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ABSTRACT. 

The result of a feasibility study of a diagnosticsystem for the measurement of fusion produd 
alpha particle distribution in ITER is presented. This diagnostic is based on small angle C0,-laser 
Thomson scattering. This diagnostic system has previously been described13 and a proofsf- 
principle measurement has been successfully demon~trated.~ Our study indicates that for ITER 
conditions this diagnostic system is capable of providing an accurate measurement of alpha particle 
parameters. 

1. BACKGROUND 

The International Tokamak Experimental Reactor, ITER, is expected to be a burning fusion 
machine, that is, it is intended to bum deuterium and tritium fuel and produce helium ash (Le., fusion 
produd alpha partides). The alpha partides are produced with an energy of 3.5 MeV and slow down 
by collisions with the cooler background plasma, thus heating the nuclear fuel to maintain fusion 
ignition. If the alpha partides are lost from the plasma before slowing down, their energy is not 
transferred to the fuel and ignition may not be maintained; such a condition may be produced by 
several types of instabilities now being studied. Therefore, a diagnostic capable of monitoring the 
slowing down of these fusion product alpha particles will be essential. A diagnostic based on CO, 
laser Thomson scattering has the potential for performing this measurement.2 This paper examines 
the requirements for such a measurement. 

II. ANALYSIS 

Plasma conditions 

The plasma conditions used for analyzing the applicability of this diagnostic are given in Table 
1 and represent characteristics of ITER.4 

Table 1. ITER Parameters 

R=8.21 rn <T>=15 keV B=6 T 
a=3.00 m <n>=l.8 x 1 020 ma ne=n,(i-?/a3' 
bK= 1.6 n,,Jne=0.02 T=T,( 1 -?/a? 
1=25 MA Ge1.5 (mainly due to He and Be) 

*Research sponsored by the Office of Fusion Energy, US. Department of Energy, under Contract No. DE- 
AC05-840R21400 with Martin Marietta Energy Systems, Inc. 



With the profiles listed in Table 1 the central values for density and temperature become 2.3xldO 
m3 and 21 keV, respectively. 

The geometry for Collective Thomson Scattering (CTS) is determined by the Saipeter parameter. 
The Salpeter parameter (defined as the inverse product of the change in the wave vector times the 
plasma Debye length) represents the degree of collective behavior in the scattering; a large number 
represents collective scattering and a small number represents individual particle scattering. 
Because the alpha partide measurement requires collective scattering, the value of the Salpeter 
parameter offers a quick evaluation of a diagnostic or diagnostic technique. For small angle 
scattering the Salpeter parameter can be approximated by  

a = 0.39 A 
8 

where A is the source wavelength in microns, 8 is the scattering angle in degrees, n is the electton 
density in units of 1020 ma, and T is the electron temperature in keV. For the conditions listed in 
Table 1 and at 10.6 microns: a=1.48/8 at the plasma center. Therefore, for the scattering to be 
collective the scattering angle must be sufficiently small, typically 1 degree or less. The selection 
of a scattering angle impacts the spatial and energy resolution and the optimal laser parameters.6 
Due to the different radial profiles for the density and temperature, the Salpeter parameter has a 
minimum at the plasma center and increases radially. Therefore, the center of the plasma 
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ngure 1 The scattered spectrum from the center of the ITER plasma assuming 4 MW of laser 
power and a scattering angle of 0.75 degrees. 

represents the most difficult measurement if the Salpeter parameter is near unity. A calculated 
scattered spectrum from the center of an ITER plasma is shown in Figure 1 for the conditions 
specified in Table 1. 



where the scattering angle 8 and the receiver collecting angle A8, are both in degrees. For 10.6 
microns with 8 = 0.75 degrees and A8 = 0.1 degrees, then & = 30 cm. For a vertical view this 
would represent a resolution of one part in nine; for tangential scattering this length would provide 
greater than fifteen spatial points. Decreasing the scattering angle to reduce the background 
electron signal decreases the spatial resolution; for example with 8=0.5 degrees the vertical 
resolution becomes one part in six and the tangential resolution becomes one part in ten. 

Resolution of alpha particle velocity distribution 

The resolution of the alpha particle velocity distribution is determined by the scattering angle, 
the receiver solid angle and the heterodyne receiver bandwidth. This relationship can be 
approximated by: 

Av Af A8 -=-+1/2- 
v fo e (4) 

For a receiver with a single-side bandwidth of 1 GHz, f,=l 1 GHz, e 0 . 5  and A8=0.1, then the velocity 
distribution can be resolved to 1 part in 5. By decreasing the bandwidth, which decreases the signal- 
to-noise ratio, and decreasing the receivers collecting angle, which also decreases the spatial 
resolution, the velocity resolution can be increased. For example, with a 0.5 Ghz bandwidth a 
scattering angle of 0.75 degrees and a receiver collecting angle of 0.075 degrees, the velocity 
resolution is better than 1 part in 10; however, the spatial resolution is reduced to around 1 part in 
5. 

111. CONCLUSIONS 

A diagnostic system for alpha particle measurement based on CO, laser Thomson scattering 
appears very feasible from the view of existing technology and from the view of the constraints 
placed on the diagnostic based on the expected plasma parameters. A successful proofsf-principle 
test of the diagnostic system has demonstrated the capability of performing the required small-angle 
measurements. 
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Plasma background emission 

The plasma background emission at 10.6 microns is expected to be small. The major source 
of this emission is most likely to be bremsstrahlung radiation. In considering the bremsstrahlung 
background from the perspective of power per unit frequency (Le., watts per Hertz) for comparison 
with the inherent receiver noise, rather than the standard emission given in watts per unit 
wavelength5 then the radiation reaching the detector (integrating over detection solid angle and 
plasma volume being viewed) has the form: 

2 
ps n* - = 5.54 x 10-66 gz, - A2 (pm)L ( W M )  
df Tin 

Note that this background emission rapidly increases with wavelength, but for the CO, laser 
wavelength of 10.6 microns, is very small for most plasma conditions. For the plasma parameters 
listed in Table 1 and a path length, L, generated by a tangential view through the plasma, (and the 
Gaunt factor, g, approximately equal to 4,) this emission is 1 x1aB W/Hz; compared with the inherent 
detector noise ( equal to hdA= 1.875~10-~ W/Hz at 100% efficiency), the bremsstrahlung emission 
is negligible. 

Other noise sources such as synchrotron radiation and impurity line emission will be even 
smaller than the bremsstrahlung at a wavelength of 10.6 microns. 

Minimum resolvable alpha particle density 

At the CO, laser wavelength, the minimum alpha particle density necessary for a 
measurement is around 1x10'' m3. Smaller densities can be measured, but require operating at 
very small scattering angles that greatly reduces any spatial and energy resolution. For an alpha 
particle density at one percent of the electron density, the electron background can be seen in the 
scattering measurements at the larger Scattering angles. For example Fig. 1 shows the spectrum 
for ITER at a scattering angle of 0.75 degrees. As the scattering angle is reduced this background 
problem is reduced by the redudion of the scattered signal from the electrons and an increase in the 
scattered signal from the alpha particles. A minimum detectable alpha particle fraction can be 
defined by finding the scattering angle for which the scattered power for the alpha particles and the 
electrons are equal. A convenient frequency for this comparison would be fdJ2, where 6 is the 
maximum frequency for the alpha particles; note that it is determined by the maximum alpha particle 
energy (here fixed at 3.5 MeV) and the selection of scattering angles. The minimum electron density 
required for an alpha particle measurement is also set by the scattering angle. To measure alpha 
particles when the electron density fall below 1 x l  do m3 requires reducing the scattering angle which 
reduce either the spatial resolution or the energy resolution or both. With the sacrifice of both the 
energy and spatial resolution, alpha particles may be measured with electron densities as low as 
1 x 1 0 ~ ~  mS3. 

Spatial resolution 

The spatial resolution of the CO, laser Thomson scattering diagnostic is determined by several 
parameters. These include the laser wavelength, the scattering angle, the laser beam diameter, and 
the geometry with respect to the plasma (Le., vertical versus tangential injection.) The interaction 
length, Int, between the source laser beam and the receiver beam is given by: 
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