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DETECTION AND MEASUREMENT OF 
POST-ROSENBLUTH CONVECTIVE 

INSTABILITY IN MFTF WITH A 
HYBRID C0 21ASER-HETERODYNE 

DIAGNOSTIC SYSTEM 

ABSTRACT 

To measure and classify the Post-Rosenbluth convective loss-cone instability in 
MFTF, we propose to use a C 0 2 laser consisting of a VEA-pulsed section and a low 
pressure CW section, together with a light mixing receiver. Calculations show that this 
system offers sufficient power and sensitivity to detect instability throughout the range from 
strong coherent light scattering to weak incoherent scattering when the instability is 
eliminated. 

INTRODUCTION 

The identification and elimination of microinstabilities which limit confinement times is a significant 
problem common to all magnetic confinement experiments. When these instabilities possess wavelengths in 
the range of a few microns to a few millimeters, 10.6 pm laser light may be used as a nonperturbing diagnostic 
probe. In Tokamak heating experiments, the ion-acoustic wave decay instability described by subniillinieter 
wavelengths, can occur ', while in large open-ended mirror machines, convective instabilities are expected to 
occur with wavelengths between 0.1 mm and a few millimeters, "the ion acoustic wave decay instability occurs 
at frequencies of tens to hundreds of megahertz, while the convective instability is expected at frequencies 
below the ion plasma frequency u><u p;. 

In the CO 2 laser diagnostics systems operating within the ten micrometer portion of the spectrum, the 
considerations of frequency, wavelength and instability/fluctuation amplitude are coupled with the 
availability of an efficient source and the need for mechanical tolerances that are within the capability of 
modern optical systems. In particular, an infrared wavelength makes possible the use of heterodyne detection, 
which would be impractical in the visible wavelengths. 

Heterodyne detection of CO 2 light has been successfully used to measure and classify electron cyclotron 
harmonic waves and to study the current-driven ion-acoustic instability. In addition to measuring the 
Bragg scattered power from coherent waves or instabilities, the CO 2-heterodyne probe may also be used to in­
vestigate collective effects of thermal fluctuations in the incoherent spectrum. This is due to the fact that, in 
the forward scattering of infrared light, the effective probing wavelength is greater than the Debye length in 
fusion plasmas. Thus, distinct fea ures in the spectral density, not seen at visible laser wavelengths, are 
resolvable within the infrared wavelengths. Progress along these lines have been made by Goldston et. al. on 
the Adiabatic Toroidal Compressor experiment,5 and by Masters and Rye * who reported the first measure­
ment of the ion-acoustic feature in high density piasma. 

In all the above mentioned experiments, continuous or repeatedly pulsed laser light was used in conjunc­
tion with time-averaging receiving equipment. In a transient plasma, or a plasma whose microinstabiiity or 
wave of interest is transitory in nature, time-averaging techniques cannot be employed. Instead, the laser-
detector system must have sufficient power and sensitivity to detect within the time frame of the event to be 
recorded. 
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In a heterodyne receiver setup, the frequency content of the scattered and local-oscillator beams must be 
sufficiently pure so that the signal ian be distinguished from interference due to frequency beating between 
higher-order longitudinal and transvtrse laser cavity modes. The hybrid laser offers a solution to this problem, 
since a single cavity contains both a high-pressure (large energy) pulsed section and a low-pressure (small 
energy), single-line selecting section. Peratt, Watterson, and Derfler have detected and measured ion-
acoustic waves on a 3-jisec time scale using pulse average powers of less than half a megawatt from such a 
system \ 

Hence, a hybrid CO 2-heterodyne detection scheme is well suited to investigate both instabilities and ther­
mal fluctuations in plasma. Coherent scattering will yield information about energy transport and plasma 
containment, while incoherent scattering may be used to ascertain basic plasma parameters, including ion and 
electron temperatures and density. 

Section 2 of this report describes the basic features of the source-detection diagnostics system. Section 3 
describes the CO 2 laser characteristics and control. Section 4 discusses the details of photomixing and signal 
detection over the sensitive surface of a mercury cadmium telluride (HgCdTe) antenna/detector. System 
alignment and calibration suggestions for externally excited acoustic waves are given in Section 5. Sections 6 
and 7 deal with the Post-Rosenbluth (P-R) instability and thermal fluctuation scattering, respectively, where 
signal-to-noise ratio estimates are calculated for available laser powers and heterodyne receiver sensitivities. 

SYSTEM DESCRIPTION 

The proposed system consists of a CO 2 infrared laser source and a light mixing receiver, consisting of 
focusing optics and a mercury cadmium telluride detector (Fig. 1). If the system is operated in the nontunable 
or "homodyne mode," the source laser may also be used as the receiver "local oscillator." Here the in-
vestigatable bandwidth (~1 GHz) is determined b) the response time of the detector. For "heterodyne mode" 
operation, where the complete-thermal fluctuation spectrum (70 GHz for a forward scattered observation 
angle 0 s = 11 mrad) may be investigated, a separate CO 2 local oscillator is required. 

Fig. 1. BasicgeometryofCOj-heterodynediagp sties system for MFTF plasma. 
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Since the scattering cross section of an electron is extremely small, we ideally require a laser with as high a 
power output as possible which will not perturb the plasma and which produces a single frequency output. 

Hybrid CO 2 Laser System 

High power continuous wave systems require high speed gas flow through the discharge region so that the 
temperature rise of the gas, which will be destructive of gain if it is too large, will be held to acceptable levels. 
The hardware necessary to sustain such flows is generally massive, expensive, and time-consuming to main­
tain. Usually transversely excited atmospheric (TEA)-pulsed lasers can only run for a few tens of microsec­
onds at most before sparks between electrodes terminate operation. 

TEA-pulsed lasers offer the power required when scattering results from the thermal fluctuation 
background or from instabilities whose coherence length is short (superthermal scattering). Typically, these 
lasers offer good temporal resolution since pulse lengths of SO nsec to 20 ^sec are obtainable. In large part, 
the quick termination of the normal corona glow is due to the very high ,-ower level that is usual for such a 
system. Operation can be extended for microseconds only by lowering the power density. 

An important consideration in the use of an atmospheric laser is its large collisional gainwidth (approx­
imately 5 GHZ at atmospheric pressure). Hence, the growth and oscillation of a number of cavity longitudinal 
modes, spaced typically 30-60 MKz apart, is possible. Such oscillation is undesirable in a light-mixing scheme. 
Conversely, the low energy capability of a low-pressure laser has a gainwidth of 40-60 MHz, causing a large 
rejection ratio between some dominant longitudinal mode and its neighbor. Additionally, the low pressure 
section may be conveniently excited continuously for purposes of alignment and non-transient signal averag­
ing. Therefore, >>v hybridizing a TEA section with a low-pressure section, high-peak pulse power operation 
can be attained at a single fiequency (Fig. 2). Operation in three distinct modes is possible: 

1. Low power continuous wave 
2. Medium power repetition pulsed 
3. High power pulsed. 

Power levels currently associated with the above modes, respectively, are: 
1. 10-100 W 
2. 150 W pulse average power, 300 pps 
3. 1 MW peak pulse power, ~ 1 /jsec. 

Amplifier 

TEA-pulsed section 

Grating 

Longitudinal 
CW section 

M nj)o v 

Amplifier 

Fig. 2 . Hybrid l»ser-amplifier system. 
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In the pulsed mode of operation, additional amplification providing a 4% cm gain is depicted in Fig. 2. For a 
O.S J input, this amplification yields a 4 J output. In addition to the modes 'escribed above, a Q-switched, high 
repetition rate laser may be used. Typical parameters for such a system include l.S KW pulses with a duration 
of 0.1 /jsec at a repetition rate of 400 pps. it should be mentioned that the above modes pertain to stable 
resonator operation. However, unstable resonator operation deserves further investigation. •'' 

Focusing of the laser energy onto the plasma region of interest, as well as the observation at forward 
angles, is to be carried out with spherical mirrors and Ge or ZnSe windows. 

Light-Mixing Receiver 

Vhe configuration for a heterodyne receiver in the infrareo l 2 is shown in Fig. 3. Its operation is made 
possible by the nonlinear response at the photodetector to the incident total radiation electric field. u Two 
electromagnetic waves of different frequencies (o>s and u>;) mix at the photodevice and produce an electrical 
signal with the difference frequency (u s - J J). When one of these beams is made strong enough (the "local" os­
cillator), the sensitivity of the process is considerably increased over the straight ci^.-"tion case because of the 
high conversion gain between power at the Input and difference frequencies. In addition to this high conver­
sion gain, the heterodyne detector exhibits both strong directivity and frequency selectivity. It is the frequency 
selectivity of th>-. coherent detection process that permits the noise bandwidth to be reduced to a very small 
value. The heterodyne detector is linear only insofar as the detector output power is proportional to the input 
signal radiation power. 

At optical and infrared frequencies, the heterodyne detector acts as both an antenna and a receiver, and 
has an integrated effective aperture limited by approximately \].14 Careful alignment between the LO and 
signal beams is necessary to maintain a constant phase across t!ie surface of the photodetector.15,16 Conse­
quently, heterodyne detection is most useful for detecting weak signals that are coherent with a iocallv 
produced source. 

Preamplifier 
Amp 

HgCdTe 

©* i - r <H B - p 

50ft £ I 
li^^JW 

- © 

Signal 
beam 

Homodyne ^Heterodyne 
position position 

Lock-in 
amplifier 
Fig. 3 . Homodyne-helerodyoe tight-mixing receiver system. 
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When the signal and the local oscillator both derive from the •«. source (homodyne detection), the 
heterodyne signal can provide information about the velocity of the scatterer through the Doppler shift. Here 
the frequency response of the photodiode is 

w s - w. = 2* (!>Tj + fx - » T j ) = ux (1) 

where f ̂  is the frequency of a signal with wavelength A, and » yt is some j transistional laser frequency. 
Where the local oscillator and signal beams arise from different, but frequency-locked, lasers (heterodyne 
detection), the response of the photodiode is 

n s - u , = 2* ( , T j • fx - , T j + „ ) = 7M (fx - A . T ) (2) 

where the transitional frequency of the local oscillator v - r j + n is chosen so that (f y Ac j) lies within the detector 
bandwidth. 

CO 2 LASER FREQUENCY CHARACTERISTICS 
AND CONTROL 

Local Oscillator Laser 

For the specified transition wavelengths to oscillate in either laser, each laser must have a frequency tun­
ing capability. Within a specified transition, the resonant frequency of a cavity mode is given by 

[ ( q + 1, + 1 ( m + „ + o cos-' J(i-|;)(i-jq)j (3) 

where the fundamental beat frequency is v 0=c/2f" for a cavity of length (. Here q is the number of modes of 
the axial standing wave pattern, m and n are transverse mode numbers (rectangular coordinates), and R i and 
R 2 are the radii of curvatures of the laser mirrors. The long term stability must be within a fraction of the 
Doppler width. For low pressure lasers (below 10 torr), the gas is D&ppler broadened and the line shape func­
tion is Gaussian centered at v j (molecular transitional line center frequency) with a line width given by 

$4 2kT log 2 (4) 

where 

Ai ' d o = Doppler broadened gainwidth at half maximum 
c = velocity of light 
k = Boltzmann's constant 
T = absolute temperature 
m = molecular mass. 

Figure 4 illustrates the frequency selectivity process. The tunability of conventional CO -, lasers is limited 
bv the above formula to about ±60 MHz. " Hence a stability of less than several megahertz is required. 
Artove 10 torr, collisional broadening of the molecular linewidth occurs at a rate between 4 and 5 
MHz/torr . 2 0 A tunable range of 800 M Hz has been reported by McElroy et al. " 

The local oscillator laser can be constrained to oscillate on one transition (thereby eliminating mode hop-
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F i g . 4 . C 0 2 laser gain curves, (a) Unmodified gain and absorption spectra of wavelength control gases, (b) Gain vs wavelength for three 
lines of the spectra showing cavity resonances and threshold levels. 

ping) through the use of a blazed grating, serving multiple functions as a laser mirror, line selector, and po­
larizer (dashed line in Fig. 4). As a mirror, the grating (e.g., ruled at 70 lines/mm, blaze angle 22°, R i = 20 m) 
is 97% reflect! /e. As a polarizer, the grating is 80% efficient. By adjusting the angle of the grating, the laser can 
be made to oscillate on any of 16 separate transitions in the 00°1-10°0 branch. These transitions range in 
wavelength from 10.467 pm to 10.788 jim. Further, through the use of isotopes of carbon and oxygen, opera­
tion on 11.1, 11.7, or 9.4/tm bands is possible, yielding a total of 64 separate available wavelengths. A 50 m\V 
minimum power output (more than sufficient for the heterodyne receiver described here) with the above at­
tributes is commercially available. 

Stark Cell Frequency Stabilization 

When the desired transition is selected by the mirror grating, the local oscillator may be tuned over a fre­
quency range of ±300 MHz or more by axially positioning the reflective mirror. This is accomplished by 
mounting the mirror on a piezoelectric bender. Stabilization is achieved by directing some of the source laser 
energy through the Stark cell and locking the laser frequency to the Stark absorption line. 2 1 A dc electrical 
field applied to the cell causes the frequency of the absorption line and, therefore, the laser frequency to be 
tuned. Long-term and short-term laser frequency stability of 100 kHz has been achieved. The important fre­
quencies and bandwidths appear in Table 1. 
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Table 1. Frequencies associated with infra-red scattering from MFTF plasma. 

Associated 
Source frequency 

Fourier noise, 0.1 jisec risetime 10 MHz 
Transverse electromagnetic (TEM) mode separation 12 MHz 
Longitudinal mode separation for cavity of 268 cm 56 MHz 
Frequency tuning stability for heterodyne system <2 MHz (100 kHz achieved) 
Doppler broadened (low pressure) gainwidth 60 MHz 
Collisional btoadened gainwidth, 200 ton 800 MHz 

Atmospheric 5 GHz 
PR convectivr instability In MFTF 500 MHz - 1 GHz 
HgCdTc 3 dB baiidwidth 1.2 GHz 
Rotation-vibration line spacing S3.4 GHz 
Bohm-Cross frequency for MFTF parameters and 

0 = 1 1 mrad 68 GHz 
s 

Fundamental 10.6 nm frequency 28.3 THz 

HETERODYNE DETECTION WITH MERCURY 
CADMIUM TELLURIDE DETECTORS 

Mercury cadmium telluride, Hg j . x Cdx Te, is an alloy semiconductor whose energy gap can be varied by 
changing the composition x of the alloy. 2~' 2 3 High-performance, intrinsic photovoltaic detectors with a spec­
tral response between 8 jim and 14 jim have been developed. In particular, the Societe Anonyme des Telecom­
munications, Paris, has developed 10.6 >/m liquid nitrogen-cooled photodiodes whose sensitive surface 
measures 0.2 mm X 0.2 mm. They possess a noise-equivalen' power (NEP) of 8 X lO'*0 W/H2: with a I mW 
local oscillator (Fig. 5), a 3dB cutoff of 1.2 GHz (Fig. 6), and a responsivity of 500 V/W 

In the case of coherent detection, the signal-to-noise (SNR) power ratio agrees with the expression 

( S l o w e r = * P s / 2 h " A f ^ 

where P s is the signal power (scattered power at the detector), 11 the quantum efficiency of thu detector, he is 
the photon energy (1.88 X 10 " 2 0 joules at 10.6 f/m), and Af is the receiver bandwidth. For a beam normally in­
cident to the detector surface of Gaussian amplitude profile (TEM 00 mode), Eq. (5a) may be generalized to in­
clude geometrical efforts and is then given by 2 4 

( S / N ) p o w e r - 11 1, w V A0 exp (-W w 2 ) M (l. § , ^ J (Sb) 

where I s is the intensity in watts per unit area car ied by a beam with a field half-width parameter w, ' 7 ( 
represents the dimension of an (XI detecting surface, and M is the confluent hvpergeometric function. From 
Eq. (5b) the optimum detector-to-beam ratio is found to be f/w = 2.7. The SNR as given by Eq. (5a and b) 
for a quantum efficiency 5 = 30% is shown in Table 2 for the cases of coherent scattering from the ion-acoustic 
waves in Ref. 8 and the P-R instability in MFTF. Here, it is seen not only tha! large pulse powers yield a large 
SNR but also that a high power CW signal detected by a narrow bandwidth receiver can yield SNR's ap­
preciably greater than unity. For parameters commonly associated with CW laser operation (useful in localiz­
ing waves or instabilities possessing a specific w?vevector in the scattered spectrum and in system alignment), 
the SNR can be considerably below unity. However, an SNR of less than one can still be used. In photomix-
ing, the output SNR is equal to the number of signal samples timis the single sample input SNR. A narrow 
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band intermediate-frequency filter, with a bandwidth approximately equal to the reciprocal of the sample 
time, can serve as a post-detection integrator. For this purpose, lock-in amplifiers increase the level of the 
signal relative to noise by sampling (actually rectifying) the repetitive signal at a constant phase, and by relying 
upon noncoherent noise being rectified at random phase. However, for the CW scattering levels shown in 
Table 2, a typical lock-in amplifier acquisition tune is 2 seconds at a 100 kHz reference frequency and, 
therefore, is beyond the lifetime of the MFTF plasma. Hence, detection of instability scattered power from a 
CW source should prove feasible only for relatively high-power CW lasers and narrower receiver bandwidths, 
provided the instability coherence length allows for Bragg scattering. 

8 



Table 2. Coherent scattering parameters for waves and instabilities. 

Ion-Acoustic waves , nQ = 10 cm" 

P , W 
s 

M fX * l s z c m "e' n0 SNR Comment 

1.7 x 1 (T 1 S 300 kHz 5 MHz 6 X 1 0 - 2 1 1.5 X 10~ 3 0.00*5 CW, low power, 1 W 

1.7 x 1<T 1 S 125 Hz* 5 MHz 2.5 X 10~ s 
1 1.5 X I0" 3 100 CW, low power, 

*lock-in ampliilei 
signal processor 

u s x i<r 1 0 300 kHz 5 MHz 6 X 10" 2 1 1.5 X 10" 3 3000 Pulsed, high power 

Post-Rosenbluth convective instability, n f t = 1 0 1 4 cm" 3 

l o - 1 1 100 MHz 1 GHz IO- 1 0.5 lO" 4 0.8 CW, low power, 10 W 

IOT 1' 10 MHz 1 GHz I0" 3 0.5 lO" 4 80 CW, low power, 10 W 
i o - 1 0 30 MHz 1 GHz 3 X 10"2 0.5 lO"4 27 CW, 100 W 
i.s x i<r7 100 MHz 1 GHz IO- 1 0.5 lO"4 12,000 Pulled, 150 kW 

ALIGNMENT WITH EXTERNALLY 
EXCITED HIGH-FREQUENCY 

ACOUSTIC WAVES 

The prior alignment of the light-mixing heterodyne detector optics is crucial to detecting and measuring 
waves and instabilities in plasma. As previously indicated, if the phase fronts of the incoming signal and local 
oscillator fields are not collinear, a rapid degradation of the signal output photocurrent can be expected. The 
alignment procedure consists of the following preparations: 

1. Basic optical component positioning with 6328 A HeNe light. For this to be done in normal room 
background light, a 10 mW minimum laser power output is required. 

2. System tuning with CW CO 2 lighi. As the refractive indices of the lenses and windows are 
wavelength dependent, 10.6 pm light must be used to "tune" the optical components to this par­
ticular wavelength. Positioning is accomplished with photoluminescent detectors and an ultraviolet 
light source with normal background light. Some shading by means of dark curtains has proved 
helpful, however. 

3. k space alignment. To determine and calibrate the Biagg scattering angle accurately, wire gratings, 
with perodicity in the range of the plasma waves to be measured, have proved invaluable. 

4. Receiver calibration and fine tuning by means of high-frequency pressure waves. 
Item 4 requires additional comment. To test the entire system (optics and electronics) with readily con­

trollable waves in a convenient medium, we propose to generate 100 MHz to 1 GHz waves in an acousto-
optical crystal (an optical phase grating) located near the scattering volume and aligned perpendicular to the 
beam. A likely material is A 1 2 0 3, a low-loss transparent dielectric that supports 0.11 mm waves when excited 
at 100 MHz. This corresponds to a 5.5° Bragg scattering angle. A suitable transducer for fundamental mode 
operation in the 100 MHz to 1 GHz band would be a thin evaporated layer ol .dmium sulphide. 2 7 
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COHERENT SCATTERING FROM THE 
POST-ROSENBLUTH CONVECTIVE 

INSTABILITY 

The source of the P-R convective loss cone instability 2 8 , 2 9 is the population inversion resulting from the 
absence of particles having low kinetic energies in a mirror machine. Not unlike the action of a MASER, the 
attempt of higher state particles to fill lower state vacancies initiates the growth of an instability which con-
vects and exponentiates along the mirror magnetic field. It is the larger physical dimensions of MFTF 
(machine length L » p j ion gyroradius) which provide the environment necessary for a significant number of 
high-energy ions to be pushed back into the loss cone. It should be noted that this process was strongly sus­
pected to have dominated the low-energy ("quiescent") runs in the 2XII expe-iments. 3 0 Because of the shorter 
scale length L/p j in the higher energy 2XI1B plasma, the convective instability is not important. j 

The P-R instability is described by a propagating electrostatic wave with a wavelength perpendicular to rf 
in the range 0.1 mm to a few millimeters (X rj e < X A « p j, where X rj e >s t n e electron Debye length); it possesses 
a frequency comparable to the ion plasma frequency: 500 MHz to 1 GHz in MFTF. 

The light scattered intensity into a solid angle dSI and bandwidth Aw s due to propagating plasma waves is 
given by 8 

PsdnA<os = Pj r 2 n 2 8 2 X2 dk, «(k, - Ak) (6) 

for Aw = <u ^ in which Aw and Ak_satisfy 

Ao> = w s - « . Ak = kj - Jj 

Here the subscripts s, i, X denote scattered, incident, and wave quantities. The wavevector kj is determined by 
the direction of the incident laser beam, while k s is experimentally chosen as the direction (opposite that) be­
ing viewed. Equation (6) predicts a nonzero scattered contribution only when 

k̂  = Ak = 2 Ikjl sin 8„/2 (7) 

or equivalently, 

. 9 B \ 
S m T = 2X (8) 

Equation (8) is simply the acoustic analog of Bragg's law at Bragg angle 6 B f ° r an electromagnetic field of 
wavelength X> incident upon a propagating field of wavelength X. 

The instability/fluctuation amplitude J! c in Eq. (Sa and b) may be found from a relationship between TTC 

and E, the instability electric field strength. The static form factor (power spectrum of density fluctuations in k 
space) of a many-particle system is 3 I 

SM = ?i <l«P K t t l 2 > (9) 

where N is the number of particles of charge q and mass m in a volume V. The parameter 6p k(t) represents the 
spatial Fouriet components of the density fluctuations, while the brackets denote an ensemble average. From 
an energy spec;rum relationship, we have 3 2 

<|E2|(k)> = i ^ l sfk) ( 1 0 ) 
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for an undamped collective mode with wavenumber k. Hence, we find for a resonant oscillation (the 
instability) 

j r 1 ' ^ <IE2|®> -^r<^> 
where A rjj is the ion Debye length and P j = n o T j is the ion kinetic pressure. Relating the Fokker-Planck 
coefficient33 

2 r 0 0 2 
D = - 5 i - J df (Efct) E(V,f)) a — 5 i <E 2> (12) 

^ i - L m i " P i 
to an expression given by Baldwin and Cal len 3 4 , 3 5 

where 

D = , (13) 
'drag () + e.r 

T. 

we obtain 

where t^,,,. = 1.4 X 10 l 2 T 3 / /no with T e and n 0 in units of KeV and cm"3 respectively, o>Dj is the ion 
plasma frequency, and t e is the electronic portion of the warm plasma permittivity. The numerical factor A is 

A = 2 I d S I n k = o [ \ \ 7~1 • O 5 ) 

(16) 

• p e' c e / mldplane 

a £ 0.11 /VRro + 1 

for mirror ratio R m in a machine of length L. Substituting Eq. (14) into Eq. (11) yields, 

(lSpK(t)l 2) ^ j k 2

 eA 

n 2 " P j 'drag (1 + e c ) 2 

In MFTF, where Rra ~ 2, e e ~ o>2 /&>2 ~ 3, L/p{ ~ 100, and A ~ 5 to 7, 
we obtain e " 

nf ° • ' 10"3 • 07) 

The expected coherently scattered power from P-R in MFTF is illustrated in Fig. 7. For a specified receiver 
bandwidth -if, the heterodyne SNR dependency is shown in Fig. 8. These results have been used to calculate 
the source power/receiver bandwidth/SNR's appearing in Table 2 for a "worst case" amplitude rTe/nn 
= 10 -*. 
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INCOHERENT SCATTERING FROM 
THERMAL FLUCTUATIONS 

An incoherent scattering photon budget analysis is important, since incoherently received light can repre­
sent an appreciable percentage of the scattered power from background sources. Furthermore, if the 
coherence length of an instability under investigation is sufficiently short, the incoherent thermal spectrum 
represents a lower limit of the scattered power. In addition, at infrared frequencies the probing light 
wavelength in forward scattering experiments is long in comparison to fusion plasma Debye lengths. Hence 
the thermal Doppler-broadened spectrum as seen by the detector is correlated to internal natural plasma fre­
quencies. This offers a possibility of directly measuring a number of plasma parameters that influence these 
correlations. This is in contrast to light scattering in the visible range from hot plasma where the thermal spec­
trum is uncorrelated, largely Gaussian in form and used to measure electron temperatures by Thomson scat­
tering. 

The thermal fluctuation scattered intensity into a solid angle ill and bandwidth Aw s is 

<(Ps dnAu s]> = P. rf K «n K } wf J2" S(Ak, Aw) (18) 

where SQc.ui) is the spectral distribution factor for electron density fluctuations.36 When operated in the high-
power pulsed mode, the diagnostic system described here has the power and sensitivity to resolve the plasma 
thermal spectrum. For CO 2 laser light forward scattering the spectrum is correlated (the Salpeter parameter a 
= 1/kAp •* 5) with distinct ion and electron features as shown in Fig. 9 (a and b). For MFTF system 
parameters, Fig. 10 (a and b) shows that 21% of the incoherently scattered power appears in the ion feature, 
while 38% appears in a single wing of the electron feature located 68 GHz from the laser frequency (the Bohm-
Gross frequency). The location of this line for a given plasma density and electron temperature is determined 
by the scattering angle 6,. Thus by changing the angle of observation 6 s, this line may be set close to a 
vibrational line frequency (some multiple of 53.4 GHz) and measured when the heterodyne receiver option 

/ with a separate local oscillator laser is used. Table 3 delineates the fraction of total light scattered into a single 
100 MHz wide frequency band at various locations of the spectrum, the scattered power as seen by the 
photocell mixer, and the power shot noise SNR expected for a 1 MW CO 2 system aligned to investigate both 
coherent (wave) and incoherent (thermal) scattering. Here, the solid angle Si is 10"5 steradian. This is a small 
value for incoherent scattering and could easily be made a factor of 100 greater in the experimental situation, 
thereby improving the SNR (already above unity in the ion and electron features). 
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Table 3. Incoherent scattering parameters lor electron feature." 

Detector center 
frequency 

Fraction of 
total light 
scattered 

F s at photocell 
(P. = 1 MW) SNR 

68.14 GHz - 100 MHz 
68.14 GHz 

68.14 GHz 1- 100 MHz 

.0049 

.3192 

.0481 
2.9 X 10"' W 

1.9 
IS 
6 

3The numbers in the table are derived from the preceding equations based on the following parameters: 
n Q = S X 1 0 1 3 cm"3 

T e = 1 keV, Tj = 30 keV 
9 a = Umrad(0.6°) 
a =4.9 

Detection optics efficiency - 65% 
Mixing efficiency - 70% 
Detection bandwidth Af = 100 MHz 
Detection solid angle dfl = 1 0 - s steradian 
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