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OPTIMIZATION OF A CO, LASER
THOMSON SCATTERING ALPHA PARTICLE DIAGNOSTIC

R. K. Richards, D. P. Hutchinson, and C. H. Ma

ABSTRACT

The optimization of a CO, laser Thomson scattering system for
measurement of the velocity distribution of fusion product alpha particles
is studied. It is found that for the International Thermonuclear
Experimental Reactor (ITER) plasma, the optimal system conditions are a
20-MW source laser and a receiver bandwidth of 15 GHz.

INTRODUCTION

The purpose of the CO, laser Thomson scattering diagnostic is to measure the
velocity distribution of fusion product alpha particles in future reactors. ina D-T
fusion reactor the alpha particles originate at 3.5 MeV and heat the plasma fuel as
they slow down through collisional interactions. Because this plasma heating
mechanism is crucial in maintaining reactor ignition, any alpha particle loss
generated by plasma instabilities will degrade the reactor operation. A measure-
ment of the alpha particie velocity distribution will allow a quantitative determination
of the energy loss to the plasma due to losses of the high energy alpha particles.
This report examines the optimization of the diagnostic system capable of the
alpha particle velocity distribution measurement.

DIAGNOSTIC DESCRIPTION

Details of the system and its concept have been described previously;? only
a brief description is, therefore, presented in the following. The system consists
of a high power CO, source laser and a heterodyne receiver subsystem with
multiple detector elements. For the plasma conditions expected in ITER, the
diagnostic must operate at small angles in order to separate the alpha particle
signal from the electron background. Figure 1 shows a schematic of the system.
A typical scattered spectrum for this diagnostic is given in Fig. 2.

In order to have sufficient scattered signal for measurement, the source laser
must be pulsed. The laser power level which optimizes the alpha particle



measurement is investigated in this report. Individual detectors are used in the
receiver system to monitor the shape of the spectrum with wavelength selected by
a set of local oscillators spaced over the wavelength coverage desired. The
detectors are assumed to have a 50% quantum efficiency (producing a noise
equivalent power of NEP = 3.75 x 10 W/Hz at the 10.6 micron wavelength) and
a bandwidth of 2 GHz (or 1 GHz single sideband) which is within the capabilities
of several detectors currently commercially available.’

THE PLASMA

ITER is the plasma device for which this diagnostic system is being designed.
This machine is expected to operate over a range of plasma conditions and these
are summarized in Table 1. The most crucial of the plasma parameters is the
electron density which determines the scattering angle needed for alpha particle
measurement. With electron densities around 1 x 10" cm?®, the scattering angle
is typically 1°. Because the diagnostic is needed only when the alpha particle
confinement is less than what was expected, the fractional alpha particle density
is assumed to be 1%, not the 10% listed in Table 1. A further diagnostic
requirement for this maching is the ability to spatially resolve the alpha particle
velocity distribution. Because small angle scattering produces a long intersection
length between the source laser and the receiver beams, good spatial resolution
becomes a problem and must be considered in the optimization. it may be
possible to use the tangential ports on ITER for this diagnostic; for a toroidal
plasma with a major radius of 6 meters and a minor radius of approximately 2
meters, this would permit some degree of spatial resolution.

Table 1
Plasma Reference Nominal Reference
parameter ignition steady-state long-pulse
Density, <n,> (10" cm?) 1.22 0.64 1.06
Temperature, <T,> (keV) 10 20 11
fapne = N/, (%) 10 10 10

From ITER Documentation Series #33 (Vienna, 1990).



THEORY, MODELING, AND CALCULATIONS

The scattered power, P, within a solid angle di and the frequency interval dw
is given by*

ps=P,r02n,SLdQ—‘21‘-‘-’- (1)

13

where P, is the input source power, r, is the classical electron radius, L is the
length over which the scattering is detected, and S is the spectral density function.
For this analysis it is assumed that the detection of scattering is around ¢ = 0 (i.e.,
in the direction parallel to B). This avoids the resonances due to effect of
magnetic field when the scattering is viewed perpendicular to B, and permits the
calculations to treat the particles as being nonmagnetic. The spectral density
function has components from each particle species in the plasma:

§=§,+8,+ 5.+ 8§, (@

where S, is the electron component, S, the deuterium, S; the tritium, and S, the
alpha particle; these then produce a scattered power which can be related to the
plasma components:

Ps=PO+PD+PT+P (3)

a

The components of the spectral density function are taken from ref. 1 for S,, S,,
and S,. For S_ the 1/* slowing down distribution proposed in ref. 5 with the
corrections from ref. 6 is used.

PULSED LASER OPTIMIZATION

The optimization considered for this study is the heterodyne signal-to-noise
ratio with the variables being the source laser power and pulse length. The
heterodyne signal-to-noise ratio for a scattered power P,, receiver noise NEP,
receiver bandwidth B, and pulse length (integration time) r is

P
SIN = ——5 4
/ P,+NEPJ_B_¥ “

For a laser pulse with fixed energy (for most pulsed lasers this often means a fixed
size or a fixed cost system), the scattered power is then related to the pulse length
by



P, t = constant = K (5)

where K is determined by the energy of the laser pulse, the plasma properties,
and the receiver collecting angle. The heterodyne signal-to-noise ratio as a
function of P, is then

P}

SIN = ————
P, + NEP

/BR ©)

8 SIN

s
for the condition of a fixed laser energy there exists an optimum laser power for

maximizing the heterodyne signal-to-noise ratio. Note that this optimal laser power
is not a function of the laser energy. At the optimal power (P, = NEP), then from
Eq. (4)

which, from solving

= 0, has a maximum at P, = NEP. This means that

me=%ﬂ§ 7)

By setting the desired S/N ratio equal to this optimized S/N ratio, the optimal (i.e.,
using the minimum energy laser pulse) signal-to-noise ratio is selected by finding
the laser power for which P, = NEP and the laser pulse length is found from
Eq. (7). For example, to achieve §/N = 10 with a 2 GHz bandwidth receiver
requires a laser pulse length of 0.2 usec and S/N = 100 requires a laser pulse
length of 20 usec.

A more complicated but more realistic optimization is for conditions of
measuring the alpha particle signal in the presence of an electron scattered signall
and receiver noise. An example is shown in Fig. 2. A determination of the alpha
particle signal at 7.5 GHz requires the measurement of the total signal at 7.5 GHz
and a subtraction of the electron contribution. Fortunately, the electron scattered
signal stays relatively constant and a measurement at 15 GHz can be used for this
subtraction; it is assumed that the electron background is constant. With a
scattered signal at 15 GHz equal to P, the uncertainty in the measurement (j.e.,

P, + NEP
the noise level) is Te T T Similarly, with a scattered signal at 7.5 GHz being

Bt
equal to P, + P, the uncertainty (noise level) in the measurement is

P, + P, + NEP

[.d

VBt

.Using the difference in signals to estimate P, produces a



conservative uncertainty equal to the sum of the noise levels, and a signal-to-noise
ratio for determining the alpha particle signal as

P
SIN|, = = B 8
N P, + 2P, + 2NEP VB

For a fixed laser energy (and noting that P, « P_ « P, « P ) the signal-to-noise
ratio can be optimized by setting P_,r = K.
12
P,” VBK ©)
P, + 2P, + 2NEP

SIN|, =

SIN|

8
—————= = 0) has a maximum at P, + 2P, = 2 NEP.
5 P,

which (from solving

EXAMPLES

The measurement of the alpha particle velocity distribution requires a
determination of the alpha particle scattered signal at several frequencies. If the
alpha particles are lost before they are able to transfer their energy to the bulk
plasma, then the shape of the scattered power spectrum changes. For example,
if the alpha particles are lost as they reach half their initial energy, then the
scattered spectrum in Fig. 3 would be expected which can be compared to Fig.
2 without this loss.

By measuring the ratio of scattered power at two frequencies,the energy at
which alpha particles are lost can be determined as shown in Fig. 4. The flat
portion at low energy loss in Fig. 4 results from the measurement at a particular
frequency being sensitive to particles with velocity above some threshold, v,,,,. The
value of v_, is determined by the scattering condition, w/k = v_., where Kk is the

change in wavevector [k = giﬁ 2 sin(6/2)] which for small angles becomes

f

V. (cmfsec) = 8.1 x 107 H(GHz)/6(deg) (10)

crit?

It is uniikely that the alpha particles will be lost at a single energy; therefore, a
measurement of the spectral shape of the scattered power would be required.
The most difficult part of this measurement would be the higher frequency part of
the spectrum (representing the higher energy alpha particles) because it has the



smallest signal levels. For this analysis a characteristic frequency, f,, was selected
for examining the high energy alpha particles using Eq. (10).

f (GHz) = 299 (cmisec)|y2 (11)
6.1 x 107
where v, = 1.32 x 10° cm/sec is the birth velocity of the alpha particles. The

factor of /2 was chosen such that a measurement at f, selects the particles with
the upper half of the energy distribution.

The interaction length, L, between the pulsed laser and the receiver antenna
pattern with a radius of w, (called the waist) is given by

L - 2% (12)
sin 6

Using the Gaussian beam relation that the receiver beam divergency, A8, is related
to the waist by:

. A8 =2 (13)

R Wy

then the interaction length for small angles (sin 8 = 6) becomes

) 222
L(em) = 6(deg) A6(deg) (14

This interaction length in an alpha particle measurement is directly related to the
spatial resolution of the diagnostic. At a fixed interaction length, there exists a
crucial scattering angle as a function of electron density for which the scattered
power from the alpha particles equals that of the electrons. This is given in Fig. 5.
The optimized laser power (P, + 2P, = 2 NEP) is given in Fig. 6 for this condition.
Figures 5 and 6 are related through the scattering length, L and its dependence
on the receiver beam divergence angle, A8. As can be seen from Eq. (14),
changing the scattering length while maintaining a fixed scattering angle inversely
changes A8. From Eq. (1) which has the scattered power proportional to L x A6?,
a change in L will then produce the inverse change in P, or P_. An increase in L
would then require an equivalent increase in the laser power to achieve P, + 2P,
= 2 NEP, the condition for optimization. This result is clearly seen in Fig. 6 for the
different power requirements for different scattering lengths. For electron densities
<1 x 10" cm™ and 20 cm < L < 50 cm, Fig. 6 indicates the laser power is
optimized over the range 10 MW to 40 MW, i.e., the optimal laser power is 20 MW
to within a factor of 2. The minimum laser power of 10 MW in Fig. 6 is set by the



convergence of 6 and A8. From Fig. 5, the corresponding 8 at the lowest power
is 0.4° at L = 20 cm; from Eq. (14), A8 = 0.3°. To further reduce 6 would require
increasing A to where A8 > 6.

A more important consideration for alpha particle measurement than achieving
P, = P, is to have a sufficiently large enough signal-to-noise ratio to see changes
in alpha particle distribution. The laser power optimization under conditions of a
fixed signal-to-noise ratio requires further information about the laser system such
as the laser pulse energy. For example, with a 100 J pulse and the alpha particle
signal-to-noise ratio at 10 gives optimized scattering angle shown in Fig. 7 and the
optimized laser power in Fig. 8 as functions of electron density. Under conditions
of electron density < 1 x 10" cm™ and 20 cm < L < 50 cm from Fig. 8 again the
optimized laser power is 20 MW to within a factor of 2. Again the minimum laser
power is around 10 MW but in contrast to Fig. 6 the electron density in Fig. 8 is
significantly lower at this minimum. The operation at lower electron density is
achieved by setting a larger scattering angle for the conditions in Fig. 8 as
compared to Fig. 6. Because Fig. 6 is determined by P, = P,, then the
requirements in Fig. 8 (i.e., S/N|, = 10) are met with P, < P,; measurements made
at §/N|, = 10 requires a significant correction for the electron background and it
is this correction which sets the uncertainty in the determination of the alpha
particle signal. Note that a 100 J laser pulse at 20 MW has a 5 usec pulse length,

giving yBtr = 100; therefore the electron background uncertainty reduces the
signal-to-noise ratio by a factor of approximately 10.

Another consideration in the selection of the source laser is the electron
temperature. Variations in the electron temperature have only a slight impact in
determining the crucial scattering angle which makes P, = P, (see Fig. 9).
However, the optimized laser power (see Fig. 10) is strongly dependent on
variations in the electron temperature. Note that the optimized laser power is
inversely proportional to the electron temperature; doubling the electron
temperature reduces the laser power a factor of two. Although such an electron
temperature variation is proposed (see Table 1) for operation under steady-state
conditions, such conditions are only likely to be met if the alpha particles are well
confined and heat the bulk plasma — conditions for which this diagnostic would not
be needed.

RECEIVER

The receiver configuration is based on the shape of the scattered spectrum,
which results from the plasma parameters and scattering angle. For example, with
a 0.5° scattering angle, as shown in Fig. 2, the shape of the spectrum could be
covered with 15 GHz. If the electron density were higher, a larger scattering angle



could be used which would broaden the spectrum in proportion to the change in
scattering angle. For example, with a 1° scattering angle, the spectral shape
could be monitored with 30 GHz coverage. However, from Figs. 5 and 7, the
measurements made with 1 ° scattering angle are useful only for the higher density
operation. For the more typical or lower density operation, a smaller scattering
angle is required which results in a reduced width of the spectrum.

DISCUSSION AND CONCLUSIONS

The optimal laser power for ITER plasma conditions is around 20 MW. This
value varies with plasma condition and the need to set the scattering angle as
large as possible (for the best spatial resolution), but for most conditions is
between 10 and 40 MW. At the lower electron densities, the scattering angle must
be kept less than 1°, which sets the spectral width for the receiver to less than 30
GHz. A limit is reached for the smallest scattering angles around 0.3° due to the
large beam divergence (approaching the size of the scattering angle) required to
maintain a finite spatial resolution. Near this limit (i.e., at 0.5°) the spectral width
for receiver coverage is 15 GHz.
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