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The application of advanced millimeter/far infrared
sources to substantially improve the effectiveness of
collective Thomson scattering plasma diagnostics is dis-
cussed. Gyrotrons, CO2 lasers and far infrared lasers
which are optically pumped with CO laser radiation can
now provide important new capabilities in terms of com-
bined high peak power and high average power, fine fre-
quency tunability and a wide range of operating frequencies.
Their capabilities can improve the signal to noise ratio
and make possible time dependent scattering measurements.
Both thermal level scattering used for determination of
ion temperature and low level non-thermal measurements
used for the investigation of plasma turbulence and wave
phenomena are considered. Rapidly pulsed gyrotrons, CO7,
and optically pumped lasers can provide a range of com-
binations of high peak power and high energy during a
given time interval. The use of this high peak power -
high energy tradeoff capability to maximize signal to
noise ratios is discussed. Dramatic reduction in stray
light, using fine frequency source tunability and gas
absorption cell technology, is also discussed.
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Introduction

Collective Thomson scattering is an important diag-
nostic technique for the measurement of spacially localized
ion temperature [1-5] and Z effective [6,7]. Also, in-
creasing use is being made of collective Thomson scattering
to study non-thermal turbulence [8-14] and plasma waves
[15-18]. Application of this diagnostic technique to
magnetically confined fusion plasmas requires sources in
the millimeter/far-infrared (MM/FIR) range of wavelengths,
defined here as the range 10 mm - 10um. Sources in this
range of wavelengths are required in order to meet condi-
tions for collective scattering at angles sufficient for
spatial resolution. 1In this paper we present a study of
optimizing collective Thomson scattering signal to noise
ratio from the point of view of MM/FIR source requirements.

Significant advances have been made recently in the
technologies of high peak power MM/FIR sources. These
technologies include: single mode, find frequency tunable
CO2 lasers [19,20]; rapidly pulsed CO2 and optically
pumped lasers; gyrotrons [21-23]; and optically pumped
molecular Raman lasers which are continuously tuable over
large fractions of the MM/FIR wavelength range .[24,25].
Some of these source technologies provide an important
new capability of continuous wave (cw) or quasi-cw high
power operation. This capability can be used to make
significant improvements in scattered signal to noise
ratio as well as allow for time dependent measurements.
Another capability these combined source technologies pro-
vide is flexibility in the choice of operating wavelength.
This makes it possible to choose a source wavelength and
technology that is optimum for a given set of plasma
parameters instead of vice-versa.

Once the scattering wavelength is chosen, fine fre-
quency tunability at this wavelength becomes another im-
portant capability. The source frequency can be finely
tuned to a nearby gas absorption line for stray light
rejection [26,27]. It may also be possible to filter out
narrow band non-thermal scattered signals when measuring
ion temperature. The problems of stray source light and
non-thermal interference with thermal scattering are more
severe at MM/FIR wavelengths than at shorter wavelengths.
Gas absorption cells can provide many orders of magnitude
more narrow band rejection than conventional optical




Advanced Millimeter Sources 207

filters. Also a good narrow band rejection filter may
reduce the requirements for beam and viewing dumps and

allow for more flexible scattering geometries on constrained
access plasma machines.

These advanced MM/FIR source capabilities make possi-
ble new design considerations for collective Thomson
scattering plasma diagnostics. In this paper we will
analyze the trade-offs between source peak~power, output
energy, duty factor, and wavelength for optimizing the
scattered signal to noise ratio. We will emphasize thermal
scattering for ion temperature measurements with brief
comparisons to non-thermal scattering requirements. The
outline of this paper is as follows: in Section II the
performance capabilities of molecular lasers and gyro-
trons are presented; 1in Section III we review collective
Thomson scattering theory; in Section IV we present the
signal to noise ratio in terms of source peak power,
output energy, and duty factor and discuss the limiting
cases; in Section V we discuss the application of the ad-
vanced source capabilities to optimizing collective
Thomson "scattering plasma diagnostics and give some ex-
amples; and finally in Section VI we present the major
conclusions.

Performance Capabilities of Molecular
‘Lasers and Gyrotrons

Figure 1 shows the estimated power vs. frequency
capabilities of molecular lasers and gyrotrons. An output
power range is estimated for operation in high peak power
pulsed mode, and in high average power/cw mode. The
lOUmCOZ laser power levels shown are those that have been
used to optically pump FIR molecular gas lasers. The CO9
laser is a well developed technology which can be operated
over a wider range of power levels than shown. The power
vs. frequency for the optically pumped molecular lasers
and gyrotrons has been estimated as follows:

For optically pumped lasers the power values are es-
timated for molecular gas lasers excited by CO» laser
pump radiation. The output power P,, at a wavelength A,
has been roughly approximated assuming

Po . 1 10um
P10 A
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Figure 1. Estimated power vs. frequency of gyrotrons
and molecular lasers. A power range is
estimated for high peak power pulsed oper-
ation and high average power/cw operation.

where P; is the incident COy laser power, (10um/A) is the
quantum efficiency, and the factor (1/10) is the assumed
efficiency of conversion from €O, laser photons to far
infrared laser photons. For pulsed lasers, a CO2 pump
pulse of about 500 MW for 107 'sec yields an output power
of about 1 MW at A = 0.5 mm (600 GHz)., In cw operation,
a 50 W, COy laser pump yields an estimated output power
of P, = 100 mW. These power estimates are consistent
with experimental results., In repetitively pulsed opera-
tion, the average power of CO7 TEA lasers may be taken to
be about 50 W, a value appropriate over a wide range,
from a 500 J laser which operates at up to 0.1 Hz to a
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2.5 J laser at 20 Hz, The peak power of repetitively
pulsed operation is approximately the same as for single
pulse operation.

For gyrotrons, approximate power estimates of cw
operation are based on anticipated gyrotron development
in the United States during the next decade. Cw gyro-
trons operating in the 90 to 140 GHz frequency range,
with 200 kW output power, are scheduled for development
in the U.S. [28]. Very recently 100 kW of pulsed power
(1 ps pulse length) has been obtained at 140 GHz [29].
For frequencies above 140 GHz, gyrotron output power is
assumed to extrapolate as frequency to the (-2.5) power,
based on constant power dissipation per unit area in the
cavity walls. Operation of the gyrotron at the funda-
mental (w = 2w.) and the estimated output power is re-
duced by a factor of ten because of the lower gain at
that harmonic. For comparison, we note that a 1.5 kW,
cw, 326 GHz gyrotron has been developed by Zaytsev et al.
[30]. This is consistent with a projected power of 2.4
kW, cw at 326 GHz in Fig. 1. At frequencies between 600
and 900 GHz, third harmonic emission is assumed. However,
there is very little experimental data on third harmonic
emission.

.

Operation of a gyrotron in the short pulse mode
(10"7 to 10_3sec) should allow the gyrotron power to
increase by a factor of about ten over the cw value.
When run in pulsed mode at moderate repetition rate, the
average power of pulsed gyrotrons can possibly approach
that of cw gyrotrons.

The results in Fig. 1 are only intended as rough
estimates, and could be significantly affected by im-
provements in technology and new concepts. Also, a
number of other important sources are available in this
frequency range, such as carcinotrons, EIO's, IMPATT
devices, and ledatrons, although all of these latter
sources have lower average power than the projected values
for gyrotrons. Free electron lasers can provide high
pulsed powers in this frequency range, but at present they
have relatively large bandwidths, unsuitable for scattering

experiments.
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Collective Thomson Scattering Theory

The spectral distribution of Thomson scattered radia-
tion is a function of the parameter

o = -1 u __No — (1)
k)\D 4TT)\DSln—2'

where k is the magnitude of the difference between the
incident and scattered wavevectors, AD is the Debye
length, A, is the incident wavelength, and 6 is the
scattering angle. Collective Thomson scattering refers
to scattering from collections or bunches of electrons
rather than from individual electrons, This occurs

when o > 1. When this condition is satisfied scattering
from electron motions can be correlated with ion motions,
plasma turbulence, or plasma waves.

Rearranging Eq. 1, the source wavelength is given

_ c 1030ein O [ TeleV]
Aolcm] = 9.35 X 10%asin 5 —m > (2)

where the minimum usable wavelength for collective Thom-
son scattering is obtained by setting o = 1. It can be
readily verified that MM/FIR sources are required for
collective Thomson scattering in fusion plasmas at angles
greater than 1°, Not all wavelengths calculated by Eq. 2
are usable. An upper limit on the maximum X, or equiva-
lently, a lower limit on frequency, is set by the plasma
frequency. Frequencies less than the plasma frequency
will not propagate in the plasma. This condition is
written as

by

3.33 X 10°.

Aolcm] iJne[Cm_sj . (3)

A more restrictive upper limit on A, occurs in the pre-
sence of strong magnetic fields

10.7 (4)
2B[kG] |

Aolem] <

where B is the magnetic field in kG and £ is the harmonic
number of the highest electron cyclotron emission (ECE)

harmonic that is optically thick or emits strongly enough
to interfere with the scattering measurement. The choice
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of % in Eq. 4 depends on the details of the plasma experi-
ment including most importantly the electron temperature
and the effectiveness of the viewing dump. For most
present tokamaks 2 = 3, but in future hotter plasmas £
can be much larger.

The Thomson scattered signal for incident and
scattered signal polarization perpendicular to the plane
containing the incident and scattered wavevectors is
given by

>
P, = PonerZLdQ,l(k,w) , (5)
where PS is the scattered intensity in WHZfl, Py, is the
incident power in W,r, = 2.82 X 10~'%cm is the classical
electron radius, L is the Length of the scattering volume
along the source beam, d? is the solid angle of collection,
and ,I(k,w) is the spectral density function [2]. If we
assume diffraction limited Gaussian optics Ld2 can be
approximated as

LA = F75508 ®)

where F# is the collection optics F - number (ratio of
focal length to aperature). For relatively small scatter-—
ing angles (0<10°), when an axicon [31] can be used to
collect the entire cone of scattered signal at a given
scattering angle, Ld2 will have its maximum value of

Ld2 = 2mA, , (7)

as long as the scattering length in the plasma is smaller
than the actual plasma size.

The spectral density function has been analytically
derived for the case of thermal scattering from a Max-
wellian plasma [1,2]. For our work a useful approximation
for f (k,0) can be made which will provide insight into
optimizing thermal collective Thomson scattering with
respect to wavelength and scattering angle. For simplicity,
we assume that the scattering geometry is orientated so
that magnetic field effects can be ignored. If we assume
a>2, T,/T; = 1, Z = 1 (singly charged ions), then

> “17 & -8 Afcem] [mg[amu] , (8
Mk,0)[Hz="] = 4.8 X 10 Sin%‘} e )
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where my is the ion mass in atomic mass units. A similar
dependence on Aps0,mi, and T can be shown to exist for
other fixed ratios of Te/T.. In the numerical examples
in Section V we used the full equations of [1,2] for the
calculations, but Eq. 8 would give the same quantitative
results to within 10% and shows how the wavelength and
scattering angle can be varied to increase the signal to
noise ratio.

Another important parameter for thermal Thomson
scattering is the total bandwidth and the required fre-
quency resolution to determine the scattered spectral
lineshape. The required frequency resolution (bandwidth
of one channel in a receiver) is an important parameter
for determining the scattered signal to noise ratio.
Generally, this parameter is a compromise between maxi-
mum bandwidth for maximum signal to noise ratio and mini-
mum bandwidth for maximum resolution of the scattered
spectral lineshape [32]. 1In this work we will assume that
to measure the thermal scattered lineshape we need to
measure the half width from frequency center to one fifth
intensity of frequency center with eight channels of reso-
lution. Since for Te = T; the scattered lineshape does
not peak at frequency center, this would be a measurement
of the lineshape over a signal intensity range larger than
five to one. The bandwidth of one of our frequency
channels can be approximated by

3.1 X 107° (9)
A (k,0) [Hz="]

Af [MHz] =

where,{(k,O) is given by Eq. 8.

At this point it is useful to compare thermal scat-
tering with non-thermal scattering. There are two major
differences; one is in linewidth and the other is in
scattered signal strength. The full linewidth of non-
thermal scattered features is typically on the order of a
few hundred kHz or less [8-13], while the linewidth of
the thermal scattered feature in fusion plasmas is on the
order of a GHz or more. The difference in scattered sig-
nal strengths is best shown by the frequency integrated
spectral density functions. For thermal scattering [1]

[of Ewydw = f®) =L | (10)
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For non-thermal scattering [14]

OEER AR (11)

-~

where Vg is the scattering volume and‘%% is the fraction
of fluctuating electrons. As a numerical example for non-
thermal scattering assume a plasma density of lOlucm‘a,

a scattering volume of lem® and a fluctuation level of

1%, them of(R) =~ 10'%. The signal levels for non-thermal
scattering can be many orders of magnitude larger than

for thermal. High power sources are not needed to measure
high level non-thermal fluctuations as in our example and
milliwatt lasers have been successfully used [10], but if
much lower non-thermal fluctuations E%%—f_lO‘S) are to be
measured. then high power sources will be needed.

A method to take advantage of the large non-thermal
scattering levels to measure ion temperature has been
proposed [33]. This method consists of scattering from
plasma waves with known dispersion relations which depend
on ion temperature. Many of the arguments presented in
this paper for optimizing scattered signal levels would
apply to this technique as well.

Signal to Noise Ratio

In this present study we are concerned with optimiz-
ing the scattered signal to noise ratio. The resulting
accuracy of the ion temperature measurement is a different
issue and has been covered in the literature [32,34]. 1In
general, the higher the signal to noise ratio, the lower
will be the resulting error in the ion temperature measure-
ment. The signal to noise ratio in one channel is given

by

PS
S = ———— VvV 1 + Aft , (12)
Py + PN

where Py is the noise power due to the receiver noise and
plasma emission, and t is the signal integration time.

In this analysis, we allow source operation to be in
any of three different modes, namely cw, repetitively
pulsed, or single pulse. All three modes, however, can
be treated using the same formalism. Consider a repeti-
tively pulsed source of pulse length T and pulse repetition
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rate R_. The source is repetitively pulsed N times in a
time interval t_ during which the plasma conditions are
assumed to remain constant. The receiver system is gated
so that scattered radiation is only collected while the
source is pulsed on. Then the total receiver integration
time, t, is given by

t = NT = RptpT = Dtp , (13)
where D = R T is the usual definition of the duty factor.
Both single’ shot and cw operation correspond to the special
case N =1 and t = T. We call this case single shot oper-
ation when the integration time, t = NT, is small compared
to the characteristic time during which plasma conditions
are constant. When these times are comparable, we refer
to this case as cw operation. If the output power of the
source during a pulse is P,, then the total energy, E,
emitted during the integration time t is

E=tP,, (14)
while the average power, P,y> emitted during the measure-
ment time tp is

Pay = DP, . (15)
Using Equation 14 in Equation 12, we can express the
signal to noise ratio dependence on source energy and
power. There are two limiting cases to Eq. 12 depending
on the strength of the scattered signal. For simplicity,
we assume Aft >> 1.

When the scattered signal level is large relative to
the noise, P, >> P then

N,
s z‘/—AfE : (16)
P
(8]

In this limit the signal to noise ratio is limited by the
time-bandwidth product. Eq. 16 shows that reducing the
source peak power while maintaining or increasing the
energy output will increase the signal to noise ratio.
This would be equivalent to increasing the pulse length
in the single shot case or to increasing the duty factor
in the repetitively pulsed case. Effectively, the inte-
gration time would then be longer and the signal to noise

S
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)
ratio would be improved by the square root increase in

integration time,

In the other limit of very small scattered signal
levels relative to the noise, Py << PN’ Eq. 12 reduces
to ‘

S = A VAfPOE , (17)

where
neré LdQ/(TE,w)
PN

In this limit the signal to noise ratio is power and
energy limited. Increasing either or both the source peak
power and output energy can improve the signal to noise
ratio. A way for increasing peak power without changing
energy is by reducing the source duty factor so that the
same energy is delivered in higher peak power pulses.

The signal to noise ratio would increase proportional to
the inverse square root of the duty factor. Also, the

diagnostic time resolution or plasma measurement time,

tp, would remain unchanged though the signal integration
time, t, would decrease. Therefore, in this limit, for
sources of the same average power, a repetitively pulsed
source would have significant advantages over a cw source.
For example, this would be a way to increase the sensitivity
of Thomson scattering diagnostics to lower levels of fluc-
tuations, particularly in non-thermal scattering where low
power cw sources are presently used.

Other guide lines for increasing the thermal scattered
signal to noise ratio can be derived by observing the
dependence of Eq. 17 on the coefficient A. Through co-
efficient A the signal to noise ratio is proportional to
A% and 07%. This can be verified by observing the depen-
dence of L4 and /(k,O) on wavelength and scattering angle
as given by Eqs. 6 and 8. As a consequence the longest
source wavelength up to the limits given by Eq, 3 and 4
and the smallest scattering angle consistent with the
required spatial resolution will maximize the signal to
noise ratio. The physical interpretation of why this is
so can be easily understood. As Ao is increased and ©
decreased the scattered spectral linewidth decreases
causing the signal per Hz to increase, also the diffraction
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limited scattering volume increases and the signal increases
due to a larger scattering volume. Actually, if we take
into account the dependence of Af on X and 6 as defined

by Egqs. 9 and 8, then the signal to noise ratio will be

proportional only to A%/? and 673/2,

Maximizing the source wavelength and minimizing the
scattering angle is equivalent to maximizing the parameter
0. Scattering at too large an 0(small k) will increase
the likelihood that the scattering will be from non-
thermal fluctuations [8-12]. We feel this may not be a
problem for thermal scattering ion temperature diagnostics
because of the vast difference in linewidth between thermal
and non-thermal scattering. Measurements over several
orders of magnitude of signal level show that the non-
thermal frequency spectrum falls off either exponentially
[12] or by a large inverse power of frequency [10]. If
the non-thermal scattered linewidth is on the order of
100 kHz at half maximum and the frequency spectrum falls
off exponentially, then the intensity of the non-thermal
feature will be negligible at frequency offsets (>100 MHz)
typical of thermal scattering. All that is needed is a
narrow band rejection filter between the plasma and re-
ceiver. Such a filter would probably be required anyway
to reject stray source light. The capability of fine
tunability of advanced MM/FIR sources becomes important
in this case. The source can be tuned to a nearby gas
absorption line and the path length through the gas can
be made as long as necessary to reject the non-thermal
scattered feature while passing the thermal feature [26,
27]. However, there is still little data on low level
non-thermal fluctuations at large frequency offsets.

Discussion and Examples

~When designing a collective thermal Thomson scattering
diagnostic to measure ion temperature, one must first
decide how much of the scattered frequency spectrum must
be measured to determine the ion temperature. Secondly,
the number of frequency channels needed to resolve the
frequency spectrum must be decided. For the purpose of
discussion here, as we have stated earlier, we will assume
that only the frequency spectrum half width from linecenter
to one-fifth intensity of linecenter needs to be measured
with eight channels of resolution. The signal to noise
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ratio of the Thomson scattering diagnostic is then specified
by the channel with the weakest signal, in our case by

the eighth channel from linecenter. The other channels

will have a signal to noise ratio that is equal or greater.

Using Eqs. 12 and 14 we can plot contours of constant
signal to noise ratio in two dimensional space with axes
corresponding to source output energy and peak power.

Such plots can be used as an aid to visualize the relation-
ship between source performance characteristics and signal
to noise ratio. 1In Fig. 2a through ¢, we show such con-
tours for three different source wavelengths correspond-
ing to three different high power source technologies

that are currently available. These technologies are:

the optically pumped 385 uym D,0 laser, a 140 GHz gyrotron,
and the 10 um CO, laser. The hydrogen plasma temperature
and density are the same for all three plots, To= T;= lkeV
and ng = 5 X 10'%cm=%. A scattering angle of 30° and a
collection optics F# of 10 were assumed for the D20 laser
and gyrotron, while for the €O, laser a scattering angle

of 1° and the use of an axicon was assumed. The background
noise was chosen to be equal to 3 X 107'°WHz~! which is

the currently demonstrated noise level for submillimeter
wave and CO, laser heterodyne receiver technologies. A
somewhat lower noise figure is available at 140 GHz, but
for purposes of comparison we will assume the same noise
figure at all three wavelengths. The effect of varying

the noise will be considered later.

The signal to noise ratio contours are a series of
parabolas with the energy minimum occurring for Py = PN.
At low peak power these contours correspond to the con-
dition Py < Py and the limiting case of Eq. 17 would apply
(EPO = const. for S = const.). On the high peak power
side, Pg > Py and the signal to noise ratio is time-band-
width limited as given by Eq. 16 (E/PO = const.). It is
clearly evident that achieving high signal to noise ratios
requires not only optimum power, but sufficient energy.
This is why cw or quasi-cw source capability is an impor-
tant advantage. By specifying the source peak power and
energy, the signal integration time is uniquely specified,
In Fig. 2, contours of constant integration time are
shown as dashed diagonals. The actual plasma measurement
time is equal to, or longer than, the signal integration

time depending on the duty factor as tp = t/D.
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Figure 2a. Source output energy versus peak power for
constant signal to noise ratios of 2, 10,
and 50, for thermal Thomson scattering
from a hydrogen plasma with T = T;= 1KeV
and ng= 5 X 10" %cm=3. P, is assumed to
be 3 X 107!°WHz"!. Shaded region shows
approximate operating range for a 385 um

D50 laser source, 6 = 30° and ¥ = 10.

The present operating capabilities of D,0 lasers is
superimposed over the signal to noise ratio contours in
Fig. 2a. These lasers have peak output power capability
between 0.1 and IMW which is optimum for the plasma con-
ditions used in this example. Because of limited output
energy these sources are limited to signal to noise ratios
of less than 10 for the example chosen.
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Figure 2b. Same plasma conditions as in Fig. 2a,
Shaded region shows approximate operating
range of a 140 GHz gyrotron, 0 = 30°, and
F# = 10. |

The signal to noise ratio for a pulsed, 140 GHz gyro-
tron is shown in Fig. 2b. A gyrotron operating at this
frequency has recently been demonstrated at M,I.T. in short
pulse operation (lus with 100 kW output power [29]). 1In
Fig. 2b, it is assumed that the M.I.T. gyrotron can be
extended to long pulse operation, which, based on present
results, appears likely. First note that at this longer
source wavelength, all signal to noise ratio contour
minima have shifted to lower energies and peak powers so
that 5 to 20kW peak power is optimum. This is because of
the Xg z dependence of signal to noise ratio in the limit
Pg <Py, as described in Section IV. The gyrotron output
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Figure 2c. Same plasma conditions as in Fig.2a, but
using a 10pm CO, laser and © = 1° axicon.
The different shaded regions correspond to:
A cw operation, B repetitively pulsed, and
C high power single pulse operation. Lines
of constant integration time are shown by
the dashed diagonals and Af is given by Eq.9.

power of approximately 100kW is more than adequate for
these plasma conditions. Also, because of the high
average power operational capability of gyrotrons, signal
to noise ratios in excess of 50 are possible. The long
gyrotron wavelength of the present example exceeds the
limit for electron cyclotron emission background noise
given in Eq, 4 for magnetic fields greater than 16kG.
Therefore, this particular gyrotron can not be used for
scattering in high field tokamaks. It might be ideal for




Advanced Millimeter Sources 221

present and future low field plasma devices, such as mirror
machines. A 94 GHz gyrotron scattering experiment has

been proposed for EBT [35], Higher frequency gyrotrons
could be developed as shown in Fig. 1 and thereby increase
the limiting magnetic field at which this technology can

be used.

The COp laser technology is the best developed as
shown in Fig. 2c. The scattering angle must be kept
relatively small with a wavelength of 10pum to keep o > 1.
As a result the effect on the signal to noise ratio con-
tours of a short scattering wavelength is largely off-
set by the small angle. The optimum peak power is there-
fore about 1 MW, similar to the D,0 laser case. Spatial
resolution is largely sacrificed with CO, laser scatter-
ing, but because of the high output energies possible
the signal to noise ratio could be very high as in the
gyrotron case. Also, the short CO, laser wavelength is
far from the limitations imposed by Eq. 3 and 4 and
scattering in most high field, high temperature machines
would be possible.

Additional advantages for COy laser scattering have
resulted from recent technological advances. One such
advance is the single-mode fine frequency tunability of
high-power CO2 lasers [19,20]. This allows the use of
gas absorption cells for stray light control. Another
advance is the electrooptically tunable cw co, laser
with an instantaneously tunable bandwidth which could be
as large as 40 GHz [36]. This advance can be used to
overcome the bandwidth limitation of CO, laser mixers.

The development of high power CO, laser pumped lasers
in the wavelength range between the 385 um D70 laser and
10um CO» laser could provide advantages that combine those
of D70 and CO, laser scattering. Shorter wavelength op-
tically pumpe% lasers would be capable of higher power
and output energy as shown in Section II by the wavelength
scaling of conversion efficiency. Also, shorter wavelength
optically pumped lasers would be further displaced in fre-
quency from the ECE background and would have improved
diffraction 1imit focusing. The latter capabilities would
be very important for large, high temperature plasmas.

At the same time scattering angles greater than with the
COy laser would be possible for spatial resolution.
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THERMAL THOMSON SCATTERING SIGNAL TO
NOISE RATIO CONTOURS OF 10 FOR VARIOQOUS

PLASMA PARAMETERS
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Figure 3. Effect of varying the plasma density
from 5 X 10'% to 5 X 10**cm~® and the
ion temperature from 1KeV to 10KeV on
the signal to noise ratio of 10 con-
tour for 385um thermal Thomson scatter-
ing. All other parameters are the same
as in Fig. 2a.
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In Fig. 3 we show the effect of the plasma density
and ion temperature on the source requirements for a sig—
nal to noise ratio of 10. All other parameters are the
same as in Fig. 2a for the 385um D20 laser case. Changing
the plasma density causes a proportional change, in the
limit Py < Py» for both source peak power and energy re-
quirements. At high plasma densities source performance
requirements can be significantly reduced. Changing the
ion temperature, on the other hand, requires only a change
in required source peak power approximately proportional
to VT; (when a > 2), to keep the signal to noise ratio
constant. In the specific example of Fig. 3, the source
peak power requirements in the limit Py < Py, changed
proportional to T; because o < 2 at T; = 10KeV. The re-
quired source energy at optimum power level is approxi-
mately independent of ion temperature. This is because
the scattered signal bandwidth varies with ion temperature
and the resolution bandwidth can be adjusted to keep the
requirements on source energy constant.

The effect of varying background noise on the signal
to noise ratio is shown in Fig. 4. 1In this figure the
plasma scattering conditions are the same as Figs. 2a and
b except the source wavelength is assumed to be lmm. All
the contours correspond to a signal to noise ratio of 10.
High noise powers require proportionally higher peak
power and output energy sources when Pg £ Py. It may be
possible to overcome plasma ECE emission in some cases by
developing high enough peak power and output energy
sources. On the other hand, in quiet plasmas the receiver
noise will set a lower limit on the required source per-
formance. For example, this would be an advantage at the
140 GHz gyrotron frequency where lower noise receivers
are available.

A comparison of non-thermal scattering with thermal
scattering is made in Fig. 5. Again, we plot contours of
signal to noise ratio equal to 10 for source wavelength
lmm, and the same plasma conditions as in Fig. 2a and b.
The non-thermal fluctuations are assumed to have a band-
width of 1MHz and a scattering volume of lem®.  The most
noticeable difference of the non-thermal signal to noise
ratio contours is the shift to lower peak power levels
and longer integration times due to the narrower band-
width. As the fraction of non-thermal fluctuations in-
creases the required source performance for both output
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THERMAL THOMSON SCATTERING SIGNAL TO
NOISE RATIO OF 10 CONTOURS FOR DIFFERENT
NOISE POWERS

108
A=Imm | /4,)
| a=9.3 / @O,p
4
// %,
A 2
4_ \3
10 Q% 1073 %
+ P
O\/) / 6‘/
n y %, /
th Y // .
V7 10~
102 |- // d 4 4
‘itb\ /
2 N\® 4 /7
Vs /Af=53 MHz
) /
/ /
. /
/ /
o2 //////
l A | 1 l 1
102 104 108 108
PEAK POWER (WATTS)
Figure 4. Effect of wvarying noise power on

thermal Thomson scattering signal
to noise ratio of 10 contour.
Assumed conditions: Hy plasma,

T; = IKeV, n, = 5 X 1013 em=3,

lmm, 6 = 30° ® = 10,

.

ie
(o]




Advanced Millimeter Sources

THERMAL AND NON-THERMAL SCATTERING
SIGNAL TO NOISE RATIO OF 10 CONTOURS
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thermal Thomson scattering. Signal to
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3 X 10-1°%WHz~'. For non-thermal fluctu-
ations, Vg = lem® and Af = 1MHz assumed.

Figure 5.
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energy and peak power decreases proportionately. Milli-
watt level cw FIR lasers have been used to scatter from
non-thermal fluctuations of 0.1 to 1%. Rapidly pulsing
these lasers and gyrotrons in the 10-100W range can
greatly extend the sensitivity of this technique to fluc-
tuation levels orders of magnitude smaller.

Conclusions

We have studied how collective Thomson scattering
signal to noise ratio can be optimized by taking advan-
tage of advances in the technology of high power MM/FIR
sources. These advanced source capabilities include:
cw and quasi-cw operation, flexibility in choice of
wavelength, and fine frequency tunability. Optimizing
the peak power alone is not enough to assure high signal
to noise ratios. Adequate output energy is also required.
Source technologies such as the gyrotron and CO, laser
can provide both high energy and high power. Present
optically pumped FIR lasers are relatively energy poor,
however, they operate in an important range of wavelengths
intermediate to the gyrotron and CO2 laser. This wave-
length range is attractive because these wavelengths are
long enough for large angle spatially resolved scattering,
but short enough to avoid severe limitations due to plasma
emission. Optically pumped lasers with wavelengths shorter
than the 385um D,0 laser should have improved output
energy capabilities because of a more favorable conversion
efficiency of pump photons.

In cases where the source output energy is sufficient-
ly high but the peak power is less than optimum, increased
peak power through rapid pulsing could be used to increase
the signal to noise ratio. Conversely, where output energy
is low but peak power is higher than optimum, e.g. single
pulse sources, rapidly pulsing at lower peak power to in-
crease the output energy would increase the signal to
noise ratio. Rapidly pulsed systems also make possible
time dependent thermal scattering measurements with high
power sources which can only be operated in the pulsed
mode.

Fine frequency tunability of high power MM/FIR sources
combined with narrow-band, gas absorption cells is another
important capability for stray source light rejection.
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Also, it may be possible to use such a filter for rejec~
tion of narrow band non-thermal scattering when thermal
scattering to measure ion temperature. We have shown that
large o scattering with the largest scattering wavelength
consistent with the plasma frequency and ECE background
limits, and the smallest scattering angle consistent

with the desired spatial resolution, will maximize the
signal to noise ratio.
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