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ABSTRACT

A far-infrared (FIR) laser scattering diagnostic was installed on
the ELMO Bumpy Torus (EBT) experiment to measure density waves and
fluctuations. The system was tested and calibrated using a TPX plastic
Bragg acoustic cell and'was shown to be fully functional. Only 1low
signal levels were observed during most plasma conditions including fast
and slow wave ion cyclotron heating (ICH) experiments. It was demon-
strated that the level of fluctuations in EBT-S was much lower than in
EBT-I. Also penetration of ICH driven waves into the plasma core was
évidenced. Pulsed experiments provided evidence of an instability,
probably related to the rapid increase in ECH power, that had a remark-
ably short lifetime.

Unresolved forward scattering of FIR radiation was accomplished on
the Impurity Study Experiment (ISX) by spectrum analyzing the output
signals from the FIR interferometer system. MHD instabilities and
fluctuation levels were observed in agreement with other plasma

diagnostics.
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CHAPTER 1
INTRODUCTION

1-1 Background

During the past fifteen years significant and steady progress has
been made towards realizing the utilization of fusion energy fo; produc-
tion of electrical power. Longer cqnfinement times, higher densities,
and higher temperatures have been achieved through a program costing
billions of dollars and involving thousands of researchers. The
achievement, in a single plasma, of a confinement time and density that
exceeded the Lawson criterion was accomplished recently by a team at MIT
and represents a major milestone in fusion energy reseafch. However
significant these accomplishments are, they do not represent the only
important goals of fusion energy research in this country. Essential to
the design and operation of a fusion powered electrical plant is an in-
depth understanding of the physics involved in the plasma core. Since
plasma processes are also observed in other fields of physics research
such as cosmology and solid state physics, then plasma research is inti-
mately tied to our understanding of the universe and the advancement of
our technology.

Like all fields of physics research, plasma physics can be divided

" into two categories, theory and experiment. Experimental plasma physics
can be further divided into the study of plasma processes and plasma
diagnostics, although the division is less clear-cut. Plasma

diagnostics involve many fields of physics research and technological



development, and they frequently advance a field of research unrelated
to plasma physics. Because it is not possible to advance our under-
standing of plasma processes without accurate and reliable information
about the interiér of the plasma, a ﬁajor portion of fusion research is
directed £owards diagnostics.

Most of the effort at Oak Ridge National Laboratory (ORNL) during
the last several years has been divided between the two major plasma
confinement devices: the Impurities Studies Experiment (ISX) and the
Elmo Bumpy Torus Experiment (EBT). As part of the overall diagnostics
effort, sevefal studies of density fluctuations in both experiments have
been conducted. The information obtained, however. has been limited.
The purpose of this thesis project has been to develop improved methods
for thé observation and measurement of’denéity fluctuations and to eval-
uate the information obtained in terms of the overall current under-
standing of the plasmas spudied. Sectionyl-Z describes the importance

of density fluctuations and how they are measured.

1-2 Fluctuations and Their Measuremént

A plasma at equilibrium loses energy at a rate that is partially
determined by the level of fluctuations. Fluctuations of density and

electric field both contribute to anomalous diffusion. Diffusion can be

~ reduced by increasing the magnetic field, but even though diffusion

losses due to binary collisions are reduced proportional to 1/B2, col-

lective losses and diffusion due to fluctuations are reduced only at a

rate of l/B.22 An understanding of the fluctuations level and their




spatial distribution is therefore an important step in resolving ques-
tions of particle and energy transport, and in improving confinement in
plasma devices. The characteristics of the fluctuations are described
completely by the dielectric permitti?ity tensor. Inversely, a complete
measurement of the fluctuations is sufficient to determine the dielec-
tric permittivity tensor. This leads t§ an understan&ing of the energy
dissipation via the fluctuation-dissipation theorem.35 To reach this
level of understanding, concurrent measurements of the density fluctu-
ations and the potential fluctuations must be made for all spatial loca-
tions, and the phase between the two fluctuations measured. Currently
this is beyond the s?ate of the art of nonperturbing plasma diagnostics.
However, independent measurements of density fluctuations and electric
fluctuations are now becoming possiblé by ﬁse of long wavelength lasers
and heavy-ion beam probes. The measurement of density fluctuations can
result in indications of the stability of the plasma. 1In tétal equilib-
rium the fluctuation level will most likely be too low to measure with
current laser systems. In a nonequilibrium plasma, instabilities exist
which enhance the fluctuation level. Measurements therefore provide a
means of detecting these instabilities and of inferring their contribu-
tion to plasma confinement and equilibrium.

There are several methods of observing density fluctuations in a
" hot plasma, each with its own shortcomings. These include probes,
plésma emission, and the scattering of radiation. Most widely used
historically is the Langmuir probe which ideally is as simple as a fine

wire inserted into the plasma to collect electrons and ions on its



surface. The potential of the probe, together with the current collect-
ed on its surface, yields information about the temperature, density,
and electric potential of the plasma. By spectrum analyzing the probe
output, the changes in these plasma parameters on short time scales--the
fluctuations--can be recorded. Unfortunately. the probe, as it is
inserted into the plasma, develops an electric field around it and
therefore perturbs the plasma's normal behavior. The enlargement of the
surface area insérted into the plasma due to the necessary shielding and
water cooling of the probe results in an increase in the pertufbation of
the local plasma. These perturbations include a cooling of the plasma
due to the probe's cold surface, modification of the normal electric
field structure of the plasma due to the probe shield's conductivity,
and the effects of magnetic field lines intersecting the probe struc-
ture, thereby effectively terminating those lines. It is obvious from
this argument that the deeper into a plasma a probe is inserted, the
less reliable the information obtained. Typical probe wusage is
restricted to the outermost surface of the plasma depending upon the
energy density of the plasma being studied.

It is desirable to diagnose the plasma without perturbing it from
its natural state. The most straightforward way of doing this is to

observe plasma emission of electro-magnetic radiation and particles. A

" simple photodiode can be used to measure electromagnetic radiation from

infrared through the ultraviolet wavelengths. Since hydrogen is the gas
used to create the plasma, emission is dominated by the H-alpha line of

hydrogen at modest temperatures. When observing plasma emissions the



photodiode current output is largely the result of the H-alpha emission,
which is itself dependent on the électron tempefature and density, and
the neutral hydrogen background density. Above 50 eV the temperature is
no longer important. If it is assumed that electron density fluctu-
ations dominate the neutral density fluctuation effects, then the photo-
diode current can be spectrum analyzed to obtain information aﬁout the
density fluctuation distribution. To localize the portion of the plasma
observed, the optics path to the photodiode is collimated to restrict
the observation beam to a cylindrical beam through the plasma. This
line integral measurement inciudes the outer surfaée of the plasma where
plasma characteristics may not repreéent the characteristics of the
central plasma due to the cooler temperatures (<50 eV) at the surface.
The neutral density distribution also plays an important role in the
emission rate at different locations in the plasma. Questions of
reflected signals must be dealt with in order to ensure localized obser-
vations. To obtain spatial information about the signals, the method of
Abel inversion may be applied which requires either a complex spatial
scanning system or certaiﬁ assumptions about the symmetry of the plasma.
Deviations from circular symmetry may increase the risk of conclusions
drawn from this method..

The final and most important method of observing density fluctu-

“ations involves passing a beam of electromagnetic radiation or parti-

cles, of sufficiently low power level so as not to perturb the plasma to
an observable extent, through the plasma and observing changes in the

beam as it exits the plasma. Particle beam diagnostics depend on



changes in tﬁe chérge state of the particles exiting the plasma. Elec-
tromagnetic waves are phase shifted as they pass through regions of
differing refractive index and are scattered off electrons as in classi-
cal scattering. Scattered signal levels depend strongly upon the
electromagnetic wavelength (this is illustrated in more‘detail in Chap-
ter 2). At shorter wavelengths, scattering from free electrons domi-
nates and the scattered spectrum is a function of electron temperature
and density. This is the basis for Thomson scattering diagnostics.
Longer wavelengths, far infrared and microwave, scatter only from elec-
trons that are weakly bound or what are called associated electrons.
These electrons, which form the Debye shielding cloud, behave in a man-
ner related to the ion distribution. A change in the ion distribution
results in a change in the associated electron distribution and there-
fore in the scattered electromagnetic field. Ion fluctuations and waves
will result in net scattered signal of magnitude and direction depending
on the fluctuation wavelength and intensity. The shift in the electro-
magnetic frequency is the same as the fluctuation frequency. The scat-
tered signal therefore contains information about the fluctuation level,
frequency spectra, and fluctuation wavelength. The electromagnetic wave
entering the plasma can be collimated and focused to a narrow beam
through the interaction region and is referred to as the incident beam.
" In the same manner the observation angle and solid angle can be
restricted, and the resultiﬁg viewing beam will be referred to as the
antenna beam. The only scattered signal observed is from the volumé

where the two beams intersect. A suitable scanning mechanism therefore




could allow observation of fluctuations in a 1imited volume at any
spatial location in the plasma. All this information can be obtained
without perturbation of the plasma and at anytime during the plasma's

existence.

1-3 Overview

The majo; portion of the work represented by this thesis was done
with far-infrared (FIR) and microwave scattering on the EBT device.
Considerable work was also done with photodiodes and Langmuir probes in
support of these measurements. In addition FIR scattering was observed
on ISX vié the FIR interferometer system. Appendix C reviéws photodiode
and Langmuir probe results, which is considered work preliminary to the
scattering measurements. The theory of Thomson scattering is reviewed
in Chapter 2 as it applies to the experiment. In Chapter 3 a descrip-
tion of the FIR scattering system on EBT is given along with a discus-
sion of physical constraints imposed on the design and operation. Sys-
tem reliability,‘the calibration procedures, and results are summarized
in Chépter 4, A review of the impo;fant measurements attempted on EBT
is given in Chapters.S and 6 followed by a discussion of these results.
In Chapter 7 a brief account of the measurements made on ISX is given

followed by conclusions about those experiments. A complete summéry and

_conclusions are given in Chapter 8 along with recommendations for future

endeavors in this field.
Central to the discussion of the experiments performed are the

plasma devices on which the measurements were made. Although the design



and characteristics of these machines are not part of the research work,
the inclusion of their description is deemed appropriate and necessary.
Appendix A gives a general presentation of these experimental machines
and their operation. A brief review of two similar scattering measure-
ments performed recently.on other types of plasma devices is included in

Appendix B.



CHAPTER 2
SCATTERING THEORY

2-1 Introduction to Scattering

The processes involved in the scattering of electromagnetic
radiation are sufficiently well understood to allow the design of a
specific scattering experiment to measure a restricted set of plasma
phenomena or parameters. Because there are several scattering regimés
which depend on the wavelength, polarization, scattering angles, and
plasma parameters, care must be taken in the -choice of coherent
radiation sources as well as the scattering geometry and the type of
detectors used.

Radiation scattered off a random distribution of electrons is
diminished because of interference of the random phase fronts. If the
electrons are weakly ordered, such as in a density wave, then a diffrac-
tion pattern results and the detectable scattered signal increases. The
simples£ case is electron density waves and fluctuations, which tend to
be very short wavelength. On the other hand, ion fluctuations tend to
be longer wavelength. The electron population is strongly influenced
within the region of the Debye sphere by.the ions' motion. A wave
motion in the ion density causes a like motion in the electron density,
and ion density waves can be detected by their effect on the electrons.
Thermal fluctuations, plasma fluctuations, and plasma waves are divided
into two broad categories. If the characteristic wavelength of the

perturbation is much less than the Debye length, the wave will have
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little effect on thé jons and vice versa. Measurements of these effects
will result in information about the electrons such as the electron
temperature and density. On the other hand, if the characteristic
length is close to or larger than the Debye length, then the wave and
jon interact. An electron wave will lose energy to the ions, and an ion
wave will carry with it an equivalent electron wave (same wavelength and
frequency with a prbportional amplitude). Measurements of the
perturbation in electron distribution in this wavelength region will
reflect the ion temperature and density fluctﬁations.

The scattering of radiation froﬁ electron density waves obeys the
Bragg scattering relation obtained from the relation gs = gi + 50 which
will be derived later.v The subscript s refers to scattered waves, i to

the incident wave, and zero to the density wave. The Bragg relation,

ko =2 ki sin 6/2 > (2-1)

is obtained By taking the magnitude of gs and assuming that the
scattered and incident wavelengths are approximately equal. The
fluctuation wavelength measured in an experiment is determined solely
by the incident wavelength and the scattering angle 6. Additional
‘limits on the incident wavelength are determined by refraction effects
t
and the plasma cutoff limit, both of which are determined by the plasma
frequency. This experiﬁent was designed to measure characteristic

lengths larger than the Debye length, and is therefore sensitive to ion

fluctuations and 1long wavelength plasma waves. Ion thermal
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fluctuations are ignored since the fluctuation amplitude is expected to
be much smaller than the ofher two effects. Fluctuations will often be
.referred to as incoherent waves and plasma waves will be referred to as
coherent waves, which must not be confused with incoherent and coherent
scattering. The scattering of coherent radiation from incoherent waves
will be treated in the next section by a standard derivation involving
the summation of the classical scattering of radiation off of individual
electrons. This derivation can be extended to include scattering from
coherent waves but another approach to this problem is presented. The
treetment of coherent density waves in a plasma is approached from the
viewpoint of the resulting perturbations in the index of refraction.
The result is then compared to those obtained from the standard
derivation. The scattered power from an ion-acoustic wave in EBT is
then estimated based on the measurements of the incident FIR power and

an arbitrary wave amplitude.

2-2 Scattering from Incoherent Waves

The scattering of radiation from incoherent waves has been treated
in great detail in various references. The best general reference for
scattering theory is Sheffield,33 who gives a detailed general treatment
before specializing the arguments to shorter wavelength sources. Scat-
tering by microwaves is treated by Marshall, and the general scattering
of light is treated by DeSilva and Goldenbaum, in Reference 20. Treat-
ment in the infrared region is given by Holzhauer and Massig,12 and in

the far infrared by Semet32 and Park.25 Perhaps one of the most
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detailed calculations is presented by Moresco and Zilli,23 who describe
application to 2.2-mm waves, taking into account the Gaussian beam shape
and the wavefront curvature. Since the theory has been detailed so well
and a complete derivation is very lengthy, only an abbreviated and
rather simplified calculation is given here. Despite the several liber-
ties that are taken, the end result differs from other treatments by
only a numerical factor of 1/4 in the ratio of scattered power to inci-
dent power. A rigorous treatment such as that done by Moresco and Zilli
includes several additional factors relating tb the Gaussian‘beam param-
eters. It is generally assumed that these corrections are not necessary
if the scattering volume is near the beam waist of both the incident and
antenna beams where the wavefronts are almost planer. This is typically
designed into the optic system and is therefore a valid assumption.

In order to derive the scattering from a single electron, we first
assume a coherent, linearly polarized wave with the electric field
parallel to the applied magnetic field in the plasma. Since the
acceleration of an electron due to the incident radiation field is
short-lived and of modest intensity, we will assume the electron to
remain nonrelativistic during the interaction. Taking an arbitrary

origin within the scattering volume, we can write:
r'+R=r, (2-2)

to define the spatial relationship of the electron at r', the observer

at r, and vector from the electron to the observer given by R. We will
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assume the interaction volume to be small compared with the observation

distance such that r >> r', which allows the approximation:

" r r
R=|c-zr'|=r-— (2-3)
In MKS units we can now write the electric scalar potential as:28
' rr 4
p(r', t - r/c + )d r

1 = cr ( )
#xt) = 70— | — 2-4

4ne_ Jy r - (r r)/r

Expanding this into a Taylor series, we obtain the potential from the
static distribution and all the multipole terms. We keep only the

dipole, p, term for a single electron and ignore higher order terms:

1 Q %" p(t - r/c) ¢ - p(t - r/c)
o r cr
The retarded vector potential is given by:
My J(z',t ~r/c+ 1 - E'/cr)d3r
Az,t) = 22 jv G on (2-6)

In a manner similar to the scalar potential this can be written as,

|
Alz,t) = 2= p(t - r/c) , | (2-7)

where again higher multipole terms have been ignored.
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To calculate the fields, the supplementary constitutive Maxwell

equations are applied:

It=1
]
'
|
'
<]
R =
-

(2-8)

oc
n
<3
>
>

(2-9)

After carrying out the derivatives, ignoring obvious small terms, and

rearranging, we find:

E(r,t) = —— L ¢ X(z X )
- 2 3
4me ¢” r
Mo .
B(r,t) = - rXp. (2-10)
4mwcr

ln
1]

§ =4 ln—-
~~
=1
>
[f=]
A4

(2-11)

"
a1
in
>
re:

The z-axis is now taken in the direction of the electric field of the
incident wave and therefore in the direction of p. In spherical

coordinates the radiated power is:

P = § S *nda, (2-12)
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and the radiated power per unit solid angle is:

=g Xl @
167 E,C T

= —'ﬁ is Sinz 6 . ) | (2'13) .

Using ir_= p/e and relating the acceleration to the incident electric

field,
mv = eE , (2-14)
results in:
dp 4
R = E2 sinze . (2-15)
dQ 2 o
167 eoc m

Dividing this by the incident power results in the scattering cross

section:

4 ., 2
do _ uoe sin™6 ) eésinze (2-16)
da 16n25 czm2 16n252c4m2
o o
The classical electron radius is defined as:
e2
r,= T3 (2-17)

4me mc
o
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which simplifies the scattering cross section to:

do _ 2 . 2 _
30 = Te §1n 8 . (2-18)

We obtain the total cross section by integrating over 4w steradians.

_§ do
°r = ¥da da

= § ri sin26 sin 6 ded¢

wloo
=

2. (2-19)
e

This is the well-known Thomson cross section for a single electron.
In order to evaluate the scattering from a collection of electrons

we first return to the Poynting vector:

s=1 (EXB), (2-20)
27 =42
o
N
where E = ¢ Ei for N electrons:
i=1
EEB =25 @
dQ =
= -
=i- (G- DG - B
o
r2 N N
==—— % I EE, . (2-21)
cu i7j
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This relation is now separated into two parts; the first is for i = j

and the second is for i # j:

dPR r2 2 r2 _ N
T - o NE® + Ton T EiEj . (2-22)
o o i,j=1
i#j

The first term if evaluated as before will lead to the Thomson
scattering cross section for. N electrons. The second term, for a
completely isotropic distribution, will sum to zero due to the random
phase distribution of the scattered signals. However, the second term
becomes important when the distribution is anisotropic. For coherent
and incoherent plasma waves the second term dominates the first term.
This is the basis for the FIR diagnostic.

We can write the electric field of the emitted radiation of an

accelerated charge as:lb

nX (A Xv) |
E_= [ R ], (2-23)
4me ¢
which is evaluated at the retarded time, t'. Here n is in the

direction of R. The total scattered field would then be given by the
integral over all electrons. Writing the distribution of electrons as

F(r, v, t') we get:

|

v

nX(aXv)
R

]d3r d3v B (2-24)

| = re, v, et
Aneoc
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The electric field, Eo’ of the incident wave is parallel to the static
magnetic field, and the incident magnetic field is small; so we ignore
the magnetic effects on the electron motion. The acceleration can thus

be written as:

v = -
Y=n EO ’ (2-25)
which gives a scattered field of:
o AnX(nXZE
- ' -
-] [ Smre e —520 . @

When Eo and R are at right angles to each other the cross products
become —go. We can now write:
2
-e

5 o3 3
=— J J Fr, v, t') ﬁg d’r dv . (2-27)

Es
4me mc
o

The vector notation can be dropped since the incident electric field
and the scattered field are parallel. The magnitude of the incident

wave can be written as:

1

i(E.'g-w.t') -i(k,r-w,t')
E(e + e * * ),

(2-28)

so that:
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e2 (51 ry g t')
»ES =—= 7 I J F(r, v, t')[e
4me mc
ik, r-w,.t')
P R P e (2-29)

Since n(r, t') = J F(r, v, t') da3v and r = ezlhneomcz, then:

rE ik, r-w.t') -i(ki'g-mit') 3
= ! -
Es R J n(r, t')(e + e )d r . (2-30)
The Fourier transforms of n and E are given by:
-i(k°°£-wot') 3
n(r, t') = —1 j j n(k, w)e a3k dw (2-31)
(2m)
o iwst
E(z, w) =j E(r, the °©dt, (2-32)
which upon substitution gives:
rE -i(go'g-wot )
Bz, ) = 52— [[[[ nte, we
(27)
-iw t 1(31 g-wlt') ~i(ki'£-wit)
e S (e +e )a3r d k dw dt . (2-33)

Combining the exponential terms the integral over time is given by

i - . v | . - t
J fexp i ( kr+ki-r+ut wt - owt ) ‘ }

) f (-l oy - . T - 1 ' -
+ exp i ( k'r gi r+ut wt - wt )ldt!' . (2 34)
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The retarded time is approximated by:

-~

r *°n

t' =t - R/c +

therefore

t =t' + R/C

and the integral becomes:

I lexp i (-k °r +k 'r+k. r+
+exp i (-EO-E + k_

= 27 exp i (k 't +k ‘r +k,*r
L3N 3 r+xr

+ 2m exp i (Eo.—

,,
+
Ea
I
I
I

and

Ignoring the constant phase factor of

now becomes:

r- k.
=t - Rfc + — ; (2-35)
S

r- kg ‘

) , (2-36)
s

wt' -wt' - wt" - oRk)

o] S 1 S

‘r-k.'r+ot'-wt"+wt' - wR/ic)ldt’
= - o s i s

- wsR/c)é(mo - (ws + wi))

r - wSR/c)é(wo - (ws - wi)) .

(2-37)

3
(2m)78(k - (k, - k.)) (2-38)

3 _
(2m)78(k - (k  + k.)) . (2-39)

exp i(wsR/c), the electric field
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r

E
B (r, @ = 52 [[ n(ewstu, - (o + w6l - (k + k)
+8(uy - (g - w6k, - (b, - k)]ak du , (2-40)

which integrates easily to:

r E
)
2R

E (zr, w) = n((g_s ki, wotw) + n(kS -k w4 wi)) .

(2-41)

Since a homodyne detector cannot distinguish between the signs of

W + w;, we will combine them into one term n(k, w). The scattered

power is now given by:

dPS 2 )

@R s

= R? ce |E|2

o
ceoriEz 2
= —— In(k, 0)|®. | (2-42)
This can be rewritten as:

dPS rinoVP0
a0 = 4 S(l(_) (.0) » . (2°43)

which is an expression relating the scattered power per unit solid
angle to the incident power Po’ the scattering volume V, and the

spectral density function which is defined as:

o
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lim n(k, w)n*(k, w)
S(k, w) = V,Tae o < n >, (2-44)

where T is the averaging time.

2-3 Scattering from Refraction Waves

For calibration of the FIR scattering system we chose the technique
of Bragg diffraction in an optoacoustic cell. This. measurement is
described in detail in the Chapter 3, where a derivation of the equa-
tions used for submillimeter wave diffraction or scattering are given
following the derivation given by Yariv.41 The derivation is then
extended to acoustical waves in a plasma. The results can be applied to
scattering of the FIR wave off a coherent density wave structure. Com-
parison is made of the end results with the results of calculations
given by Park25 using a method similar to that presented in Section 2-2.

For simplicity we chose the geometry used to optimize the Bragg
cell measurements during thevcalibration trials. In this configuration
the incident wave vecto; and the scattered wave vector lie in the same
plane as the acoustical wave vector. The angle of incidence and the
angle of scatter measured relative to the normal of the acoustical
plane wavefront are equal, the geometry being identical to the reflec-
tion of light at a plane dielectric interface. Reflections from succes-
sive wavefronts interact to forﬁ a diffraction pattern.

We represent the acoustical wave as a modulation in the index of

refraction:
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an(r, t) = An cos (mot -k ¢ ), (2-45)

where n is the index of refraction and should not be confused with the
density which is represented by n in other sections of this text. The

electric displacement and polarization are described by:

d=ce+p=ce

o =3
R=¢eXe
n? = ele
x =k -1
€ = keo , (2-46)

which are the microscopic constitutive equations. These are combined to

obtain the differential:
| :
| dp(z, t) = 2(ee )* An(r, tle(r, t), (2-47)
where e(r, t) is the sum of the incident and scattered fields.

Maxwell's equations in microscopic form can be used to obtain the

necessary wave equation:



ad de dp
VXh=_];+E=Og+eaz+ﬁ'
3h
PXe= g
v2e = . (ce + ¢ Eﬁ + EE)
€7 ¥H 5t at 8t
. Assuming a lossless medium results in:
: aze. 2
Ve r, t)=u e -2 tu 3t at (a P(x, t)), (2-48)

where the index i refers to the incident wave and s will refer to the

scattered wave. We represent the waves by the form:

1 1(wjt-k, r)

ei(g, t) =3 Ei(ri)e + Cc.Cc. , (2-49)
1 1(wgt s'r)

es(g, t) = 5 Es(rs)e ) + C.C. . (2-50)

The Laplacian for the incident wave is:

dE, (r,)

2 ___ - i i 1.2
v ei(g, t) = ( 12 E (r ) ik, &, +5V Ei(ri))
exp i(wit - §i°£) R (2-51)

with a 1like counterpart for the scattered wave. We set Vin =0 by

assuming it is small compared to the other terms so that:
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dE,(r,) i(w,t-k-r)
2 _ . 1.2 s ii i~== _
»v e, (r, t) = ( 3 kiEi(ri) ik, ar, Je . (2-52)
Substitution into equation 2-48 gives:
dEi a2 -i(wt-gi'g)
kg e 1uo[——§ (Ap)i]e . (2-53)
i at”

Writing e(r, t) as gi(;, t) + e (r, t), we can express An(r, tle(r, t)

as:

i((w,+w )t-(k +k.)-x)
% An[Ei(ri)e o o

i((w,-w )t-(k,-k )-r)
+E(r,)e o - + C.C.

i((w_+w )t-(k +k )-x)
+ Es(rs)e s 0° s 7o + C.C.

i((w_-w )t-(k_-k ):r)
+E_(r)e s o 7sTo +C.C. ] . (2.54)

Nonsynchronous terms are discarded and only the synchronous term is

retained, such that w, = w + W, Now,

L i((w_+w It-(k +k )°r)
(Ap)i = % Jeeo AnES(rS)e s ° s 70 + C.C. . (2-55)

Substitution into equation 2-53 gives:

dE, -i(k *k -k.)-r
o = i nE(x e (2-56)

l,,..
]
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dEs -i(gi—ks-go °r
T = i ngE (e ' (2-57)
s
where ni s 3 w, sJuoeo An. For the fields to be continuous in the

interaction region, then gi = ko + gs, which is the precursor to the

Bragg relation. We can now write the coupled equations:

dEi
ar, ~ ~inyEg
dES
dr_ ~ in Ey

Since W, = Wy then we let n; = Ng-

a standard coordinate transformation of:

ri = { cos 0 rd = ( cos 6
which gives,
dEi
EZ- = -inEScos 0
dEs
H = -J'Lr]F..i cos 6 .

Combining by using an additional differentiation results in:

(2-58)

(2-59)

The analysis is simplified by using

(2-60)

(2-61)

(2-62)

(2-63)
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‘ ji = -nzcosze Ei . (2-64)
dg
Solutions are of the form:
E = ke 100050 4 ey = 1PN 4 £(r) (2-65)
which can be rewritten as:
Ei(r) = Ei(O) cos (nri) - iES(O) sin (nri) (2-66)
Es(r) = ES(O) cos (nfs) - iEi(O) sin (nrs) . (2-67)

For r =0, E(r ) = 0 so that:
s s s

Es(rs) = -iEi(O) sin (nrs) . (2-68)

Ei(ri) = Ei(O) cos (nri) . (2-69)

The ratio of scattered power to incident power can now be written:

P E2 E?(O)sinznr
S s i S . 2
P =3 = 5 = sin“nr . (2-70)
i E ES(0) S
i i
If ¢ is the interaction length, then:
Eg - sin2 (zwAn)
P, 2c
i o

(2-71)
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So far this derivation has 'closely followed Yariv. It is now
applied to two different situations. The first is the normal applica-
tion to a plastic Bragg cell. The change in the index of refraction can

be expressed as:

An = - 5p S

5 S (2-72)

where p is the photoelastic constant of the plastic and s is the applied

strain:

ZIo
s = 3 (2-73)
PVS
By defining the figure of merit as,
n6 2
M = —~23 , (2-74)
PV
the final form is now written as,
Ps 2 ,wl —
5; = sin (ZE; JZMPA) . (2-75)

The calculations are now extended to calculate the scattered power

from a coherent acoustical wave in a plasma. For ordinary mode:

w? = wi + k2, (2-76)
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and the index of refraction for a plasma can be expressed as:

22 w 2
2 _kTe” _ _ e _
n = 2 = 1 2 (2-77)
™ w

where Wy is the electron plasma frequency. The change in n is expressed

as:

wAn = JLZ - wz - sz - w2 . - (2-78)
€1 €2

The small angle épproximation is made for the sin term in equation 2-75

which can now be expressed as:

P
s (22 [2_ 2 [2. 2.2
P —(Zc)(jw wy 4~/w we)
i o 1 2
2 21 2 2
'(Zc) m(we -we)- . (2-79)
o 2 1
Since
211
= (&__\2 .3
Ve = (me )* n ,
o
then
2 2
wi - wi = ﬁz— (ne - n, ) = ﬁ;— An . . (2-80)
2 1 o 2 1 o

Substituting for the classical radius of the electron gives the final

expression:
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. (2-81)

This same quantity was calculated by Park25 by means of the approach of
Section 2-2 with identical results.

Applying the resﬁlts (Eq. 2-81) to a coherent wave with the wave
vector normal to the incident beam and in the scattering plane, and
assuming an incident power of 1.5 mW the scattered power can be
estimated. A wave amplitude of 17 at a density of 1.5 x 1011 cm-3 is
arbitrarily chosen. The wavelength is .0447 cm and the scattering
volume length is taken as 4.5 cm. For this case the scattered power is
calculated to be of the order of 3 x 10—12 W. This is verf near to the
threshold of the system éensitivity as will be demonstrated in
Chapter 4. 1If we éssume the same parameters for a 2 mm wavelength then
the scattered power will increase by a factor of 20. The actual
increase in scattered power will be much larger with a 2 mm system
because of increased incident power and an increase in the scattering
volume. The sensitivity of the 2 mm detection system was not measured.

The calculation of Raman-Nath scattering is not presented since it
is similar, but quite lengthy, and does not relate strongly to FIR scat-

tering. The equations. used in Chapter 4 for Raman-Nath scattering can

be found in References 31 and 10.
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CHAPTER 3
THE EBT SCATTERING SYSTEM

3-1 Background

Work oﬁ the EBT scattering system was initiated several years ago
by Dr. Lee Bigel with the assistance of Dr. Donald Hutchinson. A spe-
cial cavity (see Appendix A for a detailed description of EBT) was modi-
fied for the mounting of a scanning mirror system, and an early design
FIR laser system was installed outside the lead wall enclosure. The
project was then abandoned temporarily. Meanwhile, a group at UCLA
under the direction of Dr. N. C. Luhmann, Jr., completed a series of
laboratory bench tests with a similar apparatus and began installing
their system on the UCLA Microtor tokamak experiment. By the time the

decision was made to continue the EBT scattering experiment as a doc-

toral dissertation project, the UCLA group was publishing the results of

the first successful FIR scattering experiment performed on a major
plasma device. The Microtor device is a short pulse machine so that not
only did the scattering experiment have to take into consideration the
spatial, frequency, and wave vector dependence of the scattered wave,
but also the time evolution during a typical plasma shot of less than

50 ms. It was believed that the application of this technique to a

" steady state device such as EBT would eliminate the question of time

evolution and therefore would providévmore‘useful and reliable data on
dispersion relations and spatial profiles. However, the EBT device is a

microwave driven experiment and therefore imposes severe .physical
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constraints on the design of the scattering experiment. Because of
these constraints, the scattering system was initially designed in a
manner that severely limited the information obtained in terms of spa-
tial and wavenumber measurements. Latér when the system was rebuilt,
the components which caused these limitations could not be replaced
during the scheduled life of EBT. As a result, the measurements were
not complete enough to give a clear picture of the fluctuation phenome-

non. These restraints are discussed in Section 3-2.

3-2 Physical Requirements and Restraints

As described in Appendix A the EBT device consists of 24 near-
jidentical sectors comprising a cavity mounted between two magnetic coils
in a mirror-like arrangement. A vacuum manifold is connected to the
lower 45-degree inside port of each cavity. This vacuum manifold is
also used as an oversize waveguide for 28 GHz microwave power feed to
each cavity. The amount of power injected into each cavity is balanced
by mounting between the manifold and the cavity a microwave screen with
a fixed center aperture. Microwave injection at 10.6 GHz and 18 GHz is
accomplished through normal waveguide connections and can be actively
controlled during machine operation. In order to contain the high power
levels of the microwave field, the cavity walls should be solid reflec-
tors at all points, espécially opposite the microwave feed. All access
ports'to the machine must lead to totally enclosed metallic vacuum sys-
tems or be partitioned with suitabie microwave screens. Appropriate

microwave screens consist of honeycomb-type structures with extremely
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thin walls aﬁd of a thickness sufficient to provide attenuation of the
microwave field. The application to an FIR scattering system also
requires that the attenuation of the infrared signals throqgh the cavity
be small enough to allow measurable signals to reach the detectors.
Special square-cell microwave screens were constructed for the EBT
experiment which allowed greater than 807 transmission of the scattered
signal at normal incidence. Also, since the detectors as well as the
laser system had to be mounted outside the vacuum vessel, fused quartz
windows were. installed at each vacuum-air transition point. The meas-
ured transmission of these wiﬁdows at FIR wavelengths was also measured
to be about 80%. These windows were extremely susceptible to coating
from sputtered aluminum present in the surface plasma and rapidly
degraded during normal machine operation. During special operations
such as ICH experiments the rate of coating was substantially acceler-
ated. It was therefore necessary that the windows be physically sepa-
rafed as much as possible from the plasma’boundaries.

A reasonably simplé system of scanning.mirrors mounted within the
vacuum system was chosen. Three rotatable mirrors (Figure 3-1) were
mounted in a vacuum box which was attached directly onto the cavity.
Windows were placed directly above each mirror and at the horizontal

centerline level of the cavity. Viewing from above through a window,

" the mirror could be rotated to observe any point along the horizontal

central diameter of the cavity. The input window was mounted on the
opposite side of the cavity, which allowed for the beam to be injected

along the horizontal diameter and out the centerline window on the
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Figure 3-1. Scattering geometry and scanning mirror system
installed on EBT.
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mirror box. No beam dumps were installed since reflected signals were
considered unimportant. Each mirror was mounted at a different height
above the incident beam so that three different anglés of scattering
could be observed simultaneously. This was the original design which
after construction limited the modifications possible due to operation
restrictions.

The laser system, which consisted of a CO2 pump laser and an FIR
optically pumped laser, was mounted on a heavy optics bench 1ocated
outside the lead enclosure shielding the EBT device. The time span for
completion of the system and éll the measurements was known to be lim-
ited to between two and three years. This did not allow time for the
design and use of a test stand to optimize the system, or to gain
experience in its operation.

The final restriction on the system design was the intense X-ray
field present during operation of the EBT device. Since the laser was
unstable and required constant manual adjustment, it had to be outside
the lead wall. Because of the sensitivity of the FIR detectors to
X-rays, they also had to be mounted outside the wall. This was conveni-
ent for adjustments that were often necessary to the detector bias con-
trols and for shielding from rf radiation generated during ICH experi-

ments. The remoteness of these systems was made possible by the use of

A long spans of oversize dielectric waveguide which passed through the

lead wall in a Labyrinth fashion. The requirement for drilling holes

through the lead wall and the precision mounting of waveguide made
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reconfiguring the system after initial construction difficult and often

impossible in the limited time available.

3-3 The Laser System

The initial laser system was of an early design. The CO2 pump
laser was made with a single anode and a single cathode which limited
the length of the laser tube and the output‘power. Also, the stability
of this laser was not adequate for practical use. The FIR laser cavity
was totally enclosed in an aluminum vacuum chamber with O-ring type
mechanical feed-throughs. The volume of the vacuum system was much
larger than the cavity required, and there was at least a threefold
excess of surface area exposed to the vacuum. The lasing gases, which
had to be high in purity, were quickly contaminated by wall outgassing
during operation. Operation and testing of this system pointed out
these problems as well as a need for much more output power from the FIR
cavity. A new laser system was then constructed.

it was decided for deéign and operational reasons to construct a
laser which operated at a single wavelength. Because of the convenient
wavelength and operational efficiency, methyl jodide was chosen as the
lasing vapor gas, pumped by the 10P18 line of the CO2 laser. Many

modifications were made during operation of this system, so that only

_ the final system will be described here. The design of both 1asers'was

based on the proven design of the FIR interferometer system installed on
ISX. Only minor modifications were made to the basic laser design

during its construction.
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The CO., laser (Figure 3-2) consists of a 2 m long, 1.1 cm internal

2
diameter glass dielectric oversize waveguide with a single central anode
and cathodes at each end, surrounded almost its entire length by an

outer water cooling jacket. A gas mixture of 77 C02, 807 He, and 137

N2 was fed in at the center at a pressure of 36 torr and pumped out at

each end. A vacuum-air interface at each end was accomplished with ZnSe

Brewster windows. The output coupler, with a 20 meter radius concave
curvature on the inside‘surfacé, and the focusing lens for the output
beam were both also of ZnSe. The wavelength and polarization were
selected with an aluminum grating mounted on the end opposite the output
coupier and outside thé vacuum. This configuration was capable of pro-
ducing apbroximately 100 watts in the (0,0), (0,1), and (1,0) combined
modes of operation. However, the ratio of power between these modes was
not constant or stable. To increaée mode control, small NiCr wire loops
were installed within the laser tube to scrape off the outer portions of
the laser beam which is predominantly from the (0,1), (1,0) modes. The
resulting output beam had a typical power of 60 watts and showed
improved stability in the higher frequency range but was still suscepti-
ble to slow changes in the mode output (30 sec to 10 min).

The FIR laser cavity consisted of a 2.1 m long pyrex dielectric
waveguide with an inside diameter of 3.1 cm. The inéut coupler was a
thick planer Cu-Be mirror with a 4 mm aperture through the center and

was located just inside the cavity. The COzbeam was focused through a

7nSe Brewster window and the input coupler. The output coupler was of a

base material of silicon crystal with a 987 reflective dielectric
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coating designed to reflect radiation.from the CO2 laser back into tﬁé
cavity, thereby trapping the power between the couplers until it was
absorbed by the methyl iodide vapor in the cavity. The output coupler
was also coated with a thin layer of gold (about 1 micron thick) on its
inside surface except for a 16 mm wide aperture at the center which
allowed the FIR laser beam to exit. The output couplers, input coupler,
and grating were all capable of being rotated to form the optimum reso-
nant cavity, and both output couplers could be adjusted to change the
cavity length to optimize the cavity and provide additional mode con-
trol. The FIR output beam exited the cavity through a Z-cut crystal
quartz window at normal incidence. The laser beam was then immediately.
coupled into a 1.5 inch inside diameter dielectric waveguide which
tranémitted the beam through the lead wall to the cavity as described in
Section 3-4. The output power from the FIR cavity was typically 10 to

20 mW although the system was capable of up to a 100 mW output.

3-4 The Waveguide System

The waveguides used to transmit the FIR beam from tﬁe laser to the
plasma and back to the detector were made of 1.5 inch inside diameter
sections of rigid plexiglas tubing. The variance in the inside diameter
was often more than 1/8 inch (a result of the manufacturing process),
_and sections more than three feet long developed a sag over a long
period of time. A schematic of the waveguide system is shown in

Figure 3-3. The tubing was held in place by strong aluminum clamps
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wherever possible. Corner pieces were machined from solid plexiglas
blocks with gold-coated mirrors attached. Beam splitters were made from
plexiglas blocks with thin mylar sheets, which reflected about 307 of
the 447 micron incident beam and transmitted about 60% of the beam. Two
of these beam splitters were installed; the first to divide off part of
the laser power for a local oscillator beam, and the second to mix this
L.0. beam with the antenna'beam;

A waveguide switch was required to select the mirror used in the
antenna beam scanning system. A large piece of plexiglas was machined
to have one fixed mirror and three movable mirrors. The fixed mirror
was located above the upper scanning mirror. The movable mirrors could
slide in front of the fixed mirror over,the middle and lower scanning
mirrors and over an external coupler which could be used for testing.
At the base of the waveguide switch and resting on the vacuum windows
focusing lenses were mounted to collect the antenna beam with the focal
point near the cavity center.

The waveguides were continuous at all points except for three
narrow breaks. The optics table on thch the lasers and detectors were
mounted was supported by air-cushioned legs to reducé the effects of
building vibrations. They allowed the table to move as much as two
inches when the weight of the table was changed or was pushed from the
side. To eliminate distortion of the waveguides, a 1/4 inch gap was
made in the sections between the table and the lead wall. A change in
the table position would thereby divide the waveguide into two rigid

systems no longer in alignment. The legs would automatically compensate
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and move the table back to its original position thereby realigning the
waveguides. The third break in the waveguide was between the laser and
the cavity just inside the lead wall (this is not ‘shown in Figure 3-3).
A high-speed choppér wheel (19-120 Hz) was mounted here to chop the
incident beam going into tﬁe cavity. An LED source and photodiode
mounted on opposite sides of the chopper were used to produce a refer-
ence signal in phase with the chopped FIR beam for use with phase sensi-
tive detection. The entire waveguide system was kept carefully aligned

with a HeNe laser alignment system.

3-5 The 2 mm Option

- During the final two months of operation a 2 mm standard Varian
commercial reflex klystron was mounted on the laser table such that its
output beam could be coupled into the waveguide with an additional wave-
guide switch placed between the laser and the end of the optics table.
This allowed switching the input beam from 447 microns to 2 mm simply by
moving a mirror in and out of the waveguide switch; The klystron proved
to be far superior to the laser system in reliability, ease of opera-
tion, stability, and output power. It did, however, lack resolution
bec#use of the longer wavelength. Also, the lenses méunted on the cav-

ity were designed for FIR and were not suited for 2 mm wavelengths. The

input beam and antenna beam, for all practical purposes, were not

focused; and therefore these beams rapidly expanded, eliminating the
possibility for spatial resolution. Despite these drawbacks some of the

most important measurements were taken with the 2 mm option.
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3-6 The Detector System

The detector used for the FIk wavelength was a Schottky-barrier
diode mounted in a corner cube reflector and at the base of an antenna
structure optimized for 447 microns. The 2 mm signal was also detected
by a diode detector optimized for the longer wavelength. The diode was
biased by a battery powered bias supply box that was rf shielded. The
signal output from the detectors was.amplified by a 50 dB gain low noise
commercial rf amplifier also powered by a battery and rf shielded. The
signal output from the amplifier could be routed to a spectrum analyzer,
a crystal detector, or a lock-in amplifier. An additional 50 dB gain
could be inserted when necessary.

Two spectrum analyzers were available,v a Tektronics 7L5 and a
Tektronics 7L14, which were capable of analyzing‘frequencies up to 5 MHz
and over 1 GHz, respectively. The output of these analyzers could be
recorded by data-acquisition computer, x-y plotter, or photographed on
an oscillbscope display. Crystal detectors Qere used to convert the
lower frequencies into dc voltages for direct recording or input into a
lock-in amplifier. A low-frequency (1 Hz to 100 kHz) range lock-in was
used in conjunction with the chopper wheel. This was used to record
signals from plasma fluctuations. A higher frequency (100 kHz to
50 MHz) rangé lock-in could be used for phase sensitive detection of
scattered signals during ICH heating, using the ICH frequency sourcé as
the reference signal. Outputs of both lock-ins could be recorded via

computer or with an x-y plotter.
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CHAPTER 4

SYSTEM PERFORMANCE AND CALIBRATION

4-1 Overview

During the design, construction, and operation of the EBT scatter-
ing system, many tests were performed to de;ermine if the system was
functioning correctly and to find ways of improving performance and
reliability. The types of tests can be broken down into four categor-
jes. The first was the testing of separate individual components such
as transmission in various lengths of waveguide, lens performance, power
losses in béam splitfers, windows, and mirrors, and electronic component
performance. The second category was the measurement of important par-
ameters such as beam diameters, scattering angle vs mirror position, énd
laser power measurements. The next category is the system calibration.
Here much effort was expended in documenting the overall system perform-
ance by using complex calibration techniques. The final category is
related to system reliability. Frequently small changes in the systems
operating conditions could result in large ch;nges in the output sig-
nals. The effects of laser drift and mode jumping were noted as well as
the.effecfs of atmospheric pollution and building vibrations. Included
in this category are extraneous effects which show up in the data output
- guch as the direct pickup of the ICH signals in the detector system.
Each of these categories is discussed in Secfﬁons 4-2 through 4-6, with
emphasis placed on those topics which have a strong direct effect on the

data presented in Chapters 5 and 6. An effort has also been made to be



45

complete in describing difficulties encountered, since it is likely that

the design of another scattering system will be initiated at ORNL soon.

4-2 Component Testing

Previous measurements had established the size and type of wave;
guide used as a suitable means of transmitting FIR radiation over
reasonably long distances. Further testing showed that the primary
difficulty waé in coupling the beams into the waveguide in an efficient
manner. This problem was minimized by eliminating gaps between sections
of waveguide and restricting the distance between the’ waveguide and
other components. Beam splitters and 90 degree elbows were machined out
of solid plexiglas which were coupled directly onto the wéveguide.
Effort was also made to keep the waveguide from bending or sagging,
although this may still have been a major source of waveguide loss. The
waveguide used was of poor quality, even though it was the best commer-
cially available of that material. The internal radius was nonupiform
throughout the waveguide, which may account for some additional losses.

Large losses were also measured in the windows and microwave
screens. These components alone could account for the loss of 607 of
the signal. Exact estimates are not possible since the loss in
transmission throughvtwo components may be more or less than the sum of
the individual losses measured in each component. This is due to the
interference and standing wave effecﬁs caused by the reflected signals.
The lenses used in this system were of high-density polyethylene with

one surface machined to the proper radius of curvature and the other
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surface left flat. The flat surface was a cause for coherent reflection
back into the system, resulting in additional changes to‘the system
transmission.

Most electronic components were standard off-the-shelf items which
were calibrated and tested according to standard procedures. The detec-
tors, however, were not standard, and much interest was taken in their
performance. Several attempts have been made in the past to measure
performance of these detectors, but the tecﬁniques are either extremely
complex or they are subject to large uncertainties. Figure 4-1 displays
the noise from the spectrum analyzer with the input terminated. Shown
above that is the amplifier noise. The upper trace is the amplified
noise of the detector while operated with 400 microamps of bias current.
The relative noise level for the detector-amplifier combination above
the analyzer level ranges from 60 dB at 1 MHz to less than 40 dB at
higher frequencies where the amplifier noise figure is about 1 dB. This
places severe limitétions on the system sensitivity at lower frequencies
that could be overcome only by increasing the input signal level. Syn-
chrotron radiation from the electron rings in EBT was used to measure
the frequency dependence of the detector response. Figure 4-2 shows the
frequency-analyzed detector output when only the local oscillator (L.0.)

signal is present (lower trace) and when the L.O. is mixed with the

" radiation emitted from the plasma (upper trace). When only the L.O. is

present, the 1/f noise at lower frequencies is obvious. The plasma
emission to which the detector system is sensitive is syncrotron emis-

sion at 671 GHz * F, where f is the frequency displayed on the x-axis.
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Since thg full range of f is very small in comparison with the central
emission frequency, it can be assumed that the variation in emission
amplitude is small ovef the range of f and that the signal amplitude
from the detector varies only as the sensitivity.of the detector system.
The change in the signai level is not dependable because the act of
blocking the signal that is coming from the plasma changes the charac-
teristics of the waveguide system and can therefore change the amplitude
of the L.O. signal coupled into the detector. The ratio of the signals
at any given frequency is therefore unimportant, while the change in
that ratio with frequency indicates the dependence of the sensitivity on
frequency. Although the variation in sensitivity with frequency shown
in Figure 4-2 is obvious, it is also quite small for the range of fre-
quencies displayed. Estimates of the expected scattered signal ampli-
tudes in Chapter 2 suggest that the noise level is very close to the
signal level and therefore may not be detectable without using phase-
sensitive detection techniques. This is discussed more fully in

Section 4-4,

4-3 System Parameters

Some of the important parameters had to be indirectly measured or

calculated, but a few could be measured. The output power of the laser

~could be monitored for changes and optimized, but absolute measurements

could not be made because of interference effects introduced with place-
ment of the power meters in the laser beam path. A pyroelectric radio-

meter was used to monitor the power whenever possible. It was
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calibrated with a calorimeter of known efficiency. The radiometer
measured the L.O. power that passed directly through the beamvsplitter
that mixed the L.0. with the scattered signal. The radiometer has a
built-in chopper wheel which reflects a chopped signal backvinto the
system causing laser instabilities and oscillating detector outputs. A
shutter was placed in front of the ﬁower meter which could be briefly
closed during measurements. Estimates of laser. power incident to the
plasma show that for an output bower of 20 mW the incident power should
be 6 mW, but measurements indicate an incident power level of less than
2 mW. The beam waist going into the cavityvis about 0.7 cm and expands
across the cavity to 1.1 cm where it exits. The antenna beam has
similar parameters.

Because this was a scanning mirror system based upon spatially
fixed mirrors which rotate about an off-plane axis, the scattering
angles for different mirror angles, and therefore different spatial
locations of the scattering volume, had to be calculated for each mir-
ror. Figure 4-3 shows the scattering angles for each mirror, and Fig-
ure 4-4 shows the wavenumbers taken from the Bragg condition for each
mirror. A HeNe laser was used to measure the spatial location that the
antenna beam intersected the incident beam path for each mirror posi-

tion. The mirrors were mechanically linked and driven so as always to

 direct the three antenna beams to the same spatial location regardless

of which mirror was selected. In this way activating the waveguide
switch to change the antenna beam from one mirror to another changed
only the scattering angle and k vector, but not the spatial location of

the scattering volume.
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4-4 System Calibration

The most important check of the system performance was the measure-
ment of a scattered signal from a well known source. This scattering
source was an acoustical Bragg‘cell (see Figure 4-5). It is constructed
of TPX plastic approiimately 2 inches square in cross section and 8
inches in length. A 1/2 inch-thick piezoelectric transducer (PZT) was
affixed to one end with vacuum grease and a strong clamping mechanism.
The opposite end was machined with a sawtooth pattern two inches deep to
act as an acoustical beam dump. By driving the PZT at one of its reso-
nance frequencies (on the order of 1 MHz) an acoustical wave was made to
propagate along the long axis of the cell. The velocity of sound in

this material has been measured to be 2.0-2.2 x 105 cm/s.zs’30

The
interaction of FIR radiation with the acoustic wave is the séme as the
interaction of FIR with density waves in a plasma inasmuch as the inter-
action can be treated as moving periodic variations in the index of

31,10

refraction. The results of Section 2-3 (Equation (2-75)) can

therefore be applied to this case resulting in:
I =1 sinz(wl An/2c) (4-1)
diff inc ’

where An = 1/2 (ZMPA)I/Z. Here PA is the acoustical power, and M is the

~ figure of merit for the material which depends on the bulk modulus,

photoelastic constant, and the index of refraction of the material. The

ratio of intensities can be expressed as:
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Figure 4-5. TFX acousto-optic Bragg cell configuration.
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1/2

/1, = sin®(n1(242) /20 (4-2)

Taifs
The interaction length, 1, is taken to be the smaller. of the cell width
and the value 2ao/sin ®. The scattered power is of the order of
10-8 W or less. It is therefore not feasible to measure the scattered
power directly. The §cattered power must be calculated from the acous-
tical amplitude. This can be accomplished using Raman-Nath scattering
of HeNeilaser radiation in the same scattering volume and at the same
time as the Bragg scattering of FIR radiation is measured.30 In
Raman-Nath spattering the laser beam enters the acoustic cell at normal
incidence and is scattered into a diffraction pattern of multiple
orders. The scattered intensity into each order is directly propor-
tional to the square of the Bessel funcfion of that order with the

31,10 For small values of v

modulation index, v, as its only argument.
the only significant orders are the zero and the positive and negative
first orders. Figure 4-6 shows a typical result of HeNe scattering with
a large zero order peak and the two sidebands of the first order. The
ratio of the scattered intensity into one sideband to the incident
intensity is:

.Il/Iinc = Ji(v)/Ji(O) = § /4 . (4-3)

The central peak is diminished in intensity to:

2 2 2
I /T, = I3 (0) =1 - /2. (4-4)
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In this approximation of the Bessel functions all the scattered inten-
sity is accounted for in the zero and first order with all other orders

being negligible. The modulation index for an acoustical wave is given

by:31’10

v = 1n/AHeNe(2MPA)1/2 . (4-5)

which results in a value of the acoustical power:

2 2,2 )
P, = )‘HeNe/B“ 1 M(Ill(Io + 211)) . (4-6)

Substituting into Equation (4-2) for the scattered FIR power gives:

Taige/ Tine = Sinz((AHeNe/AFIR)(Il/(Io + ZI1))1/2)° -7

The ratio of the wavelengths is 1.42 x 10—3, allowing an accurate

approximation of the sine function by its argument. This results in the

final form:

-3,2
)

= (1.42 x 10 (Il/(Io + 211)) . (4-8)

Tife/ Tine

For the case shown in Figure 4-6 the HeNe scattered ratio is 0.14 which

7

gives a ratio of 2.8 x 10’ for the FIR scattered signal. For an inci-

~ dent power of 1.5 mW, the scattered power is then estimated to be 4.1 x
10_10 W. Because of the shape of the interaction volume, the scattered
power is reduced in proportion to the ratio of the signal incident on

the collecting lens to the total integrated signal. This is accom-

plished by use of a numerical model of the gaussian beams.
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Figure 4-7 shows the ratio of the scattered HeNe signal to the
incident intensity signal vs the peak-to-peak driving voltage for the
PZT. The relationship is linear except for the lowest and the two
highest voltages. At the lower voltage the signal of the scattered beam
is close to the same magnitude as the stray light. Therefore without
compensating for stray light the ratio will always be high. At higher
voltages a number ofveffects enter into consideration. The acoustical
coupling befween the PZT and the cell is very good for a limited range _
of frequencies and amplitudes. Increasing the frequency or amplitude
above this range results in diminished coupling. Also, there are
thermal effects to consider. The acoustical waves are partially damped
by the plastic, conyerting the acoustical energy into heat. The PZT
also produces heat. Since the plastic is a poor thermal conductor, the
heat retention is nonuniform, resulting in local changes in the index of
refraction.. If the temperature of the plastic nearest to the PZT heats
sufficiently, then the HeNe beam is refracted away from its initial
position. In addition there is .considerable distortion in the beam
shape. Deliberate overdriving of the cell produced these results in the
precise manner e#pected. During the test, data was taken in regular
increments of the driving voltage up to the point where distortion

started to be observed. The cell was then allowed to cool and become

‘ isotropic before the next series was started.

The scattered power estimated from the HeNe scattering and the

scattering geometry can now be compared to the signal output of the



59

ORNL-DWG 86C-2635 FED

0.40 T T T T | T T
o —
= 0.35
=
© 030 -
§ .
& 0.25 _
5 N
S  0.20 -
(o o4
L
<
o
w 0.10 —
[\ V)
s
®  0.05 [ .

o 1 | | L 1 |

0 5 10 15 20 25 30 35 40
PZT DRIVING VOLTAGE (V)

Figure 4-7. Ratio of detected scattered signal to the incident
signal level vs the peak-peak sinusoidal driving voltage applied to
the PZT of the Bragg cell.




60

detector system. The detector system is configured with 50 dB of gain,

|

|
a crystal detector, and a lock-in amplifier referenced to the PZT driv-
ing signal. The scanning mirror was swept slowly across the Bragg cell
while the signal level was recorded on an x-y plotter. 'The peak ampli-
tude is used for comparison with the estimated scattered perr. Fig-
ure 4-8 illustrates the results of one series of measurements using the
upper mirror channel and a PZT driving frequency of 1.26 MHz. The
result is a linear fit to within 10% of the measured values. The esti-
mated error in this measurement is dominated by the measurement of the
incident FIR power. This is mainly a systematic error which does not
greatly effect the slope of the fit. Comparison with the other chan-
nels, Figure 4-9, shows the upper channel to be the least sensitive
channel and the lower channel.to be the most sensitive. This could
result from system alignment and coupling differences. More probable,
however, is that the upper mirror and window was closer to the plasma

3 and therefore sustained more damage as a result of aluminum sputtering.
Indeed, when the system was disassembled the upper window was heavily
coated, the middle window was lightly coated, and the lower one was
almost clear. Measurements of their transmission showed the uppér chan-
nel to be attenuated by a factor of 6 over the other channels. This
accounts for almost all the discrepancy shown. Since this is an effect
“which changes during machine operation and cannot be corrected or moni-

tored, then a large uncertainty is introduced into all the measurements

in terms of their absolute magnitude.

O
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From the recorded FIR scattered signals from the Bragg cell the
minimum detectable signal was estimated to be on the order of 1 x 10_12
W, which is very close to that estimated by the UCLA group.25 When a
strong scattered wave was produced anyﬁhere within the cavity the back-’
ground noise level was jncreased at all angles and‘spatial locations.
As such the minimum detectable signél in the presence of another larger
signal may be as much as 20 times higher than when no other signal is
present. In a similar effect the scattered signal from the Bragg cell
can be coupled into the waveguide system at angles which do not corre-
spond to k-vector m;tching. This problem, referred to as angle mis-
matching, can result in signals as large as 807 of the signal produced
during proper matching. Figure 4-10 shows two recorded signals produced
by the Bragg cell at different spatial locations. Positioning of the
cell midway between these two points produced a much smaller signal.
This is not the type of behavior that was expected nor that has been
observed in othef experiments.25 It may, however, be a result of the
microwave cutoff screens used, which could have acted as diffraction
gratings, changing the antenna beam from a single gaussian into a multi-
ple order diffraction pattern. Measurements made within the confinement
of the EBT device were too crude to attempt a verification of this
cause.

The most important reﬁult of the acoustical scattering in the Bragg
cell was to verify the proper functioning of the detector equipment and
the waveguide system. It also pointed out several problems which must

be dealt with in the initial design stages of the next generation of

scattering experiments.
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4-5 Operational Reliability

The output characteristics of the FIR laser could be monitored by
the radiométer‘power meter, the bias current level through the detector
diode, and the noise levels on the signal output. The L.O. input to the
diode was from 1-3 mW, while the scattered signals were of the order of
1-100 pW. Therefore, the smallest irregularity in the L.O. signal
easily saturated the detector system. Frequently, experimental opera-
tions had to stop in order to retune the laser system, an operation that
sometimes took hours of valuable time. The laser instabilities which
resulted in this type of problem could often be traced to the CO2 laser.
It appeared that the CO2 laser could be driven unstable by reflected
signals from various optical elements. The problem was reduced by iso-
lating the system from building vibrations, placing apertures thrbughout
the CO2 cavity, and by collimating the CO2 laser output carefully.
Although these steps helped reduce the problem it was never eliminated
nor reduced enough so that it did not frequently interfere with
operations.

An additionélt problem during experimental operations was the
thermal drift in both the 002 laser and the FIR laser. During normal
operations this drifting had to be constantly compensated for in the
CO2 cavity 1length. The CO2 grating and output coupler had to be

—adjusted as often as every five minutes, and the FIR cavity length had
to be readjusted around every half hour. The end result of these prob-
lems was a contiﬁuously changing laser beam that could not be adequately

monitored. For example, adjusting the FIR cavity length to increase the
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output power could result in a decrease in the coupiing of the L.O.
signal to the detector, thereby decreasing the detector bias current and
the detector sensitivity. Another cause of instabilities was the pres-
ence of SF6 which was occasionally released into the building. Due to
the strong broadband absorption of SF6 at 10 microns, this frequently
caused a decrease of near 50% in laser power output as well as oscilla-
tions in excess of 507%. It took several hours before the pollution was
dispersed enough to have no remaining visible effect.

Other problems in system reliability could be reduced or eliminated
in a more direct manner. All cabling and electronics had to be shielded
from rf pickup, especially the detector diode. Since the diode and
amplifiers were extremely susceptible to pickup problems, they were
isolated electrically by using battery'powered bias supplies and ampli-
fiers. This resulted in an additional problem of having the battery
voltages drop. Although fresh batteries were installed at reasonable
jintervals, some data that was recorded with weak batteries could not be
retaken and therefore had to be analyzed with a large uncertainty in the
éignal level and detector sensitivity.

The use of phase sensitive detection helped reduce the severity of
random noise but incrgased pickup problems from harmonics of 60 Hz and
the ICH frequencies when the ICH signal was used as the reference

‘signal.

4-6 System Operatidns at 2 mm

The 2 mm klystron operated with good reliability and constant out-

put. Apart from the initial tuning, additional adjustments were rarely
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necéssary. The diode detector was also reliable with very little noise.
Transmission of 2 mm waves through the waveguide system, however, was
extremely poor in comparison. When the klystron was operated at more
than 100 mW the incident power into the plaSma was meésured to be about
4 mW. Similarly the L.O. signal was about 1 mW.

Calibration of the system was not possible since the Bragg cell
could not conveniently be operated at frequencies which would produce
scattering at an angle within the range of the system. Therefore, out-
put signais could be analyzed only for changes in signal levels during

changes in machine parameters.
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CHAPTER 5
ICH EXPERIMENTAL RESULTS

5-1 Introduction

In this chapter the experimental data are reviewed, along with the
conditions under which the data were obtained, for scattering from
coherent waves; Chapter 6 deals with scattering from incoherent waves.
The scattering system was developed over a period of two years. Many
different methods were tried during that time in order to understand how
the system was best configured and to understénd better the results.
Little was seen that was expected, and most of what was observed is
difficult to interpret. The independent theories of ECH, ICH, plasma
waves, fluctuations, and instabilities are.all closely interrelated by
their predicted effects on particle and energy transport in EBT. Heat-
ing a plasma by ECH results in higher temperatures in the resonance
zones than in off-resonant regions. In a plasma with moderate tempera-
tures and neutral ‘particle densities this can also result in higher
rates of piasma production in these regions. The plasma is not in total
equilibrium and therefore is susceptible to instabilities and fluctu-
ation phenomena. ICH is also a resonant zone heating technique, but the

mechanism by which energy is transferred to the plasma may be dominated

by

‘by other phenomena. In particular the conversion of electromagnetic

waves into strongly damped electrostatic waves has long been advocated

by theorists and recently demonstrated experimentally.zs’26

”
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It was only in the last three months of operation that the scatter-
ing system was fully implemented and that the recorded signals could be
reproduced on a reliable basis. This was due to improved techniques,
better detectors, and in some cases unusual plasma conditions. All of
the data presented here will be from the final three months of the
experiment so that the volume of material can be reduced and the ques-
tion of data reliabilify can be better addressed.

Several types of ICH experiments Qere performed, and the signals
observed may prove to be significant. Although a complete analysis of
ICH wave theory is beyond the scope of this thesis, the significance of
observing ICH related waves will be discussed in light of the experi-
mental results. It is notgworthy that the last experiment to be con-
ducted on EBT was a measurement with the FIR system during slow-wave and
fast-wave heating. A failure of the slow-wave antenﬁa caused contami-
nation of the plasma during these experiments, and another antenna
fajilure occurred at the end of the EBT experimental lifetime. These
failures, as well as the demise of the device, resulted in an incomplete
analysis of the observed wave phenomenon.

An attempt was made to operate the ICH system in pulsed mode.
Although reliable signals were recorded, their relationship to ICH

driven waves was not established in detail. A brief description of the

‘results and analysis is given in Section 5-2. Finally, experiments

substituting the 2 mm system for the FIR system are described in Sec-
tion 5-3. The time devoted to this experiment was relatively short; but

the results were considerably different from those obtained with the FIR
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system, and they showed great promise for use on future EBT-1like

devices.

5-2 Pulsed ICH Measurements

The effect of ICH pulsing is not to create additional broadband
turbulence or improve wave propagation. Instead, pulsing the ICH power
gives another method of using phase sensitive detection for finding
driven wave phenomenon. The ICH transmitters were set up similar to the
ECH system as described in Chapter 6. The result was a 10 kHz square
wave modulation output of the ICH system which served as supplemental
heating to a steady state ECH plasma. Iﬁ order to eliminate low
frequency effects, a band—pass filter was used to attenuate frequencies
below 22 MHz and above 26 MHz. The chopper wheel was removéd from the
input laser beam. A low frequenéy lock-in was used to observe the
output of a crystal detector connected to the output amplifier via the
band-pass filter. There is only a small amount of data available, and
that which is given here was not verifiable.

The ICH was applied at 25 MHz via the fast-wave antenna structure.
A spatial scan is shown in Figure 5-1 for the middle channel with 50 kW
of peak ICH power at a field of 5000 A and a neutral pressure of 15

microtorr. Comparison of the signal level with the location of ICH

harmonic zones shows only a limited correlation. The harmonic zones are

roughly indicated by the upper scale at the lower edge of Figure 5-1.
Only one spatial location should have the wavevector and magnetic field
matched to the disperison curve between any two harmonics. The lowest

harmonic is the seventh for the cavity midplane, although the third to
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Figure 5-1. Spatial scan of FIR scattered signals resulting
from ICH driven waves at 25 MHz using the fast wave antenna structure
in pulsed mode. Plasma was formed at 5000 A with 43 kW of 18 GHz ECH
with a neutral pressure of 15 microns. The upper scale shows the
approximate location of the ion cyclotron harmonic zones.
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the sixth are present in the throat regions. In fhe presence of a
plasma the magnetic field is altered slightly, and the plasma has.been
shown to shift inward. The signals obtained were sensitive to machine
conditions. The parameters which varied during these trials were lim-
ited to the spatial position/wavevector, the neutralnﬁressure, and the
magnetic field. Only two values of the field were used, 5000 A and 7250
A. At 5000 A the signals received were large and reasonably well con-
fined to the central portion of the plasma within the location of the
electron rings (Figure 5-1). Also immediately obvious are strong minima
in the spatial distribution. The signals were observed to have a strong
dependence on the wavevector. Locations showing a minima (such as at
8 inches in Figure 5-1) were the location of a maxima at another wave-
vector value. Figure 5-2 shows the values of k measureable with the FIR
system vs the ratio of the driviﬁg frequency (25 MHz) to the local ion
cyclotron resonance frequency. Ideally one should be able to pinpoint a
data peak on a theoretical dispersion curve plotted between two harmon-
ics. The resolution of the experiment is not sufficient to allow this
type compafison. (Note: the values of k measured in the experiment are
almost linear with position. See Figure 4-4, p. 52.) However, verifi-
cation of the nature of the effect can be found in a pressure scan at

the peak position near 3 inches. Two separate effects are involved in

determining the wave amplitude that can be observed. The conversion of

a fast wave to an ion Bernstein wave can be expected to be continuous
. . 25 . .
between two harmonic points. Conversion, however, is at a k vector

determined by the dispersion relation (Figure 5-3). This dispersion
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of the driving frequency (25 MHz) to the local ion cyclotron
resonance frequency (at 5000 A).
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curve ie determined partielly by the ion temperature. Assuming the FIR
system looks at a large area of the distance between two harmonics,
there is a good chance that a portion of the dispersion curve is observ-
able. Generally the signal amplitude should increase with temperature
at low ion temperatures due to the motion of k away from the harmonic
points on the dispersion curve. The second effect is the fast-wave
propagation in a plasma, which is a strong function of the electron
density. It has been observed on EBT that the fast-wave propagation
improves with increasing density.24 In terms of these.two effects, the
significance of the pressure scan (Figure 5-4) becomes evident. At low
pressures (deep M mode) the electron density is low, and the ion temper-
ature is near zero. As the plasma enters the T mode region, the density
and temperature both improve. As C mode is approached the ion tempera-
ture starts to level out. As the plasma entere C mode the density
begins to increase rapidly. Deeper into C mode both ion temperature and
electron density begin to decrease, thereby decreasing propagation. The
signal amplitude is seen to follow the density, but the phase of the
signal is changing while going through the T mode region. This is an
effect that may be the result of the wave mode conversion process and
reflects the changing ion temperature and density.

Although the measureﬁents do notlverify a specific theoretical wave
‘dispersion relation, they do provide some evidence of the presence of
ion Bernstein wave conversion and propagation. Also of significance is
the fact that these measurements demonstrate that the ICH waves launched

from three cavities away propagate both toroidally and radially through
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the plasma. Signals were observed at most spatial locations within the
central plasma with a definite k/spaﬁial '(therefore ion cyclotron fre-
quency) dependence, indicéting‘ that the driven waves are capable of
completely penetrating the plasma if the plasma has reasonable densities

and temperatures.

5-3 ICH Measurements with 2 mm Source

The scattering system was plagued by a lack of spatial resolution,

especially when operated with the 2 mm source. To properly analyze thev

measured signals a better resolution than that achieved with the FIR is
required. The 2 mm system is therefore marginal for this purpose.
However, measurements were taken over a much larger range of parameters
than with the FIR system, and the data taken was found to be generally
reproducible. The conclusion reached from the sparce.data taken with

the FIR system is supported by the additional evidence provided by 2 mm

scattering.




78
CHAPTER 6
RESULTS OF FLUCTUATION MEASUREMENTS

6-1 Introduction

Plasma waves can serve to enhance the transport of both energy and
particles from regions of excess to regions of deprivation. In most
fusion devices this means ultimate transport to the surface plasma and
the enclosure walls. Normally discussions of plasma waves are restrict-
ed té single frequency, coherent waves or collections of waves in a
narrow frequency bandwidth with a common source or driving mechanism.
When several sources are present in such a manner that their interaction
produces a very broadband mixture of random waves then no single source
can be considered alone. These fluctuations often occupy large volumes
and tend to equalize the temperature and density throughout that volume.
As far as is known, all plasmas carry fluctuations at a level which
deﬁends on confinement and equilibrium. vLow levels of fluctuations may
be of no significance unless the lack of equilibrium causes an‘amplifi-
cation of the wave amplitudes. This amplification process is referred
;to as an instability. There seem to be almost limitless sources for
instabilities, and many have been observed and identified. The current
understanding of the effect these phenomena have on confinement and
-stability in EBT is summarized in Reference 40.

The first significant scattered signals were observed during an
unrelated X-ray diagnostic experiment using probes to destroy the high

energy electron rings. Plasma conditions were being changed at short
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intervals and were not recorded.v It was evident, however, that the
plasma entered a highly turbulent state which drove fluctuations large
enough to be observed with the FIR system. The plasma returned to a
more stable state after a few minutes. Although the information
recorded during this brief period had no meaning for the experiment
being conducted with the plasma, it did demonstrate that the FIR system
would function if there were enough turbulence. The next steps were to
increase sensitivity and to search for turbulent states in the plasma.
In comparison with other, major plasma devices, EBT has relatively

2 cm-3) and low ion temperature. Central electron

low density (<101
temperatures were modest, and overall the plasma was expected to be well
confined. Compared to a tokamak, the general level of turbulence in EBT‘
during steady-state operation is expected to be low. It was therefore
decided to operate the plasma in a pulsed mode in order to raise the
level of turbulence high enough to produce\ observable signals. The
18 GHz klystron amplifiers could be driven reliably in a pulsed configu-
ation atbalmost any modulation frequency up to and exceeding 20 kHz.
Further descrippion of this experiment is given in Section 6-2. Im-
provements were eventually made to the system so that scattered signals

could be recorded during steady-state operation. These signals were so

faint, however, they could be seen only with phase sensitive detection

‘and could not be spectrum analyzed. A sample observation is given even

though not enough information was obtained to provide significant

analytical results.
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6-2 ECH Pulsing Experiments

In an attempt to increase turbulence to levels similar to what is
found in tokamaks; the klystron amﬁlifiers were amplitude»modulated by
an external square-wave signal. The frequency and the ratio of on-time
to off-time, expressed as a percent duty cycle, could be varied to maxi-
mize the scattered signals which occurred when the system was operated
at the typical frequency of 10 kHz and 507 duty cycle. In this case the
ECH was turned off for 50 microsecondé. Because this time scale is
short relative to the particle and energy confinement times, it was
anticipated that the electron density and the ion temperature would be
only slightly modulated. On the other hand, the warm component of the
hot electron rings (see Appendix A) may reach equilibrium with the sur-
rounding plasma, and the surface éi;;;awéhould be significantly dissi-
pated. The initial effect of the start of the ECH pulse is to reheat
the surface plasma and to increase the temperature of the warm component
of the electron rings above that of the surrounding plasma. Heating
rates in cold, low density plasmas have been observed to be very large.
This can result in large energy gradients which may drive instabilities
between the resonance zones aﬁd the surface plasma as well as between
the rings and the core plasma. These instabilitieé can produce enough
density turbulence to be observed with FIR scattering. The spatial
1oéation of the turbulence may be well confined to the region of the
rings because theAlonger bounce times of the core plasma help thermalize
it in the central regions. The observed effects of pulsing turned. out

to be much different from those expected.
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For this experiment the input beam chopper wheel was removed, and
the square wave that was driving the ECH modulation was used as a réfer—
ence signal to the lock-in amplifier. Scattered signal was observed on
all three mirror channels. The upper and middle channels were dominated
by a large narrow signal coming from the cavity center. There was no
trace of a similar signal on the lower channel. Further investigation
showed that blocking the input beam into the plasma had no effect on the
signal. A spatial scan on the upper channel with the input beam blocked
is shown in Figure 6-1. Other tests indicated that the signal resulted
from a reflection of the L.O. beam off the corner-cube reflector of the
detector, throdgh the antenna beam waveguide and into the cavity. The
changing density of the plasma phase-modulated the beam as it passed
through the cavity. When the antenna beam.was directed toward the cav-
ity center, the beam was reflected off the cavity wall and back along
its previous path to the detector. The system then acted as a type of
interferometer producing a large output signal phased with the pulsing
plasma. This scenario is supported by the fact that the observed signal
is narrower than the spatial resolution of the system at that point, due
to interfereﬁce effects in the reflected beam. This may also account
for the subsiderary peaks normally observed on each side. The signal is

not present on the lower channel because when the antenna beam passes

‘through the cavity center it passes through an opening in the cavity

wall and is not reflected back along the same path.
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Figure 6-1. Spatial scan during pulsed ECH operation
with only L.O. signal present. Central peaks were determined
to be the result of reflections inside the EBT cavity.
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In Figure 6-2 the input beam was present, resulting in additional
signals from scattering. The large signal about 6 inches from the
inside wall was present at all scattering angles and lies just inside
the ring position. Also observed were smaller signals at 4 and lZ»
inches with all channels, and at 2 to 4 inches and 18 to 19 inches with
the middle and lower channels (Figures 6-3 and 6-4). Occasionally sig-
nals were ébserved at other spatial locations, but they were strongly
dependent on machine conditions and usually changed rapidly in time.

In order to determine the relationship between the microwave field
and the stronger scattefed signals, the 18 GHz feed into individual
cavities could be blocked, reducing the power input into that cavity.
When the microwaves were no longer fed into the scattering cavity, the
signal amplitudes were noticeably reduced, but only by about 107. Turn-
ing off the power feed into the two adjacent cavities also reduced the
signal about 307%. General characteristics of the signals, such as
location and profile, were unaltered.

The signal ampiitudes were found to be strongly dependent on the
percent modulation but weakly dependent on the percent duty cycle.
Reducing the percent modulation by half roughly reduced the signal ampli-
tudes by half. The dependence on the modulation frequency was more
complex. Measurements were made using a programmable waveform generator
to slowly change the frequency of the square-wave output from 1 kHz to
20 kHz. Figure 6-5 demonstrates the dependence 6f the scattered signal
of the upper channel aﬁ 6 inches on the frequency of modulation. In

addition, the phase of the signal changes continuously with frequency in
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Figure 6-3. Spatial scan with middle channel under the same
condition as the previous figure.
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a near-linear manner and at a rate of approximately 18° per kHz.
Changes in the magnetic field also had a strong effect on the same
signal. As shown in Figure 6-6, the signal reaches a minimum neér
5.3 kA and a maximum near 6 kA. A similar measurement with the lower
channel (Figure 6-7) shows the field dependence to be almost flat above -
5 kA, but it still shows a significant maximum at 6.5 kA.

The behavior of the surface plasma is of less importance but still
of interest. The lower channel showed strong turbulence along the
inside wall which depended on the neutral pressure. This turbulence
showed up strongest near the T-C transition and near the T-M transition.
Levels were generally higher throughout the C mode. Turbulence at the
outside wall was observed on all channels. The field dependence showed
a marked minimum at 5.8 kA and a maximum near 6.5 KkA. Although these
correspond closely to the local extrema observed for Scattering at

6 inches, the overall curve shape was notably different (Figure 6-8).

6-3 Discussion of Pulsed ECH Experiments

During operation of EBT in pulsed mode the fundamental harmonic
zone should absorb most of the microwave power. The resulting change in
temperature and density should then be transported to Both the central
plasma region and‘to the surface plasma. The surface plasma is a region
with a small volume compared with a large surface area. It is relative-
ly cold with lower densities but with large density and thermal gradi-
ents. Confinement is very poor, and large low freqﬁency fluctuations

can be expected and have been observed‘.17 These fluctuations are
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Figure 6-6. Dependence of the upper channel scattered
signal (at 6 inches) on the magnetic field at 14 kHz ECH
modulation and 16 microns neutral pressure.
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Figure 6-7. Dependence of the lower channel scattered
signal (at 6 inches) on the magnetic field at 14 kHz ECH
modulation and 16 microns neutral pressure.
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observed in both steady state and pulsed modes. The core plasma, on the
other hand, may normally be stable with low fluctuation levels. When
the ECH is pulsed on, the resulting gradients should result in fluctu-
ations inside the ring‘region and towards the plasma center. The ring
region itself may be stabilized by the ECHA and thus may not exhibit'any
activity. Figures 6-2 and 6-3 (pp. 84 and 85) show what briefly seems
to be exactly this type of behavior. The spatial resolution is reduced
in Figure 6-3 so that the signals may not be as clearly separated as in
Figure 6-2. Figure 6-4 (p. 86) shows the same behavior in the outside
region. The inside region does show }arge fluctuations, although the
even further reduced spatial resolution prohibits any conclusion about
the structure.

These measurements were confined to the cavity midplane and there-
fore do not indicate the distribution of the fluctuations around the
torus, especially through the mirror throat regions. To investigate the
dependence of the enhanced fluctuation levels during pulsing on the
high density microwave power levels in the cavity, the microwave feed
into the measured cavity was terminatéd. The effect was meaurable‘but
not large. Reducing the input into two adjacent cavities on each side
produced only a n@dest reduction in level. This indicates that the

observed fluctuations are a global phenomena which demonstrates the

' strong coupling of the individual mirror cavities by the toroidal plasma

core. In contrast to this, an increase in the magnetic field from 5 kA
caused a decrease in signal, possibly because the second harmonic ring

moved out to a region where the field lines all intersect the vacuum



93

wall. The signal sharply increases with a further increase in field and
reaches a maximum at slightly less than 6 kA. This is the approximate
field at which the fundamental resonance enters the cavity midplane. An
effect which may be indistinguishable from the passage of the harmonic
zones is the changing error fields. No attempt was made to minimize
error fields during these experiments. Changes in other measured plasma
parameters or properties have shown similar anomalies which have tenta-
tively been attributed to the effects of the éhanging error fields.

The most important clue to the nature of these fluctuations comes
from their dependence on the modulation frequency. At lower frequencies
(<1 kHz) the signal exists only at a low level. At 3 kHz the signal
level is increasing rapidly, and at 5 kHz it changes to a more gradual
uniform increase. It peaks between 11 and 14 kHz, after which it slowly
declines. This indicates that the phenomena is short-lived, since at
lower frequencies it occupies a smaller portion of the signal averaging
time in the lock-in amplifier. The signal should be a maximum at the
region near the instability lifetime and should decrease at higher fre-
quencies because of the losses outside the sampling time. This argument
leads to an instability lifetime of about 40 ms. ' This period is far too
short for decay of densities or températures as was expected.

In conclusion the ECH pulsing experiment has resulted in the

_observation of what may be a new type of instability which is produced

or enhanced by the modulation of the microwave power input into the
plasma. The instability has an extremely short reaction time and

appears to be sensitive to the position of the ECH harmonic zones. It
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is fixed in spatial location and seems to be globally driven. It can be
either a result of the start of the ECH pulse or an early part of the
plasma decay upon termination of ECH heating. The short reaction time
and duration indicate that it is not related to normal drift type insta-
bilities, since the plasma density does not significantly change on that
time scale. The presence of the signal well into the toroidal plasma
component separates it from fast surfaqe effects such as large tempera-
ture changes. Other possible driving forces are hard to evaluate with-

out more measurements, which seem unlikely on this type of device.

6-4 Steady State ECH Experiments

Operation of EBT-S (28 GHz ECH) in a steady state mode was one of
the'primary requirements for obtaining information on density fluctu-
ations, a central goal of this project. It was discovefed that the
scattering system sensitivity'could be improved by increasing the input
beam chop rate from 10 Hz to 120 Hz. Before this, however, the 28 GHz
gyrotron started to become unreliable and difficult to operate. During
the last three months of operations the gyrotron was available only for
a short period of time. The data taken could not be repeated, tested,
or otherwise confirmed, and are therefore not considered dependable.
The observations seemed to indicate that the plasma was nonturbulent

throughout the central region in T mode and C mode. The outermost

plasma region did show larger levels of turbulence, confined mostly to

within an inch of the cavity walls. At a neutral pressure of 14 micro-

torr, which corresponds to the T-C transition point, there was an
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obvious change in the plasma state. The most central core region showed
a marked increase in signal level, with little change elsewhere, as
shown in Figure 6-9.

The 18 GHz klystron was much more reliable for driving the ECH
plasma. Most of the ICH experiments were carried out with the 18 GHz
system, as well as the pulsed eiperiments discussed in the previous
section. The EBT-I plasma does not have as high a density as the EBT-S
plasma and is therefore not as good a meduim for studying plasma
fluctuations with a FIR system. The measurements taken were unreliable
and difficult to obtain. There were no significant characteristics
observed under these conditions for a steady state plasma. The 2 mm
system did prove to be more suited for these types of measurements and

it is treated in detail in Section 5 of this chapter.

6-5 Two mm Steady State Measurements

Few opportunities were available for steady state measurements of a

28 GHz ECH plasma with the 2 mm system due to the limited availability

of the gyrotron. When a measurement was made, however, the level of
fluctuations observed was down by a factor of more than 6 (8 dBm) over a
similar measurement of an 18 GHz heated plasma. This measurement

pointed out the reason for the much lower signal-to-noise ratio encoun-

~ tered with the FIR system when attempting to measure fluctuations in

EBT-S. The distribution of fluctuations was observed to be similar to

the distribution in EBT-I.
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Measurements taken with 2 mm waves were difficult to -interpret
because of the lack of spatial and wavenumber resolution on the inside .
of the cavity, which is where most of the activity seemed to be located.
Corrections were made for the scattering volume and the wall effects.
However, there is not enough confidence in the corrections close to the
wall to allow definite conclusions about the activity in this region.
Figure 6-10 shows a plot of the corrected signal amplitude vs the spa-
tial location and the neutral pressure.in EBT-I. The tendency of the
amplitude seems to follow the density with the changing pressure.
Another plot, shown in Figure 6-11, is of ihe same data except that the
amplitude has been divided by the approximate line density squared.
Attempts were made to measure the effects'of the applied error fields,
but no significant change in the fluctuation level was observed. Figure
6-12 shows the signal level vs position at differeﬁt frequencies for the
same machine conditions. Due to a vacuum excursion that resulted from
an antenna failure, the plasma was run with a large amount of impuri-
ties, mostly water, during a period of time at the end of the EBT exper-
iment. Data taken with those conditions show a considerable change in
the distribution of fluctuations at smaller k-vectors. A comparison of
one of these measurements with a measurement of a clean plasma is shown

in Figure 6-13. The frequency distribution was measured on the upper

" channel under the same conditions. Shown in Figure 6-14, the spectra

fall off with frequency in the manner expected of drift wave turbulence

and in agreement with measurements of Komori17 (see Appendix C).
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CHAPTER 7

SMALL ANGLE SCATTERING ON ISX

7-1 Introductioﬁ

The availability of a far-infrared laser system, used for
interferometry, on ISX provided an excellent opportunity to measure
fluctuation levels via FIR scattering. The limited time, availability
of equipment, and machine access were factors which prevented the imple-
mentation of a complete scattering system. Also, the importance of the
interferometer to everyday operations on ISX limited its availability
for alterations. It was observed, however, that in the signals from the
detectors there was a component that was a result of scattering in the
plasma. This component could be separated out by spectrum analyzing
because of the freqﬁency shift that occurs during the scattering pro-
cess. Little time was available for optimizing the signals, but a meth-
od was implemented whereby the signals were automatically recorded dur-
ing each plasma shot. The following is a description of the interferom-
eter used as a scattering diagnostic and a summary of the measurements

taken during the limited time span the system was implemented.

7-2 Using an Interferometer as a Scattering Diagnostic

The ISX far-infrared interferometer is diagrammed in Figure 7-1.
The laser system consists of two sets of lasers identical in makeup to
the EBT FIR laser system. The output from the signal laser is divided

by beam splitters into five channels which pass through the plasma. The
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105

phase shifts of these beams are measured with respect to the reference
laser. Each of these beams is subject to scattering as predicted in
Chapter 2. There were no attempts made to collect these scat£ered sig-
nals into a separate waveguide system. -However, signals scattered into
small enough angles are incident upon the collecting lens and therefore
are cdupled into the interferometer output channel. The actual limita-
tion on the range of angles which could be coupled efficiently into the
waveguide does not depend upon the solid angle the lens subtends to the
scattering volume, but instead depends upon the divergence angle of the
antenna beam. Signals outside this range may‘Strike the lens but are
not refracted into a beam path that propagates within the. waveguide.
Analysis of the beam divergencé, assuming Gaussian optics, gives a maxi-
mum scattering angle of 0.8° which corresponds to a fluctuation wave-

length or characteristic length of 3 cm, The scattered signals recorded

by this method are then the result of scattering from fluctuations or

waves whose characteristic length is equal to or longer than 3 cm. It
must be emphasized that the interferometer beam enters one side of the
plasma and exits the other by a near-straight line trajectory. The
recorded scattered signals are those signals which are not scattered
enough to leave the general direction of the original beam path. No

spatial resolution or wave vector measurement is possible. Since the

plasma is not centered and tends to move, the refractive effects within

the plasma can cause the original beam path to bend, thereby increasing
the possible scattering angles. This effect can be quite significant,

especially on channels toward the outside of the plasma. Most of the
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data taken, however, were on the central channel where the refractive
effects are known to be small. Also, measurements of the incident FIR.
power, L.O. power, and waveguide losses were not possible so that an
absolute system calibration could not be made.

Each interferometer channel was separately mixed with the reference
signal as a local oscillator. The beat signal represented the frequency
difference Between the two lasers which was typically 1 MHz. The output
of ﬁhe mixer/detectors was amplified and passed through a band-pass
filter before being further processed. As shown in Figure 7-2 the sig-
nal could be tapped before filtering so that the entire spectral band
could be analyzed. The spectrum analyzer used for this purposé had a
built-in délay before resetting between frequency sweeps. It could be
externally driven, however, by a uniform voltage ramp. To generate this
ramp a sawtooth signal generator was employed with a gated output. The
signal was gated with a delayed gate triggered by a start signal from
the tokamak sequence controller. The sweep time could be thus con-
trolled by the sawtooth shape, and the time at the start of the sweep,
with respect to the start time of the tokamak shot, could be adjusted
with the de}ay generator. All data taken were taken with a sweep time
of 20 ms over a time period of 400 ms starting at about 20 ms before the

formation.of the plasma. This allows 20 spectra to be taken during each

shot. The first spectrum is taken before the plasma is formed, allowing

it to be used as a background measurement. The final spectrum is typi-
cally after the final disruption at the end of the shot and usually

shows only weak scattering from the residual afterglow. During each
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shot there is always a nonnegligible frequency drift in the lasers which
shows up as a drift in the lasers' beat frequency.  Since this is a
heterodyne system, both the plus and minus scattered signal beat fre-
quencies are independently displayed separated by the lasers' beat sig-
nal, which is the zero scattered frequency of the scattered spectra.
The data acquisition system stores the spectra as a continuous stream of
data. The spectra are separated by searching for the strong beat sig-
nals and plotting the spectra for about 600 kHz on each side of the beat
signal .which is taken as zero. These spectra can then be arranged in
temporal order to demonstrate the eyolution of the plasma fluétuations
during the cycle of the tokamak discharge. Time evolution of the spec-
tra could also be recorded at a single frequency by using the spectrum
analyzer as a band-pass filter and sweeping the analyzer over a 400 ms
time span.

Frequency calibration of the system was accémplished by using a
single frequency source and recording the spectra in a similar manner.
The spectra display the given frequency and the normal harmoﬁics, there-

by allowing calibration of the x-axis.

7-3 Scattering Results

A typical series of spectra for a single shot is shown in Figure

~ 7-3. The obvious characteristics are the beat signals and the reset

signals. Dividing these spectra according to the position of the cen-
tral peak allows a display of the plasma evolution (Figure 7-4). The
scattered signals are now evident as sidebands or wings on each side of

the central peak. The sharp narrow peak at plus 800 kHz is the reset
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signal. As the plasma evolves (lower left upward, then upper right
downward), fluctuations first appear as broadband spectra with half
widths on the order of 500 kHz. There appear to be some low frequency
(<50 kHz) transient fluctuations that occasionally appear in one or two
spectra. When the first neutral beam starts up, the fluctuation level
generally increases in proportion to the increase in density. Lower
frequencies (<100 kHz) tend to increase dramatically faster. Sharp
spikes often occur that correspond either to coherent plasma waves or to
laser instabilities which are indistinguishable from each other. Start-
up of the second neutral beam causes another increase in signal but one
much less dramatic than that in the‘first beam start;up. This is vis-
ible in the time evolution plot of‘Figure 7-5. Ohmic start-up is at
30 ms, the first beam line starts at about 100 ms, and the second at
about 200 ms. This can be compared with Figure 7-6 which shows the time
evolution of the density.

Fluctuation spectra were recorded for most of the ISX operating

schedule for a period of about six months. During that time experiments’

were performed with beam heating, pellet injection, impurity injection

and limiters.

7-4 Analysis’

During each shot the main characteristic stages of the plasma

evolution were observed in the fluctuation spectra. Besides those

already mentioned, the plasma disruption at the end of a shot was
frequently observed as a sharp increase in fluctuations followed by the

near-total disappearance of all fluctuation frequencies. During neon
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injection this disruption was usually accompanied by a narrow width,
high frequency spike of unknown origin. Another feature observed near
the end of the sequence was a large increase in the fluctuation level
below 100 kHz. This turbulence has been correlated with an X-ray diag-
nostic measurement and has been attributed tom = 1/n =1 oscillations.5

A careful analysis was done on data taken during neon impurity
injection experiments. Neon -injection has been shown to improve parti-

cle and energy confinement in ISX.18 Initially this was attributed to a

" reduction in fluctuations due to the presence of the impuity. Changes

in the fluctuation level were shown to be small by the FIR scattering
measurement. The increase in the level observed was directly attribut-
able to the accompanying increase in density. Conﬁurrent measurements
of the density fluctuation level by a heévy—ion beam probe diagnostic
were in coﬁplete agreement.' In later measurements it was observed that
there was a decrease in the polodial magnetic field fluctuations (E;/Be)

with the injection of neon.

7-5 Conclusions

The observation of fluctuation induced scattering of FIR radiation
in the unprocessed output signal of the FIR interferometer on ISX has

led to a new method of monitoring fluctuation levels on a day-to-day

 basis. This method is almost ideal for any major fusion plasma experi-

ment that involves the use of FIR interferometers. No - modification of
the existing equipment is required, nor is any special equipment other
than standard off-the- shelf electronics common around such experi-

ments. The only manpower required after initial setup is for analysis
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of the acquired data. The method was found to be simple, reliable, and
informative. This méthod is currently being applied to the largest
operating research plasma device in this country at Princeton. It will
no doubt become a standard technique for monitoring fluctuation

phenomena.
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CHAPTER 8
SUMMARY AND CONCLUSIONS

8-1 'Summary

The primary purpose of this report is to detailbthe FIR scattering
measurement carried out on the Elmo Bumpy Torus experiment. Similar
experiments have recently been performed on other plasma devices. Two
of the important experiments are reviewed in the appendixes. Also,
measurements of density fluctuations have previously been done on EBT
using conventional techniques that may be considered difficult to inter-
pret. Two of the better documented series of measureméntsuare reviewed
in the appendixes. With that background, the foundation for the mea-
surements is established by a series of theoretical calculations. It is
demonstrated tﬁat the scattered power from a coherent density wave can
calculated using a simpler and more straightforward technique than the
common method of summing the contributions from individual electrons.
The calculation which is based upon the diffraction of light by modula-
tions in the index of refraction produces a result which is in agreement
with previous calculations. The experimental arrangement is described,
including some historical notes about what eventually led to limitations

on the system operation which resulted in a reduction in resolution,

 system flexibility, and reliability. Also details of the equipment used

and the limitations that equipment imposed on the measurements are given
along with an outline of the signal processing and data acquisition.

Much of the time spent on this project was dedicated to system test and
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calibration. An analysis of the overall performance of the scattering
diagnostic is given. v Thé calibration techniques are described along
with the results. |

Three basic types of experiments were performed. Steady state
experiments with no ICH were done with both 18 GHz and 28 GHz ECH. The
results were unreliable, and no conclusions éould be drawn. Pulsed
experiments turned out to be much more reproducible, but the lack of
theoretical analysis of this operational mode (as well as the absence of
measurements by other diagnostics) limits the usefulness of the results.
A strong instability was detected during pulsing which was fixed in
location. Although the nature of this feature cannot be established
without more information, it is proposed that the instability is not of
the drift type but may result from a density gradient located at a posi-
tion where magnetic field lines go from being toroidally continuous to
wall-termiﬁated. Magnetic field scans.indicate that the passage of the
hot electron rings through this region reduce the fluctuations, thereby
stabilizing the instability. Pressure scans show a monotonic~increase
infthis signal ﬁntil near the T-C transition as the pressure is in-
creased. At a point between mid-T mode and the T-C transition, the
signal leveled out and remained constant to pressures well above the T-C

transition point. It is postulated that this favors theories which are

" based on electron ring stabilization effects but contradicted previous

conclusions about fluctuation behavior and its effect on EBT transport.
~ Measurements were attempted with steady state ICH appliéd, but the

results were largely negative. Pulsing the ICH led to more reliable
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measurements. Evidence is presented that shows ICH driven waves were
penetrating the plasma core and that mode conversion from fast waves to
ion Bernstein waves was taking place. Measurements of spatial locations
of the waves along with the dependence on neutral pressure are shown to
support the ion Bernstein wave theory.

Because of the rather limited performance of the FIR scattering
diagnostic, a 2 mm klystfon was installed in place of the laser sysfem.
Means were provided to change easily from one to the other. Since the
technology associated with this wavelength is better established, only a
brief description of the apparatus is given. Both steady state ECH and
ICH measurements are described. It is shown that fluctuations measured
at the longer wavelength seem to be smoothly distributed. Also, the
fluctuation amplitude is a strong function of density. ICH measurements
were of poor resolution but were reliably reproducible. Distribution of
the detected signals in relation to position, field, and pressure sup-
ports the conclusions drawn with the FIR system and pulsed ICH.

In a separate series of experiments on ISX, the FIR interferometer
was used as a scattering diagnostic. The interferometer signal was
spectrum'analyzed to reveal a scattered spectrum that results from small
angle scattering. Although the fluctuation length was long, the infor-

mation obtained is believed to represent the overall fluctuation levels

" in ISX. The computer controlled data acquisition éystem allowed the

scattering data to be taken during normal operations without additional
manpower. Analysis of the data shows the expected features of a neutral

beam heated tokamak shot. The system provides a constant monitoring of
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the fluctuation level and is used to show that density fluctuations are
not responsible for the improved confinement observed during neon impu-

rity injection experiments.

8-2 Proposals for Future Measurements

Perhaps the most important result of the work reported here is its
contribution to future scattering experiments. During the next two
years the Advanced Toroidal Facility (ATF) will begin operation. Also,
another small tokamak has been proposed and is entering the main design
st;ge. Another proposal is being considered for an experiment similar
to EBT called the Elmo Bumpy Square. Each of these machines should have
installed a system capable of measuring fluctuations.

The ATF device will have an interferometer installed and operating
before the first plasma. This also implies that a spectrum analyzer can
be added and the fluctuations monitored in the same manner as on IsX.
Also, a port will be available to measure scattering at a fixed location
and a fixed angle. Problems may develop with this concept, however,
because of polarization problems. A new laser is under development that
operates at 337 micrometers and should be much stronger and more stable

than previous systems. This laser can be used with the same port and

may provide the possibility of a more versatile system. This system

~will most likely be capable of observing any k vectors within the range

‘provided by the port access and any spatial location within the scatter-

ing plane along the incident beam.
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The new tokamak will be a small compact torus with a limited
diagnostic set. Again, the interferometer used may provide opportunity
for observing fluctuation spectra.

Finally, there was a great deal of experience gained in operating a
scatﬁering diagnostic in the hostile environmént of a microwave driven
plasma. The future application to a device such as EBS may prove to be
beneficial to the resolution of bumpy field equilibrium and stability
questions. The first problem to address is the containment of the
microwave field while allowing the desired signals to be transmitted.
Damage to the internal components of the EBT scattering system suggests
that a thin screen capable of attenuating the microwave field by 30 to
507 may keep the plasma from forming or penetrating into the vicinity of
the mirror components. A screen similar td that used on EBT could then
be used at the vacuum-air interface. A major problem wifh the EBT sys-
tem is the limitation on wavevector measurements. With a computer con-
trol system a mirror could be driven by two units or ideally three
units. The first could move the mirror.linearly up and down, while the
second could rotate it so that any position and k’vector could be ob-
served within the range of the géometry. A third drive could be used to
move the input beam lens so that the focal point is always in the scat-
tering volume. This allows better resolution and longer wavelengths.
For an EBT-like plasma an ideal wavelength for scattering seems to be in
the range of 0.5 to 2 mm. Access to the input lens also allows changing
it for different wavelengths. If a drive system is too difficult, then

a special curved reflector which focuses a parallel antenna beam to a
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point can be used to provide continuous k vector measurements. Wavevec-
tor resolution would ‘suffer slightly, but this can be minimized by
proper optics design. The final problem to be addressed is the mounting
of the waveguide and optics. It is suggested that a totally enclosed
system be constructed with a heavy metal frame. The optics must then be
mounted on an isolated structure within. Dielectric waveguides are not
suitable in the form used with EBT. However, the waveguides may be more

reliable if most of the right angle bends are eliminated. Ideally only
two bends are necessary. One directs the beam down to the torus center.
(or, maybe better, up from below) and the other directs it into the
vacuum vessel. A similar arrangement can be used for the antenna beam.
A diagram of the improved system is shown in Figure 8-1. Laser develop-
ment is proceeding at such a rapid pace that when this system is built,

an increase in sensitivity of two orders of magnitude could easily be

accomplished if most of these steps are taken to improve the system.

8-3 Conclusions

The technology involved in measuring fluctuations énd density waves
with the scattering of FIR laser radiation is rapidly approaching matu-
rity. This dissertation represents the first thorough series of mea-
surements attempted at a wavelength of 447 microns. ' The laser system
which was ideally suited for interferometry lacks sufficient stability
for steady state measurements of a low density plasma. The results of
the measurements were not of high enough quality to impact significantly

the research effort into EBT-like devices. However, some additional.
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information was obtained about the plasma conditions. The full implica-
ﬁions of these measurements may never be known due shutdown of the EBT
program. Measurements made with a 2 mm system were found to be more
sensitive and reliable as well as easier to install and operate. With
the proper optics and geometrical design, this type of system may prove
to be much more valuable for measurements in low density plasmas. The
use of an in-place interferometer has been shown to be a simple and
valuable method for monitoring plasma fluctuations in a turbulent plas-
ma. Based on the experience gained on EBT, another scattering diagnos-

tic has been designed and its principle features outlined. These fea-

tures can easily be adapted to almost any other plasma device and should

eliminate most of the problems encountered on the EBT device.
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APPENDIX A
THE EBT AND ISX EXPERIMENTS

A-1 The EBT Experiment

A-1-1 Pre-EBT Experiments. The Elmo Bumpy Torus (EBT) experiment

was a direct result of many years of experimental work with simple mir-
rors and electron Eycldtron‘heating (ECH). Immédiately preceding EBT
were the ELMO experiment and the Canted-Mirror experiment. The ELMO
device was a simple mirror with an adjustable mirror ratio and multiple
frequency microwave heating capabilities. A neutral gas, usually hydro-
gen, was fed into the vacuum vessel at a pressure of 10-5 torr, and
microwave power was applied to break down the gas into a plasma and to
heat the electrons to high temperatures. The.dominant mechanism for
microwave absorption is electron resonant heating--the resonant acceler-
ation of free electrons due to the matching of the electric field fre-
quency with. the electron gyro-frequency -in the magnetic field. The
location of the absorption for a single frequency microwave field is the
magnetic surface corresponding to where the magnetic field strength
matches the gyro-frequency to the microwave frequency. This is called
fundamental resonance heating since it is possible also to heat at
~ higher harmonips. For the simple mirror. configuration the absorption
took place in axis-symmetric bands ;r rings which have become known as
hot electron annuli or hot electron rings. The electrons in these rings
were well confined in the mirror geoﬁetry and continued absorbing power

until the energy losses from collisions and scattering into loss cones
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was at the same rate as it was being absorbed. Because of their con-
finement, electrons reached energies in the rings in excess of 5 MeV.

Energy transfer from the rings went mostly into two plasma
components which coexisted with the ringg. Inside of the rings and
contained within the field lines which cleared the cavity walls was a
moderately éonfined, stable plasma component which consisted of  warm
electrons and cold ions. Losses from this region were dominated by end
losses through the loss cone in velocity space. On the outsidé edge of
this plasma component was a region characterized by poor confinement and
coldbtemperatures. The field lines in this region’of the plasma termi-
nated at the cavity wall and were responsible for carrying much of the}
input power to the walls. This componeﬁt_of the plasma is referred to
as the surface plasma.

Two major effects were noted during operétion of the ELMO device.
The first one was an increase in the instability level due to the non-
uniform distribution in the electron energy, especially in the region of
the rings, when the ECH power was increased. The effects of those
instabilities was to increase the scattering rate into the loss cone and
to cause rapid changes in the pitch angles which effectively enlarged
the loss cone. The second effect was due to having a large numﬁer of
electrons processing in the gyro-orbits in identical directions and in a
limited region. The magnetic fields generated by these small current
loops were in the direction opposite to the applied field. This had the

effect of causing a minimum B field region (min-B) and was actually

capable of local field reversal. Referring to Figure A-1, it can be
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seen in the lower section that without a plasma the Mod-B contours are
typical for a mirror configuration. The upper portion shows measure-
ments with the plasma whose presence has caused a considerable change in
the field contours. The field lines, passing perpendicular to the con-
tour lines, are compressed in the region of the magnet throats, which
results in the mirror confinement. The field lines are also compressed '
in the region of the rings, which lessens the number of particles pass-
ing through this region. Without the rings, this region has negative‘
field line curvature (the liﬂes are "cupped" toward the plasma confine-

ment region) which can result in MHD instabilities (i.e., the inter-

change instability) and enhanced particle losses. The rings, however,

not only reduce the number of particles in this region, but also reduce

the size of the regions with negative curvature. The net result is

increased MHD stability in the mirror configuration.

One of the most straightforward approaches to improving particle
and energy confinement is t§ recycle the particles lost to the endplugs.
If an identical cavity is constructed sharing one mirror coil, then
energy and particles passing through that coil will enter the adjacent
cavity. The ultimate goal is a closed-field configuration (one‘in which
all the field lines remain within the vacuum vessel without intersecting

the walls). If each cavity is angled slightly with respect to the pre-

" vious cavity, then with sufficient cavities and mirror coils the field

can be bent around into a circle or torus. To test the effects of the

angles between mirror coils a smaller version of the ELMO experiment was

built in which the angle of the coils could be adjusted with respect to
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one another. This was the Canted-Mirror experiment which demonstrated
that for small angles (about 15 degrees) the properties of the rings and
internal plasma were only slightly modified. Increasing the cant-angle
increased the size of the region of negative curvature and therefore

decreased MHD stability. The presence of the min-B configuration

improved MHD stability, therefore making a complete torus an attractive

configuration.

A-1-2 EBT Experimental Design. As a result of the ELMO and

AY

Canted-Mirror experiments the EBT device was built with 24 mirror coils

with a 2:1 mirror ratio and a 15 degree cant angle between neighboring

mirrors (Figure A-2). The toroidal configuration had a major radius of .

1.5 meters and a minor radius at the cavity midplane of 25 cm. The

field strength at the coil center was 10 kG maximum, which was later

upgraded to 14.5 kG. The total plasma volume was just over 500 liters.

Each cavity enclosure was circular with eight access ports, one every

45 degrees on the vertical midplane. The direction towards the major
axis is referred'fo as the‘inside direction. The inside. lower port was
attached to a vacuum manifold, and the inside upper port was usually
used for microwave feed connections. The original éonfiguration with

10 kG fields was driven by 60 kW of 18 GHz and 30 kW of 10.6 GHz micro-

) waves; Later the maximum field was increased to 14.5 kG and a 200 kW

gyrotron was added that operated at 28 GHz and the 10.6 GHz system was
abandoned. The upgrade was a transition from EBT-I to EBT-S (s for
scale up), but whenever the system was operated at 10 kG with 18 GHz

feed the device was referred to as EBT-I. When operated with the
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gyrotron, then EBT was referenced as EBT;S. An important note in refer-
ence to the quoted magnetic field strength is that due to few measure-
ments taken in the magnet throat regions, the field strength quoted is
the field strength at the center of the cavity. Since the mirror ratio
is 2:1, this value is half the strength in the throats. Therefore,
normal EBT-I fields are reported as 5 kG, and EBT-S are 7.25 kG at the
cavity center. This is a convenient value because the field vs current

curve is a straight line for the values of interest and has a slope of

one with a zero intercept. There is therefore a one gauss increase in

field strength for every ampere of current added to the coils. Operat-
ing at 7250 amps results in a field of 7250 gauss at the cavity center.
Throughout this work the field strength is referenced by the coil cur-‘
rents.

During normal operaﬁion of EBT-I/S (5000 A with 18 GHz/7250 A with
28 GHz) the fundamental resonance zone is a surface which forms a cup-
like shape over each of the mirror throat openings (Figure A-3) while
the second harmonic is just inside the cavity walls at the cavity mid-
plane. It is the second harmonic in this case which creates the hot
electron rings. Operating the device at at a field strength which uses
the fundamental resonance zone to form the hot electron rings is

referred to as fundamental resonance mode or FR mode. The density cre-

" ated within the plasma is a strong function of the magnetic field

strength, the microwave power, and the neutral background pressure.
If the power and fields are held constant and the pressure is

varied, then the dependence of the density on pressure shows three
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distinct regions of operation. At higher pressures the plasma is cold

and relatively poorly confined. As the background pressure is lowered,

the density decreases monotonically to a minimum where there is a sudden

increase along with an increase in stability and confinement. The high-

er pressure zone is called the C mode in reference to the cold plasma

temperature. The zone where the density is improved is called the |

T mode indicating an improvement in the toroidal confinement. The boun-
dary point is called the T-C transition point. If the background pres-
sure is lowered further, the density reaches a maximum and then decreas-
es slowly to a point where the density suddenly drops much more rapidly.
This region is where the globular behavior of the plasma is lost, and
the plasma behaves as 24 individual mirror confined plasmas with little'
toroidal interaction. This region of operation is cailed the M mode for
its mirror-like confinement. The transition point is called the T-M
transition. The locations of thesé transition points depend on other
machine conditions, but they do exist for almost all normal values of
field strength and microwave power as well as microwave frequencies.
Primary interest has always been in the T mode of operation because
of the improved confiﬁemént timeé and higher temperatures at higher
densities. A summary of EBT plasma parameters is given in Table A-1.
These measurements are provided to indicate the range of the parameters
and their typical values in the different modes of operation. Measure-
ments with different diagnostics 6ften result in different values and

are seldom in close agreement. The given values can be used for inter-

comparison but should not be accepted as the absolute correct value. In
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Table A-1. Typical plasma parameters found during normal EBT operation.

Yk
Operation Mode

EBT-I EBT-S
nel* M-mode 1x 10;3 cm-2 2 x 1013 cm—2
T-mode 1.2-1.8 x 1013 cn™? 2.5-3.0 x 1013 em™?
| C-mode 1.5-2.8 x 101 cem”? 3.0-4.5 x 1013 cm™?
Te M-mode 450 eV 700 eV
T-mode 250-500 eV 250-600 eV
C-mode 150-200 eV 150-200 eV
T, | 10-40 eV 10-40 eV
Beta ring 5-257 ' ; 10-307
core 1-.37% .1-.57

Knel is a chord integrated density measurement. Because the
plasma size changes with the operating conditions the absolute dﬁﬁ;ity
is ruﬂizwell3 known. It is found to be typically from 1 x 10 to
1 x 10 cm . Values given for M mode are those found near the T-M
transition.

%*%EBT-I refers here to operation at 5000 Amps and 40 kW of 18 GHz
ECH. EBT-S refers to 7250 Amps and 100 kW of 28 GHz ECH.
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addition it has been proposed that the electron distribution function is
divided into multiple populations which act with only limited inter-
action.38 The colder component, which includes most of the electrons,

consist of a uniform spatial distribution with temperatures less than

100 eV. There is also a warm tail component resulting from the ECH with

a temperature of 200-800 eV. A third component is the hot ring compo-

nent already discussed.

A-1-3 Auxillary Heating with ICH. In a manner similar to ECH, the

ions in a plasma can be accelerated by the application of radio waves at

a frequency which corresponds to the ion cyclotron resonance frequency.

Experiments have shown that the absorption of radio waves is not solely:

dependent upon this resonance, but heating can be accomplished by off-
resonance heating. This is still a result of the ion-gyro behavior in a
magnetic field and is now commonly refer;ed to as ion cyclotron heating
(ICH). Methods for generating rf fields in a plasma are varied and
depend on the nature of the plasma device. On EBT an éntenna was mount-
ed inside the vacuum vessel and was excited by an rf signal from a high
power radio transmitter. Coupling oﬁ the rf power to the plasma is
difficult, since changes in the plasma characteristics change the imped-
ance loading on the antenna. A system of continuously adjustable capac-
_itors was installed on the antenna to enable the operator to optimize
the antenna loading for a particular plasma.

Several different types of antennas have been built with varying

degrees of success. Two most important designs were intended for dif-

ferent types of wave propagation within the plasma. The fast wave
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aﬁtenna, Figure A-4, was a quarter-turn antenna which was mounted in a
cavity'at its midplane parallel to the cavity wall. To protect the
antenna structure a Faraday shield was mounted over it. Typical opera-
tion of the fast wave system was in the frequency‘range from 20 MHz to‘
48 MHz. During operation an increase of the ion-tail temperatures was
measured, as well as an increased electron ring . temperature and an
increase in the ring stored energy. Another type of antenna was intend-
ed to create rf waves in the slow-wave regime. This type of antenna
entered the vacuum'vessel through a midplane port in one cavity and
exited through a similar port.in an adjacent cavity. ~Even though the
antenna structure passed through the plasma in the mirror throats, no
shielding was provided. Although similap effects in ion temperatures
were measured during slow-wave operation, the overall performance of
this type of ICH was disappointing in comparison with similar experi{
ments on the Nagoya Bumpy Torus. Typical operation of the slow-wave

system was at a frequency near 10 MHz.

A-2 The ISX Experiment

A-2-1 General Background. The Impurity Study Experiment (ISX) is

a tokamak device designed for the investigation of the plasma physics
involved in the development Qf plasma technology for fusion energy pro-
duction. It was preceded by the Oak Ridge Tokamak (ORMAK) which
achieved several milestones in fusion research. Both are designed on
the tokamak principle deVeloped in Russia and adopted in this country in

the late 1960s. In this type of device a large toroidal field is
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created by a seriés of coils in a basic solenoid configuration bent iﬁto
a circular torus. Siﬁce a plasma confined in this simple field is
unstable, as demonstrated by years of research work on stellarators, a'
rotational transform must be added by imposing é smaller polodial field‘
upon the toroidal field. The unique approach of the tokamak concept is
in the manner that this transform is established. By generating a
toroidal current through the plasma, the stabilizing fields are created.
by the piasma itself. The ohmic energy losses also contribute to the
heating of the plasma. In fact, ohmic heating is so efficient that it‘
is typically the primary heating method in a tokamak. The only method
on a major device successfully employed thus far in producing the neces-
sary currents is by magnetic induction. A large transformer core is
placed around the plasma and driven with a strong shaped current pulse.
This induces a large current in the conducting plasma for a period of
time dependent upon how loﬁg the derivative of the primary current can
be maintained. This naturally limits the amount of induced current as
well as the period of time the plasma current can be sustained. Another
important plasma property is the decrease in the resistivity with plasma
temperature. As the plasma temperature increases due to the plasma
current, the rate of energy transfer decreases, thereby limiting the
temperature achievable with any specific tokamak device. The conclusion

" is that supplemental heating, the subject of a major portion of research

today, is required to achieve fusion conditions.

A-2-2 ISX Design and Goals. Assuming an appropriate heating

mechanism is found, there are still several obstacles to achieving
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temperatures high enough for fusion. One of the primary means of energy
loss from a hot plasma is radiation. The radiation emitted from a hot

plasma spans the entire electromagnetic spectrum from radio waves to

gamma rays. Included in this emission is bremsstrahlung and atomic line

emission. The amount of energy transported from the plasma by these

kinds of effects depends on the nuclear charge (Z) of the ions present

within the plasma. Most plasma discharges of interest are comprised of

the isotopic forms of hydrogen. Radiation losses from a low Z plasma

such as pure hydrogen can be expected to be manageable. However, impu-‘

rities are constantly being fed into the plasma from the walls and other .

sources. This increases the effective Z of the plasma and therefore
greatly increases radiative losses.

The original objective of the ISX experiment was to study the
effects of these impurities and their transport through the plasma. In
1978 the device was upgraded to ISX-B in order to study additional plas-
ma properties, although the study of impurities was also still actively
pursued. The final upgrade in 1982 added a total of 4 MW of neutral
beam supplemental heating. The plasma current was increased to a maxi-

mum of 300 kA. The major radius was 0.93 m with a minor radius of

0.26 m. The maximum toroidal field was 1.5 T, and the maximum measured

volume average beta, (the ratio of plasma pressure to magnetic pressure)

" was 2.5%. The energy confinement time was measured to be as high as

about 40 ms. Electron and ion temperatures achieved were near 1.5 keV,

and densities of over 1 x 1014 cm-3 were achieved.
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'APPENDIX B
OTHER SCATTERING EXPERIMENTS

B-1 Overview

The scattering of radiation by a plasma has been used as a plasma
diagnostic for many years. Thomson .scattering is used for electron
temperature and density measurements in hot plasmas where probes would
be destroyed. The use of ruby lasers enables focusing that gives high
spatial resolution. Thomson scattering at longer wavelengths is capable
of yielding ion temperatures and densities as well as changes in the‘
distributions. The measurement pf jon parameters, however, has not
progressed nearly as far as electron measurements have, due to the
necessity of developing new technologies and improving old ones to meet
the demanding needs of those methods. The initial effort in using
Thomson scattering as an ion diagnostic was directed at the measurement
of ion density fluctuations. Microwaves were first utilized because the
technology was considerably more well developed. Recently focus has
been directed at wavelengths in the far infrared, using COz\laseré and
newly developed FIR lasers oﬁerating in the 100-1200 micrometer wave-
length region. Probably the most significant advancement that has

enabled the use of radiation in this wavelength region is the develop-

" ment of new low-noise detectors which do not require special handling or

cooling for operation. The availability of these detectors allowed both
ORNL and UCLA to initiate development of FIR laser scattering diagnos-

tics. A brief review of the work done at UCLA is given here because of
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its important historical significance to FIR scattering system develop-
ment and to provide additional information which may be helpful in
understanding the results of the work completéd,at ORNL.

Another important scattering measurement was completed at ORNL on
the ISX-B tokamak before measurements were made with the FIR system.
These measurements were made with a 2 mm microwave scattering system,
portions of which were later used on the EBT system. Results of this
experiment are directly comparable with the FIR scattering results; A
brief description of this experiment and the results are given in

Section B-3.

B-2 FIR Laser Scattering at UCLA

There have been many published accounts of the experimental work
done in FIR scattering at UCLA. The following description is drawn from
Reference 25 which concentrates on the ICH and microturbulence measure-
ments made on the UCLA Microtor Tokamak.

The FIR laser system used is similar to the system used at ORNL but
is operated with a different lasing gas in the FIR cavity. The 9P32
line of the CO2 laser is used to pump the carbon-13 isotopic compound of
methyl fluoride (CHBF) which lases at a wavelength of 1.22 mm. The UCLA
scattering system -itself (Figure B-1) is quite different from the ORNL
. version. The laser beam is first divided into allocal oscillator (L.O.)
beam and a probing beam. The probing beam enters the tokamak wvacuum
chamber through'a large rectangular window. The transmitted portion of
the probe beam, as well as the scattered signal, exits through another

large rectangular window opposite the input window. A large array of
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optical components and mixers are mounted on a vertical optics bench
where the L.0. beam is divided and focused into the various mixers.
The transmitted beam is reflected via an aluminum mirror to the mixer
for that beam. Several mirrors are used to collect scattered signals
from different scattering angles and form them into beams representing
approximately equal solid angles of observation. The system is versa-
tile inasmuch as the number of scattered beams, the scattering angles,
and the position of the scattering volumes can be readily changed by
rearranging the optics on the vertical optics bench. Also, the entire
laser and optics systems are mounted on a mobile platform which can be
moved away from the tokamak for calibration and adjustment. It can also
be positioned at different loc;tions along the major radius of the
tokamak to allow shot-to-shot variation in the spatial location within
the plasma. This versatile design was made possible because of the
convenient access to the machine and most of all because there was no
requirement for microwave cut-off screens at the vacuum-air interface or
for lead shielding.

The calibration measurements on this scattering system were made
with a TPX Bragg cell which was later borrowed for use in calibrating
the EBT system. A detailed description of the cell is given in Chap-

ter 4. The measurements made at UCLA, however, were much more rigorous

" and complete because of the capability of moving the entire scattering

assembly away from the tokamak. Scattering from the cell could thus be
made without the spatial limitations of the tokamak vacuum vessel or

without the time limitations inevitable if the calibration work prevents




148

other experimental operations. The velocity of sound in the TPX was
first found with a tone burst generator and the time-of-flight method.
The velocity was estimated to be 2.2 x 105 cm/s, which is in reasonable
agreement with other experimental measureﬁents in similar TPX cells.

The wavenumber resolution found with the TPX cell was +1.1 cm_l, which

agreed with a value calculated from the measured beam waist, ay» of

1.9 cm using the equation k = 2/a0. Estimates were also made of the
scattering length/spatial resolution which was in agreement with the

calculated value found with the equation Lv = 2a0/sin es

Calibration of the system sensitivity was acqomplished by first
comparing the relative sensitivity of the various scattering channels.
Absolute calibration was made with an unmagnetized filament discharge
plasma whose parameters could be measured with Langmuir probe tech-
niqueg. The miniﬁum detectable signal was determined solely by the
system temperature and the receiver bandwidth. The system sensitivity
was determined by the system temperature alone. The estimated system
temperature was 20,000 + 5,000 K DSB which resulted in a minimum detect-
able power of 5.5 % 1.4 x 10-19 W/Hz. With a 3 MHz IF bandwidth the
minimum detectable power was 1.66 * .4 x 10-12 W. Predictions of tﬁe
scattered power from ion acoustic waves in the filament discharge
resulted from the measurements made with a Langmuir probe with correc-
tions made for the probe sensitivity (peak fluctuation amplitude). The
signal-to-noise ratio was found to be 1.6 % 0.6 from these calculations,

which compared well with the directly measured SNR of 1.3. The first

measurements made with the FIR system on Microtor were of low frequency
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microturbulence. The UCLA group recognized the turbulence phenomenon to
be a randomly varying process which mgde direct correlations of the
measurements taken on a shot-to-shot basis useless. Therefore, the
multi-angle scattering system‘was designed‘to provide maximum informa-
tion from a single shot. Scattering angles of 4.5°, 90, 13.5°, and 18°
were used during these measurements. The frequency spectra obtained for
the different wavenumbers exhibit discrete peaks that are dependgnt on
the scattering angle and spatial location. The phase velocities of
these microturbulence waves were therefore calculated and compared. The
phase velocities at the plasma edges were found to be three times small-
er than at the plasma center. These values did not, however, vary sig-
nificantly with changes of the density by a factor of two or of the
magnetic field by a factor of two-thirds. Comparison of the measured
frequencies and wavenumbers with calculations from electron diamagnetic
drift wave theory at a plasma rotation velocity of 1.5 x 105 cm/s were
favorable.

In another series of experiments ICH antennas were used to launch
both electrostatic and electromagnetic waves into the plasma discharge.
Calculations of the dispersion curves were made for fast magnetosonic
waves and ion-Bernstein waves. Emphasis was placed on identifying the
jon-Bernstein waves and using the dispersion curves to estimate the ion
temperature. Attempts made with the electrostatic antennas were a fail-
ure, but measurements made with the electromagnetic antennas were suc-
cessful. This indicated that the waves detected were solely dependent

on mode conversion of the fast wave, an. hypothesis further supported by
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the independent detection of the presence of the fast wave and the
agreement found between measured values of k at set w/wci and the calcu-
lated dispersion curves (Figure B-2). Since the calculations are a
sensitive function of ion temperature, the temperature used to best fit
the calculated' curves to the measured points is taken as the measured
ion temperature. The error in these ﬁeasurements can be quite large;
with increasing uncertainty toward higher temperatures. The claim was
made that the use of a full electromagnetic wave calculation produced
better fits to the data than the electrostatic dispersion relationj
however, for the data presented the difference in the two calculations
was quite small in comparison with the resultant error bars from the
measurements. The comparison of the estimated ion temperature and the
results.from a charge exchange analyzer were acceptable. Direct scat-
tering measurements of the fast wave were limited because the scattering
occurs at very.small angles, which makes deterﬁination of k diffiéult.
However, the scattered amplitude was observed for its radial and

temporal dependence.

B-3 Microwave Scattering on ISX

There have been several microwave scattering experiments performed
on plasmé devices. One of the most recent was conducted on ISX-B with a
2 mm microwave system.6 The klystrons used were the same as those used
with the EBT 2 mm experiment described in Chapter 3. The system was set
up as a heterodyne detection system with two separate sources locked at
a 20 MHz frequency difference. The microwave signals were transmitted

from the primary source to the plasma, from the plasma to the detector,
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and from the secondary source (L.0.) to the detector via rectangular
cross-section metal waveguide. The jncident wave to the plasma was
launched along the central vertical cbrd of the plasma by a microwave
horn mounted within the vacuum vessel. The receiver horn was mounted on
an outside wall flange with the anteﬁna beam directed above the plasma:
cross-section center approximately 16 cm as shown in Figure B-3. The
resulting scattering angle of 70° could be changed to 110° for the same
scattering location by mounting the transmitter horn on the wall oppo-
site from where originally mounted, thereby reversing the direction of
propagation. The system can look ‘at fluctuation lengths of 1.3 mm or
1.9 mm.

The electronics setup is shown in Figure B-4. The sweep time of
the spectrum analyzer was 20 ms, thus allowing several spectra to be
recorded during each shot. The analyzer was free-running so that thg
starting time of the spectéa varied from shot to shot. The digitizer
was triggered 50 ms before the shot and recorded daté for about 400 ms
total. Two channels were digitized during each shot. One recorded the
frequency analyzed signal amplitude, while the other recorded a sawtooth
signal which was proportional to the frequency being analyzed.

The microwave input beam was reflected from the vacuum vessel
walls, and part of it was picked up by the receiver--resulting in a
large peak that corresponded to the frequency difference of the two
klystrons. This correspohds to the zero frequency of the scattered
spectra as shown in Figure B-5. In the presence of a plasma the scat-

tered signal appeared as wings to each side of this central peak
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(Figure B-6). Integration of the scattered spectrum gives an accurate
indication of the changes in fluctuation levels if the incident power is
not significéntly attenuated. There is considerable error in the abso-
lute amplitude since the zero frequency peak is included. A plot of the
numerically integrated data vs time from the start of the shot is given,
in Figure B-7.  The strong signal at the end of the first 80 ms is the
ohmic heating stage ofqthe discharge. At the onset of neutral beam
heating after 80 ms, the signal drops abruptly but increases gradually
during the central portion of the shot. Again at 200 ms the signal
levels drop, corresponding to the start of a second neutral beam injec-
tion. The shape of the frequency spectrum is near Lorentzian as pre-
dicted by recent work done by Horton and Terry13 for high levels of
turbulence produced by drift wave fluctuations. The symmetry of the
spectra indicates there is no Doppler shift observed, which therefore
implies the polodial rotation of the plasma is less than 200 m/s.
Because only two k vectors were observed, the amplitude of the
fluctuations could not be inferred. There was no indication of coherent
waves; in fact, the observed coherence times were remarkably short. One
of the most difficult questions about this diagnostic concerns the
effects of refraction and beam depletion. The effects of refraction are
known to be severe at 2 mm, so there may be an uncertainty involved in
the comparison measurement such as in Figure B-7. Beam depletion
results from the scattering or refraction of the beam into a region

which would enhance or reduce the signal received by the receiving horn.
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Comparison with FIR scattering may shed more light on this subject and

is further investigated in Chapter 7.
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APPENDIX C
PHOTODIODE AND LANGMUIR PROBE MEASUREMENTS

C-1 Photodiode Measurements

During the period of time when only the EBT-I option was available,
many measurements were made using simple diégnostics such as probes and.
radiation detectors. A photodiode was used without filters for observ-
ing the strong emission from the hydrogen alpha line. ‘Results of those
measurements as well as measurements with probes are summarized lby
Komori in Reference 17. Also jncluded is a detailed analysis of the
effects fluctuations may play in confinement in EBT. Although more
recently some measurements were made as preliminary work to the FIR
scattering experiment, the results are not as detailed as those
described by Komori. This appendix summarizes these measurements and
conclusions for comparison with scattering results in Chépters 5 and 6.

The photodiode was installed with a collimation system to look
across the central horizontal diameter of one cavity. A separate
arrangement (Figure C-1) allowed a collimated beam to be scanned across
the plasma by rotating a mirror mounted at the top of the cavity. The
diode current is proportional to the volume integral of the neutral

density, electron density, and the ionization coefficient:
I« J nn <ov> Q dv , - (c-1)
oe !

which for a well collimated beam of small diameter can be approximated

by a line integral:
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Ix j nn <ov>dl . (c-2)
oe ‘

The ionization coefficient or excitation rate coefficient is a function
of the electron temperature. However, above a temperature of 50 eV the

rate becomes almost constant. If we further assume the neutral pressure

to be constant (a valid assumption at low electron densities), then the -

line integral is simplified:
I= J ndlaPnl, ‘ (c-3)
o e

where P is the neutral pressure and where nel is not a point product but
is the electron line density, which is measured directly by interferome-
try. Since the function of temperature is weak for é hot plasma and
fluctuations of ‘the neutral pressure can be expected to be small then
the diode current will fluctuate in direct proportion to the densit§
fluctuations. Abel inversion is used to convert the chord averaged
measurements into radial profiles.

A measurement of the Abel inverted profile of the H-alpha signal
normalized to one is shown in Figure C-2 for three different‘pressures
which correspond to C, T, and M modes. These plots are comparable only
in slope since they were jndividually normalized. Outstanding features

" are the strong gradients near the ring locations (shaded areas) in T and
C modes, weaker gradients through the central region, and the uniform
gradient near the T-C transition (b) region. In C mode (a) the distri-

bution is similar, but the density is known to be much higher and
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therefore the gradients somewhat stronger. Measurements show that large
fluctuations are present at and related to spatial locations having
large density gradients as expected from drift instability theory.
Figure C-3 shows the spectrum analyzed H-alpha signals for pressures in
the C, T, and M modes. The M mode shows strong coherent fiuctuations,
but this region is of little interest. In C mode the fluctuations are
all restricted to lo; frequencies (<100 kHz) and show only small signs
of any extended coherence times.

The spatial scans of the plasma by the rotating mirror (not invert-
ed) show some important features' of these low frequehcy fluctuations.
In Figure C-4 the H-alpha signaf at 2 kHz is displayed vs the mirror
angle. Position of the hot electron rings on the midplane are again
shown as a shaded region. In C mode the fluctuations are strong and at
higher pressures show regions of enhanced fluctuations. In T modebthe
overall level is decreased both because of a drop in density and -because
there are fewer fluctuations. In the central region the fluctuations
are reduced even more. If corrected for the chord average density, then
the percent fluctuation in the region of the ring and to the outside of
the ring is far larger than in the central region. In the T mode the
central region is quiet with a much smaller level of fluctuation per-

centage. The central région displays significant fluctuation levels

" only in the C mode near the C-T transition. Since the major portion of

the observed fluctuations are in the region of the surface plasma, mea-

surements with Langmuir probes may provide additional information.
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C-2 Langmuir Probe Measurements

There have been many measurements made on EBT with a variety of
different probes. The measurements discussed here kare only a small
subset. The information presented is again based mostly on Refer-
ence 17. A typical Langmuir probe used on EBT is 3 mm long aﬁd 1 mm in
diameter. Water cooling is provided to the probe to within one inch of
the tip. The entire assembly is coaxially shielded except for the tip
itself. Another probe type used in conjunction with the Langmuir probes
are single-loop magnetic probes with axis parallel and perpendicular to
the field and position fixed at the cavity wall on the vertical mid-
plane. vMeasurements taken with these probes probably provide accurate
frequency information, but the Langmuir probe does significantly perturb
the plasma. Also, the high power levels in EBT are capable of destroy-
ing the probe if the tip actually comes in contact with the central
plasma-electron ring region. These probes, therefore, must be regarded
as limited in their usefulness.

Figures C-5 and C-6 demonstrate the measurement of electron density
and temperature profiles of the surface plasma. The shaded region
denotes the ring position; The density shows a large drop after passing
through the T-C point and also shows a considerable change in profile.
The temperature jumps at this transition, but the temperature profile
retains the same overall shape with a general increase in the gradients.
Frequency spectra, as shown in Figure C-7, indicate the low frequency
nature of the surface plasma fluctuations. As the pressure is lowered

an instability shows up as a coherent wave spectrum between 100 and
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200 kHz, but this disappears in M mode agaih. .These are fluctuations in
the ion saturation current measured at f = 14 cm.

Measurements wefe, made, using two. Langmuir probes separated
azimuthally by 45°, of the rotation velocity and the phase difference
between the density wave and the‘potential wave. These types of mea-
surements agree well with the fluctuations being a drift type instabil-.

ity. Similar measurements with magnetic probes demonstrate characteris-

tics of an interchange type instability. Phase measurements using this

technique depended upon comparing two small signals. As a result there
was a lot of dispersion in the measurements, and they may be subject to

interpretation.

C-3 Summary

Measurements made with photodiodés and Langmuir probes show two
distinct types of instabilities jdentified by their location, phase
velocity, and the phase angle between the potential and the density.
The first is a drift type instab;lity resulting frém 1aréé density gra-
dients in the outer portions of the plasma. Changing the neutral pres-
sure through the three mode regimes of EBT results in the changing of
these‘gradients and therefore of the fluctuation characteristics. The
second was identified as an interchange instability which was located
just outside the hot electron rings and is the result of the mixing of
two electron populations of differing temperatures.

The role that these instabilities play in confinement is not clear.
It had been suggested that the electron rings stabilize drift waves

caused by strong density gradients within the ring region. Since it is
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ineviﬁable that a gradient will exist betﬁeen the plasma and the wall,
it would be beneficial to confinement if the strongest gradients
occurred within this region. It was observed that in-deepiC mode the
plasma extended outward further, resulting in the -gradients being out-
side the ring region. Lowering the neutral pressure reduces the plasma
size and therefore moves the strongest gradients inward. When these
gradients entef the ring region, the stabilization effect would cause an
increase in confineﬁent, thus the T mode of higher densities and temper-
atures. Lowering the pressure further would soon lead to the return of
the fluctuations, this time inside the ring region. The resulting loss
of confinement correspondsvto the M mode of operation. Although attrac-
tive, this theory was not found to be in agreement with other‘experimen-
talévidence.2 Komori still maintained thét the electron rings prevent-
ed the drift instabilities’from penetrating into the plasma and causing
additional loss of confinement. The interchange instability is predict-
.ed by theory37 and has been shown to be stabilized by a sufficient back-
* ground neutral pressure.

Currently the view ié'that tﬁe presence of the hot electron rings
has little effect on confinement.16 Although the rings may be a valuable
source of energy absorption and electron heating, the diamagnetic cur-
rent is unlikely to be large enough to cause a reversal of the slope in
the integral of d1/B. This is an important stability criterion in the
bumpy torus field configuration. Without a local maximum in this curve

the hot electrons will not serve to stabilize the drift instability and




173

likely will contribute only additional instabilities such as hot

electron interchange modes.
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