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ABSTRACT

New types of infrared and far-infrared lasers can be used to make otherwise impossible measurements
of plasma parameters in the next generation of large tokamaks. Recent progress in the development of

such new diagnostic techniques is reviewed.
I. INTRODUCTION

The major emphasis in fusion research in the United
States, and probably also in the world, lies in the tokamak
concept. Diagnostic techniques for the plasma in a toka-
mak are not completely satisfactory even at present and
will become less satisfactory in the next generation of
machines —— for example, the TFTR at Princeton and
the T-20 in the USSR. Thomson scattering with ruby
lasers can continue to be the principal diagnostic for
electron temperature and density. lon temperature is
traditionally measured by the spectrum of charge exchange
neutrals. In the new devices, which have a minor diameter
of 1 m or more, this method cannot be used for the plasma
interior because the neutrals have mean free paths shorter
than the plasma radius. Spectroscopic analysis of impurity
radiation in the ultraviolet is also difficult in large plasmas
because of the relatively large impurity radiation from
near the surface. There is as yet no good way to measure
jon temperature in such devices.

The current distribution in a tokamak is important
because it affects the radial variation of the safety para-
meter q and thus controls the hydrodyamic stability of
the plasma. Measurement of the magnetic field direction
would vield the current distribution as well as the observa-
tion of magnetic islands. Newly developed methods
accomplish this by injection of neutral hydrogen or lithium
beams——methods that also will fail in large diameter
plasmas.

Another problem is that the usual method of measuring
density and density variations-microwave interferometry--
fails at densitites above about 5 x 1013 em3 because
of the very large number of fringe shifts involved at micro-
wave frequencies. Finally, one needsa method for measuring
fluctuations in the plasma, so as to determine the import-
ance of MHD modes, drift modes, and trapped particle
instabilities on anomalous particle and heat transport.

In this paper, we review the progress in the develop-
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ment of diagnostics based on relatively new types of
lasers. Topics treated are 1) Thomson scattering in the far
infrared, 2) Measurement of poloidal field distributions,
3) Measurement of plasma fluctuations, and 4) Far-infrared
interferometry.

1. REVIEW OF LASER SCATTERING

When an electron is placed in the electric field of a laser
beam, it is accelerated and therefore emits radiation which
can potentially be detected as scattered light. If the
electrons in a plasma were uniformly spaced, however, their
contributions would cancel, resulting in no net scattering.
Because of density irregularities Sn, either random or
coherent, bunched electrons emit constructively an inten-
sity proportional to (8n)2. 1f 8n is random, its magnitude
varies as nt 2; hence, scattered intensity from a thermal
plasma is proportional to its density n. Scattering from a
wave of amplitude On/n would have intensity & (6n)2.

If the fluctuations have frequency w and wavenumber
k, the scattered wave {u, kg) is modulated by (w, k)
and hence satisfies the relations

W= Wy + W ks = ko + k.

The scattering angle 0 is defined by the following diagram:

By choosing 0 and w; (and hence k¢), the experimenter can
examine fluctuations of given w and k. If ' k| is chosen
so that kAp < 1, the fluctuations have scale length larger
than the Debye length and must therefore be cooperative
plasma motions. If kAp > 1, the wavelengths being probed



are smaller than a Debye cloud and therefore relate to
individual electron motions. It is customary to distinguish

these two cases by the scattering parameter a = (k?\D)".
For the usual case |kg| = |kg |, the law of cosines gives

k2 =k 2+ 2
S

o - 2kokscose o~

2k02(1 - cosf) = 4kozsin2%6.

Thus

-1
a = (2ko)\Dsin¥§6) . (1

For a <€ 1, the scattering is from individual electrons,
which have a thermal velocity vy,. The Doppler shift w =
kvih, therefore, gives rise to a scattered spectrum whose
width is indicative of the electron temperature T,. For
a > 1, the scattering is from large-scale plasma motions,
which could be unstable or induced waves or thermal
fluctuations. In the absence of magnetic field B, only two
waves are possible: electron plasma waves and ion acoustic
waves. These waves have a non-zero thermal level even in
a quiescent plasma, and the scattered spectrum would have
peaks near Wp and wy; = kcg, where ¢ is the sound speed.
Fig. 1 shows schematically the spectrum at different
values of a.

The case @ € 1 corresponds to ordinary ruby laser scat-
tering for measuring To. The case @ > 1 yields electron

peaks near * Wp which would give the density if there were
not better ways to measure it. In addition, there is an ion
peak whose shape depends on the temperature ratio To/
T;, as shown in Fig. 2. If T,/T; > 1, two peaks occur at
+ ke, since ion waves are not heavily Landau damped. The
position of the peaks yields ¢, from which T; can be cal-
culated if T is known accurately. If To/T; <1, ion waves
are L.andau damped by the ions, and a single peak appears,
whose width is related to T;. In the intermediate case, the
appearance of the flat-topped peak indicates that T; is close
to Te. Thus ion temperature can be measured only if
az1 can be achieved, and this means, from Eq. (1), either
extreme forward scattering (8 < 1) or long-wavelength
lasers (small ko). _

If B # 0, many waves are possible, but the number can
be narrowed down by proper choice of k. For instance, if
k is parallel to B, only electromagnetic waves like Alffen
waves or whistlers are possible in addition to the two usual
waves, but the latter will dominate because of their
relatively small group velocities. On the other hand, if k
is perpendicular to B, new modes involving cyclotron or
E x B motions arise which have no competition from B =0
modes. Detection of such field-aligned fluctuations as
drift waves or Bernstein modes would give information on
the direction of B. This method depends on @ > 1 scat-
tering, which is difficult to achieve at angles 0 large enough
to give directional resolution. However, there is another
method for a <€ 1 which depends on individual electron
motions. Since electrons gyrate at the cyclotron frequency

a << 1 o=~ 1 a > 1
wo wo wo
Figure 1.
T > T, T =
® . /\ e/ri\_/\ Te«/Ti
Figure 2.
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W, regardless of velocity, light scattered from them has a
Doppler shift k | v| that varies in time at the frequency
we. This gives rise to a modulation of the spectrum of
Fig. 1a. Although the total power remains the same, the
spectrum is divided into peaks at harmonics of Ge. These
peaks would be smeared out, however, if the Doppler shifts
k v due to thermal motion parallel to B, were as large

" n

as Wy, thus, existence of the modulation means that k v
<wc, or thatk is almost perpendicular to Bo. Thisis the basi's'
of the field-direction measurement discussed in Sec. IV.

Since the Thomson cross section o is very small (6.7 x
1025 cm2), only a few lasers have the requisite power,
bandwidth, and reliability for scattering measurements.
These are given in Table 1.

TABLE |
Lasing medium Xo(um) Typical power Typical pulse length
Ruby 0.69 1 GW 20 ns
Nd-glass 1.06 > 1 GW 1 ns
CO2 (TEA) 10.6 0.5 GW 50 ns
CH3F 496 1 MW (projected) 50 ns

Although very large power is available with Nd-glass, this
laser offers less than a factor-of-two improvement over
ruby in )\0 and is comparatively inconvenient to use
because the wavelength lies outside the visible. The CH3F
laser is representative of several molecular lasers in the
100-1000 um range that can be pumped by CO9 radiation.

In terms of tokamak parameters, Eq. (1) can be written

_q A n Y
oc-3.4x103-_1il_ 14
sink0 \ T ’
keV

(2)

where Ay is Ay in um, nq4 is n units of 1014 cm3 and Ty oy
is Tg in keV. Thus, for n = 1014 em™ and T, ~ 1 keV,

ruby lasers can be used for small-a scattering only, while
COo lasers can be used for large-a scattering only at
extreme forward angles. Far-infrared lasers have the capab-
ility of giving ion temperature information at large & even if
0 = 90°. The range of n and Te covered by various lasers at
various 8 are shown in Fig. 3.

I1l. MEASUREMENT OF T; BY LARGE-a SCATTERING

There are basically only two ways to do Thomson
scattering at @ ~ 1 to measure ion temperature under
tokamak conditions: forward scattering at 10.6 um and
large-angle scattering in the far-infrared. Detection of
forward-scattered CO9 radiation at & = 6° -8° has been
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Figure 3. Range of plasma parameters covered by various lasers and scattering angles. Heavy lines indicate a.= 1, light lines
show the effect of changing a by half an order of magnitude. Expected range of the PLT and TFTR tokamaks
at Princeton is shown, together with that of a projected high density Alcator at M. |. T,
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achieved with ordinary-bandwidth (= 1 GHz FWHM)
TEA lasers applied to pinch plasmas. Bretz and De Silva [1]
used a O-pinch with n = 1.6 x 1013 ¢cm3 and Te=05eV,
while Craig et al. [2] used a z-pinch with n = 6 x 1014
em3 and Te = 1.2 eV and obtained frequency resolution
at the higher density. In both cases detection was successful
only because the fluctuation level was 102 —103 times
higher than thermal.

To improve the detection sensitivity and lower the

scattering angle, Gondhalekar and Keilmann [3] proposed
a baffle system, shown in Fig. 4, and homodyne detection,
which makes use of stray light as a local oscillator. Success-
ful tests of homodyne detection were made by two groups:
Gondhalekar and Holzhauer [4] and Baker, Heckenberg,
and Meyer [5]. The former used an arc plasma with n =
1015 em-3 and Te = 4 eV, and the heterodyne signal at
6 = 1.8° showed the presence of 20 MHz oscillations at a
level well above thermal. The latter observed scattering
from externally generated 4.5-MHz ion waves at O = 1°
and a density of only 1072 ¢m-3, Other heterodyne experi-
ments will be discussed in Section V.

In homodyne or heterodyne detection, the laser must
have high mode purity and a bandwidth much less than the
width of the ion peak in the scattered spectrum. These
requirements are met by the hybrid laser [6], which
comprises two separate discharges in the same optical
cavity: a high pressure discharge to supply the power, and a
low-pressure discharge to determine the mode. The latter
is designed so that only a single longitudinal mode lies
within the 60 MHz Doppler-broadened line profile. Typi-
cally [4], a pulse of 80 kW for 1.8 usec can be obtained
with adjacent-mode rejection of 109, Although 300 kw
powers have been reported [6] for the hybrid laser, toka-
mak diagnostics would require an order of magnitude
higher power [3]. Perhaps the method of injection [7)
could be developed to produce pulses of requisite length
and purity.

Another requirement is that the detector have suffic-

ient bandwidth. The half-width of the ion peak for T =

T is given approximately by

w = kcS = 2kosinl§6(8KT/3M);5 (3)

0 s 10 mrod

]

For @ = 1° in a 1 keV hydrogen plasma, this amounts
to 0.8 GHz for COj. State-of-the-art photoconductor

detectors can be made with 1 GHz bandwidth and requisite’

sensitivity [8], but an optimized detection system is quite
costly and has not yet been tested in such an application.
In the experiments referred to above [4,5], only 100 MHz
bandwidth was available. At larger scattering angles than
19 or higher temperatures than 1 keV, bandwidth becomes
a limiting factor. Fortunately, the large local oscillator
power in heterodyne detection lowers the detector resist-
ance and makes the design of the detector circuitry easier.

Forward scattering suffers from the lack of spatial
resolution; the depth of focus defines a long scattering
volume, giving rise to a range of scattering angles 6. Straight-
forward detection, as is being attempted at Culham, requires
very large laser power (> 1 GW) and meticulous reduction
of stray light, but not the spectral purity, long pulse length,
and detector frequency response needed in homodyne
detection. The latter demonstrably works with coherent
fluctuations, but the data from the purely random fluctua-
tions of a thermal plasma may be hard to interpret. Finally,
the CO2 wavelength does not allow much flexibility in the
choice of a over a large range of plasma parameters.

These problems are overcome if one uses a far-infrared
(FIR) laser, but this technique is not as well developed.
We consider, for example, large-angle Thomson scattering
with a 496-um CHgF laser with heterodyne detection using
a dc far-infrared laser as a local oscillator and a Schottky-
barrier diode as a detector-mixer. Assuming that a power Py
of about 2 MW will be available and that the scattered
power can all be focussed onto the detector, the numbers
come out about the same as for the CO9 homodyne case
discussed above. The scattered power Py is given by

Ps = Poneoes(a) L dQ, (4)
which does not depend on A,. The differential Thomson
cross section O, depends weakly on 0, and the form factor
S(a} is insensitive to a at large a. For reasonable values of
the geometrical factors £ (length of the scattering volume)
and dS2 (solid angle seen by the detector), P for ne = 1014
cm3 is of order 108 W in both the CO4 and CHgaF cases
[3,9]. Reported heterodyne sensitivities are 8 x 10-20
1
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Figure 4. CO2 forward scattering system proposed by Gondalhekar and Keilmann (Ref. 3).

234




W/Hz for CO3 {Ge:Cu at 4.2° K, 100 mW local oscillator
power [8]) and 1017 W/Hz for FIR (GaAs Schottky
diode, 10 mW local oscillator [10]). For a 1-GHz band-
width, therefore, adequate detectors exist for COo but
need further development for FIR. Improvement by at
least an order of magnitude is quite likely, since higher-
power FIR oscillators are now becoming available.

The advantage of an FIR wavelength lies in the ability
to achieve @ > 1 at large scattering angle 6. At 8 = 900,
the scattering volume is clearly defined by the collection
optics, and, more important, stray light can be reduced to
a very low level. It is then possible to heterodyne with a
separate oscillator rather than homodyne with the stray
light, as one is forced to do in forward scattering. Since the
dc oscillator can be made to give a single, narrow line, the
requirements on mode purity of the primary laser can be
relaxed without fear that a complicated pattern of beat

frequencies will be superimposed on the scattered signal. A -

wide choice of available FIR laser lines should allow the IF
frequency to fall in a convenient range for conventional
microwave equipment.

These potential advantages of FIR scattering, of course,
cannot be realized without a narrow-line laser of adequate
power; and up to now the development of such a laser
has taken top priority. Megawatts of power have been
achieved with a superradiant D90 and CH3F systems, but
with too large a bandwidth. Pulsed HCN lasers at 337 um
have been tried at Culham and at UCLA, but without
success above 1 kW. Optical pumping of CH3F by the
9.55 um line of a CO9 laser is a promising method being
followed in several laboratories [11-15]. In these papers,
powers in the 100-250 kW range at 496 um wavelength
with bandwidth 30-60 MHz were reported. This bandwidth
is comparable to that obtainable with hybrid CO5 lasers,
so that neither method has an advantage as long as @, and

Nl
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hence, the width of the scattered spectrum, is constant.
The various CH3F experiments are all oscillator-amplifier
systems and differ in the way the CO9 power is coupled
into the FIR amplifier.

Perhaps the cleverest scheme is that used by Semet and
Luhmann [14], shown in Fig. 5. This scheme takes advant-
age of the fact that the FIR output is cross-polarized
relative to the CO9 pump, for the following reason. The
CHgF molecule is long, say, in the horizontal direction, with
a methyl group at one end and a fluorine atom at the other.
The 9.565 um pump transition changes the vibrational state
and is best excited by horizontally polarized light. The
lasing transition, however, takes place between two rotat-
ional states; hence, the 496-um radiation is emitted in a
vertical plane. In Fig. b, the output from a grating-controlled
transverse-discharge COo oscillator is split so that 80%
of it is used to pump the FIR oscillator, entering it through
a Ge plate and a Si etalon, which is also the output coupler
for the FIR. The rest of the CO9 power is amplified by a
chain of TEA modules and then sent through the Ge plate
into the FIR amplifier. The Ge plate is at the Brewster
angle for both CO9 beams. Since the FIR output is polar-
ized at right angles, it is reflected from the Ge plate and
also enters the FIR amplifier, which is simply a long Cu
tube serving as a metallic waveguide. A dielectric wall is
used to suppress high-order modes in the FIR oscillator,
and this controls the bandwidth of the amplified pulse.
Timing between the two CO5 pumps is adjusted by time-
of-flight. It was shown in this experiment that a conversion
efficiency of 0.1% from 9.55-um power to 496-um power
could be maintained for low powers up to nearly 200 kW
by proper adjustment of the CH3F pressure and the pump
timing. Some improvement in this figure can be expected,
since the theoretical efficiency is 1%, and 0.47% has been
reported at the 6 kW level [12}. Even without improve-

FIR OUT

Figure 5. Experimental arrangement for optically pumped CH3F laser (Semet and Luhmann, Ref. 14).
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ment, straightforward application of 2 GW of CO9 power
would be expected to produce 2 MW at the desired freq-
uency. The metallic waveguide offers an easy way to
transport the beam into a tokamak.

Besides the detector threshold, the scattered power must
also overcome the background of synchrotron radiation.
At 50 kG, 496 um corresponds to about the fourth
harmonic of W, and hence lies well within the frequency
range of synchrotron radiation. At 50 kG, 1014 ¢cm-3 and
Te = 2 keV, the latter amounts to 0.3 W/cm3 over the
entire volume of plasma seen by the detection optics.
Fortunately, the radiation is heavily reabsorbed, and what
is seen is the black body radiation from the surface of the
plasma. If the collecting lens is about 1 m from this surface,
it will see about 5 cm2 of plasma surface and cover about
2 x 103 steradians. For a 1-GHz bandwidth, the synch-
rotron power is then =~ 106 W, about two orders of
magnitude larger than the scattered power. However, this
is a dc background which can be distinguished from the
laser pulse, and only fluctuations in the synchrotron
radiation are troublesome. Nonetheless, this effect is one
of the major uncertainities in this diagnostic.

Since laser powers perhaps as high as 10 MW will be
needed to overcome the radiation background, one must
be sure that the laser does not heat the electrons, since
@ depends on To/T;. We assume the worst case——no
heat conduction——and consider classical absorption of a
50-nsec pulse from either a 1-GW CO9, laser focussed to 1
mm?2 or a 5-MW CHg3F laser focussed to 10 mm2. In
both cases the fractional temperature change is

AT
—& _ -3 5/2
Te > * 10 nll;/TkeV ’ (5)

and heating does not appear to be a probiem. This cal-
culation, however, includes only collisional absorption and
not synchrotron absorption. It is clear that the laser freg-
uency must be above the lower harmonics of ., where the
latter effect is large. From this standpoint, it would be
desirable to develop shorter wavelength lasers such as
D20.

We next consider refraction, which may misalign the
focal spot relative to the collection optics. In the limit of
geometrical optics, if a ray is incident, with an impact
parameter r,, on a cylindrical plasma with a parabolic
density profile, it will be refracted away from the axis
and have a distance of closest approach to the axis equal
t0 Imin = fo + Ar. The maximum Ar as ro is varied is an
estimate of the amount of misalignment possible. Thus
turns out to be

.2 2
Ar = 0.19%a no/nc, n, = mwo/lme s {6)
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where a is the plasma radius. For a = 100 cm and CO,,
Ar is 2 pm, which is negligible. For CHg3F, it is 4 mm,
which is appreciable.

In large-a scattering with either CO9 or CH3F, one is
likely to encounter suprathermal fluctuations. Although
this enhances the detectability of the scattered light, ion
temperatures cannot be measured in the canonical manner;
rather, they must be deduced from the dispersion of the
wave motions. If the difference k is perpendicular to B, the
waves are not likely to be sensitive to T;; but if one chooses
k parallel to B with | kA, | <1, ion waves should be seen
whose velocity depends on T;. Because of the placement of
ports in a tokamak, it is not easy to set k| |B except in
forward scattering. Consequently, with CH3F the experi-
ment would have to be done at very large a. I one does this
(forward scattering at 496 um), one may find a peak in
the scattered light when k is nearly perpendicular to B,
corresponding to drift-type waves with | kAp | <1 and
k,; < k|. This could be an alternate method for determin-
ing the direction of B.

IV. MEASUREMENT OF THE DIRECTION OF B

The we-modulation of the @ < 1 spectrum at § = 90°,
discussed physically in Sec. I, was calculated long ago by
Salpeter [16] and has been seen in ruby scattering from
high-density plasmas by Kellerer [17] and by Evans and
Carolan [18,19]. Application to tokamaks using ruby
lasers was suggested by Sheffield [20], and using COy
lasers by Murakami and Clarke [21], Perkins [22], and
Bretz [23]. Figure 6 shows the configurations of various
vectors at 8 = 909, Let ko be perpendicular to the total
field B, consisting of a strong toroidal component By and
a weak poloidal component Bp. This is the case if the
incident laser beam is directed at the minor axis of a
tokamak plasma. (If it is directed at the major axis as
well, the system will be less sensitive to shifts of the plasma
column in the azimuthal plane [21].) Let 6 be the angle
between k, and k¢, as usual. The difference vector k
lies in the plane of kg and kg, which makes an angle @ with
the plane perpendicular to B. If the scattering plane is
rotated so that the two planes coincide (¢ = 0), the We-
modulation will reach its maximum amplitude.

The laser power required is larger than for large-a
scattering, not because any of the factors in Eq. (4) is
greatly changed, but because homodyne detection is not
possible. For fields above 1 kG, the cyclotron fundamental
is about 2.8 GHz, and there are no detectors with sufficient
bandwidth. Hence, laser powers of 1 GW or above are
generally required, giving scattered powers of order 10°7 W.
Fortunately, heating of the plasma by the laser does not
directly affect this measurement, which consists of finding
a maximum in the modulation of the spectrum as the




Figure 6. Geometry of 90° scattering in a magnetic field.

angle ¢ between k and the normal to B is varied. Both ruby
and atmospheric-pressure CO9 lasers have sufficient power
and narrow enough bandwidth to resolve the cyclotron
harmonics. Ruby has a great advantage in detection, since
photomultipliers and image intensifiers can be used. How-
ever, there is a problem with quantum statistics. The choice
between ruby and CO5 depends on several conflicting
requirements.

First, @ should be € 1, since the effect depends on the
incoherent motion of electrons. This can easily be satisfied
with either laser, as seen in Fig. 3. Note, however, that
cyclotron harmonics would occur even if a > 1 because
of Bernstein modes; one merely loses intensity by the
factor S(a) = (1 +a?)"1.

Second, Doppler shifts due to thermal motion along B
would smear out the modulation if k vy = W, where
k,, = ksing. Thus, for ¢ <1, the critical value of ¢ is

q)c B wc/kvth' (7)

Since a = (k)\D)'1, the angular resolution is given roughly
by

= A = (w /w)a

b, = W AR Ve = (0 p) (8)

The resolution required is ¢<<Bp/Bt, the pitch angle of the

lines of force. In terms of the tokamak parameter q = rBy/

RBy,, we require ¢ < r/Rq. For a tokamak with aspect

ratio 3 with g = 4 at the edge, r = a, this gives ¢ < 4.80.

If measurements down to g = 1 at r = a/4 are required,
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we need ¢ <€3.6°. Thus, § <1/2 - 1° [or 0.5 - 1°] should
suffice. Assuming 8 = 102 rad, and that wc/wp ~1,asitis
in reactors and advanced tokamaks, we see from Eq. (8)
that @ < .01. This is easily achieved with ruby but is
marginal with COo,

Finally, we consider the number of photons in each
peak—— a number that cannot be too small if the observa-
tion of the modulation is to be statistically significant. An
example given by Sheffield [20] for a 10 J ruby laser and
B =25kG, n=2x 1013 cm3, T, = 900 eV showed that
the spectrum is divided into 102 cyclotron peaks and that
only about 3 photoelectrons would appear in each peak
for a reasonable detector system. The number of photons
in each peak can be estimated as follows. The scattered
energy, from Eq. (4), is

WS = WoneOeS(OL) % df (9)

I1f each photon has energy hv, the number of photons is
W/hv. The number of peaks is the width of the spectrum,
2kJ_Vthr divided by «; hence the average number of
photons in each peak is

wonece L dQ wc
N = ? (10)
hv 2kvth

where k ~ k) for small ¢, and S{a) = 1 for small a. The
solid angle d€ is dfd¢ (cf. Fig. 6). There is no restriction
on the range df covered by the collecting lens, but d¢



is limited to 2¢, = 20/kvy,. (Actually, Carolan and
Evans [19] showed that d¢ can be considerably larger
than this if the different rays collected by a finite lens are
properly averaged.) We therefore have [17]

W /w \2 W /ow \2
C of ¢

Vel ) twla ) o
th

If W, and a are kept constant, there are more photons per
peak for CO4y than for ruby simply because the quanta
are smaller by the ratio of wavelengths——15. If @ is kept
constant instead of @, COy has an additional advantage
because the width of the spectrum, 4k V4hsin1/20, [or 4k,
Vehsin(0-2)], is smaller; and the energy is divided into fewer
peaks. From this consideration, the value of @ should be as
large as the required angular resolution will allow - about 102
under tokamak conditions. For ruby, this would mean for-
ward scattering, with the concomitant problems or poor
spatial resolution and copious stray light. Whether ruby or
CO2 on better is balance is not clear at the moment.

A clever method has been suggested [20,23] to increase
the detected signal. This is to use a Fabry-Perot inter-
ferometer with a plate spacing adjusted so that its free
spectral range corresponds to We. Fig. 7 shows the
modulated spectrum, collected by a finite lens subtending a
half-angle ¢ = 0.85°. Below it is the well-known transmis-
sion of a Fabry-Perot interferometer. Both the free spectral
range and the finesse of the Fabry-Perot can be adjusted
to match the expected spectrum. Thus, the energy in all
the peaks is summed. As the interferometer is scanned,
the signal transmitted to the detector will vary if the
spectrum is modulated but will remain constant if it is not.
Alternatively, we can suppress the stray light at w =0
at the expense of half the energy by using a spacing of
2¢y,, as shown in Fig. 7c. Note that the spacing is set by the
stronger component Bt, which is constant.

Sources of background radiation are bremsstrahlung or
line radiation, synchrotron radiation, and 300°K blackbody
radiation from the vacuum chamber and detector housing.
The latter is peaked near the CO9 laser frequency but can
be lowered by cooled baffles. In any case, it is constant
with time. Synchrotron radiation should be much less
severe than in the FIR scattering case, because of the higher
laser frequency and power. Other plasma radiation can be
discriminated against by the fast rise of the laser signal.
For this reason, the detector must have wide bandwidth
even if heterodyning is not possible here.

A test of the feasibility of the COy scheme is being
carried out at UCLA by W. A. Peebles, M. J. Herbst, and
J. J. Turechek. Their apparatus is shown in Fig. 8. The
plasma is a laser-heated arc with n ~ 1015 cm'3, Te =
100 eV, and B = 4 kG. The laser is an 0.5 GW TEA CO,
system. In this experiment, @ is ~ 0.25 and ¢c ~ 0.6°.
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Figure 7. Cyclotron-modulated spectrum when k is per-
(a) pendicular to B (from Carolan and Evans, Ref.
19).
(b) Transmission of Fabry-Perot interferometer with
free spectral range = Wy
fc) Same with half the plate spacing.

The light transmitted through and reflected from the Fabry-
Perot interferometer is detected with separate photocon-
ductors. A difference between their signals would indicate
modulation. Stray light has been the main obstacle so far;
background radiation does not appear serious. However, it
was found that Ge:Hg detectors do not perform well with-
out a local oscillator signal because of the high impedance
of the poorly illuminated parts of the crystal. Besides
this experiment, tokamak tests are being made with a ruby
laser at Culham and with a CO9 laser at Princeton [23]. No
results have yet been reported, and the feasibility of this
diagnostic is still unknown.

V. HOMODYNE DETECTION OF FLUCTUATIONS

The basis for large-a homodyne detection of plasma
waves has already been discussed in Sec. I1]. Successful
observation of beat frequencies using forward scattering
with CO9 hybrid lasers has been reported by two groups
[4,5]. In those experiments, the pulse length was of the
order of microseconds, restricting the observable
frequencies to the range above 1 MHz. Furthermore, scat-
tering angles > 10 were used, restricting the range of
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Figure 8. UCLA experiment to test field-direction measurement with CO2.

wavelengths to below 0.06 cm, according to the relation
A = 1/20,/5in1/28 [or N = Ay/2sin(6-2)]. Although such
fine-scale fluctuations could, in principle, cause anomalous
electron heat transfer, low-frequency drift-type oscillations
are likely to be more dangerous in long-confinement-time
devices, since they can cause partial transport of both species.
To observe such oscillations requires long-pulsed lasers and
scattering angles as small as 1 mrad (.06°), corresponding
to A = 1 cm with CO5. Two groups have developed the
equipment necessary for this type of measurement.

Slusher et al. [24] have succeeded in obtaining a two-
dimensional map of the k spectrum of current-driven ion
acoustic turbulence generated in a positive column, using
a 400-W dc CO4 laser and a 1-GHz Ge:Cu detector. Scat-
tering angle was 0.6°, and measured fluctuations lay in
the A = .03—0.2 cm, f = 10—30 MHz range. This technique
was then applied to the ATC tokamak at Princeton [25].
The frequency spectrum of oscillations between 0.1 and 2
MHz and the k spectrum between A = 0.5 mm and =2 cm
have been measured in each of two directions. The fluctua-
tion level was 1’1'/no ~ 10'2, but in principle a sensitivity of
ﬁ'/no = 106 is supposed to be possible for A<Z<1mm
This tool is particularly useful is diagnosing the details
of rf heating; however, a search for 800-MHz lower-hybrid
heating waves at the ’F\’/no = 102 level has not given a
detectable signal.

Lovberg [26] has taken a slightly different approach.
Instead of a dc laser, he has developed a long-pulse COp
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pinaser with Cassegrain optics (Fig. 9). This produces
a constant power level of 4 kW for 0.6 msec. The beam is
carefully apodized so that a scattering angle of 0.17°
can be achieved in homodyning. The system is to be applied
to a tokamak (the UCLA Microtor) using only one window
{Fig. 10).

V1. FAR-INFRARED INTERFEROMETRY
Microwave interferometry in the 2-8mm wavelength

range has been a standard diagnostic to monitor the density
pulse in toroidal devices. From the dispersion relation

2,2 w 2 who_w 2\k%

ck=l___L,k c1 P (12)
2 2 2

w w w

one finds that the phase shift across a plasma of diameter
Lis

~

o= fg(ko - k)dz

w 2 w2, (13)
kL |1-(1--2)s ~ 3 P
o w2 cw *

As tokamak dimensions become large, ® becomes incon-
veniently large unless w is increased. Furthermore, as the
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density approaches the critical density, refraction and
absorption become important, and the nonlinearity of
Eq. (12) becomes inconvenient. Interferometers in the
far infrared solves this problem. For many vears, it has
been possible to produce 10’s of mW of dc power at 337
Mm with the HCN laser {27]. The HCN laser, however,
requires considerable maintenance, since the walls and
internal optics have to be cleaned periodically of deposits
made by the discharge.

Recent progress in optical pumping with dc CO5 lasers
has made more compact and reliable FIR waveguide lasers

available. A list is given in Table II.

A particularly well engineered interferometer based on
the 118-um alcohol laser has been developed by M. I. T.
group [29]. A diagram of it is shown in Fig. 11. To achieve
the ‘‘zebra” display usually employed in microwave inter-
ferometry, two 5-mW alcohol lasers are set to a frequency
difference of 1 MHz * 2% by a feedback system on the
mirrors, with the correction signal derived from the first
set of beam splitters. The beams are then used as the probe
and reference beams, and the 1-MHz modulation provides
the sweep needed for the zebra display.

TABLE 1l [27]

Molecule Wavelength Laser length Pump power FIR power

(Hm) (m) (W) (mW)
CH30H 118 1 27 150
CH3OH 118 2 60 400
CH3OH 71 1 30 100
CH3F 496 1 30 22
CH3F 496 2 60 40
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Other FIR diagnostics such as refraction and schlieren
refractometry are in principle possible, but we know of no
new developments in this area.
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