
VOLUME 38, NUMBER 13 PHYSICAL REVIEW LETTERS 28 MARcH 1977

Formation of Convective Cells, Anomalous Diffusion, and Strong Plasma Turbulence
Due to Drift Instabilities~
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(Received 26 January 1977)

Large-scale, fully three-dimensional particle simulations have been carried out for
the collisionless drift instabilities in a cylindrical geometry. It is found that nonlinear
excitation of convective cells {~= O, 4~~= 0) due to drift instabilites gives rise to enhanced
turbulence and anomalous plasma diffusion. The observed power spectra have resem-
blance with the recent measurements in toroidal devices.

Here we report our recent results of numerical
simulations on collisionless drift instabilities us-
ing large-scale fully three-dimensional cylindri-
cal plasma models developed earlier. ' Theoreti-
cal interpretations of the observed results on
plasma turbulence and diffusion are also given.
Drift-wave turbulence has been of current inter-
est in toroidal confinement devices such as toka-
maks, ' stellarators, ' and internal ring devices"
because of the strong correlation between the ob-
served density fluctuations and anomalous plasma
transport.

The simulation model used is a straight cylind-
er in a uniform external magnetic field Bp along
the z direction with its length L,/p, = 640, p,
= (T,/m, )' 2/0, . being the ion gyroradius. In the
cross section, a 64x64 (L') spatial grid is used
for numerical computation with its physical length
L/p, =32. The plasma is periodic in z while it is
surrounded by a conducting wall at the boundary
of the cross section. ' Initially both ions and elec-
trons have Maxwellian velocity distributions with

T,/T, =4. Initial p.lasma density is taken to be

n, (r) = n, (r) = nc exp(- 4r /a') with the average den-
sity given by Q, /~~, = 5, m, /m, =100, a=6/2; and
there is no initial temperature gradient. Seven
Fourier modes n=0, +1, +2, and +3 are kept in
the z direction with k, = 2wn/L, . Linear theory
predicts that the collisionless drift instability
(universal mode) is strongly unstable for n = + 1
and becomes stable rapidly with increasing Inl

because of the onset of ion Landau damping. This
situation is commonly observed in Q devices. In
terms of physical size, the simulation plasma is
certainly smaller than a tokamak plasma but may
be larger than a conventional Q device; and one
can study quite a few problems with the model
using realistic plasma parameters.

Let us first look at the gross behavior of the
instability. Figure 1 shows the particle diffusion,
heat transfer, electron velocity distribution, and
radial-mode structure associated with the insta-
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FIG. 1. Time variation of (a) ion and electron densi-
ty profiles n;(r) and n~ (r) in terms of number of parti-
cles summed over a given volume; (b) electron parallel
temperature T~~)(r), ion parallel temperature T;i~(r),
and ion perpendicular temperature T; ~(r) in terms of
thermal electron energy m e ~/2 = 6.2; (c) electron ve-
locity distribution; and (d) radial-mode strucutres for
the (m, n) =(8, 1) mode.

bility. While ions and electrons diffuse more or
less together in the early stage, we see large
charge separation built up at a later stage be-
cause of the difference of radial cEe/B drifts of
ions and electrons, where E6 is the azimuthal
electric field associated with the drift wave. As
will be shown later, this charge separation gen-
erates strong two-dimensional electric fields
which, in turn, excite large amplitude convective
cells (~=0, k„=0). The observed anomalous par-
ticle diffusion is mainly due to drift instabilities
at the early stage; and at the later stage, it is
due to nonlinearly excited convective cells, which
enhance diffusion even when the drift instability
is quenched.

The electron parallel temperature T,
~~

rapidly
decreases for r/a)0. 5 because of inverse Landau
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FIG. 2. Time variation of (a) spectral distribution
IE (m)I and (b) spectral distribution IE (n)I. Power
spectra for (c) the (m, n) =(1,1) and (1,0) modes and
for (d) the (m, n) =(8, 1) and (3, 0) modes indicate two
peaks near ~ = 0 and co*.

damping and increases for r/a &0.5 because of
the absorption of wave energy associated with the
radial convection. The electron parallel-velocity
distribution steepens because of inverse Landau
damping. ' Ion perpendicular temperature T, ~ in-
creases through the acceleration across the mag-
netic field associated with the short-wavelength
turbulence due to the convective cells. Ion paral-
lel temperature T,. II

changes little because ion
Landau damping is weak. A typical drift-wave
radial-mode structure (n = 1,I= 3) I ey(x)/T, I

shows a peak near ~/a = 0.5 at the early stage,
consistent with the initial density profile. After
reaching the maximum amplitude of 10/g at u~, t
= 1040, it begins to level off as a result of nonlin-
ear excitation of convective cells (n= 0).

Figure 2 shows more detailed diagnostics of the
instability: spectral distributions I E'(m)I and
IE'(n) I, and power spectrum P„„(~,r) with re-
spect to ke and k„where I is the azimuthal
mode number with ks = m/r IEa(.m) I indicates
typical spectral profile for drift turbulence as
seen in the experiments2; it peaks around k~p,.

=0.3-0.6, corresponding to the m =2, 3, and 4
modes for this case. The amplitude decreases
rapidly for ksp, ~ 1 (m~8). The shape of the
spectral distribution does not change much in the
nonlinear stage except for the shift of the peak of

the spectrum toward low ry, numbers. This is
due to the nonlinear excitation of convective cells
which tend to coalesce into larger cells. IE'(n)I,
on the other hand, indicates a drastic change
when the instability develops into a nonlinear re-
gime. %e see that at earlier times the spectrum
is peaked at n= 1 (k, = 2m/L, ) and decreases rapid-
ly with increasing n. This is quite reasonable be-
cause the growth rate for n=2 and 3 are much
smaller. The n = 0 mode, which may be called
convective-cell modes (k, = 0, re= 0), also grows
as the drift instability grows; and eventually they
dominate over the drift instability. Note that this
is not the ambipolar field (m=n=O). The excita-
tion of convective cells is clearly seen in the
power-spectrum plots P „(tu) at x/a=0. 5, where
we see both drift modes (nWO, &TWO) and convec-
tive cells (n=0, &v=0). For the nt =3 modes, the
power spectrum indicates that the amplitude of
drift mode (n= 1) is much larger than the convec-
tive cells (n= 0), while for m = 1, convective cells
are much stronger than the drift mode.

The physical mechanism of the excitation of
convective cells is the following. Consider a
drift-wave fluctuation (a(r, 0, s, t) = y „(r)exp[i(mt
—I() —k, z) J. Both ions and electrons will move
through the cEs/Ba drift in the radial direction.
For a linearly unstable drift wave, v,. «&u/k, «v,
is satisfied so that the electron cE/B, drift tends
to be averaged out on the time scale of drift wave
because of free streaming along the field lines.
Qn the other hand, ions are essentially cold and
respond to the cEs/B, drift which, in turn, gen-
erates local charge separation and therefore
strong radial electric field. In fact, the ion gE
xB flows form two-dimensional vortex or convec-
tive cell, as studied earlier in detail. The num-
ber of convective cells is much more than that of
unstable drift modes; and the nonlinear interac-
tion among convective cells can easily lead the
plasma into a strong-turbulence state because of
very effective cE xB/B' mixing.

As the drift waves (n= 1) grow in accordance
with the linear theory, it is observed that the con-
vective cells grow at about twice the growth rate
of the drift waves when the drift waves reach at
finite amplitude indicating the nonlinear excita-
tion mechanism of the convective cells. ' It should
be emphasized that the convective cells (k~, =O)
alone are stable in a collisionless plasma, as
proved by the two-dimensional simulations.

Figure 3 shows the formation of convective
cells and ion diffusion due to nonlinear interac-
tions among cells. Plotted are the guiding center
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FIGo B. Plot of the guiding center orbits of test ions
initially sampled to form a ring at some fixed Z. Note
the development of closed patterns of the flow due to
radial field (c) and coalescence into larger cells (d).

FIG. 4. Comparison of electron density diffusion with
and without convective cells (k~~= 0). Note that at ~&,t
= 1960, convective cells have larger amplitudes than
the drift waves when the convective cells are not delet-
ed.

orbits of the test ions initially sampled to form
a ring at r/a = 0.5 At early times, the test ions
respond to cE/B, drift and one sees that several
rn modes are excited. As the instability develops,
ion motion becomes highly nonlinear and tends to
form vortex structure as a result of the generat-
ed radial electric field as clearly seen in the fig-
ure. Small cells eventually coalesce into larger
cells and the ions diffuse across the entire plas-
ma column in accordance with the development
of large m = 1 mode at &v= 0 as shown in Fig. 2(c).

In order to confirm the importance of convec-
tive cells on plasma diffusion, we carried out
another simulation with the same parameters ex-
cept that the two-dimensional modes (0,= 0) are
artificially suppressed in the code. Figure 4 in-
dicates the electron diffusion with and without 0,
=0 modes. At early state (Id~„t= 1000), diffusion
is mainly due to drift instability, and little differ-
ence is observed for both cases. At the later
stage, however, diffusion without convective
modes is substantially smaller than the other
case, and diffusion stops completely as the drift
instability saturates and the finite density gradi-
ent is maintained. For the other case, convective
cells eventually flatten the density profile com-
pletely even when the drift instability has been
quenched by nonlinear effects. This observation
has an important significance in the understand-
ing of anomalous diffusion in laboratory experi-
ments. While the convective cells are marginally

stable, drift or trapped-particle instabilities can
excite the convective cells, which then cause
large diffusion even when the drift instabilities
saturate nonlinearly. In a steady-state experi-
ment, where the energy input such as that from
ohmic heating and particle recycling balances
with the anomalous diffusion, it is likely that the
diffusion due to drift instabilities is small and the
steady state is established by balancing the ener-
gy source with the convective diffusion.

The observed overall diffusion coefficient is
about 106 &&10 'p, 'w~, ', which is c1.ose to the con-
vective diffusion' D, = 2.0 &10 'p, 'w~, ' when the
saturated amplitude of the convective cells are
used. " The saturation amplitude is more than
10' times larger than the initial noise amplitude
of the convective cells. The usual estimate of
diffusion D, = y/k~' = 10 ' is also close to the ob-
servation.

It is interesting to compare our results with re-
cent laboratory experiments in toroidal devices.
Recent results of Hamberger et al. ' indicate that
for very strong shear (L,/l. „=7), the power spec-
trum shows a well-defined peak near the drift fre-
quency. As the shear is reduced, a new peak ap-
pears near ~=0; and further reduction of shear
results in a turbulent spectrum with no well-de-
fined peaks. ' The two-peak spectrum shown in
Fig. 2 resembles that of Hamberger et at. Simi-
lar result is reported for the Culham Levitron ex-
periment of Aleock et at. '
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While our power spectrum is not as broad as
those in the toroidal experiments with weak
shear, the spectrum in the simulation is meas-
ured in a transient state from initial linear phase
to the final turbulent state while the laboratory
experiments measure fully developed steady-
state turbulence driven externally. Furthermore,
the spectrum in the laboratory experiments is av-
eraged over different k~~ modes and the plasma
radius. The simulation spectrum will be mono-
tonic if such averaging is carried out.

We have simulated the same example, keeping
11 modes in z (n=0, +1, . . ., a 5), and found the
results essentially the same. We have also in-
cluded a magnetic shear in the simulations and
found the convective cells to persist for L,/L„
~ 25. The details will be reported later. '

We acknowledge useful discussions with Dr. W.
W. Lee, Dr. V. Arunasalum, and Dr. M. Okaba-
yashi.
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We explain the absorption line and resonant Raman lines splittings together with the se-
lection rules at low temperatures in polydiacetylene polymer crystals in terms of a chain-
pairing mechanism arising from side-group interactions between the conjugated carbon
chains. The symmetry of the pairing configuration has drastic effects on the one- and

two-photon absorption spectra.

The availability of large defect-free crystals
on the solid-state polymerization' of diacetylene
monomers R-C=C-C=C-R, R being a radical,
has triggered a growing interest in this new class
of materials. Large separation among the chains
and bond alternation along the conjugated carbon
chains' confer to these materials an isolator-
type behavior across the chains but a semicon-
ducting one along the chain direction. This is re-
flected' in an intense and relatively narrow ab-
sorption peak around 2 eV at room temperature
arising from p-electron transitions.

It has recently been established+' that at lower
temperatures, below 160 K for the polydiacety-

lent-bis toluene sulphonate (PTS diacetylene,
&=CH, -O —SO,-4 —CH, ), the peak splits into two
narrow and equally intense lines, the separation
between them increasing with decreasing temper-
ature and reaching a value= 500 cm ' at 4 K for
the PTS-diacetylene. Such a remarkable behav-
ior is also observed' in the resonant Raman scat-
tering (RRS) spectra. Furthermore, around the
same temperature the system probably under-
goes' a phase transition doubling the unit-cell di-
mensions along the crystallographic a axis (the
b axis is the chain direction). It has been veri-
fied that these splittings are not due to the ap-
pearance of two different chains per unit cell and


