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ABSTRACT

A 2.7 E.band of the spectrum of ruby laser light scattered by a
plasma (20 eV, 10*° electrons cm™) in the presence of a magnetic
field of about 15 kG, has been isolated and passed through a 0.1 E
resolution interferometer. Magnetic modulation of the spectrum has
been detected. There is reasonable agreement between the field
strength calculated from the modulation and that measured by Faraday

rotation.
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Thomson scattering of laser light is favoured as a diagnostic
technique for laboratory plasmas because of its many desirable
features which include high spatial and temporal resolution, freedom
from serious perturbing influence on the plasma, and applicability
to a wide range of plasma conditions. The motivation of the present
work is to bring magnetic field into the set of plasma parameters
which can be measured by laser light scattering.

The scattered light spectrum for a Vliasov plasma in a magnetic
field has been calculated by a number of authors’™*. It has been
shown that the magnetic field influences the spectrum only when the
differential wave vector k 1is nearly perpendicular to the magnetic
field vector B. When this condition is satisfied, the spectrum
exhibits peaks at near integer multiples of the electron gyro fre-
quency .. These peaks are a manifestation of the Bernstein
modess, and. at frequencies characteristic of ion effects, like kvi
(Vi being the ion themmal speed), they show the interaction between
these modes and the ion-electron collective modes. For wavelengths
very short compared to the Lammor radius, however, the electrons
behave independently and the magnetic structure of the spectrum can
be understood in temms of the sinusoidally-varying Doppler shift
experienced by light waves scattered by electrons which are perform-
ing gyrations at the Lamor frequency about magnetic lines of force®

If the k vector is not exactly perpendicular to B, the compo-
nent of the motion of the electrons along B introduces a Doppler
broadening of the peaks proportional to the projection of the electron
thermal velocity ", along the k direction, namely v, cos @,
where ¢ 1s the angle between k and B. ©Should the resulting

frequency line breadth, 2 kve cos ¢, exceed the spacing between the



lines, S then smearing of the peaks will occur. Accordingly, a
necessary condition for the appearance of magnetic fine structure is
that 2 kve cos ¢ < Dog®

An experiment designed to detect this magnetic structure has
been carried out in our laboratory. Fig.1 shows the experimental
arrangement. A three kiloJoule preionized theta pinch discharge
in 45 millitorr of hydrogen is the plasma source. It generates an
axial magnetic field peaking in the neighbourhood of 15 kG. Light
from a 100 MW ruby laser is directed through the centre of the theta
coil at an angle of 150 to the coil axis., Provision is made to
collect light scattered in the plane containing the incident beam
and the coil axis, at an angle of 300 to the fomer and 150 to the
latter. The scattering vector k is thus perpendicular to the coil
axis, which is assumed to coincide with the direction of the magnetic
field B at the centre of the coil's mid-plane. This assumption
depends upon the plasma exerting negligible influence upon the direc-

tion of B, and is justified retrospectively by the very low value of
2 nkT

B® /81 ’

the plasma diamagnetism. Measured by the paraneter f =
the latter was about 2% at peak field.

The axes of the incident and scattered light optical trains were
aligned with respect to the coil axis with the help of accurately
ground constant deviation prisms of 900 and 1050. The essential
elements in each optical train are two irises and a lens, one iris
being imaged by the lens into the plasma to detemmine the scattering
volume, and the other determining the solid angle illuminated or
viewed. The scattering volume defined in this way is the space
common to two interpenetrating cylinders 0.5 cm in diameter and

intersecting at an angle of 500. The solid angle cone through which



light illuminates a point in the scattering volume was made the same
as that over which scattered light is detected, and each had a half-
angle of 0.850. This implies that each point in the scattering
volume is characterised by the same set of k vectors occupying a
cone of half-angle 0.850, whose axis is perpendicular to the theta
coil axis, or B.

The apparatus designed to disperse the scattered light consists
of a narrow band (2.? K) dielectric interference filter and a Fabry-
Perot interferometer capable of better than 0.1 K resolution. The
interference filter was mounted in such a way that it could be
tilted with respect to the direction of the incident illumination,
so as to change the wavelength of the passband. This facility
allows us to build up, over a seguence of machine discharges, the
spectrum of scattered light at comparatively low resolution, from
which the plasma electron temperature and density are deduced. It
also serves to isolate a fraction of the spectrum which is further
dispersed in the Fabry-Perot. The latter consists of an etalon with
optically-contacted spacers whose passband is altered by changing
the index of refraction (pressure) of the gas between the plates.
Light emerging from the etalon is focussed onto a stop whose diameter
was chosen to match the Fabry-Perot resolution. Behind this stop is
the detector, a photomultiplier, RCA C31000E, having a gquantum-
efficiency of approximately 6% at 6943 E, It is really this resolu-
tion stop, imaged onto the angle selecting iris in the light
collection train, that determines the angular limits of the cone
within which the k vectors lie.

The fine structure of the central part of the scattered light

spectrum was recorded under two different magnetic f'ield conditions,



and the results are displayed in Fig.2. The first measurement (Fig.2a)
was carried out at the peak of the first half cycle of the coil
current, the second (Fig.2b) at approximately the time when the cur-
rent, and so the field, was half the peak value. An independent
estimate of the magnetic field was made in an auxiliary experiment in
which Faraday rotation in a small cylinder of dense glass placed at
the coil's centre was measured. This gave a value for the magretic
field at current peak of 16 kG. The first scattered light distribu-
tion was measured in the presence of this field, and the second in
the presence of a field of approximately 8 kG, Each spectrum is seen
to be split into a sequence of regularly spaced peaks. In both spec-
tra, four peaks are clearly resolved. The spacing between peaks in
the first distribution is 0.62 E, in the second, 0.24 E. Assuming
that the peaks stem from the expected magnetic field effect, their
spacings correspond to fields of 14 kG and 5.5 kG respectively. Thus
there is reasonable agreement between the fields derived from the
scattered light spectra and those measured by Faraday rotation.

The individual peaks are narrower, hence the degree of modulation
is greater than was anticipated. The spectrum measured with the
tilting filter alone in the high field case (Fig.2a) was consistent
vith an electron temperature Te = 20 eV and a density, confimmed by
an independent Rayleigh scattering measurement, of a few times

*® electrons ecm™. These numbers correspond to a correlation para-

G
meter o between 0.2 and 0.3. Assuning that the width of the peaks
is given by 2 kve cos ¢, using the above value of Te to determine
Vo and allowing for instrumental broadening, we find that the

observed peak width in the 14 kG case corresponds to an effective

angle between k and B of 89.70. From the geometry of the



experiment, however, it is clear that the observed frequency distri-
bution is a composite one consisting of a weighted sum of spectra for
the various angles ¢ included within the k vector cone, from 89.150
o0 90.85°. Owing to the fact that B is an axis of symmetry for the
problem, the composition of the observed distribution will be weighted
towards spectra corresponling to ¢ near 900. Thus composite peaks
whose widths are consistent with an angle ¢ significantly nearer

to 90° than the k vector cone angle, are to be expected. This has
the consequence that the perpendicularity condition between k and

B for the appearance of magnetic structure is less stringent than

has been assumed hitherto.

In neither of the two spectra presented in Fig.2 are correlations
negligible. This is especially true in the low field example (Fig.2b)
where the narrower peak width is thought to be due, at least in part,
to a lower electron temperature corresponding to a higher value of «a,
The general spectrum function for a plasma in a magnetic field (given
by Hagforss, equations 45 and 50) has been evaluated numerically to
investigate the frequency distributions which are theoretically
possible. A detailed discussion of the results of these computations
will be presented elsewhere but in particular, it is found that the
ion term is capable of exhibiting modulation near the electron gyro-
frequency wce when the latter is smaller than the characteristic
ion frequency, kvi. It is conjectured that the spectrum shown in
Fig.2b is an example of this.

Our conclusions can be summarised as follows. In an experiment
in which the differential scattering vector k was almost perpendi-
cular to the magnetic field B, fine structure consisting of a

sequence of regularly spaced peaks has been detected in the scattered



light spectrum. The intervals between the peaks are approximately
equal to the electron gyro frequency determined independently by a
Faraday rotation measurement. Peaks have been resolved corresponding
to magnetic fields of the order of 10 kG. This is an order of magni-
tude smaller than the field for which a similar observation has
recently been reportedT; indeed, our field strengths are typical of
those encountersd in laboratory controlled fusion experiments. The
individual peaks are narrower, and the spectral modulation is greater
than was anticipated, and this is attributed to the composition of
the observed distributions being weighted towards values of ¢, the
angle between k and B, approaching 900. This has the consequence
that the perpendicularity condition between k and B for the
appearance of magnetic structure is less stringent than has been
assumed hitherto. There is some evidence that the modulation of the
ion feature at the electron gyro frequency has been observed. Compu-

tation shows that this would not be inconsistent with theory.
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Fig.1 Layout of the experimental apparatus. Irises labelled "1" are imaged
into the plasma by the lenses L to define scattering volume. Solid angle
illuminated is equal to solid angle viewed and is defined by the irises
labelled "2",
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Fig.2 Scattered light spectrum.

Top: B = 14 kG (16 kG by Faraday rotation)
Bottom: B = 5-5 kG (8 kG by Faraday rotation)
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