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Abstract : A data base for the 1993 run period of PBX-M has been documented 1) to
investigate whether it was possible to forecast the development of MHD instabilities
often observed in LH assisted discharges and ii) to detail the origin, the nature and the
effects of those instabilities. The deposition radius of the RF current, the plasma internal
inductance and the LH power are used to separate MHD active and quiescent regimes
prior the MHD onset. 1/1, 2/1, 3/1 global modes driven by the m = 2, n = 1 component
are observed in discharges with LHCD. The destabilization is attributed to an increase of
the current density gradient within the q = 2 surface. MHD fluctuations reduce the soft
x-ray and hard x-ray intensities mainly around the RF current deposition radius. Minor
disruptions with large inversion radii and mode locking are analyzed. A possible
precursor to the MHD is evidenced on the hard x-ray horizontal profiles. A resonance

between fast trapped electrons and turbulent waves present in the background plasma is

proposed to support the observations. n
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1. Introduction

One of the main purposes of the Plasma Beta Experiment-Modification (PBX-M)
tokamak program is to use current and profile control techniques to explore advanced
tokamak regimes that could make the next generation of devices more attractive in terms
of confinement and stability. In this machine, Lower Hybrid Current Drive (LHCD) with
a 2 MW source power at 4.6 GHz has been chosen to shape the current density profile.
An earlier report /1 indicated that wave-induced MHD oscillations could affect the
confinement of the suprathermal electrons created by the LH waves and thus could
degrade both the performance and the control of the discharges.

A key issue is to investigate the role of MHD activity in those discharges so as to
optimize the plasma performance. This report is a summary of results collected for the
1993 run period of PBX-M. It deals with a data base of about 200 shots selected between
Aug. 25t and Nov. 19th, 1993,

During this experimental campaign, characterized mostly by a D, working gas
and bean shaped plasmas, the current drive efficiency has been lower than usual. No
global change on the current density profile was observed since the loop voltage drop
never exceeded 20%. On the other hand, a clear indication of wave power deposition has
been evidenced by the hard x-ray camera. To some extent, we explicit the meaning of
wave power deposition in this study but a real understanding of this point will need
further analysis of the coupling of the launchers. The conditions were at least settled to
assess the role of local perturbations in the current profile and the fast electron
population, with concomitant generation or stabilization of MHD activity.

The tools used for this study are described in Sec. II. We report the general trends
observed on parameters quantifying the power deposition profile such as the deposition
radius, the internal inductance or the spreading of the RF current deposition just before
the onset of the MHD, in Sec. IIL. The original objective of this study was to investigate

whether it is possible to separate MHD active and quiescent discharges. The nature and




the effects of the MHD are reviewed in Sec. IV. Minor disruptions and mode locking are
considered. A possible precursor to the MHD is evidenced on the HXR inverted profiles.
A conjecture to explain the observed asymmetries and the relation with MHD is proposed

and discussed in Sec.

I1. Investigation tools

The principal diagnostics used for this study consist of soft x-Ray (SXR) diode
arrays, a 2D hard x-Rays (FIXR) camera /2/ and a magnetic probe array measuring the
fluctuations at the plasma edge.

The SXR diagnostic consists of 32 horizontal + 32 vertical silicon surface barrier
diodes with a spatial resolution of 2.5 cm in the poloidal direction and 20 cm in the
toroidal direction. Figure 1 shows the plasma flux surfaces of PBX-M and the
superimposed SXR lines of sight. The sensitivity of the diodes is in the energy range of
1.2 to 12 keV. The signals, in a frequency bandwidth of 0 to 300 kHz, could be sampled
up to 1 MHz.

The HXR diagnostic consists of a pinhole camera looking tangentially in the
equatorial plane of the machine and producing 2D images (128 x 128 pixels) with an
equivalent spatial resolution of 3.3 cm in the plasma. The low-energy cutoff due to the
viewing window is 45 keV. The detection efficiency decreases gradually for photon
energies above 100 keV. Sixty four images with a 5 ms integration time are stored per
shot.

The magnetic probe array consists of 15 Bg coils (10 on the outboard side and 5
on the inboard side) for toroidal mode number identification. Standard data acquisition
with sampling rates up to 100 kHz were used for this study.

An IDL(Interactive Data Language) reference plotting program is used for a first-
step data analysis. Figure 2 plots plasma current, loop voltage, additional power coupled

to the plasma and average line integrated density in unit of 10° particles m-3. Also shown




are the poloidal beta and the internal inductance as calculated by the "SURFAS"
magnetostatic code from diamagnetic measurements. The MHD activity signal
corresponds to the envelope of the Mirnov oscillations for 8 different frequency
bandwidths from 1 to 128 kHz. The lower trace corresponds to the envelope of the 1 kHz
signal and is used to monitor mode locking. Bursts on this low frequency signal have
been identified as due to the sudden slowing down of previously rotating modes. Two
SXR signals from the horizontal camera are selected on the bottom left box. The upper
trace corresponds to the equatorial line of sight while the diode signal for the lower trace
aims outside the q = 1 surface in normal conditions. The bottom right box displays two
signals deduced from the 2D HXR camera. The upper trace is the ratio of an averaged
intensity (over several pixels) at mid radius to an averaged intensity at the center for a
central vertical slice of the HXR image. It quantifies the hollowness of the vertical
profiles and is < 1 for peaked profiles. The second signal monitors the presence of either
locked modes or runaway electrons. It represents the percentage of pixels in the outer part
of the image whose intensity is above a threshold value determined as a function of the
averaged intensity of the central image. It particularly reveals bright spots on limiters
and/or stabilizing plates located around the plasma.

As we know, runaway electrons are most likely initiated at the plasma center and
do perturb the HXR intensities, we took the precaution to keep in the data base only shots
having no initial runaway population as measured by the camera prior the LH pulse. A
comprehensive study of runaways and their effects, both on current profile and MHD
behavior, are crucial in advanced tokamak scenarios but should be treated apart.
Moreover, we have only considered in the data base, shots with no additional NBI or

IBW power.



ITI. General trends observed before the onset of the MHD

The total net power coupled to the plasma by the LHCD system is shown in Fig.3
for all the shots selected in the 1993 run period of PBX-M. In this data base, the average
line density just before the application of the LH power is in the range 1-3 1019 m3, the
plasma current ranges between 145 and 250 kA and the toroidal magnetic field between
1.25 and 1.9 T. Except for the last 10 shots dated Nov. 15t and 19% that used Hp, the
filling gas was D,. The plasma is bean shaped in all the cases (see Fig.1).

We report here the more striking trends in the observations. Figure 4 shows the
hollowness of the central vertical profile of the HXR image versus the density taken 30
ms after the application of the LH power (in most of the cases, this 30 ms delay is
sufficient for the hollowness to reach a stationary value). The largest hollowness is
obtained at high densities that also correspond to MHD quiescent discharges (open
circles). The closed circles correspond to shots that will develop MHD activity later on.

As previously reported, /3/ The HXR images are often characterized by a bright
ring that is supposed to localize roughly the LH power deposition. The radius of this
bright ring is computed from an inversion of the vertical slice of the image. It is plotted
versus the line averaged density in Fig.5. The linear dependence is not so obvious in
Fig.5 as in Fig.4, since we observe ring radii of 15 cm for quite low densities. If we argue
that the HXR ring radius is relevant to the physics of the wave absorption and the
hollowness is relevant to the diffusion of the fast electrons, we deduce from the two
previous figures that the density alone is not the critical parameter in the wave damping
process but plays a significant role in the diffusion of fast electrons.

Accessibility of the LH waves might also play a role. The waves propagate in the

plasma only if the wave parallel index N//=v£// is greater than the plasma
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Fig.6 the HXR ring radius as a function of this parameter, for Ny = 2.1 corresponding to

accessibility index which is roughly proportional to

-90° phasing between two consecutive waveguides of the LH couplers. The linear




dependence observed indicates that the wave absorption (Landau damping of the wave
on the Maxwellian distribution) seems to occur at a radial position determined by the
wave accessibility condition. Measurements made for other phasings confirm the same
tendency. The consequences of this observation are discussed in Sec. V.1. The main
conclusion to be used in the following text is that the HXR bright ring is more
representative of the deposition of the RF current than the deposition of the LH power.
From Fig.4, 5 and 6, it appears difficult to separate MHD active (closed circles)
and quiescent discharges (open circles). High density discharges associated with large
hollowness (high contrast) of the HXR image are stable in all the cases investigated. In
addition, discharges are rather unstable when LH waves are coupled to the plasma core.
However, we could not forecast the development of the MHD when the LH waves are
coupled off-axis i.e., for HXR ring radii between 10 and 16 cm. The most effective way
we found to separate those discharges has been to plot the internal inductance 1j (taken in
most of the cases 50 ms after turning on the LH power) as a function of the parameter
P E—: where P is the LH power (Fig.7). The 50 ms delay has been shortened in cases
where MHD appears earlier. It was, however, long enough for the total current profile to
respond significantly to the driven current. High power combined with on-axis coupling
of the LH waves is most likely MHD unstable. The fact that 1; may be a determining
parameter confirms the role played by the current profile on MHD stability. Within the
error bars in the determination of the internal inductance, it is reasonable to define two
separate domains on the figure. The stable domain corresponds to low 1j at rather high
P E—: or highlj if P _];:2 remains small. If LHCD had no effect on the current profile, one
would expect an horizontal straight line separating the two domains. The separation curve
is then attributed to the local contribution of the LHCD to the total current. The de
stabilization mechanism seems to be related to an increase of the local gradient of the
current near the resonant surface q = 2 ( as inferred later on). This representation then
combined local effects associated with the RF current deposition ]3—: and the ohmic target

plasma lj. Indeed, low lj MHD unstable discharges correspond to high power and off-

axis RF current deposition. If the tendency were confirmed during further experiments,




the frontier curve could be used to qualify the destabilizing effect of LHCD. For example,
at given deposition radius, the figure indicates the maximum low hybrid power allowed

to remain stable,

IV. Analysis of MHD active discharges

IV.1 Nature of the MHD instabilities

Several typical shots have been analysed in detail to understand the observed
MHD oscillations. Figure 8 shows the signals of the 21 innermost lines of sight of the
SXR horizontal camera of shot # 306066. The parameters of the plasma are Pry = 165
kW, I, = 213 kA and <n.> = 2. 1019 m-3. LH power is turned on and the net power kept
constant from 400 to 600 ms. The sawtooth inversion radius is initially stable and rather
small (around 6 cm). The LH power suppresses the sawteeth even though there is no
indication of a shrinking of the inversion surface. The onset of a 1/1, 2/1, 3/1 rotating
mode is observed 22 ms after turning on the LH power. The three components are
coupled (same frequency) but the normalized fluctuation amplitude is maximum for 2/1
and 3/1, which turns out to be the driving modes. After saturation of the mode, we
observe a minor disruption (around 450 ms and 480 ms) with an inversion radius of 20
cm. This internal disruption does not involve the centre of the plasma (and particularly
not the g=1 surface) but is more reminiscent of an ELM except that ELM's are usually
localized more towards the edge (with m = 5-10, n = 1). The minor disruption associated
with the collapse of the 2/1, 3/1 components, triggers a very fast growth of the pre-
existing 1/1 component (visible on Fig.8 from 452 to 460 ms and from 482 to 490 ms).
The normalized fluctuation amplitude of this m = 1 component reaches 3 times the
amplitude of the m = 2 and m = 3 components while it was 5 times weaker before the
collapse (Fig.9). The rotation frequency also increased from 3 kHz before to 5 kHz just
after the disruption. This seems to be experimental evidence for a coupling of poloidal

magnetic energy from the edge to the plasma centre. A discussion about this original
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disruption is given in Sec. V.2. This situation is not stationary, however, since we observe
a damping of the m = 1 mode within 7 ms. Then, the 2/1 and 3/1 components are growing
again and a new cycle starts. Sometimes the saturation of the 2/1 and 3/1 modes leads to a
mode locking occuring before the minor disruption, as for example in shot #310365
visible on Fig 2. Notice that SXR intensities are rather unaffected by mode locking.

The amplitudes of the SXR fluctuations normalized to their DC level for the 1/1,
2/1 and 3/1 modes are plotted versus the ring radius on Fig.10a. Them =2 and m =3
components are more destabilized at deposition radii closer to the q = 2 surface, which is
consistent with a steepening of the current density gradient inside this resonant surface.
As expected from Fig.6, the same behavior is observed when plotting the fluctuation
amplitudes as a function of the accessibility parameter (Fig.10b). Finally, them =1, 2, 3
components of the SXR fluctuations are also represented in Fig. 11 versus plasma
internal inductance. The tendency is compatible with Fig.7 since low li discharges are
destabilized by the local action of the LH power. These discharges indeed correspond to
off-axis RF current deposition. For on-axis wave coupling and low LH power (high li on

Fig.11), the fluctuation amplitudes are naturally weaker.

IV.2 Effects of the MHD instabilities

The 1/1, 2/1, 3/1 global mode induces SXR intensity losses from 10% for central
integrated lines of sight to 40% near the edge (Fig.12). After Abel inversion, the
maximum relative losses should be located between the g = 1 and the q = 2 surfaces,
since the Motional Stark Effect (MSE) diagnostic indicated that for similar discharges
with a q = 1 surface around 7 cm, the q =2 and q = 3 surfaces were at 20 and 24 cm,
respectively.

Since minor disruptions do affect the HXR intensity through density and loop
voltage perturbations, we took care measuring the HXR amplitudes before such events.
Global magnetic perturbations such as those observed in shot #306066 reduce the HXR
intensity by 20% for most of the lines of sight and 10% for the central ones. Again, the

maximum losses are within a radius of 20 cm, which is consistent with SXR



measurements, although losses seem lower by a factor 2 for high energetic electrons.
MHD reduces slightly the HXR profile hollowness. The reduction hardly exceeds
20%. Indeed, the major increase of the peakedness of the HXR image usually observed
during MHD active discharges is the effect of the associated minor disruptions. It
appeared difficult to quantify the loss of hollowness (attributed to an increased diffusion
of fast electrons), as a function of the parameters relevant to profile control. No particular

2
dependence was found on the initial density, the accessibility parameter P ?— , the

plasma internal inductance, the q factor at the edge nor the parallel index of erefraction of
the LH launched waves. To fix the ideas, we give an example of the relative losses as a
function of the HXR ring radius on Fig.13a. No specific dependence is found between the
enhanced diffusion of fast electrons and their deposition radius.

The HXR ring radius is also reduced by the MHD activity. The reduction rate can
be as large as 100% particularly at low density (Fig.13b). However, in view of Fig. 5, this
also corresponds to small ring radii which confirms the small effect (few centimeters) of
the global MHD on the deposition radius of fast electrons.

Hot spots appear often on the HXR images as soon as global MHD develops.
These generally do not induce a catastrophic end of the discharge, but could be invoked
in the minor disruption mechanism since MHD active shots with no hot spot nor minor
disruption have been obtained (for example #307293). Mode locking is a particular
evolution of a growing magnetic activity. HXR intensities do not behave differently in
that case (see again #310365 on Fig.2 for example). HXR profile hollowness is rather
unaffected in this example (except after the minor disruption at 410 ms). In other words,
whether an island chain rotates or not (in the range 1-5 kHz) does not affect very much

the behavior of energetic electrons.

IV.3 Evidence for a precursor of the MHD
In the horizontal mid-plane, a direct Abel inversion of the HXR integrated image
can be achieved. /4/ A typical inverted profile calculated for a standard "hollow"

discharge is shown on Fig.14a. The HXR amplitude is expected to be naturally larger on




the low major radius side of the magnetic surface associated with the location of the
power deposition, because toroidicity induces a higher density of flux tubes in that
region. There is an interesting trend observed in the HXR inverted profiles prior to the
onset of the MHD for all the hollow-type discharges investigated. An asymmetry, such as
the one visible on Fig.14b, appears on at least one and more often on several successive
inverted profiles before the discharges develop MHD. This corresponds in all the cases

(7 available in the data base) to LH pulses starting with hollow images, characterized by a
bright ring that suddenly becomes rather uniform, with an average intensity with respect
to the previous images. The inversion code then deduces a profile with an amplitude
naturally larger for large radius. The good correlation with the MHD activity seems to
exclude any instrumental problem. We discuss the origin of this asymmetry and the
possible consequences on MHD in Sec. V.3. Following this, the developing MHD tends
to smooth the asymmetry (see profile 11 on Fig.14b). The losses observed on the inverted
horizontal profile are consistent with those reported previously on the vertical profiles.
Notice that MHD does not systematically follow asymmetric profiles. We analyzed shots
with up to 25 ms delay (5 images) between the last asymmetric profile and the onset of
the MHD. Finally, discharges with peaked power deposition profiles, which we know to
be most likely MHD unstable, have not revealed any asymmetry. Since asymmetries are
hardly detectable on peaked inverted profiles, this does not prove the absence of

asymmetry in such cases.

V. Discussion

V.1 Absorption radius of the LH power

Lower hybrid power is expected to be absorbed in a plasma by Landau damping
of the launched waves on electrons moving at velocities close to the wave phase velocity.
Since the parallel index Ny of the launched waves is typically around 2, the

corresponding resonant energy is = 70 keV, which involves very few electrons in a 1 keV
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Maxwellian distribution. This famous "spectral gap" is generally supposed to be bridged
by a Ny upshift (up to 5 at least) of hybrid waves during their propagation in the torus.
Because of the dispersion relation of the waves, it is possible to figure out what is the
minimum Ny needed for the wave to propagate at a given radius R in the plasma. This
value is typically between 1 and 2.8 in PBX-M and is referred to as the accessibility
condition. The fact that in view of Fig.6, the wave damps at a radius related to the
accessibility parameter seems to indicate that the Ny, did not change much before
absorption. Changing the phasing between two consecutive waveguides of the LH
coupler is a way to vary the Ny, of the launched waves between 1.7 to 4.5 typically.
Previous work /5/ indicated a qualitative and quantitative agreement between the power
deposition radius during phase scans and the classical accessibility. If the HXR bright
ring were really related to the power absorption radius, this would imply that there is no
Ny, upshift for the wave to be absorbed in PBX-M. Another possibility is that the bright
ring corresponds to the emission of a few energetic electrons only (which could also
correspond to most of the RF current deposition since the current drive efficiency is
higher for high energy electrons). The absorption of the rest of the power on the plasma
bulk would then occur elsewhere, after Ny upshift but without any measurable signature

on the HXR images.

V.2 Minor disruptions with large inversion radii

Minor disruptions with inversion radii close to the q = 2 surface have been
frequently observed during the 1993 period of run of PBX-M. The radius of the HXR
bright ring (< 16 cm) is consistent with a RF current driven within the q = 2 surface
(= 20 cm). The destabilized 2/1 mode then drives the 3/1 and 1/1 components by toroidal
coupling since the frequencies are the same for the three modes. According to this
picture, the minor disruption can be explained as a reconnection between the q = 2 and
q = 3 perturbated surfaces. The disruption causes a redistribution of the current profile
that destabilizes the m = 1 component. In other words, the amount of poloidal magnetic

energy needed to destabilize the plasma edge is now available at the centre. It is
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interesting to observe the frequency of the modes during the collapse. As the oscillations
on the SXR signals can be attributed to the rotation in the poloidal plane of magnetic
islands with the angular velocity % = r?n@- around the magnetic axis, we remark that the
observed frequencies (3 kHz before and 5 kHz after the crash) and the direction of
motion match the diamagnetic motion of the electrons since form =2, r =0.15 m and
using Te = Teo(l - (2)2)2 with Teg =1 keV, we find @,* =2.6kHz and for m=1,
r=0.07 m, ." =4.5kHz. As far as the local plasma velocity can be expressed, in cases
of no application of external momentum, as the sum of the electric drift velocity

VE = %% (where U is the electric potential in the plasma) and a diamagnetic velocity
v*, we deduce that electronic diamagnetism stirs the islands and that the electric

contribution is weak in those experiments.

V.3 Asymmetry of the HXR inverted profiles

Regarding the asymmetry of the HXR inverted profiles observed before the onset
of the MHD, we tried to review any mechanism able to account for an increase of the
HXR intensity in the low field side of the torus. A first examination of the HX raw data
showed that this was not due to the appearance of localized hot spots since the intensity is
rather uniform across the entire 2D image. The event has then been compared with SXR
vertical measurements which did not show any similar asymmetry. We conclude that the
event is not to be attributed to impurity influxes nor deviations on the low energetic part
of the particle distribution function. Then, we investigated mechanisms able to interact
with particles in the LHCD energy range. A first candidate is the Parail Pogutse
instability /6/ that could develop since a tail in the parallel component of the velocity
distribution has been sustained by the LH waves. The strong relaxation of the parallel to
the perpendicular energy of the particles could suddenly increase the number and the
energy of trapped particles which are located in the low field side of the machine and then
might generate an asymmetry in the HXR images. However, the persistence of the
asymmetry observed sometimes during 6 consecutive images (30 ms) is hardly

compatible with the kinetic character of the instability (supposed to occur within tens of
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Us). Moreover, a strong signature on ECE measurements should be observed during those
bursts which, within the few measurements available at that time, was not the case. This
interpretation needs to be supported during further experiments.

Another possibility is to consider trapped particle instabilities expected to occur in
LH assisted plasmas. We are mostly interested in collisionless phenomena since high
energetic electrons have been invoked. We need first to find a resonance between any
pre-existing perturbation at given frequency ® and the motion of the high energetic
trapped electrons in the plasma, namely :

W = <Wde> + P Wpe

where <@ge> = % is the precession frequency associated with the slow toroidal drift
of the banana orbits and Wpe = alﬁ '\/ i% , the bounce frequency of the trapped
electrons with p =0, 1 mainly. In these expressions, q is the safety factor taken at minor
radius r corresponding to the HXR bright ring, e and m, are the electron charge and mass
respectively. Then, we review some possible microinstabilities that could play the role of
the background perturbation , use their dispersion relation and replace  in the resonance
condition in order to find out a resonant energy for electrons in the LH energy range (up
to 200 keV on PBX-M). The damping of this microinstability on a small population of
energetic trapped electrons might indeed account for the HXR asymmetry. Electron drift
waves are first considered. They are usually characterized by a transverse wave number
ky of the order of the inverse ion Larmor radius, ky p; = 1, namely ky =10 cm! in
PBX-M, and a dispersion relation ® = ®," where ®," = ky—=7— gL is the electron
diamagnetic frequency, if L is the density gradient length. No significant resonance can
be found for p = 0. However, for p = 1 and ky in the range [1-10] cm!, [1-20] keV
electrons are resonant with a corresponding [100-800] kHz frequency spectrum . For p =
2, resonances are found for [2-90] keV electrons and [700-3000] kHz frequencies. Ion
Temperature Gradient (ITG) modes are also investigated. The dispersion relation /7 can

be written @ =k, { ( )2 eT gLn }173 which produces a resonance with k, = 1-2 cm-! for

[5-300] keV electrons and [300-3000] kHz frequencies (p = 1). However, the strong ky

dependence in the resonance condition (ky6) considerably reduces the ky extent of the
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resonant background turbulence. This seems too restrictive to account for a good
coupling between the turbulent waves and the trapped electron population. Finally, it is
found that magnetic turbulence such as microtearing modes with typical frequencies of
[.5-1] MHz could also resonate with [10-50] keV electrons (p = 1). \

Clearly, this is a very preliminary picture that has to be confirmed and quantified
in future experiments. Turbulence measurements (particularly density fluctuations with
Langmuir probes and reflectometry at the plasma edge) were unfortunately not available
for our limited data base. This scenario, if correct, would result in a reduction of the
fluctuation level in LH-assisted discharges before the onset of the MHD. Notice that such
a behavior has probably already been seen on PLT. /8/ Detailed diagnostis of the turbulent
spectrum with the use of the trapped particle resonance might help to discriminate
between the various background microinstabilities. For example, ITG modes, when
resonating, need a ky wave number in the range [1-2] cm! exclusively. This should be
documented in future experiments.

Relation between HXR asymmetry and MHD could be understood as follows : as
the energy of the turbulent waves is damped on the fast trapped electrons initiated by the
LH waves, the energy of this population increases resulting in the asymmetry observed in
the HXR horizontal profiles. The particles that gained energy from the turbulence should
help in turn the coupling of the LH waves. The current drive efficiency is thus expected
to increase. Indeed, we observed an increase of the total plasma current and a subsequent
decrease in the loop voltage for the time period associated with the asymmetric profiles
(the loop voltage was constant or slightly increasing before the first asymmetric profile
and is increasing during the MHD phase). The RF driven current is then boosted resulting
in an easier destabilization of the m = 2 mode. This synergy effect between LH waves
and the background turbulence is of course highly speculative in the present experiments.
For instance, we still do not understand why the resonance condition seems sometimes
fulfilled and sometimes not. Incidentally, it is interesting to wonder whether this coupling

between microinstabilities and fast trapped electrons could help to fill the famous LH
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spectral gap in tokamaks. These points could be investigated in details during the next

PBX-M experimental session.

V1. Conclusions

A data base for the 1993 period of run of PBX-M has been documented to
investigate first, whether it was possible to forecast the development of the MHD
instabilities from specific trends associated with Lower Hybrid Current Drive and second,
to explain the origin, the nature and the effects of this MHD. Only bean shaped plasmas
with D, working gas and without neutral beams have been studied.

As specific trends, it appears first that the radius of the bright ring observed on the
2D HXR images is related to the accessibility of the LH waves. As a consequence
discussed in Sec. V.1, the bright ring cannot any longer represent the location of the
power deposition (except if one supports the invariance of Ny during the power
absorption). Instead, the bright ring, involving high energetic electrons, is probably more
relevant of the deposition of the RF current. The contrast of the HXR bright ring (profile
hollowness), then related to the diffusion of these high energetic electrons and thus the
spreading of the RF current, is roughly proportional to the plasma density.

We could not forecast the development of the MHD instabilities from the simple
analysis of the deposition radius of the RF current. Discharges with central RF current
deposition are, however, always unstable (within the framework of the data base).
Conversely, high density plasmas (<n.>>2.7 1019 m-3) with subsequent low spreading of
the RF current, remain stable. The MHD onset seems related to the plasma internal
inductance which is, in turn, mostly determined by the ohmic part of the current. A
possible separation between stable and unstable regions is proposed in Fig.7 which

2
combines global current shape (li), local RF current deposition ( 13—) and LH power P.
€
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However, uncertainties in the determination of 1i could affect the boundary line. Further
experiments are needed to document this observation.

Lower hybrid-induced instabilities are identified as global modes with poloidal
number m = 2 and m = 3 and toroidal number n = 1. The amplitude of MHD fluctuations
are larger for RF current deposition closer to the q = 2 surface and are inconsistently
lower 1j discharges. For RF current driven on-axis or for low LH power (higher }j
discharges), the nature of the MHD is still m = 2 mainly, though amplitudes are weaker
(Fig.11).

MHD instabilities are responsible for SXR intensity losses of about 50% mainly
localized around 10 cm, between the q = 1 and the q = 2 surfaces. This is consistent with
HXR measurements except that intensity losses are smaller by a factor 2 for energetic
electrons. In particular, the spreading of the RF current (attributed to an enhanced
diffusion of fast electrons) is less than 25% in all the cases. On the other hand, global
modes reduce the deposition radius of the RF current only by a few centimeters. Hot
spots appear in the periphery of the plasma as soon as MHD grows.

Minor disruptions with an inversion radius at the q = 2 surface are observed
during LHCD. Those disruptions probably involve a reconnection between the q = 2 and
the q = 3 surfaces but are also associated with the presence of hot spots visible on the
HXR images, especially in the cases where there is no evidence for rotating islands.
Coupling of the poloidal energy from the edge (q = 2, 3) towards the centre (q = 1) is
evidenced. Disruptions are also responsible for the peaking of the HXR emissivity
profiles often observed in MHD active discharges.

Mode locking has little effect on both SXR and HXR intensities. The dynamics of
the fast electrons is not particularly affected by mode locking.

Finally, asymmetric HXR inverted profiles are evidenced in the horizontal plane
prior to the onset of the MHD for initially hollow discharges. This precursor event is
present in the seven cases considered in the data base. The asymmetry is interpreted as an
energy increase of high energetic trapped electrons initiated by the LH waves. A

resonance between the population of fast trapped electrons and turbulent waves present in

16




the background plasma is proposed to support their energy increase. Increased LHCD

efficiency then boosts the RF driven current which can destabilize MHD.
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FIGURE CAPTIONS

Poloidal view of PBX-M and SXR lines of sight.
Typical example of output data available after every shot.
Lower Hybrid net power coupled to the plasma for the 1993 data base.

Hollowness of a central vertical slice in the 2D HXR image versus
plasma density for MHD active and quiescent discharges.

Radius of the HXR bright ring versus plasma density
for MHD active and quiescent discharges.

Radius of the HXR bright ring versus the accessibility parameter.
Plasma internal inductance for MHD active and quiescent discharges.

Time signal of the 19 innermost channels of the horizontal SXR camera
for a typical discharge with MHD.

Amplitude of the SXR fluctuations as a function of the vertical Z
coordinate before the minor disruption visible on Fig.8.
Amplitude of the SXR fluctuations as a function of the vertical Z
coordinate after the minor disruption visible on Fig.8.

SXR normalized fluctuations of 1/1, 2/1 and 3/1 components
versus HXR ring radius.

SXR normalized fluctuations of 1/1, 2/1 and 3/1 components
versus the accessibility parameter.

SXR normalized fluctuations of 1/1, 2/1 and 3/1 components
versus plasma internal inductance.

SXR intensity losses due to the MHD activity visible on Fig.8.

Relative hollowness loss versus HXR ring radius.
Relative reduction of the HXR ring radius versus plasma density.

Result of the Abel inversion of the horizontal HXR profiles
for a typical hollow-type discharge.

Asymmetric HXR inverted profiles obtained before the onset
of the MHD (4)&(5) and smoothing effect of the MHD (11).
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Horizontal SXR camera (Shot # 306066)
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SXR normalized amplitudes (# 306066)
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SXR normalized fluctuations
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SXR emissivity profiles (# 306066)
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