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Although plasma heating with ICRF imparts negligible angular momentum to a tokamak
plasma, the high energy particles give significant torque to the plasma through diamag-
net ic effects. This effect has been directly modeled through guiding center simulations.
It is found that heating in Tore Supra, with the location of the resonance surface on

the high field side of the magnetic axis, can produce negative central rotation of up to
40 km/see [1, 2]. Particle loss also contributes to negative rotation, but this is not the
dominant effect in most discharges. In this work we examine the effect of collisions and
strong plasma rotation on the loss of high energy particles.

Magnetic field strength variation due to discrete toroidal field coils, or ripple, produces
two important loss channels in tokamaks. ‘The trapping of particles in local ripple wells
produces super banana orbits and, in the case of strong ripple, direct loss orbits leading to
the plasma edge. These particles leave the device in the direction of vertical drift, and are
characterized by small values of parallel velocity, or pitch. Ripple also causes high energy
particles in banana orbits to diffuse stochastically[3, 4], leading to banana orbits which

impact the wall near the outer midplane. Both these loss processes are modified by the
magnitude of the collision rate, and by plasma rotation. In Tore Supra the magnitude of
the ripple makes ripple trapping a dominant loss mechanism for the background plasma
as well as for ICRF produced non Maxwellian high energy tails. We have examined the
loss as a function of collisionality and rotation using the Hamiltonian guiding center code

ORBIT[5, 6].

Although the simulations make use of a numerical equilibrium with a Shafranov shift
closely matching the experiments, we use simple circular equilibrium expressions in the
discussion of analytic estimates. Represent the field as B w BO(r, 0)(1 + JsinN@) with
6 giving the ripple strength, r the minor radius, and 6’ the poloidal and ~ the toriodal
angles. Along a field line ~ = qtl, r = constant so a ripple well boundary is given by
i3eB0 + Nq6B0 = O. In simple circular geometry with B. w 1 – rcosO wells exist if
rlsin6] < NqJ, a condition which is independent of particle energy. To remain in a ripple
well a particle must have pitch A = vll/v less than W. The ripple well domain and
the stochastic loss domain in Tore Supra for the equilibrium studied are shown in Fig.
1. In the figure to the left the shaded domain shows the extent of the ripple wells. A
ripple trapped particle drifts downward at a rate given by v~ = (p/R)2Rwo with p the
gyro radius, WOthe gyro frequency and R the major radius. Once a particle is ripple
trapped in a loss orbit leading to the wall the loss process typically takes a fraction of a
millisecond. Particles which are ripple trapped drift downward a distance AZ until they
leave the ripple well, either collisionlessly or due to a collision, with the maximum value
of Az determined by the geometry of the domain shown in Fig. 1. Particles can alternate
between ripple well traps and banana orbits with each trapping in a well producing an
outward shift [7] by a distance zAz/r, (the superbanana width) leading ultimately to an
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the fluctuation images. Since the turbulence autocorrelation time is much faster than the

framing rate of the fast camera (1 framelmsec), a supplementary measurement of the time

dependence of the edge turbulence was made in NSTX using a single channel detector of

light emission vs. time focused on a small area within the field of view of the camera.

3. Initial Results:

Several images of the visible light emission from the NSTX outer midplane edge

region are shown in Fig. 1, all taken at an exposure time of 10 psec (except 20 psec for 1[b]).

Fig l(a) shows edge turbulence filaments illuminated by a deuteurium gas puff from the 60

cm diameter circular port in the middle of the image. These filaments are aligned nearly

along the total magnetic field, which had an = 42° angle to the toroidal direction at the

midplane” in this 1=0.8 MA, B=O.3 T case, and they have a broad range of poloidal

wavelengths centered at Ll= 10-15 cm. Fig. 1(b) shows a view of the same type of filaments

illuminated over a wider area by the natural recycling light above the HHFW antenna (90 cm

high). In this case the angle of the filaments is closer to 30° due to the lower plasma current

(1=0.5 MA). In views such as these, the filamentary structure disappears at exposure times

above =100 psec, and there is no repeated spatial structure from one frame to the next. Figs.

1(c,d) show the poloidal vs. radial structure of the visible light emission from a helium gas

puff near the separatrix 50 cm above the outer midplane, as viewed along the magnetic field

line using a HeI (587.6 nm) filter with a 10 psec exposure time. The observed spatial

structure has a large variation from frame-to-frame over the =15 cm x 15 cm area illuminated

by the puff, such as seen in the difference between Fig. 1(c) and (d). The poloidal scale of

these filaments is similar to that seen in Figs. 1(a) and (b).

Fig. 2 shows an output from the single-channel light detector which viewed a 5 cm

diameter area within the 60 cm diameter gas puffing port shown in Fig. 1(a). The light is

measured using a PM tube with a bandwidth of= 200 kHz, and sampled at 500 kHz. The raw

signals, as shown in Fig. 2(a) and (b), typically have a fluctuation level of (rms/mean) = 25%,

with a typical autocrorrelation time of S40 psec, as shown in Fig. 2(d). The frequency

spectrum is similar to other measurements of edge turbulence [5], as shown in Fig. 2(e).

There appears to be some “bursting” in the raw signal, as shown in Fig. 2(b) and also seen in

the skewed probability distribution function in Fig. 2(f). However, there are apparently no

significant long-time tails of the autocorrelation function, e.g. as in Figs. 2(c) and 2(d), except

during occasional low frequency coherent MHD activity.

4. Preliminary Analysis:

The dominant wavelength of turbulence perpendicular to the magnetic field is k.= 10-

15 cm near the outer midplane, based on the an analysis of many poloidal vs. toroidal images

such as Fig. 1(a) [7]. This is about a factor of 2-3 larger than the Ll=5&2 cm observed for the

visible light filaments on the inner limiter of TFTR at B=8T [1], or the kL=6&2 observed near
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the outer edge on ASDEX at B=2 T [2]. This suggests that the poloidal wavelength of edge

turbulence is not very sensitive to the magnetic field strength, and so can not be described by

a simple drift-wave type expression such as klp.=o.z (Which is obtained for NSTX with

Al= 10-15 at an assumed T.=25 eV for the local B= O.15T). The signals observed in the

single-channel data of Fig. 2 are similar to edge turbulence observed in other toroidal

devices; for example, the frequency spectrum in Fig. 2(e) is similar to that seen with

Langmuir probes in the large JET tokamak [5], and also that observed recently in Alcator C-

Mod using visible light emission from a helium gas puff [6]. This reinforces the idea that the

edge turbulence does not depend sensitively on the size or magnetic field of the tokamak.

The most interesting data obtained so far in NSTX are the radial vs. poloidal images

such as those shown in Figs. 1(c) and (d). These images show a strong 2-D space and time

modulation of the light emission with a size-scale of= 10 cm perpendicular to the magnetic

field, approximately as one would expect from viewing “end-on” the filaments seen in the

poloidal vs. toroidal views of Fig. l(a) and (b). However, the size of the light emission due to

the gas puff is comparable to the scale of the turbulence, so it is difficult to characterize the

size scale spectrum, except to say that there does not appear to be structure on the scale of= 1

cm (which should have been resolvable in these images). In the future a poloidally extended

gas puff manifold will be installed in NSTX to increase the poloidal range of this system [7].

Quantitative interpretation of these images requires a detailed model for the local

relationship between the edge density fluctuations and the visible light fluctuations, which

depends upon the atomic physics of the light emission process, the neutral penetration

physics, and the effect of possible electron temperature and neutral density fluctuations. The

turbulence wavelength sensitivity needs to be evaluated for each configuration to take into

account the averaging over small wavelengths and the undersampling of large wavelengths.

Finally, the possible effect of large neutral gas puffs on the edge turbulence needs to be

evaluated both theoretically and experimentally. Based on this modeling, the results of

visible imaging of edge turbulence can be quantitatively compared with the recent numerical

models for edge turbulence [8].
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Fig. 1: Visible light images of edge plasma turbulence filaments observed in (a) a deuterium

gas puff from the large circular, (b) the recycling light from the HHFW limiter, and (c),(d)

two radial vs. poloidal views of a helium puff near the outer midplane, separated by 1 msec.
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Fig. 2 – Time series analysis of the visible light signal from a single-channel viewing the gas

puff of Fig. l(a). These signals are similar to edge density turbulence on other devices.


