the line profile at 1/e of  
the peak value (this quantity will be later called semi-halfwidth in this paper), is related to the ion 
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Fig. 2. An experimentally measured helium-like nickel resonance-line profile (data points) and a Voigt 
fit to the central and lower wavelength portions of the line profile (solid curve). 
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temperature Ti by 

A2 = 1.46 × 10 -3 2 0 x / ~ M ,  (1) 

where 20 is the wavelength of the line, M the atomic weight of the emitting element in atomic 
mass units (a.m.u.) and T~ the ion temperature in keV. The more complex and accurate procedure 
of  fitting a Voigt profile to measured line profiles has been discussed recently. 3 Briefly, the 
Voigt function is fitted to the experimental data points by a least-squares technique. An array 
of parameters a = a,, a2 . . . .  characterizing the fitting function is found which minimizes the 
parameter 

Z~(_q) = ~ (l/B,) [B,- B0.,, a)] 2, (2) 
i 

where Bi are the data points, B(2i, a) is the value of the fitting Voigt function and the summation 
extends over the number of data points. The parameters a considered for the fitting are the height 
of the line peak, the line half-width, the position of the peak, and the level of continuum under 
the line. Other parameters needed to define the fitting function fully, such as the natural line width 
and the width of the instrumental function, are kept constant. 

In order to minimize the effects of the n ~> 3 dielectronic satellites on the deduced fit parameters, 
the wavelength interval chosen for the fit is not symmetrical: it extends from about twice the 
half-width on the short-wavelength side of the line peak to approximately one half-width on the 
other side. 

An estimate of the statistical errors AT~ on the determination of the ion temperature from fitting 
the Voigt profile is routinely made. The standard deviation trj (e.g., ATi) of  the j t h  parameter aj 
(e.g., Ti), in the approximation used when the functions a(Bi) that are implicitly defined by the 
minimization of Z 2 are expanded to the first order about the values B(2,  a), j° can be estimated 
from the relation 

~J = ~s):', (3) 

where ct-~ is the inverse of the matrix ~ defined as 

1 c~B().,, _a) 3B(2,, a) 
ajk 

~i Bi 8aj Oak 
The validity of this procedure depends on the assumption that the values a found by the 

minimization procedure are not too far from the true ones and that the distribution of the B~ 
variables are not far from normal. The error given by Eq. (3) varies with the intensity of the signal 
(Fig. 3); therefore, the normal method of analysing the profile data is to add signals over a sufficient 
time interval until the signal passes a threshold value. A Voigt fit to the experimental line profile 
is then made and the deduced ion temperature is an average for the time needed to obtain the 
necessary signal. For a typical threshold of 7000 counts in the line, the statistical error estimated 
on the ion temperature determination is typically < 5% (see Fig. 3). An example of the deduced 
ion temperature and statistical error variation during a JET pulse is shown in Fig. 4. 

3. N U M E R I C A L  SIMULATIONS 

The data points of Fig. 3, obtained by estimating the standard deviation of the ion temperature 
(as outlined in Sec. 2) from experimental line profiles, can be compared with the results obtained 
by applying the same fitting procedure to simulated spectra. The data for the simulated spectra 
were generated by superimposing noise with a Poisson distribution on a Gaussian line profile. 
We found, as is to be expected, that AT~/T~ is independent of T~ for a constant total number of  
counts N in the line and that the relative error decreases as I/v/N. The errors could be further 
reduced if the fitted wavelength interval chosen could be further extended on the long wavelength 
side so as to include a larger fraction of the counts in the line instead of the ,,, 80% normally taken. 
In practice, however, this approach is not allowed because of the presence of n >I 3 dielectronic 
satellites. 
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Fig. 3. The statistical error AT~/T~ in ion-temperature measurements is shown for the Voigt fitting 
procedure as a function of the number of counts in the resonance Dine. The experimental data points were 
obtained by integrating the counts over different time periods at different times during two representative 
JET pulses involving high nickel content (Nos 9770 and 9775). Here AT i = 2 × (erffa2) x T i [see Eq. (3)]. 
Three representative values of the ion temperatures were evaluated from the data at 2.5 keV (C), ~'), 3 keV 
( x )  and 10 keV (~) .  Also shown is the relative error curve found for simulated Gaussian lines with 
superimposed statistical noise when 83% of the counts in the line are taken into account for the fit (solid 

line). 

In Fig. 3, the experimental data points lie slightly above the simulated curve, This result is due 
to the combined action of several effects not associated with statistical noise and not included in 
the numerical simulations. Such non-statistical errors include errors in the evaluation of the relative 
photon sensitivity between different channels of the detector, the presence of non-resolved satellites 
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Fig. 4. An example is shown of the time history of the ion temperature T i for a particular pulse (No, 9775) 
and time range (7-9 see); the time history was deduced by fitting a Voigt profile to the helium-like nickel 
resonanoe line, with a threshold of 300 photons per channel for the resonance line peak (see the text for 
details). The horizontal error bars indicate the time period for the measurements. The vertical error bars 
indicate the temperature error determined from the fitting procedure [Eq. (2)]. A solid curve is drawn to 
show the temperature trends, The effect on T~ of neutral beam heating (starting at 7.6 sec) is apparent 

and the "sawtooth" variation of T~ can be clearly seen, 
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Fig. 5. (a) The distribution is shown for the relative deviation (100 AaJal) of the peak value a t , which 
was found by using our fitting procedure to generate the simulated Gaussian line profiles (solid line). The 
dotted line represents the normal distribution whose standard deviation is the average of the estimated 
a i [see Eq. (3)]. (b) The same as (a) for the relative deviation (100 Aa2/a 2) of the parameter a2, the half-width 

at 1/e of the peak intensity. 

and the effect of  Lorentzian tails of  the Voigt profile masking out the Gaussian dependence on 
the far side of  the line. Nevertheless, the similarity of  the experimental data points to the simulated 
results (solid curve of  Fig. 3) shows that, in practice, these other sources of  errors are small. 

A test of  the accuracy of  the error estimates using Eq. (3) can be made using the simulated line 
profile by comparing the parameter values estimated by the fitting procedure and the true ones used 
in the generation of  the line profile data. After 1000 trials of  different "noise" superimposed on 
a Gaussian with an ion temperature of  1 keV and an integrated line intensity of  7000 counts, the 
distribution of  the parameters "peak value" al and "half-width" a2 are those shown in Figs. 5(a) 
and (b). The dotted lines are the normal distributions for the computed standard deviation. The 
expected and found distributions agree well in width and height. 

4. T i A V E R A G I N G  OVER THE L I N E - O F - S I G H T  

The effect of  averaging the ion temperature over the line-of-sight of  the spectrometer can be 
examined by integrating the plasma emissivity over the line-of-sight. Using simple geometry, the 
brightness observed by the X-ray spectrometer at a wavelength 2 is given by 

2 I ; '  Eres(R)(~ (R) W(,~')dR 
, ( 4 )  

where the integration is performed over the major radius R, the impact parameter R0 = 1.82 m is 
the distance of  closest approach of  the line-of-sight to the centre of  the torus and Ri ~ 4.2 m is 
the outer boundary of  the plasma. Other parameters introduced in Eq. (4) are the emissivity of  
the resonance line eres, a shape factor ¢ relating the peak intensity of  the resonance line to the total 
emissivity er~s of  the line and the intensity W(2) [see also Eq. (11)] at the wavelength 2 of  the 
spectrum relative to the resonance-line peak intensity. For  thermal Doppler broadening, the shape 
factor can be related to the ion temperature T~ in keV and ion atomic weight M in a.m.u, by }_l 

¢ = exp [ - (2 /A2)  2] d2 = 390 2o i Mx/-M~ (5) 

upon using Eq. (1) to evaluate A2. 
We set 2 ' =  2{1 - [Rov(R) /cR]}  in order to take account of  any bulk plasma toroidal velocity 

v(R) producing a Doppler shift of  the spectrum; c is the velocity of  light. 
The emissivity of  the helium-like nickel resonance line is 

ere, = 2.53 x lO-9[N~f(He/Ni)f(Ni)/T~/2] exp(--E0/Te)v(T~), (6) 

where N¢ (cm -3) is the electron density, Te (keV) the electron temperature, f (H e /N i )  the fraction 
of  nickel in the helium-like ionization stage, f (N i )  the fraction of  nickel (relative to the electron 
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Fig. 6. The rate parameter  ?(T=) is shown vs T e for excitation from the ground state of  the resonance line 
of  He-like nickel; the data  points were calculated from the atomic data  presented in Table 1 o f  Ref. 9. 

A linear least-squares fit through the data  points is plotted as a solid line. 

density) in the plasma, and y(Te) the rate parameter for collisional excitation from the ground state 
of the helium-like nickel ion (see Fig. 6). 

The product of the parameters f (He/Ni ) ,  exp(-Eo/To) and ?(To) [we write K = f (He /Ni ) exp  
(-Eo/Te)  y (T,)] varies approximately linearly with T~ above 2.1 keV and may be approximated by 
zero below this temperature. Equation (6) then becomes 

(:re s = 2.53 x 10-9f(Ni)  KN~/T~/2. (7) 

In order to integrate Eq. (4), we write the electron density and electron- and ion-temperature 
variations across the plasma as 

Ne(R) = [Ne(Rr,) - Ne(Rt)] (l - X2) ~ + Ne(R,), (8) 

T¢(R) = [T¢(R~) -- Te(R~)] (1 - X2) ~ + Te(R,), (9) 

Ti(R) = [Ti(Rm) - Ti(R,)] (1 - X2) ~ + Ti(R,), (10) 

where X = [(R - Rm)/(R~ - Rm)]. Here Rm is the radius of  the magnetic axis and 1~ and ? are peaking 
parameters for temperature and density, respectively. As we are here mainly concerned with the 
central plasma, we also approximate the edge values [Ne(R0, Te(Rt) and Ti(Rl)] to zero. The effect 
of this in the integration of  Eq. (4) is negligible as K = 0 at the electron temperatures found towards 
the plasma edge. The electron and ion temperatures are assumed to have the same profile shape 
(but not necessarily the same peak values). Peaking factors for JET plasma are in the range 
0.5 ~ 7  ~< 1 and l ~<fl ~< 3 with typical values of ? = 0.75, fl = 2.0. 

In order to simplify our examination of the effect of averaging the ion temperature measurement 
over the line-of-sight, for the rest of  this section we set the local emissivity profile to a Gaussian 
rather than a Voigt function, that is 

W(2) = exp{ - [(2 - 20)/A212}. (11) 

Substituting Eqs. (1), (5), (8)-(10) into Eq. (4), we obtain 

N~(Rm) 
B(,~) = c 

[Ti(Rm) Te(Rm)] t/2 

× f : l  (l -- X2)2'-#[ Kexp{  - [2 - 2 ° -  (v(R)R°2°/cR)]2 ( 1 -  X2)-a/(a°TjRm))} dR - (Ro/R)2] m , (12) 

where C is a quantity not dependent on temperature (and hence radius R) and 
ao= (1.46 × 10-32o)~/M =9.16 × 10-s/~2/keV for the helium-like nickel resonance line. X is 
defined below Eq. (10). 

To investigate the effect of averaging the temperature measurement over the line-of-sight of the 
spectrometer, we shall neglect toroidal rotation of  the plasma and set v(R) = 0. Equation (12) can 
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Fig. 7. The effect of averaging over the line-of-sight of the spectrometer is shown for the measured ion 
temperatures. The ratio F of the ion temperature deduced from the semi-halfwidth of the emitted spectral 
line to the actual central ion temperature is shown as a function of electron temperature T¢ for a density 

peaking factor 7 = 0.75 and two temperature-peaking parameters ft. 

then be numerically integrated. We need to solve Eq. (12) and find 2" such that 

B(A")/B(2o) -- e--1 = 0. (13) 

The difference 2" - 20 is the spectral line semi-halfwidth observed after line-of-sight integration. 
The apparent,  average ion temperature from the observed semi-halfwidth after integrating along 
the spectrometer line-of-sight, is a fraction F < 1 of  the peak ion temperature, where 

F = [(2" - ).0)/A2 ] 2. (14) 

The average ion temperature/peak ion temperature fraction determined by solving Eq. (13) for 
2" and using Eq. (14) is shown in Fig. 7. The value of F varies principally with the peak electron 
temperature and the peaking factor fl (Fig. 7). F is independent of  the absolute values of  the ion 
temperature and the electron density and only slightly dependent on the peaking parameter  7. 

5. T H E  E F F E C T  OF D I E L E C T R O N I C  S A T E L L I T E S  

The helium-like nickel resonance line has a large number of  low intensity satellites on the high 
wavelength side of  the line peak (Fig. 8). These satellite lines, like the resonance line, are all 
produced by an electronic transition n = 2-1, but in the case of  the satellites there is an additional 
spectator electron in a quantum state n/> 3. The relative wavelengths and intensities of  the 
resonance line and satellites have been calculated using the atomic data of  Bombarda  et al. 9 We 
can deduce the effect on the ion temperatures measured from the lower half-width of the resonance 
line due to the satellites (Fig. 9). The measured ion temperature is a fraction G > 1 greater than 
the actual ion temperature because the line shape is disturbed by the satellite lines. The apparent  
position of  the line peak is moved to a longer wavelength, while the shorter wavelength line wing 
shape is hardly affected by the satellite lines. 

6. T O R O I D A L  R O T A T I O N  E F F E C T S  

For  certain operating conditions, particularly during neutral beam heating, the bulk plasma can 
rotate toroidally and consequently the measured peak position of  the helium-like nickel resonance 
line is shifted due to the Doppler  effect. The measurement of  this shift gives a measure of  the 
magnitude of  the rotation velocity. However, the recorded width of the resonance line and hence 
the ion temperature measurement  can also be affected in two ways. Firstly, if there is a change 
in rotation velocity during the measurement of  the line profile, the apparent  width of  the line and 
hence the deduced ion temperature is greater than it would be at any instant of  time. Secondly, 
if the angular rotation velocity of  the plasma about  the torus axis of  symmetry varies with major  
radius, that is if there is rotation shear, there is an error. Rotat ion shear implies that different 
Doppler  shifts o f  the emitted resonance line will be recorded for different major  radii and this will 
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Fig. 8. The calculated spectrum shows the helium-like nickel resonance line and nearby satellites. The 
wavelengths and relative intensities of  individual spectral lines (data points) and the resultant spectrum 
(solid curve) are shown. The spectrum was calculated by using the atomic data of  Ref. 9 for an electron 
temperature T e = 4 keV and ion temperature T~ = 6 keV. The shift of  the apparent  peak intensity of  the 

resonance line due to the satellite lines can be seen. 

cause the apparent  width of  the line and hence the deduced ion temperature to increase. The two 
effects are best examined separately. 

6.1. Rotation shear 

A computer  code which simulates the spectrum recorded by the spectrometer is used to examine 
the effects of  rotation shear on the ion temperature measurements. The effects of  averaging over 
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Fig. 9. The effect is shown on the measured ion temperatures as produced by the influence of  satellite 
lines to the He-like Ni resonance line. The ratio G of  the ion temperature deduced from the lower 
semi-halfwidth of  the emitted spectral line to the actual ion temperature T~ is shown as a function of T~ 

for various electron temperatures T~. An isothermal plasma is assumed. 
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Fig. 10. The effect produced by toroidal rotational shear is shown on measured ion temperatures. The 
ratio T~ (apparent)/T~(0) of the ion temperature deduced from the lower semi-halfwidth of the emitted 
spectral line to the actual central ion temperature is shown as a function of rotation velocity for different 
rotation profile-peaking factors ~t [defined in Eq. (15)]. The effects of integrating along the line-of-sight, 
satellite lines and rotation shear are taken into account. The temperature and density conditions measured 
for a particular JET pulse (No. 9775 at a time of 9.15 sec) are assumed, with peaking factors 7 = 0.785 

and # = 2.1. 

the line-of-sight and the presence o f  nearby dielectronic satellite lines (discussed in Secs. 4 and 5, 
respectively) are included in the simulation. 

Equat ion  (4) is integrated directly with the electron density and temperature profiles 
[Eqs. (8)-(10)] as determined by interferometry ~l and f rom electron cyclotron emission. ~2 The 
spectral line profile W(2 ' )  and the resonance line emissivity Cr~s are calculated for  each point  along 
the line-of-sight as discussed in Ref. 9. The rota t ion profile is parameterized in a similar fashion, 
as was done  for the densities and temperatures [Eqs. (8)-(10)] and we write 

v(R)  = v(Rm) (1 -- X2) =, (15) 

where e is a peaking factor  which can be varied in the simulations (Fig. 10). In JET, measurements  j3 
indicate that  e ~< 1 and hence that  the ion temperature measurements  are virtually unaffected by 
rota t ion shear (see Fig. 10). 

6.2. Changes in rotation velocity during the measurement 

The error  in the measured spectral line-width and hence the ion temperature due to changes o f  
rota t ion velocity during the measurement  period can be estimated by considering a linear change 
o f  ro ta t ion velocity with time. The central apparent  wavelength o f  the resonance line posit ion can 
then be written 

2c = 20 - At, (16) 

where A and 2o are constant  with respect to time t. The measured line profile W~(2) is given by 

Win(2) = [1/(t2 -- tl)] - [(2 -- 20 + At) /A2] 2} dt, (17) 

where the integrat ion is performed with respect to time t over the observat ion period t -- t~ to t = ts- 
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Equation (17) can be solved in terms of the error function 

erf(x) = (2/V/-~) t x e x p ( -  m 2) din. 
do 

We have 

W~(x) = C0[erf(x + b) - erf(x - b)], (18) 

where Co is a normalization constant and the parameters  x and b are given by 

x = {2 - IRe(t,) + ),¢(t2)]/Z}A2 = {[2 - 20 + ½a(t, + tz)l/A),}, (19) 

b = {2c(tz) - [).c(tl) + 2~(t2)]/2}/A2 = [A (t, - t2)/2A2 ]. (20) 

The function W~(x) is symmetric about  x = 0 and reduces to a Gaussian with an e-1 width of  
x = 1 when b--*0. The value of  b corresponds to the line shift which would be measured in units 
of  A2 from the change in the position of  the line peak between time t = t 2 and the average value 
over t = tt to t = t2. 

We want to find the value xp of  the variable x where Wm(x ) goes to e-1 of  its peak value for 
non-zero b, that is, we want to find Xp satisfying 

Wm(Xp)/Win(0) -- e - t  = 0. (21) 

Letting E = X p -  1, Eq. (21) can be rewritten using Eq. (18) as follows: 

erf(1 + E + b) - erf(1 + E - b) = e -  l[erf(b) -- e r f ( - b ) ] .  (22) 

Assuming that E and b are small, we expand the error function to the third order of  its Taylor  
expansion and obtain 

E=bZ/3 or x 0 = 1 + b 2 / 3 .  (23) 

A numerical solution of  Eq. (22) shows Eq. (23) to be accurate to within 2% for b ~< 1.5. Using 
Eq. (23), we see that, for b ~< 0.4, xo is within 5% of unity, that is the spectral line width is within 
5% of  the width in the absence of  toroidal plasma rotation changes. An ion temperature measured 
from the apparent  line width is within 10% of the actual ion temperature for b ~< 0.4 as the relative 
error in the ion temperature ATi/T~ ~ 2e. A value b < 0.4 means that the line shift due to rotation 
is < 0.4 of  the thermal, Doppler  broadened half-width. 

From the preceding treatment,  it can be seen that the change of plasma-rotat ion velocity 
measured from the position of the line peak will cause a line-shift during the measurement less than 
approx. 0.4 of  the spectral line e - ~ half-width in order to produce a deduced ion temperature error 
of  < 1 0 % .  For  suspected Ti errors > 10%, it is probably best to disregard the deduced ion 
temperature, but for smaller errors a first order T~ correction can be made. In view of  Eq. (23), 
we write 

2 ~ 1 + (2/3) b 2, (24) Xp 

which implies 

Ti(corrected) ~ Ti (measured) [1 - (2/3) b 2], (25) 

where b has been defined as the difference in the rotational Doppler  line shift (in units of  thermal 
Doppler  broadening A2) between the average line position and the final line position [see Eq. (20)]. 
Errors in using Eq. (25) will occur if the change in rotational velocity is not linear with time and 
if the intensity of  the line changes during the observation period. In general these effects will make 
Ti (corrected) and Ti (measured) agree more closely so that Eq. (25) can be used to place a lower 
bound on the correct ion temperature. 

6. C O N C L U S I O N S  

Errors in deducing central ion temperatures in the JET tokamak  from the line width of the 
helium-like nickel resonance line have been examined. The statistical errors in fitting a theoretical 
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Voigt function to the experimental line profile produce estimated ion-temperature errors that are 
typically < 5 % .  The estimated errors for JET conditions of the effects of averaging over the 
spectrometer line-of-sight, dielectronic satellites distorting the line shape and toroidal plasma- 
rotation effects are < 10% in most practical cases. 
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