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FEASIBILITY OF FUSION-PRODUCT ALPHA PARTICLE MEASUREMENT
IN A MAGNETICALLY CONFINED PLASMA BY
€0y LASER THOMSON SCATTERING

R. K. Richards, K. L. Vander Sluis, and D, P. Hutchinson

ABSTRACT

Fusion-product alpha particles will dominate the behavior of the
next generation of ignited D-T fusion reactors. Advanced diagnostics
will be required to characterize the energy deposition of these fast
alpha particles in the wmagnetically confined plasma. For small-angle
coherent Thomson scattering of a C0; laser beam from such a plasma, a
resonance in the scattered power occurs near 90° with respect to the
magnetic field direction. This spatial concentration permits a simpli-
fied detection of the scattered laser power from the plasma using a
heterodyne system. The signal produced by the presence of fusion-
product alpha particles in an ignited plasma is calculated to be well
above the noise level, which results from statistical wvariations of the

background signal produced by scattering from free electrons.

INTRODUCTION

In previous studies of alpha particle Thomson scattering the empha-
sis was on either experimental requirements in the absence of a magnetic
field! or on the theory describing the resonance produced in the pres-—
ence of a magnetic field.? The purpose of this report is to combine the
aspects of the theory which includes magnetic-field effects with the
experimental requirements for detection of the scattered signal produced
by the alpha particles. Using the extended theory, the signal to noise

calculations for heterodyne detection are re—evaluated and an estimate



made of the detection 1limit for determining the presence of high-energy

alpha particles in a plasma.

SCATTERING GEOMETRY

The scattering geometry 1is shown schematically in Fig. 1. This
figure depicts the three important scattering angles: 08y, AO, and ¢.
Here 6g defines the forward scattering angle between the centroids of
the CO2 laser beam and the detector antenna pattern, AO is the diver-
gence angle for the detector antenna pattern, and ¢ is the angle of
scattered signal with respect to the magnetic fileld diiection. The
divergence angle for the detector antenna pattern, A6, is an Iimportant
parameter in determining the scattered signal power on the detector.
This angle defines the solid angle over which the detector collects
signal (an integration in both 6 and ¢) and is related to the scattering
volume in the plasma over which the detector will receive signal (i.e.,
the intersection of the antenna pattern and the COj laser beam). The
antenna pattern can be created by a second laser which operates near the
CO, laser frequency. This second laser is generally referred to as a
local oscillator. Figure 2 shows the laser beam envelope, and illus-
trates the relation between the divergence angle, A0, and the radius, W,
of the local oscillator. The minimum radius, Wy, referred to as the

waist, determines the radius along the path of the local oscillator by3

ZA 2

WiHWp = 1+ (nW 5
0

’ (D

where Z 1is the distance along the laser path from the waist position and

A is the wavelength. For W >> W
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Fig. l. Laser scattering geometry showing the relation of 0, A9,
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Fig. 2. Shape of the laser beam as it passes through a focus of
radius W, (the waist). The divergence of the beam, Af, is related to
the waist in Eq. (2).
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which relates the divergence to the size of the wailst. To maximize the
detected signal, the beam from the local oscillator will have the same
waist as the COj laser beam and the intersection will occur at the waist
position. The frequency of the local oscillator will be shifted from
the CO; laser line at 28,306 GHz (A = 10.6 um) by less than 20 GHz for
alpha particle detection, therefore the wavelength of this beam will
also be approximately 10.6 pum.

The length, L, of intersection between the COs laser beam and the
local oscillator is an important factor In determining the scattered
signal collected by the detector. For a small scattering angle, 6g, and

a smaller divergence angle AD then"

L 2Wg (3)
= Sineg

or from Eq. (2)

2\

L=~ nABsinfy ° (4)

Therefore, the selection of the scattering angle and solid angle col-
lecting optics for the detector will determine the length in the plasma

along the laser path over which the signal originates,

SPECTRAL DENSITY FUNCTION
The power, Pg, scattered into the solid angle dQ over a frequency

interval dw is given by5



&> 2 > d(x)
Pg(R,w) dodw = Py 192 ne L S(k,w) dog> (5)

where Py 1s the incident laser power, ry is the classical electron
radius, n, is the electron density, L is the detected scattering length,
and S(E,w) is the spectral density function. The spectral density func-
tion can be divided into individual contributions from each species with
plasma. For the presence of electrons, primary plasma ions, and alpha

particles:

s(i,w) = se(ﬁ,m) + si(ﬁ,m) + Sa(f:,w) . (6)
To simplify the calculations for this report it is assumed that all
frequency shifts are sufficiently large (f > 5 GHz) such that contribu~
tions from the primary plasma ion can be ignored.2 It is also assumed
that w <K Qo and Qe/k"a >> 1, these select the scattering frequency and
angle for the region where alpha particle scattering occurs, thus per-—

mitting a simplified representation of the spectral density function:

Se(K,w0) = Ti—l—i%?— o ki%pe? I,(k,2p,2) e'(ﬁ;)z N
sg(K,w) = 0 (8)
. |a2[R (Co) - 11,(C.)]? 6 P 25 el 9
|€L'2 Do k|
where
e, ~ 1 + Hy (10)

X 24 2
Ho =~ a? {1 + e k1%Pe I,(k;2pg?) [Rwﬁgfg) - inG;%;) - 1]} (11)



and
O =22
¢ /2 Ype
a = (k Adg)7!
ky = k cos ¢ (12)
k; =k sin ¢
k = 2% 2 sin (6/2)

Here po 1s the electron gyroradius, Q. the electron cyclotron frequency,
Wpe the electron plasma frequency, and a = (2 I!c.'I'e/me)l/2 the mean ther-
mal electron velocity. The functions R,(x) and T, (x) are derived from
the plasma dispersion function Z(x) according to

L+ 2(x) = Ry(x) = 1 Ty(x) (13)
which 1is available in tabulated form.® The function fal (w/k) is the
one—dimensional velocity distribution of the alpha particles and is
determined by the form of the distribution functiom. For all calcula-
tions in this report the alpha particles are assumed to have the stan-
dard slowing-down distribution’ where

Fs

= 3 3
fa =<v? + v,

s Vv < A

(14)
0 , v>vy

which was also used in Ref. 2. For this distribution

-2nF (y + va)? {2y =V ¥y = Ve
£l (w) = ——2 [ 10 {= St - /3 tan”) (O (15)
Ve ¥yé - yve * Ve /3 Ve

y = |u]

and F, is determined by the normalizatiom

/ f, d3v =1 (16)



The influence of thé magnetic field enters into the écattering through
the size of the electron gyro orbit and the angle ¢.

The expected plasma conditions and the €Oy laser specifications
necessary for measuring the alpha-particle scattering for the specific
case of the TFIR device are given in Table 1; these are the same coandi-

tions which were applied in previous :anest::lgat:ions.192 Under these

Table I. Plasma and laser parameters

ng = 1.2 x 101% ™3 Te = 10 keV
ng = 1.185 x 101% Ty = 10 keV
ng = 7.5 x 101! Eq € 3.5 MeV
Py = 100 MW Ay = 10.6 m
By =5 T Tlaser = 1 bs

conditions the scattering was predicted to exhibit a resonance.? This
resonance 1s produced by a cancellation of the terms contributing to the
dielectronic function, €1, causing it to become quite small for particu-
lar values of 6, ¢, or frequency £f. Because the dielectriec function
enters into both the free-electron and alpha-particle scattering [see
Eqs. (7) and (9)] both will exhibit the same resonance. This is illus-
trated in Fig. 3, which shows the variation of the spectral deansity
functions with the angle ¢. A clear resonance appears near ¢ = 85° (and
from symmetry, ¢ = 95°) for both species. The angular position of the
resonance is dependent on the values of Dgs T

e» B, £, and 8. For the

values of ng, Te, and B listed in Table 1 the resonance will exist near
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Fig. 3. The spectral density function versus ¢, the angle with
respect to the magnetic field direction. The frequency shift 1is 11 GHz
and the scattering angle, 6, is 0.7 degrees.

¢ = 90° for all f, the frequency shift, and 6 of interest for alpha-
particle detection (i.e., 5 GHz < f < 20 GHz, 0.5° < 9 < 1°), For
smaller frequency shifts the resonance moves closer to 90° as shown in
Fig. 4 and at smaller scattering angles the amplitude of the scattering

increases as shown im Fig. 5.
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Fig. 5. The spectral density function versus ¢, the angle with

respect to the magnetic field direction. The frequency shift is 11 GH=z
and the scattering angle, 6, is 0.6 degrees.
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Because of the spatial variation of the scattering inteunsity, by
detecting the scattered signal near ¢ = 90° with only a small solid
angle, it 1is possible to collect nearly half of the total scattered
power; the other half can be collected around ¢ = 270°. By reducing the
solid angle of detection it may also be possible to substantially reduce
the electron scattered signal since this is zero at ¢ = 90° where the
alpha-particle signal is still large.

Before discussion of the signal optimization with appropriate angu-
lar selection it is necessary to consider alpha pérticle energy selec—

tion.

RECTANGLE OF DETECTION
The Thomson scattering of the CO9 laser due to the presence of the
alpha particles in the plasma is a matching of the phase velocity of the
scattered photons with the component of the alpha particie velocity in
the direction of scattering; 1i.e.,
w/k = vy . 17)
Using the relation between the wave number k and the scattering

angle 0 and noting that vy < v then Eq. (17) gives the inequality

£(GHz)/0(deg) < 11.5 Ye(MeV) . (18)
As noted earlier in the comparison of Figs. 3 an 5, the scattered power
is sensitive to small changes 1in the scattering angle 0, with much

greater scattering intensity occurring at the smaller angles. This is

equivalent to having the inequality 18 becoming an equality;
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£(GHz)/6(deg) ~ 11.5 Ye(MeV) . (19)
Therefore, a particular selection of frequency and scattering angle will
uniquely define the energy of the alpha particles being detected. 1In an
experiment, each detection channel will have a range of frequencies and
scattering angles which leads to a range in energy over which it is sen-
sitive. Each detection channel can be represented by a rectangle in the
f-6 plane with straight lines representing contours of constant energy,
the corners of this rectangle will represent the extremes in energy. An
example of this 1s given in Fig. 6. Here two detectors are depicted
each with a bandwidth of 3 GHz and an angular detection between 0,5° and
0.75° with one centered at 11 GHz and the other centered at 7 GHz. From
the corners in the rectangle of detection the 7 GHz detector 1s found to
be sensitive to alpha particles between 0.4]1 and 2.19 MeV and the 11 GHz
detector between 1.21 and 4.73 MeV. Since alpha particles are created
with 3.5 MeV of kinetic energy there will be few with energies above
this and the 11 GHz detector will be clipped along the 3.5 MeV line.

As illustrated in Fig. 6, for a fixed scattering angle 6, the large
alpha particle energies scatter at the larger frequencies. For frequen-
cies above 11 GHz the scattering will occur only into angles greater
than 0.5°. However, the scattered power for the alpha particles
decreases rapidly with increasing scattering angle. Using 0.5° as an
absolute practical minimum for the scattering angle, the higher energy
particles in the alpha particle distribution can be readily detected at
a frequency shift of 11 GHz, lower frequency shifts will be more sensi-

tive to lower energies and higher frequency shifts will suffer a greatly

decreased signal.
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Fig. 6. The rectangle of detection — showing contours of constant
alpha particle energy in the f-6 plane. The range of this energy for
each detector 1is determined by the rectangle formed by the limit of f
(frequency bandwidth) and range of scattering angles. The two detectors
represented are centered at 7 GHz and 11 GHz from the CO, laser fre-
quency and each has a 3 GHz bandwidth and an angular extent between 0,5
and 0.75 degrees.
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For a detector centered at the 7 GHz frequency shift, the interme-—
diate energy particles will be sampled. These particles will be impor-
tant in fusion reactors because their presence represents an important

heating of the plasma by collisional cooling of alpha particles.

OPTIMIZING DETECTION

Upon selection of a central frequency for a detector, the scattered
power into a particular solid angle can be calculated from the deriva-
tions in the previous sections. For example, with selection of the
7 GHz shift from the CO; laser line, which is sensitive to the inter-
mediate energy alpha particles, a plot of the scattered power for both
alpha particles and free electrons versus the angular divergence of the
detector antenna pattern is given in Fig. 7. For this calculation it
was assumed that the minimum scatteriung angle being detected remained
fixed at 0.,5°, Figure 7 shows the interesting result that there is an
optimal detector antenna pattern for the scattered alpha particle
signal, This occurs because most of the scattered power 1is into a very
small solid angle. By increasing the collection solid angle beyond this
minimum, very little increase in signal results. However, increasing
the solid angle for signal collection decreases the length in the plasma
over which signal is detected according to Eq. (4). The balance between
maximizing the length and the collection solid angle produces the shape
of the scattered power from alpha particles given in Fig. 7. The elec-
tron signal does not exhibit this behavior because the electron signal

increases rapidly for the larger scattering angles.
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Fig. 7. The scattered power versus the divergence angle, A8, for
both the alpha particles (solid curve) and the free electrons (dashed
curve). The frequency shift is 7 GHz and the minimum scattering angle,

6, is fixed at 0.5 degrees.
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Other frequencies will exhibit a similar behavior. For a detector
channel shifted 11 GHz from the COy laser line, the scattered power
versus detector divergence angle is given in Fig. 8. For this frequency
the scattered power from the alpha particles is slightly smaller aund has
a peak at a larger A8 than that for a detector channel at 7 GHz. Note
that the electron scattered power 1is also slightly smaller. A plot of
the frequency dependence for A8 = 0.125° is given in Fig. 9. The sharp
reduction in signal for frequencies above 1l GHz 1s due to the clipping
of the rectangle of detection as noted in the previousvsection. For
larger solild angles this effect is not as pronounced, as shown in
Fig. 10 for A6 = 0.25°.

SIGNAL TO NOISE

For heterodyne detection the signal to noise ratio has the form!

S/N
(S/N)pp :'(é7ﬁ7%%T VREHT (20)

where Af is the detector bandwidth, © is the laser pulse length, (S/N){
is the initial signal to noise ratio, and (S/N)PD is the post detection
signal to noise ratio. For example, consider a detector shifted 7 GHz
from the CO» laser line with a 3 GHz bandwidth and optics selected for
A® = 0.125°., Then from Fig. 9, with a detection noise level of
1 x 10719 w/Hz

(s/N); (alpha) = 21

(S/N)y (electron) = 1.8 (21)
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Fig. 8. The scattered power versus the divergence angle, A6, for
both the alpha particles (solid curve) and the free electrons (dashed
curve). The frequency shift is 11 GHz and the minimum scattering angle,

9, is fixed at 0.5 degrees.
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Fig. 9. The frequency dependence of the scattered power for a
divergence angle of 0.125°, The solid curve is the scattered power due
to the alpha particles and the dashed curve from the free electrons.
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Fig. 10. The frequency dependence of the scattered power for a
divergence angle of 0.25°. The solid curve 1s the scattered power due
to the alpha particles and the dashed curve from the free electrons.
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For alpha particle detection, the electrons signal will contribute

to the noise such that

($/N)pp (alpha) = p—Tre—r YATTH . (22)

For a laser pulse length of 1 psec the output signal to noise for the
alpha particles will be

(S/N)pp (alpha) = 48.3 ., (23)
Note that any increase in the initial signal to noise will have little
effect on the final signal to noise since it 1s approaching the maximum
value of YAft+l = 54.8. To further increase the signal to noise either
or both Af and 1 must be increased, but increasing Af reduces energy
resolution, and increasing 1t generally reduces input laser power which
reduces scattered power.,

The detection 1limit for alpha particles will be set by the back—
ground signal from the free electrons in the plasma. With no alpha par-
ticles present the signal to noise ratio will be 35.2 from the electrons
alone. The variation of (S/N)pp (alpha) with alpha particle density is
given in Fig. 1l1. Note that the alpha particle and electron signals are
equal for N, = 1 x 1011 em™3, For alpha particle densities above 1011
cm™3 an accurate estimate of this density can be made from the detected
scattered signal with only a slight correction needed for the electron
background. If the alpha particle density were in the range 1010 ¢o
1011 em™3 it would be possible to detect the presence of alphas but the
large correction for the electron background would make an accurate den~

sity estimate impossible. If the alpha particle density were below 1010



21

ORNL-DWG 87-7540
60 | T T T T T T 77177

40 |-
ELECTRON (ng = 0)

foe  wmm o eene W s e G Gee e N e e A e - e amn ve— e o - — — o — . e man

30 +—

{S/N)pp

0 : L1 11 ] Lol 1 Lol

10° 10'° 10" 10'2
na ( cm” 3 )

Fig. 1l. The post detection heterodyne signal to mnoise ratio
versus alpha particle density. The curves are for electrons alome and
the alpha particles with an electron background. The receiver is set at
a 7 GHz shift, 3 GHz bandwidth, a 1 psec pulse length, and a divergence
angle of 0,125°,

cm™? even the presence of alphas could not be determined due to the

nolse generated by the electron signal.

CONCLUSIONS
The effect of the magnetic field on CO; Thomson scattering from a
magnetically confined burning fusion plasma is primarily a spatial con~
centration of the scattered alpha particle signal., This permits collec—
tion of most of the scattered signal within a small solid angle. Apart

from an important improvement in the signal-to-noise ratio, such a
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feature has a significant practical advantage in a fusion device which
generally has very limited port access available for diagnostics.

The 1limits for detecting the presence of alpha particles (ny = 1010
cm™3) or the measurement of the alpha particle density (nyg = 101! cm™3)
are set by the background scattered signal from the thermal plasma
electrons. These are well below the expected alpha particle density of
7.5 x 101! cn™3 expected in TFTR. Therefore it should be feasible to
detect variations in the alpha particle density for varying plasma con-
ditions.

For the next generation of fusion experiments, such as the proposed
compact 1ignition torus (CIT), plasma parameters are expected to be
somewhat different from those in TFTR; therefore, the alpha particle
Thomson scattering will also change. With a higher electron density
expected in CIT the alpha particle scattering intensity will be larger
and the electron scattering smaller. It then may be possible to use a
lower power COo laser which has a sufficient repetition rate to measure
the time dependence of the alpha particle density, or to use larger

scattering angles in order to perform spatial measurements,
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