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Hydrogen ion temperature has been measured in a warm toroidal plasma with externally
launched ion Bernstein waves detected by CO, laser scattering. Radial scanning of the laser
beam allows precise determination of k, for the finite ion Larmor radius wave (0 <2Q;).
Knowledge of the magnetic field strength and ion concentration then give a radially resolved ion
temperature, independent of T,. Probe measurements and Doppler broadening of Ar 11 4806 A

give excellent agreement.

Coherent light scattering from plasmas has been
shown to be a powerful diagnostic tool, having previ-
ously been employed to observe driven electron
Bernstein waves,! driven ion acoustic waves,?™
driven lower hybrid waves,* and with a considerable
degree of difficulty, the spectrum of thermal fluctua-
tions to measure 7T./T;.° This last measurement is
generally recognized to require a pulsed, high-power
(megawatt) laser of good spectral mode purity and a
very sensitive broadband (~1 GHz) heterodyne
detector for hydrogen ion temperature (7;) measure-
ment in a medium density (10*—10 cm™3) hot
transient plasma.® Hydrogen ion temperature is a
critical plasma parameter which becomes increasingly
difficult to measure by conventional techniques in
large fusion devices. The present paper demonstrates
the first use of low power continuous-wave (cw) CO,
laser scattering to detect externally launched ion
Bernstein (IBW) test waves giving a nonperturbing
measurement of the ion temperature in a warm, low
density (T, ~1.5eV, T.~2 eV, n,~3x 10 cm™?)
hydrogen plasma. This method is distinctly different
from previously proposed ion cyclotron techniques,’™®
in that we do not require electron temperature infor-
mation to obtain T;.

The appropriate electrostatic dispersion relation for
w=0c(Q,;) is?

kKo +kiK;=0 , )

where

< 2n?
K,=1+ 2 exp(—b,)b;! 1,(by)————
- g,m,, xp(—b,) ”g, ( )(nzﬂf,-mz)

Ke=14+2(02/0)yU1+yZ ()] =—-wk/e? ,

and bo=klT,/m,Q2, o denotes species, I, is the
modified Bessel function, y = (w/ky) (m./2T.)"2, and
Z is the plasma dispersion function. Under the as-
sumptions that w? << w2, y >> 1 to avoid electron
Landau damping and k/k, >> (m;/m,)"? so that the
second term in Eq. (1) is negligible, the perpendicu-
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lar wave phase velocity is, in general, proportional to
the ion thermal velocity. In particular, for a single-
ion species plasma, and w < 2(;, we have

M=V B3/14(Q Y e?) - 12, )]

where f is the wave frequency, V7, = (T)/ m;)V2, hav-

ing used a small argument expansion for 1,(b;).
Equation (2) clearly shows the dependence of IBW
perpendicular wavelength A\; on the local ion tem-
perature and magnetic field. We note that the elec-
tron Bernstein wave has been previously used to
measure T,.!! Since the IBW is associated with ion
motion in the bulk of the ion distribution function,
the temperature obtained from the real part of the
dispersion relation [Eq. (1)] is only weakly affected
by possible fast tail components.

The experiment was performed in the steady-state
ACT-1 (Advanced Concepts Torus) filament pro-
duced hydrogen plasma, of major radius Ry=59 cm
and minor radius ro=9 cm. A schematic of the
machine geometry is shown in Fig. 1(a). H, neutral
fill pressure can be lowered to an absolute 2 x 10~°
Torr, with a base pressure ~5 x 1077 Torr, resulting
ina T,=T; <2 eV hydrogen plasma. The IBW is
excited by two external (R =65.5 cm) 12-cm high
x 5-cm wide vertical flat plate antennas, spaced 17
cm apart and driven 180° out of phase to define
A~ 34 cm.”

The laser system [see Fig. 1(b)] consists of a single
mode 50-W cw CO; laser at A= 10.6 um, used in
conjunction with a liquid-helium-cooled copper-doped
germanium photoconductor, configured in a small
angle (3—26 mrad) forward scattering geometry.!?
Matched Gaussian beam waists (radius at 1/e? power
point) ay==3.3 mm in the plasma give an angle de-
fined k resolution Ak, =2/ay=6 cm~!. The system
noise equivalent power in the frequency band of in-
terest (9—13 MHz) at the fiber optic receiver is
NEP =2 x 10718 W/Hz, as determined by black body
and gain-recombination noise measurements. Ob-
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FIG. 1. (a) Schematic of the experimental apparatus. (b)
Diagram of the laser scattering geometry. Mirrors M6 and
M7 move with the optics table.

served density fluctuation levels at the pump fre-
quency range from 7 ~ 5 x 10° to 1 x 10® cm™ with
radio-frequency (rf) powers of 0.005—2 W, and lock-
in times of 0.3—1.2 sec, under varying plasma and
antenna conditions. It should be noted that the larg-
est signals can be seen directly on a spectrum
analyzer without using a lock-in. An interesting
feature of this scattering system is that it can be con-
tinuously driven during a measurement across the
outer minor radius of the plasma at constant scatter-
ing angle. A Princeton Applied Research 5202 50-
MHz bandwidth lock-in allows direct interferometry
(in the rf sense) of the IBW signal. Phase informa-
tion, obtained here without varying plasma parame-
ters,! is contained in the oscillating heterodyne pho-
tocurrent /j:

Iy« 7i expl—(k,—kg)?ad /8] cos(kxo) ,

for k; = kg, where kg is the wave vector satisfying

the Bragg scattering condition, x, is in the direction
of the major radius, and 7 is the amplitude of the
fluctuating component of the electron density at the
pump frequency with perpendicular wave number k.
By scanning xg, a very accurate measurement of k;
similar to probe interferometry in the case of a long-
wave train, as in Fig. 2(a), can be obtained. In Fig.
2(b) we show a comparison of a twin tip microcoaxial
floating probe signal (tips |l B) with the laser hetero-
dyne photocurrent at a 12.3-MHz IBW frequency.
Good agreement is obtained between the dispersion
relation measured by the probe and laser.

Radial ion-temperature profiles, independent of
knowledge of T, or n,, can be readily obtained
through measurement of the local IBW perpendicular
wavelength. In Fig. 3(a) we show calculated curves
of A; versus radius r at different ion temperatures
(using an independently measured abundance of
H,* ~ 50 + 5%, 12 remainder being H,*, H;* at this
fill pressure) and data points from a single laser
waveform at f =12.4 MHz (<0.5-W rf power).
Then in Fig. 3(b) we plot T; vs r at two hydrogen
neutral fill pressures, as seen by laser and probe.
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FIG. 2. (a) Schematic of IBW propagation, launched from
external electrostatic plate antennas. (b) Comparison of
detected IBW perpendicular waveforms at f =12.3 MHz, 1.8
W rf, neutral fill pressure P =4 x 1013 Torr. The antennas
are at r =6.5 cm.
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FIG. 3. Radial hydrogen ion temperature determination.
(a) Computer generated constant T; curves, and measured
laser points at f =12.4 MHz, N =50%, P =2.5 1073

1

Torr, \y=34 cm, T,=2¢eV, n,0=3.5x10cm™3, (b)
Comparison of radial temperature profiles obtained by laser
(circles) and probe (triangles) from single frequency
waveforms, at two neutral fill pressures.

Central ion temperature is observed to scale approxi-
mately inversely with neutral fill pressure.

We have run an independent Fabry-Perot ion tem-
perature measurement with a mixed argon-hydrogen
plasma. At a measured 20% H* concentration, a
simultaneous comparison between the argon bulk ion
energy, as inferred from the full width half maximum
Doppler linewidth of the = component of singlet Ar 1
4806 A averaged along a central vertical chord, and
the IBW derived hydrogen ion temperature, showed
agreement to within 10%.

Higher harmonic IBW in pure hydrogen can also be
observed, both of the major ion species H;* , and of
H,*, Hi*. These three species effectively model H*,
D*, T* with regard to resonances in the IBW disper-
sion relation. In Fig. 4, using internal grid excita-
tion, we see a more complete portion of the IBW
dispersion relation, showing up to the fourth har-
monic of H,* [Fig. 4(a)], and clear indications of the
eighth harmonic of H;* [Fig. 4(b)]. Laser data are
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FIG. 4. Ion Bernstein wave dispersion relation, hydrogen
plasma. Laser points (O), probe points (A), using internal
grid excitation. Data taken at r =1.5 cm, n, =2.4 x 1010
cm™3, P=2.5% 1073 Torr, QH +/2m=6.83 MHz, T,=2 ¢V,
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Ay~ 130 cm. Theoretical curves at two T; values bracket
data points. (a) Fourth-harmonic IBW branch of H;*. (b)
Third harmonic of H;* , and evidence of eighth of H;*. (c)
Second-harmonic IBW branch used for T;, and lower-
frequency branches for H,*, H3+ concentrations.

limited at small wave numbers by the small scattering
angle, and at large wave numbers by wave front cur-
vature, resulting in poor signal-to-noise ratios associ-
ated with low absolute fluctuation levels in this plas-
ma. The effects of a multispecies plasma are evident
in Fig. 4(c). Here the theoretical curves give a best
fit H,*:H,*:H3* in ratio 50 +3:28 +2:22 +2, in
agreement with independent N; measurements, yield-
ing one ion temperature 7;,=1.35 +0.2 eV for all
three species, as expected from estimated ion equili-
brium times < 50 usec. The second-harmonic IBW
of H;* and lower-frequency branches are particularly
insensitive to n, and k), and allow a good determina-
tion of T; and relative concentrations.

In a typical tokamak, the ion temperature is higher
by ~103, the toroidal B field by ~10!, and f by 101,
so that using Eq. (2) we see that \; of interest is in
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the range of 0.2—2 cm, suitable for far-infrared or 1-
mm microwave scattering techniques. From the
standpoint of wave physics, we observe that the
relevant parameter for comparison to this work is
leT//Q" ~0.1-2, the same in ACT-1 asin a
tokamak. Wave accessibility and poloidal field effects
have been investigated, and should pose no insur-
mountable problems.!*

In summary, we have successfully measured radial
hydrogen ion temperature profiles independent of .,
ky, and T,, using laser scattering to determine the
perpendicular wavelength of an externally excited ion

Bernstein test wave. We believe a variation of this
technique, taking into account possible difficulties in-
herent in a tokamak measurement, may show prom-
ise as a new T; diagnostic.
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