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1. INTRODUCTION

The existence of anomalous electron transport in tokamaks is the
motivation for experiments which seek to explain this phenomenon in
terms of enhanced particle and energy transport produced by
fluctuations in the plasma /1/.

Measurements by Langmuir probes support the hypothesis that
electrostatic fluctuations are reponsible for enhanced particle transport in
the edge plasma /2/. The correlation between broadband magnetic
fluctuation amplitude and the inverse of energy confinement time /3.4/
would suggest that this enhancement is a result of the coupling of
fransport across the magnetic field to the rapid transport along the
magnetic field when the fluctuations are of sufficient amplitude to destroy
magnetic flux surfaces. The main objection to this viewpoint is the
dependence of broadband fluctuations on edge plasma conditions
reported on TFIR /5/, where gas puffing in an ohmically heated discharge
was found to cause a significant decrease of the broadband magnetic
fluctuation amplitude. Also instability theory shows that values of poloidal
beta greater than one are necessary to excite electromagnetic
instabilities /6/ and generate magnelic fluctuations of sufficient amplitude
to produce enhanced transport /7,8.9/. A systematic study of broadband
magnetic fluctuations in ASDEX was undertaken in order that definite
conclusions about the opposing viewpoints could be drawn.

Broadband magnetic fluctuations in ASDEX were previously studied
with Mirmov coils which are fixed at a distance of 12 cm from the
separatrix. This report documents the extension of that work. The magnetic
probe is mounted on a pneumatically driven manipulator. This allows the

radial postion of the probe to be scanned during the discharge or a



stationary probe to be fixed at a chosen distance from the separatrix.
Estimates of the poloidal mode number, m, from the radial decay of the
magnetic fluctuation amplitude are therefore possible. In previous
experiments m was estimated from measurements with a poloidal array
of probes. The radial distance of each coil of the array to the plasma
boundary was different and this allowed the radial decay of the
magnetic fluctuation amplitude to be plotted /10,11/.

Magnetic probes in major fokamaks have been usually positioned
close to the vessel wall and strongly shielded. Signal - to - noise ratios then
deteriorate above a few hundred kilohertz /4/. The probe system on
ASDEX can provide a measurable response at 1 MHz in Ohmic
discharges. This feature proves to be of particular importance in the study
of the IOC mode /12/, the H-mode and plasma discharges with neutral
beam injection and ion cyclotron resonance heating (ICRH).

Measurements on ASDEX indicate that edge plasma conditions
play a role in determining the level of broadband magnetic fluctuations.
This was inferred from observations of a perturbation of the magnetic
fluctuation amplitude coincident with the arrival of the heat pulse induced
by a sawtooth crash. The measurement of an m =25 mode in the
toroidal field component of the fluctuating magnetic field in the vicinity of
the separatrix in Ohmic discharges and the behaviour of this component
during the H-mode adds further weight 1o the connection between

edge plasma conditions and broadband magnetic fluctuations.




2. ... THEORY

The low frequency instabilities (® < ©g) of an inhomogeneous, finite
beta plasma in a magnetic field /13/ may enhance particle and energy
tfransport and give rise to the anomalously large values of electron
thermal conductivity, xe. and diffusion coefficient, D, commonly observed
in fokamaks /1/. Broadband fluctuations of density, electric field and
magnetic field in this frequency range are routinely measured in
tokamaks and these fluctuations are considered to represent the
non-linear saturated state of one of the two classes of instability present.

The simplest theoretical freatment of the stability of an
inhomogeneous, finite beta plasma in a magnetic field /14,15/ assumes
that a uniform magnetic field, By, is directed along the z-axis, a density
gradient in the direction of the x-axis is supported, and the plasma
temperature, T, is constant. The excitation of waves analagous to the
Alfven wave and ion acoustic wave of a homogeneous plasma /16/ are
derived from the set of two-fluid equations.

From the pressure balance equation :
VP =jxB 2.1
it is necessary that an electron drift exists to support the pressure gradient.

This drift is perpendicular to the magnetic field and the 'densi‘ry gradient

oP
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T—=-{n2¥Vg )Bs (2.3)
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Vae =T/ (e Ly By ) (2.4)

where vy = the electron diomagnetic drift velocity



L, = | n/ @n/ax) | = the density scale length.
and T is expressed in energy unifs.

Two wave types may be identified from the dispersion relations.
The drift wave consists of an accelerated and a retarded ion acoustic

mode :

o=-12 (ot 0,2+ 4k2c2)/2) (2.5)

where o,, = k, vge = the electron diamagnelic drift frequency

cs = ( T/m; )12 = the ion acoustic speed

Drift wave instabilities may enhance particle and energy transport across
the magnetic field through a correlation between electron density and
electric field fluctuations /1/.

The driff-Alfven wave consists of an accelerated and a retarded
Alfven mode :

©=1/2 (0,6 = ( 0,2 + 4 k2 vp2)l/2) (2.6)

where va =By / (o n m; )1/2 = the Alfven speed

Electromagnetic instabilities may enhance particle and energy transport
through the coupling of transport across the magnetic field to the more
rapid transport along the magnetic field. The stochastic magnetic field
fluctuations associated with driff-Alfven waves destroy magnetic flux
surfaces /1/. The disperion relations of equations (2.5) and (2.6) are
plofted in Fig. 1.

More sophisicated treatments include the effects of finite resistivity
/17/., magnetic field curvature /18/, electron temperature gradients /19/, or

ion temperature gradients /20/. The inclusion of these effects gives rise to



a variety of waves related to the drift or driff-Alfven wave. The

microtearing mode correponds to the drift-Alfven wave mode in the limit

(kyp;)2 << 1 /19/. The m; mode is related to the retarded ion acoustfic

wave which propagates in the direction of the ion drift.

The identification of the mode reponsible for anomalous electron
transport in tokamaks is the goal of fluctuation experiments. Experiments
with Langmuir probes in the edge plasma /2/ lend support to the view
that electrostatic modes enhance particle and energy transport. The
contribution of magnetic fluctuations to anomalous electron transport has

also been theoretically treated /7.8.9/ and compared to experimental

measurements /9,21/. The enhancement of x, in this experiment, was

accounted for by magnetic fluctuation induced transport rather than
electrostatic induced transport. Values of poloidal beta greater than one
in neutral beam heated discharges were obtained in these experiments.

A better understanding of anomalous transport is relevant to the
next generation of tokamaks which will seek to achieve ignition. Further
measurements of broadband magnetic fluctuations in tokamaks, which
are aimed at defining their role in anomalous transport, are then of

interest.



3. EXPERIMENTAL APPARATUS

A new set of coils, mounted on a pneumatically driven manipulator,
has been recently installed on ASDEX. Each coil is wound with 46 turns of
copper wire on a 2.2cm x 2.2cm alumina former (NA = 2.2 x 102 m2 ).
The coils are wound with two layers, each of 23 turns, to minimise any
contributions to the measured signal by components perpendicular to the
desired component. Coils wound with only a single layer possess a single
turmn oriented perpendicularly fo the main set of windings.

The radial, poloidal and toroidal components of the fluctuating
magnetic field may be measured simultaneously. The 3 coils of each
probe assembly are wound on a single former. Two assemblies of 3 coils
are mounted directly upon one another with a separation of 3.0cm in
the radial direction between the axes of the coils. A schematic diagram
of the experimental arrangement is shown in Fig. 2. A slotted graphite
shield surrounds the probe to provide electrostatic shielding of the coils,
while sfill allowing penetration of the magnetic field. The direct
impingement of plasma upon the coils is prevented by an alumina cap.

Further minimisation of capacitive coupling to the probe coils is
afforded by a transformer. A passive high pass filter is employed to
attenuate the dominant coherent magnetic fluctuations due to Mimov
oscillations. Typical values of the frequency of Mirmov oscillations in ASDEX
range from 5kHz in Ohmic discharges up to 30 kHz in neutral beam
heated discharges. The broadband signal is then amplified with a gain of
up to 200 in Ohmic discharges by a Tekironix AM 502 differential amplifier.

The magnetic probe system was calibrated using a Helmholtz coil.



At sufficiently low frequencies the self inductance of the probe may be

neglected. The output voltage, &, of the coail is then related to the area
times number of tums, NA, and the amplitude of the sinusoidal magnetic

field, B, by:

e=GC NA oB 3.

where G is a product of the amplifier gain and high pass filter response

at each frequency. Measurements of & at known B for different
frequencies yield the probe calibration curve in Fig. 3. For the purposes of
cdlibration an effective GNA value is calculated even though the
assumption that the self inductance of the probe may be neglected is
no longer valid at frequencies greater than 100 kHz.

The amplifier output is then monitored by an analogue fo digital
converter, a spectrum analyser or a frequency comb. A typical signal is
shown in Fig. 4. The frequency comb /3,5/ consists of a splitter, whose
output is processed by a set of 8 bandpass filters. The RMS amplitude of
the coil output at 8 frequencies in the range 30kHz to 1 MHz are

simultaneously measured. The bandwidth of each channel of the

frequency comb was chosen so that Af/f =0.1. The central frequency of

each channel was chosen to cover the frequency range of interest with

a geometrical progression between successive channels (f,/f.; = 1.65).
The calibration of each channel by measurements of the output for

sinusoidal inputs at various amplitudes, allows non-linearities in the response

of the frequency comb to be corrected. The power spectrum in units of



T2/Hz is obtained by applying this response function in combination with
the response function of the probe to convert the output voltage of the
frequency comb into a magnetic field amplitude. This amplitude is
squared and divided by the bandwidth of the bandpass filter to obtain
the power per unit bandwidth in each channel.

The lower limit in frequency range was chosen to avoid
contributions by the higher harmonics of the Mirnov oscillations in an
Ohmic discharge. The upper limit was determined by the upper 3 dB
point of the amplifiers. In Fig. 5 a schematic diagram of the electronics
connected to the probe system is displayed. The response of the
frequency comb to a sinusoidal input which is swept in frequency is
shown in Fig. 6. This displays the capability of the frequency comb to
measure each frequency component of the broadband input

independently.
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4. RADIAL DECAY OF MAGNETIC FLUCTUATIONS

A quantitive analysis of the radial decay of broadband magnetic

fluctuations begins by considering the perturbed magnetic field, b, in a

vacuum region. This is governed by Maxwell’s equations :

Vb= 0 @.nmn

Perturbations of the following form in cylindrical geometry are assumed :
b =bM exp (i - k) ) 4.2)
Assuming an infinite toroidal wavelength so that k; = 0, leads to the

following differential equation for the radial component of b :

d?(rby;) d(rby)
+r
dr? dr

2

- m2(rb;) = 0 (4.3)

The two solutions r b, = ¢y rm and r b, = ¢, 1™ fogether with the

boundary condition b, (r,,) = 0 at the conducting wall located at r =1,

yields
b, =0
i bg = — c/rmeD (1 + (r/r,)2m) (4.4)
b= c/frmb (1 - (@/r,)2m)
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where c is an arbitrary constant. When the conducting wall is at an infinite

distance from the plasma, then the familiar decay law is recovered :

bl =lbgl = c/r M+ (4.5)

The decay of the magnetic fluctuation amplitude in the presence

of a conducting wall at a finite distance from the plasma with k, # 0O has

been previously considered /22/. The differential equation for the axial

component of b with k,# O is :

dZb, db,
r2 = +r 3 + (k22 -m2)b, =0 (4.6)
r r

where k; = n/R. The solution is a linear combination of the modified

Bessel functions In(kz) and Ky (k). Then :

By ="K (k) '+ Co Kn(Kf))
bg = — M/ (Cq (k) +Co Kin(kar)) 4.7)

2 OBk, “CE IR CIGHY F  Ca K (k)

with the boundary condition b, () = 0 determining the constants ¢, and

Co. In practice a number of modes will be simultaneously unstable. When
modes of the same amplitude are located at the same radial position

then those modes with the lowest m predominate because of the strong

dependence of the radial decay on m.
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The magnetic probe is mounted on a pneumatically driven
manipulator which may be scanned through a distance of 8 cm in the
radial direction within 150 ms. The magnetic probe system on ASDEX then
possesses the capability of performing measurements of the radial decay
of broadband magnetic fluctuations at a single poloidal location /23/.
Previously, other experiments used coils positioned at different poloidal
locations around the plasma and inferred the radial decay by plotting
the fluctuation amplitude as a function of the radial position of each caoil
/10,11/. Typically the probe was scanned to within 2 cm of the separatrix.
The movement of the probe was restricted to this distance by fears of
thermal damage to the probe. Observed perturbations in the hard x-ray
flux due to collisions of runaway electrons with the probe were of
particular concern.

In Fig. 7, the measurements of the radial decay of the
broadband fluctuation amplitude at three frequencies are presented. A
number of experimental points are clearly displayed. The dramatic
increase in amplitude of the three components as the probe nears the
separatrix should be noted. At low frequencies the toroidal component is
smaller than the poloidal and radial components, while at higher

frequencies they are of comparable magnitude.
Power spectra of the b, signal at the output of the amplifier in

an ohmically heated plasma are shown in Fig. 8. The probe was

positioned at various distances from the separatrix. The plasma

parameters of the Ohmic discharge were |, =320kA, B,=2.17T and
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Ne =5.0x 1019 M3 (#25278 -25282). As the distance between the probe and

separatrix was increased, the amplitude of the higher frequency
components became smaller than the noise level of the amplifier. On JET
the frequency spectrum of the probe signal at the output of the amplifier
could be limited to 100 kHz because the distance between the probe
and separatrix is larger than that on ASDEX /14/. Since 0 dBm corresponds

tfo a signal with an RMS amplifude of 223.6 mV and -20 dBm corresponds
to a factor of 10 reduction in signal amplitude, the ratio of b, /B, at

f =30 kHz is calculated to be of the order of 10¢ when the coils are
located 6 cm from the separatrix (dg=4cm ) in an Ohmic discharge.

Magnitudes of the same order are found in other experiments /5,24/.
Assuming an m =8 vacuum decay, a factor of 3 increase in amplitude at

the separatrix is estimated. After taking the probe response into account,
the frequency dependence of amplitude, A, was found to be A f-@

where a=2.1+ 0.2.

The power spectrum of broadband magnetic fluctuations for

ds,=4cmin a neutral beam heated plasma and an Ohmic plasma with

lo=320kA, B,=2.17T and ng=2.9x 1019 m=3 (#24022) are compared in

Fig. 9. Equilibrium flux surface calculations of the separatrix location show

that changes in the fluctuation amplitude cannot be simply explained by
a change in the position of the separatrix. The ratio of b,/By is typically

enhanced by a factor of 3 to 5 in neufral beam injection. The ratio is

enhanced by a further factor of 3 during ICRH. According to accepted
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theoretical calculations /7/, such amplifudes at the separatrix would not
be large enough to generate stochastic magnetic field lines and
enhance particle and energy tfransport.

In ASDEX Ohmic discharges, the poloidal component of
magnetic field fluctuations contain a coherent fluctuation at f ~ 30 kHz
generated by transistor switching noise on the currents in the mulfipole
and vertical field coils. Therefore, although the poloidal component was
routinely measured, it was not useful in the study of the radial decay of
the magnetic fluctuation amplitude in Ohmic discharges.

The radial decay of the radial and toroidal components of the
magnetic field fluctuation amplitude at f=30kHz and f=135kHz are shown

in Fig. 10. The plasma parameters of the Ohmic discharge were

lo =320 kA, Bo=2.17T and Ng=50x 1019 m3 (#24579). As the probe was

scanned to within 2 cm of the separatrix, the coil axis was moved to
within 4 cm of the separatrix. The radial decay of the radial and toroidal
components is fitted using equation 4.7 and values of m that yield the
best fit to the experimental points. As g(a) was varied from 2 to 5, the m
value deduced from the radial decay of the radial component varied
from 7 to 9. In ASDEX the separatrix is located at r=40cm and the metal
wall at r=61cm.

The possibility that currents were being drawn by the probe and
generating the anomalously large toroidal field component was not
supported by the experiments in which the graphite cap was alternatively
floated and grounded. The measured fluctuation amplitude was identical

in each case.
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The conjecture that electrostatic coupling could be responsible
for the observed signals is invalidated by the consideration that this
coupling should be independent of probe orientation. In addition power
spectra of density and floating potential fluctuations in ASDEX measured
with Langmuir probes show that no appreciable broadband activity
occurs at distances greater than 2 cm from the separatrix /25/.

A statistical analysis of the probe signals was undertaken in order

to further investigate the possibility that the signals were generated

electrostatically. The coherency, y, was calculated on data sets with 8192

points, digitised at 500 kHz and smoothed over 30 frequency bands /26/.

In this case two uncorrelated signals yield y=0.15-0.2. Statistical analysis of
the signals (#21862) show that there was a significant correlation between

the poloidal and toroidal components at frequencies up to 100 kHz when

the probe to separatrix seperation was 7cm (y=0.6 at 50kHz). There

was a less significant correlation of these two components and the radial
component (y=0.2-0.3 at 50 kHz). There was a high degree of

correlation between the outputs of the radially separated coils (y=0.9 at
all frequencies ). This high degree of correlation is consistent with a
stochastic source of magnetic fluctuations being located at some
distance from the probe. Electrostatic fluctuations would yield .a high
degree of coherence between the three components.

On TEXT tokamak, a correlation between ion saturation current

and magnetic field fluctuations has been observed at large distances
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along magnetic field lines /27/. This would suggest that electrostatic waves
are guided along magnetic field lines. It has been demonstrated that
shear Alfven waves are also guided along magnetic field lines /29/. Itis
conjectured that the large toroidal component observed in the vicinity of
the separatrix could be a feature of this electrostatic wave. The large m
values associated with its radial decay tend to support this hypothesis.

In Fig. 11, the radial decay of the fluctuation amplifude in the
vicinity of the metal wall of the vacuum chamber is shown. The radial
component went fo zero at the metal wall as required by theory. The
invariance of the amplitude of the poloidal and toroidal field
components would indicate that these components are related to the

fluctuations in the generated vertical field.
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5. SAWTOOTH CRASH INDUCED PERTURBATIONS

The perturbation of the magnetic fluctuation amplitude
produced by a sawteeth crash in Ohmic discharges, was observed most
clearly when the inversion radius of the sawtooth was largest. The
perturbation of the magnetic fluctuation amplitude was also more clearly

observed, when the probe to separatrix distance was decreased. For

the plasma conditions of I, =460 kA, B, =1.86T and ng=2.9x 10 m=3 in

these discharges (#25403, 25414, 25417), g(a)=2 and the inversion radius is
at r=28cm. The probe was positioned 4 cm from the separatrix. The
fluctuations in electron density were simultaneously monitored by a far
infrared laser scattering system /30/. The radial position of the scattering
volume was altered, so that information concemning the radial variation in
frequency spectra was available. All parameters of interest were digitised
at 10 kHz.

In Fig. 12, a sawtooth induced perturbation of the electron
density and magnetic field fluctuation amplitude is displayed. A density
and temperature perturbation initiated by the sawtooth crash propagates
towards the separatrix. The perturbation to the electron density and
magnetic field fluctuation amplitude are similar when the scattering
volume is located at the separatrix. At the high frequency end of the
frequency range studied, there exists a response which is simultaneous
with the crash of the sawtooth. Over the whole of the frequency range
there is also a slower repsonse which is on the time scale of the density

and temperature perturbation propagation time to the separatrix. When
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the scattering volume was positioned at r=10cm or r= 25cm, the
principal feature of the density fluctuation frequency spectrum was a
strong peaking in the 10- 60 kHz frequency band. This is interpreted fo be
a product of the m=1 mode associated with the sawtoothing process.
Outside the mixing radius this feature is not observed. It is concluded
from the simultaniety of the perturbation in magnetic fluctuation amplitude
and the edge temperature and density that the source of the magnetic
fluctuations for this probe position is located within a few centimetres of

the separatrix.
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6. PLASMA PARAMETER DEPENDENCE

A systematic study was carried out in a variety of plasma
conditions in an effort to identify the underlying physics of the plasma

parameter dependence of the broadband magnetic field fluctuations.

6.1 VARIATIONS IN I, AND B,

A set of 8 discharges (#25517 - 25525) with a line average
density of 2.9x 1019 m=3 and a plasma current of 250 kA, 320 kA or 380 kA in
a magnetic field of 1.69T, 2.17T, or 2.61T adllowed the amplitude
dependence of the magnetic field fluctuations to be studied
systematically. The combination of high current and low magnetic field
was disruptive because qg(a) ~ 2.

This series of discharges showed that in the low frequency range
the magnetic fluctuation amplifude increased with increasing current at a
fixed magnetic field and decreased with increasing magnetic field at @
fixed current. This frend suggested that g(a) was the important paramefer.
In Fig. 13, it may be seen that the magnetic fluctuation amplitude is
constant for the set of 3 discharges with the same g(a) and that the
magnetic fluctuation amplitude at f=30kHz decreases with increasing
qg(a). At f=135kHz a similar, though less severe, dependence of the
magnetic fluctuation amplitude on g(a) is observed. At f=606kHz the
magnetic fluctuation amplitude is even less sensitive to the value of g(aq).

The variation of other plasma parameters during this series of
discharges is relevant to the identification of the relative importance of

each parameter to the measured amplitude. For example,
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measurements of the electron density at the separatrix with the lithium
beam diagnostic shows that the density scale length varies from 1.5cm
at gl@) =2 to 23cm at g(a)=5 /31/. The temperature and density profiles
are also dependent on g(a). A distinct flattening of the electron density
profile and a less severe broadening of the temperature profile are
observed as qg(a) is decreased. Because of the small database

available, no afttempt was made to investigate the scaling of magnetic

fluctuation amplitude with changes in all possible plasma parameters.

6.2 VARIATIONS IN ng

A set of three discharges (# 24144,24146,24148) with |, =380 KA,

Bo=2.17T and line averaged electron densities of 2.9 x 1019 m-3,

4.3x 1019 m3 and 5.7 x 101 m3, suggests that the magnetic fluctuation
amplifude at higher frequencies may be dependent on the line
averaged electron density. In Fg. 14, a radial scan of the probe
beginning at a distance of 12cm from the separatrix and moving to
within 4 cm of the separatrix shows that at f=30kHz and f =606 kHz the
radial profile of the magnetic fluctuation amplitude is insensitive to the line
averaged electron density, while at f=606 kHz a significant difference is
observed. The magnetic fluctuation amplitude at this frequency increases
with increasing line averaged density. The central value of electron
density increases, with no significant broadening or peaking of the profile,
as the line averaged density is increased. Similarly, a decrease in central

temperature and little change in the profile shape occurs, when the line
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averaged density is increased. A systematic increase of power

transferred from the separatrix to the divertor with line averaged density is

indicated by the intensity of D, emission in the divertor. This would tend to

support a correlation between magnetic fluctuation amplitude and power
transfer to the divertor rather than the energy confinement time, since the
energy confinement fime increases up to densities of 4.3 x 1019 m-3 and
then saturates as the density is further increased.

Density perturbations induced in a gas oscillation experiment
(#24667) demonstrate the dependence of magnetic fluctuation amplitude

on gas puffing. The probe was positioned 6 cm from the separatrix and

the plasma conditions were I, =320kA, B,=2.17T and ng=2.1x 1019 m3, In

Hg. 15 it is shown that under these conditions an increase in the line
averaged electron density resulted in a decrease in the magnetic
fluctuation amplitude. This effect is more pronounced at lower densities, as
the pertrurbation fo the edge plasma conditions induced by the
oscillation of the gas puff valve will be more significant at a lower
electron density. This observation demonstrates the sensitivity of

broadband magnetic fluctuation amplitude to edge plasma parameters.
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6.3 IMPROVED OHMIC CONFINEMENT

A new regime with improved energy confinement times in
Ohmic plasmas has been found on ASDEX /12/. The improved Ohmic
confinement (IOC) regime involves a peaking of the electron density
profile when the flow of gas from the puff valve is sharply decreased
above a theshold in electron density. Energy confinement times larger
than those observed in the saturated Ohmic regime are obtained.

Displayed in Fig. 16 are measurements of the magnetic
fluctuation amplitude at various frequencies with the probe positioned at
distances of 3cm and 7 cm from the separatrix. The difference in
evolution of the fluctuation amplitude during a transition into the IOC
mode is shown. The improvement in energy confinement fime is largest
for the highest density and the tfransition occurs soon after the plateau in
electron density is reached. Further away from the plasma, the fluctuation
level increases as the electron density increases. Of particular significance
is the supression of the toroidal field component during the density ramp,
where gas puffing is used to raise the electron density. The plasma
parameters (#25389 - 25390) were |, = 420kA and B,=2.36T and the line
averaged electron density was increased in steps with flat top phases at
2.9x 101 m3, 4.3x 101 m3 and 5.1x 1019 m3,

As shown in Fig. 17, an excepftionally large decrease in

fluctuation amplitude was observed when the gas puffing was sharply

reduced at time t, in another set of discharges (#25344 - 25345). In this
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case the probe was also positioned 3 cm from the separatrix. The sharp
rise in magnetic fluctuation amplitude marks the fransition into the 10C
mode and a new equilibrium fluctuation level is reestablished. Although
the fluctuation magnitude of the toroidal component is shown in Fig. 17,
the same general features were observed when the radial component
was studied.

The difference in evolution of magnetic fluctuation amplitude at
different probe positions, would suggest that modes with a high poloidal
mode number are involved in the |IOC transition. At larger distances from
the separatrix, the strong radial decay of these modes would mean that

a change in the saturated amplitude would be more difficult to observe.
During the sharp transition in D,. the probe was positioned 3 cm

fromm the separatrix. At this position the probe is positioned 1 cm inside an
auxiliary carbon mushroom limiter in ils retracted position. It is not clear

that the probe is responsible for the unique feature in this IOC transition. In
other sets of discharges, no similar sharp transition in D, occurred when

the probe was located 3 cm from the separatrix. Despite the uncertainty
in the degree thatl the probe is influencing the IOC fransition, these
observations are consistent with the damping of a mode with a large
poloidal mode number being involved in the 10C transition.

The energy confinement time and the level of magnetic
fluctuations are unrelated in the IOC regime. The magnetic fluctuation
amplitude did not vary significantly when the probe was positioned 3 cm

from the separatrix, even though the confinement time increased from
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80 ms to 130 ms as the density was increased /12/.

The electron temperature and density profiles from the YAG
laser were evaluated, in order fo establish a link between the change in
magnetic fluctuation level and the transition in the plasma parameters.
The sequence of events, with respect to the time scale shown in Fig. 17, is
as follows. Preceding the abrupt rise in the magnetic fluctuation level,
there is a peaking of the electron density. The central density rises and
the edge density falls. The electron temperature profile is also gradually
evolving during this period, with the temperature rising over the whole of

the profile. Then within 20 ms, the magnetic fluctuation amplitude increases
by a factor of four. The transition seen on the monitor of D, in the divertor

chamber is simultaneous with the sharp rise in magnetic fluctuation

amplitude. After the transition, the central temperature rises further, while
the temperature at half radius and at the edge remains constant. The
density profile also changes after the transiton. A drop in density at the

half radius and a constant density in the centre and edge are observed.
Once again, the correlation between D, intensity in the divertor and the

broadband magnetic fluctuation amplitude infer that edge plasma
conditions govern the magnitude of magnetic fluctuations and the level

of transport info the divertor.



25

6.4 NEUTRAL BEAM HEATING

A study of the variation of magnetic fluctuation amplitude with

neutral beam input power was undertaken in a plasma with |, =380 kA,

Bo=2.17T and ng=2.9x 1019m=3 (#23693 ). Hydrogen neutrals were injected

info a deuterium plasma. The dependence of the magnetic fluctuation
amplitude on neutral beam input power is shown in Fig. 18 for three
frequencies.

For these discharges, the probe was positioned 5 cm from the
separatrix. At f=30kHz the measurement reflects the influence of neutral
beam heating on the magnitude of the sawteeth and the appearance
of coherent Mimov fluctuations in the frequency range 15-25 kHz. This
coherent mode has m=4 or 5 and is driven by the m =1 mode located
in the plasma interior. At higher frequencies the presence of sawteeth
may also be seen but the amplitude of the fluctuations are not
modulated to the same extent. The increase in magnetic fluctuation
amplitude with input power could result from the change in plasma
parameter profiles that occur as the neutral beam power is increased.
With increasing input power, the central electron temperature increased
and the temperature profile was more peaked, while the electron density
profile remained independent of input power. The temperature at

r=35cm increased from 150 eV in the Ohmic discharge to 250 eV with
Pni=2.5 MW, while the electron density at this position remained constant

at 1.5x 101 m3. The poloidal beta increased from 0.3 in the Ohmic

discharge to 0.6 at maximum neutral beam power.
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A systematic increase in the intensity of Da emission in the
divertor and hence enhanced power flow into the divertor was also
noted. These observations support the view that increasing beam power
and enhanced broadband magnetic fluctuation amplitude are
comelated with the deterioration of the energy confinement fime.
However, this simple view overlooks the changes in edge plasma
parameters that are produced as neutral beam power is increased.

In Fig. 19 the amplitude dependence of the broadband
magnetic fluctuations on the direction of neutral beam injection with

repect to the plasma current is displayed. In each case the target

plasma, with I, =420kA, B, =20T, Ng=50x1019m3 and 0.94 MW of De

injection into a deuterium plasma (#25711 -25726), was identical. Apart
from the effects of sawtooth stabilisation in those discharges with counter
injection, the radial component of magnetic fluctuations at f=135 kHz and
f = 606 kHz shortly after the beginning of neutral injection show no sensitivity
to the change in direction of neutral beam injection. In both discharges
the energy confinement time was approximately 55 ms at this time. Af
later times the energy confinement time is larger in discharges with
counter injection /32/. The rise in electron density during fhe counter
injection discharge could be the reason for the differences in magnitude
observed at the end of the time scale shown. Hence, it is not clear
whether a cause and effect relationship can be claimed between the
decrease in amplitude of magnetic fluctuations and the increase in

confinement time.
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6.5 H - MODE

In Fig. 20 the magnetic fluctuation amplitude in discharges with

the same nominal conditions of I, =380kA, B,=2.17T and ng=2.9x 1019 m3

with 2.6 MW of He injection into deuterium ( #24895 - 24896 ) are shown. The
upper fraces correspond to the discharge which remained in the L-mode
and the lower traces correspond to the discharge which made a
fransition into the H-mode. The tfransition info the H-mode is coincident
wtih the formation of a steep density gradient and a temperature
pedestal in the vicinity of the separatrix.

This dramatic change in edge plasma parameters is coincident
with a dramatic change in the magnetic fluctuation amplitude. The
coherent magnetic fluctuations and the incoherent fluctuations are of
smaller amplifude in the discharge during the H-mode. Fig. 21 clearly
displays that the transition to the H-mode was followed by an increase
in the coherent magnetic fluctuation amplitude and a sharp decrease in
activity at f=82kHz. This difference in behaviour suggests that the
mechanism reponsible for the generation of coherent fluctuations (an
m =4 mode ) is not directly linked to the instability generating the

fluctuations at a slightly higher frequency. Further investigations are required

to determine whether or not the stabilisation of fluctuations in the low

frequency range are the cause or a product of the transition intfo the
H-mode. It is also evident from the increase in amplitude of the b,

component at high frequencies after the transition that a different mode

has been destabilised. In the discharge which remains in the L-mode
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the foroidal component remains at a similar amplitude as that displayed
in Fig. 21 prior fo the H-mode transition. It is suggested that these
fluctuations are related to the high m modes observed in Ohmic
discharges. Preliminary observations of the amplitude variation of the
toroidal component with the probe positioned 4 cm from the separatrix
show that the amplitude may increase by more than a factor of 10
during the H-mode. It is also noteworthy that the activity at high
frequencies in the radial component before the transition has no
counterpart in the toroidal component.

A powerful demonstration of the independence of the response
of each channel of the frequency comb may be seen in Fig.22. The
fime evolution of the amplitude of each frequency component is clearly

related to the sawtooth crashes.

6.6 ISOIOPE DEPENDENCE

The amplitude dependence of the magnetic fluctuations at
f=135kHz and f=606kHz in a plasma with either hydrogen or deuterium

as the filling gas is plotted in Fig. 23. The plasma conditions were

lo =380 kA, B, =2.36T and ng = 4.2 x 1019 m3 with 1.3 MW (4 sources) of He

injection (#25757-25771 ). Only the radial dependence of the magnetic
fluctuation amplitude during neutral beam injection is shown, as no
significant differences were observed in the Ohmic stage of the
discharge. An appreciable difference in amplitude exists only when the
probe is located close to the separatrix. The observation that broadband

magnetic fluctuations increase when deuterium is used in the place of
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hydrogen, is not consistent with the conjecture of a link between energy
confinement time and fluctuation amplitude, since the energy
confinement time increases with the change in working gas. It should be
noted, that similar increases in the amplitude of broadband electron
density fluctuations after a change in working gas were also observed on
ASDEX /29/. The higher gas puffing rate necessary fo maintain a constant
line averaged density in the hydrogen discharge is suggested as the
reason for the difference in magnetic fluctuation amplitude in the two

discharges /33/.

6.7 10N CYCLOTRON RESONANCE HEATING

The dependence of magnetic fluctuation amplitude on ICRH
(#25262, Picpy = 1.7 MW) with the probe positioned 2 cm from the separatrix
is shown in Fig. 24. The dependence of magnetic fluctuation amplitude on
ICRH (#25234, Picpy = 1.5 MW ) with the probe positioned 10cm from the
separatrix is shown in Fig. 25. In both discharges the plasma parameters
were |, =380KkA,B,=2.36T and the neutral beam input power was 1.25 MW.
The difference in evolution of the electron density in these discharges was
due to changes in the impurity level. Different levels of impurities on these
different days would cause the observed difference in behaviour.

At f=30kHz the influence of ICRH on sawtooth amplitude was
identified as the principle link between magnetic fluctuation amplitude

and input power. Coherent Mimov activity at 15-25kHz is commonly

observed in plasmas with ICRH, and the measured amplifude in the
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lower frequency channels is thus dominated by the magnitude of the
coherent magnetic fluctuatiions. At higher frequencies it was observed that
the magnetic fluctuation amplitude depended on input power when the
probe was located 10cm from the separatrix, and the magnetic
fluctuation amplitude saturated with input powers greater than 1 MW. The
measured amplitude in the higher frequency channels is independent of
sawteeth activity.

When the probe was moved away from the separatrix, a
factor of 6 increase of the amplifier gain was required and the relative
amplitude of the higher frequency magnetic fluctuations with neutral
injection alone and with neutral injection plus ICRH changed. These
observations suggests that the m number of the high frequency
fluctuations was strongly reduced by ICRH. In the vicinity of the separatrix
the saturated amplitude of the magnetic fluctuations was not strongly

altered.
A scan of B, for constant ICRH input power showed the

influence of the power deposition radius on the magnetic fluctuation
amplitude. A minimum in magnetic fluctuation amplitude was observed
when the power deposition radius was coincident with the plasma centre.
A distinct increase in magnetic fluctuation amplitude was observed as the
power deposition radius moved towards the outer edge of the plasma.

A corresponding but less severe increase was also oberved as the

power deposition radius moved towards the inner edge of the plasma.
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7. CONCLUSIONS

The relationship between the parameters of the edge plasma
and the magnitude of the broadband magnetic fluctuation amplitude
has been demonstrated. The reaction of the magnetic fluctuation
amplitude to the changes in edge plasma parameters induced by a
sawtooth crash or by gas puffing shows this most clearly.

The link between the power transferred into the divertor, as
measured by the intensity of D, emission in the divertor, and the

amplitude of magnetic fluctuations is clearly displayed in all the discharge
regimes of ASDEX. In the density dependence of magnetic fluctuations in
Ohmic discharges, in the I0C mode, in the neutfral beam power

dependence of magnetic fluctuations and in the H-mode a correlation
between the intensity of D, emission in the diverfor and the amplitude of

magnetic fluctuations was observed.

The hypothesis of a link between the global energy
confinement fime and the broadband magnetic fluctuation amplitude
was not supported. In those experiments with neutral beam injection, the
power dependence of the magnetic fluctuation amplitude and the
reduction in magnetic fluctuation amplifude in counter injection discharges
corresponded to the predicted change in energy confinement time.
However, in other discharge regimes this hypothesis is clearly
contradicted. An increase in fluctuation amplitude and an improvement in
confinement time were simultaneously observed when the probe was

positioned close to the separatrix and when the working gas was
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changed from hydrogen to deuterium. In addition, the improvement in
confinement time in the IOC regime was not reflected in a corresponding
decrease in the magnetic fluctuation amplitude.

Theoretically, values of poloidal beta below one infer that
electromagnetic wave instabilities will not be strongly excited.
Experimentally, the small amplitude of the magnetic fluctuations, the
sawtooth induced perturbation of the magnetic fluctuation amplitude, the
existence of the toroidal component in the vicinity of the separatrix with
an m number of 25 and the experimental results from TEXT suggest that
the source of the observed broadband magnetic fluctuations on ASDEX is
the magnetic component of an electrostatic wave instability that is

located within a few centimetres of the separatrix. The connection
between good confinement, as monitored by D, emission in the divertor,

and magnetic fluctuation amplitude shows that these electrostatic
instabilities in the edge plasma are playing the dominant role in

determining the qudality of confinement.
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Fig. 1 Dispersion relations for the drift wave (D) and drift - Alfven
(DA) wave in an inhomogeneous plasma.
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Fig.3 The cdlibration curves of the system for each of the different
orientations of the coils when connected to the high pass

filter and the amplifier set to a gain of 100.
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Fig.4 A typical output signal at the amplifier in an Ohmic
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discharge by withdrawing the probe the maximum distance
(50 cm) from the plasma.
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Fig. 5 A schematic diagram of the electronics connected to the
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were chosen with the assistance of a passive filter design
handbook /28/.
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Fig.8 Power spectra of the b, component as a functfion of the

probe distance to the separatrix in ohmic discharges.
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Fig.9 Power spectra of the b, component showing the

enhancement of the broadband magnetic fluctuation
amplitude with neutral beam injection.
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Fig. 10 The radial decay of the b, and b, component at f =30 kHz

and at f=135kHz versus distance to the separartrix, r - rg.
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Fig. 11 The radial decay of the b, and b, component at f=30 kHz

and f=135kHz in the vicinity of the metal wall of the vacuum
chamber.
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Fig. 12 Perturbations of the magnetic field and electron density
fluctuation amplitude associated with sawtooth induced
perturbations of the plasma.
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Fig. 15 The correlation of gas puff oscillations and the perturbation of
the broadband magnetic fluctuation amplitude.
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magnetic fluctuation amplitude during an IOC discharge.
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Fig. 18 The dependence of broadband magnetic fluctuation
amplitude on neutral beam input power.
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Fig.20 A comparison of broadband magnetic fluctuation amplitude
in the L and H mode.
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Fig.24 The frequency dependence of the fluctuation amplitude
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