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Installation of the high-k scattering system on NSTX is complete and the first data has 
been acquired.  The system measures density fluctuations on scales relevant to elec-
tron temperature gradient (ETG) turbulence.  System components include a backward 
wave oscillator source providing approximately 150 mW at 280 GHz and a superhetero-
dyne receiver with five simultaneous detection channels and noise temperatures of 
about 5000 K. The system is configured for tangential scattering with the probe beam 
and five scattered beams lying nearly on the toroidal midplane. The scattered beams 
sample radial density fluctuations with wavenumbers kr < 20 cm-1.  The 8 cm diameter 
probe beam provides good k-space resolution at ∆kr < 0.7 cm-1. Excellent spatial local-
ization is achieved at small scattering angles due to the large toroidal curvature of the 
spherical torus geometry. Steerable launch and detection optics can position the scat-
tering volume either near the magnetic axis at ρ ~ 0.1 or near the edge at ρ ~ 0.8. The 
system measures fluctuations with krρe < 0.6 and δn/n > 10-4 to investigate the existence 
of ETG turbulence. The connection between ETG turbulence and electron thermal 
transport remains a controversial issue.

This work was supported by the U.S. Department of Energy under contract numbers 
DE-AC02-76CH03073 and DE-FG02-99ER54518.
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Tangential scattering on the
toroidal midplane
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Scattering Basics

ks = ki + k
→ →→ ωs = ωi + ω

ωs ≈ ωi >> ω ks ≈ ki

k ≈ 2 ki sin(θ/2)



Scattered Electric Field

Scattered Power

Scattering of Electromagnetic Radiation

Scattered power can be
Fourier decomposed to reveal
the fluctuation spectral density
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electron
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Launch Configurations
Inboard launch to measure fluctuations

near the magnetic axis
Outboard launch to measure fluctuations

near the edge

Backward Wave Oscillator
Millimeter Wave Source

Thomson-CSF Carcinotron model 4224
Provides about 150 mW at 280 GHz

λi = 1.07 mm and ki = 58 cm-1

About 15 kHz line width

Superheterodyne Receiver
Five channels

About 5000 K nosie temperatures
Tracking circuit

High-k Scattering System Overview
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Waveguide and Beam Characterization

Beam Size after Launch from Waveguide
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2D scans of beam profile after waveguide launch
were performed in lab using a pyroelectric detector.

Data at right take at 108.3 cm after waveguide exit.

An elliptical Gaussian profile was then fitted to the data.
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Faraday Rotation and Beam Polarization
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For 280 GHz beam in NSTX
α ≈ 100°
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orthogonal
polarizations

with 90° phase difference

Angle of Wire Grid Analyzer
wires are vertical at 0° and 180°

and horizontal at 90°
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without 1/4-wave plate
39% elliptical
61% linear

with 1/4-wave plate
72% elliptical
28% linear

Beam polarization with and without 1/4-wave plate

The Schottky diode mixers are
polarization dependent,

so the probe beam needs to be
elliptically polarized.

A quarter-wave plate transforms a
linearly polarized beam into an

elliptically polarized beam.



Quasi-Optical Design
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Entrance and Exit Windows

Windows cut from water-free quartz.

Window thicknesses cut to
maximum transmission based upon

etalon analysis.

With the 2.9 cm beam waist,
the wavenumber resolution is

∆k ≈ 2/w ≈ 0.7 cm-1

152.4 cm
focal length

150 cm
focal length



Ray Tracing

D L D(r,t,k,ω)

Dispersion Relation
D=0

dk
dt =

drD
∂D/∂ω

dr
dt =

dkD
∂D/∂ω
-

Ray Tracing Equations

With ω > ωpe,Ωe

consider only
cold plasma electron modes

RT equations numerically integrated using
2nd order Runge-Kutta algorithm

Density profile from Thomson scattering
and magnetic field from EFIT



Launch Configurations

Outboard Launch

Tangency radius
(flux normalized)

ρ ≈ 0.7

Measure fluctuations
up to krρe ≈ 0.3

Inboard Launch

Tangency radius
(flux normalized)

ρ ≈ 0.05

Measure fluctuations
up to krρe ≈ 0.6



Anisotropic Fluctuations and Instrument Selectivity

Plasma microturbulence is anisotropic
and satisfies

k • B ≈ 0   →   k┴ >> k║

F(k, θkB, ∆k) = exp
k cos (θkB)

∆k
o p

2
—q r

This condition imposes an additional factor
on the spatial resolution known as the

instrument selectivity fuction:

where θkB is the angle between k and B

and ∆k is the wavenumber resolution.

Distance along beam path

F



Superheterodyne Receiver

DiplexerScattering signal
from plasma

LO

Pre-Amp AmplifierMixer BPF

DiplexerReference signal
from BWO

LO

Pre-Amp AmplifierMixer BPF
Tracking

Circuit

IQ Demodulator

2.4 MS/s Digitizers

I Q

× 5 Channels

Spectrum
Analyzer

Monitor tracking circuit
with spectrum analyzer

Up to 1.2 MHz~800 MHz~280 GHz



Receiver Noise Temperature

Mixer DC Bias Current (µA)
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Hot/cold load measurements

TN ≈
VDC

VAC

× (290 K - 77 K)

Noise Temperature

Noise temperature measured
by chopping the receiver’s view between
hot (290 K) and cold (77 K) blackbodies.
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Minimum Detectable Fluctuation

For a coherent density fluctuation,
the scattered power can be approximated as

scattering volume length probe beam radius

For TN = 5000 K and BW = 4 MHz

PN ≈ 2.8 × 10-13 W

The receiver noise power is

PN = kB TN BW

...the minimum detectable fluctuation is

δne

ne
≈ 1.6 × 10-5

Assuming...

ne = 2 ×1013 cm-3

PS

PN
= 2

PI = 100 mW

ωI = 2� × 280 GHz

k┴ = 20 cm-1

a = 4 cm

L = 10 cm



Probe beam steering mirror
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Launch and Receiving Ports

Launch Port

Receiving Port



BWO Source and Receiver

Receiver

BWO Source

Power
Supply

Waveguide
Taper

BWO

Hot/Cold
Load Testing

LO

Mixers/
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Preliminary Data

Ohmic Discharge
Low-k

Channel

High-k
Channel



Preliminary Data
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Gyrotron Upgrade

Fukui University


