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Low-Frequency Microinstabilities in the PLT Tokamak

E. Mazzucato
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08540

ABSTRACT

A turbulence with wavelengths in the range 2-0.2 cm
and with a spectrum in the range of frequencies of drift
waves has been observed in the PLT aischarge with scat-
tering of microwaves. The total density fluctuation was
ﬁe/ﬁe = SXlO_3—10_2. .We estimate that this turbulence
can cause an anomalous transport much larger than that
prédicted by the neoclassical theory.

As the PLT discharge developed a central minimum of
the electron temperature, an increase of the turbulence

level was observed with a very strong poloidal local-

ization on the outside of the plasma torus.
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I. + INTRODUCTION

In spite of vast amounté of work, the confinement‘of elec-
trons in low-B toroidal magnetic configurations is still an un-
resolved problem. The reason is not only our limited knowledge
of this phenomenon but also the difficulty of interpreting the
experimental data in a unique way. This is particularly true in
the field of tokamaks where a single plasma parameter, the toroidal
electric current, not only determines the equilibrium and the
stability of the magnetic configuration but also provides the only
effective way of heating the electrons.

To explain the behaviour'of electrons in present tokamak ex-

’

periments we must invoke anomalous losses. A variety of micro-
instabilities can be excited ih a MHD-stable tokamak and cause an
increase of the plasma transport. The most important class are
the drift-type modes which are driven by‘the plasma free energy
associated with the density and temperature gradients.a’4

pDrift waves can be classified into three major groups accord-
ing to the plasma collisionaiity regime. At the low temperature
end of the tokamak parameter range we have the collisional or
dissipative drift modes3 which are destabilized by coulomb colli-
sions (vc). The existence of this mode requires that Vo > ﬁlve.
where k||is the wave vector component along the magnetic field and
Ve is the electron thermal velocity. These modes can give rise to-
a Bohm-like diffusion rate but fprtUnately they can exist only at
thé édge of present-day tokamaks. |

At lower collision frequencies, where ve < k”ve, we have the

5

collisionless drift modes. In this regime the plasma free energy
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is available to drift waves through the inverse electron Landau
damping. These modes are destabilized by finite ion gyroradius
effects and by density and temperature gradients in opposite di-
rections (i.e. whenruas dlnTe/dlnne < 0). Shear of magnetic lines
has a stabilizing effect. The original estimates6 indicated that
/3

[where r

A 1
these modes are stabilized when rn/LS > (me/mi) n

= (dlnne/dr)-l is the density scale length, L, = [(e:/qz)(dq/dr)]_l
is the shear length, € = r/R is the aspect ratio and q is the MHD
safety factor]. Such levels of shear are not available in toka—
maks. Recently Taylor7 and Cordey and Hastie8 have shown that
the effect of shear in tokamaks is weakened by the variation of
the magnetic field properties around the magnetic surface which
tends to localize drift modes in both poloidal and radial
directions. |

With rising temperatures the plasma enters into a regime
where some particles can experience the 1/R dependencé ofrthe tor-
oidal magnetic field and they become trapped into the loéal mag-
netic mirrors. The presence of these trapped particles makes the
free plasma energy more accessible to drift waves and a new group
of modes becomes unstable. Among these instabilities the one
which is of interest for present tokamak experiments is the dis-
sipative trapped-electron mode9 which is driven by positive temper-
ature gradient (i.e. Ng > 0) together with collisional dissipation.

These instabilities can give rise to a plasma transport which
is much larger than that produced by classical coulomb collisions.
Their effect can be visualized as a random walk of ﬁarticles

across the magnetic surfaces under the influence of collisions and

ExB drifts. The exact estimate of this effect needs a
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self-consistent calculation of?the amplitude of these instabilities
which presents formidable difficulties. We must therefore rely on
simplified models of thié phenomenon. Simple stochastic arguments
indicate that the diffusion coéfficignt D can be expressed as

D = (Ar)z/At, in terms of an effective step size Ar and the associ-
ated time interval At. Approximating the correlation time At with
the growth time y_l of the instability and the step size Ar with

the average radial wavelength k;l, we get the familiar result3
: 2
P~ / . 1
D Y,kr (1)

Another approach is the quasilinear procedure of calculating
the particle radial flux T by averaging the drift equations of mo-
tion over velocities and the fast time scale of the fluctuations.

This gives

~ o~ 2
F - —ankvd)k X' EC/B ? (2)

where n, and ;k are the amplitudes of the density and the electro-

k
static potential fluctuations which are induced by the k-mode.
Since for drift waves wk(nk/ne);r m*(e¢/Te) (with w, = w, + 1y,
Wy = (kecTe)/(eBrn) and ke the poloidal wave vector] we can ex-

press the anomalous flux in terims of a diffusion coefficient

given by . : ' /
~ 2.2

= . 3 .

D Zk(e¢k/Te) Y - (3) ,

This expression coincides with that of Eq. (1) if we assume that

(eék/Te) = l/(krrn). The physiqél meaning of this relation is

that the unstable mode saturates when the gradient of the density
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fluctuation becomes equal to the equilibrium density gradient. - Liu
et gl.lo arrived at the same result by equating the available free
plasma energy to the drift wave energy density.

Drift waves contribute not only to the particle transport but
also to the thermal transport both, by convection and by conduc-
tion. The convective part can be readily obtained multiplying
Eq. (2) by the factor l.STe. The condqction part is obtained from
the vz-moment of the fluctuating distribution function. The rel-
ative values of conduction and convection depend on the particular
mode we consider but in general for normal profileé they have
the same order of magnitude.

In the regime of operation of present tokamak experiments we
expect the anomalous transport to be mainly affected by collision-
less drift waves for which y =« wi/(k”ve). By equating the ohmic
input to the largest anomalous losses, which are given by Eqg. (1)

2 =2 2 n;—1/4

with ke = kr * Pie

2 s .
miTe(c/eB) , we obtain Te « . This
result is in agreement with the weak dependence of the electron

’ ' . . . . 2
temperature from the plasma density which is found experimentally.
For a plasma with the characteristics of the PLT dischargell

(B = 30 kG, r.o= 20 cm, Te ~ 1 keV) these estimates éive (e&/Te)

* (n/n)

R
1

5x10”>  (with k. = 10 em 1) and a particle confinement

time Tp = 300 msec (with y/w, = 0.2). For the electron energy con-
finement time we get g = 100 msec, to be compared to the value of
40 msec which was experimentally obtained for the gross electron
energy confinement time.

These 'simple arguments indicate how a small level of electro-
static turbulence can affect the plasma confinement. Recent ex-

12,13 14

periments on the ATC and TFR tokamaks have proved the
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existence of such turbulence.  In this paper we present some ad-

ditional results which were obtained in the PLT tokamak.

II. EXPERIMENTAL APPARATUS

Scattering'of microwaves was used for étudying low frequency
microinstabilities in PLT. A block diagram of the experimental
arrangement is shown in Fig. 1.

An array of identical antennae (gain = 27 db) was used for

launching the output of an Extended Interaction Oscillator and for
collecting the waves which were scattered by fluctuations of the
plasma density. The incident ﬁave had a frequency Vo = 140 GHZ,
a power PO = 5W and it was polarized with the electric field par-
allel to the toroidal magnetic'field, Both the launéhing and the
receiving antennae were located on the same poloidal plane and the
scattering angle varied from 0° to 60°.

A homodyne detection system was used in which the received
wave was mixed with a larger rgference wave from the microwave
oscillator and it was detected by a Low-Barrier Schottky Diode.
The resultant r.f. signal was amplified by an amplifier with a
bandwidth of 1 MHz and it was Féurier analyzed by a commercial
spectrum analyzer with a frequency resolution of 10 kHz.

The process of incoherent scattering of electromagnetic waves
by plasma density fluctuations can be charactérized by the differ-

. . 15
ential cross section

o = rlstk,w (4)

where ry = ez/mc2 is the classical electron radius and S(k,w) is
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the spectral density of electron density fluctuations which is

given by
. 2 2
S(k,w) = lim &= Ine(]_<_,w)| '
V->o
T->o00
with

n (k,w) =/dt/ dr expl-i(wt+k-r)]ln (r,t)
€~ r Jv - T &T

The frequency w and the wave vector k must satisfy the energy and
momentum conservation, that is w = Wy —‘wi and k = £s - Ei ’
where the subscripts s and i refer to the scattered and incident
wave respectively.

The total mean-square density fluctuation is given by

~2 -4
<In [> = (2m) S (k,w)dkdw (5)

where the region of integration is the entire (k,w) space.

The power dPs which is scattered into the receiving antenna

per unit frequency by thé plasma volume dV is

dp_ = oP.Q av , : (6)
S 1 S

where Pi(gi is the incident power density and Qs(g) is the effec-
tive solid angle of reception. We can express.these~quantities
in terms of the antenna radiation patterns F(a,B) [where o and B
are two angular coordinates which specify the direction of the

wave and F(0,0) = 1]. Using subscripts t and r for the transmitter
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and the receiver respectively, we have P.(r) = POGF(at,Bt)/4ﬂ|£t—£|2
2 2 ‘ .

and QS(E) = AOG?(ar,Br)/4n|£rf£| , where G = 4n/JF(a,B)dQ is the

maximum gain of the antenna and Ao = c/vo.

Integrating Eq. (6) over the plasma volume we obtain

P : G \2 [F(a,_,B_ )F(a_,B_)
3 2. o t’'t r’'"r
= < -
P oS (kow)> ( 4T ) ./ﬂ Ir —r[2|r —r|2 av . : (7)
-t -r =
The function <S(k,w)> which appears in Eg. (7) is an average value

of S(k,w) over the scattering volume and a range of k-vectors
which is specified by the given beam geometry. In this experiment
the k-resolution was Ak = +2 cm T.

All but two of the scattering geometries we used had their

centerpoint [defined by the equation F(a,,B )F(a_,B8 ) = 1] at

r = 22 cm and 6 .= 90°. Here the coordinates (r,9) are the usual
minor radius and poloidal angle :respectively (6 = 0 being the out-
ward direction). The average k-vectors in these geometries were

mainly along the poloidal direction. The other two geometries we
used had the centerpoint at r = 14 cm, 6 = -54° and r = 15 cm,

b = -135" respeétively, They were chosen as symmetrical as pos-
sible with respect to the plane which was perpendicular to the
line & = 0° and contained the center of the plasma cross section.
The part of their scattering regions where F > 0.5 for both the
transmitter and the receiver are shown in Fig. 2 together with the
equivalent region of one of the other geometries used. 1In all the
three cases k = 10 cm_l. For larger values of k the spatial reso-
lution was better than that shown in Fig. 2 while the opposite was

true for smaller values of k.
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Equation (7) is valid only in free-space. Refraction of
waves by the average gradients of the plasma density modifies the
functions Pi(g) and Qs(£)vof‘Eq. (6) . We have calculated this ef-
fect for the case of parabolic plasma density profiles and we have
’found that for central electron densities smaller than lO14 cm_3
refraction modifies the value of PS by less than 15%. In this
range of densities the main effect of refraction is that of chang-
ing the po§ition and the shape of the scattering volume with the
result that the contribution of the plasma edge becomes more im-
portant as the plasma density increases. Since all our measure-
ments were performed in discharges with n, << lxlO14 cm_3, we have

neglected the effect of refractioen on PS while we have taken into

account -that on the k-vectors.

III. EXPERIMENTAL RESULTS

The measurements described in this paper were performed in
‘deuterium discharges with a minor radius r = 40 .cm, a major radius
R = 132 .cm and a toroidal magnetic field Bt = 32 kG. During their
quasi-stationary phase (typically for t > 200 msec) the toroidal
electric current was 400 kA :and the electron density had a central

l3rcm_3‘wi_th.a4rad;ial distribution not far from a

value .0f 4x1.0
parabolic profile. In thiss range of parameters two different
types of discharges were produced in ithe PLT tokamak. ‘Their typ-
icalcelectfon temperature jprofiles, which were measured with
'Thomson :scattering -of laser light at t = 300 msec, are sshown in
‘Fig. 3. ‘One type of discharge -exhibited the standard peaked tem-

'perature profile with .central values .of ~ 1500 eV. On the con-

trary, the other type developed :a «central depression with maxima
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;

of 600-800 eV at r = 15-20 cm.and central minima of 200-300 eV.
The two profiles were very sid?lar in the outer region r > 20 cm.
The time evolution of thé“temperature pf a "hollow" discharge
is shown in Fig. 4. After the early turbulent stage that.follows
the formation of the discharge’, the electron temperature profile
assumes a peaked shape that lasts for about 100 msec. At this
point the centrél temperature begins to collapse. Once formed
the hollow temperature profile shows a remarkable stability up to -
the end of the discharge pulse. The causes of this phenomenon are
still under investigation. A hecessary but not sufficient con-
dition 'seems to be the presence of heavy impurities in the central
region of the plasma column.16
Discharges with peaked Tctprofiles had peaked Ti profiles
too, with central values T, = = 600~900 eV; those with hollow T,
radial distributions exhibited a small central depression of Ti
with central values Tio = (0.840.9)TTaX =~ 500 eV,

‘The values of Zg (= 5-8) as well as those of the gross

ff

electron energy confinement time t_ (= 10 msec) were very similar

E
in the two types of discharges..
‘The frequency spectrum of the scattering signal produced by
density fluctuations with k = 10 cm_l is sﬁown in Fig. 5. For
comparison the spectrum produced by similar fluctuations in the
ATC tokamak12 is also shown. Tﬁe amplitudes of these signals are
proportional to [S(E,w)]l/2 sinte the crystal detectors were op-
erating in their square-law reg;on. Theseé measurements were made
in a discharge with the peaked Te—profile of Fig. 3 and the cen-

tral points of the scattering regions were located at r = 22 cm,

8 = 90° (see Fig. 2). The frequency width at half intensity of
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the spectral density S(k,w) is plotted as a function of the wave-
number k in Fig. 6 (o-points) together with similar results from
» 13 :

the ATC tokamak™~ (e-points).
+-c0

The spectral density in the k-space, S(k) = (1/2w)f S(k,w)dw,
is plotted in Fig. 7. as a function of the wave number k—for the
discharge with the peaked Te—profile of Fig. 3. The o-points are
for scattering volumes with centerpoints at 6 = 90°; the *-points
are for thé other two scattering geometries (see Fig. 2). The
fluctuations in the outside scattering region (6 = -54°) were
larger than those in the inside region (6 = —135;). The e-points
are the results obtainﬁd in a similar ATC discharge.13

The values of S(k) for the case of hollow Te—profile are
plotted in Fig. 8. 1In this type of discharge we measured a larger
level of tufbulence. This is clearly shown in Fig. 9 where the
frequency spectra of the signals received from the outside scat-
tering region are shown forvthe two types of discharges. The am-
plitude in the spectral region around (w/2w) = 100 kHz is much
larger in the case of hollow Te—profile. The corresponding values
of S(k) in the two types of discharges are plotted in Fig. 10 as

a function of time. These results show very clearly how the de-
parture of the two values of S(k) starts at the moment the central
value of Te begins to collapse.

The ratio of the outside value of S(k,w) to the inside one
for (w/2m) = 100 kHz is plotted as a function of time in Fig. 11
for the two types of discharges. These data indicate that the
enhancement of the turbulence caused by the hollow Te—distribution

has a poloidal structure with a much stronger localization on the

outside of the plasma torus.
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IV. DISCUSSION OF THE EXPERIMENTAL .RESULTS

The turbulence observed in the PLT device, as well as that

12,13

previously observed in the ATC tokamak, is in the range of

frequencies of drift waves. As a matter of fact the largest fre-
quencies which were observed were 2-3 times larger than those
predicted by the linear theory of drift waves. Nevertheless one
may argue that,vif what we observed is the saturéted level of a
turbulence which was produced by drift-waves, there is noireason
for eépecting just the freqﬁencies predicted by the linear theory.
Moreover, a poloidal plasma'rotation, as that observed in the ST
device,17 can be a further cause of discrepancy between the meas—
ured fiequency and that of the plasma fluctuation.

Tb settle the question if.fhe observed turbulence was produced
by drift waves, ‘it is of great»interest to compare.the range of

12,13

frequencies of the turbulence that was observed in ATC and

PLT. Although these two devices have different characteristics,

their plasmas have very similar parameters. We have BPLT/BZETC

t
rPLT/rATC S rPLT/rATC PLT TATC ~ 1.5 and therefore

~ 2.0, n n = = 2.3, Te / e ‘

wéTc/wELT =~ 3 which is just the ratio of the frequencies detected

in these two devices as it is shown in Figs. 5 and 6.

If we assume that kr > k6'<< kH by integrating the function

S(k) we:obtain ﬁe/ﬁe ~ 5x107°-10"2. This value is in good agree-

ment with the quasi-linear estimate Be/ae o~ l/krrn'

The shape of S(k) in PLT is different from that preViously
found in ATC. While S(k) showed in ATC a maximum in the region
where k p; = 0.5, the S(k) measured in PLT decreased monotonically

8
with increasing values of k and it extended to larger values of k.
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. . PLT , ATC
However, one must point out that since Ti /Ti ~ 3-4 and
. -1 .
ASTC/AELT = 2, fluctuations with k = (Zpi) were detected in PLT

only at small scattering angles and therefore in conditions of
very large scattering regions where the contribution of the exter-
ior part of the plasma column to the scattered power was very
important. -The different shape of S(k) at small values of k could
just be due to the different spatial averaging which was used in
the two experiments.

From the guasi-linear estimate of the anomalous transport
produced by=the observed turbuience [Egq. (3)] we get a value of
50-100 msec for the electron confinement time of the PLT discharge.
Since we measured a gross electron energy confinement time of 10
msec, we conclude that the observed turbulence was not the domin-
ant cause of energy loss. Nevertheless the estimated anomalous
transport is much larber than that predicted by the neoclassical
theory.

The two types of discharges we studied had identical charac-
teristics in the region r > 20 cm. Therefore the increase of the
level of turbulence we detected in the second type of discharge
had to be generated in the central region of the plasma column
where the radial distribution of Te had a large depression which
caused ng = dlnTe/dlnne < 0. A negative value of Ne is a cause
of instability for collisionless drift modes18 (i.e. universal
mode) while it has a stabilizing effect on the dissipative trapped-
electron mode.9 The increase of the turbulence level in the hol-
low discharge must be éonsidered clear evidence that the observed
fluctuations were not caused by trapped-particle effects.

The values of S(k) which are plotted in Fig. 8 wére averaged
over larger;scattering volumes which contained both plasma regions

with Ny < 0 and ng > 0. Therefore the local values of S(K) in the
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region withrka< 0 were considerably larger than those shown in
Fig. 8. o

This turbulence caused an anomalous transport towards the
plasma center. This was confirmed by bolometric measurements
which showed that the amount of energy radiated by impurities in
the cenﬁral region of the plasma column was much larger than the

19

ohmic input. It is not inconceivable that this turbulence might

o : e 2
have caused an anomalous resistivity as well. 0

V. CONCLUSION

A turbulence with a spectrum in the range of frequeﬁcies of
drift wéves has - been observed in the PLT discharge. The total
fluctuaéing amplitude, ae/ﬁe = SXl0-3—10P2, is in agreement with
the value predicted by the quaéi—linear theory but it is not suf-
fiéient to explain the extremely large losses of this discharge
that were mainly due to a large amount of impurities. Neverthe-
less we estimate that the observed level.of turbulence can cause
an anomalous transport which' is much larger than that predicted

by the neoclassical theory and which is capable of carrying the

plasma energy to the boundary in about 100 msec.
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fluctuations with k = 10 em~l in

ATC (top) and PLT (bottom).
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102 , : . Fig. 7. Spectral density of fluc-
- ' ] tuations: o - PLT (at 6 = 90°); % -
- ] PLT (at 6 = -54° and 6 = -135°); e -
s . ATC.
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Fig. 8. Spectral density of fluc- S s
Luations in PI.T with hollow Tg-pro- \ *
file: o =06 = 90°; # - 8 = =54° B \ ]
(larger amplitude) and 6 = -135° — \
(smaller amplitude). 'g .o \
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Fig. 9. Frequency spectrum of
fluctuations observed in the PLT
discharge with hollow Tg-profile
(top) and peaked Teg-profile (bottom)

|
0 200 400

0] 200 400

773654

Fig. 10. Time evolution
of S(k) (with k = 8 cm~1)
which was observed in PLT
discharges with a hollow
Te-profile (continuous
line) and with peaked Te-
profile (broken line).
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Fig. 1l1. Ratio of the outside
value of S(k,w) to the inside one
[(w/27) = 100 kHz and k = 8 cm™1]
which was observed in PLT dis-
charges with a hollow T,-profile
(e-points) and with a peaked Te-
profile (o-points).





