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H. E. Slusher~'~ and C. M. Surko~'~

Be// Laboratories, Murray Bi//, New Jersey 07974
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We describe a new technique to measure the spatial distribution of plasma density fluc-
tuations integrated over both frequency and wave vector. Measurements are reported of
the frequencies, wave vectors, amplitudes, and also the spatial distributions of low-
frequency density fluctuations present in the alcator tokamak. Two regimes can be iden-
tified. In high-density plasmas (n & 10~4 cm 3) the fluctuations are peaked at the limiter
radius with a fluctuation amplitude of n/n = 1. At lower densities the fluctuation ampli-
tudes peak in the interior of the plasma with n /n = 0.07 + 0.03.

Density Quctuations in magnetically confined
plasmas are thought to provide important mecha-
nisms for the transport of particles and energy
both in and out of the plasma. The alcator toka-
mak provides a particularly interesting device
for the study of such phenomena. It is capable of
achieving plasmas with a wide range of average
densities n between 10" cm ' and 5&10' cm
In this range of densities the energy containment
time is found to increase as n increases, and it
has been hypothesized that small-scale density
Quctuations are responsible for this behavior.
At densities n &3&10"cm ' the central density
is increased by introducing cold gas at the plas-
ma edge, and it has been suggested' that the ob-
served rapid penetration of cold plasma into the
central region is due to a high level of Quctua-
tions near the plasma edge. In this Letter we de-
scribe a new technique which we have developed
to measure the spatial distributions of density
Quctuations in plasmas by correlating the for-
ward scattering from two CO, laser beams which
intersect in the plasma. Using this new technique
and angularly resolved CO, -laser-light scatter-
ing' we have measured the frequencies, wave vec-
tors, amplitudes, and spatial distributions of
density Quctuations in alcator. At low densities
and toroidal magnetic fields (n & 5 x10" cm ',
Br = 40 kG) fluctuations are observed in the inte-
rior of the plasma with amplitude n/n =0.07+ 0.03
(where n is the local value of the plasma density).
At densities greater than 1&&10' cm ' the Quctua-
tions are found to be peaked at the plasma edge
with n/n of the order of unity. In this latter re-
gime, the transport of particles and energy at the
plasma edge should occur at the rate given by
Bohm diffusion.

The experimental arrangement and apparatus
for measuring the frequencies, wave vectors,
and amplitudes of the fluctuations using the small-
angle scattering of CO,-laser radiation is nearly

identical to that described previously. ' For the
long-wavelength phenomena reported here (A

= 0.5 cm) the technique provides a measure of
these quantities integrated along a chord corre-
syonding to the intersection of the laser beam
with the minor cross section of the plasma. In
alcator the optical access is such that this chord
was oriented perpendicular to the major plane of
the torus and can only be located at —4, 0, 4,
and 8 cm from the magnetic axis (where the mi-
nor radius of the limiter in alcator is at 10 cm).
Scattered light at a given angle is detected for
each discharge using heterodyne detection in a
photoconductor. ' The heterodyne photocurrent is
proportional to [S(k,~)]"'which is proportional
to the Quctuating electron density at angular fre-
quency u& and wave vector k. [Here S(k, tc) is the
dynamic structure factor. ] The rms value of this
quantity is monitored as a function of time during
each plasma shot at two fixed frequencies and
integrated over all frequencies. Fluctuations
were observed in all alcator discharges. The
chord-integrated Quctuation amplitude was found
to be roughly proportional to the chord-averaged
plasma density until late in the discharge when
the density decreases with time. In the following
we report data for the fluctuations averaged over
a 30 msec interval centered at the time at which
the density reaches its maximum value. Typical-
ly the frequency spectrum of the Quctuations at
fixed wave vector decreases monotonically as a
function of frequency. As the magnitude of the
wave vector increases the corresponding frequen-
cy width increases. At the mean wave vector the
frequency width at half-maximum amplitude is
approximately 150 kHz. The wave vector spec-
trum of the fluctuations integrated over frequen-
cy, S(k), can be fitted empirically by the Gaus-
sian form

S(u) =X exp(- m2/u'),
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where A is a constant and k ranges from 6 to 14
cm ' depending on the magnetic field and density.
In all plasmas in alcator it was found that the
component of the wave vector parallel to B~ is
small compared to that perpendicular to B~.

%e have developed a new correlation technique
to measure directly the spatial distribution of
Quctuations. In the ATC tokamak we were able
to infer qualitative information about the spatial
distribution of the Quctuations by a continuous
scan of the laser beam across the plasma. ' Such
a scan was not possible in alcator due to the lim-
ited optical access. The correlation technique
has two important advantages: It does not re-
quire assumptions about the homogeneity of the
Quctuations in either real space or wave vector
space, and it requires minimal optical access to
the plasma chamber.

The experimental arrangement for the correla-
tion technique is shown in Fig. 1. A CO, -laser
is split into two beams A and B which are focused
by the lens I.1 and intersect in the plasma at an
angle 8 of 3 . The beams are focused to abeam
of radius co, (= 0.05 cm) which is sufficiently

AB

small (kw, «1) that wave vectors of all magni-
tudes and orientations perpendicular to the laser
beam contribute to the forward scattering. (This
is in contrast to the angularly resolved scattering
experiment described above where we require Am,)1 in order to resolve wave vectors of magnitude
k.) The phase modulation of each beam is detect-
ed on separate detectors DA and DB by interfer-
ence with the local oscillator beam I.O. The pho-
tocurrents from the two detectors are correlated
in a doubly balanced mixer to yield an equal-time
cross-correlation function C»'. Our angularly
resolved scattering measurements indicate that
superthermal Quctuations with many different
wave vectors are present in the plasma I see
Eq. (1)] and so the correlation length l of the fluc-
tuations is expected to be of the order of k '. The
forward scattering from beams A and B will be
correlated only from regions of the plasma near
the intersection of the beams where the beams
are separated by a distance less than l. For den-
sity fluctuations localized in a layer at y =0, the
correlation function C»(y) is proportional to the
correlation of the density fluctuations, (n(&y)n(0)),
at the two points where the beams intersect the
turbulent layer. Specifically in terms of the
Gaussian form of Eq. (1),

C„B(y)=8 exp[- (k8y)'/Sj, (2)
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where B is a constant. The spatial resolution,
Ay, in the direction parallel to the incident beams
is of the order of l/0. By moving the point of in-
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FIG. 1. The experimental arrangement is shown
which was used to measure the spatial distributions of
fluctuations by correlating forward scattering from
two intersecting laser beams.

y(cm)

FIG. 2. The spatial distribution of fluctuations in
alcator is shown along a chord through the magnetic
axis. For case (a) n is 2.5&& 10 cm and jBz is 40
kG; for case (b) n is 2.6&& 10' cm 3 andB~ is 60 kG.
The peaks are nearly resolution limited. The limiter
is at+ 10 cm,
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tersection of the beams through the plasma we
measure the spatial distribution of the fluctua-
tions. This is accomplished by translating the
lenses L1 and L2 parallel to the y axis. In Fig.
2 are shown data for two plasmas. In Fig. 2(a)
is shown the spatial distribution of fluctuations
in a plasmawithn of 2.5x10", andB~ of 40 kG
and a plasma current I of 70 kA. In this case the
fluctuations are peaked in the interior of the plas-
ma, at a minor radius of 7 cm. For this plasma,
the central electron temperature is 900 eV and
the center ion temperature is estimated to be 200
eV. At a, radius of 7 cm the electron temperature
is 230 eV and the plasma, density is 2&10" cm '.
The value of k measured for this plasma is 5

cm '. Figure 2(b) corresponds to a plasma with

B~ of 60 kG, n of 3&&10" cm ', and I of 160 kA
and is typical of plasma, s with n & 5&10". The
fluctuations are peaked at the limiter radius.
The value of k for this case is 12 cm '. From
the estimate given above for Ay, the widths of
the distributions are consistent with their being
resolution limited, although the asymmetries of
the data indicate some structure in the spatiaL
distributions. We can conclude only that the data
in Fig. 2 are consistent with (possibly asymme-
tric) annular distributions with thicknesses of
from 1-to 4 cm.

With the measured spatial distributions and the
angularly resolved scattering measurements at
various positions with respect to the magnetic
axis, we can infer the orientation of the wave vec-
tors of the fluctuations. For the low-density case
[Fig. 2(a)] fluctuations with comparable magnitude
are observed with nearly equal wave vectors in
both the radial and the poloidal directions, and
therefore the turbulence is isotropic in the plane
perpendicular to B~. For the high-density case
[Fig. 2(b)] we are only able to study fluctuations
with wave vectors in the poloidal direction and

at angles up to 55' away from the poloidal direc-
tion (due to the limited optical access). These
measurements are also consistent with nearly
isotropic Quctuations in the plane perpendicular
to B~.

Using the measured spatial distributions, the
isotropic nature of the wave vector distribution
in the plane perpendicular to B~, and the chord-
integrated values of n we can deduce values of
n/n. For the high-density plasmas [similar to
Fig. 2(b)] n/n at the limiter is in the range from
0.3 to 1. The major uncertainty is the value of
n at the limiter which is taken to be approximate-
ly 0.1 of the peak density. ~ In this regime we do

not clearly resolve the level of Quctuations in
the interior of the plasma. Our measurements
are consistent with a value of n/n between zero
and 0.05 at radii less than 8 cm. For the low-
density case [Fig. 2(a)], the maximum value of
n/n is 0.07 + 0.03 at a radius of 7 cm.

In terms of the length p, which is the ion gyro-
radius using the electron temperature [i.e. , p,
=c(T,m, )'~2/. eB], kp, is 0.3 for the low-density
case. For the high-density case, kp, =0.13 for
the fluctuations at the edge assuming that T, at
the plasma edge is 20 eV.'

For the low-density plasma described above the
broad frequency and wave vector spectra, n/n,
and the spatial distribution of the fluctuations are
similar to those observed in the ATC tokamak. '~
However, the value of kp, for the low-density
plasma is a factor of 2 smaller than that observed
in ATC. For both the alcator and ATC experi-
ments no correlation was observed between the
density fluctuations described here and magneto-
hydrodynamic activity.

From the present experiments we are not able
to point to a physical model which describes the
Quctuations in detail. For the low-density case,
the typicaL angular frequency ~ divided by k
yields a "phase velocity" of the order of 2x10'
cm/sec which is comparable to the electron dia-
magnetic drift velocity V~ of 10' cm/sec. The
phase velocity VD would be expected for drift
waves with kp, «1. Because of the broad frequen-
cy spectra at fixed k and the isotropic nature of
the turbulence, an unambiguous identification is
not possible. This broad frequency spectrum
and the isotropic wave vector spectrum are prob-
ably due in part to the nonlinear coupling between
modes with poloidal and radial wave vectors. ' In
a, linea, r drift-wave model, electric fields and
electric field gradients can also produce a broad
frequency spectrum. ' The large level of fluctua-
tions at the plasma edge in the high-density p1.as-
mas may be associated with increased collision-
ality or modified temperature, density, and po-
tential gradients. Electric field gradients could
also produce a Kelvin-Helmholtz instability' at
the plasma edge.

In the high-density plasmas, the large Quctua, -
tion amplitude (n/n = I) near the plasma edge can
be expected to have important physical conse-
quences. Particles and energy will be transport-
ed at the rate given by Bohm diffusion. Such rap-
id transport may explain the rate of penetration
of cold plasma, typical of high-density alcator
discharges. " Also, the large fluctuations near
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the plasma. edge can be expected' to cause strong
scattering of microwave radiation such as that
incident upon the plasma during lower-hybrid
heating experiments. Consequently the wave
fronts of the radiation will be distorted and the
intensity of the radiation will vary in the poloidal
direction on the scale of the correlation length of
the density fluctuations (l = 3 mm).

In the interior of the low-density plasmas, the
fluctuation amplitude is large enough to lead to
appreciable transport; however questions remain
about the spatial extent of the fluctuations and the
appropriate diffusion coefficient (e.g. , from
strong- or weak-turbulence theory). Similar
statements can be made about the transport to be
expected in the interior of the high-density plas-
mas if the Quctuation amplitude is near the upper
limit (n/n = 0.05) set by our measurements. Us-
ing the techniques described above, the question
of the spatial extent of the fluctuations could be
resolved either in a larger plasma or in a plas-
ma with greater angular access such as that
which will be available in the alcator C tokamak.
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the plasma discharges. We also thank them for
their encouragement, generous support, and
many helpful conversations.
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C. M. Garner, I. Lindau, C. Y. Su, P. Pianetta, J. N. Miller, and W. E. Spicer
Electrical Engineering Department, Stanford University, Stanford, California 94305

(Received 12 September 1977)

An 02 adsorption state on the Si(111) 2& 1 surface has been found which will remove
surface states without producing a chemical shift of the Si 2p core level, suggesting a
strongly covalent bond. This is accomplished by using an initial exposure pressure of

Torr. Exposures using an initial exposure pressure of 10 Torr also remove the
surface states but produce a 2.0 eV Si 2p chemical shift indicating an ionic bond different
from that of SION (shift of 3.8 eV) .

Historically, surface states on Si have been as-
sociated with "dangling" bonds, i.e. , bonds brok-
en by formation of the surface. It followed that
removal of these surface states by adsorption of
a foreign gas—for example, oxygen —was associ-
ated with a strong chemical bond between the gas
and the Si "dangling" bond. ' Such a bond should
lead to a chemical shift of the Si core levels.
For example, a shift of 3.8 eV is found for the
Si 2P levels in SiO„' and smaller shifts have
been consistently reported previously for oxygen
adsorbed on Si.'

Here, we report the surprising result of sur-
face-state removal from the Si(111) surface with-
out production of any measurable chemical shift

(& 0.3 eV) of the Si 2p core levels even though
the oxygen coverage is almost a monolayer. Thus,
a new phenomenon in the adsorption of oxygen on
Si has been found (similar adsorption appears' to
occur on Ge), which should give new and impor-
tant insight into the nature of surfaces and of the
interaction of gases with them. Previously,
Howe e~ cd.' reported on the adsorption of molec-
ular 0, on Si and interpreted the sorbed oxygen
state as being 0, . However, the large electron
transfer associated with this model can be ex-
cluded on the basis of our core level results as
described below.

In these experiments, degenerate n-type sili-
con samples were cleaved I resulting in the 2 &&1
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