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1. Introduction

Ton-Bernstein-wave heating (IBWH) has been tested in several tokamaks. In some
cases the results have been quite positive, producing temperature increases [1-4] and also
improving both energy and particle confinement times {1-5], whereas in others, no distinc-
tive changes were observed [6]. Most recently, IBWH has been utilized in the Princeton
Beta Experiment-Modified (PBX-M) where the long-range goal is the achievement of op-
eration in the second stable region by current and pressure profile control. Investigations
have been performed in this machine using IBWH as the sole source of auxilliary power
or using IBWH in conjunction with neutral-beam injection (NBI) or with lower-hybrid
current drive (LHCD). Impurity studies seem particularly important for IBWH since not
only have influxes often been observed to increase, but the global impurity confinement
time has also been shown to lengthen as the confinement of the working gas improves. We
present here a set of characteristic experimental results regarding the impurity behavior
in PBX-M; in general, these are consonant with previous observations in other tokamaks.

2. IBW without NBI

In PBX-M it is usually observed that influxes of both low-Z and high-Z impurities
increase during IBW injection in all types of operation, although the rates can be minimized
by boronization of the vacuum vessel. For example, 340 kW of IBWH power can raise
the iron and nickel concentrations by more than an order of magnitude above the levels
detected without such auxilliary heating. The central confinement of the working gas also
increases, as evidenced by the narrowing of the electron density profiles [4]. Figures 1-4
illustrate typical behavior of the radiated power and of the spectral lines during IBWH
unaccompanied by NBI. The radiated power profile, as determined from a 15 channel
bolometer array, tends to be hollow prior to the introduction of IBWH at 350 ms but
becomes continually more peaked until a soft disruption occurs at 665 ms. The peripheral
carbon and oxygen emissions grow by factors of 5 while the metals increase to the point
where their lines are the dominant features in the vacuum ultraviolet spectrum. The data
indicate that the strong increases in radiation from ions such as Fe XVI and Ni XVIII occur
not only because of the increased influx but also as a result of the impurities becoming
more centrally concentrated. This inference is based on comparing the strength of the

unresolved lines from low ionization stages in the region around 200 A to the strengths
of the sodium-like and magnesium-like ions. The former increase by about a factor of 5
during IBWH while the latter rise by factors of at least 20.

3. IBW with NBI

Two distinct behaviors of the impurity transport are observed when IBWH is used in
conjunction with NBI depending on whether the discharges are in the L-mode or H-mode.



In a typical L-mode discharge it is observed that 2.5 MW of NBI raises the radiation
from metallic ions by about a factor of 2 over the levels observed with ohmic heating alone.
The addition of 340 kW of IBWH further increases the metallic emissions by about another
factor of 5, but the transport coefficients are not distinctly altered. That is, no central
impurity buildup is induced; the plasma remains in the L-mode. If a discharge makes a
transition to an H-mode during NBI, the impurity confinement time appears to increase
at the onset, but strong central peaking of the radiation and of the metal profiles does
not occur (although such an evolution has been observed in H-modes in PBX-M under
different operating conditions [7]). However, the addition of IBWH dramatically alters
the radiation pattern as the losses increase by a factor of 4, and the profile becomes very
narrow; the electron temperature profile frequently evolves to a flat or slightly hollow shape
in these cases. These observations are illustrated by Figs 5 and 6. which show the effects
of 410 kW of IBWH in a discharge with 1.5 - 2.5 MW of NBI. Shortly after the beams
are introduced at 350 ms the plasma makes a transition to the H-mode, and emissions
from the peripheral ions, such as O V and C III drop as the electron temperature gradient
steepens. The signals then rise to pre-H-mode levels as the IBWH apparantly induces a
greater influx of impurities starting around 450 ms.

In contrast, the metallic emissions show only minor changes until IBWH is initiated;
the intensities of lines of Fe XVI and Ni XVIII then grow rapidly up to 525 ms. The
subsequent sharp drop in signal strength appears to occur because of the strong pinch that
compresses the iron and nickel toward the center rather than being caused by a decreasing
influx. This interpretation is evident from the Fe XXIII and Ni XXV resonance lines
(not depicted) which increase during this interval, although the central temperature is
decreasing somewhat. Late in the discharge the behavior reverses most likely because of
cooling of the plasma. The tendency toward central peaking of impurities is also observed
in the profiles of O®* ions as deduced from charge-exchange excitation (CXE). The circles

in Figs 7(a) and 7(b) illustrate measurements of the 2977 A line before and after the IBWH
is started (the magnetic axis is at 165 cm). Clearly the peak moves inward during IBWH.
The solid lines in these figures are fittings calculated from an impurity code in which the
transport coefficients have been adjusted to give a reasonably accurate match to the data.
The fully ionized oxygen profiles that produce the fittings are illustrated in Fig. 7(c).
From these it can be seen that the impurity pinching during IBWH is also evident for the
low-Z ions.
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Fig. 2. Time-dependent impurity emission during IBWH.

Fig. 1. Profiles of radiated power with 180 kW

IBWH starting at 350 ms.
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Fig. 3. Vacuum ultraviolet spectrum before IBWH.

Fig. 4. Vacuum ultraviolet spectrum after 300 ms of IBWH.
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Fig. 5. Profiles of radiated power with 410 kW
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Fig. 6. Evolution of spectral line radiation during IBWH in an H-mode plasma
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