
cpp header will be provided by the publisher 

Doppler spectral line shapes in low frequency turbulent plasmas 
Y. Marandet* H. Capes 2, L. Godbert-Mouret1, M. Koubiti1, and R. Stamm1 

1 PIIM, Université de Provence, Centre de St-Jérôme F13397 Marseille France 
2 DRFC-CEA, 13108 Saint Paul lez Durance Cedex, France 

Received 15 November 2003 
Published online 3 December 2003 

Key words Spectroscopy, Line shapes, Plasma Turbulence , Probability Distribution Function. 
PACS 32.70.Jz, 52.35.Ra 
In this paper we investigate the influence of low frequency, i.e. drift wave like turbulence on the spectral 
line shapes in magnetized plasmas. The measured spectrum, which is obtained through both spatial and time 
averaging processes, is shown to contain information on turbulence. Using a statistical description of the 
turbulent fluctuations, we investigate the effects of density, fluid velocity and temperature fluctuations on the 
Doppler profile of a spectral line. 

C o p y r i g h t l ine wil l b e p rov ided by the pub l i she r 

1 Introduction 
Spectral line shape studies have so far brought valuable results concerning the origin of neutrals in the edge 
plasmas of fusion devices. Several populations of neutrals related to different sources were identified [1,2]. Each 
of these populations is characterized by a temperature related to the ionic temperature and density (e. g. [3, 4]). 
It is however well established now that edge plasmas are strongly turbulent, i.e. the edge plasma parameters 
present a high level of fluctuations, up to several tenths of percents both in time and space. As turbulence is 
held responsible for the so called anomalous transport, its study has attracted much attention during the recent 
years, and its modelling has achieved important progresses [5, 6], The question of the fingerprints left by edge 
turbulence on the measured line shapes thus naturally arises. The interest is two-fold : first, it is important to 
know to what extent turbulence may affect the results obtained through line shape studies. Then the possibility 
of extracting from the spectra relevant information on the turbulence itself should be carefully checked. In a 
previous paper [7], we analyzed a power law behavior observed in the line wings of Da spectra measured in the 
former ergodic divertor configuration of the Tore Supra Tokamak, and its possible links with turbulence were 
discussed. Here we present a more general approach to line broadening in low frequency turbulent plasmas, 
allowing to express the line profile in terms of the Probability Distribution Function (PDF) of the fluid quantities. 
The influence of density, fluid velocity and temperature fluctuations will be successively investigated. 

2 Expression of the measured line shape 
Let us first define precisely the observable quantity for a spectrally resolved passive spectroscopy measurement. 
The spectrum is integrated both along the Line Of Sight (LOS) and during the acquisition time of the spectrom-
eter, denoted by T m e s . The observable quantity lmes(AX), where AA stands for the wavelength detuning from 
the center of the line, is thus given by the following expression : 

J m e s ( A A ) = — [ " " d t j [ dr B ( f , t) /(AA, f , t) (1) 
Tmes Jo ^ J 

Here L is the length of the emitting zone, B(r, t) the local brightness of the line, and /(AA, r, t) the local line 
shape normalized to unity. We assume here that the apparatus function is known, thus allowing the obtention 
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of T m e a ( AA) by a deconvolution procedure of the raw spectrum. The value chosen for the acquisition time of 
the spectrometer r m e s depends on the aim of the measurement. In fact, if one is interested in time resolved 
measurement, one should have T m e a < r , where r is the typical time scale over which the functions & and I 
vary. However, such a setting may preclude spectral investigations due to the resulting low signal to noise ratios. 
In such a case, one may only be able to deal with the integrated intensity of the line. Since the time variations of 
the intensity can be related to those of the plasma parameters, it is thus possible to study turbulent fluctuations 
spectroscopically. For example, Beam Emission Spectroscopy (BES), which is an active spectroscopic technique 
has been used to diagnose turbulence at the edge of tokamaks (e.g. [8, 9]). In this paper we will deal with the 
opposite situation, where we have no time resolution but where the intensity is high enough to allow a spectral 
study far from the line center. 

3 Modelling of the local quantities 
3.1 The local Doppler profile 

The AA dépendance of the local profile is determined by the dominant line broadening mechanism. In magnetized 
plasmas, the Zeeman, Stark and Doppler broadenings should be taken simultaneously into account. However, at 
the edge of the Tore-Supra Tokamak for example, the measured densities are usually low (10 1 8 m - 3 < N ^ d g e < 
10 1 9 m - 3 ) , and the electron temperature lies between 10 and 100 eV. Thus, if one considers the D a line, which 
corresponds to a transition from the n = 3 to the n = 2 level of the atomic deuterium, the line shape is dominated 
by the Zeeman and Doppler effects. In addition, since the magnetic field is larger than 1 T, the fine structure can 
be neglected. Therefore, the D ( l line splits into three Doppler-broadened Zeeman components (one ir and two a). 
The lateral a components are equally separated from the central tt component. Under parallel observation with 
respect to the magnetic field, only the a components are observable. It should be noted that the model presented 
in this paper could also be applied to Stark broadened lines, using the local Stark profile instead of the Doppler 
one. Moreover, the Stark broadening due to the turbulent electric field [7] will also be neglected. The profile I 
of each of the Zeeman components is related to the local Velocity Distribution Function (VDF) of the emitters 
along the line of sight f(vz,r, t) through the simple relation : 

I(A\,r,t)dA\ = f(vz,f,t)dvz (2) 
where AA = '-f Ao. Let us consider neutrals created by charge exchange reactions. In order to model the VDF 
of these emitters, we can take advantage of the separation of scales between atomic processes and turbulence. 
In fact, the time scale r t u r ( , of the turbulent fluctuations is typically between 10 and 100 /is, whereas the charge 
exchange rate is of the order of a few /its. As a result, the VDF of the emitters remains close to the one of the 
ions at each time. Moreover, the collisional relaxation time of the VDF of the ions toward a local maxwellian 
equilibrium is slightly shorter than Tt u rb- For edge plasmas, it is thus reasonable to assume a local equilibrium 
for the ions, i.e. a local maxwellian VDF. The local Doppler profile is then given by : 

I(AX,T(r,t),uz(r,t)) = 7 = = = exp ^ — J « 

where T(f,t) is the ion temperature, nz (r, t) the component of the fluid velocity along the LOS, and £ = 
2kB^o/miC with obvious notations. At the microscopic level, the emitter's VDF thus appears as a functional of 
a set of slowly varying macroscopic fields denoted by X(r, t) = {T, u}. The evolution of these coupled fields 
is governed by the fluid equations. In particular, the fluid velocity u can as a first approximation be taken as the 
electric drift velocity u = B A V<i>/B 2, where $ is the electrostatic potential and B the magnetic field. 

3.2 The local brightness 
For Tokamak edge plasmas, the use of a collisionnal-radiative model is required to determine B(r. t) as a function 
of the electronic temperature and density. We have performed a calculation of the brightness per emitter as a 
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function of the electron temperature for several densities using the code SOPHIA [10]. Neglecting the variations 
of the effective charge Z, j f of the plasma with the density, the local brightness is found to behave quadratically 
with the density. Moreover, for electron temperatures larger than 15 eV, the influence of Te on the brightness can, 
as a first approximation, be neglected. 

In this section we have shown that the normalized Doppler profile depends on the fluid velocity and the ion 
temperature, whereas the brightness is mainly a function of the density provided Te is large enough. The study 
of the line shape is therefore complementary to the one of the intensity. 

4 Statistical formulation 
Using the results of the preceding section, the line shape of a Zeeman component can be recast in the following 
form, where X(r, t) = {n, T, u} and the Doppler profile is obtained from Eq. (3) : 

I m e s ( A A ) = J _ f m " d 1 f d r B(X(r,t)) I(AX,X(f,t)) (4) 
Tmes JO J-1 J 

A straightforward evaluation of l m e s ( AA) would require the full solution of the non linear fluid equations. Such 
an approach could rely on a turbulence code, and may be useful for diagnosis purposes. However, to gain further 
insight in the problem, we will in this paper use a statistical description of turbulence. In the following, we 
will only consider stationary turbulence, for which the statistical properties do not change during r m e s . . Let 
us formally multiply Eq. (4) by S(X — X (r, t j) and then integrate over X. As the acquisition time of the 
spectrometer is assumed to be large with respect to the typical time scale associated with turbulent fluctuations, 
the following ergodic assumption is suitable : 

1 r T m e a 

/ dtô(X - X ( f , t ) ) = (S(X -X(r,t))) = W(X;r) (5) 
T~mes J0 

where the brackets stand for an ensemble average over the realizations of X(t) at the point r and W(X;r) is the 
joint PDF of the set of variables X at the location r. The line shape can therefore be written as : 

I m e s ( A A ) = J w { X ) B ( X ) I ( A X , X ) d X (6) 

where W(X) is defined by : 

W(X) = y [ W(X;r)df (7) L Jo 
and is the joint PDF of the set of variables X, averaged over the volume of the emitting zone. In the case of 
homogeneous turbulence, we have W(X) = W(X; f ) . The homogeneity assumption is reasonable in the case 
of a LOS parallel to the magnetic field lines. Solving the fluid equations is thus replaced by the determination of 
this PDF from the fluid equations. This task has not yet been achieved in the general case, but some interesting 
results ([6] and references therein) have been obtained on the basis of the formalism developed by Pope [11], For 
instance, let us assume that the field X (here X stands either for the density or for the temperature) obeys to the 
following fluid equation : 

8X — + V • f = S(X) (8) 

where S(X) is a source term and the flux I = û X — nVX is the sum of a convective and a diffusive flux, re 
being the diffusion coefficient. The advecting velocity field u is described stochastically and is assumed to be 
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statistically independent of X and incompressible. It is then possible to show [12] that the stationary PDF of X 
is given by : 

where C is a normalization constant and D(X) = (k,(VA')-| A'(F, t) = X) the average of the dissipation condi-
tioned to the value of X. The shape of this function depends on the correlations between X and its gradient, and 
one has thus to deal with a closure problem [6], The expression of the PDF also depends on the source term, both 
explicitly and implicitly since the expression of the function D depends on S(X). In the following, we will not 
focus on the determination of the PDF, which is specific to each particular situation. We shall rather underline 
what kind of modifications of the measured profile can be expected independently of the precise shape of the 
PDF, and then discuss some examples of particular interest. 

4.1 Density fluctuations 
Let us first only consider density fluctuations. The temperature T is constant and the component of the fluctuating 
fluid velocity along the LOS is assumed to be negligible. This is a reasonable first approximation if the LOS is 
parallel to the magnetic field lines. Since the local Doppler profile given by Eq. (3) does not depend on the density, 
the integration over the density fluctuations is trivial and the line shape is given by the following expression : 

f + OO 
lmes{AA) = / dnB(n) W(n) / (AA,T) cx (n 2 ) / (AA,T) (10) 

Jo 

Therefore, the Doppler line shape is not affected by the density fluctuations whatever their statistical properties 
are, and should remain gaussian with the temperature T. 

4.2 Fluid velocity fluctuations 
In this section, we will consider fluid velocity fluctuations only. As we have shown in the previous section, the 
density fluctuations do not modify the line shape. Therefore, if the density and the fluid velocity are assumed 
to be statistically independent, density fluctuations can be discarded when dealing with the Doppler profile. The 
measured profile can be rewritten as : 

Imes(AA) = B J W(uz)I(AA - A 0 ^ , T ) duz (11) 

and thus appears as the convolution product of the PDF of the fluid velocity component along the LOS W(uz) 
with the local Doppler profile. The effective temperature which can be deduced from the profile is found to be : 

T e f f = T 1 + (12) 
uth . 

where vth is the thermal velocity corresponding to the temperature T and = ('u'f) — (uz)2 stands for the 
variance of W(uz). Therefore, the effective temperature obtained from the Doppler line width is not rigorously 
equal to the actual temperature of the emitters. The corrective term a u z l v t h is of the order of the ratio of the 
ionic Larmor radius to the gradient length of the fluctuations. Let us now consider the line shape. Due to the 
properties of the convolution product, the profile remains Gaussian only if W(uz ) is itself Gaussian. However, 
in the general case, the PDF of the fluid velocity might be non-gaussian. For example, let us now assume W(uz) 
to be a symmetric Lévy distribution of index 0 < a < 2 [13], Such a distribution could arise from Lévy flights 
in the velocity space. It is readily shown that the power law behavior of the tail of the velocity PDF is transferred 
to the wings of T m e s : 
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W A A ) oc ^ ^ (13) 

The line wings of the measured profile thus carry information on the underlying velocity PDF. This effect is 
strongly dependent on the direction of the LOS, since the fluid velocity fluctuations are anisotropic. In particular, 
if the LOS is parallel to the magnetic field lines, as it is was the case in [7], the influence of these fluctuations on 
the line shape should be negligible. 

4.3 Ion temperature fluctuations 
In the preceding sections, the temperature was kept constant. In the following, we will investigate the effects of 
ion temperature fluctuations on the Doppler profile. If neither the density nor the fluid velocity fluctuate, the line 
shape is given by : 

r+oo 
Xmes(AX)=B W(T) I(AX,T)dT (14) Jo 

where W(T) is the temperature PDF. The second moment of the profile, which can again be thought of as an 
effective temperature, is given by : 

/

+oo P+OO 
AX2lmes(AX)dAX oc / W(T)TdT=(T) (15) -oo J 0 

and does not depend on the variance of the temperature PDF. In particular, for any given finite variance the width 
of the line is thus the same as if there were no fluctuations at all with a temperature equal to (T). Therefore, 
the Doppler line width is not affected by temperature fluctuations. However, from Eq. (14), it is clear that the 
measured line shape, being a weighted sum of Gaussians of different widths, cannot be Gaussian itself. For 
example, let us consider the temperature PDF obtained by Sinai and Yakhot [14] using an approach similar to the 
one of Pope : 

W(T) = r - — (16) 

where C is a normalization constant, a corresponds to the width of the distribution, and k > 0 is a measure of 
the strength of the correlations between the temperature and its gradient. For k —> 0, the correlations vanish and 
the PDF becomes Gaussian. This PDF, plotted on Fig. 1-a) for T0 = 20 eV, k = 10 and a = 100, is a Tsallis 
distribution with q = (1 + 2fc) _ 1 [15], As shown on Fig. 1-b), the resulting line profile remains very close to 
a gaussian at the mean temperature T 0 = 20 eV in the bulk of the line. Conversely, the line wings are strongly 
affected by the fluctuations and exhibit a power law behavior of exponent — (3 + 2/k). This exponent is too large 
to explain the algebraic decay observed in the line wings of Tore Supra, where the exponent is found to be close 
to the value of -2 [7], It is easily verified that in order to get an algebraic decay of exponent —2 on the measured 
profile, the temperature PDF should have the following asymptotical behavior : 

W(T) cx ^ (17) 

To carry the analysis further, the physics behind this behavior of the PDF should be clarified. This result is 
however still preliminary since fluctuations of other variables and couplings between them should also be taken 
into account to model the experimental data. 

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 



cpp header will be provided by the publisher 11 

1 

0.00-
1E-6 

0 10 20 30 40 50 
T(eV) 

0.1 10 

a) 
AA. (Â) b) 

Fig. 1 : a) Plot of the Sinai PDF for T 0 = 20 eV, a = 100 and k = 10. b) Plot of the resulting Doppler profile 
on a logarithmic scale (solid line), showing the asymptotic power law behavior. The value of the exponent is -3.2 
here. The dashed line corresponds to the Gaussian Doppler profile obtained for 20 eV. 

In this paper, we have presented a model taking into account the turbulent fluctuations of the plasma parameters 
in the modelling of the line shapes corresponding to a charge exchange population of neutrals. The model 
relies on two separations of scales ; first between the atomic processes and the turbulence, allowing the use a 
of simple LTE model for the VDF of the emitters. Then between turbulent scales and the measurement scales, 
allowing a statistical treatment of the turbulent fluctuations. The relevant quantity pertaining to turbulence for 
line shape calculations is found to be the joint PDF of the fluctuating plasma parameters. Using our model, we 
were able to investigate the limiting cases where only one variable fluctuates. At this level of approximation, 
the Doppler line shape does not contain information on the density fluctuations. The fluid velocity fluctuations, 
whose effect depends on the direction of observation, are found to lead to a slight overestimation of the emitter's 
actual temperature. A non Gaussian PDF leads to a profile which is also non Gaussian. Thus, information on 
this PDF might be obtained from the measured line shape. Finally, if temperature fluctuations occur, the effective 
temperature of the profile is found to be the mean value of the temperature PDF. According to the shape of 
the PDF, the line wings can be strongly modified. Indeed, the Sinai model for example leads to a power law 
behavior. Moreover, an algebraic decay of exponent —3/2 for the temperature PDF could explain the power law 
feature which has been observed on some Tore Supra spectra. As a result, line wing studies might give valuable 
experimental information on the PDF of the temperature or the fluid velocity, especially if these PDF have long 
tails. 
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