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Density fluctuations in low-collisionality, low-beta (p-O.1 %), currentless plasmas produced with 
electron cyclotron heating (ECH) in the Advanced Toroidal Facility (ATF) torsatron [Fusion 
Technol. 10, 179 (1986)] have been studied using a 2 mm microwave scattering diagnostic. Pulsed 
gas puffing is used to produce transient steepening of the density profile from its typically flat shape; 
this leads to growth in the density fluctuations when the temperature and density gradients both 
point in the same direction in the confinement region. The wave number spectra of the fluctuations 
that appear during this perturbation have a maximum at higher k,p, (-1) than is typically seen in 
tokamaks. The in-out asymmetry of the fluctuations along the major radius correlates with the 
distribution of confined trapped particles expected for the ATF magnetic field geometry. During the 
perturbation, the relative level of the density fluctuations in the confinement region (integrated over 
normalized minor radii p from 0.5 to 0.85) increases from Z/n- 1% when the density profile is flat 
to i/n -3% when the density profile is steepened. These observations are in qualitative agreement 
with theoretical expectations for helical dissipative trapped-electron modes (DTEMs), which are 
drift-wave instabilities associated with particle trapping in the helical stellarator field; they suggest 
that trapped-electron instabilities may play a role in constraining the shape of the density profile in 
ATF, but have little effect on global energy confinement. 0 199.5 American Itwtitute of Physics. 

I. lNTRODlJCTlON 

The radial transport of energy and particles in magneti- 
cally confined plasmas in tokamak and stellarator experi- 
ments is much larger than expected from fundamental neo- 
classical transport theory, and the search for an 
understanding of “anomalous” transport mechanisms contin- 
ues to be a major component of contemporary controlled 
fusion research.“* Accordingly, considerable effort is being 
expended in studying the plasma fluctuations and turbulence 
that are the Iikely causes of enhanced radial transport. Since 
the magnitude and functional dependence of global energy 
confinement in tokamaks and stellarators appear to be quite 
similar, in spite of the rather different magnetic topologies 
and plasma stability properties of these devices, comparisons 
of fluctuation phenomena in these two confinement geom- 
etries can shed light on the physics underlying transport phe- 
nomena. 

Instabilities associated with particles trapped in the mag- 
netic mirrors produced by the geometry of the confining field 
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have been observed in linear experiments3 and have long 
been suspected to be important in toroidal confinement, since 
they can result in effective heat transport coefficients that 
increase with temperature in a fashion similar to that seen in 
some experiments.2*4 Recent advances in measurements of 
turbulence in hot tokamak plasmas5-T are improving the 
knowledge of turbulence characteristics and their depen- 
dence on plasma parameters and heating. However, a clear 
picture of the role of trapped-particle instabilities in tokamak 
and stellarator experiments has yet to emerge. 

In tokamaks, dissipative trapped-electron modes 
(DTEMs)* are drift waves that are destabilized by the par- 
ticle population trapped in the inhomogeneities of the mag- 
netic field strength IBf produced by the l/R dependence of 
the toroidal magnetic field. In toroidal stellarators, the heIica1 
ripple in IL31 (which has relative amplitude a> due to the 
stellarator field results in an additional particle trapping 
mechanism that can also lead to trapped-particle 
instabilities.’ Since the connection length of the helical field 
ripples .Qh-2rrRIM (where M is the number of stellarator 
field periods) is typically much shorter than the connection 
length of the toroidal magnetic well L+=qR, the electron 
collisionality r.$ = r+&llh/V,, for helical trapping (here 
v,tf= ‘/eif elr is the effective electron collision frequency and 
V,, is the electron thermal velocity) is proportionally lower 
than the toroidal collisionality v,* at the same temperature 
and density. For the electrons, the condition r&Cl required 
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FIG. 1. Layout of the 2 m m  scattering diagnostic on ATF 

for helical DTEMs can be fulfilled even at modest plasma 
parameters (T,-1 keV, n,~lO’~ cme3) like those achieved 
during operation with electron cyclotron heating (ECH) in 
present-day stellarators. 

The Advanced Toroidal Facility lo (ATF) is well suited to 
studies of plasma turbulence and transport because of its ca- 
pabilities for control of plasma parameters and magnetic 
configuration, as well as its variety of diagnostics designed 
to study local transport and fluctuations. A number of fluc- 
tuation diagnostics have already yielded valuable informa- 
tion on magnetic fluctuations” and potential fluctuations, 
both at the plasma edge [fast reciprocating Langmuir probe 
(FRLP)“*‘3] and in the interior [heavy-ion beam probe 
(I-uBP)‘~]. Density fluctuations have been studied using the 
FRLP, the HIBP, and correlation reflectometry.‘5,16 The mi- 
crowave scattering diagnostic is an important addition to this 
set, because it permits measurements of wave number spec- 
tra in a broad k range and has access to the entire plasma 
cross section. The spatial resolution of the microwave scat- 
tering diagnostic is sufficient to distinguish among fluctua- 
tions in the plasma core, in the confinement region, and at 
the plasma edge. Thus, this diagnostic is extremely useful for 
the study of ECH plasmas in ATF, which are generally char- 
acterized by flat to hollow density profiles and comparatively 
low average densities (ii,~lO’~ cm-3).17,18 Plasmas in this 
regime are marginally stable to DTEMs in the core and 
dominated by pressure-gradient-driven resistive interchange 
modes at the edge.9*‘7”8 Pushing the plasma out of this mar- 
ginally stable condition in some way could make it possible 
to observe the excitation of drift-wave-induced turbulence. 
These quiescent discharges have low normalized plasma 
pressure P=~/(B*/2&=0.1%, and only a small residual 
plasma bootstrap current” of -1-2 kA, so it is highly un- 
likely that competing pressure or current-driven MHD phe- 
nomena are involved in the fluctuations; this removes a sig- 
nificant degree of complication from these experiments. 

used to produce conditions that could be expected to excite 
trapped-electron instabilities. In Sec. V we describe turbu- 
lence measurements for a number of different magnetic con- 
figurations. In Sec. VI we compare the experimental results 
with theoretical expectations for trapped-electron drift-wave 
instabilities, and in Sec. VII we summarize the conclusions. 

II. EXPERIMENTAL SETUP 

ATF is a large stellarator-type device with a major radius 
R,=2.1 m, average plasma radius 6=0.27 m, and magnetic 
field B s 1.9 T. Its confining field and flux surfaces are pro- 
duced by a torsatron helical winding set having poloidal mul- 
tipolarity 1=2 and M= 12 toroidal field periods, and by 
associated poloidal field coils. In its nominal magnetic 
configuration, ATF has a central rotational trans- 
form +a = l/q,=O.3 and an edge rotational trans- 
form +a= l/q,= 1. The helical magnetic field ripple is near 
zero on the magnetic axis and rises approximately propor- 
tional to p” to -0.3 at the plasma edge (p=rlZ is the nor- 
malized plasma minor radius). 

In this paper we describe experiments that were specifi- 
cally designed to look for evidence of trapped-electron insta- 
bilities. In Sec. II, we describe the ATF device, its diagnos- 
tics, and the experimental procedure. In Sec. III we describe 
the setup and calibration of the microwave scattering system. 
In Sec. IV we describe experiments in which gas puffing was 

A four-channel, 2 mm microwave scattering system is 
used to study density fluctuations in ATE (Details of the 
setup and calibration procedure for this diagnostic are given 
in Sec. III.) A steerable transmitting antenna is mounted in a 
port on the inside (small-major-radius side) of the torus, and 
four receiving antennas are mounted on outside ports. The 
scattering volume can be spatially scanned over the plasma 
minor cross section, as shown in Fig. 1. The diameter of the 
Gaussian microwave beams is 3.2 cm at the beam waist. The 
range of accessible fluctuation perpendicular wave numbers 
is 3 cm-’ <k, <20 cm-’ and varies with the location of the 
scattering volume. The spatial resolution of the system varies 
with the scattering angle (8,<40’) and with the location of 
the intersection of the incident and scattered microwave 
beams, but typically it is better for higher k, (larger /3,). In 
practice, to resolve the contributions to the scattered wave 
from the plasma core (p<OS), the confinement region 
(0.5~p~O.85), and the plasma edge (p>O.85), only signals 
with k,>6 cm-’ are used in the data analysis. When the 
scattering volume is located above or below the plasma cen- 
ter (i.e., at R=R,), fluctuations with predominantly radial 
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wave numbers (k,* k J scatter the incident beam. If the scat- 
tering volume is close to the equatorial plane of the torus 
(z-O), fluctuations with predominantly poloidal wave num- 
bers (k,+kp) contribute to the scattered beam. 

A microwave generator with frequency f = 135 GHz and 
output power P=O.5 W is used. The incident microwave 
beam polarization is chosen to be ordinary mode, i.e., the 
electric field (E,) vector of the incident wave is parallel to 
the magnetic field on the magnetic axis. Homodyne and 
dual-homodyne2’ measurements (in the latter, a pair of 
quadrature detectors is used at each channel) are made to find 
the intensities and the propagation direction of the fluctua- 
tions. Four 12-bit, 130 kbyte digitizers, operating at a sam- 
pling frequency of 1 MHz, store two time samples (130 ms 
each) of each of the four detector signals during each ATF 
shot. The frequency of the digitizers allows analysis of the 
fluctuation frequency spectra up to 400 kHz; active four-pole 
low-pass filters are used to attenuate signals above this fre- 
quency to prevent aliasing. 

The results are arranged in a database, which includes 
plasma-related parameters (e.g., average density, plasma 
stored energy, gyrotron power, and currents in the magnetic 
coils) along with spectral representations of the scattering 
signals determined from fast-Fourier transform (FFT) digital 
signal processing.*’ The spectral data include the mean 
square values of the signals for each channel, calculated for 
six frequency bands in the range from 2 to 250 kHz, and the 
spectrally averaged frequencies of the signals. These quanti- 
ties are calculated for 20 ms analysis intervals. Each interval 
is further subdivided into overlapping 5 12-point segments to 
produce 77 spectral realizations for the FFT processing. An- 
other database documents antenna geometries, characteristics 
of the magnetic configurations, and the results of the scatter- 
ing geometry analysis (location and dimensions of the scat- 
tering volume, average density in each scattering volume, 
number of electrons, spatial resolution, fluctuation wave 
numbers, etc.) for each ATF discharge. The scattering vol- 
ume characteristics (the average density and the number of 
electrons in the scattering volume) and the analysis of the 
correlation of the density fluctuation intensity are based on 
measurements of the density profiles by a 15-channel far- 
infrared (FIR) interferometer2* Electron temperature profiles 
are determined using an electron cyclotron emission diagnos- 
tic system.23 The HIBPi4.‘* was used to measure radial pro- 
files of plasma potential for selected data sequences. 

III. SETUP AND CALIBRATION OF THE SCATTERING 
DIAGNOSTIC 

Scattering measurements have the distinct advantage of 
yielding wave-number-resolved spectra of fluctuations. It is 
necessary, however, to make special provisions to obtain use- 
ful information about fluctuation amplitudes and the spatial 
localization of the measurements. In this section, we summa- 
rize the procedures used to accomplish this in the ATF scat- 
tering experiments. Since the details of the microwave beam 
optics and scattering geometry are important in these mea- 
surements, a detailed view of the scattering geometry used in 
these experiments is shown in Fig. 2 for reference. 

FIG. 2. Scattering geometry: D is the distance between the transmitter and 
the receiver during the calibration in situ; D, and Dz are, respectively, the 
distances from the center of the scattering volume to the transmitting and 
receiving antennas: and z , and i2 are the distances from the antennas to the 
waist of the microwave beam. 

A. Determination of scattered power spectra 

The microwave power scattered into the receiving an- 
tenna by the plasma density fluctuations is24 

P,= iorfflN, 
s 

x 
S(k,o)dw/2rr, (1) -cm 

where the classical electron radius r,=2.8X IO-l3 cm, I, is 
the time average of the Poynting vector of the incident wave, 
N, is the number of electrons in the scattering volume, fi is 
the solid angle of reception, and S(k,w) is the spectral power 
density function of the fluctuations. In terms of microwave 
beam parameters, 1e=Pr/[4rrw$(zrs)] [where wT(zrs) is 
the half-width of the incident beam measured at the center of 
the scattering volume], and O=w~(zZ)lD~ (where D2 is the 
distance from the center of the scattering volume to the re- 
ceiver). The scattered power defined in terms of beam pa- 
rameters is then 

Ps= PT 
&z*) 

~~-D:w~,(zTs) r.3, S(k,w)do. (2) 

To determine the fluctuation spectral power density S( k,w), 
we need to know the ratio of the scattered to the incident 
power P,IP,. the scattering geometry parameters (the dis- 
tances D2, z2, and z&, the widths of the microwave beams, 
and the number of electrons in the scattering volume N, . 

We measure P, at the transmitting antenna. When the 
transmitting and receiving antennas are aligned so as to face 
each other, we measure the ratio of the microwave power at 
the detector PR to the incident power PT. This ratio includes 
power losses due to the power transmission from one an- 
tenna to another (directivity loss) and losses in the transmis- 
sion line and microwave circuit elements: 

PR=Pkj[ l-ew[ -w$j(Z:)I))]=PTkLkg, (3) 

where wT( D - z i) is the half-width of the transmitter beam 
measured at the position of the lens of the receiver, kl is the 
waveguide loss coefficient, and k, is the directivity loss. Us- 
ing a square-law detector that has a sensitivity of A, we 
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determine the power losses in the waveguide to be 
k,= U,/(V,k,), where V, and V, are the responses of the 
detector to the received and transmitted power correspond- 
ingly. If this detector is used in the homodyne scheme for the 
measurements of the scattered power P,, its response also 
depends on the microwave power in the reference channel 
(local oscillator power) Pref: lJSd=AJmf, where 
Psd= k,P, . In other words, 

ps v&f> -=- 
PT hUTU,f 

where the angle brackets denote the time averaging of the 
detector signal. Using Eq. (3) in Eq. (2), we finally arrive at 

S(k)= sf k, 4T$;;;;Ts’ (+&J-l, 
'R 

(4) 

which uses both measured (UR , V,,, Us,, kg) and com- 
puted CD?, u’r(z&, u’R(zz), N,] quantities. 

The microwave beam parameters were experimentally 
determined using a test stand built to the exact dimensions of 
the ATF chamber cross section before the diagnostic was 
installed on ATF itself. The microwave beam waist was mea- 
sured as a function of distance from the antenna and was 
found to agree to within 2% with the optics calculations. 
Therefore, we use these “semimeasured” values of wr and 
r$‘R in the spectral power density computations in Eq. (4). 
This leaves the number of electrons inside the scattering vol- 
ume N, to be determined for experimental density profiles in 
the actual magnetic confinement geometry. 

Stk w)- 1 (In”(k@)1*)v,r 
V,T ti, ’ 

the density fluctuation level can be 
mental measurements of S(k,w) as 

calculated from experi- 

S(k,w)dk dw. 

The location of the scattering volumes in the magnetic 
flux surface geometry can be determined accurately because 
of the special circumstance of this series of stellarator experi- 
ments. Since the plasma pressure is very low for these ex- 
periments (/+O.l%), the magnetic geometry is negligibly 
different from that of the vacuum magnetic surfaces, which 
are determined from the external coil currents. The micro- 
wave beam propagation v= 135 GHz) is also essentially un- 
affected by the presence of this low-density plasma: ray trac- 
ing calculations with the RAYS three-dimensional ray tracing 
codez5 (which incorporates the full stellarator field) showed 
that refraction of the microwave beam is negligible at the 
low densities of (5-10)X 10” cmW3 used in these experi- 
ments. 

The smallest parallel wavelength that is likely to be 
present in ATF is given by the toroidal scale length of the 
helical stellarator field LII =27rRIM (here M = 12 is the num- 
ber of field periods). This parallel wavelength corresponds to 
kll=0.06 cm-‘, which is much smaller than any perpendicu- 
lar wave number k, in the present experiment. Thus, follow- 
ing the approach used on the Tokamak Fontenay aux Roses 
(TFR),** we estimate the contribution of the fluctuation par- 
allel wavelength to be of the order rr/wll, where wll is the 
minimum of the microwave beam widths wr and WR in the 
center of the scattering volume. 

If we assume symmetry of the density fluctuation spec- 
trum in the poloidal plane (suggested by the experimental 
results in tokamaks), the fluctuation level can be determined 
as 

The scattering volumes are determined as an intersection 
of two cylinders at the scattering angle 0, defined by the 
Bragg condition. Then, a Monte Carlo code is used to deter- 
mine the total number of electrons inside the scattering vol- 
ume, using as inputs the experimental density profiles (from 
HCN interferometer measurements**), the computed mag- 
netic surfaces (from the VMEC code26), the angles of the 
transmitting and the receiving antennas, and the microwave 
beam parameters. The outputs of the code are the radial lo- 
cation of the scattering volume Pmin, prnax, the fluctuation 
wave number k, and its components k, , k, (resolved in the 
magnetic surface geometry), the number of electrons in the 
scattering volume N, , and an average density in the scatter- 
ing volume, 

([iI’)=““. 89-r WII S(k,)k, dk,. 

Here we have assumed the density fluctuation spectrum to be 
in the plane perpendicular to B. 

In the actual experiment, the poloidal plane of measure- 
ments deviates from the plane perpendicular to the magnetic 
field by the value of the pitch angle. In ATF, the field line 
pitch angle (tan-’ cr> varies significantly within the confine- 
ment volume because of the stellarator field. In the plasma 
cross section where the scattering measurements are made, 
the tangent of the pitch angle can be represented in terms of 
geometrical parameters with the expression29 

Ehop cos 28 
y( 1 - eh,,p* cos 2 8- E,Op cot+ 0). 
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This information is stored in the database files for a number 
of magnetic configurations and is used for analysis of the 
wave number spectra and the calculations of the relative 
fluctuation level. 

After the scattering system was set up on ATF, we veri- 
fied that when the scattering volume was positioned inside 
the plasma, the spectral power density measured by the re- 
ceiving antennas was a factor of IO-100 higher than was the 
case when the scattering volume was located outside the 
plasma. This indicated at a basic experimental level that in- 
direct scattering from the walls, etc., was not contaminating 
the scattering measurements.27 

6. Determination of fluctuation levels 

Using the definition of the spectral power density, 

(5) 

(6) 

(8) 
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Here B, and BT are the spatially varying poloidal and toroi- 
da1 magnetic field componen&, respectively; /3 is the poloidal 
angle measured from the midplane on the large R side of the 
torus; y=Ma,lZRo is the pitch parameter of the external stel- 
larator field, with a, the minor radius of the helical coil set; 
ehO and et0 are, respectively, the helical field ripple and the 
toroidal field variation (=the inverse aspect ratio, a/R). For 
the ATF configuration used in this experiment, a, 
=0.48 m, y=1.37, eh0=0.35, and e,=0.14. For the most 
important scattering volumes used in this study (see Sec. 
IV A), the pitch angles at the reference radius of p=O.6 are 
tan-‘(u=5°-60. 

Because of the nonuniform helical field and the variety 
of scattering volumes used in these experiments, there are 
scattering contributions from plasma waves with finite kit that 
can project into the various k, channels. However, as noted 
earlier, the largest likely value of kl[ is -0.06 cm-‘, so that 
the projection of kli into the k, channels by virtue of field 
line tilt is even less than this value. 

There is also a “false” kll scattering component pro- 
duced by the projection of k, due to the finite pitch angle. 
For the scattering volumes of interest in this study, this com- 
ponent has an apparent kll = ak, =O. 12k, , and can be ne- 
glected. 

A more significant effect of the finite field line pitch on 
scattering spectra has been pointed out by True et aL3’ and 
Holzauer et aL31 Because of the finite extent of the scattering 
volume along the field line (limited by the radii of the Gauss- 
ian beams of the transmitter and the receiver 
WT- WR = 1.6-2.0 cm) the scattering diagnostic has a finite 
wave number acceptance width, Ak = 2/wR= 1.1 cm-‘. 
When the magnetic field line is not exactly perpendicular to 
the scattering plane, the components of the measured perpen- 
dicular wave number spectrum S(k,) are weighted by a fac- 
tor 

(9) 

whose value increases with k, . In Sec. IV A, we present 
estimates of wave number spectra both with and without this 
effect. 

IV. DENSITY STEP EXPERIMENT 

Initial experiments showed that density profiles in long- 
pulse (5-20 s) ECH discharges in ATE are generally quite 
flat, and are unlikely to drive drift-wave instabilities;‘* simi- 
lar results have been obtained on other stellarator devices.* 
In order to have a good chance of observing drift-wave in- 
stabilities, we explored a number of experimental regimes to 
develop techniques of producing plasmas in which dnldp 
(0. The most effective method was found to be an applied 
density step perturbation, which modified the density profile 
without drastically altering the temperature profile. 

In this paper, we present and analyze fluctuation charac- 
teristics for a density step experiment in a currentless ATF 
plasma sustained by ECH power (P,,,=300-400 kW at 
53.2 GHz). The magnetic field in this experiment was 
B,=0.95 T (second harmonic ECH), the chord-average den- 

81 Ji 

0.15 0.20 0.25 0.30 0.35 0.40 
Time (s) 

FIG. 3. Time history of the chord-average electron density (Z,), central 
electron temperature T,(O), gas feed, plasma stored energy (W,,), and energy 
confinement time normalized to that expected for LHD confinement scaling 
in the density step experiment. 

sity varied in the range n,=(4-8)X lo’* cme3, and the cen- 
tral electron temperature was T,(O)=650-900 eV. Figure 3 
shows the temporal evolution of the line-average density ti, , 
plasma stored energy WSt, central electron temperature 
T,(O), and gyrotron power PECH during a typical density 
step. External gas puffing at t=0.26 s leads to an increase of 
the average density from the lower stationary level 
(4.5X10** cme3) to the higher one (8X10’* cme3). During 
the density rise, T,(O) decreases from about 900 to 650 eV 
The plasma stored energy WSt shows some decrease during 
the gas puff, followed by an increase with density. The re- 
markable feature of this regime is that at the stationary den- 
sity levels, the density profiles are flat or slightly hollow at 
normalized radii pGO.85. During the transition from lower to 
higher density, the n,(p) profiles become more peaked at 
radii ~30.65, as shown in Fig. 4. The onset of the negative 
density gradient in the confinement region corresponds to the 
time interval 0.3 sCtC0.35 s. The electron temperature ra- 
dial profile remains peaked throughout the density step per- 
turbation (Fig. 4). 

The density step also results in a transient change in the 
energy confinement time relative to that expected for L-mode 
stellarator discharges. Figure 3 includes a trace of the instan- 
taneous energy confinement time rE= Wst/PECH normalized 
to the confinement time expected for the Large Helical De- 
vice (LHD) scaling used in benchmarking L-mode confine- 
ment in stellarators:’ 
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FIG. 4. Evolution of the electron density and temperature profiles during the 
density step. 

0.69 
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(s, T, rnm3, MW, m). (10) 

During the density step, the normalized confinement time 
falls from about 1.2 times the LHD confinement time for the 
initial flat density profile to 0.8 times the LHD value, after 
which it recovers its original value as the density profile 
relaxes to a flatter shape. However, the drop in plasma stored 
energy is comparable to the energy required to ionize and 
heat the additional gas added during the gas puff.32 Thus, we 
conclude that, within the limitations of our measurement 
techniques, no significant change in intrinsic global energy 
confinement is observed during these profile modification ex- 
periments. 

A. Wave number spectra of the density fluctuations 

During the density step, the amplitudes of the scattering 
signals change as the plasma profiles change. This change is 
illustrated in a general way in Fig. 5, which shows the time 
history of a scattering signal for k, =7 cm-’ from a scatter- 
ing volume that extends from p=O.35 to p=O.67, together 
with the calculated density gradient at p=O.65-0.75. As the 
density gradient goes negative, the scattering signal rises; it 
then falls as the gradient returns toward its original value. In 
this section, we describe the evolution of the wave number 
spectra measured with scattering during this perturbation ex- 

8, ,-6 

0.25 0.3 
Time (s) 

FIG. 5. Time variation of the density gradient at p=O.65-0.75 and the 
relative fluctuation level [S(k=7 cm-‘)lnm(nln)2] at p=O.35-0.67 during 
the density step experiment. 

periment and also describe the degree of radial localization 
of the fluctuations that can be discerned with our scattering 
diagnostic. 

The signals used for estimation of the k, spectra are 
chosen so as to avoid contamination of measurements in the 
plasma core by high levels of edge turbulence. Moreover, the 
scattering volumes used for the spectral estimates were cho- 
sen to be above or below the magnetic minor axis (i.e., at 
R -208 cm) to avoid inclusion of the inner-outer asymmetry 
effect described in Sec. IV D. The wave numbers of the sig- 
nals used for estimation pf the k, spectra are presented in 
Table I, along with the minor radial extent of the correspond- 
ing scattering volume (Pmin and p,,,) and the number of the 
microwave receiving channel used. Figure 6 shows the scat- 
tering volumes for four of the chords listed in Table I; the 
volumes for the other chords are similar. 

To construct the wave number spectrum, we use data 
from five different ATF long-pulse discharges with density 
steps (Fig. 3) whose parameters (ECH power, electron tem- 
perature, electron density, and their profiles) were carefully 
checked to be the same. Figure 7(a) shows the evolution of 
the k, spectra determined in this way during the density step 
experiment. The spectrum is initially flat, but a large peak 
appears as the density profile develops a region with negative 
gradient (t> 0.28 s). This peak gradually disappears as the 
density profile flattens after t=0.32 s. The maximum inten- 
sity of the k, spectrum corresponds to k, =12.4 cm-’ 
(k,p,=l). The observation that signals with higher poloidal 

TABLE I. Wave numbers, minimum/maximum radii, and channel numbers 
for scattering volumes used to estimate wave number spectrum. 

k, , cm-’ Pmin Pmu Channel 

6.6 0.35 0.65 
7.5 0.47 0.90 
8.1 0.17 0.61 

11.5 0.34 0.65 
12.4 0.49 0.68 
14.3 0.47 0.81 
16.6 0.49 0.67 
18.4 0.48 0.73 
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PIG. 6. Locations of the scattering volumes for four of the antenna geom- 
etries used for estimates of k, spectra. The other scattering geometries listed 
in Table I are similar. 

wave numbers grow faster than those with lower k, during 
the peaking of the density profile is confirmed by examina- 
tion of the time history of signals with different k, , moni- 
tored simultaneously during individual discharges. Even if 
we restrict the choice of the signals by narrowing the range 
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PIG. 7. (a) Evolution of the k, spectra of the fluctuations in the plasma 
confinement region (0.5QKO.85) during density ramp. (b) Plot of modified 
k, spectra (including the magnetic field pitch effect) at two times during the 
density step: here S(k,) has been multiplied by the correction factor g(k,) 
from Eq. (9). The field line angles for p=O.6 in the scattering volumes of 
Table 1 were used to compute g(k,): the increase in the spectrum at high k, 
is probably overestimated because of this conservative assumption. 

of the radial expansions of the scattering volume to, for ex- 
ample, 0.65~~,,,GO.68, the striking feature of Fig. 7(a)- 
the growth of the signals with higher k,--is still apparent. 
This result is quite independent of the details of the normal- 
ization procedure (each signal is normalized by the number 
of electrons in the corresponding scattering volume) and the 
instrument calibration (four out of eight signals are measured 
with the same antenna-channel 3). 

If we include the field line pitch effect on the scattered 
wave number spectrum30Y31 by multiplying S(k,) from F ig. 
7(a) by g(k,) from Eq. (9), the high wave number portion of 
the spectrum is enhanced, as is shown in Fig. 7(b) for time 
slices before the density step and at the time of maximum 
turbulence amplitude. Note that the field line pitch angles 
used for the calculation of g( kL) were chosen to correspond 
to those at p=O.6 in the scattering volumes listed in Table I 
and illustrated in Fig. 6, and fall in the range of 5”-6”. In 
fact, the portions of the scattering volumes that dominate the 
measurements may well fall farther out toward the tips of the 
volumes, where the field line pitch angle is lower [see Fig. 6 
and Eq. (8)], and g(kl)-+ 1, which would cause the “cor- 
rected” spectrum to approach more closely the original spec- 
trum shown in Fig. 7(a). A precise answer to this question 
requires deconvolution of the radial profile of the turbulence 
amplitude within the scattering volume, which is beyond the 
scope of our present measurements and analysis. The “cor- 
rected” spectrum shown in Fig. 7(b) probably overestimates 
the enhancement of the spectrum at high wave numbers, In 
any case, the essential conclusion of the experiment-that 
high wave number activity rises during the density step- 
remains the same. 

The scattering volumes used to construct the spectra in 
Fig. 7 were selected to give a good range of wave number 
coverage and radial resolution just sufficient to avoid pollu- 
tion by edge turbulence. We  can, however, get further sup- 
porting information on the radial localization of the fluctua- 
tions that grow during the perturbation of the density step by 
carefully comparing the response of signals from scattering 
volumes having different radial extents. Figure 8(a) com- 
pares two signals with kL -17 cm-‘, but with different scat- 
tering volumes. In one case, the scattering volume clearly 
excludes the plasma edge (p,,,=O.67), while in the other it 
extends all the way to the edge (p,,,=O.99). Both of these 
scattering volumes include the region where the density gra- 
dient changes sign during the density step (see the profiles in 
Fig. 5). The relative time behavior of the signals is similar- 
both of them rise and then fall during the density step. The 
spectral power density for the larger scattering volume, 
which extends to the edge, is about a factor of 2 larger than 
that for the smaller volume that excludes the edge; this factor 
is comparable to the ratio of the two volumes. 

The situation is quite different when we compare signals 
for which one of the scattering volumes excludes the region 
where the density gradient changes during the perturbation. 
Figure 8(b) compares the time behavior of two signals hav- 
ing k,=l2-I3 cm-‘. The signal for the scattering volume 
that extends into the region where the gradient changes sign 
during the density step again shows the characteristic rise 
and faI1 seen in the signals shown in Figs. 5 and 8(a), while 
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FIG. 8. Time history of the scattering signals during density steps fork, 5 17 cm-’ and k 
p=O.49-0.67 (triangles); k, = 16.7 cm-‘, p=O.59-0.99 (squares); (b) k, = 12.8 cm-‘, 

I =12-13 cm-’ for the scattering volumes shown: (a) k, = 16.6 cm-‘, 
p=O.18-0.41 (triangles); k, = 12.4 cm-‘, p=O.49-0.68 (squares). 

the signal from the scattering volume that extends only to 
pmax=0.41 (thus excluding the region where the gradient 
changes sign) changes little during the density step. 

Similar comparisons for lower wave numbers (6 
cm-‘-G,<12 cm-‘) show the same trends. These results 
suggest that the rise in fluctuations seen in the scattering 
signals are associated with the change of gradient in the re- 
gion p=OS-0.85 and are not due to edge turbulence. 

B. Measured density fluctuation levels 

We assume that the fluctuations are symmetric with re- 
spect to poloidal and radial wave number components, which 
appears to be at least roughly the case (see Sec. IV D), at 
least in the center and on the small major radius side of the 
torus (RGRu). This symmetry is used in computing the rela- 
tive density fluctuation level, as was explained in Sec. III B: 

‘~2 S(k,)k, Ak,. 
k, 

(11) 

The relative level of the density fluctuations in the confine- 
ment region of the plasma (OSGpGO.89, integrated over the 
range of wave numbers 6.6 cm-‘G,G18.4 cm-‘, is 
n’ln =7X lo-” before the peaking of the density profile and 
K/p1 = 1.4X lo’-’ at t=0.32 s, when the fluctuation amplitude 
reaches its maximum value. Note that the value riln is ob- 
tained by summing spectral power densities S(k,) normal- 
ized to the number of electrons in the corresponding scatter- 

Previous measurements of n”ln in similar ATF ECH plas- 
mas without the density step were made with the HIBP and 
with reflectometry.16 In the radial range covered by the scat- 
tering data (0.5CpsO.85), these experiments yielded 
iilna5X 10p3, which is quite close to the lower estimate of 
riln =7X 10e3 found in the scattering experiments. This sug- 
gests that the wave number range accessible to scattering 
includes much of the turbulence present in the plasma; it 
must be noted, however, that all three techniques have gaps 
in their coverage of the fluctuation wave number spectra. The 
microwave scattering system used in this study does not 
yield much usable information on fluctuations with 
k,p,<0.5; as noted in Sec. VI, additional measurements in 
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ing volume. During the density step experiment, when the 
fluctuations probably increase in only a limited part of the 
scattering volume (i.e., where the density gradient is nega- 
tive), only a fraction of the electrons inside the scattering 
volume contribute to the scattered wave. If this is indeed the 
case, the local fluctuation level is underestimated. 

If we include the field line pitch effect on the measured 
spectrum [see Eq. (8), Sec. IV A, and Fig. 71, the estimated 
fluctuation amplitudes are higher: h/n = 1.7X lo-’ before the 
peaking of the density profile and piln =3.7X IO-’ at t=0.32 
s. As discussed previously, our calculation of this effect over- 
estimates the enhancement of the spectrum at high wave 
number, and thus the inferred turbulence amplitudes are 
probably too high. A reasonable conclusion is that the two 
estimates from our scattering data roughly bracket the actual 
turbulence amplitudes. 
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FIG. 9. Frequency spectra of the fluctuations with (a) k, =7.5 cm-’ and (b) 
k, =12.4 cm-’ during the period when dn/dp<O at p-0.7. 

this range are needed to fully document the turbulence in 
ATF. 

C. Frequency spectra of the density fluctuations 

The measured turbulence is characterized in the scatter- 
ing database by both frequency spectra and average frequen- 
cies, defined as f,, =C fJ,IX Si . The maximum fluctuation 
spectral amplitude for most plasma conditions occurs in the 
range f = 5 - 20 kHz, while the average frequency varies be- 
tween 25 and 50 kHz for the plasma core and between 30 
and 90 kHz for the plasma edge. The widths of the frequency 
spectra are typically Aflf -0.6. 

Figure 9 shows the frequency spectra observed in the 
standard magnetic configuration during the density step ex- 
periment. The increase in the fluctuation amplitude that ac- 
companies the steepening of the density profile occurs over 
the entire frequency range. However, when the density gra- 
dient is already negative, further steepening of the profile 
leads to a small but noticeable shift of the frequency spectra 
toward higher frequencies, as shown in Fig. 9 for the signals 
with k, =7.5 cm-’ and k, = 12.4 cm-‘. Note that for these 
scattering geometries, the radial components of the wave 
numbers are much higher than the poloidal components, i.e., 
k,+ kg, so that the Doppler shifts caused by bulk poloidal 
rotation of the plasma (described later in this section) are not 
important. 

The average frequencies of fluctuations with different 
perpendicular wave numbers are close, so that the difference 
in average frequency is less than the spectral width. The 
temporal evolution of the mean frequencies in the density 
step experiment shows that the behavior of fluctuations with 
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FIG. 10, (a) Evolution of average fluctuation frequency during the density 
step. The k$k, curve corresponds to the signal with ke=6.8 cm-’ (k,=7 
cm-‘), R= 182 cm, and p=O.45-1; the k,,%=-k, curve corresponds to 
k,=6.55 cm-’ (k, =6.8 cm-‘), R=208 cm, and p=O.69-1. (b) Plasma bulk 
ExB rotation velocity at pa035 (based on heavy-ion beam probe measure- 
ments of the plasma potential profile). 

predominantly radial (k,+k,) wave numbers is different 
from that of fluctuations with predominantly poloidal 
(k,%-k,) wave numbers. In comparing calculated frequencies 
with those obtained from the experimental data, the Doppler 

f(kHz) 

FIG. Il. Dual-homodyne measurement of the fluctuation frequency spec- 
trum. Negative frequencies correspond to the electron diamagnetic direction. 
Note that because of the geometry, the scattering volume touches the plasma 
edge (see the inset). 
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FIG. 12. Spatial asymmetry of the fluctuations in the confinement region (the edge at p= 1 excluded). 
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FIG. 13. Spatial asymmetry of the fluctuations in the gradient region (the edge at p= 1 included). 
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shift caused by the bulk plasma poloidal rotation must be 
included: 

o,xp= w(k) + ksvbulk t (1.3 

where our notation also includes a wave number dependence 
(dispersion) for the plasma wave itself. Only waves with 
significant poloidal wave number components kg contribute 
to this frequency shift. When the scattering volume is located 
above or below the equatorial plane z=O, the poloidal wave 
number component k, is negligible in comparison with the 
radial component k,, so we can obtain an estimate of w(k) 
without the Doppler shift. The effect of the Doppler shift due 
to plasma rotation can account for the differences in the tem- 
poral evolution of mean frequencies of signals with either 
mainly poloidal or mainly radial wave number components. 
As shown in Fig, 10(a), the average frequency of the signal 
with k @4 k, almost doubles during the transition to a higher 
density level, while the average frequency signal with k,%ko 
does not change significantly. Both signals may be contami- 
nated by edge turbulence (p= 1); the shear layer at the 
plasma edge’* thus contributes to the observed Doppler shift. 

If we assume for this experimental comparison that the 
observed frequency shift is due simply to the EXB poloidal 
velocity, we consider the relations 

(131 

where W, and wz are the frequencies of two signals in the 
laboratory frame of reference, q(k) is the frequency of the 
plasma wave, and k , @, k,, are the poloidal wave numbers of 
the fluctuations. For the frequencies presented in Fig. 10, 
these equations give a radial electric field E,= -4 V/cm, 
which is comparable with the measured value.‘* Taking into 
account the Doppler shift, one can deduce an average fluc- 
tuation frequency in the plasma frame of reference. For the 
signals in Fig. 10, this estimate gives f=40 kHz. Thus, the 
bulk plasma rotates with a velocity of about 5X lo4 cm/s in 
the electron diamagnetic direction. This value is in very good 
agreement with that deduced from HIBP measurements of 
the plasma potential profile. Figure 10(b) presents the time 
history of the EXB rotation velocity computed from the 
HIBP potential profile measurements at p=O.82-0.88 in this 
series of discharges; positive values correspond to rotation in 
the electron diamagnetic direction. The fluctuations propa- 
gate in this direction as well, as is shown by dual-homodyne 
measurements of the scattering signals having mainly poloi- 
da1 component wave number components (k,). As shown in 
Fig. 11, the frequency spectrum is downshifted with respect 
to the probe-wave frequency. This corresponds to the elec- 
tron diamagnetic direction in this scattering geometry. Note 
that this scattering volume contains an edge contribution be- 
cause of geometrical constraints like those for the measure- 
ments with k,+ k, presented in Fig. 10. 

D. Spatial asymmetry of the fluctuations 

Figures 12 and 13 show the amplitudes of the fluctua- 
tions during the density step at different locations in the 
plasma. The signals chosen here have wave numbers in the 

poloidal plane in the range k, =6.6-8.1 cm-‘. The limited 
spatial resolution does not allow accurate comparison of the 
local fluctuation intensity as a function of major radius, but 
qualitative conclusions for the main plasma (~~0.85) and the 
periphery (p-1) can be made. Figure 12 shows the temporal 
evolution of the scattering signal amplitudes (normalized 
by the mean density in the scattering volume) 
S(k,)lnK[i(k,)ln]2 during the density step. Note that the 
scattering volumes for these signals do not include the edge 
region, p= 1. When the density profile develops steep nega- 
tive gradients, the amplitudes of signals from scattering vol- 
umes with R<R, (both above and below the equatorial 
plane) are three to four times higher than those of signals 
from R>R, , Signals from scattering volumes located above 
(z>O) and below (z<O) the equatorial plane, but at the 
same major radius, are relatively symmetric in intensity. 
Comparison of signals that include scattering from the 
plasma edge reveals even greater inner-outer asymmetry of 
the intensities along the major radius, as is shown in Fig. 13. 
The fluctuation levels for R-CR, are much higher in the 
plasma edge than in the confinement region, but again, sig- 
nals for R-CR, are much larger than those for R> Ro . 

V. MAGNETIC CONFIGURATiON SCANS 

The experimental data presented in Sec. III are for the 
standard magnetic configuration of ATE This configuration 
can be altered by varying the currents flowing in three inde- 
pendent sets of poloidal field coils. This permits variation of 
the dipole and quadrupole moments of the magnetic 
configuration.33 Variation of the dipole moment A&,, 
changes the major radial position ot the magnetic axis. Varia- 
tion in the quadrupole moment AQ,, changes the (axisym- 
metric) elongation of the magnetic surfaces. Appropriate 
choice of the moments permirs fine control of magnetic con- 
figuration parameters such as rotational transform profile, 
shear, magnetic well depth. and the fraction of trapped par- 
ticles that are confined in the vacuum magnetic field.34 

We compare relative levels of density fluctuations for the 
three magnetic configurations shown in Fig. 14(a) for signals 
with k,= 14.3 cm-‘. Although the antenna geometry is the 
same for the signals that are shown, the spatial resolutions 
are different because the scattering volume covers different 
ranges of the plasma radius, depending on the vertical elon- 
gation of the magnetic surfaces. The characteristics of the 
magnetic configurations and the spatial resolutions for 
k, = 14.3 cm-’ are shown in Table II. 

Although the plasma densities in all of the shots used in 
this comparison are in the range G,=(4-8)X1012 cmv3, the 
density gradients differ. For example, the discharges in the r/ 
configuration are characterized by a rather peaked density 
profile, while in the U and W configurations, the density 
profiles vary from flat or hollow to somewhat peaked in the 
radial range of interest. Since the amplitudes of ail of the 
signals correlate well with the density gradient, we choose 
for comparison time slices during which the density scale 
lengths L,=nl(dnldr) have comparable values for the dif- 
ferent configurations. Figure 14(b) presents the square of the 
relative fluctuation level [actually S( k)ln m ( pl”ln)2] as a func- 
tion of the confined fraction of trapped particles, Jctpc. The 
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PIG. 14. (a) Vacuum magnetic surfaces and scattering geometry in magnetic 
configurations with different quadrupole moments (see Table II). (b) Rela- 
tive fluctuation level S(k)lr~~(rI/n)~ for the configurations illustrated in (a). 

fluctuation level is slightly higher for the configurations with 
higher ft, : a twofold increase in fr, produces a 30% in- 
crease in the fluctuation level (S/n) t”. A similar tendency is 
observed during the configuration scan for other fluctuation 
wave numbers. Nevertheless, there is some uncertainty: in 
the V configuration, the density scale length L, is typically 
shorter than in the other configurations, and this might ac- 
count for the higher fluctuation level that is observed. Note 
also that ftpc is calculated for the vacuum magnetic field (i.e., 
E,=O); in the presence of plasma, the finite radial electric 
field shifts the loss regions in phase space and can change the 
effective value of ftPc . Confinement studies of plasmas using 
configuration scans within single discharges show little 
variation in energy confinement with f,, until f,,,>O.8, at 
which point confinement degrades sharply.34 

VI. COMPARISON WITH DRIFT WAVE THEORY 

The steepening of the density profile in the confinement 
region (Fig. 4) creates unique conditions for studying drift 
wave instabilities, since the scattering diagnostic distin- 
guishes among the plasma edge (where the density gradient 
is always negative), the confinement region (where the sign 
of the gradient changes during the density step), and the 
central region (where the density profile shape changes 
little). A necessary condition for the DTEM to become un- 
stable is 

dT, dn 
- ->o. 
dp dp 

(14) 

Thus, by controlling the sign of the density gradient in the 
confinement region of the plasma while maintaining 
dT,ldp<O, one can, in principle, excite drift waves. During 
the density step, Eq. (14) is satisfied from about t=0.3 s to 
t =0.35 s, and a clear correlation of the relative fluctuation 
level with the sign of the density gradient at p=O.65-0.7 is 
observed (Figs. 5 and 8). This observation is important evi- 
dence for a drift-wave mechanism as the origin of the fluc- 
tuations. 

The linear theory of drift waves in stellarators provides a 
plausible qualitative explanation of some of the fluctuation 
characteristics observed in the density step experiments on 
ATE A collisionality parameter v,*= vcrf/wbr (where v,, is 
the effective electron-ion collision rate, which is V~ilEt for 
toroidal trapping and V,iIEh for helical trapping, and 
ti&= V,,ILII is the electron bounce frequency) must be less 
than one for the DTEM to exist. Electrons trapped in the 
helical ripples of stellarators have a different v,* than do 
toroidally trapped electrons, and can drive helical DTEMs.~ 

For typical ATF plasmas, the condition v,* < 1 is easier to 
satisfy for helically trapped electrons because the connection 
length of the helical field ripple LII = 2 TRIM (M is the num- 
ber of field periods; for ATF, M = 12) is shorter than the 
connection length of the toroidal magnetic well LII = qR. Fig- 
ure 15 shows radial profiles of the collisionality parameter 
v,* and v,*, computed for the conditions of the density step 
experiment. For these calculations, an effective ion charge 
Z,,=2.5 (typical for ECH discharges in ATF) was used. In 
the radial range of interest (0.5Sp~O.85), the condition 
v,* <l is satisfied only for the helically trapped electrons. 
Toroidally trapped electrons do not enter the collisionless 

TABLE II. Parameters for the magnetic configuration scan. 

Configuration Chord length, cm 

V 74.4 
U (standard) 66 
W  57.6 

Quadrupole 
moment Ada,, 

0.032 
0 

-0.035 

Confined 
trapped-particle 

fraction, f,rc 

0.98 
0.6 

0.46 

Scattering spatial 
resolution, 

Ap at p=( r/a) 

0.55 at p=O.9 
0.47 at p=O.81 
0.38 at p=O.64 
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FIG. 15. Radial profiles of the dimensionless collisionality parameters V& 
for the helically trapped electrons and V$ for the toroidally trapped elec- 
trons. 

regime (at least when the density gradient is negative in 
these experiments), and therefore a toroidally induced 
DTEM is unlikely to occur. Also, when v&C 1, one can ex- 
pect the development of the universal or collisionless drift 
instability,35’36 associated with the inverse Landau damping 
of the wave on the circulating (untrapped) electrons as a 
dissipation mechanism. 

As soon as v$< 1 and the gradient condition in Eq. (14) 
is fulfilled, helically trapped electrons can drive the DTEM 
instability. An existence condition for helical DTEMs estab- 
lishes a lower bound on the unstable wave numbers:9 

&e,Ps2( 1+ 3 4’ 
1 

(3R&142rL;)- 1 ’ 

where the normalized amplitude of the helical stellarator 
field is given by 6 (=0.32 for the ATF configuration). 

For the parameters of the plasma during the density step, 
the value of the density scale length L, plays a critical role in 
the inequality of Eq. (14). Figure 16 shows a plot of the 
lowest unstable wave number kg&., of the helically induced 
DEM [from Eq. (15)] versus time. Only fluctuations with 
k,,,>ll cm-’ can become unstable at t=0.32 s. 

The growth rate of the helically induced DTEM is cal- 
culated using the expression of Dominguez et al.:9 

30 

25 

7 20 
E 15 
,6 
9 10 

0.35 0.4 
Time (s) 

FIG. 16. Minimum wave number of the unstable helical DEEM versus time 
for the density step experiment (Fig. 3). 
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FIG. 17. Experimental k, spectrum (squares) and calculated linear growth 
rates [circles, from Eqs. (13) and (14)] of the helical DEEM for the plasma 
parameters corresponding to r=0.32 s in the density step experiment (Fig. 
31. 

?&+I-? MA, 

WT 1 +x2- @2Wg’ (16) 

where f T is the fraction of helically trapped particles, W: is 
the electron diamagnetic drift frequency, vc = L,ILTc, 
X2= k;p;, 

Al=; (A)“’ (2%)“” (17) 

represents the Iocalization of the wave along the magnetic 
field [with the sound frequency w~=(MIR~)c,], and w. is 
the frequency of the wave. The results of the calculations of 
the growth rate [Eq. (16)] and existence condition [Eq. (15)] 
for the density step experiment at t=0.32 s and p=O.7 are 
combined in Fig. 17, along with the experimental kl spec- 
trum, and demonstrate fairly good agreement of the model 
calculations with the observed k, spectra of the fluctuations. 
Note that the peak in the k, spectrum at t = 0.3 1 s (Fig. 16) 
occurs at k,p,= 1, and is thus at much higher k, than the 
maximum density turbulence amplitude in tokamak expeti- 
men&, such as the Tokamak Fusion Test Reactor (TFTR).5*6 

Analysis of the stability of the collisionless drift 
mode35d6 shows that this branch can be unstable as well 
during the time interval t =0.3 l-O.35 s at p=O.7. As with the 
helical DTEM, the growth rate for the collisionless drift 
mode is positive and has a maximum at k,>lO cm-‘, but in 
the wave number range of interest k,=lO-18 cm-‘, its 
growth rate is lower by two to three orders of magnitude than 
that of the helical DTEM. 

Another argument in favor of a DTEM origin for the 
observed fluctuations is that the universal instability cannot 
account for the experimentally observed in-out spatial asym- 
metry of the fluctuations (Figs. 12 and 13). The fluctuation 
amplitude decreases as the scattering volume is moved out- 
ward along the major radius. This observation can be ex- 
plained within the framework of the theory of the helical 
DTEM. As illustrated by Dominguez et al., for typical ATF 
configurations, most of the helically trapped particles should 
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FIG. 18. Theoretical frequencies of the DTEM (circles) and experimentally 
measured average spectral frequencies for the scattering signals in ATF 
(solid squares). 

be confined inside the magnetic axis ( R<R,), owing to the 
departure of the deeply trapped particle orbits from the flux 
surfaces.’ On the outside (R>Ra), the fraction of helically 
trapped particles that remain confined tends toward zero. 
Correspondingly, one can expect in-out asymmetry for the 
helical DTEM. Our observation of the fluctuation asymmetry 
fits this prediction. [This analysis neglects the effect of the 
radial electric field that arises to maintain charge neutrality; 
this electric tield can modify the orbits of the trapped par- 
ticles and change the geometry of the particle trapping re- 
gions. We assume that this effect is small in these experi- 
ments, where the radial potential difference (estimated from 
the measurements of E,) across typical trapped-orbit widths 
is small compared to the electron thermal energy.] 

Some tokamak experiments [see, e.g., early measure- 
ments by Mazzucato in the Princeton Large Torus (PLT)37] 
have exhibited the opposite tendency: the amplitude of the 
fluctuations in the outer region is considerably higher than 
that in the inner region. This could be evidence of the influ- 
ence of toroidally trapped particles in driving the DTEM in a 
tokamak, where the distribution of the toroidally trapped par- 
ticles tends to be shifted outward in the torus. 

The frequency of the helical DTEM is less than the elec- 
tron diamagnetic drift frequency 0:; expressed as w,* times 
a correction factor, it is given by9 

flJo=O$ 
I+ S( M*rL, /2R$ 

l+x’(1+36) . (18) 

Since the term in S is small for our experimental parameters, 
we is proportional to the density gradient, and the peaking of 
the density profile should raise this frequency; this is consis- 
tent with the experimental observation (Fig. 9). The differ- 
ences in the frequencies of the fluctuations with different 
wave numbers k, are within the frequency spectra widths 
(Af/j-0.6). Shown in Fig. 18 are the experimentally ob- 
served average spectral frequencies and calculated frequen- 
cies of the fluctuations. The f(k) dispersion is calculated 
from Eq. (18) for the experimental conditions at t =0.32 s. 
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The experimental data include the average frequency of the 
spectrum. Only the frequencies of fluctuations with k,>6 
cm-’ are compared to the calculations because the spatial 
resolution for lower k, is poor and edge plasma fluctuations 
can contribute to the scattered waves. The comparatively 
weak dependence of the fluctuation frequencies comes from 
the polarization drift effect (1 fk: p,“) in the denominator of 
Eq. (18). 

This stability analysis is in no way comprehensive. Ion 
Landau damping of both the helically induced DTEM and 
the collisionless drift wave could play a significant role for 
these instabilities, since their phase velocities are rather close 
to the ion thermal velocity: o/kll=2 Vti. Nonlinear effects, 
which are not taken into account in this paper, should be 
considered in connection with the coupling of (and perhaps 
energy transfer between) higher and lower k, fluctuations 
and the coupling of modes with primarily poloidal wave 
numbers to those with primarily radial wave numbers 
(isotropization). 

Although the bulk thermal electrons are not trapped in 
the magnetic wells of the toroidal ripple ( v:~> l), as is 
shown in Fig. 15, one could imagine the possibility that the 
helically driven DTEMs might couple nonlinearly to the to- 
roidal modes. Indeed, the increase in the spectral amplitude 
at lower wave numbers (Fig. 7) might be explained by the 
onset of the unstable DTEM driven by toroidally trapped 
electrons. These modes could be unstable when the condition 
of Eq. (12) is satisfied and if w$<v,, , as outlined by Ka- 
domtsev and Pogutse.8 The latter inequality introduces an 
upper bound for the wave numbers of the unstable waves. 
For the parameters of the plasma during the density step at 
t =0.32 s, it yields k, < v,/V,* =8 cm-’ (here V,* is the elec- 
tron diamagnetic drift velocity). The experimentally mea- 
sured k, spectra (Fig. 7) exhibit a gap between the maximum 
possible wave number of the toroidal DTEM (k, =8 cm-‘) 
and the minimum wave number of the helical DTEM 
(k, = 12 cm-i); it is thus at least plausible that toroidal 
DTEMs might be present in these experiments. Such an ex- 
planation must be regarded as speculative, and requires fur- 
ther exploration. 

Experimental measurements of turbulence are often 
compared with a simple mixing length estimate using the 
effective radial wave number and gradient length. If we use 
values from our measurements in ATF during the density 
step experiments (k,,,= 12 cm-‘, L,=5 cm), we obtain 

ii 

ii 

1 2 - 
n ml=k,,,L,=1.7x10- , (19) 

which is comparable to the values of ii/n estimated from the 
scattering data (Sec. IV B). This might be taken as additional 
evidence that the turbulence is large enough to be in the 
nonlinear regime. However, the radial resolution of our scat- 
tering data is not sufficient to permit detailed comparison of 
our turbulence measurements with the predictions of mixing 
length calculations (e.g., the response of turbulent ampli- 
tudes to local changes in gradient lengths). 
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VII. DlSCUSSlON AND CONCLUSIONS 

Core plasma density fluctuations in ECH plasmas in the 
ATF torsatron have been measured using a 2 mm scattering 
diagnostic. The fluctuation amplitudes are consistent with the 
presence of marginally stable helical DTEMs. The evidence 
supporting this conclusion can be summarized briefly. 

(i) The increase in fluctuation amplitude correlates with 
the reversal of the density gradient during the density step. 

(ii) The fluctuation amplitudes are asymmetric across the 
midplane: the amplitudes are much higher on the inside, 
R < R. , than on the outside, R > R, . This correlates well with 
expectations for the distribution of the confined helically 
trapped particles along R in ATE 

(iii) The maximum fluctuation amplitude occurs at rela- 
tively high wave numbers, k,p,-- 1. This high wave number 
feature is like that expected for helically induced trapped- 
electron modes, which are a particular feature of stellarator 
geometry. An existence condition for these unstable modes 
establishes a lower bound on the wave number of the waves 
that is compatible with the experimental observations. 

(iv) The frequency spectra of the density fluctuations are 
generally consistent with expectations for drift waves. The 
observed density fluctuations propagate in the electron dia- 
magnetic direction. The bulk plasma rotation (diamagnetic 
plus EXB) contributes to the measured frequency shift. 

(v) There is some indication from magnetic configura- 
tion scans that fluctuation levels increase (albeit modestly) 
with the confined fraction of trapped particles. 

These findings, when combined with the measurements 
showing transient rearrangement of the density profile, sug- 
gest that DTEMs may play a role in constraining the density 
profile in ECH plasmas in ATF (and perhaps other stellara- 
tors as well) to remain flat in regions of high temperature and 
low collisionality. This hypothesis has also been presented 
from a theoretical standpoint by Dominguez et a1.9 Interest- 
ingly, the profile changes and increase in fluctuations seen in 
these ATF experiments are not accompanied by a significant 
change in global energy confinement: rE continues to follow 
L-mode scaling. The apparent insensitivity of the global en- 
ergy confinement to the appearance of instabilities specifi- 
cally connected to the three-dimensional helical structure of 
the stellarator magnetic field is additional evidence that the 
details of the confining magnetic field are only weakly con- 
nected to anomalous energy transport. This observation may 
have broader implications in the search for the mechanisms 
governing energy transport in toroidal plasma confinement 
systems. 

Additional experiments would be helpful in clarifying 
this picture. In a neutral-beam-heated plasma, beam fueling 
should be able to sustain a density gradient in the high- 
temperature region of the plasma and fulfill the conditions 
for excitation of the helical DTEM. A repetition of the scat- 
tering measurements for such plasmas could serve as an ad- 
ditional test of the DTEM hypothesis. Also of value would 
be measurements of the degree of localization of the turbu- 
lence in the helical magnetic ripples, temperature fluctua- 
tions, and turbulence amplitudes in the low wave number 
region of the spectrum (k,p,+l), where significant activity 
has been observed in tokamaks. These measurements require 

additional diagnostics, such as beam emission spectroscopy” 
or high-resolution correlation reflectometry in the plasma 
core,7 all of which have a higher degree of spatial localiza- 
tion than can be achieved with a microwave scattering diag- 
nostic such as that employed in our experiments on ATE 

Continuing experiments on two devices with magnetic 
configurations similar to ATF should make it possible to 
move further into the collisionless regime. The Compact He- 
lical System (CHS) torsatron,38 which is now in operation, 
has a plasma of comparable size to that of ATF, but at lower 
toroidal aspect ratio. The Large Helical Device (LHD)?9 
now under construction, features superconducting magnets 
with a field of 4 T, a plasma minor radius more than twice 
that of ATF, and long-pulse heating power. 

Comparison of results from devices with significantly 
different magnetic configurations would also be valuable. In 
particular, studies of low-collisionality plasmas in the Wen- 
delstein VII-AS stellarator,* whose coils can be powered in 
different ways so as to vary the rotational transform and/or 
the effective magnetic mirror ratio of the helical field, could 
provide essential information on the role of trapped particles 
in plasma turbulence and transport. 

All of these experiments would benefit from theoretical 
work to aid in planning measurements and interpreting re- 
sults. Stability calculations in which the effect of the radial 
electric field is included are important for understanding 
measurements made in different magnetic configurations. 
Exploration of the nonlinear behavior of trapped-particle in- 
stabilities could help determine the validity of some of the 
hypotheses used in this study (e.g., coupling of toroidal and 
helical modes and isotropy of the turbulence). 

ACKNOWLEDGMENTS 

We are grateful to the members of the ATF group for 
their many contributions to this work and acknowledge, in 
particular, G. H. Henkel, M. Holland, L. A. Massengill, T. F. 
Raybum, C. R. Schaich, W. Sirmans, and J. L. Yarber for 
operational support; R. L. Benson and J. A. White for engi- 
neering; J. M. Gossett, G. L. King, and T. M. Raybum for 
diagnostic measurements; D. C. Giles, D. E. Greenwood, K. 
L. Kannan, D. R. Overbey, and T. C. Patrick for data han- 
dling, and M. B. Nestor for publications assistance. The ac- 
tive support and encouragement of J. Sheffield, W. Fulker- 
son, and A. W. Trivelpiece of Oak Ridge National 
Laboratory and L. M. Kovrizhnykh of the General Physics 
Institute (Moscow) were essential to the execution of this 
project. Discussions with B. A. Carreras, N. Dominguez, P. 
K. Mioduszewski, and J. T. Hogan (Oak Ridge National 
Laboratory), N. Bretz and R. Nazikian (Princeton Plasma 
Physics Laboratory), and S. M. Hamberger (Australian Na- 
tional University) contributed significantly to the planning of 
the experiments and the analysis of results. 

This work was carried out as part of the U.S.-Russia 
exchange program in fusion research and was supported in 
part by the Office of Fusion Energy, U.S. Department of 
Energy, under Contract No. DE-ACOS-840R21400 with 
Martin Marietta Energy Systems, Inc. 

‘B. A. Carreras, Plasma Phys. Controlled Fusion 34, 1825 (1992). 

412 Phys. Plasmas, Vol. 2, No. 2, February 1995 Shats et al. 

Downloaded 06 Feb 2001  to 150.203.245.2.  Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



‘F. Wagner and U. Stroth, Plasma Phys. Controlled Fusion 35, 1321 (1993). 
‘S. C. Prager, A. K. Sen, and T. C. Marshall, Phys. Rev. Lett. 33, 692 
(1974). 

‘P. C. Efthimion, D. K. Mansfield, B. C. Stratton, E. Synakowski, A. Bhat- 
tacharjee, H. Biglari, P. H. Diamond, R. J. Goldston, C. C. Hegna, D. 
McCune. G. Rewoldt, S. Scott, W. M. Tang, G. Taylor, R. E. Waltz, R. M. 
Wieland. and M. C. ZarnstorfT, Phys. Rev. Lett. 66, 421 (1991). 

‘N. L. Bretz, E. Mazzucato, R. Nazikian, S. F. Paul, G. W. Hammett, G. 
Rewoldt, W. M. Tang, S. D. Scott, E. J. Synakowski, M. C. Zamstorff, the 
mR Group, R. J. Fonck, R. D. Durst, and G. Cosby, in Plasma Physics 
and Controlled Nuclear Fusion Research, 14th International Conference 
on Plasma Physics and Controlled Nuclear Fusion Research (International 
Atomic Energy Agency, Vienna, 1993), Vol. 1, p. 551. 

“R. J. Fonck, G. Cosby, R. D. Durst, S. F. Paul, N. Bretz, S. Scott, E. 
Synakowski, and G. Taylor, Phys. Rev. Lett. 70, 3736 (1993). 

‘E. Mazzucato and R. Nazikian, Phys. Rev. Lett. 71, 1840 (1993). 
“B. B. Kadomtsev and 0. P. Pogutse, Nucl. Fusion 11, 67 (1971). 
ON. Dominguez. B. A. Carreras, V. E. Lynch, and P. H. Diamond, Phys. 
Fluids B 4, 2906 (1992). 

“J F Lyon, B. A. Cameras, K. K. Chipley, M. J. Cole, J. H. Harris, T. C. . . 
Jemigan, R. L. Johnson, V. E. Lynch, B. E. Nelson, J. A. Rome, J. Shef- 
field, and P. B. Thompson, Fusion Technol. 10, 179 (1986). 

“J. H. Harris, M. Murakami, B.A. Cameras, J. D. Bell, T. S. Bigelow, L. A. 
Charlton, N. Dominguez, J. L. Dunlap, J. C. Glowienka, L. D. Horton, H. 
C. Howe, R. C. lsler, H. Kaneko, R. R. Kindsfather, J. N. Leboeuf, V. E. 
Lynch, M. M. Menon, R. N. Morris, G. H. Neilson, V. K. Par& D. A. 
Rasmussen, J. B. Wilgen, and W. R. Wing, Phys. Rev. Lett. 63, 1249 
(1989). 

12C. Hidalgo, J. H. Harris, T. Uckan, J. D. Bell, B.A. Carreras, J. L. Dunlap, 
G. R. Dyer, C. P. Ritz, A. J. Wootton, M. A. Meier, T. L. Rhodes, and K. 
Carter, Nucl. Fusion 31, 1471 (1991). 

“T. Uckan. C. Hidalgo. J. D. Bell, J. H. Harris, J. L. Dunlap, G. R. Dyer, P. 
K. Mioduszewski, J. B. Wilgen, C. P. Ritz, A. J. Wootton, T. L. Rhodes, 
and K. Carter, J. Nucl. Mater. 176-177, 693 (1990). 

“J J Zielinski S C. Aceto, K. A. Connor, J. F. Lewis, J. C. Glowienka, G. , . 
H. Henkel. D. T. Fehling, W. R. DeVan, K. D. St. Onge, D. K. Lee, and A. 
Camevali. Rev. Sci. Instrum. 61, 2961 (1990). 

“G R Hanson, J. B. Wilgen, E. Anabitarte, J. D. Bell, J. H. Harris, J. L. . . 
Dunlap, and C. E. Thomas, Rev. Sci. lntmm. 61, 3049 (1990). 

16G R Hanson, J. H. Harris, J. B. Wilgen, C. E. Thomas, S. C. Aceto, L. R. . . 
Baylor, J. D. Bell, B. Braiias, J. L. Dunlap, A. C. England, C. Hidalgo, M. 
Murakami, D. Rasmussen, J. Sanchez, J. G. Schwelberger, T. Uckan, and 
J. Zielinski. Nucl. Fusion 32, 1593 (1992). 

“M. Murakami, T. S. Bigelow, R. C. Goldfinger, J. B. Wilgen, L. R. Baylor, 
D.A. Rasmussen, A. C. England, S. C. Aceto, F. W. Baity, D. B. Batchelor, 
G. L. Bell, J. D. Bell, B. A. Cameras, R. J. Colchin, E. C. Crume, N. 
Dominguez, R. A. Dory, J. L. Dunlap, G. R. Dyer, R. H. Fowler, R. F. 
Gandy, J. C. Glowienka, R. H. Goulding, G. R. Hanson, J. H. Harris, S. 
Hiroe. D. J. Hoffman, L. D. Horton, H. C. Howe, D. P. Hutchinson, R. C. 
Isler. T. C. Jemigan, H. Kaneko, S. Kubo, M. Kwon, R. A. Langley, J. G. 
Leboeuf. D. K. Lee, K. M. Likin, J. F. Lyon, C. H. Ma, S. Morita, M. 
Ochando. H. Okada, S. F. Paul, A. L. Qua&., J. A. Rome, A. V. Sapozh- 
nikov. K. A. Sarksyan, M. Sato, J. G. Schwelberger, M. G. Shats, T. D. 
Shepard, J. E. Simpkins, C. E. Thomas, J. S. Tolliver, T. Uckan, K. L. 
Vander Sluis, M. R. Wade, W. R. Wing, and I. J. Zielinski, in Radio 
Freqaencx Power in Plasmas, AIP Conf. Proc. 244, Charleston, 1991 
(American Institute of Physics, New York, 1992), Vol. 1, p. 3. 

‘sR. C. Isler, S. C. Aceto, L. R. Baylor, T. S. Bigelow, G. L. Bell, J. D. Bell, 
T. S. Bigelow, B. A. Carreras, R. J. Colchin, E. C. Crume, N. Dominguez, 
R. A. Dory, J. L. Dunlap. G. R. Dyer, A. C. England, R. F. Gandy, J. C. 
Glowienka. G. R. Hanson. J. H. Harris, S. Hiroe, L. D. Horton, T. C. 
Jemigan, H. Ji, R. A. Langley, D. K. Lee, K. M. Likin, J. F. Lyon, C. H. 
Ma, S. Morimoto, M. Murakami, H. Okada, A. L. Qualls, D. A. Rasmus- 

sen, J. A. Rome, M. Sato, J. G. Schwelberger, M. G. Shats. J. E. Simpkins, 
C. E. Thomas, T. Uckan, M. R. Wade, J. B. Wilgen, W. R. Wing, H. 
Yamada, and J. Zielinski, Phys. Fluids B 4, 2104 (1992). 

19M. Murakami, B.A. Cameras, L. R. Baylor, G. L. Bell, T. S. Bigelow, J. C. 
Glowienka, H. C. Howe, V. E. Lynch, C. H. Ma, D. A. Rasmussen, J. S. 
Tolliver, M. R. Wade, J. B. Wilgen, and W. R. Wing, Phys. Rev. Lett. 66, 
707 (1991). 

“0. Asada, A. lnoue, and T. Tsukishima, Rev. Sci. lnstrum. 51, 1308 (1980). 
“J D Bell, J. H. Harris, J. L. Dunlap, N. A. Cracker, and V. K. Par&, Rev. 

&i. ‘Instrum. 64, 2428 (1993). 
22C. H. Ma, L. R. Baylor, D. P. Hutchinson, M. Murakami, and J. B. Wilgen, 

Rev. Sci. Instrum. 63.4981 (1992). 
23G. L. Bell, R. F. Gandy, and J. B. Wilgen, Nucl. Fusion 33, 875 (1993). 
24R. E. Slusher and C. M. Surko, Phys. Fluids 23, 472 (1980). 
25R. C. Goldfinger and D. B. Batchelor, Nucl. Fusion 27, 31 (1987). 
26S. P. Hirshman, W. I. van Rij, and P Merkel, Comput. Phys. Commun. 43, 

143 (1986). 
27N Bretz, R. Nazikian, W. Bergin, M. Diesso, J. Felt, and M. McCarthy, 

I&. Sci. lnstrum. 61, 3031 (1990). 
28Equipe TFR, Plasma Phys. 25, 641 (1983). 
29B. A. Cameras, G. Grieger, J. H. Harris, J. L. Johnson, J. F. Lyon, 0. 

Motojima, F. Rau, H. Renner, J. A. Rome, K. Uo, M. Wakatani, and H. 
Wobig, Nucl. Fusion 28, 1613 (1988). 

30A. True, A. Qu&m&eur, P. Hennequin, D. Grisillon, F. Gervais, C. Lavi- 
ron, J. Olivain, S. K. Saha, and P. Devynck, Rev. Sci. Instrum. 63, 3716 
(1992). 

3’E. Holzauer, G. Dodel, and the ASDEX Team, Rev. Sci. Instrum. 61,2817 
(1990). 

32D. Heifetz, in Physics of Plasma-Wall Interactions in Controlled Fusion, 
edited by D. Post and R. Behrisch (Plenum, New York, 1986), p. 695. 

33G. H. Neilson and J. H. Harris, Nucl. Fusion 27, 711 (1987). 
34J. B. Wilgen, M. Murakami, J. H. Harris, T. S. Bigelow, R. A. Dory, B. A. 

Carreras, S. C. Aceto, D. B. Batchelor, L. R. Baylor, G. L. Bell, J. D. Bell, 
R. J. Colchin, E. C. Crume, N. Dominguez, J. L. Dunlap, G. R. Dyer, A. C. 
England, R. F. Gandy, J. C. Glowienka, R. C. Goldfinger, R. H. Goulding, 
G. R. Hanson, C. Hidalgo, S. Hiroe, S. P. Hirshman, L. D. Horton, H. C. 
Howe, D. P. Hutchinson, R. C. Isler, T. C. Jemigan, H. Ji, H. Kaneko, L. 
M. Kovrizhnykh, M. Kwon, R. A. Langley, D. K. Lee, K. M. Likin, J. F. 
Lyon, C. H. Ma, P. K. Mioduszewski, 0. Motojima, H. Okada, S. Paul, A. 
L. Qua&, D. A. Rasmussen, R. K. Richards, J. A. Rome, M. J. Saltmarsh, 
K. A. Sarksyan, M. Sato, J. G. Schwelberger, K. C. Shaing, M. G. Shats, 
T. D. Shepard, J. E. Simpkins, C. E. Thomas, T. Uckan, K. L. Vander 
Sluis, M. R. Wade, W. R. Wing, H. Yamada, and J. J. Zielinski, Phys. 
Fluids B 5, 2513 (1993). 

35C. Z. Cheng and H. Okuda, Nucl. Fusion 18, 587 (1978). 
36B. B. Kadomtsev, Plasma Turbulence (Academic, New York, 1965). 
37E. Mazzucato, Phys. Fluids 21, 1063 (19’78). 
38H. Yamada, S. Morita, K. Ida, S. Okamura, H. lguchi, S. Sakakibar, K. 

Nishimura, R. Akiyama, H. Arimoto, M. Fujiwara, K. Hanatani, S. P. 
Hirshman, K. Ichiguchi, H. ldei, 0. Kaneko, T. Kawamoto, S. Kubo, D. K. 
Lee, K. Matsuoka, 0. Motojima, T. Ozaki, V. D. Pustovitov, A. Sagara, H. 
Sanuki, T. Shoji, C. Takahashi, Y. Takeiri, Y. Takita, S. Tanahashi, J. 
Todoroki, K. Toi, K. Tsumori, M. Ueda, and I. Yamada, in Ref. 5, Vol. 2, 
p. 493. 

390. Motojima, K. Akaishi, M. Asao, K. Fujii, J. Fujita, T. Hino, Y. Hamada, 
H. Kaneko, S. Kitagawa, Y. Kubota, T. Kuroda, T. Mito, S. Morimoto, N. 
Noda, Y. Ogawa, I. Ohtake, N. Ohyabu, A. Sagara, T. Satow, K. Takahata, 
M. Takeo, S. Tanahashi, T. Tsuzuki, S. Yamada, K. Yamamoto, K. 
Yamazaki, N. Yanagi, H. Yonezu, M. Fujiwara, A. liyoshi, and the LHD 
Design Group, in Plasma Physics and Controlled Nuclear Fusion Re- 
search, 13th International Conference on Plasma Physics and Controlled 
Nuclear Fusion Research (International Atomic Energy Agency, Vienna, 
1991), Vol. 3, p. 513. 

Phys. Plasmas, Vol. 2, No. 2, February 1995 Shats et al. 413 

Downloaded 06 Feb 2001  to 150.203.245.2.  Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.


