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Autocorreiation and crossed-sightline correlation of ECE for measurement
of electron temperature and density fluctuations on ATF and TEXT?
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The great stumbling block in the quest for fusion power using magnetic confinement devices is
anomalous transport. It is conjectured that turbulent plasma fluctuations may be responsible
for the degraded energy confinement observed in experiments. There exists a clear need for
more detailed experimental studies of plasma microturbulence. A conceptual design is
presented for a diagnostic to measure eleciron temperature and density fluctuations using
electron cyclotron emission (ECE)}. The proposed ECE systems will employ autocorrelation
and cross-correlation techniques to measure radiation from the Advanced Toroidal Facility
(ATF) at Oak Ridge National Laboratory (ORNL) and also from the Texas Experimental
Tokamak (TEXT) at the University of Texas. This set of experiments on a stellarator and a
tokamak will allow a unique comparative study of the fluctuation physics in the two different
magnetic configurations. This article presents the theoretical basis and conceptual design of the

diagnostic.

i. INTRODUCTION
A. Motivation

In the quest for controlled thermonuclear fusion, the
magnetic confinement approach has encountered a formida-
ble obstacle: anomalous transport. The experimental values
of electron thermal diffusivity exceed those expected from
neoclassical theory by orders of magnitude. There clearly
exists a lack of understanding of thermal transport in high-
temperature plasma devices. It is conjectured that fine-scale
plasma microinstabilities may be the cause of the anomalous
transport.'”* Currently no accepted theory exists that can
fully explain the experimental results obtained. One of the
causes of this lack of understanding is the past experimental
emphasis on measuring bulk, time-averaged plasma quanti-
ties. In order for the plasma community to understand the
basic physics of anomalous transport, experimentalists need
to design dedicated plasma diagnostics to measure the fluc-
tuating. components of plasma guantities. This is currently
being done at many sites.

Electron cyclotron emission { ECE) has the potential to
provide information on fluctuations in electron temperature,
electron density, and magnetic field. Initially, our experi-
ments will focus on the detection of optically thick, second
harmonic ECE to look at fluctuations in electron tempera-
ture. Later it is intended to include additional sightlines to
allow measurements of fluctuations in electron density and
plasma pressure using optically thin emission. We plan a set
of experiments to measure fluctuating ECE from the ATF
stellarator located at ORNL and TEXT (a moderate sized
tokamak} at the University of Texas. This use of a tokamak
and a stellarator will lead to insights into the similarities and

*) The abstract for this paper appears in the Proceedings of Ihe;;?tlz Topical
Conference on High Temperature Plasma Diagnosticsin Part II, Rev. Sei.
Instrum. 61, 3073 {1990).
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differences of transport in the two main classes of toroidal
devices.

8. Background

The history of the use of optically thick electron cyclo-
tron emission to measure fluctuations in plasma electron
temperature is somewhat of a dichotomy. In the first case,
ECE has been used with great success to measure coherent,
large amplitade, MHD-type fluctuations (e.g., sawteeth)
that have significant spatial extent (3> 2 cm) and occur on a
relatively slow (> 10 us) time scale. The MHD-related tem-
perature fiuctuations are usually localized to a flux surface
and can be spatially resolved using the standard ECE diag-
nostic techniques. References*® contain examples of the use
of ECE to measure these types of coherent T, fluctuations.
On the other hand, the application of ECE tc measure inco-
herent or turbulent temperature fluctuations has not been at
all successful. The only attempt to date did not work because
of photon noise limitations.”® A summary of the present ex-
perimental situation would be that coherent, large-scale
fluctuations can be easily measured but one should use ex-
treme caution when looking for incoherent, small-scale fluc-
tuations. In the present work we present advanced methods
of data analysis using autocorrelation and cross-correlation
of ECE to infer turbulent temperature fluctuations.

The clear need for a better understanding of transport in
magnetic fusion devices leads one to ask the following ques-
tion: Can useful information on plasma fluctuations be de-
duced from ECE? To answer this guestion one must careful-
Iy consider the parameter range of possible 7, fluctuations
and the physical limits inherent in a measurement of ECE
from a magnetic fusion device. This will be done in Sec. I1. In
Sec. I1I the use of cross-correlation and autocorrelation to
overcome the traditional limits of ECE physics will be dis-
cussed. Then the conceptual design for the diagnostic will be
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discussed in Sec. IV. Finally, the implications of all of the
above will be discussed.

. FLUCTUATION PHYSICS AND PREVIOUS ECE
LIMITATIONS

The first step in evaluating the possibility of using ECE
to measure 7, fluctuations is to address the nature of these
fluctuations. In particular, what level and type of T, fluctu-
ations are detectable? The answer to this question depends
on the spectrum of the fluctuations in & — & space and the
amplitude of these fluctuations. Obviously we do not have
the exact answers, but some limits are set by looking at pres-
ent and past ECE results. A typical ECE system” used to
measure 7, has a spatial resolution of approximately 5 cm
and a typical time resolution of 10 us. A typical system noise
level is of order 5 ¢V. The lack of evidence of incoherent T,
fluctuations at these levels implies that one needs to look
with better spatial resolution, sample at higher frequencies,
and reduce the system noise level.

Since no one has yet reported turbulent 7, fluctuations
from the interior of a high-temperature plasma, we do not
know how much improvement in ECE system performance
is required. However we do know that significant improve-
ment in ECE system performance is possible if one designs
and dedicates a system to measure fluctuations. Asa guideto
the type of system performance desired, one can assume that
any temperature fluctuations lie in the same part of w — &
space as the density fluctuations observed to date.'” With
_ this assumption, one reqguires 2 frequency response up to 1
MHz and the ability to resolve wavenumbers in the range of
1-10ecm ! (or wavelengths in the range of 0.5-5 cm ). Elec-
tron density fluctuation levels on the level of a few percent
have been reported. What is required then is an ECE system
with the spot size oni the order of | em or less, time resolution
of 1 us or better, and the ability to measure temperature
amplitude fluctuations on the order of 1% or less. Of partic-
ular interest, in regard to electron temperature fluctuation
studies, is the area of trapped electron modes. Recent theo-
retical work,'? applied to the ATF device, predicts that the
trapped electron population will vary greatly for two specific
magnetic configurations obtained by varying the quadrupole
field. The first configuration is practically shearless on the
inner half of the plasma radius, and the second configuration
has strong shear throughout. Theory predicts that in the first
case the dissipative trapped electron {BTE) mode will be
localized and that in the second case it will be extended along
field lines. The DTE mode should be more dangerous in the
first configuration because of the localization of the drift
wave.'” If these trapped electron modes are the driving cause
of anomalous transport, then the effects of varying the
trapped electron fraction may be measurable nsing the fiuc-
tuating ECE diagnostic system described herein. It would be
exciting to compare scaling laws derived from varying the
trapped electren fraction on ATF with the experimental re-
sults of ECE measurements on TEXT.

Recent theoretical predictions for mode localization,
wavelength, and frequencies have been discussed by Car-
reras.’” For ECH discharges in ATF, it is expected that the
maximum fluctuation level for dissipative trapped electron
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(DTE) modes will be peaked in the inner third (both sides of
the plasma center if orbits are confined} of the plasma radius
because of the stellarator low shear. The poloidal wave
length is expected to be comparable to the radial width of the
mode and is of the order of a few cm. For a tokamak like
TEXT, the fluctuation level probably peaks at the half minor
radius on the outside (no trapped particles on the inside)
with the poloidal wavelength being several times longer than
the radial width of the mode and of the order of a centimeter.
Contrary to other types of instabilities and because these
fluctuations involve trapped electrons, it is expected that the
electron temperature fluctuation (7,/7,) will be larger in
comparison to density fluctuations. Frequencies (with no
Doppler shift ) would be less than 100 kHz. Theoretical
predictions of the mode amplitude invelve complex nonlin-
ear saturation calculations and are a subject of considerable
discussion among plasma theorists.

A. Previous limitations oen ECE measurements

Mow that we have a guide for the type of ECE system
performance required to explore for electron temperature
fluctuations, we address the physics limitations of such a
system. The critical question to be addressed when assessing
the possibility of using ECE to measure electron tempera-
ture fluctuations is: What is the minimum achievable spatial
resolution? One needs as small a spot size as possibie in order’
to resolve the large wave-number fluctuations associated
with the plasma microturbulence. If we consider viewing
perpendicularly to the magnetic field, then the spot size for
viewing in the horizontal midplane is determined by two
factors: (1) transverse spot size set by the diffraction lineit,
and (2) longitudinal spot size set by frequency linewidth
considerations.

Let us first consider the case of viewing the plasma with
a horn/lens system that allows focussing in order to mini-
mize spot size in the plasma (see Fig. 1). The spatial extent
of the spot width &, transverse to the viewing direction, is
determined by the diffraction limit. For the circular aperture
case the diameter of the spot is given by the relation d = 2.44
Af /D, (where A = wavelength, f = focal length of the lens,
and I = diameter of the lens). This value of d represents the
distance between the first two minima in the Airy diffraction
pattern and therefore encompasses 84% of the radiated pow-
er. Practically the factor £ /D, the f #, has a mininium set by
the finite size of the vacuum viewing window and lens con-
struction limitations. For the two devices under considera-
tion, these limitations set an /' # minimum of approximately
2. Therefore one finds that d»54. For operation at B =2
Tesla, and second harmonic ECE, this implies that
d nir, = 1.5 cm. This result holds for ATF and TEXT. Note
that for machines with a higher magnetic field or opticaily
thick higher harmonics the spot size will be even smalier
since it scalesas B ',

The second consideration invoives the longitudinal ex-
tent of the viewing spot size, spatial dimension w in Fig. 1.
This dimension is related to the geometry of the surfaces of
constant magnetic field magnitude. For the TEXT and ATF
cases under consideration (horizontal midplane, viewing to-
ward the center of the plasma), surfaces of constant |B| are
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T (\ FIG. i. Definition of ECE spot
size. The image spot 4 1s defined
{ \ by a lens having focal length f

| 4 —
RV \ w

and diameter D,
f ~

near vertical. For emission perpendicular to the magnetic
field the dimension w is set by the natural frequency
linewidth convolved with the instrumental bandwidth,
which in turn depends on the magnetic field spatial gradient.
The lower limit is set by the natural linewidth since the in-
strumental bandwidth can be set to an arbitrarily low value
(while noting that setting the instrumental bandwidth very
much lower than the natural linewidth decreases signal
without improving spatial resolution). Therefore, we will
assume that the instrumental bandwidth is chosen such that
the natural linewidth dominates in the determination of di-
mension w.

The natural line broadening is due to relativistic and/or
Doppler breoadening depending on the relative angle
between the direction of emission and the magnetic field.
The spread due to Doppler broadening is minimized by
viewing perpendicularly to the magnetic field. Therefore, in
our case, the spread is due to relativistic line broadening. For
second harmonic ECE the relativistic linewidth is given by'*
Af/f=4.1qT,/m,c* (where f=2f.., f. is the local elec-
tron cyclotron frequency, g is the electron charge, 7, is the
electron temperature in eV, m, is the electron mass, and ¢ is
the speed of light ). The spatial variation of the magnetic field
(and therefore of /) then defines w, if the instrumental band-
width approximately equals the natural linewidth.

The preceding analysis of the determination of the lon-
gitudinal extent of the spot size w must be modified when
dealing with optically thick harmonics (as is the case for
TEXT and ATF at second harmonic, X mode). The reason
for this has to do with the reabsorption of radiation that
occurs with a blackbody. The effect is iliustrated in Fig. 2.
Referring to Fig. 2, consider an optically thick emitting layer
having & spatial width of w, and a total optical depth of =,
where 7, > 2. For simplicity, also assume that the absorption
coeflicient « is constant across the layer. Recall that the opti-
cal depth 7is defined as { adx. Consider radiation emanating
from x,, toward the receiving horn. As this radiation tra-
verses the layer it will constantly be absorbed and re-emitted
with an intensity characteristic of the local electron tempera-
ture level. This process will continue as the radiation moves
to higher values of x, until the radiation passes a critical
value of x, x_, . The point x_, is defined by the characteristic
that the accumulated optical depth between x, and x = w,
is approximately 2 (7= 2 is chosen as this region will ac-
count for approximately 86% of the emission). Therefore,
for purposes of viewing the emission from the emitting re-
gion, one sees a reduced layer {cross-hatched region) char-
acterized by a smaller, effective width, w = w, — x_,. The
consequences of this effect on the spot size for TEXT and
ATF have been calculated for ECE at second harmonic, ex-
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TO VIEWING
SYSTEM

FIG. 2. Optically thick emitting layer having a total optical depth much
greater than 2. The effective width of the emitting layer {cross-hatched re-
gion) is determined by that part of the volume facing the viewing system
that has an optical depth =~ 2.

traordinary mode emission where relativistic broadening is
the dominant line broadening mechanism. Typical results
are shown in Figs. 3 and 4 for ATF and TEXT, respectively.
Note that this effect limits w,_,;, to a value less than 1 cm for
hoth devices.

Once the spot size has been reduced as much as possible,
the next area of concern s the sensitivity of the receiver. For
a typical heterodyne receiver the lower limit of the sensitivity
is set by the quantum noise imit:** AT, /T, > (Af, /Af ).
Here Af, is the video bandwidth (defined as the inverse of the
microwave crystal detector integration time constant) and
Af, is the bandwidth of the radiation being detected. For a
typical radiation bandwidth of 400 MHz and a video band-
width of 100 kHz this implies that fluctuations in the range
of 19%-2% should be detectable. If the observed emission is
from plasma regions where T, = 100 to 500 eV, then detec-
tion limits of 1-5 eV are possible. Also note the lower levels
of sensitivity can be achieved by reducing the video band-
width (at the expense of time and frequency resolution).

&t
o
L o ® WITH REABSORPTION
o @] WITHOUT REABSORPTION
C
w (em) Y Oo
<
[ 1} OOO
®
CoCaesesy; o
¢ o ! o(?ooo(x)_mcx)
10 2¢ 30 40
r {cm)

FIG. 3. Second harmonic ECE spatial linewidth dimensicn w for ATF with
B=2T,7T,=1keV,and n, =3x 10" em * This particular calcula-
tion is for vertical (port location) emission and assumes parabolic density
and temperature profiles. The results are similar for horizontal (port loca-
tion) emission. Note that the optical depth equals 2 at approximately 24 cm.
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R (cm)
FIG. 4. Second harmonic ECE spatial linewidth dimension w for TEXT
with B-=2T, T, = 1 keV, and n,, = 3X 10" c¢m . This calculation is

for horizontal emission and assumes parabolic density and temperature
profiles. Note that the optical depth eguals 2 at approximately » = 20 cm.

One should note that the signal being viewed may depend on
magnetic field, temperature, and density. This will depend
on which harmonic is being used.

In summary, an ECE diagnostic system using present
methods can be optimized to explore a high temperature
plasma for 7, fiuctuations. The minimum detectable ampli-
tude for fiuctuations in the frequency range of interest (or-
der of 100 kHz) is ~2%. 1t will be shown below that this
amplitude detection limit can be improved by an order of
magnitude with autocorrelation technigues.

iil. ECE AUTOCORRELATION AND CORRELATION
MEASUREMENTS OF TEMPERATURE AND DENSITY
FLUCTUATIONS

A. Introduction

It is our belief that present ECE methods do not give
adequate amplitude resolution to measure fluctuations at the
frequencies of interest ( ~ 100 kHz), and give no informa-
tion about wavelengths of the fluctuation being studied. It
has been suggested'®'® that crossed sightline correlation of
ECE would give another method of measuring temperature
and density fluctuations. We propose here a variant of that
method, auto and cross correlation of a single sightline ECE
system, to measure temperatare fluctuations including am-
plitude, frequency dependence, correlation length in the
plasma (width in & space), and correlation time {width in ©
space). We would like to mention here that Dr. P. Efthimion
of PPPL has previously suggested'® the use of autocorrela-
tion for the measurement of correlation length in the plasma.
We have extended our previous work to show that this and
considerably more can be measured.

Autocorrelation of an optically thick harmonic must be
used to measure temperature fluctuations, as discussed in
detail below. If in addition to the sightline for the optically
thick harmonic, a crossing sightline for an optically thin har-
monic is constructed, then density fluctuations (amplitude,
frequency dependence, possibly wavelength dependence)
can be measured by comparing the autocorrelation functions
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of the two sightlines. Additionally, the PHASE (important
for inferring transport) between the density and tempera-
ture fluctuations can be inferred by cross correfation of the
signal between the two sightlines. It is not presently planned
to build the second sightline on either TEXT or ATF. This
will be proposed at a later date after demonstration of the
temperature fluctuation measurement.

It is demonstrated below that the resolution of the auto-
correlation system is limited only by the integration time
available. The maximum time for integration is limited by
the amount of time that an experiment is in a quasi steady
state. On TEXT and ATF this time period is from 10 to 100
ms. For this integration time we estimate that the proposed
ECE autocorrelation diagnostic can resolve temperature
fluctuations of 2 10 °T, i.e., 0.2%, at frequencies of 100
kHz. This is an order of magnitude betier than the resclution
of a traditional heterodyne ECE system. The frequency reso-
lution would be on the order of 1 kHz, and the diagnostic will
be responsive to wavelengths longer than 1 cm, and will give
the spread in & space of the wavelengths for each frequency
band measured. For machines with higher magnetic fields or
temperatures, it may be possible to achieve sensitivity to
fluctuation wavelengths of the order of 1 mm, since higher
magnetic field and higher harmonics means smalier spot
sizes for the antenna pattern, and higher temperature and
density implies greater optical depth and a corresponding
decrease in the emission line width. :

There is of course some price to pay for the improved
resolution of the autocorreiation ECE diagnostic. In this
case it is not money (the diagnostic is relatively cheap) so
much as time resolution. It is necessary to assume that the
average amplitude of the turbulent fiuctuations is constant
over the time period of the integration. Since the integration
period is restricted to a length of time such that the experi-
ment is “steady state,” we believe that this is a reasonable
assumption. Note that this does not restrict the frequency
resolution of the diagnostic, only the time resolution of the
average turbulent amplitude at a particular frequency.

B. Correlation functions defined

Figure 3 shows the conceptual optical design of the diag-
nostic and Fig. 6 shows the electronics. The design of the
sightline in this diagnostic is very similar to the design of the
ECE diagnostic on ATF.? The received signal at the an-

Tofion Wadge
1 &Quartz Window
= ===
o=
herizontal midplane
TO OVER-
TPX lene - MODED
WG

FIG. 5. Proposed setup of the ECE viewing system on ATE showing vacu-
um window, lens, horn, and transition to overmoded waveguide.
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RE N FREGUENCY=
# 87-103 GHZ

LOCAL
MIXER FREQUENCY=
OSCILLATOR 85 GHZ
IF OUT
IF AMPLIFIER (2-18 GHZ)
MULTIPLEXER
2-6 6-10 10-14 14-18
GHZ YGHZ GHZ yGHZ
2-WAY
POWER
DIVIDERS
FILTER
NETWORK
DETECTOR
NETWORK

'

TO VIDEC AMPLIFIERS & DATA ACQUISITION
SYSTEM

FIG. 6. Proposed setup of the ECE receiver system on ATF showing mixer,
local oscillator, IF amplifier, multiplexer, power dividers, filter network,
and detectors.

tenna (as described in more detail below) will be bandpass
filtered into two identical passbands Sw; about several fre-
quencies w, attime fand ¢ + 7and fed into microwave detec-
tors. The two signals thus derived for each @, are identical
except that one is delayed with respect to the other by a time
7. The delay must be achieved in hardware (to be demon-
strated in Sec. III H), and the purpose of the delay will be
described in detail below. Basically it makes the quantum
fluctuations (thermal fluctuations) of the two signals inco-
herent with respect to one another, but leaves the bulk plas-
ma fluctuations still coherent {correlated). Let the signal
out of these detectors due to emission along the sightline be
described by I{w,,t) and F(w,,t + 7) for detectors 1 and 2,
respectively, where w; is the center frequency of the /th dou-
ble-channel of the detector array. For a turbulent plasma,
the signal 7 will have a steady-state part / and a fluctuating
part I, in which case

Hw,t) = Ko +i(w,). (0
The steady-state part of  is given by the mean value,

-
o) = —‘—f Haonnd, 2)
T b

where T'is the averaging time. Note that 7 can be electroni-
cally high pass filtered to remove 7, or this can be done in
software.

The correlation function is defined as®’

T
R, (7} = lim -—1—-{ ()i, (¢ + ), (3)
T T Jo

— o
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where R, is precisely the cross-correiation function {CCF)
if {, and i, have mean values of zero, and again 7 is the
averaging or correlation time. The autocorrelation function
(ACF) is defined as the special case when /= k. For the
single sightline of this diagnostic, the cross-correlation func-
tion is estimated by
i 7'/2
Rj(ww;,67) :mj Hw; t+ §)iw;,t + & + 1)dE
TJ.rr
= ({w, ) i{w,t+ 7)), (4)

where { ) is defined as the time correlation function opera-
tor, 7'is a finite period, and we also allow for the possibility of
cross-channel correlation; i.e., the ECE signal at frequency
o, is correlated with the ECE signal at frequency ;. This
has many of the characteristics of cross-correlation since
looking at different ECE frequencies corresponds to locking
at different spatial iocations. Therefore, for @, not equal to
w;, it will be described as cross correlation.

Ifjis defined as the local value of the fluctuating part of
the emission at positions s along the sightline, that is,

. di
S 1) = — 5
Jl@,s,t) 7 (5)

then Eq. (4) can be written as

Ry(w;0,,57) = < f ds, j‘ dsy Jlw;,s,0)j(@;,85,,1 + 7‘)).

(6)
Theregion in a plasma where ECE of frequency o, is emitted
is limited to regions where the cyclotron harmonic is approx-
imately equal to @,. The width of this region is the smaller of

the natural line width or the absorption length at that point
in the plasma, so that

R (0,,0;,85T)

(e} -+ L, ~r{e;) + /.
:J a’le dsy { jle,s,0j(@; st + 7)),

() -~ 1, rlwy - L,
(7N

where #(w,) is the point of peak emission of the received
signal at frequency @, (not the same as the point of peak
emission for an optically thick harmonic), the distance [, is
the smaller of the absorption length (optical depth} or natu-
ral linewidth, and the time operator has been passed through
the two spatial integrals. The above integral can be approxi-
mated as

Ry(@w,67) = (2L, jlo,r(w),t} jflo,rH{e).t+7]).
(8)

C. Autocorrelation time of thermal emission

It can be shown?® that the autocorrelation time of a
steady-state thermal source of radiztion (i.e., one without
macroscopic turbulent fluctvations) is given by

T(,' :’)ﬁ/é(ui’ (9)

where dw, is the radian frequency passband width, full width
at half maximum (FWHM), of the filter in the channel used
to look at the source, and it is assumed that the source is
broad-band compared to the filter. This means that the sta-
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tistical {quantum) fluctvations of a thermal! source are
1009 correlated with themselves for times short compared
to 7.. This would appear to prevent autocorrelation from
being used as a method of measuring the turbulent fluctu-
ations of a plasma, since in most cases of interest the quan-
tum fluctuations are larger than the turbulent fluctuations of
interest. However, it is straightforward to resolve this prob-
iem. For passband frequency widths év>100 MHz, the
guantum correlation time is less than 10 ns. However, the
turbulent frequency fluctuations of interest have timescales
of the order 1 msto 1 gs. Thusif the autocorrelation signal in
one of the dual paths is delayed by ~ 10 ns, then the quantum
fiuctuations will be uncorrelated and their auto or cross cor-
relation will go to zero, but the turbulent fluctuations remain
100% correlated with themselves. This aliows autocorrela-
tion to separate the quantum (thermal) fluctuations from
the turbulent fluctuations, and explains why we have used
the unequal time correlation function R, (7) above, and will
continue to use it below. A slightly more sophisticated treat-
ment of this problem including the effect of the microwave
crystal detector time constant (which forces the required
delay in hardware, rather than software} will be given in Sec.
I1I H below.

B. Uncertainty in the correfation function

The variance of the calculated cross-correlation func-
tion of i{w;,t) and i{(w,,t -+ 7) for identical bandwidths, Af,

iSZB

where 7' is the correlation integration time of {{(w,,t) and
i(e;,t + 7} in Eq. (4}, cff-j- is the variance of R, (1), Afis
the effective bandwidth, and R, (@,,w;,t,7) has been pre-
viously defined. For convenience we will often shorten
R (o,0,t,7) to R;(7). The requirement that AfT>5 is
used in obtaining this equation.

The uncertainty in R,(r}is estimated from (also from
Ref. 21)

== —— (1 -2y, 11
: ZAfT( +p;7) (11)
where
qu(T)
pi (1) = ’ (i2)

JR(O)R;(0)
is the cross-correlation coefficient function. Equation (11)
can be rewritten as

1 ‘F iT 23172

where & is the number of data points used in calculating
R, (7). See Bendat and Piersol®! for the derivation of Eq.
(13). The uncertainty in the auiocorrelation function is
found by using the above equations with subscripts # re-
placed by /..

The signais i{o,) and i{w,) can be written as

(13)

i(w,,t) =s(t) + m{w,b0) (14)

and
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i(w),0) =5(8) + nlw,t), (15)

where s(2) is the correlated emission, and m(w,,) and
r{w,;,¢} are uncorrelated emission (noise for our purposes).
For this diagnostic {m”) and () are probably due to equiv-
alent physical phenomena. In this case, they can be treated as
equivalent but uncorrelated noise sources, i.e., {n?) = (m?).
Substituting these relations into the equation for the cross-
correlation coefficient produces the desired result,'®

5

I

T e e i6
ENTrE YIS (10

Py

E. Expected line shape

The expected line shape of the cross-correlation

function R {(Swy.t,7) versus frequency difference dw;
= |w; — w,| is difficult to calculate as it depends on the
natural spatial linewidth (/. ) of the ECE, the correlation
fength (7.}, and correlation function shape in the plasma,
the spot size of the antenna sightline w, the absorption length
{optical depth) /,, and the wavelength of the fluctuation
being measured. It is quite probable that the cross-correla-
tion function wili have a Gaussian distribution. This state-
ment is supported by the central limit theorem,”" which as-
serts that the Gaussian distribution will result quite
generally from the sum of a large number of independent
random variables acting together. Assuming the turbulent
modes in the plasma are independent, the Gaussian shape
follows.

It is assumed that the sightline will be arranged perpen-
dicular to the magnetic field so that the natural line width
will be due to relativistic broadening of the emission. In gen-
eral, the requirement of perpendicularity is relaxed to re-
quiring that the Doppler broadeuning be less than the relativ-
istic broadening. This allows for some deviation: from true
perpendicularity of the sightlines to the magnetic field. The
natural line width e, (full width at half maximum) due to
relativistic broadening is given by'*

dw, ( Uy )2

- CS N
Sy, ¢
where @, is the fundamental cyclotron frequency, and v,,
is the electron thermal velocity [but is defined as v,
= (T /m)"/? rather than the often used (27°/m)"*]. Here s
is the harmonic number, and ¢, is a constant that changes
with harmonic number, e.g. for s =3, ¢, = 4.8.

We have also calculated line broadening due to the
Doppler shift caused by the finite angular spread of a Gaus-
sian beam, and the line broadening due to finite transit-time
effects. Our calculations show that both of these are much
less than the relativistic broadening.

To calculate the variance in frequency space of
R (8w,7), it is assurned that the two dominant factors are
the correlation length and the emission linewidth. If the nat-
ural ECE linewidth in frequency space is considered as its
equivalent spatial linewidth,

(17)

Fl . )
lns = B a)n :Rcs(vt'— ) 5 (18)
VB sw, ¢
then the variance is approximated by
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Sw? = (@i/R*)UL+11), (19)

where again we take the emission linewidth /, as the smaller
of I, or /,. Then dw, is the width (FWHM) in frequency
space of the cross-correlation function R;{(Sw,;,t,7), @, is
the approximate cyclotron harmonic frequency under consi-
deration, and R is the average major radius of r(w;) and
r{@;). Note that this defines the correlation function in fre-

quency space,
R, (bwy,t,1)

1 o, =0\
:Rii(a),',T)exp —E‘ T .
UC

Once dw, and R, (w,,7) are calculated, a continuous Gaus-
sian distribution for R; (8w ,t,7) is defined. For our experi-
ments we will measure R, (8w;,t,7) vs dw; [including
R (®;,7)].

(20)

i

F. Estimating the correiation noise

The next step is to estimate the uncertainty in each value

R, (bw;;,t,7) using Eq. (13),
1 4 _—.~2 1/2
gy =Ri1'((0isf,7)<"iL) ’ 20
N

The cross-correlation coefficient p; is calculated using Eq.
(16). To do this, we must estimate the sources of the noise
{n?). The uncorrelated signal (noise) can be divided into
two categories: noise produced in the plasma and noise pro-
duced in the microwave hardware. If we approximate the
hardware noise (after the IF amp) as 0.01-eV black body
emission, our ECE power calculations for TEXT and ATF
show the hardware noise to be down by at least four orders of
magnitude relative to the signal, and we find that plasma
noise dominates.

The remaining noise can be divided into three sources:
the quantum noise at the detectors, the uncorrelated signal
incident on the antenna due to reflections off the vacuum
vessel (optically thin harmonics only), and uncorrelated
emission along the sightline.

Radiometer theory'® has shown that for thermal emis-
sion the fluctuation about the average signal value is given by

Sr
NI,
where n, is the quantum noise, S is the total average re-
ceived signal, w, is the bandwidth of the channei (previous-
ly defined), and 7, is the microwave crystal detector integra-
tion time. The total average received signal is defined as the

dc signal plus vacuum vessel reflections. This can be written
as

n (22)

Sy =1+ Qi —17), (23)
where 7 is as before, Q is the cavity resonance term for the
vacuum vessel, and % is the viewing dump efficiency (ab-
sorption coeflicient ). For optically thick harmonics, # = 1.
The vacuum vessel cavity resonance is defined as

g=1/(1-R,),
where R, is the wall reflectivity of the vacuum vessel.

(24)
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To calcuiate the correlation coefficient p;;, the noise
terms must be normalized to the correlated signal s(8ew ;,7)
[see Eq. {16} ]. Thus the normalized quantum noise can be
written as

Py _1+Q(1—17)
s(8wyt) A 78w, 27
where 4, is the emission fluctuation due to correlated fluctu-

ations in density, temperature, or magnetic field and is de-
fined as

(25)

5(8wy,t)

A,
! I

il
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1 o, — o\
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and 4, is defined as the emission fluctuation fraction at w,.
The second equality above follows by using Eq. (20) as (s%)
and approximating 5° (£) =~ (s°).

For optically thick sight lines and assuming /, >/ we
neglect the other two sources of noise.

(26)

G. Autocorrelation measurements of temperature
fluctuations

Having done the heavy work, it is now easy to show how
to use autocorrelation of ECE to measure temperature fluc-
tuations, and calculate the expected resolution of the mea-
surement. For optically thick plasmas, the ECE emission is
given by the low-frequency limit of the black body radiation
law J « o*T,. Thus Eq. (4) becomes

R{j (a)f;ijZyT)

= kz(u?wf(i[r((m)]Te[r(mj)]), (27)

where & ? is an appropriate constant (easily calculated), and
all the other symbols have been previously defined. The
reader is reminded that #(w;) is the s;patial point of maxi-
mum received emission on the sightline of the detected ECE
signal at frequency @,. Then for 7 = j this becomes the auto-
correlation function

Ri(out7) = k20 (T, [r(w,)])?), (28)
and it is immediately obvious that K, (7) is proportional
only to the temperature fluctuations, since we choose 7 so
that the quantum fluctuations are uncorrelated, and the sys-
tem is designed so that the correlated system noise is less
than the expected turbulent fluctuation amplitude.

The next question of interest is the resolution of the mea-
surement of 7}. Assuming that the emission is optically
thick (so that the “viewing dump noise’) can be ignored,
and also assuming that the correlation length is longer than
the effective spatial emission linewidth, then Eq. (22) and
Eg. (26) can be used in Eq. (21) to give the expression for
the uncertainty:
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7,
DL <2+ [1/(f'”d)2*4}01)1/2 (29)
IR, (7) 2 val , )
where f'= dw,/(27) is the ECE channel bandwidth ( ~400
MHz), 7, is still the detector time constant, 4, is normal-
ized electron temperature fluctuation amplitude 7, /7, (as-
sumed >2X 10 ?), v, is the data acquisition rate {~1
MHz), and T'is the integration time. Setting < 1 and solving
for T gives 725 ms, where we set v, = 2/7 = 200 kHz so
that we can resolve fluctuations at 100 kHz. Note that the
data can be smoothed and bandpass filtered in software, be-
fore it is correlated, for frequencies less than the actual phys-
ical data acquisition vrate (thus justifying using
v, = 200 kHz). Also, if the effective data rate is averaged to
200 kHz, then the effective detector time constant is in-
creased by the smoothing, so that 7, = 10 us. This demon-
strates the advertised amplitude resolution of the measure-
ment. The resolution in frequency space is limited only by
our ability to smooth and filter the data in software for fre-

quencies up to the Nyguist frequency v, /2.

The correlation length in the plasma is inferred from the
cross-channel correlarion function measurements discussed
above [Eq. (20)], and the time correlation (frequency
width) of the turbulence is estimated by calculating R, (7)
from the data for a range of 7’s greater than the quantum
autocorrelation time and taking the measured 7, for the tur-
bulence to be the FWHM of B, (7).

& =

H. Effects of finite detector time constant

In Sec. ITI B it was mentioned that a finite detector time
constant {i.e., the microwave crystal detector time constant
for each frequency channel) affects the autocorrelation of
signals with sclf-correlation times shorter than the detector
time constant 7, {e.g., thermal correlation ). The basic result
is that the signals remain correlated at a low level for times
considerably longer than would be inferred from the auto-
correlation time of the signal before detection. The deriva-
tion of the required results is nicely presented by Loudon,*
and only the final equations are given here. He shows that
the intensity-intensity correlation function of the fluctu-
ations of an electromagnetic signal due to thermal emission
(thermal linewidth with a Gaussian shape) is given by

<i1(t)i2(f+7’)>/?|?2
= [g,(7) — 1] = exp( — &'77), (30)

where the incident beam is split into two channels, one which
is instantaneously detected {,, and the other i, which is de-
layed by increasing the detector distance from the splitter.
The time delay is T as before, and § = 8w,/ (1.18), where o,
is the FWHM in frequency space of the channel, also as
before. The variables 7, and 7, are previously defined as the
average dc signal for each channel. The function
[g,(7) — 1] is Loudon’s notation for the correlation: func-
tion and is provided to assist the interested reader in locating
the derivation.

It can be similarly shown that for a Lorentzian line
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shape with FWHM y that the intensity—intensity correlation
function is given by
(i, + /0L

= [g:(7) — 1} = exp( — 2y7),
where for convenience we assume that
t,28).

Both of the above equations were derived under the as-
sumption that the detector had infinitely fast time response
(r, = 0). For the case of a finite detector integration time
74, the correlation function must be convolved over the de-
tector’s memory of past signals with the detector response
function of each detector. Loudon derives the finite detector
time constant form of the intensity—intensity correlation
function for a delay time between the two detectors 7 = 0.
Unfortunately our problem is to make the thermal correla-
tions disappear by using a finite delay ~ =7, — ¢, where ¢, is
the signal correlation time at the first detector, ¢, is the signal
correlation time at the second detector, and for convenience
we again assume 7,»¢,. Therefore, foliowing Loudon’s lead,
the intensity—intensity correiation function allowing for a
finite detector time constant 7, and for a delay 7 between the
two signals, is given by

<l.1(t)i2(t + ’7)>
7,

== du[f dvexp{ — 2ylv — ul)

d

Xexp( —

(31)

7 is positive (Le.,

(4 —

otz
Ta Ta

where we have convolved the exponentiaily decaying detec-
tor time responses with {(for convenience) the Lorentzian
form of the intensity—intensity correlation function since the
final result depends littic on the exact line shape. Evaluating
this rather borrible (for an experimentalist) integral leads
to:

@b+ n) 1 K VT )exp(_1>
4L, 2y, 2yry + 1 Ta
v’
+ (___Li_ﬁexp( — _,T.)
2y, — 1) Ta
&
| e lexp{ — 2v7) |.
(4? 1) P }
(33)

For the case of interest where 7>7,% (1/y), this simplifies
to:

b+ ] [exp(___f_)].
IIIZ 27"7-([ T

The expected correlation due to turbulent temperature fluc-
tuations is given by

R 2
AL~ a5, el - T)]

Since we expect the temperature fluctuation correlation time
to be much longer than the detector time constant, 7. > 7,
and where for simplicity in evaluation of the next equation

(32)

(34)

(35

3577




below a Lorentzian line shape has been assumed rather than
the Gaussian line shape we actually expect. The next conclu-
sion remains the same with either line shape. Here 4, is the
normalized electron temperature fluctuation fraction, and
7, = 1/8w, is the seif-correlation time of the turbulent tem-
perature fluctuations as previously defined.

Requiring that the ratio of the thermal correlation to the
turbulent correlation be less than r), where r, € 1, leads to the
following inequality for the required correlation delay time
T

> Td
.
T~ (r,/1)

X[ —In(y) —In(2r,) —21nlr A4 ) ]. (38)

Further requiring in inequality (36) that (7/7,) = r,,
where #, € 1 1s also reguired (so that the delay to decorrelate
the thermal fluctuations does not decorrelate the turbulent
fuctuations), leads to a constraint on the detector time re-
sponse:

T < fTe - . (37)
{r,—In(y) —In(27,) —2In(r4 ;)]

Inserting reasonable values for the paramelers (7, = r =
0.1, 4, =2x10" %,y =400x10°MHz, 7, = 10 ’s),and
iteratively solving for 7, quickly leads to the conclusion that
the data acquisition rate v, must be greater than 10 MHz.
This follows because our derivation of the signal t¢ noise
ratio for the 7, measurement requires v, ~ (1/7,). This
kind of data acquisition rate is not only expensive (for the
ADCs, fast detectors, and memory) but leads to unwicldy
amounts of data when the acquisition time is stretched over
tens to hundreds of milliseconds. It follows immediately
then that the delay time between channels to decorrelate the
thermal emissions should be introduced in the microwave
hardware so that Eq. (31) applies, and the data acquisition
rate can be in the more reasonable range of v, =~ 1 MHz.

i. Required hardware delay time 7,

Since it is still required that the hardware delay time 7,
be long encugh that the correlation of thermal fluctuations
be much less than the turbulent correlation, the ratio of Eq.
(31) and Eq. {35) can again be set to r, v, € 1, and solved to
give a value for the required hardware (waveguide) time
delay:

p A (38)

2Af,

where all quantities are previously defined and Af, is the
FWHM of the microwave passband filter just in front of
each microwave crystal detector, as before. If different filter
passbands are used then either different delays must be used
or the delay must be calculated using the smallest Af, . Using
reasonable wvalues for the parameters (r, =0.1,
4., =2X10"7 and Af, = 400 x 10°) gives 7 = 20 ns. This
means a waveguide delay of 20 ns must be introduced after
the spatial signal is split in hardware, and before the micro-
wave crystal detectors.
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J. Allowable correlated electronic noise

The noise temperature of any correlated electronic noise
must be much less than the signal we hope to detect. If the
minimum local electron temperature looked at is 100 eV,
and 4., = 2x 10" istoberesolved, then the allowable cor-
related noise should be an order of magnitude smaller,
n = 0.02 eV. This will define where the incoming signal must
be split. One very convenient place to split the signal and
delay one side would be after the LO/mixer and IF amps. In
this case the total noise temperature of the system up to the
splitter must be less than 0.02 ¢V.

K. Effect of optical thickness

For a finite optical depth, we require that the signal
from turbulent fluctuations reflected off the vessel wall into
our viewing system be small compared to the local fluctu-
ation signal. The net reflected signal into the viewing system
is

H .
§ = @ (39)
1 —-R,e™ 7
where [ is the signal emitted along the sightline, as before, R,
is the wall reflectivity, and 7 is now the previously discussed
optical depth {rather than the time delay). Since we require

s/i = r,, where r, €1, the eguation can be solved for 7

(1 ‘*_ rlRw)
7=In{ ——— L.
1

For typical parameters (r, = 0.1, R, =0.90), we require
that the optical depth be 7>2.4. For optical depths less than
this there must be a viewing dump on the far wall.

(40)

L. Effect of iocal oscillator frequency stability

If the local oscillator (LO) used to mix the received
ECE radiation down to an intermediate frequency is not ab-
solutely constant in frequency, the frequency width of §f of

‘the LO will appear to be a temperature fluctuation (this

assumes that a single 1O is used for the immediate frequency
channel and the delayed frequency channel). It can be
shown that the apparent temperature fluctuation is given by

7=
F e

where € 1s the inverse toroidal aspect ratio #/R, and all other

symbols are previously defined. This sets an easily calculable

limit on the required freguency stability of the LO, if a single

LO per spatial sightline design is used.

) (41)

M. Effect of true magnetic field fluctuations

True ripple of the toroidal field or helical field of a toroi-
dal device always exists at some level, since no power supply
is perfect. Fortunately these ripples are at frequencies gener-
ally less than 1 kHz, so they are expected to be in the region
high pass filtered out by the data acquisition system. Because
the ECE emission is proportional to B?, the apparent tem-
perature fluctuation caused by any such ripple will render
that portion of the fluctuation spectrum unusable.
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I¥. CONCEPTUAL DESIGN

We intend to perform a set of experiments on ATF and
TEXT to measure second harmonic, extraordinary mode,
optically thick, fiuctuating ECE during 2-Tesla operation.
Using as small a spot size as possible, we will look for fiuctu-
ations from a given spot in the plasma. We will cross corre-
late two or more different emission frequencies from the
same sightline to look for fluctuations. The use of two or
more channels has an additional advantage because one can
in principle deduce the radial wave-vector range &k, of the
fluctuations by finding the ¢-folding distance (e” ! distance)
of the correlation function by measuring the correlation
function versus channel separation. The capability to look
for time-~correlation information from a single point will be
provided by dividing the signal in hardware, time delaying
part of it {in hardware), and then autocorrelating the two
signais. The signal for a particular ECE frequency is split in
hardware rather than software to provide for improved noise
rejection (rejection of thermal correlation by hardware de-
lay is discussed in Sec. Il H). Random noise added at any
hardware stage in the frequency range of interest would be
100% correlated if the signal splitting were done in software.
Random noise added by separate well-isolated hardware
stages is not correlated. Alsoifthe signal is split in hardware,
then the system noise level can be checked by firing plasma
shots with the receiver horn covered and cross correlating/
autocorrelating as appropriate. The measured correlated
signal under these conditions represents the intrinsic noise
correlation level of the system, and should not be (as dis-
cussed above) the measurement limit of the system. That is
we require the correlated signal under these conditions to be
€10 “? of the correlated signal with the system exposed to
the plasma.

A. Viewing system

The selection of a horn to couple the free space radiation
to the waveguide for transport to the heterodyne receiver
requires a design that provides adequate spatial resolution
inside the emitting plasma volume. The radiation pattern of
a standard horn usually subtends a large solid angle making
a typical spot size in the plasma of about 5 cm. Utilizing
Gaussian optics® a horn-lens system can be used to form a
viewing beam with a waist in the plasma, defining the view-
ing geometry (Fig. 7). Only radiation originating within the

BEAM
WAISY

HORN
WAIST

FIG. 7. Gaussian beam optics showing horn waist, focusing lens, and beam
walst.
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beam contours enters the horn. We propose to view horizon-
tally from the cutside of the machines. The selection of the
beam parameters wifi be governed by the desire to maintain
(Gaussian purity, maximize power fiow through the vacuum
port, and attain minimum spot size in the plasma. A corru-
gated conical horn and a lens or focusing mirror will be de-
signed to couple efficiently to the viewing beam while pro-
viding broadbaud 80-110 GHz performance by matching
the frequency scaling of the horn with that of the beam. The
horn/lens will view the plasma through a wedged quartz
vacuum window located on a horizontal port. An oppositely
oriented, wedged Teflon piece will be added in order to com-
pensate for beam deflection due to the quartz vacuum win-
dow. Beam dumps will not be required since we will be de-
tecting optically thick emission.

Delivery of the radiation from the machine to the receiv-
er will be accomplished using C-band, over-moded wave-
guide. Fundamental waveguide sections immediately after
the horn provide polarization selection prior to transmission
by the oversized section, Then H-plane, quasioptical 90° C-
band bends give the necessary direction changes with mini-
mal loss. A waveguide high pass filter is provided to elimi-
nate the lower mixer sideband. A schematic of the viewing
system is shown in Fig. 5.

B. Receiver

The configuration for 2-Tesla operation consists of a
mixer with an intermediate frequency (IF) output of 2-18
GHz. The local oscillator (LO) frequency will be in the
range 80-90 GHz and the system will be in WR-10 wave-
guide. The coaxial IF system consists of two low noise IF
amplifiers each with 30-db gain, providing input to an eight-
way power division network (7-db loss per channel). The
filter bank system offers simultaneous information at all fre-
quencies of interest; thus, a spectrum is available with each
sampling. Using a fixed frequency, phase-locked, Gunn lo-
cal oscillator makes for a quiet receiver easily calibrated with
LN,. Simplicity, reliability, and cost are also attractive fea-
tures.

Freguency resolution will be provided by a filter bank
consisting of eight bandpass filters for each IF ampilifier. We
will have an array of fixed filters with different channel cen-
ter frequencies and bandwidths, each one optimized for a
particular plasma radius and range of expected electron tem-
peratures at 2 Tesla. There will also be a set of variable center
frequency, YIG-tuned, bandpass filters that wiil allow us to
vary the separation between channels for cross-channel cor-
relation experiments. Video crystal detectors with a sensitiv-
ity of 0.5 mV /W and video amplifiers provide signalis to the
data acquisition. A standard 12-bit, 1-5 MHz, CAMAC-
based data acquisition system will be used (e.g., Lecroy
Model 6810 ADC). A schematic of the receiver is shown in
Fig. 6.

V. DISCUSSION

From the considerations discussed above and our design

.efforts on this problem to date, we believe it is reasonably

likely that turbulent temperature fluctuations 7./T,
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~2% 10 * with wavelengths greater than 1.5 cm can be
measured on ATF and TEXT for frequencies less than
~ 100 kHz. On higher field, higher temperature, longer
pulse devices it is likely that considerably better resoluticn
can be achieved. We hope to demonstrate the likely resolu-
tion on ATF and TEXT in less than two vears.
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