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Ion cyclotron resonant heating (ICRH) remains one of the key technologies for heating plas-

mas to thermonuclear temperatures. ICRH is routinely used in present-day machines like JET

and ASDEX-U, and is one of the heating methods foreseen for ITER. Its attractiveness as a

proven heating tool is further bolstered by its ability to enhance radial transport of high Z im-

purities out of the core [1]. One of the intrinsic problems however with ICRH is that the fast

magnetosonic wave is evanescent in the low density region in front of the antenna. The fast

wave power needs to tunnel through an evanescent region of a few cm wide to possibly 15 cm

wide in ITER. Furthermore, in the low density edge region the slow magnetosonic mode can

be excited which constitutes a loss channel for the applied antenna power since the slow mode

does not propagate into the core. The slow mode is also thought to be a major contributor to

RF sheath rectification and RF induced sputtering at the antenna. Slow wave physics therefore

enjoys renewed interest in the RF community. From the theory point of view, the edge region is

a notoriously difficult region to describe. Not only does the plasma admit propagative as well as

evanescent wave modes with widely varying scale lengths which are numerically challenging

to track, but many of the assumptions typically taken for granted are - at best - questionable.

Understanding the physics also requires accounting for non-linearity, edge losses, end effects

and finite temperature corrections. Experimental efforts in well-diagnosable devices can shed

light on the dominant physical mechanisms at play. Several basic plasma physics experiments

are underway focusing on ICRF physics, such as Aline[2] in France, IShTAR[3] in Germany

and LAPD[4, 5] in the US. These devices are typically more flexible than fusion devices and

provide data in greater detail than can be obtained on a fusion device. Their value lies in their

use as testbeds for theory or as benchmarks for code development.

The slow wave is accessible if the density in front of the antenna is low enough [6]. Figure 1

shows the dispersion relation for the slow and fast mode as a function of density, both for typical

LAPD conditions ( f = 8.71 MHz, B0 = 0.17 T, k‖ = 5 m−1, Helium) and for typical tokamak

conditions ( f = 50 MHz, B0 = 2.0 T, k‖ = 5 m−1, Deuterium). In the latter case the fast wave

becomes propagative at densities near 1018 m−3, whereas the slow mode is propagative up to

densities about 10 times lower, in the range of 1017 m−3. For typical LAPD parameters, the fast
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mode propagates at similar densities as in the tokamak case, but the slow mode only propagates

up to densities below 1016 m−3. This is a consequence of the different scaling behavior of the

slow mode resonance (near ω = ωpi ∼
√

ne/µ , where µ is the mass number) and the fast mode

cutoff (ω scales with VA ∼ B0/
√

µne). For fixed ω/Ωi and fixed k‖, the slow mode resonance

then scales as
√

µne/B0, whereas the fast mode cutoff scales as
√

µ/ne. Since fill gases used

in LAPD and tokamaks have similar masses, the fast mode cutoff happens at similar densities.

Figure 1: Dispersion relation as a function of density for typical

tokamak conditions and LAPD conditions

The magnetic field in LAPD

however is lower than tokamak

fields by a factor of 10, which

means that the slow mode cut-

off happens at densities approx-

imately a factor of 100 lower

in LAPD compared to fusion

devices. Note, in Fig. 1 ω/Ωi

was not kept fixed in comparing

LAPD parameters to fusion pa-

rameters. In LAPD three orders

change in density across the plasma column is needed to enable propagation of the slow mode

in the edge and the fast mode in the core. This makes the experiment challenging.

A schematic of the experiment is shown in Fig. 2(a). The LAPD is a cylindrical device, with

an axial magnetic field that confines a quiescent plasma column 18 m long.

Figure 2: (a) Schematic of the experiment, (b) cut-away

view of the single strap antenna

The plasma is created from collisional

ionization of the fill gas by 70 eV elec-

trons of a large area low-voltage elec-

tron beam, produced by the application

of a positive voltage between a barium

oxide (BaO) coated cathode and a mesh

anode 0.5 m away. Densities and tem-

peratures are similar to tokamak scrape-

off layer plasmas with ne ∼ 1018 m−3 and Te ' 5−10 eV. The magnetic field in the experiment

is 0.17 T. A single strap antenna, displayed in Fig. 2(b) is introduced into the machine near the

machine wall. The antenna box is 0.1 m wide and 0.3 m high; the strap itself is 0.06 m wide.

The front surface of the antenna box is at x = -0.41 m .

The large density range required for the experiment is obtained in twofold manner. First, the
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magnetic field near the LAPD source is kept as low as possible for reliable operation, at 0.035

T for the first 4 meters axially. The field in the rest of the machine (including at the antenna)

is then raised to 0.17 T. This causes the field lines connecting to the 0.37 m radius cathode

to shrink down to a smaller radius, effectively shrinking the plasma cross-sectional area by a

factor of 5. Secondly, the experiment is performed early on during the LAPD discharge, when

the plasma density is still building up. The density rises first in the center of the machine and

then gradually expands to a larger area. An example of the resulting density profiles at a few

times during the LAPD discharge is shown in Fig. 3. Core densities reach 2-3 1018 m−3. The

edge density is down near 1015 m−3, three orders of magnitude lower than the core density.

Figure 3: Measured density profiles

The fluctuating electric and magnetic fields are

measured with a probe moved in 2D cross sectional

planes or 1D radial lines at several axial locations.

The probe has three orthogonal dipoles to mea-

sure fluctuating electric fields, and three orthogonal

pick-up coils to measure the wave magnetic fields.

In the experiment the antenna is powered up every

250 µs for a duration of 100 µs each during a single

plasma discharge. Since the density profile changes

in time as shown in Fig. 3, the wave experiment is thus essentially repeated many times with

a different density profile in front of the antenna. Figure 4 shows the measured E‖ component

acquired on a radial line at z = 0.64 m. The frequency of the launched waves is 8.71 MHz,

corresponding to ω/Ωi ' 13.5.

The left panel shows the E‖ component as a function of radius and time, early during the

plasma discharge, around t = 50 µs. This type of plot allows for the identification of the radial

wave length, the frequency and the radial phase velocity of the wave. Data is shown from the

edge of the device (x = −50 cm) to the start of the high density core plasma near x = −15

cm. The solid vertical line indicates the front of the antenna box. The top panel displays the

raw data, while the bottom panel shows the same data with long wavelengths filtered out. Two

distinctive features stand out. Near r = −15 cm, where the core of the plasma starts, strong

fluctuations are seen with long radial wave length. These have been identified as fast waves in

the core of the plasma. The second feature near x =−41 cm resides in the low density edge of

the plasma, where densities are on the order of 1015 m−3. The mode has lower amplitude, but is

clearly visible in the filtered plot. This mode has much shorter wave length,' 3 cm, and is seen

to propagate backwards towards the antenna front surface. The measured radial wave number
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Figure 4: Left panel: E‖ component as function of radius and time. Right panel: RMS values of E‖.

k⊥ ' 200 m−1 (or log10 k2
⊥ ' 4.6) and the densities at which it propagates (ne ' 2×1015 m−3)

agree well with the expected values for the slow mode in the dispersion plot in Fig. 1. This leads

us to identify the short wave length mode as the slow mode, excited directly by the antenna.

The right panel of Fig. 4 displays the RMS value of the E‖ fluctuations at a few different

times, i.e., with different density profiles. The strongest waves in the core are seen in a larger

section of the machine as time goes on. As the density builds up the cut-off density for the

fast wave moves out radially. Similarly, for the slow mode the sharply localized amplitudes

move out slightly radially as the density builds up. If the density were to rise further, the slow

mode would be evanescent everywhere. The experiment has also been performed with lower

wave frequency in which case the slow mode propagates at lower densities. For those lower

frequencies the slow mode is only present during the first 1-2 ms; afterwards the short wave

length mode is not present anymore since the density is too high to support the slow mode.

In conclusion, first results were presented from a basic ICRH experiment. Plasma conditions

were optimized in order to support both the slow mode in the edge and the fast mode in the core.

Clear signatures of both were observed. A longer paper is planned for Nuclear Fusion where

more details will be presented.
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