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ABSTRACT

Oscillations induced on the profile of a gaussian CW CO, laser
beam by being transmitted through the TOSCA tokamak plasma are
confined within envelopes whose shapes are correctly predicted by
theory, permitting plasma fluctuation intensity and wavelength to
be deduced as functions of frequency by a curve fitting procedure.
The analysis shows spontaneous density fluctuations integrated
across the TOSCA minor diameter to be mainly transverse to the
magnetic field, with intensity maxima between 40 and 100 kHz and
ge(v) « v 2towards higher frequencies. At 200 kHz ge(v)/ne is
about 10" times thermal, and the total fluctuation level ge/ne is
a few percent. Coherent oscillations near 100 kHz, associated
with rotating MHD structure, are occasionally observed. Wave-
lengths are found to lie between 1 and 6 cm, and correspond to
K1P; in the range 0.2 to 2.0 , Py being the ion gyroradius for

the prevailing plasma conditions.
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1. INTRODUCTION

Naturally occurring density fluctuations in magnetically

confined controlled fusion research plasmas are of interest for the
light they throw on transport and energy dissipative processes, and
they have been extensively studied, by collective scattering of micro
waves (e.g. Mazzucato, 1978), 10 um laser radiation (Slusher and

Surke, 1980; Surko and Slusher, 1980; Pots, Coumans, and Schram, 1981;
Meyer and Mahn, 1981; Fahrbach et al, 1981) and FIR lasers (Semet et

al, 1980). The maximum accessible fluctuation wavelength has generally
been determined through the Bragg relation by the need to choose the
probing wavelength short enough to avoid gross refraction, and the

scattering angle large enough to avoid stray light.

Small oscillations on the profile of a gaussian beam transmitted
through a plasma can be identified with extreme forward collective
scattered radiation spontaneously heterodyning with the undeviated
beam (Evans, von Hellermann and Holzhauer 1982; Slusher and Surko 1980).
Measurement of these oscillations offers a means of investigating
electron density fluctuations at wavelengths so long they scatter
within the divergence of the probing beam and might hitherto have been
dismissed as unobservable. By adopting this technique the maximum
accessible wavelength is determined only by the size of the gaussian
beam waist in the plasma and the problem of stray light is entirely
circumvented. Calculations suggest that very long wavelength
turbulence, like trapped ion modes in plasmas such as JET, may be

impossible to measure by any alternative method (Koechlin, 1981).

Simple apparatus has been assembled on the TOSCA tokamak to

investigate long wavelength low frequency fluctuations by this technique.



2. RELEVANT THEORY

Theory (Evans, von Hellermann and Holzhauer, 1982) based on
Fresnel diffraction leads to an expression for the intemsity profile
of a gaussian beam in the front focal plane of a lens situated a focal
length beyond a beam waist in a plasma. The plasma contains a
localized phase disturbance in the form of a monochromatic wave
travelling transverse to the beam axis and crossing it a distance z
from the waist, as shown in Figure 1, and the interaction between
the radiation and the plasma wave is assumed to be in the Raman-Nath
rather than the Bragg regime (Klein and Cook, 1967).

To first order in A¢ = T, AL ﬁe, the instantaneous intensity
pattern generated by the phase grating A¢ sin(kx-Qt) and measured

through a narrow slit parallel to the y-direction will be

...AZ
I(u) = —tu { e_u2+ A e—(v/2)2[ e  cos(TvA_ + Qt)
v Wf
.—AZ
-e " cos(zva, + at)]) ; sl
- Idc ¥ Iac

where the variables and parametérs used above are identified in the
accompanying TABLE I .

The first term represents the unperturbed gaussian beam, while
the second, proportional to A¢, consists of two gaussians centred
at u = + v/2, oscillating at the frequency 9 of the wave, but out
of phase with each other by an amount depending upon the fluctuation
wavelength through v and the axial position of the plasma disturb-
ance through

Because of its oscillatory character, the term Iac can readily
be distinguished from Idc under experimental conditions, and the ratio
of the two gives A¢ independent of any calibration, provided v and
are known. What one can actually measure is the envelope of Iac’
either with a multichannel array which conveys both intensity and
phase information, or with a single detector used to comstruct the
envelope profile over a sequence of plasma discharges, losing phase
information in the process. From the envelope prufile it is possible

to deduce v and ¢ by a process of curve fitting.



The envelope is given by the following expression:

—y2 /2 -—u? 2uv =2uv }

Iac,e= Ap e e [e + e - 2 cos rv?] .o (2)

which is displayed for various values of v and ¢ in Figure 2. .

In this figure, the diagrams on the right hand side are the

same as those on the left rotated through 180°. The envelope

functions can be seen to be symmetric about the probe beam axis

(u = 0), and bifurcated into twin maxima for small values of ¢ .
When the disturbance is located precisely at the beam waist,

r = 0, the two oscillating gaussians are in exact antiphase,

and the envelope simplifies to

-v2/2 —qu2 uv —uv
Iac’e(;=0) = Ad e. e e -e 1. e (3)

In these circumstances, the amplitude and position of the maxima
depend on v in the way shown in Figure 3 , their separation being
Au=v2 for v< 1, and v/2 for v >> 1 .

In general, when £ # 0 and equation (2) prevails, the ratio
of the envelope amplitude at its centre (u = 0) to its amplitude
at the maxima is a sensitive measure of v when v < 1,

Finally, if the disturbance is exactly at the plasma beam
waist but the profile is measured in a plane a known distance

z_. from the front focal plane, the envelope is still given by

eguation (2) , but with z replaced by e = zf/zrf , and

v replaced by V = (Wf/Ws)v , Wwhere WS is the beam width
parameter in the slit plane, and z ¢ is the Rayleigh zone
calculated for the front focal plane beam waist (see Appendix A).
Under these conditions the value of Cf is determined by the
layout of the experiment, and so it is at once possible to
deduce v and hence the plasma disturbance wavelength even when

the latter is very long (v<<1). The three experimental

arrangements discussed above are summarized in Figure 4



3., EXPERIMENTAIL ASSEMBLY
TOSCA (McGuire et al 1979, Robinson and Wootton 1977) is

a small tokamak with major radius 30 cm and plasma minor radius
8.5 cm , electron temperature Te v 100 - 4?0 eV, ion temperature
Ti < 100 eV, n, from 1012 to 3 x 10** em , and B¢ from 0.3 to
1.0 tesla.

The optical arrangement adopted is the third ome in Figure 4,
with the plasma at the beam waist and the slit plane remote from the
front focal plane of the Fourier transforming mirror. In these
experiments, accordingly, there has been no attempt to locate the
disturbance within the plasma, but the wavelength was open to
determination.

A 2-3 watt TEM,, mode beam from an Edinburgh Instruments Ltd
PL2 CW CO, laser is directed vertically across a minor torus diameter
and focussed to a 0.24 cm beam waist near the toroidal axis, as
shown in Figure 5 . Reflecting optics are used throughout, except
for the vacuum vessel windows, which were AR-coated ZnSe wedges. -

On emerging from the plasma, the laser beam travels 5 m to the
Fourier transforming mirror (f = 5 m) which reconverges it and
directs it towards a slit 88 cm beyond the mirror. The slit plane
being 4.12 m from the front focal plane, the corresponding Rayleigh
zone is 7.5 m , making Le = 0.55 . Since the Rayleigh zone at the
plasma beam waist exceeds 3 m , while the whole extent of the plasma
is less than 17 cm , the plasma fluctuations are effectively
localized at the beam waist. The conditions discussed in the
last paragraph of. §2 are accordingly met for fitting a function of
the form of equation (2) to the observed envelopes of the time
dependent part of the beam profile. As the only free parameters
are V and A¢ , the best fit gives a measure of the product of
fluctuation intensity and interaction length Ke(u) L , and of
the fluctuation wavelength A .

The fraction of the beam transmitted through the slit is
finally focussed onto a 3 mm? Ge:Au photoconducting detector
cooled to liquid nitrogen temperature. This is followed by a
matched low noise amplifier whose output is filtered (20-500 kHz),
digitized, and stored for subsequent numerical analysis. The filter
removes the direct current part of the signal so that only the
comparatively small time-dependent component reaches the digitizer.

The direct current power level on the detector is maintained near
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0.2 watt, monitored by an ammeter in the detector bias circuit.
The time-independent laser beam gaussian profile in the slit plane
is measured by chopping the laser beam and recording the direct
output from the detector.

The detector noise level in the absence of plasma is consistent
with the NEP expected for this detector operated at 10.6 um wave-
length.

Since the component of the turbulence being measured is that
whose k vector is perpendicular to the slit, the latter can be
rotated so as to direct attention to the toroidal or altermatively

to the transverse component.

4, RESULTS

Figure 6 shows the time dependent part, Iac’ of the signal
from the detector viewing radiation through a narrow slit located
to one side (u = 0.7) of the gaussian beam spot, and oriented so
as to see predominantly transverse waves. The plasma lifetime
was 0.5 ms . The frequency range was 20-500 kHz; formation and
extinction of the plasma are clearly shown, and the signal-to-noise
ratio is about 5 . The associated spectral density I;C(v) shows
the decrease towards higher frequencies characterizing many of our
tokamak plasma observations, and contrasts with the flat spectrum
of noise also shown.

Time resolved spectra of TOSCA plasmas lasting about 3 ms show
an early phase of about 1 ms with fluctuations behaving as described
above. This initial phase is succeeded by a quiet middle period
during which the fluctﬁation spectra in this frequency interval are
almost flat, featureless and noiselike. During the final millisecond
there is a tendency for coherent modes to develop around 100 kHz
as shown in Figure 7 . Here, a peak protruding about 15 dB above
the surrounding turbulence has become well defined near 120 kHz
This effect is so marked in the plasma whose record is shown in
Figure 8 that it can be seen not only in the spectrum, but in the
time dependent voltage trace as well.

The spectrum of the penultimate millisecond of this particular
plasma's life already displayed multiple maxima but these died
away or coalesced to be survived by the dominant oscillation at
about 85 kHz, as shown here. Such coherent oscillations towards
the end of the plasma lifetime are frequently associated with MHD

activity in the form of rotating magnetic islands.
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Confining our attention to reproducible plasmas, we have
constructed the envelopes of oscillating term profiles from
sequences of approximately 50 similar plasma discharges by
measuring fluctuations at each of 12 slit positions across the
probe beam diameter. The procedure, illustrated schematically
in Figure 9, consisted of recording the fluctuations [Iac(t)]-U
at each slit position u , computing corresponding frequency
power spectra [Ii e(U)]u , then using these to deduce fluctuation

3
envelope profiles [IaC e(u)]\J for narrow (~1 kHz) bandwidths at

a succession of freque;cies v

Contrary to our initial expectations, the frequency power
spectra [I;c’e(v)]u are not identical to each other within the
statistics, but instead show a strong dependence upon the location
u of the viewing slit relative to the probe beam centre. A set
of such power spectra, measured during the first millisecond of
50 reproducible 3-4 ms plasmas, and selected to illustrate this
slit position dependence, 1is displayed in Figure 10 . We cannot
say a4 prlondi which if any of these distributions is the true
frequency power spectrum of plasma fluctuations. In fact, the
true plasma fluctuation power spectrum can be determined only when
theoretical curves have been fitted to the fluctuation envelope,
profiles [Iac,e(u)]v’ thereby identifying the value of A¢ to be
associated with each value of frequency v

The time independent probe beam profile IdC at the slit plane
was also recorded,both to obtain its width for scaling slit position
in terms of the .dimensionless variable ug = xS/WS , and to measure
its intensity for computing A¢. Experimental points and the best
fit gaussian curve through them for a typical Idc profile having
WS = 0.406 cm are shown in Figure 11 .

Examples of time dependent beam profile envelopes [Iac,e(u)]u
calculated from a complete set of frequency distributions for the
1st millisecond of the reproducible plasmas already referred to,
are exhibited in Figure 12. Each experimental point is the average
of 4-5 independent plasma measurements and the error bars are
standard deviations on each set.

These profiles can be seen to display the expected symmetry
about the beam centre with well defined maxima located in every

case near u_ = * 0.7 , implying wavelengths longer thamn ~ 1.4 cm .



A maximum likelihood procedure has been followed to identify
that member of the family of theoretical curves that best fits
the experimental points in each case. The values obtained in
this way for the shape parameter V , attached to each curve in
the figure, range from 0.2 to 1.0 , implying fluctuation wave-
lengths from 6.4 cm to 1.4 cm, that is, wavenumbers in the
transverse direction of 1.0 cm < K, S 4.6 cm *. It is
perhaps worth remarking that a conventional scattering exper-
iment set up to observe fluctuations at these wavenumbers with
this laser would call for scattering angles around 0,02°

A striking feature of these fluctuations is that the
frequencies and their associated wavelengths appear to be
approximately inversely proportional to each other. This is
shown in Figure 13, where frequencies plotted against corresp-
onding wavenumbers lie on a reasonably well defined straight line
that passes through the origin and has slope v 2 2.5 x 10° cm s !,
The phase velocities measured at each point are shown plotted
as a function of frequency in Figure 14 , The inset in Figure 13
shows in histogram form how the points constituting the curve
in that diagram are distributed in wavelength.

For prevailing values of the TOSCA magnetic field (0.46 tesla)
and ion temperature (50 eV) , the ion gyroradius p; = 0.22 cm, so
the product KyPs lay in the range 0.2 to 1.5 , as can be seen in
Figure 13, and as observed in other tokamak plasmas e.g. Equipe
TFR 1977.

A plot of the valyes of the fluctuation intensity interaction
length product ge(v) L/ne determined by the curve fitting process
just described, versus corresponding frequencies is shown in Figure 15,
and this is our best estimate of the spectrum of density fluctuations
integrated across the plasma diameter. Low frequency filtering is
used in making these measurements, but it is unlikely that the
maximum near 40 kHz is an artifact. Towards higher frequencies
fluctuation levels decrease according to a power law v 2, which
bears out observations of Lee et al (1981) made on localized fluct-
uations in the UCLA Microtor plasma. Similar power law behaviour

has been observed by Pots et al (1981) in their hollow cathode discharge.



As applied in the present experiment, our technique measures
the product xeL , but precludes the determination of ge and L
separately. Accordingly, to obtain the fluctuation level ;e
alone requires an independent estimate of L . Clearly L is
bounded by the plasma diameter on one hand, and presumably by the
fluctuation wavelength on the other. It might indeed be reasomable
to identify L with the breadth of the "transport region" outside the
q = 1 surface in the 3-regime tokamak model. Either consideration
suggests L is of the order of cm's . But as we cannot with
confidence specify it more closely, we retain L as an independent
parameter in the discussion of fluctuation levels that follows,
with the understanding that it is probably of the order of a few cm's.
The total fluctuation level, calculated from the points on the

frequency spectrum according to

N = —— /lav Z[§_(WL]?}

2.8 x 101t e
- T B ’

-3
which, for the plasma density at this time of 3.9 x 10?2 em ,

amounts to a relative fluctuation level

Yo o= 6.7x 1072
e'Me . L ?
or almost 7% if the interaction lemgth L ~ 1 cm . The frequency

dependent relative fluctuation level at, say, 100 kHz, is

1.0 x 10 ¥ 4

— | -
el100 kHz L em " He

3 (v)/n
e
In Appendix B we show that the thermal level of fluctuations
at this stage in the plasma's lifetime, taking Ti = 50 eV, Te = 200 eV,
and n, = 3.9 x 10*? em ? , s
-4

t s ey =
ne(U)/ne|thermal = 5% 10 "cm °Hz

Thus, assuming interaction length L ~ 1 cm , fluctuations observed
at 100 kHz are approximately 10" times thermal in this first milli-

second.



All the foregoing results are for fluctuations whose k vector
is transverse to the toroidal direction. A search for a component
parallel to the toroidal direction in this and in subsequent milli-
seconds produced very much weaker signals, implying, according to
the theory of our technique, Ky very much smaller than K| s and
leading us to ascribe our observations to waves propagating at an
angle not exceeding 10°-15° away from the transverse direction.
Analyses similar to that detailed above have been performed on
fluctuations measured in subsequent millisecond intervals in these
plasmas. By the third millisecond, little evidence of proportionality
between v and K| remains. Instead, the wavelengths deduced from
the beam profiles tend to cluster around a single value of wavelength,
viz A ~ 1 cm, as shown in the histogram inset in the v - K, diagram
presented in Figure 16 . A comparison of this histogram with the
similar one for the first millisecond underlines the contrast in
the character of the earlier and the later fluctuatioms. The product
of frequency and wavelength now ranges between 0.5-2.9 x 10° em s™ 1,
marginally lower than in the first millisecond, as shown in Figure 14
By the third millisecond, the toroidal magnetic field has fallen
to about 0.4 tesla. There was no direct measure of ion temperature

but if Ti remained near 50 eV, then KiPs lay in the range 0.7 to 2.0 .

The total fluctuation level in the third millisecond,

n 0.6 x 101! -3
n =
e L 2

is significantly smaller than previously, and the frequency
distribution at this time, shown by the open points in Figure 15,
appears to be a simple modification of that measured earlier.
Indeed, the two distributions seem to merge at frequencies beyond
about 200 kHz. But whereas the earlier goes through a maximum
ge(v) L/n_ =2
4-5 x 10 ° Hz ° at about 100 kHz.

Parameters deduced for these plasmas are summarized in TABLE II.

.5x 10" Hz—% near 40 kHz , the later one peaks around
-3



5. DISCUSSION

The wavelength structure of the plasma fluctuations has been
deduced in this investigation from laser probe beam profiles analysed
in terms of a model that assumes only a single wavelength to be present.
If the actual plasma disturbance is characterized by a band of wave-
lengths, then this analysis can at best identify the wavelength of
the dominant fluctuation component, and this is the interpretation
we believe ourselves justified in placing upon our results.

That the beam profile analysis really measures a feature of the
plasma disturbance and not simply something artificially induced
by the experimental technique is evidenced by the contrasting wave-
length distributions obtained for the two time intervals studied.

At both times, plasma fluctuations were found to be approximately
transverse to the toroidal direction, and though it is not impossible
that they were actually radial, it seems more reasonable to assume
that we are dealing with poloidally directed fluctuations.

The phase velocities v+A were all found to lie between 0.5 and
5.0 x 10° cm s *. Assuming TOSCA's density profile is well repre-
sented by ne = neo(l—rz/az) and its electron temperature profile
by Te = Teo exp —(r/O.Sa)2 with Teo = 250 eV, and taking B ~ 0.5 tesla,
the range of electron magnetic drift velocity vde distributed across
the plasma radius, shown in Figure 17, is found to coincide almost
exactly with the velocities measured. We have been unable to det-
ermine from our measurements whether the fluctuation velocity is in
the electron or the ion drift direction, nor can we comment on the
possible bulk rotation of the plasma.

Provided phase between density and electric field fluctuations
is correct, the diffusion coefficient associated with enhanced density
fluctuations, modified to take into account that we measure the fluct-

4] v
uation interaction length product neL rather than ne alone, is

n
ne L
D, = dw (L_ /L)% ( j*
I
e e
L 1 = fe -
where n, = [ o ar T4 is the density gradient scale length
and Aw 1is the EEangular frequency spectrum bandwidth. When the

latter is not measured, it is sometimes arbitrarily set equal to the
drift wave frequency, viz Aw = Wye (see for e.g. Okabayashi and

Arunasalam 1977). For the first millisecond we have adopted this
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expedient and taken the representétive fregquency to be 40 kHz.

On the other hand, the fluctuations during the third millisecond
are characterized by a single wavelength having a spectrum of
frequencies with a width v 100 kHz, which we accordingly use to
calculate D, in this case. Assuming an interaction length

L v 1 cm, and the radius at which the transport is maximum to be

5 cm, giving Lne N~ 4.7 cm, leads to DL n2 x 10% em? s—l,

and D, 0.5 x 10" cm® s ! for the first and third milliseconds
respectively.

At this radius, these correspond to particle confinement times
T = 3/16 rz/Dl v 0.2 ms and 1.0 ms, which are consistent with life-
times obtained from independent diagnostics (e.g. McGuire 1979).

Time dependent profiles exhibiting asymmetry with respect to
the intensities in the two wings are sometimes measured for both
toroidal and transverse fluctuation components, and the suspicion
that they are artifacts of the measurement is dispelled by the
observation that the asymmetry can be controlled by varying the
plasma conditions. An example is shown in Figure 18,.which also
shows smaller peak spacing than theory predicts. These obser-
vations might be accounted for by a small departure of the scattering
conditions from pure Raman-Nath towards the Bragg regime. In any
case, we find a correlation with the position of the plasma magnetic

axis relative to the probe beam, skewness of the two being assoc-

iated with asymmetry.

1=



6. CONCLUSIONS

Oscillations induced on the profile of a gaussian laser beam
by transmission across the vertical minor diameter of the TOSCA
tokamak have been exploited to measure long wavelength plasma density
fluctuations. Envelopes of the time dependent profiles have shapes
predicted by the theory, and a curve fitting procedure accordingly
determines wavelength and fluctuation intensity as a function of
frequency.

In the 20-500 kHz interval under investigation plasma
fluctuation energy is concentrated towards low frequencies, in
contrast to noise, which is uniform over the band. Coherent
oscillations near 100 kHz associated with rotating MHD structure
are sometimes observed at the termination of the plasma.

Detailed analysis has been performed on beam profile
envelopes constructed piecemeal from 50 reproducible plasma
discharges that had a lifetime of 4 ms. Investigation was
confined to the transverse component of the plasma fluctuation,
as the toroidal componentwas negligibly small by comparison.

During the initial millisecond, wavenumbers ranging from
1cem * to 7 ecm * ( wavelengths from 1 cm to 6 cm) in rough
proportionality to the frequency, were revealed. They correspond

£1.5 for the prevailing plasma conditions, and
-

to 0.2 = KiPs

phase velocities were a few times 10° cm s The frequency
spectrum of fluctuations passed through a maximum at 40 kHz

2 towards higher frequencies. The total

and fell away as v
relative fluctuation level during the first millisecond was
geL/ne v 6.7 x 1002 em , and the frequency dependent fluctuation
level at 100 kHz was of the order 10" times thermal.

Unlike the fluctuations observed in the first millisecond,
those measured during the third millisecond had values of wave-
length that clustered closely around a single value, namely
A1l oem . These contrasting wavelength distributions encourage
us to believe that our beam profile analysis actually measures a
feature of the plasma disturbance and not some artifact of the
experimental technique.

These third millisecond fluctuations have phase velocities

1

of a few times 10° cm s and « for them lies between 1 and 2

P
173
if Ti = 50 eV. The frequency spectrum of these later fluctuations

is flatter than for the earlier ones, and it passes through a

=-12-



maximum near 100 kHz, at a value of ge(v)L/ne between 4 and 5 times

3

10°° cm Hz 2, At high frequencies, it appears to merge with the v 2
curve measured at the earlier time. The total fluctuation level
during the third millisecond is geL/ne =1.8 x 10 ? cm. The
enhanced density fluctuation diffusion coefficient turns out to
have wvalues DL < 10* cm? s which at a radius of a few cm
corresponds to a particle confinement time of about 1 ms

Asymmetric profiles associated with the skewness of the probe
beam relative to the plasma magnetic axis were observed, but their

significance is not as yet understood.
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APPENDIX A

In this appendix we derive the time-dependent beam
profile for the case where the plasma lies at a gaussian
beam waist and the slit i1s remote from the focal plane, as
diagrammed in Fig A1l .

Yo y Yo

p——i—al 4

plasma
focal slit
plane lens plane

We use the basic theorems of Fourier optics (Goodman,1968)
namely, the optical amplitudes Ur and Uz in two parallel planes

separated by a distance z are related by a convolution with the

Fresnel kernel hZ y Viz

Uz = h » In : oo (A1)

and, the amplitudes Uo and Uf in the pair of focal planes
on either side of a simple 1lens are a fourier transform

pair:
U, = Uo e..(A2)

f Ll
According to these theorems, amplitudes Ug and Uo are

related by
U =h_ +«U.= h_* Uo . ... (A3)

Amplitude Uop is a gaussian beam waist modified by a phase
factor representing a sinusoidal plasma wave, amplitude Agp ,

travelling in the x-direction transverse to the optical axis.



That is Up = U_ t

g
i Ag sin(Kx-0t)
Wiere " = B i (Kx-0t) -i (Kx=0t)
~1+4+ a0 [ e - e j
..-(A4)
~y [ ~J o
Then Uo= Ugt = U_ *» & by the convolution theorem.

Substituting this into (A3) and making use of the commutative

property of convolutions results in
U =hZ * [ﬁ t’E :l = '%‘* [hz*ﬁ ] . ---(AS)

Since Ug is a gaussian beam waist amplitude distribution
at one focal plane, Eg is the conjugate gaussian beam waist at
the other, and hZ * Ug is accordingly a gaussian beam a distance
z from the beam waist. This is well known and can be written
down without calculation (Siegman,1971) as
. 2 2
1 e— %(1+1gf)(x5/ws) - rmen

h «U =10 _ =
z 9 95 Jmw
s

We have next to calculate T using (A4):

~ o =1 2T vx ¥
t = e t(x) dx with v & —
‘o A
N ~10t ¥t
t =06(v) + 2 an [ e 6(54 - v) - e S(zm + V) ] w & CGAT)

and construct its convolution with UgS , the latter given
by (A6). The outcome is proportional to
X5, 2

)

K
~3(1+ig 10t -4 (1+iC ) (5= - —=
e f S + %_ AC\O [ e e £ 2T A

X
; . K S
) e+1Qte—%(1+lgf)(ﬁ + -'E)a :



Using the dimensionless quantities U = xs/ws
and V = (wf/ws) KWo = (wf/ws) v

expression becomes

, the foregoing

. 2
1 {e—%(1+1gf)us

Us =
™
VAL
—i0t —3(1+i¢ ) (u_-V)?
+ + Ao [e e £k
+10t -+ (1+i¢ ) (u +V) %2
—e e £os ] . ...(aB)

Finally, we calculate the intensity by multiplying

US by its complex conjugate U; F Integration of the

intensity along the y-direction is tacitly understood.
Then

1 —u? 48 AR
U Ul = e + Ap e [ e Tcos(Qt-¢ VA )
NaL W -

—Be
-e +cos(nt_ngA+)] } «ve CGAG)

To construct the envelope of the time-dependent term

we rewrite I as
ac

1 -v2®/4
I = Ap e [ g cos Ot + h sin Ot ]
ac ,\/'IT W
s
1 -v®/4 . .
and form I, = g Ap e J(g® + n®)
s
that is
1 V72 —u® -Bu ¥ +2u _V 1
= Ap e e “[e ®+e % -2 cos ng2]2

ac,e” my
S

«ow (A10)



and the relative phase, as a function of u, across the

profile, is given by ¢, where

-A2 -2
- +
e cos ZfVA_ - e cos CfVA+
tan ¢ = . ... (A11)
_AZ _AZ

. s
e sin ngA+ e sin chA_



APPENDIX B

Thermal Density Fluctuation Level

We calculate ?;e(w=0)/ne using the relation between
the frequency spectrum of density fluctuations Ee(w) and
the scattering form factor S(k,w) [Pots et al,1981]:

1 & 3
M (w)/n_= -————-—fS(k w)dak:l
& = [ n_(2m)® =
e
1 1
= -_— -/S(k,w) 4‘”’]{2 dk ] _2_ ° l"(B‘l)
ne(ZW)a

The general expression for the form factor for a thermal

plasma is [Evans and Katzenstein,1969]

2,32 |2 _azxa I 2 xe

KA + Z W(x) a_ e + Z|W(a_x) e
S(k, ) =l 2 & | ...(B2)

2452 2
STk, [ KPA] + Wax) + Z(T_/T,) w(x)]
- W - .
where x = =— a_ = J(me/M) J(Ti/Te) and W(x) 1is the
plasma disperﬁion function. Other symbols have their usual
meanings. Setting w=0 and writing ion thermal velocity
%
= -3 . . 3
vy = 2 wpixD[Z(Te/Ti)] y Wy being the (circular) ion
plasma frequency, we have
2142 2
S(k,w=0) = V(ZT/T;) z + a [k"Ay + 2(T /T,)] —
242 2 e

J(2m) ©o1 kA, [1 +x°2] + z(T_/T;)]
and
~ 2 : 242 2
[ ne(w=o)] i V(2T /T, ) .[ z+a [K*A) + 2(T/T.)] SR

n - 5 a 2,2 2 D
e [V(2m) IPn_ A} “i 0 [1 + K7A) + 2(T_/T.)]

x wie CBE)



restricting integration to the collective regime by

2
integrating between the limits 0 < k Kg < 1.

The result is

Lol 2
n,(w=0) i V(2T /T, ) Z
’ ] 3
0, [v(2m)] w1 (hp) [1+2(T /T, ) 1[2+2(T /T,)]
Z 2+Z(T_/T. )]
a1+ - 2 4n [ e =
(1+2(T_/T,) 1[2+2(T /T, )] [1+2(T_/T;)]
v oem S )
T (w=0) |2 JZ o/ (m_/M)
If T /T, >> 1 = - - £ -
O [v(2m)] w3 (n A3)
T (w=0)]? [1+d-2n 4] V2 /(m_/M)
T /T.<< 1 WA &
CHE ng [V(2m)]® © o (n A
and the maximum occurs for Te/Ti ~ 0.5 , when
N (w=0)|" 0.19 4/Z )
a, O WEmP ey ()



TABLE I

Symbols used in the text.

a tokamak limiter radius
Ai Zu + v/2 or u + vS/Z
B magnetic field
B . . . . ; .
b magnetic field in the toroidal direction
D, perpendicular diffusion coefficient
I, intensity of incident laser beam at its centre
I(u) laser beam intensity profile
Idc time-independent intensity component
Iac time-dependent intensity component
I envelope of I
ac,e ac
12 (v) spectral density associated with I o
ac ac
[Iac(t)]u time-dependent intensity measured at slit position u
2 s t d it i i
[Iac(v)]u pectral power density associated with [Iac(t)]u

[Iac e(u)]v envelope of fluctuating beam profile for
? frequency v

L interaction length
Ln density gradient scale length

= 1ol g o Ale

nE ne dr
n, electron density (cm °)
B spatial profile peak electron density
Y .
n, electron density fluctuation (cm )
v . .
ne(u) frequency dependent electron density fluctuation
(em 3 Hz_i)

q tokamak safety factor
r radius
r, classical electron radius

t time



TABLE I (continued)

de

|=

electron temperature

radial profile peak Te

ion temperature

= x_/W. , position relative to, and transverse to

lasér beam axis, normalized to width of gaussian
beam, especially in front focal plane.

=x /W
s’ s
= x W wavelength parameter
= (Wf/Ws)v modified wavelength parameter; used

when slit is remote from front focal plane.
electron drift velocity
gaussian beam width parameter, defined so:
Ly -x? /W2
L B et

/ﬂ W

gaussian beam waist parameter, usually on plasma
side of lens.

gaussian beam waist parameter in lens front focal
plane

gaussian beam width parameter in slit plane

4

position relative to and transverse to laser beam
axis

x at front focal plane
x at slit plame
axial position relative to beam waist W,

axial position relative to beam waist Wf

2
= Zﬁlw° Rayleigh zone corresponding to plasma
side focal plane
- 21 W2 . :
= T f Rayleigh zone corresponding to front

focal plane

z/zr axial position normalized to Rayleigh zone,
on plasma side

m

axial position normalized to Rayleigh zone
on front focal plane side

zf/zrf

fluctuation wave vector



TABLE I (continued)

components of fluctuation wavevector parallel and

“I . e
perpendicular to magnetic field
A laser wavelength
A fluctuation wavelength
v fluctuation frequency
ps ion gyroradius
fiYo) phase shift; for plasma-induced phase shift,
A =T ALn
e e
Uyre electron drift wave frequency

Q fluctuation angular frequency



TABLE 1II

1st ms 3rd ms

B¢ (tesla) 0.46 0.39
a (em %) 3.9 x 10%2 3.3 x 10%?
eo
ReL fem %) 2.6 x 1011 0.6 x 1012
T, (eV) 50 50  (20%)
T (eV) 250 250

eo

ps (em) 0.22 0.26 (0.17)
v 0.2 - 1.5 0.6 - 1.7

A (cm) 6.4 - 0.9 2.2 - 0.8
By (cm *) 1.0 - 7.0 2.9 - 7.9
Aev (em s 1) 1 -5x% 10° 0.5 - 3 x 10°
?feL/ne (cm) 6.7 x 10 2 1.8 x 1072
D, (em? s 1) 2.4 x 10" 0.5 x 10"
(for L=1 cm)

T (ms) 0.2 1.0

(for a=5 cm)
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Fig.1 Configuration of plasma disturbance, lens, and viewing plane
for which the probe beam profile is calculated.



Fig.2 Variation of the envelope of the time dependent part of the beam profile produced by
changes in the wavelength (through v=« W, =27W,/A), and in location (through { =z/z ) of
the plasma disturbance.
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Fig.3 Dependence of peak height and separation (= 2upe,r) o0
the fluctuation wavelength, through the parameter v. Focal plane
to focal plane case (§ = 0) is illustrated.
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Fig4 Envelope functions for various configurations of the
plasma disturbance, the lens, and the slit plane. The last is
the one adopted for the experiment described here.
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Fig.5 Schematic of the experimental layout on the TOSCA torus.
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Fig.6 Lower part shows time-dependent signal I, over a 1 ms
interval. Plasma was present from 0.25ms to 0.70ms. Upper
part contrasts flat power spectrum of noise with approximate
»~2 spectrum of plasma fluctuations.
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Fig.7 Record of density fluctuations during the last 0.5ms of a 3ms plasma, with
associated frequency spectrum on a log-linear scale, showing the peak at 120kHz.
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Fig.8 Development of coherent modes at the end of the plasma lifetime
apparent not only in the (linear-linear) frequency spectrum, but even in
the time-dependent signal I,,...
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Fig.9 Schematic illustration of data analysis procedure. Fluctuations
are recorded at a sequence of slit positions u. Each record is Fourier
analysed to produce a power spectrum. Then the amplitude at fixed
frequency » is plotted as a function of u to generate fluctuation
envelope profiles.
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Fig.10 Power spectra of fluctuations at three slit
positions, showing slit position dependence.
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Fig.11 Time independent profile I, of laser beam at the slit plane,
and the best-fit gaussian through measured points.
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Fig.13 Frequency plotied against wavenumber rc 1 (em™) for fluctuations during the
first ms. The value of x| for which k) p; = 1 for prevailing plasma conditions is shown.
Inset is histogram of corresponding wavelengths.
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Fig.14 Phase velocities A- v for the first and third ms intervals.
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Fig.15 Frequency spectra of fluctuations for the first and third ms intervals
deduced via envelope curve fitting process described in the text.
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Fig.16 Frequency versus wavenumber « | for fluctuations during third ms
interval. Inset shows wavelengths to be clustered around A ~ 1cm in
contrast to the first ms interval.
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Fig.17 Electron magnetic drift velocity across TOSCA plasma profile
calculated from density and electron temperature profiles. Drift velocities in
the “transport™ region, 1—7 cm, agree well with measured wave phase velocities.
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Fig.18 An asymmetric beam profile, illustrating its marked
departure from “best fit” theory.
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