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Abstract 

Various theories and numerical simulations support the conjecture that the ubiquitous problem of 
anomalous electron transport in tokamaks may arise from an electron gyro-scale turbulence driven 
by the electron temperature gradient. To check whether such turbulence is present in plasmas of 
the National Spherical Torus Experiment (NSTX), measurements of turbulent fluctuations were 
performed with coherent scattering of electromagnetic waves. Results from plasmas heated by high 
harmonic fast waves (HHFW) confirm the existence of density fluctuations in the range of wave 
numbers k e=0.1-0.4, corresponding to a turbulence scale length of the order of the collisionless 
skin depth. Experimental observations and agreement with numerical results from a linear 
gyrokinetic stability code indicate that the observed turbulence is indeed driven by the electron 
temperature gradient. 
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1. Introduction 

Understanding the mechanism of plasma 

transport in tokamaks is one of the great 

challenges of fusion research. Indeed, since 

most explanations of this phenomenon are 

based on some type of turbulence [1-3], 

understanding plasma transport is tantamount 

to understanding turbulence. Unfortunately, 

since this is a tremendously difficult problem, 

the cause of anomalous energy losses in 

tokamaks is still an outstanding issue. 

 Particularly difficult to explain is the 

transport of electron energy. This is the most 

worrisome since in a tokamak reactor a large 

fraction of the energy of charged fusion 

products – necessary to sustain the fusion 

reactions – would be released directly to the 

electrons. Various theories and numerical 
simulations [4–9] support the conjecture that 
anomalous electron transport may arise from 
an electron gyro-scale turbulence driven by the 
Electron Temperature Gradient (ETG) 
instability. However, even though a limited 

circumstantial evidence has been presented in 

[10] on the role of the ETG turbulence in 

transport of plasma in Tore Supra, and 

measurements on FT-2 of fluctuations with an 

electron gyro-scale have been reported in [11], 

the existence of a turbulence driven by the 

electron temperature gradient has never been 

proved experimentally in tokamaks. 

 To investigate this type of turbulence, a 

series of experiments have been performed in 

plasmas of the National Spherical Torus 

Experiment (NSTX). These plasmas are 

uniquely suited for the study of the physics of 

electron transport since, while the confinement 

of ions in NSTX is very often at or near neo-

classical levels, that of electrons is anomalous 

in all operational regimes [12]. Preliminary 

results from these experiments have been pre-

sented in [13]. Here we give a more detailed 

description of our measurements of short scale 

turbulent fluctuations driven by the electron 

temperature gradient in NSTX plasmas. 

2. Coherent scattering of e.m. waves 

Short scale plasma density fluctuations were 

measured with coherent scattering of electro-

magnetic waves, a process that can be charac-
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terized by an effective differential cross sec-

tion per unit volume 

               = r0
2S(k, ) ,  (1) 

where r0 = e2 /mc2  is the classical radius of 

electrons and S(k, ) is the spectral density of 

fluctuations [14]. The mean square plasma 

density fluctuation is obtained from 

              ˜ n e
2

=
1

(2 )4
S(k ,  )d

 

 

kd , (2) 

Frequency ( ) and wave vector (k) of fluctua-

tions must satisfy the energy and momentum 

conservation, i.e., = s- i and k=ks-ki, 

where superscripts s and i refer to scattered 

and incident waves, respectively. Since for the 

topic of this paper s i and ks ki, the scat-

tering angle  must satisfy the Bragg condition       

                  k = 2ki sin( /2) . (3) 

 The NSTX scattering system (figure 1) em-

ploys a probing wave with a frequency of 280 

GHz, together with a five-channel heterodyne 

receiver capable of providing full information 

on the frequency spectrum of measured signals 

[15]. A unique feature of the scattering 

geometry is the oblique propagation of the 

probing beam with respect to the magnetic 

field, with both probe and scattered waves 

lying nearly on the equatorial midplane (figure 

2), so that the wave vectors of measured 

fluctuations are nearly perpendicular to the 

magnetic surfaces. However, they have also 

small components in both diamagnetic and 

toroidal directions, from which one can infer 

the phase velocity of fluctuations in the 

poloidal plane. 

 This novel scattering geometry takes advan-

tage of the large curvature of magnetic field 

lines and the strong anisotropy of turbulence in 

tokamaks, where short scale fluctuations are 

characterized by k||<<k , with k|| and k  the 

wave vector components parallel and perpen-

dicular to the magnetic field. This makes the 

instrumental selectivity function, i.e., the col-

 

Figure 1. Schematic illustration of the scattering 
apparatus showing some of the major hardware 
components. 

 

 

Figure 2. Probe beam (blue) and scattered 
waves (red) for detection of inboard (left) and 
outboard (right) fluctuations. Steerable optics 
can position the scattering region from the 
magnetic axis to the plasma edge. 

 

 

Figure 3. Contour plots (ten levels equally 
spaced from 0.1 to 1) of the instrumental selec-
tivity as a function of the position along the 
probe beam (s) and the wave number mismatch 
( k) for the two configurations of figure 2 (top: 
inboard fluctuations, bottom: outboard fluctua-
tions). Labels are wave numbers of measured 
fluctuations. 
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lection efficiency of scattered waves, strongly 

localized [16, 17], as illustrated in figure 3 

showing the contour plot of the selectivity 

function along the trajectory of the probing 

beam for the two cases of figure 2. From this, 

we get that the radial footprint of the scattering 

region is smaller than the diameter of the 

probing beam (5.0 cm), so that the radial 

resolution of our measurements is ±2.5 cm. 

Figure 2 shows also a wave number resolution 

of ~ ±1 cm-1 

3. Results 

The experimental results presented in this pa-

per were obtained in plasmas with high har-

monic fast wave (HHFW) heating [18,19]. Use 

of this radio frequency (RF) technique – where 

an electromagnetic wave with the frequency 

(30 MHz) of an ion cyclotron harmonic (~10
th

) 

is launched into NSTX where it is absorbed by 

the electrons – was motivated by its ability to 

produce electron temperature (Te) profiles with 

large central values and steep gradients. An 

example is in figure 4, showing the electron 

temperature and density profiles in a Helium 

plasma with 1.2 MW of RF heating power, a 

minor radius of 0.65 m, a major radius of 0.85 

m, an elongation of 2, a magnetic field of 0.55 

T and a current of 700 kA. The latter values of 

magnetic field and plasma current were chosen 

for minimizing the spurious effects of MHD 

turbulence. Because of the low plasma density, 

i.e, a weak electron-ion coupling, the ion 
temperature (Ti) remained nearly constant 
(with central values of 0.8-1.0 keV). 
 Figure 5 shows the time evolution of the 

spectral density of measured fluctuations with 

k = 14 cm-1 at R =1.2 m, corresponding to the 

range of k e=0.2-0.4 (with e the electron 

gyroradius), k s=8.5-17 (with s the ion 

gyroradius at the electron temperature) and 

k i=8-10 (with i the ion gyroradius). The 

latter implies that the source of observed fluc-
tuations is not the Ion Temperature Gradient 
(ITG) mode, which is instead characterized by 
k i < 1 [1-3]. This mode is also excluded by 
the frequency asymmetry of measured spectra, 

as shown in figure 5, indicating that fluctua-

tions propagate in the electron diamagnetic 

direction. 
 It is interesting to note that for the plasma 
density in figure 4, k sk ~ 2, where sk is  the 

collisionless skin depth (c / pe = e / e
1/ 2 , 

with pe the plasma frequency and e  the 

electron beta). This is not surprising since for 

sufficiently large values of e , such as those 

in the present experiment (3-6%), the charac-

teristic turbulence scale length is expected to 

be of the order of the electron skin depth  [4, 

20]. 
 The observed fluctuations appear to be re-
lated to the electron temperature gradient, as 
illustrated in figure 6 where the frequency 
integrated value of the spectral density (Stot) of 
fluctuations in figure 5 is compared with the 
scale of Te (defined as LTe=(dlnTe/dr)-1) at the 
radius of measurements. Note that plasma 

fluctuations begin to rise at the beginning of 

the RF pulse, when the value of LTe begins to 

 

Figure 4. Electron temperature (top) and density 
(bottom) profiles with 1.2 MW of HHFW heat-
ing. 

 

 

Figure 5. Logarithmic contour plot of the spectral 
density of fluctuations with k e=0.2-0.4 at 
R=1.2 m. Negative frequencies correspond to 
wave propagation in the electron diamagnetic di-
rection. 
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drop, and decrease towards the end of the 

pulse, when the opposite occurs.  

 The same phenomenon is illustrated in 

figure 7, showing the electron temperature 

profile and the spectrum of fluctuations at 0.3 

s – when fluctuations are near their maximum 

value – and at 0.43 s – 30 ms after the end of 

the RF pulse when the electron temperature 

profile has collapsed and flattened on a wide 

central region. While both spectra contain a 

central narrow symmetric feature, which is 

caused by a spurious stray radiation, that at 0.3 

s displays a strong Doppler shifted component, 

which is the signal of coherent wave scattering 

by plasma fluctuations. A difference of a 
factor of three in the value of LTe at the two 
times of measurement clearly demonstrates the 

dependence of plasma turbulence on the radial 

scale of Te. 

 Short scale turbulent fluctuations were also 
detected on the outer region of the plasma col-
umn  (R=1.35 m), as illustrated in figure 8 
showing the spectral density of fluctuations 
with wave numbers in the range k e =0.1-0.2 

and k i  k s = 4-8. Again, the scale length 
is of the order of the collisionless skin depth 
(k sk=1-2). As in the case of core fluctua-
tions, wave numbers are outside the range of 
the ITG mode, and their propagation is in the 
electron diamagnetic direction (corresponding 
to positive frequencies for the scattering con-
figuration used in these measurements). 

 The power spectrum of measured fluctua-

tions at t=0.3 s (i.e., the value of Stot normal-

ized to the square of the plasma density) is 

Figure 6. Frequency integrated spectral density 
Stot (solid line) and radial scale LTe (dash line) 
for the case of figure 5. 

 

 

Figure 7. Temperature profiles (top) and spec-
tral density of fluctuations (bottom) at 0.3 (red) 
and 0.43 s (black). Blue stripe (top) indicates the 
location of measurements where LTe is 15 and 
50 cm, respectively. Negative frequencies (bot-
tom) correspond to wave propagation in the 
electron diamagnetic direction. 

 

 

Figure 8. Spectral density of fluctuations in the 
range of wave numbers k e=0.1-0.2 at R=1.35 
m. Positive frequencies correspond to wave 
propagation in the electron diamagnetic direc-
tion. 

 

 

Figure 9. k-spectrum of density fluctuations 
(normalized to the square density) as a function 
of  k  for both inboard (squares) and outboard 
(triangles) measurements. 
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shown in figure 9 as a function of k  for both 

inboard (figure 5) and outboard (figure 8) 

measurements. Surprisingly, the power spec-

trum seems to follow a similar power law 

(~ k 4.5) at both plasma locations in spite of 

different values of Te (1.5 vs. 0.5 keV). If the 

measured turbulence is isotropic perpendicu-

larly to the magnetic field – which our meas-

urements cannot prove – the mean square 

density fluctuation would follow the power 

law   ˜ n e2  / ne2 k 3.5 . 

 These results demonstrate the importance of 

the gradient of Te for the existence of an elec-

tron gyro-scale turbulence in NSTX. However, 

another determining factor is the magnetic 

shear s = r(d lnq /dr)  (where q is the magnetic 

safety factor) – especially if negative [6]. An 

example of the latter is shown in figure 10, 

resulting from 3 MW of HHFW heating during 

the early phase of a Deuterium plasma (0.2 s), 

when the toroidal current was still diffusing 

into the plasma core. A strong electron heating 

together with a low ionic effective charge (1.4 

vs. 2.5 in figure 4) had the effect of slowing 

down the current diffusion and producing a 

central region with strong negative shear (fig-

ure 10) that lasted for ~0.1 s, until the onset of 

an MHD instability caused a fast redistribution 

of the plasma current and a flattening of its 

density profile. During the phase of negative 

shear, the electron temperature developed a 

large gradient near the radius of minimum q 

(figure 11), where the value of LTe was much 

smaller than the lowest values in figure 6. This 

must be considered evidence of the existence 

of an internal transport barrier [21].  Figure 12 

shows that fluctuations were suppressed at the 

transport barrier - a striking similarity to what 

was found in similar TFTR plasmas [22], al-

beit for fluctuations driven by the ion tem-

perature gradient (ITG). However, turbulent 

fluctuations reappeared at the end of the heat-

ing pulse (figure 12) when the plasma current 

fully extended to the plasma core, making the 

q-profile nearly constant over a wide central 

region (figure 10). 

 Finally, neither plasmas with a strong nega-

tive shear nor with an internal transport barrier 

were observed when the RF power was in-

jected at a later time (0.3 s). 

4. Discussion 

 In an attempt to determine the source of 

observed fluctuations, we employed a linear 

version of the GS2 stability code [23] to obtain 

the normalized critical gradient (R/LTe)crit for 

the onset of the ETG instability. This code 

solves the gyrokinetic Vlasov-Maxwell equa-

 

Figure 10. Magnetic safety factor (from MSE 
measurements) at the beginning (red) and the 
end (black) of RF pulse (3 MW).  

 

 

Figure 11. Same as in figure 10 for the electron 
temperature. 

 

 

Figure 12. Same as in figure 10 for the meas-
ured fluctuations. 
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tions, including passing and trapped particles, 

electromagnetic effects, as well as a Lorentz 

collision operator. The results are shown in 

figure 13, where the critical gradient is com-

pared with the measured normalized tempera-

ture gradient R/LTe for the case of figure 5. 

From this, we conclude that the ETG mode is 

indeed unstable over most of the RF pulse 

where the critical gradient is smaller than the 

electron temperature gradient. Comparison 

with figure 6 shows that the level of measured 

fluctuations correlates with the departure of 

the temperature gradient from the critical gra-

dient. 

 Figure 13 displays also an algebraic expres-

sion of the normalized critical gradient that 

was derived in [24] using a best fit of GS2 

results for a set of model tokamak configura-

tions [24]. This is given by 
 

(R/LTe)crit=(1+Zeff Te/Ti)(1.3+1.9 s/q)(1-1.5 ), 
 
where Zeff is the ionic effective charge and 

=r/R is the inverse aspect ratio. This for-

mula, showing the stabilizing role of the tem-

perature ratio Te/Ti and the magnetic shear, 

gives values of critical gradient that are not 

very different from those obtained using the 

NSTX plasma configuration of our experi-

ment.  

 Similar plots are displayed in figure 14 for 

the case of outboard fluctuations (figure 8), 

showing again that fluctuations coincide with a 

temperature gradient that is larger than the 

critical gradient. At this plasma location, 

however, since the HHFW heating did not 

modify significantly the plasma conditions, 

both the amplitude of measured fluctuations 

and the ETG critical gradient remained nearly 

constant in time. 

 Finally, we found that the GS2 code pre-

dicts stability for the ETG mode in the plasma 

region with strong negative shear of figure 10, 

in agreement with our fluctuation measure-

ments (figure 12). 

5. Conclusion 

 In conclusion, an electron gyro-scale turbu-
lence was observed in NSTX plasmas in the 
range of wave numbers k e= 0.1-0.4, corre-

sponding to a turbulence radial scale of the 

order of the collisionless skin depth. Large 

values of k i and a strong correlation with the 
scale of Te seem to exclude the ITG mode as 
the source of turbulence. Experimental obser-
vations and an agreement with numerical re-
sults from the linear gyrokinetic GS2 code 
support the conjecture that the observed tur-
bulence is driven by the electron temperature 
gradient.  
 In plasmas with strong negative magnetic 
shear, the formation of an internal transport 
barrier was observed near the radius of mini-
mum q, where no electron gyro-scale fluctua-
tions were detected. This could be used as evi-
dence of the role played by the turbulence de-
scribed in this paper on plasma transport. 

However, additional experiments together with 
nonlinear numerical simulations of plasma tur-
bulence (in progress) are needed before 

reaching any definite conclusion.  
 This work was supported by U. S. Depart-
ment of Energy Contract No. DE-AC02-
76CH03073 and Grant No. DE-FG-02-
99ER54518.  

Figure 14. Same as in figure 13 for the case of 
figure 8. 

 

Figure 13. Time evolution of the measured gra-
dient R/LTe (red) and GS2 critical gradient 
(R/LTe)crit for the onset of the ETG mode 
(blue). Dash line is the critical gradient from  
[24]. 
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