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Some books are to bee tasted,
others to bee swallowed,
and some few to bee chewed and disgested.

— Francis BACON, Essayes (1579)
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I. RESUME.

La mesure de la température ionique d'un plasma de toka-
mak peux étre obtenue au moyen de la diffusion Thomson coi-
lective d'un faisceau laser émettant dans l'infrarouge loin-
tain. La trés faible secticon efficace de la diffusion Thomson
(107%% m?) nécessite un rayonnement laser incident d 'une puis-
sance d’'environ 1 MW pour une durée de 1'impulsion d’'au moins
1 us. Avec un systéme de détection hétérodyne performant,
d'une puissance equivalente de bruit d’'au moins 10712 W/Hz, i1
serait possible de mesurer la température ionique locale d'un

plasma avec une précision de l'ordre de 20 %.

Cette thése présente le dé&veloppement d'un laser infra-
rouge lointain et d'un systéme de détection hétérodvyne utili-
5és pour prouver la possibilité d’'une mesure de température
ionique par diffusion Thomson collective sur le plasma du
tokamak TCA, tokamak qui est situé au Centre de Recherches en
Physique des Plasmas (CRPP) a Lausanne.

L'expérience de faisabilité fut effectuée avec un laser
DZO pulsé, d’'une puissance de 150 kW pour durée de 1 us et
émettant a une longueur d’'onde de 385 um. Le signal diffuseé
est mesuré par un systeéme de détection hétérodyne & diode
Schottky au moyen d’'un oscillateur local comprenant un laser
quasi continu émettant & 383 um. Le spectre diffusé est ana-
lysé a travers un banc de filtre dans la bande S des micro-
ondes, dont le signal de chaque canal est intégré puis digi-
talisé.

La puissance du laser DZO n‘est pas suffisante pour une
mesure instantanée de la température ionique. Elle permet
néanmoins d’'observer la lumiére diffusée. L'expérience con-
tribue ainsi & 1l’obtention d’une expertise pratique qui

devrait faciliter la connaissance des problémes d’'une mesure
réelle.



I. RESUME I-

I1 a été observé que les perturbations dues aux microtur-
bulences du plasma ne couvrent pas la partie utile du spectre
diffusé pour 1’'évaluation de la température ionique. Ainsi,
une augmentation de la puissance totale du laser infrarouge
lointain, par rapport au systéme décrit igi, devrait B8tre
suffisante pour permettre une mesure de la température ionique
d‘'un tokamak.

Cette expérience a montré la nécessité d'améliorer encore
la sensibilité de notre systéme de détaection. Celui-ci pré-
sente une trop grande perte de conversion pour la diode détec-
trice. Diverses améliorations sont proposées, qui devraient
avec l'installation d’'un nouveau laser Dzo dix fois plus
puissant permettre la mesure future de la température ionique
par la diffusion Thomson collective en une seule décharge
tokamak.

o



II. ABSTRACT.

The measurement of the tokamak plasma ion temperature can
be obtained by collective Thomson scattering. This method
requires a far infrared laser tc achieve useful spatial reso-
lution for typical tokamak plasma parameters. The very low
Thomson scattering cross section (10722 m?) implies the use of
a pulsed far infrared laser with 1 MW power and 1 us pulse
duration. With the best technology of far infrared heterodvne
receivers available today, with a noise equivalent power (NEP)
below 107'%® W/Hz , it should be possible to measure the ion
temperature with 20 % precision.

This thesis describes the development of a far infrared
laser and a detection system to prove the feasibility of the
ion temperature measurement by collective Thomson scattering
on the TCA tokamak. This tokamak is situated at the Centre de
Recherches en Physique des Plasmas (CRPP) of the Ecole Poly-
technique Fédérale in Lausanne.

The aim was to observe a scattered signal from the plasma
and to obtain the required practical knowledge for the design
of a large Thomson scattering system to measure the ion tempe-
rature in TCA.

For the experiment, an optically pumped D_0 laser is used

2
to produce pulses of 1 us duration and 150 kH of power, at the

far infrared wavelength of 385 um. The scattered signal is
observed with a heterodyne Schottky diode detection system
using a quasi continuous CD;Cl far infrared laser as local
oscillator. The scattered spectrum is resolved through a mul-
tichannel S band microwave filter bank, after which the

signals are integrated and digitized.
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II. ABSTRACT II-

Although the laser power is not sufficient to permit an
instantaneous ion temperature measurement, a scattered signal
correlated with the presence of the plasma was observed when

averaqging over ten tokamak discharges.

It has been found that perturbations from microturbulence
in the plasma are not significant within the useful bandwidth
of the scattered spectrum. Hence an increase in the available
far infrared laser power and a better sensitivity of the de-
tection system should be sufficient to allow for a single dis-

charge ion temperature measurement.

The experiment also showed the necessity to reduce the
NEP of the detection system, which currently presents an ex-
cessively high mixer conversion loss. This is being improved
for the future installation of a multi-megawatt far infrared
laser. With this new laser it should be possible to obtain
the first direct measurement of the tokamak ion temperature by
collective Thomson scattering on a tokamak.



III. INTRODUCTION.

The main gqoal of FIR Thomson scattering from collective
electron fluctuations in a tokamak plasma is to measure the
plasma ion temperature (Ti) £1,2). An ion temperature mea-
surement by collective (also called coherent) Thomson scat-
tering has several advantages over current methods: it is non-
perturbing and can provide a direct measurement with good spa-
tial and temporal resolution. If a sufficiently large signal
to noise ratioc can be obtained, other plasma parameters like
the magnetic field direction and the effective charge could
also be measured [C21.

At present, most measurements of Ti £33 are obtained from
a spectral analysis of charge-exchange neutrals £43. This
method is, however, less suitable for the new tokamak gene-
ration with machines like TFTR and JET. The spatial resolu-
tion of this technique is poor. It gives a line integrated
measurement and requires assumptions about the processes
inside the plasma. In addition, the mean free path of the
neutrals in these new tokamaks is smaller than the plasma
radius. The study of Ti with this method is mainly limited to
the plasma edge.

Another method to measure Ti is the spectroscopic ana-
lysis of Doppler line broadening in the ultraviolet [£5] of the
radiation of light impurities. This technique fails, however,
on the highly stripped atoms of the hotest plasmas obtained
today. With the plasma purity currently achieved the method
is also limited to studies of the plasma edge where the main
concentration of cooler impurity atoms is located. This method
also requires assumptions about temperatures and density dis-
tributions of the impurities.
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A third method to measure the ion temperature is by stu-
dying the neutron flux (at 2.5 and 14 MeV) escaping from the
plasma (63. This method is limited to hot deuterium-deuterium
or deuterium-tritium plasmas. An independent verification to
check whether the neutrons are of thermonuclear origin would
be necessary. The method requires neutron detectors with a
resolution at the limit of current technology.

An experimental proof that Thomson scattering is suitable
for an ion temperature measurement can be found in scattering
from the ionosphere [71. Incoherent Thomson scattering, at
visible wavelengths, (with a scattering scale length smaller
than the plasma Debye length) is a common method for measure-
ments of the electron temperature in tokamak plasmas (8].

At the time of commencement of this project, ion tempe-
rature measurements by collective Thomson scattering had to be
demonstrated on a tokamak plasma, and the necessary radiation
source and detection system had to be developed.

The choice of the laser frequency is limited C1.2]. It
must be sufficiently low to allow scattering in the collective
regime at a practical scattering angle, and high enough to
avoid refractive effects due to the plasma. The plasma be-
comes opaque and reflects waves of frequency lower than the
plasma electron frequericy. The laser frequency should also be
higher than the second harmonic of the electron cyclotron fre-
quency, which is the main source to consider of background
noise from the tokamak plasma. With current Tokamak plasmas
this restricts us to the far infrared (FIR) wavelength region,
more precisely to wavelengths between 200 um and 2 nmm.

The main problem of Thomson scattering is the extremely

. -28
low cross section (10

m?) which implies the use of at least
1 MH of FIR laser power for a pulse duration of 1 us, and a
heterodyne detection system with a noise equivalent power

NEP ¢ 10'® W/Hz to achieve the necessary detection signal

to noise ratio C£l,2]). This low cross section has also some
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advantages: the radiation does not disturb the plasma and the
scattered light does not interact with the plasma on its way

out.

The first problem to solve was the development of a
powerful FIR radiation source. Since the first optically
pumped FIR molecular gas laser was discovered in 1970 by Chang
and Bridges [91, thousands of new FIR laser lines have been
reported but no system delivered 1 MW of pulsed FIR power when
we started our studies C101.

There also exist other FIR sources but they where nct
developed to a stage to compete with molecular FIR lasers for
high power generation. These include: the carcinotrons [1l13,
which were side benefits of the microwave development carried
out since the last world war:; recently, free electron lasers
121 and gyrotrons [L13] have shown a potential to emit power-
ful FIR radiation; and even a semiconductor FIR laser {1413 has
been reported with the advantage of being tunable over a wave-
length of several um, but with only some mJ of FIR eneray.

The second requirement for Thomson scattering was a very
sensitive detection system. New detectors for the FIR radi-
ation have appeared during the last few years. Since the
early Golay cell [151, the first FIR detector, pyroelectric
and photoconductive detectors [l6l have been developed, and
more recently, thin film bolometers and semiconductor point
contact diodes of the Schottky, Josephson or metal-insulator-
metal types L£17]1. Today, specifications like high sensitivity,
fast response time or large bandwidth can be met in the FIR
wavelength region.

We have taken advantage of research and development of
FIR technology in many fields. The early applications of FIR
radiation were spectroscopic studies of solids and molecular
gases by chemists and astrophysicists £18]1. With the increa-
sing power of newer FIR lasers and the improvement of the

detector sensitivity these lasers soon became an important
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diagnostic tool in laboratory plasma physics [19]1. Today, the
electron density in most tokamak plasmas is obtained by FIR
interferometry L£201. Magnetic fields inside the plasma are
measured by FIR Faraday rotation €211, and the study of syn-
chrotron emission (ECE) is done in the far infrared (Z22]3. Even
FIR holographic imaging of a plasma is under investiga- tion
£13].

Several groups working in Europe, the USA and Japan have
been involved in the study of powerful pulsed FIR lasers in
the 50 to 500 pum wavelength region, these lasers are frequen-
tly based on the D,0 molecule. Most of these groups are
attached to institates performing tokamak research. Highly
sensitive FIR detectors are also being developed in Europe and
the USA mainly for astrophysical applications. Most effort
has been concentrated on heterodvne detection with Schottky
barrier diode mixers., using a molecular FIR laser as the local
oscillator.

Only the groups at MIT and at the CRPP in Lausanne have
actually mounted a collective Thomson scattering experiment on
a tokamak, with the aim of performing a Ti measurement. The
effort has been abandoned by other teams even after the suc-
cessful achievement of sufficiently high power FIR lasers L[231.

At MIT £24] the experiment was mounted on Alcator C from
1982 to 1984. Scattered light from thermal fluctuations was
observed but the signal to noise ratio was not sufficient for
a measurement of the ion temperature. The main problems were
stray light from the FIR laser, diffraction from the small
port size on the tokamak, and emission at harmonics of the ECE
frequency which, due to the high magnetic fields of ALCATOR C,
reached the level of the scattered signal.

At CRPP, investigations of FIR lasers started in 1977. In
1981 the work was subdivided: a first pulsed FIR laser was
mounted on the TCA tokamak to investigate the feasibility of
the technique, while the group continued to develop a higher
power pulsed FIR laser for the final Ti measurement [£25].
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The FIR laser used for the feasibility study was in many ways
comparable to the one used at MIT. However, on TCA there is a
better access to the torus and the lower magnetic field of the
tokamak dces not produce any noticeable background ECE pertur-
bationz at the wavelength range of interest. 0On TCA, the
scattering angle of 90 degrees is unfavourable for reasons of
s5ignal level, but gives optimum spatial resoclution and stray

light rejection.

This thesis reports the construction of the feasibility
experiment carried out on the TCA tokamak up to and including
the observation of a scattered signal. It concentrates on the
experimental part. Theoretical investigations of optically
pumped FIR lasers are described in detail in the thesis of
M.A. Dupertuis [£26]1. The final Ti measurement and diagnostic
investigation on TCA with the new multi-megqawatt FIR laser,
currently being installed, will be the theme of another
thesis.

This thesis is subdivided in the following way:

Chapter one gives a short introduction to the theory
of Thomson scattering. It discusses the effect of the
scattering angle and of different plasma parameters in-
cluding particle temperatures, impurities and the effect

of the magnetic field on the scattered spectrum distri-
bution.

Chapter two discusses the power requirement and
wavelength limitations of the FIR laser and the characte-
ristics of the detection system, to allow an ion tempera-
ture measurement under typical TCA tokamak plasma condi-
tions.

Chapter three contains the description of the opti-
cally pumped FIR laser developed for the feasibility
experiment. It includes a presentation of the multi-
megawatt CO2 pump laser.



III.

INTRODUCTION. III-6

Chapter four presents the optical system used to
focus the FIR laser beam into the plasma of the TCA toka-
mak, and the collection optics relaying the scattered
signal to the detection system.

Chapter five describes the FIR heterodyne detection
system and the data acquisition system. It includes a
discussion of possible future improvements of the detec-

tion system.

The final chapter presents the observed scattered
signal and the data analysis technique used. Numeri-
cally simulated spectra for similar plasma conditions are

also shown.

Finally a brief presentation of the TCA tckamak and
some microwave formulas and definitions can be found in
the appendices A and B. Two articles describing DZO
lasers developed at CRPP are included in the appendices C
and D.
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What we have to learn to do

we learn by doing.

— ARISTOTLE, Ethica Nicomachea






CHAPTER 1.

THEORETICAL INTRODUCTION TO THOMSON SCATTERING.

The basic¢ theory of Thomson scattering, as a means to
measure piasma parameters, is well established and will not
be repeated in detail here. For a complete descriotion the
reader is5 referred to J. 3Sheffield’'s book: "Flasma scattering
of electromagnetic radiation” €11. Only a short discussion
of the infliuence of plasma parameters on the coherently scat-

tered spectrum will be given here.

1.1. The principles of Thomson scattering.

In the field of an electromagnetic wave charged particles
undergo forced oscillations. Since accelerated particles re-
emit radiation in a dipole pattern, a fraction of the incident
power will reappear in directions which are different from that

of the incident wave. This effect is called scattering.

Scattering from a large number of free charged particles,
as in a plasma, is generally referred to as Thomson scattering.
It implies sufficiently low frequencies such that the photon
enerqgy hv 1is negligible compared to the rest mass enerqy
mc’® of the scattering particles. Thomson scattering is
usually treated classically and can be considered as a limiting
case of Compton scattering L[C11.

The electromagnetic wave incident on the electrons of a
plasma is reemitted with a Doppler shifted frequency. The
magnitude of this shift depends on the velocity and direction
of motion of the electrons, which may be thermal, turbulent or
caused by plasma wave phenomena.
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1.2. Scattering from a single particle.

P

When a plane electromagnetic wave of intensity I is
incident on an eslectron at rest, the scattered power 4P,
reemitted per solid anale element df in the direction ©

can be expressed as a dipole emission [1.2,31:

dP_ = I r2 sin?0 dQ (1.1)
S e
where
= e’ = 2 -15
r, = —————, = 2.82 10 Cm3 (1.2)
€ 47 €, Mg C

is the classical electron radius. Integrated over all pos-
sible directions for an unpolarized incident wave, the total
scattered power can be expressed as:

8

p_ = — r; I=o0, 1 (1.3)

Ui

where

8 -
g, = r; = 6.65 10 2° Cm

t T ] (1.4)

is called the total Thomson scattering cross section.

The very low value of ot offers the advantage that
the incident wave does not disturb the plasma and the scat-
tered light does not rescatter significantly on its way out.
It is., however, the cause of the major difficulty of a Thomson
scattering experiment: the amount of scattered radiation is
extremely small. Thomson scattering requires a high power

laser source and a very sensitive detection system.

Scattering from ions can be neglected since the cross
section is inversely proportional to the square of the par-
ticle mass. While the influence of partially stripped atons
with high polarizability could be an important source of
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Ravleigh scattering, this process is proportional to the
ftourth power of the incident frequency, and thus can be

n=glected for far infrared wavelengths [41].

1.2. Doppler shift due to a moving particle.

If a scattering particle is moving with a velocity v
with respvect to a stationary source of angular [reguency W,
or wavelength Ao . the frequency seen by the particle i3
Doppler shifted by the velocity compcnent of the particle
along the direction of the incident wave. This new rfrequency
i1s given by:

Wy = W, - k - v {1.5)

2 .
lk | = — (1.6)

3

is the propagation vector of the incident wave. The frequency
of the scattered wave, reemitted by the particle, as seen by
an immobile observer, is also Doppler shifted by the velocity
component of the particle along the direction of observation,
hence:

which combined with (1.5) gives:

w = w - w _ (1.10)
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and is due to the component of the particle velocity along the
wave vecktor k . It has the magnitude k:'v . The twc last
equations are in fact the statements of the conservation of

meomentum and energy.

As already mentioned, Thomson scattering is treated clas-
sically. The momentum transfer between the incident photon

and the particle is negligible, hence:
tk_! = tk_| (1.11)

From geometrical considerations outlined in fiqure 1.1, one

obtains:

‘ 4
fkt = 2 Ikol 5in(®/2) = — sin(0/2) (1.127
A
0

Ko

Incident wave

k s Detector

N

FIGURE 1.1. Vector diagram of the scattering process.

1.4. Scattering from many particles.

The result of scattering from many particles is obtained
by summing up the components from the individual electrons
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whilst taking into account the phase terms. If the plasma
were composed of charges with a uniform distribution, the
total scattered power would cancel out due to interrerence
between the contributions of opposite phase. A plasma, how-
ever, contains local electron density variartions due tc ther-
mal fluctuations and collective motion. 3Such ccllective den-
sity variations lead to constructive interference for parti-

cular combinations of the k wvector (Eragg conditions).

In order to characterize the fluctuations in a plasma

their scale length A = 27/k 1is compared to the Lebyve length:

{:w e kT
N = —pe = |07 - 7.4 10% T /n Cml (1.12)
D ‘J e"ne e 2
(=4

where
wpe is the plasma frequencv,
Vg is the mean plasma electron thermal speed,
Te is the mean plasma electron temperature, in eV,
n_ is the mean plasma electron density, ‘in m °,
K— is the Boltzmann constant.

1]

is the electron charge.

The Debye length represents the characteristic distance
beyond which the potential of a charge is shielded by neigh-
boring charges. Fluctuations of scale lenaths shorter than
the Debye length are due to the incoherent thermal electron
motion, while the collective behavior of the plasma causes
fluctuations of scale lengths longer than XD

The different regimes of Thomson scattering are charac-
terized by a parameter o defined as:

1 A

% = = 0 {1.14}

Ik AD 4w Ap sin(0Q/2)




[92)
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1.5. Incoherent scattering.

For o << 1 , the characteristic length of the density
fluctuations observed 1is short compared toc the Debye shieldina
distance. Scattering is due tc the uncorrelated thermal motion
of the individual electrons. This is called incoherent Thomson

scattering.

For a Maxwellian electron velocity distribution, the scat-
tered spectrum is a Gaussian of half-width proporticnal to the
electron thermal velocity. This is in turn proportional to the
square root of the electron temperature (s3ee figure 1.2:. In
this regime Thomson scattering is commonly used to measure the
electron temperature in tokamaks. For typical tokamak plasma
parameters, the emission of the laser needed is in the visibie

or the near infrared part of the spectrum.

For the case of a scattering angle of 90 degrees, a laser
wavelength of 694.3 nm (Ruby laser) and a plasma electron
temperature of 400 electron volts, the full width at half
maximum (FWHM) of the scattered spectrum would be 73 nm, while
the line width of the laser is typically less than 0.05 nm.

QK] In tfns/ty

Zﬁ\)bz»: éﬂlé;j§¥2: cx:ti;

ﬁﬂV}b?

—

125 Frequency ¥

FIGURE 1.2. Incoherent scattering spectrum for a plasma in
thermal equilibrium. Vo is the incident laser
frequency.
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1.6. Coherent scattering.

When « 2 1 we observe the corrvrelated motion or the
electrons, 2.g9. the moticn of electron clouds Debyve-shielding
the ions or density fluctuations associated with plasma waves.

This is called coherent or collective Thomson scattering.

for a thermal plasma with equal electron and ion tempera-
tures, a typical scattered spectrum is represented in figure
1.3. The width of the central feature is proportional to the
square root of the plasma ion temperature. The two detached
peaks result from scattering off electron plasma waves (of
frequency ve) and the shoulders on the central peak are due

to ion acoustic waves of frequency v..

a>=>] Intensity
A .
Avi,= 2/K 1Y, VT
s 21
|
Dy
|
]
24 ] : // >
ove 77 Iy ’’Frequency v
Vo-Vi Yp*Vi Vo Ve

FIGURE 1.3. Coherent scattering spectrum for a thermal plasma
with o>>1 and Te v Ti.
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1.7. The dynamic form factor.

The total scattered power from a plasma with a mean

electron density n_ into a solid angle dfi can be written

-

. _ 2 . « . .
Pstk.w) = PO o L d& ng Sik.w) (1.19

where Po is the incident power. The scattering volume V

is defined by the intersection of the incident laser beam and

the cone within which the scattered 1ight is collected. Its

dimension along the incident beam is given by L

S(k,w) 1is the dynamic¢ form factor, which describes the
shape of the scattered spectrum. It is proportional to the
Fourier transform in space and time T of the electron
density C1,51:

1 ) |ne(k,w)| ,

S(k,w) = lim { — (l.1ls)

T,V = o VT n0

The dynamic form factor contains the information about

the plasma behavior.

For a collisionless plasma, with only one ion species,
the form factor is generally written as (1,53:

2
Fe(k.w)

e(k,w)

T (k.w|?
Sikow) = |1 - —elXe)
e(k,w)

Feo(k,w) + 2 F.o(k,w) (1.17)

1

where Z 1is the charge of the ions, Feo and Fio are the
normalized velocity distributions and Fe , Fi are the
screening integrals for the electrons and ions respectively.

The plasma dielectric function € 1is defined as C[Cl1]:
elk,w) = 1 + Fe(k.w) + Fi(k.w) (1.18)
For a plasma in thermal equilibrium the velocity distri-

butions are Maxwellian and the screening functions can be

expressed by [£1.,51:
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= 2 5 ( g3
Fe o W(xe) {(1.13)
T. = 2 ¢ ) ow” Wk, .20
i o (Te/Tl % ‘(1) (1 )
where
2, = m/(k-ve) : normalized frequency of the (1.21)
elactron term.
X, = w/(k'vi) : normalized frequency of the (1.22)
ion term.
z ek T ‘ .
v, "= € : mean electron velocity {1.23)
5 ik T, ) )
vt oF 1 : mean ion velocitv (1.24)
m.
i
he plasma dispersion function W(x) 1is defined as C1,53:
2 X 2 2
Wix) =1 -2xeX Iet dt - idmxe™® (1.25;
0

The first term in the form factor (1.17) represents the
electron feature and beccmes dominant when o < 1 (inco-
herent scattering). The second term is the ion feature and
is superimposed on the broader electron feature. The ion

feature is dominant when « > 1 (coherent scatterina).

This can be seen when the Salpeter approximation is ap-
plied to equation (1.17). This approximation assumes Te By Ti
and separates the form factor (using Maxwellian velocity dis-

tributions) into two independent functions depending only on

the variables X, and X; - It makes use of the large dispa-
rity in scale between the variables X, and Xy C1,5]:
X v, m, T L
a = —€ = —1 = [ —1_¢€ ]4 v 60 on TCA. (1.26)
€ X, v m_ T.
e e 1

The form factor can now be expressed as:
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2

‘ N
Stkowr = T (2,0 + 2 l Tra? FB(xi) (1.27)
where
T (x_) KX, 1.28)
Lal%e) = — (L. 2¢
o e 11 + ol W(xe)l
and
2
exp(-x.)
Foex. ) = pz——l (1.29)
g 71 11+ B% Wix)|
and
ol T
B = Z(———,}——e (1.30)
1+a”) Ti

For a 90° Thomson scattering experiment at a wavelenath
of 385 um on TCA with typical p* plasma parameters (see appen-
dix A) we would have:

o = 1.5 and g = 1.7 (1.21)

Figure 1.4 shows the shape of F“(x) for various values
of o . The shape of PB(x) would be the same except for
the large difference in the horizontal scale due to the diffe-
rences between xe and Xy
By integrating over all frequencies, we may calculate
S(k), the integrated form factor incorporating electron and ion

features. The result is [£57:

4
¢4

(1+87)

1 A
S(k) = 2 + 2=2
1+ (l+a)

The contributions of both the electrons and ions to the
integrated form factor are shown in figure 1.5. For «ovl, as
is the case tor the experiment on TCA, the total scattered
spectrum would have a shape as illustrated in figqure l.6. The
narrow central peak is the ion feature while the broad, weaker
pedestal is the electron feature.
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I (x) 17
0.8

0.6

FIGURE 1.4. Variation of Fm(X) with o = 1/(kx.)y [£S81.

Te/Ti

"
N

S(lk)=Se(k)+Si(k)
0.4 Si(k)

Se(k)

T T T Ll T

0 /| 2 3 4 5 «

FIGURE 1.5. Contribution of electron and ion terms to S(k) the
integrated form factor (see equation 1.32).
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! |
| |
| I
| |
| , : .
Frequency

FIGURE 1.6. Coherent scattering spectrum for a thermal plasma
with aonvl, shown on a logarithmic intensitv scale.

The form of S(k,w) for various plasma conditions has
been studied extensively by several authors C1,2,4-9,11-141].
These studies show the influence of various plasma parameters
on the precision of an ion temperature measurement and the
possibilities to measure other plasma parameters by collective
Thomson scattering. In the remaining part of this introduction
we will discuss the results of numerical calculations which
show the influence on the dynamic form factor of different
parameters of the plasma and the scattering experiment. The
more generalized form factor used for these calculations (see
equation 1 from M.R. Siegrist et al. (631, and M.A. Dupertuis
£6l3) is derived from D.E. Evans [41 and T.J.M. Bovd et al. LC7].
It includes the effect of impurities, particle drift and the
magnetic field. The ion and electron velocity distributions
are assumed to be Maxwellian to use a classical definition of
the temperature.

For typical TCA conditions. both the electron and ion fea-
tures influence equally the integrated form factor (see figure
1.5). The electron spectrum is., however, about 40 times broader
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{square root of the mass ratio) than the ion spectrum, and thus
contributes only by 2.5% to the total scattered signal within
the spectral width of the ion feature. Therefore, the spectra
presented in the following sections will represent mainly the

ion feature of the scattered signal.

If not specifically stated, all figures presented in the
following sections are derived for a $0° Thomson scattering
experiment with a laser wavelength of 385 um on a ot plasma
(see appendix A& for typical TCA plasma parameters). For cla-
ritv, to show the efrect of the individual terms on the scat-
tered spectral shape, we will only alter ocne wvarilable at a
time. For the same reason, efifects due to the magnetic field
and the impurities, which are alwavs present in a real plasma,

are not included in the calculations before §l.7.6.

1.7.1. Effects of the scattering angle.

For a given incident wavelength, the effect of varying fthe
scattering angle © will be to modify the magnitude of the ‘
scattering vector |k| , hence the « parameter. The angle ©
directly influences the mean bandwidth and the shape ot the

scattered spectrum L8] as illustrated in figure 1.7.

A smaller angle will increase the o parameter. The
ion contribution to the scattered power will be more intense
(see figure 1.5), and it will be concentrated into a narrower
spectrum. An increase of o, keeping the plasma parameters
constant., results in an increase of B. The peak appearing

for large B8 corresponds to the point X, m 8 of tigure 1.4.

-
L

With some algebra this is equivalent to w”™ = Zm;i/(1+m2) €81,
where wpi is the ion plasma frequency. This resonance

peak i5 more pronounced for larger B because the Landau dam-
ping (the imaginary part of equation 1.25) decreases for large
values of x [1,51].

There are many reasons for a particular choice of the
scattering angle in a coherent Thomson scattering experiment.
These are, among others:



1. THEORETICAL INTRODUCTION 1-14

N
?

%

'% 6.0+ 4.0 19 Ti=400 eV
2719 ne=51019 m=3

%‘ L 0. 2.1 1.8 D*plasma
< ' 1.7 17

< 1517

3 1.316

<

Q

4}

Q

0y

Y00 05 10 15 20
frequency GHz

FIGURE 1.7. Effect of the scattering angle on the scattered
spectrum.
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FIGURE 1.8. Effect of the electron temperature on the scat-
tered spectrum.
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- the choice of a particular o regime for a given
wavelength ot the laser source,

- the adijustment of the spatial resclution,

- the improvement of the strav light reisccion,

- the adaption of the spectral width to the bandwidth or
the detection systenm,

- the limitations imposed by the access on the tckamak.

1.7.2. Effects of the electron temperature.

Figqure 1.8 illustrates the effect of changing the electron

temperature and maintaining the other parameters rixed.

Chanaging the electron temperature alone affects the Debve
length., hence the « parameter. The total vower in the ion
feature of the spectrum varies roughly as «t tequation 1.32i.
We observe that the total scattered power over the ion reature

bandwidth 1is reduced with increasing electrcn temperature.

The ion acoustic resonance hardly changes between «=2.1
and «=1.2 , this could seem surprising if we compare it with
figure 1.7. It is explained, however, by the fact that Landau
damping is strong for Te v Ti and decreases with the increa-
sing electron to ion temperature ratio. This change in the
Landau damping cancels the effect from the corresponding
increase of o C1,51.

1.7.3. Effects of the ion temperature.

The main influence of the ion temperature on the scattered
spectrum is illustrated in figure 1.9 and 1.10. In contrast
with the case of incoherent scattering, where the electron
temperature can be simply evaluated from the half width of a
Gaussian spectrum, both the width and the shape of the spectrum
from coherent scattering varies significantly with several
plasma parameters. For a precise evaluation of the ion tempe-
rature numerical fitting routines have to be applied which make

use of the general shape of the scattered spectrum.
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FIGURE 1.9. Effect of the ion temperature on the scattered
spectrum.
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FIGURE 1.10. Effect of the ion temperature on the scattered
spectrum, keeping Te/Ti fixed.



1. THEORETIZAL INTRODUCTICGHN 1-17

He show in %2.7.2 the result of numerical simulations used
to estimate the inrluence of the plasma parameters on the pre-

cigion Of an ion temparature measurement.

Figqure 1.9 shows the scattered spectrum for ditferent ion
temperatures, keeping all other vlasma parameters constant. Ths
enhancement of the icn acoustic resonance for low ion tempera-
tures 1llustrates the decrease of the Landau damping for the

increasing electron to 1on temperature ratio.

It is generally found that cn axis of an ohmically heated
TCA plasma, and for a given density, the elactron to icn tempe-
rature ratio stays roughly constant. ©On TCA, the electron tem-
perature is usually twice the 1on temperature. This case is
i1llustrated in figqure 1.10, where the ion temperature is chan-
ged together with the electron temperature. The combined
variation of the ion and electren temperatures affects not oniv
the spectral width but also the spectral intensity of the ion
feature through the variations of o via the electron tempe-

rature.

1.7.4. Effects of particle drift.

In a tokamak the plasma current causes particle drift in
the torocidal direction. Turbulences over a scale areater than
the scattering volume can also produce the effect of a local
drift. The influence of a drift velocity on the scattered
spectrum is illustrated in figure 1.11.

The particle drift mainly influences the symmetry of the
spectrum C£1,5]1. The Landau damping of the forward and backward
traveling i1on acoustic waves 1is different due to the shift of

the velocity distributions.

The particle drift velocitv due to the plasma current 1is
typically below 1% of the thermal velocitv, and in any case,
on TCA, the toroidal wvelocity vector is perpendicular to the

scattering vector., hence the plasma current will have no effect.
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FIGURE 1.11. Effect of the particle drift on the scattered
spectrum.

To measure particle drift velocities, both sides of the
scattered spectrum must be observed. The detection system
must have a bandwidth twice as large as the minimum necessary
for an ion temperature measurement.

1.7.5. Effects of plasma microturbulence.

Microturbulence leads to density fluctuations Ane well
above the thermal level. In the collective regime the inten-
sity of the scattered radiation is proportional to An; (see
equation 1.16). Therefore turbulent density fluctuations will
cause significant contributions, which are difficult to pre-
dict. No theory is currently available to describe tokamak
plasma microturbulence such that it could be included success-

fully in our numerical simulations.

Up to now, no direct experimental observations of micro-
turbulence covering the full frequency spread of a thermal
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(Se]

spectrum have been reported [101. Scatterinag from slow d2n-
sitv fluctuations below 100 kHz in frequency and with scat-
tering vectors of v 59 KD has been measured with CW far
infrared lasers L151. The observed scattered intensity wvari=s

-2.5 -3.5
as  w and k

L21. Scaling from these results, for
k% 1/xa, and v 2 0.5 GHz ., l1leads to neagligible power levels
-t

of microturbulence.

l.7.6. Effects of impurities.

Tolkamak plasmas alwavs contain small amounts of impuri-
ties. In the TCA tokamak these are mainly oxygen and metals
trom the torus walls. With the use of coated carbon limiters.

carbon and coating materials have also been observed Clel.

Even it these impurities are of low relative densities
they will scatter strongly due to their high Z , which will
attract a cloud of shielding electrons. <Calculated spectra

including impurities are shown in figqure 1.12.

The impurities produce a peak around the central laser
frequency [43. The width of this peak 1s proportional to the
thermal velocity of each species and is narrower than the
majority ion feature due to their higher masses. The height

is related to the charge and abundance of the impurityv ions.

Only the central part of the Thomson scattered spectrum
is arffected, as shown in figure 1.12, hence the presence of a
known amount ot impurities (e.g. measured by UV spectroscopy)
would have a minor influence on the measurement of the ion
temperature if only the outer part of the spectrum is
considered.

A numerical fit to the effective charge of the plasma,
which is defined as:

£ 2.2 N.

= 1 — ,
zeff =" N,J {1.33)
13

et
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FIGURE 1.12. Effect of impurities on the scattered spectrum.
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FIGURE 1.13. Effect of the magnetic field on the scattered
spectrum.
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where
Zi i3 the charge of the j th ion species

N1 13 the densicy of the j'th ion species,

could be attempted if this central feature wer2 maasured with
sufficient accuracy [4,61. This wculd imply a scattering expe-
riment with negligible stray light from the laser, which is
practicaily impossible to achieve. Effects from micrcoturbu-
lence and the magnetic field in the tokamak would alzo arffect

t

o
@

same central part of the scattersd spectrum.

In the analytic expression of the form factor the impur-
ities enter as a sum over the ion screening terms and over the
velocity distribution term weighted by their relative charges.
One assumes that each velocity distribution function satisties
its own collisionless Boltzmann equation, and that the electron
and ion terms are coupled by Poisson’'s equations €43, This
modifiss the numerator and the common denominator of the form
factor expression, hence the final spectrum is not a simple
linear superposition of the spectrum of each species. This is

also illustrated in figqure 1.12.

1.7.7. Effects of collisions.

Collisions will affect the spectrum when the collisional
frequency becomes comparable to the width of the scattered
spectrum. In the TCA tokamak plasma, this collisional frequen-
Cy 1s too low (< 1 MHz) to influence significantly the global
spectrum, thus we will ignore this term [o,101.

1.7.8. Effects of the magnetic field.

For the current experiment on TCA, apart from the impu-
rities, the main perturbation of the scattered spectrum comes
from the magnetic field, as illustrated in figure 1.13.
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The magnetic field introduces a modulation of the el=ctron
and ion scattered spectra. The periodicity of this modulation
is given by the respective cyclotron rrequencies. This modula-
tion only influences the scattered spectrum when the scattering
vector k 1is almost perpendicular to the magnetic field vector
B . This condition is often satisfied in Thomson scattering
experiments on tokamaks where port access generally defines the

scattering geometry £6,10,12-147.

For the calculations of rfigure 1.13 it has been assumed
that only the electrons are magnetized (kpe <« 1 , where Pa iz
the electron Larmor radius). For a B-fieid of 12 kG (typical
TCA conditions) a modulation of the eliectron reature at a tfre-
gquency or 34 GHz is to be expected. The electron cyclotron
motion also attects the central part of the electron feature,

which is strongly enhanced in this case.

The ion cyclotron frequency., on the other hand, modulates
the ion reature at 18 MHz and will not be resolved by the 80
MHz wide channels of the detection filter bank [61.

Additionally, for the effect of the gyration to be obser-
ved, the charges must gyrate within the scattering volume and
during the time of the measurement Cl1l]l. On TCA the Larmor
radius of the electrons and ions are about 35 um and 3.8 mm
respectively. The linear dimension of the scattering volume 1is
about 2 mm and the laser pulse duration is about 1 us . There-
fore. only the effect of the electrons need to be considered.

1.8. Conclusions.

If a sufficient signal to noise ratio is achieved in a
given scattering configuration, several plasma parameters could

be measured by collective Thomson scattering L[91.

Except for a scattering geometry with an angle of 90° % 1°
between the scattering k-vector and the magnet field vector,
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the ion temperature can be unequivocallv extracted from the
scattered spectrum by applying numerical routines to tit the

measured coherent scattered spectrum L[6,8,101.

Depending on the direction of the scattering vector with
respect to the magnetic tfield vector., it would be possible to
measure the magnetic field direction by carefully analysing the
shape of the scattered spectrum [o6,13,1413.

An attempt to measure the level of impurities (zeff) is
theoretically possible L[o6], but it implies a very low level of
stray laser light around the central laser line which is diffi-
cult to achieve in practice.

Whereas the influence of impurity ions and of the magnetic
field orientation are well described by the theory. strong
microturbulence could disturb the spectrum in an unpredictable
way. Up to now there is no experimental evidence that for the
k-vectors considered here the contribution from microturbulence

extends in to the frequency range of a thermal spectrum £101].

The next chapter discusses why we are limited in practice
to measuring only the ion temperature of the plasma in the TCA
tokamak.
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CHAPTER 2.

REQUIREMENTS FOR A COLLECTIVE THOMSON SCATTERING
ION TEMPERATURE MEASUREMENT.

In this chapter we will specify the parameters of the
radiation source (laser wavelength, bandwidth and power) and
the detection system (sensitivity and bandwidth) to fulfil the
requirements of a collective Thomson scattering experiment on
the TCA tokamak. To be able to measure, simultaneously with
Ti . other plasma parameters (e.g. the effective charge of the
plasma or the magnetic field direction), the measurement of
the scattered spectrum must be obtained with a higher accu-
racy. This means a higher signal to noise ratio and a better
frequency resolution of the scattered signal would be requi-
red. The yalues needed for a 'I‘i measurement alone are already
at the limit of current technology of pulsed FIR lasers and
heterodyne detection systems. This is the main reason why in
the present chapter we will concentrate only on the ion tempe-
rature and will not consider the case of a multiparameter mea-
surement on TCA.

For this study, and if not specifically mentioned, we use
the following typical plasma parameters of the TCA tokamak
(referred to later in the text as standard TCA conditions, see
appendix Aj:

(2.1)
ng£ = 5.10*° @m”? the plasma density,
Te = 800 eV the electron temperature,
Ti = 400 eV the ion temperature,
Zeff = 2.5 the effective charge of the plasma,
BT = 1.2 T the toroidal magnetic field,
C] = 90° the scattering angle,
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which gives a Debye length (see equation 1.13) of:

30-10°°%°  €ml, and

>
H

N_. = 47/3 ng ADs = 5.6-10° particles in the Debve cloud.

2.1. Choice of the wavelength.

The ion temperature measurement is performed by ccllec-
tive scattering and therefore requires o 2 1 . The for-
mula (1.14), from chapter 1, can be rearranged such that a
lower limit of the laser wavelength is obtained by:

A 2> 47 o sin(©/2) A (2.2)
0 D
A, > 93400 & sin(0/2) JTe/ne C(eV-m) ]
xo > 265 Cum] for scattering at @ = 90°
on TCA.

The limit of o =1 1s illustrated in figure 2.1 for
different laser wavelengths and scattering angles. The scat-
tering parameter o increases above one to the right of each

curve.

An upper wavelength limit is given by the electron plasma

frequency wpe . The electrons of the plasma will follow, and
cancel out, any electric field that varies slower than wpe .
hence the plasma will reflect these frequencies. This limit is

expressed by:

Ao < 2% ¢ / wpe = *crit (2.3)
x < 33.4-10° / In
0 e
AL € 4.7 Cmm] for standard TCA conditions.

where n_ is the electron density in m °.
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FIGURE 2.2. The critical wavelength for a plasma as a function
of the plasma density.
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A more restrictive limit on the wavelength is caused by
background plasma emission at the harmonics of the electron
cvclotron (ECE) frequency. For present tokamaks like TCA the

incident wavelength should be shorter than the third harmonic

of the ECE frequency Woce £1.2.3]. The expression for this
limit is:

xo { 2n¢c / (Zwece) (2.4)

A, ¢ 10.7-107° / (&B)

A ¢ 7.1-10°% /% Cml for TCA.

where B 1is the magnetic field in Tesla, and &>3 1s the

harmonic number.

The power of the ECE received by the detection system
depends on the plasma temperature, the solid angle of the
collection optics and the quality of the viewing dump.
Extensive measurements have been done by the MIT group on the
ALCATOR A tokamak [1l]. They show that only the third (and
lower) harmonics can interfere with the expected level of
Thomson scattered signals. However on new generation machines

like JET a lower limit of wOZSwe would be required (2,4,51].

ce

Combining these conditions, in the case of TCA, we find
that the wavelength of the laser source to be used with a
collective Thomson scattering experiment has to be chosen
within the following limits:

2.35 Cmml > 2o > 265 Cuml (2.5)

This is within the far infrared (FIR) wavelength region.

2.2. Choice of the scattering angle.

On TCA the scattering angle is imposed by technical con-
straints. The axis defined by the input port and the opposed
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beam dump port on the TCA torus intercepts the plasma at its
center. Scattering from a point situated on an axis passing
throuagh the plasma center has the advantage of minimizing the
displacement of the scattering volume due to beam refraction
from densitv gradients in the plasma. The position of the
observation port in the same poloidal plane fixes the scat--
tering angle to about 390°, which gives an optimum spatial

resolution of the scatterina volume.

A small change of the scattering anagle of f S5 degrees can
be obtained by shifting the scattering volume 25 mm above or

below the plasma center (see chapter 4).

Scattering from the plasma center, where B = BT' with the
scattering vector in the poloidal plane, means that the vector
k is perpendicular to the magnetic field vector B . As dis-
cussed in chapter 1, at this angle, the magnetic field will
strongly influence the spectral shape of the scattered signal.
This effect must be considered when analysing the experimental
data to extract the ion temperature.

The scattering angle determines the mean spectral width of
the scattered signal. From the results presented in chapter 1
(figures 1.9 and 1.10) the half width at half maximum (HWHM) of
the spectrum for 90° scattering with standard TCA parameters 1is
approximately:

av v 1250 CMHzl for a pt plasma, and (2.6)
av v 1700 CMHzl for a H' plasma.

This is only a rough estimate but it tells us that the
bandwidth of the detection system must be of the order of 2
GHz to resolve half the spectrum of a hydrogen plasma. Except
for the effect due to particle drift (see chapter 1), the
scattered spectrum is symmetric with respect to the incident
laser trequency, hence the information on Ti is fully con-
tained in both halves of the spectral width.
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2.3. Estimate of the scattered radiation cross section.

A general formula (1.15) was given in chapter 1 for the
total scattered power from a plasma into given solid angle. By
rearranaging this expression we obtain the total scattered
cross section (ratio of scattered to incident power) of the
ion feature, where Si(q) is taken from equation 1.32:

51 v 2 rag s (@ (2.7)

= e e i
0

A coherent scattering experiment on TCA with standard
deuterium plasma conditions and a 90° scattering angle can be
achieved with an incident laser wavelength of 385 um. In this
1.5 and Si(a) = 0.25 . The length L
of the volume is typically 3 mm on TCA , and the collecting
solid angle dQ is about 2-107%2
responds to the solid angle of a diffraction limited F/6

case we obtain o

str (see §2.7.1), which cor-

optical element. By introducing these values into equation
2.7 we obtain:

s v 6-10713 (2.8)
PO

If we assume furthermore that the incident laser power 1is
1 MW, we obtain an average scattered power density of 2-10718
W/Hz over the full 3 GHz bandwidth of the scattered spectrum.
The main difficulty of the Thomson scattering experiment lies

in this very low efficiency.

2.4. Plasma background noise.

If the plasma radiated like a blackbody in the FIR, emit-
ting a power of xTe W/Hz 1into the detector of etendue ¢ Ag ,
the scattered signal would not be observable. Fortunately
this is not the case. Among the different plasma radiation
sources only the Bremsstrahlung will have an effect comparable
to the level of scattered radiation on TCA. Line radiation and

recombination radiation are negligible in the FIR wavelength
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n (hv/e v 3-10°° eV). Even ECE can be ignored as will

be shown later.

The electron-ion Bremsstrahlung power emitted bv the

plasma into the solid angle af , and into the frequency

interval A4v , can be estimated by C2.,6,73:

ad]
1]

and s

where
and t
2:10°

327 e6 {27 ]quz(n n.]

3dme_c)’m {3m e
0 e e

is the speed of light,

c
me is the mass of the electron,

m

is the permittivity of free space,

is the charge of the electron.

is the Gaunt factor, g &~ S in the FIR see (61,
is the incident laser wavelenagth,

is the main plasma ion charge,

is the plasma volume seen by the detector,

< N > Qo
g o

is the solid angle of the detection optics,
Av 1s the scattered bandwidth,
exp( *++ ) & 1 in the FIR.

For a gaussian beam the product of observed plasma volume
olid angle can be expressed by:

]

VAR = 2/3 a° do? v 1.5-10°°% Cm?-strd on TCA, (2.10)

a 1s the minor plasma radius (0.18 m, see appendix A)
he solid angle of the collecting optics df§ is set to

Z str (see §2.7.1).

Introducing the standard TCA deuterium plasma parameters,

and assuming a FIR radiation wavelength of 385 um, the total

power

syste

density due to Bremsstrahlung collected by the detection
m is:
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Py = 1.3:107%° LH/Hz] (2.11)

This pcwer level would increase if no viewing dump is used
to avoid reflections from the inner torus wall, but could be
reduced if a polarizer is introduced between the plasma and the
detector. The polarizer will have no effect on the horizon-

tally polarized scattered signal.

The power level of the ECE has been studied extensively on
ALCATOR A using the heterodyne detection system designed for
the 'I‘i measurement by Thomson scattering at MIT Cl1]. Measure-
ments up to the fifth harmonic were made and showed reasonable
agreement with theoretical estimates [1]1. On ALCATOR, because
of its high magnetic field, the ECE of the harmonics & = 2.3.,4
are in the FIR region used for the Thomson scattering. This is

not the case on TCA as will be shown here.

The ECE power level is calculated with the following for-
mula valid in the high frequency limit such that wpe/w ¢ 1
is satistied [1.73:

- - « - 3 2
P = PBB (1 exp! Tz)) LW/ (Hz-m*)1 (2.12)

ECE

where PBB is the blackbody radiation intensity and Te is the

optical depth of the £'th ECE harmonic defined as [1,71:

P = eI LW/ (Hz-m?)1 (2.13)
. T e g2%-2 R T -1
T, ¥ T, = (=) n_ |—*%, (2.14)
% X 2¢e (2-1)! B © 2m_c
0 e
28-2
2 R
-17 -7 -1
To v 9.5-10 (—m! (E) ng (9.8-10 Te) (2.15)

where

R is the radial coordinate from the center of the torus
to the observation point in the plasma, (major plasma
radius on TCA), in meters,

B is the toroidal magnetic field, in Tesla , and
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L = = € = (2.16)

Only the extraordinarv mode is considered here. The
ordinarv mode, although having its initial polarization
paraliel to the polarization of the scattered radiation., is

several orders of magnitude weaker:

- eT

9 = ———32](1 - w 7‘/&;)2)2'_5'E . Te (2.17)
£ 2m ¢ pe L
e
o _ A7 _ p.i1nls 2 R-% e
Tx = 9.8-10 Te(l 8-10 nexo) T {2.18)

where wpé = neez/(meeo) is the plasma frequency.

The polarization of the extraordinary radiation is ini-
tially perpendicular to the polarization of the scattered
radiation. By the time the radiation gets to the detection
svstem, however, the polarization is tctally scrambled [1,21]
due to multiple reflection off the torus walls. For the
toroidal field strenath of TCA (12 to 15 kG) a laser source
emitting at 800 GHz corresponds to the 23rd harmonic of the
ECE. The stray power level is therefore negligible. This is
illustrated in table 2.1:

- _ e.1019 -3 .
T, = 800 eV , n, = 5-10 m . vy = 64 GHz .
B =1.2 T, R =0.6 m , v__ = 34 GHz

ce
e e (@) (@)
% Ty PecE T PecE
x 10 '® CW/Hz] x 107*® CW/HzZ3

2 7.42 2.04-10" 5.75-10"% 1.17-10"%
3 5.88-10 % 1.16 4.52-10°°%  9.23-107¢
4 7.76-10"% 1.88-10° 5.93-10° 7  1.21-10°°
S 1.45-107°  2.95-107" 1.10-10°%  2.24-1077
6 3.51-10°7 7.15-10"° 2.64-107*% s5.39.107°

TABLE 2.1. Calculated ECE powers for TCA.
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2.5. The FIR laser.

There are numerous lasers which emit in the FIR wave-
length region as required for collective Thomson scatterina on
TCA. Most of these are continuous wave (CW), molecular gas
lasers of low output power. Because of the extremely low
cross section of Thomson scattering (see §2.3), a high power
laser is needed. The minimum power and bandwidth require-
ments, for such a laser are established in the next sections.

2.5.1. Power reguirements of the FIR laser.

The minimum power required of the FIR laser is to produce
a detectable scattered signal in the solid angle of the detec-
tion optics. This is achieved when P_ (from equation 2.7)

i1s greater or equal to the detection system ncise equivalent

power (NEP) over a given frequency range [2,31.

_ 2
Psfa) = P0 L L da ng Si(m) > NEP av (2.19)

where the frequency range A4v (HWHM) 1is given by the band-

width of the scattered signal. In a first order approxima-
tion the signal bandwidth can be derived from:

2eT. 2
av = 2 v.ck = —1 (2.20)
m, o Ap

where

vy is the ion thermal velocity,
k is the scattering wave number.

With (2.20) equation (2.19) can be rearranged to:

P (x) P n_ LA2 S.(a) A Wem™ 2emem
- —s:® —O_e—_—lk _* [C_____ﬁx} (2.21)
NEP av NEP (T) W/Hz- (eV)**

where the constant C for a hydrogen plasma is given by:
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r® |m m'(eV)%
cC =-e |41 =2.,87-10"3%* [——] (2.22)
2 2e | Hz |

and s is the signal to noise ratio.

Table 2.2 presents the minimum incident power PO . needed
to achieve s=1 for difrerent plasma conditions on TCA. It is
assumed that the scattered light is integrated over the whole
ion rfeature.

The values presented in table 2.2 do not take into account
anv losses in the optical system between the FIR laser and the
plasma (window absorption and diffraction losses) neither do
they include losses in the path from the plasma to the detector
system. Total losses of the order of 6 to 10 dB (see §6.0) are

expected, requiring a corresponding increase of the power P

At present, the most suitable high power laser source is
the optically pumped D,0 laser. Laser powers of several meqga-
watts., for pulse lenqtﬁs exceeding 1 us, have been reported
for the 385 unm D20 wavelength transition (see chapter 3, table
3.3). A 90° scattering experiment on TCA with a DZO laser
will allow coherent Thomson scattering since the related o
value is 1.5 . Chapter 3 gives a detailed description of the
D20 laser chosen for the Thomson scattering feasibility expe-
riment on TCA.

2.5.2. FIR laser bandwidth requirements.

The spectra presented in chapter one have been calculated
assuming a perfectly monochromatic laser pulse. Experimental-
ly observed spectra are convolved with the line profile of the
laser emission. If the laser line width is not negligible
with respect to the spectral width then this effect can be
corrected by numerical treatements as long as the laser line
profile is known and stable. In practice, the spectral resocl-
ution is already limited by the width of the receiver channels,
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5

S;(w) = 0.25, Ld2 = 6+°10 °~ m-str, X, = 385 um.

NEP n, T, P, P,
CW/Hz) Cm 23 CeVl CkiW CkiNd
x 10718 x 10'° H' plasma D' plasma
0.3 1 200 310 220
0.3 1 400 440 310
0.3 1 600 540 380
0.3 5 200 65 45
0.3 5 400 50 65
0.3 5 600 110 80
0.3 10 200 30 20
0.3 10 400 45 30
0.3 10 600 55 40
1 1 200 1050 740
1 1 400 1480 1050
1 1 600 1810 1280
1 5 200 210 150
1 5 400 300 210
1 5 600 360 260
1 10 200 110 75
1 10 400 150 110
1 10 600 180 130
3 1 200 3140 2220
3 1 400 4440 3140
3 1 600 5440 3840
3 5 200 630 440
3 5 400 890 630
3 5 600 1090 770
3 10 200 310 220
3 10 400 440 310
3 10 600 540 380

TABLE 2.2. Minimum incident FIR power for H and D' plasmas
to obtain s=1 , losses not taken into account. The
FIR laser presented in chapter 3 has average power of
150 kW, and the detection_§gstem presented in chapter
5 has a typical NEP of 10 W/Hz.
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which has been chosen to be 80 MHz. The finite width of the
laser emission must not further dearade this resoluticn.
Therefore single mode emission of the IR laser would be
desirable.

Because of the high level of stray light expected, the
laser line width must stay narrow to several orders of magni-
tude below the central line intensityv. This is particularly
difficult with FIR lasers because of the presence of a large-
band pedestal of amplified stimulated emission inherent to the
high gain of this type of lasers. Filtering the laser emis-
sion or blocking unwanted radiation with molecular gas rilters
is possible, but at the cost of increasing complexity of the
pump laser (frequency tuning).

2.5.2. Stray laser light.

Because of the very low Thomson scattering cross section
the dominant parasitic radiation will be stray laser light,
even in a well-designed experiment. The level of stray light
depends on the efficiency of the beam and viewing dumps, on
the scattering angle, on the quality of the optical elements
used (windows and mirrors) and on the size and quantity of
dust particles encountered by the laser beam on its way to the
tokamak. It is not possible to make any general prediction
about the total level of stray light. The contribution of
each element must be minimized.

The dumps used on the tokamak must be as large as pos-
sible (%150 mm on TCA) and composed of highly absorbing mate-
rials. This is in conflict with the limited access to the
torus, and the problems of keeping the plasma free from im-
purities. Metals and graphite are highly reflecting in the
FIR wavelength region, whereas Pyrex glass, Macor glass
ceramic and alumina are good ahsorbers.

Assuming that the incident laser beam has a gaussian
intensity profile and the beam dump has a diameter of six beam
waists (as on TCA , see chapter 4), then the fraction of the
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beam missing the dump is still greater than 7-10"° of the
total incident power. Fortunately, only a fraction of this
power will, after multiple reflections in the torus, enter the
limited s0lid angle of the collecting optics.

The scattering cross section of microscopic particles
{dust) or scratches on the optics is orders of magnitude
stronger than Thomson scattering. We use a set of absorbing
baffles in the torus to limit the solid angle of the incident
and scattered beam. In addition, the full beam path between
the FIR laser and the tokamak is covered with thick rubber
foam to alleviate this problem (for details see chapter 4).

For comparison, the Thomson scattering experiment on
ALCATOR C suffered from stray light six orders of magnitude
higher than the expected scattered signal [£81. This was the
reason for the use., at MIT. of an optical notch filter in the

detection beam path.

2.6. Choice of the detection system.

The detection system must extract the weak scattered
signal (v 10718 W/Hz, see §2.3) from the surrounding noise
at the FIR laser frequency of approximatively 800 GHz. It
must further allow to measure the spectral distribution of the
scattered signal. Two techniques exist: video (or direct)
detection of the scattered signal at the laser frequency, or

heterodyne detection.

Video detection requires spectral filtering of the scat-
tered signal at the laser frequency. This implies the use of
a Michelson or a Fabry-Perrot interferometer. Several detec-
tors are then required to detect the optical signal within
each of the desired number of spectral channels. Assuming the
need for 10 spectral channels of 100 MHz width, we can only
expect a power level of 107°% W per channel (see §2.3). A
standard Fabry-Perrot interferometer used as the optical fil-
ter will further reduce this signal power since each spectral
~channel only collects radiation from a fraction of the total
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scattered volume. The NEP of the video detector must then be
of at least 10™'* W/Hz® with a bandpass of about 1 MHz to
observe a microsecond lona scattered pulse. Onlvy the best
liquid He cooled micro-bolometer and the cooled Josephson
junctions have reached such a video NEP £91. These detectors
are also sensitive to a large wavelenath range, and thus ther-
mal emission from the collecting optics would be an important
source of parasitic radiation.

Heterodyne detection consists of coherently mixing the
scattered signal with a narrow bandwidth local oscillator
signal., thus converting the spectrum of the scattered radia-
tion to a lower and more accessible intermediate frequency
(IF). The sensitivity of heterodyne detection is generally
higher than that of video detection, due to the mixing pro-
cess. The frequency resolution is also better, but hetero-
dyne detection needs a stable local oscillator, emittinag at a
frequency close to the main laser frequency. The heterodvne
mixer with a polarized local oscillator is only sensitive to
one spatial radiation mode (see §5.1 and C£91]1) and to the wave-
length range defined by the IF circuit bandwidth., hence ther-
mal emission from the optical elements collecting the scat-

tered signal can be ignored.

We have chosen to use a heterodyne detection system be-
cause it requires only one mixer and the spectral filtering of
the scattered signal is obtained by a commercially available
microwave filter bank at the IF frequency. For such an arran-
gement, it can be shown (see §5.1) that the post integration
signal to noise ratio in each of the spectral channels is (see
equation 5.9) proportional to:

S
S/N = ey I1+Bt (2.23)
s+

where s 1is the pre integration signal to noise ratio as
defined by equation (2.21), B is the spectral channel band-
width and T 1s the integration time which corresponds to

the scattered signal pulse length. Equation (2.23) has impli-
cations on the requirements of the FIR laser power and pulse
length. From the moment the scattered power is such that s=1
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{see table 2.2) there is no point continuing to increase the
FIR laser power, an increase 1in laser pulse length T (inte-
gration time) would give a better improvement of the final

signal to noise ratio.

With the heterodyne detection we had to choose the tvpe
of mixer to use to obtain an NEP of at least 10 '® W/Hz (see
§2.3). At the time of purchase (1979-1980) there were three
types of detectors available for the 50 to 400 um wavelength
regqion [2,9,10]1. These were the GaAs point contact Schottky
diode, the Nb-Nb superconductor Josephson junction and phote-
conducting detectors such as the Ga:Ge detector. Thermal
detectors, (radiation absorbers attached to a thermometer)
have typical response times of some milliseconds and cannot be
used as a mixer for the 2 GHz wide signal required for the Ti
measurement.

Photoconductive detectors [2.9,10], which depend on the
change of electrical conductivity of certain doped semicondu-
ctor materials when subjected to radiation, require a minimum
incident quantum energy resulting in a long-wavelength cut-off
(A ¢ 100 - 200 um) for the detection process. To detect FIR
wavelengths they require cryogenic operation at liquid helium
temperatures. These devices have excellent NEP (close to the
quantum limit) but usually a compromise has to be made between
fast response time (200-800 MHz) and high sensitivity. In low
signal power conditions the quantum type detectors have a high
intrinsic impedance, which introduces matching problems to the
available low impedance high speed amplifiers £{91. The photo-
conductive detector did not meet our bandwidth and responsi-

vity requirements at the wavelenath of 385 um.

Josephson effect diodes [2,9]1 are based on quantum mecha-
nical effects occuring when two superconductors are weakly
coupled together allowing a flow of superconducting electrons.
The junction in such a diode can take the form of a thin insu-
lating layer, such as oxide, or a metal point contact. The
latter has been used for the most successful FIR mixers. Con-
trary to Schottky diodes, the Josephson diodes are active
devices., hence they have low conversion losses. A heterodyne
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mixer with a Josephson diode requires low local oscillator
power (< 10 uW), which is a great advantage when an opticallv
opumped FIR laser is to be used as local oscillator. The
Josephson effect diodes have an excellent NEP (¢ 10~ !'° W/Hz)
at wavelengths of 300 to 500 um £39]1. Impedance matching pro-
blems to the 50 ohms high speed IF amplifiers will increase
the effective conversion losses. These devices have shown to
be very fragile and difficult to recontact. They also need
cryogenic cooling to liquid helium temperatures. Thermal re-
cycling often results in contact failures. Mainly because of
these technical problems we finally decided to use a Schottky
diode mixer, although the detection propertizss of the Joseph-
son junctions are somewhat better.

The point contact Schottky diode [£2,9,11] consists of an
electrical contact between a sharplyv pointed metal whisker and
a semiconductor (mostly GaAs). This type of diode is the most
promising for detection at 800 GHz where these devices show
the highest ruggedness with an acceptable NEP and signal band-
width. The whisker acts as an antenna for the incident radia-
tion which is detected through the nonlinear resistance in the
Schottky barrier. The Schottky diode can be operated at room
temperatures, however, the NEP can be lowered by a factor of 2
by cryogenic techniques. Noise equivalent powers of 21013
W/Hz have been achieved for a mixer at 760 GHz but only for
bandwidths of some hundreds of megahertz £9]1. One weakness is
the high conversion loss which lowers the NEP for large band-
width applications. When used as a mixer the Schottky diode
needs about 10 mW local oscillator power to achieve an optimum
NEP.

New types of FIR detectors are currently being developed
£123. They allow quantum detection of electromagnetic fields
in the far infrared. These devices are based on electron tun-
neling through a superconductor-insulator-superconductor (SIS)
barrier. They show more than two orders of magnitude better
NEP than Schottky diodes, and necessitate three orders of
magnitude less local oscillator powers. SIS mixers have been
operated below 300 GHz and research and development of these
devices is extending to higher frequencies.
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For the Thomson scattering experiment on TCA we have
chosen a heterodvne detection system with a Schottky diode
nixer. The IF frequency is 3.6 GHz (see chapter 5i. The
detectable bandwidth extends from 2.2 to 3.8 GHz. This
bandwidth is not limited by the mixer itself but bv the IF
amplifiers and filter bank used to resolve the scattered
spectrum. The measured NEP is better than 10 '°% W/Hz (for
details see chapter 5).

2.7. Expected precision of the Ti measurement.

Assuming that the scattered spectrum can be detected with
a surficient signal to noise ratio, then, as discussed in
chapter 1, the ion temperature cannot be simply extracted from
the scattered spectrum width. It is not possible to unequi-
vocally define a width of the scattered spectrum since several
plasma and scattering parameters strongly influences its
shape. The first order approximation represented by equation
2.20 indicates., however. that the precision of Ti is strongly
related to the precision of the scattering vector k . The
relation between the errors of k and Ti from equation 2.20
is €31]:

2 &K/ kI = ATi/Ti (2.24)

The effect of the magnetic field on the scattered spectrum
is the most sensitive parameter influencing the k vector (see
§1.7.8) but it is not included in the previous approximation.

To include the effect of all plasma and scattering para-
meters on the precision of the Ti measurement, a numerical
simulation code has been developed [13,147].

2.7.1. The k resolution.

The desired resolution in k space leads to a condition for
the size of the scattering volume: it must contain several
wavelengths of the plasma fluctuations to reduce the dispersion
of the scattering vector C151. This is because the resolution
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in k space is related by the Fourier transform to the spatial

resolution of the fluctuations in the scattering volume (see
equation 1.16). On TCA with a 50° scattering angle and svm-
metric incoming and scattered beams the k space resolution
is given by [C3,15,161:

sk, = bk = sk 2 = 2/w (2.25)
where W represents a gaussian beam waist radius, ¥ the
direction along the scattered beam, y the direction along the
incident beam, and 2z represents the axis perpendicular to the
scattering plane, see figqure 2.3.

Incident
beam Scattered
beam
to the detector

FIGURE 2.3. The scattering volume presented as the intersection
of two gaussian beans.

The resolution parameter r can be introduced as:

L 2w 4w sin(0/2) 2{2 w
= = - - (2.26)

xf xf51n(O) Ao sin(Q) Ao

where L = 2w/sin(@) 1is the linear extent of the scattering

volume and xf is the wavelength of the scattering vector k .
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A reasonable value for r would be around ten. The
influence of r on the final shape of the scattered power
spectrum has been discussed by Holzhauer et al. Cl5]. A noti-
ceable deleterious influence2 on the signal to noise ratio has

been found for r < 4

The expression LAQ from equation 2.7 and 2.19, assuming
the use of gaussian beams, can now be approximated by:

—
_ 2wmad? 222 8sin(©/2) A 442 A

L a = = 0 = 0 = 0 (2.27)
sin(®) m™w sin(Q) T r T Y

where 0© 1s the gaussian far field divergence. For small
angles (< 15°) the divergence and the solid angle are related
by &L v « 20°%.

By using gaussian beams for imaging the scattered volume

on the detector we are sure to satisfy the heterodyne detection

antenna theorem (see §5.1).

2.7.2. Estimate of the Ti precision by numerical fitting.

Estimate of the precision of the ion temperature measure-
ment by a single shot Thomson scattering experiment can be
obtained by numerical simulations. Several cases, for JET and
TCA conditions have been studied. The main conclusions are
reported here, further details are to be found in references
£C2,3,13,143.

The simulation program calculates a theoretical spectrum
S(k.w,Ti.Te,ne,B,Zeff) for given plasma parameters, which
is divided into a fixed number of spectral channels. To each
channel is added a noise value chosen randomly from a x2
distribution. The level of noise is determined by the speci-
fic NEP of the detection system. The results are treated as
"experimental data", and a theoretical curve, with Ti as the
free parameter, is fitted to these data. The central part of
the spectra (within a specific cut-off frequency) is ignored
in the fitting routine, as would be done in the real experi-
ment, in order to minimize the influence of stray light. mag-
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netic field and plasma impurities. This procedure is repeated
to obtain statistically relevant results (usually 31 times).
For each repetition, fixed parameters like Te' ng and B are
allowed to vary randomly within a speciried range given by ATi.
Ane etc . These ranges represent the accuracy with which the
plasma parameters are known. Finally, the precision c¢f the
ion temperature measurement is described by the statistical

variations of the "measured" values of Ti'
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FIGURE 2.4. Relative error of the Ti measurement versus the
detection system NEP for typical TCA tokamak parameters.
The error bars represent the 67% interval of confidence.
No beam transport losses are assumed. Courtesy S.A.
Salito, [C171.

For all curves: Deuterium plasma with Ti=400 *10% eV,
Te=800 *10% eV, Zeff=2.5, scattering angle 90°, laser
wavelength 385 um, spectral resolution: 10 spectral

channels of 80 MHz, starting 440 MHz from line center.

Curve Incident Pulse Plasma _ Magnetic field
# power KW length us density m 3 strength T
a 27 0.8 5.102 1.2
b 100 1.0 8-10'2 1.5
c 460 0.8 5.10:° 1.2
d 1400 1.0 8-10%° 1.5



2. REQUIREMENTS FOR COLLECTIVE THOMSON SCATTERING 2-22

From curve ¢ of figure 2.4, we can conclude that for an
NEP < 107'® W/Hz and an estimate of T, and n, within 10% ,
the relative error on the ion temperature A’I‘i/Ti is {( *20%

The relative error on Ti increases rapidly if the signal
to noise ratio s<1 (equation 2.21), which for curve c ,
“1% (see table 2.2),
and a post integration signal to noise ratio S/N < 4., (equa-
tion 2.23).

fiqure 2.4, corresponds to a NEP > 2-10

The knowledge of the electron temperature and density to
within *10% is important [13]. For a multiparameter fit with-
out this knowledge, the relative error of the ion temperature
is approximatively twice that of a single parameter fit C133.
The accuracies of simultaneous estimates of the other para-

meters (Te, n_) are also too poor to be of practical interest.

This can be ezplained bv the fact that the electron density
and temperature do not only change the spectral shape but
rather the absolute intensity. An absolute calibration of the
system is needed to improve a multiparameter fitting C131.
Absolute calibration of a collective Thomson scattering expe-
riment in the FIR is difficult, because of lack of a well
known scattering source like Rayleigh scattering which is used
successfully in the visible wavelengths with incoherent Ruby
laser scattering. Rayleigh scattering in the FIR is imprac-
tical because the scattering cross section is proportional to

the fourth power of the laser frequency.

The influence of the impurities is also important. In
chapter 1 we showed that the impurities strongly influence the
central part of the spectrum. Since it is considered unlikely
that the impurity concentration and charge would be accurately
known, the central part of the spectrum up to a cutoff frequ-
ency of 400 to 600 MHz for a deuterium plasma, is ignored. In
this way the effect of impurities, together with the effect of
stray light, magnetic field and microturbulence, which cover
the same frequency region around the central laser frequency.
will be reduced. The total incident laser power must., how-
ever. be increased by a factor of about two to compensate for
the lower scattering efficiency in the wings of the spectrum.
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The results in figqure 2.4 are obtained by fitting an impurity
free spectrum to the frequency range beyond the cut-off limit.
A study is presently under way to include the effect of the
impurities in the ritted theoretical spectrum,.

The attempt to measure the efifective charge through the
study of the deformations of the spectrum by the impurities
would necessitate an order of magnitude increase in the requi-
red laser power and a laser pulse duration of about 5 us [13,
141. A second detection system might even be required to ana-
lyse simultaneously the scattered signal from another angle.
This is far beyond the capabilities of the current FIR lasers
used for this feasibility experiment or currently available

for a Ti measurement.

In chapter 1 it was shown that the magnetic field strong-
ly influences the spectral shape when the angle between the
magnetic field vector and the scattering vector k 1is close
to 90° . Since this is the case for the experiment on the TCA
tokamak, the efrect would be noticeable. In fact, no accept-
able estimate of Ti is possible for scattering from an angle
of 90° *1° between k and B . Avoiding direct scattering at
90° to the magnetic field vector may be necessary for a true

Ti measurement.

It has been observed that the relative error of the ion
temperature increases linearly with the relative error of the

magnitude of the magnetic field, when the latter increases
above 10% C141].

2.8. Conclusions.

For typical TCA conditions (see appendix A) an attempt to
measure the plasma ion temperature by collective Thomson scat-
tering requires the following parameters:
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(1) The laser wavelength can be chosen in the range 265
um to 2.3 mm. In practice, the optically pumped DZO laser,
emitting at 385 microns, offers the best possibilities.

(2) Because of access geometry on TCA, the scattering
angle is fixed to 90 :5 degrees. This implies a=1.5 and gives
a scattered spectral width of 2 GHz for a hvdrogen plasma.

(3) The detection system chosen is a heterodyne receiver

with a Schottky diode mixer.

(4) With a detector NEP of 10 '® W/Hz and for a deuter-
ium plasma density of $-10'° m™® , 0.8 MW of FIR laser power is
necessary, considering 6 dB beam transport losses, to achieve
a signal to noise ratio of s =1 at the detector. Dividing
the scattered spectrum into typically 10 channels of B=80 MHz
each, and assuming t=1 us long laser pulses, the post
integration signal to noise ratio would be about 4, scaling

according to a 0.5JB-t law.

(5) The incident laser linewidth should not exceed one
spectral channel width, which is 80 MHz in our case.

(6) A high level of stray light is to be expected. This
will perturb the measurements close to the central frequency.

(7) Noise caused by plasma radiation due to ECE and
Bremsstrahlung is below the expected scattering signal power
and can be neglected on TCA.

{8) The expected precision of an ion temperature measure-
ment on TCA with 0.8 MW of FIR power, 1 us long laser pulses
and a detection NEP of 10 '® W/Hz would be about * 20%. This
value has been derived from numerical simulations.

The FIR laser available for the feasibility study presen-
ted in chapter 3 delivers 150 kW in a 1 ups long pulse. The
detection NEP is about 10 2% W/Hz ., so that it will not be
possible to obtain a precise measurement of the ion tempera-
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ture with this system. Nevertheless, the power and detec-

tivity of the feasibility experiment allow us to:

- show correlations with gross changes in the plasma para-

meters e.g. changes from hydrogen to deuterium plasmas,

- check our prediction that scattering from non-thermal fluc-
tuations (e.g. microturbulence) does not cover the full

spectral width used to determine the ion temperature,

- obtain a first measurement of the cut-off frequency requi-
red by the Ti measurement fitting routines to limit the
disturbance due to stray laser light., the wmagnetic fieild
and scattering from plasma impurity ions,

- gain experience in several practical problems of implemen-

ting a Thomson scattering experiment on a tokamak.

The insufficient performance of the system can be parti-
ally compensated by averaging over several tokamak shots., if
plasma and laser conditions are kept constant over all shots.
The final signal to noise ratio increases with the square root
of the number of shots.
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CHAPTER 3.

THE OPTICALLY PUMPED FIR LASER.

Coherent far infrared (FIR) radiation can be produced by
transitions between adjacent rotational levels of molecules.
Since the rotational levels are separated by energies less
than T (a quantum of thermal energy) only a selective exci-
tation mechanism can populate a particular rotational energy
level (1,2]1. Excitation by electron collisions in an electric
discharge €31 as in the case of the CO2 laser, where the in-
frared (IR) radiation is produced by transitions between dif-
ferent vibrational energy levels is no longer sufficient.
Optical pumping using the emission of a CO2 laser is currently
the most frequently used method to excite molecules from the
vibrational ground state to a particular rotational level in a
higher vibrational state (1,21.

In chapter 2 we have estimated the values of the para-
meters of a FIR laser for a single shot Ti measurement on the
TCA tokamak. The required power is about 1 MW with a pulse
duration of 1 us for a wavelength between 265 pm and 2.3 mm.

The system described here does not reach this power level. Using
a CO2 laser available at the beginning of this study, a FIR D20
laser has been assembled which produces typically a power of 150
kN, The development of a new, multi-megawatt, optically pumped
FIR laser was simultaneously undertaken with the first
observation of scattered FIR radiation on TCA. The latter
system is currently being installed on TCA and will not be
presented here.
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The rirst part of the following description introduces the

CO., laser uszed for optically pumping the FIR laser. The secona

~

sectlon describes and justifies the choice of the LU.J0 lasze
coniiluuration used for the coherent Thomson scattering

experiment,

3.1. The CO2 laser as a source for optical pumping.

The COZ laser 135 todav one of the mcsc common and well
known IR laser. A number of publications itamong others {2 to
ol) describe in detail the processes and benavior of this laser.
0 we will only summarize here some of the most important

wolincs.

The laser action needs a population inversion between the
upper and the lower enerav levels of the active medium. It is
therefcre important to know the natural rates of decav ror the
different tvpes of transitions which will compete with the laser
transition.

The spontaneous emission between two eneray levels 1is agiven
bv the Einstein A coefficient:

A « v3 pl (3.1

where:
v 13 the transition fregquency.
© 13 the molecular dipole moment.

Thus the importance of spontaneous emission. as a relaxa-
tion process., is much smaller for the IR than tor the visible.
and 13 mostlv negligible for the FIR wavelenaths. For the
CO, molecule, the relevant Einstein A coefficients have been
caIculated £3.61 and are of the order of 1 s ! . At tvpical
operating pressures of a CO, laser the dominant deexcitation
process apart from the lase; transition is due to collisional
induced vibrational relaxations.
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FIGURE 3.1. Partial energy level diagram for the C0Oz2 molecule.
The individual energy levels are designed by the
standard notation (vl Vzg v.,) , where the v’'s
represent the quantum number for the vibrational
excitation levels and & represents the quantum
number for vibrational angular momentum caused by
rotation about the axis of symmetry of the CO:z
molecule €£3,71.
Reminder: AT = 1 K «— 8.6 107% eV «— 0.7 cm™ .

3.1.1. The excited states of the CO02 molecule.

The linear CO2 molecule has 5 degrees of freedom, re-
sulting in 4 normal vibrational modes. These are generally
described as the symmetric (stretch) mode vV, , the doubly
degenerate bending mode Vv, and the asymmetric (stretch)
mode v, (see figure 3.1). The laser action occurs between
a rotational energy level of the first asymmetric excited
state (00°1) and a rotational level of either the first sym-
metric mode (10°0, 10.6 um band), or the second excited state
of the bending mode (02°0, 9.6 um band).
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The quantum selection rules require that the rotational
quantum number (J) differ by *1 forming the two families of
possible transitions designated P(J) and R(J) (see figure
3.5), where J is the quantum number of the final rotational

level.

At room temperature (300 K), essentially only the funda-
mental state (00°0) is populated, since the first excited
state (01'0) is approximately 3xT above the fundamental
energy level.

3.1.2. The excitation process of the C02 laser.

To achieve the population inversion necessary for laser
action to take place, the CO2 molecule must be excited
efficiently to the (00°1l) level (see figure 3.1). This is
achieved by molecular collisions with typical 0.5 to 1 eV
electrons ([31].

Excitation of the (00°l) level has the largest collisional
cross section. It has been noted, however, that the efficiency
of the CO2 laser greatly increased when N, is added to the
active medium. This is due to the fact that the N2 molecule
has an even larger electron collisional cross section (between
2 and 3 eV electron energy), and near-resonant energy transfer
takes place from a level of the excited N2 molecule to the
(00°1) level of the C02 molecules. The two relevant energy
levels differ by only 18.6 cm™! C31.

Since the symmetric N2 molecule does not have any dipole
moment, it can only be deexcited by collisions. Therefore the
excitation energy can be temporarily stored in the N2 molecule.
By adapting the relative pressures of CO2 to N2 the laser pul-
se length can be varied. For long pulse operation of the CO2
laser we use a gas mixtures with a high content of N2' The
values measured for this N2-C02 energy transfer rate is 14.4
us~'-atm™! at 300 K C61.
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Compared to vibrational energy exchange, the relakation
rates between the different rotational levels of a given vibra-
tional state are higher by orders of magnitude, ~10 ns '-atm™*t.
This allows us to assume that thermal equilibrium is establi-
shed within each vibrational state.

The laser process will quickly stop if the population of
the final state builds up such that there is no longer a popu-
lation inversion (bottleneck effect). For the CO2 molecule,
the (10°0) and (02°0) states are in near resonance (Fermi
resonance) and radiative decay brings the CO, molecule down
from the 02°0 level to the ground state (OO°6). This decay 1is
increased by adding He gas to enhance the collisional deexci-
tation. These energy transfer rates have been measured [6] to
be of the order of 107 s !-atm™!.

3.1.3. The C02 laser gain width.

At low gas pressures (typically below 5 Torr) the CO2
laser gain width is mainly due to the inhomogeneous Doppler
broadening which leads to a gaussian profile [31:

av = 7.15-10°7 v J{T/M (3.2)

where:
Av 1is the FWHM of the gain profile in Hz.
v is the line emission frequency in Hz.
T is the temperature of the gas molecules in K.

M is the gas molecular weight in amu.

At higher pressures, the gain width is dominated by the
homogeneous pressure broadening (or collisional broadening)
due to the fast rotational exchange rate for the asymmetric
excited level (which presents a Lorentzien gain distribution).
The full line-width at half maximum (FWHM) for the 00°l to
10°0 transition can be estimated by the following formula
£5,81:
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- 1a® 4 s o (S00/T
av = 5,76-10 (FCO2+O.73 FN2+0.64 rHe) P 4300/T (3.3)
where
Av is the FWHM of the gain profile in Hz.
FCOz’ FNz’

FHe are the mole fractions of the three gas species.
P is the total gas pressure in atm.

Typically, for a TEA (Transverse Excited Atmospheric
pressure) laser with a gas mix of 50% He, 25% CUO, and 25% N,
at 300 K., the pressure broadened gain width is aéproximatel?

4 GHz. Pressure broadening is the dominant effect under these
conaitions. The contribution of Doppler broadening is only 60
MHz .

3.1.4. A single mode, narrow emission line.

For the generation of narrow band FIR laser emission by
optical pumping, a CO2 laser operated on a single longitudinal
mode is required. The 4 GHz gain width of the TEA CO, laser
implies that the laser, when operated as an oscillato;, will
generate multimode emission if no special measures of mode
selection are taken. For a 1.5 m long cavity the longitudinal
mode spacing would be Avl = c¢/(2L) = 100 MHz, where ¢ 1is the
speed of light and L the cavity length. A single longitu-
dinal mode can only be achieved by adding extra frequency
selective elements to the oscillator cavity [9-14]. Among
common techniques are: the intracavity etalon, to add extra
loss to the longitudinal cavity modes falling outside the
etalon transmission curve: the intracavity saturable absorber
cell, which forces the laser to oscillate on the saturated
absorption line of a given gas: and the hybrid gain medium.

We have chosen to use a hybrid gain medium £12,13], com-
prising a low pressure section (5 to 15 Torr, hence low power)
with a 60 to 120 MHz gain width. Within the same oscillator
cavity is a TEA CO2 laser to provide high gain. Mode compe-
tition in the oscillator cavity will favor the few modes
falling within the low pressure gain width (see figure 3.2).
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This approach fixes the emission frequency to the CO2 line
center. The mechanical stability of the hybrid oscillator 1is

less critical than in alternative schemes.

Gain or loss
A
D)
C)
-/ 7/ W -
LML .
CO, laser line center Frequency

FIGURE 32.2. The hybrid CO2 laser gain width. A) the longi-
tudinal cavity modes, B) the cavity losses, C) the
CO02 gain curve and D) the low pressure section
gain curve,

3.1.5. Pulsed, single-pass, amplifier gain calculations.

The weak single mode laser emission from the oscillator
has to be amplified to reach the power levels required for
.optical pumping of a DZO laser. A simple approach to calcu-
late the gain factor for a pulsed sinagle pass amplifier makes
use of the Frantz-Nodvik equation C£5,151. This equation des-
cribes laser amplification for a simple two level system with
a square pulse of finite duration. The energy density dE(z)
at any position 2z , along the path of the beam through the
gain medium can be expressed as:

dE(z) = dEsln(l+exp(a°z)(exp(dEi/dEs)-l)) (3.4)

or, with some algebra:

(3.5)
dE(z) = dEi + aoszs + dEsln(l—exp(-dEi/dEs)(l-exp(—aoz)))
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COo AMPLIFIER SINGLE PASS GAIN
Es=0.38 J/em2 ©}¢=0.026 cm’

Output energy density in J/cm?2

0 T ] L] ¥ ! 1 ! v
0 / 2 3 4

Input energy density in J/cm?2

FIGURE 3.3. Single pass gain of a CO2 amplifier.

COo AMPLIFIER SINGLE PASS GAIN
Es=038 J/em2 ©<0=0.026 cm’l

A U

N

Output energy density in J/cmZ2
e

12 3 4
Input energy density in J/cm2

Q =~
Q

FIGURE 3.4.

Single pass gain of several short CO2 ampli-
fiers. The broken lines represents the case when
a 20% absorption cell is inserted between each

module of 1 m gain length.
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where

dEi is the input energy density J/cm?,

dES is the saturation energy density J/cm?,
1

* is the small signal gain cm’

Typical values are [15]:
dE_ = 0.25 J/cm® for the 10P(20) line,
dE_ = 0.38 J/cm® for the 9R(22) line,
® = 0.04 cm™! for the 10P(20) line.

For dEi > 2.5 dES the above equation reduces to [5]:

dE(z)

dEi + aoszs (3.6)

In a first approximation we can consider that the total
extractable energy Etot in the gain medium is independent of

the CO2 line, so that:

Etot = (dE(L)-dEi) A = aOLdESA (3.7)

where
L 1is the total gain length.
A 1is the beam area.

This enables us to estimate the small signal gain for the
9R(22) laser line to be about 0.026 cm ! from the data of
the 10P(20) line (we have not measured the small signal gain
for the 9R(22) line in our modules). .

Applying the formula 3.4 to 3.7 we can calculate the
total output energy density as a function of the input energy
density. This is illustrated in figures 3.3 and 3.4 which
show the output energy density after a single pass through an
amplifier of 0.5, 1, 2 and 3 m total gain length.

3.1.6. Limitations of gain length for CO2 laser amplifiers.

It has been observed [1l6 to 181 that CO2 laser amplifier
systems with «, L > N (with N = 10 to 15) have the tendency
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to produce amplified spontaneous emission or start self oscil-
lation on the higher gain lines. For example, for a 3 m lonag
gain section, the 10P{(20) line has aoL = 12, while for the
9R{(22; line the value of mOL is 8 . This can be overcome

bv use of selective absorbers to reduce the gain only on the
10P and 1l0R lines. Figure 3.5 shows some transmission spectra
for difrferent gases for wavelenaths from 9 to 11 um (see also
fig. 2 of ref. (191, aprendix C). For these reasons we have
considered to divide the total gain length into several sec-
tions separated bv frequency selective absorption cells (see
§3.2.3).

Figure 3.4 compares the gain of a 2 and 3 m section with
a laser system composed of 2 or 3 sections of 1 m gain length
each, but with an element of 20% loss (e.g. a gas cell) in
front of each section. For input energy densities above
1 J/cm® the single 2 m gain section has a higher output
energy than a system of three times 1 m sections with gas

isolation cells.

3.2. Description of the C0O2 laser system.

In the mid seventies, a TEA CO2 laser module was deve-
loped at the CRPP (see figures 3.0 and table 3.1) £203. The
amplifving volume of this module has a length of 1l m and a
cross section of 20 cm®. Two Chang profile electrodes with
UV preionisation from fifty capacitively coupled side arcs
ensure a uniform glow discharge in the gas mixture kept at

atmospheric pressure C213.

The discharge circuit consists of a two stage Marx-bank
with two 0.22 pF , 60 kV capacitors (see figure 3.6). The
charging voltage can be varied between 40 and 60 kV (350 to
790 J stored electric energy), and is typically set to SO kV.

The maximum repetition rate is one shot per minute for
reproducible operation. Since we use six of these modules in
our laser chain, reproducible operation of each module is

important.
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Laser head characteristics.
Electrode type = ....... Chang profile
Electrode dimension ....... 1145 x 145 x 28 mm’
Electrode gap = ....... 50 mm
Gas chamber volume = ....... 260 liters
Beam area = L...... 20 cm
Useful discharge volume ....... 2 liters
Peak current density  ....... 37 A/cm?
Average electric field
at peak current ....... v 11 kV/em
Ionisation method  ....... Self-synchronizing side arcs
Input energy density  ....... 300 J/liter
Output energy / Discharge volume 25 J/1liter
Pulse repetition rate ....... 1 shot / minute

Electrical characteristics.

Stored energy (at 60 kV} ...... 792 J

Total capacitance ... .. 0.44 uF
Maximum charging voltage ...... 60 kV
Typical operating voltage ...... 50-55 kV
Total peak current at 55 kV ..... 18.6 kA
Total circuit inductance ...... 630 nH
Current rise time = ...... 280 ns
Current pulse duration  ...... 600 ns

TABLE 3.1. Characteristics of the TEA C0O:2 laser module L[201].

To avoid electric interference between the different
modules, all commands and trigger signals are passed to the
modules by optical fibers.

These TEA lasers have shown reliable operation over a
range of gas mixtures. For operation under standard condi-
tions a gas mixture with 50% He, 25% N2 and 25% Co2 with flow
rates of 1 to 3 liters per minute was used. The capacity of
the full gas chamber surrounding the electrodes is 260 liters.

When operated regularly (each day) no additive (tri-n-
propylamine) is necessary to achieve a uniform glow discharge
£C20,233. The additive improves the UV preionisation of the
active gas [C241. Care has to be taken to avoid oxygen from
the surrounding air to enter the discharge area which leads to
severe arcing.
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lator, the double pass preamplifier and the two

double stage amplifier arms.

The C0z laser chain,

FIGURE 3.7.
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AWhen operated as an oscillator, with a resonator formed
bv a flat mirror and a flat KCl output coupler, each of these
mcdules is capable of producing a multimode laser pulse of
typically 50 J (35 ns spike followed bv a 1 us tail) C£201.

One module has been speciallv built to be used in the

short oscillator cavity. The lenath of the electrodes is only
500 mm and the two stage Marx-bank uses two 0.11 uF capacitors.

3.2.1. The performance of the CO2 hybrid oscillator.

The CO2 oscillator cavityv (see fiqure 3.7, [22]) is
formed bv a grating, with 150 grooves per mm and blazed at 8
um opposed to a 45% reflecting ZnSe output coupler with a S m

radius of curvature.

The 1.96 m long cavity has longitudinal mode spacing of

Avl = 76.5 MHz and transverse mode spacinag of Ava = lo.5
MHz This is obtained from:
_ Y lg.q.
Av, = 4v; cos ( qlqz))/w (3.8)

where
Avl is the longitudinal mode spacing,
Ava is the transverse mode spacing,
L is the total cavity length,
R. is the radius of curvature, of the optical

element 1 forming the cavity.

2

The radial waist (e ° of the power profile) is about

2.7 mm at the grating and 3.5 mm at the output coupler [141].

The thermal stability of the cavity length is obtained
using a supporting structure where four 2.15 meters long invar
rods are opposed to two steel rods, 0.188 meter long. The
relative length of the two types of rods are arranged so that
their linear thermal expansion cancels.
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FIGURE 3.8. The C02 laser chain,

trigger connections.
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The grating is mounted on a translation stage with 2 um
resolution for fine tuning of the resonator length. Length
tuning has been found to be necessary to ensure single mode
operation of the hybrid oscillator.

To avoid stability problems due to the pulsed stray mag-
netic fields of the tokamak, non magnetic materials such as
stainless steel and glass fiber composites have been used as
often as possible in the different laser structures.

The hybrid oscillator is composed of a short TEA laser
module (1 liter active volume for a 20 cm? full area) and a
low pressure transversely excited (TE) laser from Pulsed Sys-
tems California. It operates at typically 15 Torr gas pres-

sure and has a 200 x 20 x 20 mm>

gain volume. A 6 mm dia-
phragm, situated in front of the grating limits the beam to a

single tranverse mode.

With four Brewster angle windows situated inside the
oscillator cavity (two KCl windows on the TEA section, two
ZnSe windows on the low pressure section) the laser beam is
linearly polarized with the electric vector in the vertical

plane.

. 20 s Adiv

CO2 LOW PRESSURE LASER PULSE

FIGURE 3.10. The low pressure TE laser pulse shape.
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When only the low pressure module is fired it produces
approximately 2 mJ of energy on the 9R(22) line, in a 80 us
pulse (see figure 3.10).

The pulse energy of the low pressure section in addition
to the cavity tuning is sufficient to force single mode opera-
tion of the oscillator. The presence of gain in the cavity
before the build up of the gain in the TEA section reduces the
gain swiched spike of the oscillator pulse shape.

The oscillator (the low pressure section and the TEA
section) delivers pulses of typically 0.3 J. The beam dia-
meter is about 6 mm see figure 3.11 which corresponds to an
energy density of 1 J/cm?. The laser radiation is linearly
polarized with a single transverse and axial mode at the
9R(22) wavelength of 9.26 uym . Since only a small fraction of
the active volume is used in this oscillator configuration,
the beam energy is clearly below the maximum extractable
energy of the laser module.

3.2.2. The double pass CO2 preamplifier.

After a 4 m path in air, and two reflections off molyb-
denum steering mirrors, the beam enters the preamplifier with
roughly the same energy but a diameter of 13 mm , or an energy
density of 0.2 J/cm?.

The average energy density of the oscillator output 1is
well below the saturation value of a TEA laser amplifier (see
figure 3.3). Therefore a double pass preamplifier is used in
order to extract the stored energy more efficiently. For this
purpose one of our standard TEA laser modules has been equip-
ped with a mirror on one end. In a first approximation this
is equivalent to passing through a gain medium of twice the
single module length (L = 2 m in figure 3.3).

Earlier experiments with a triple pass C17]1 have shown
that it is almost impossible to avoid feedback from the mirror
supports and parasitic amplification from a 3 m gain length.
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LD

Two burn marks from the hybride oscillator
(v 0.3 J).

.

(Y
\J

Burn marks from the amplifiers, at the laser output (left) and
just in front of the D20 laser (right), (~ S50 J).

FIGURE 3.11. Burn marks on heat sensitive paper from the oscil-
lator, the preamplifier and one of the amplifier chains.

The scale is 1:1
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The losses from the extra gas-isolation cells needed in that
case cancel the gain obtained bv the third passage (see fiqure
3.4,

A sinale KCl window (120 mm in diameter) at the Brewster
angle transmits the incoming and outgoina CO2 beams, which are
separated in the horizontal plane bv an angle of about 2°. The
beam is folded back by a flat molvbdenum mirror situated at
the far end of the laser module (see figure 3.7).

After the preamplifier, typically 12 J cf CO2 power 1is

obtained in a linearlv polarized, of 40 mm diameter beam (see
figure 3.11, 9R{22) 1line, 0.95 J/cm?).

3.2.3. The gas isolation cell.

At the output of the preamplifier module., a 250 mm long
and 55 mm in diameter gas isolation cell filled with 10 to 40
Torr of SF6 or CF4 (see fiqures 3.4 and 3.5) Cl17.,181 pre-
vents build up of parasitic oscillations from the 10P and 10K
bands, and introduces losses for unwanted parts of the 9P and
9R bands. The reflection off one of the two tilted KC1
windows of the gas cell is used to monitor the preamplifier
pulse shape with a Rofin Photon Drag detector.

3.2.4. The two CO02 amplifier chains.

Just after the gas cell, the beam is divided by a 50%-50%
Ge beamsplitter and sent to the two CO2 amplifier chains (see
figure 3.7). Each amplifier chain consists of two of our
standard TEA laser modules installed in series without windows
in between. Both the input and output KCl windows are at the
Brewster angle to reduce losses and to conserve the linear
polarisation of the beams. In this configquration the C02
laser system produces two beams of 20 cm® cross section (see
figqure 3.11) with a pulse enerqgy of typically 60 J (maximum 80
J) each and a pulse lenath of 1 us. The beams are linearly
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polarized to better than 395% with the electric field in the
vertical plane. The spectral purity corresponds to a single
longitudinal mode at the wavelength of 5.26 um .

He use two Gen-Tec ED-500 pyroelectric detectors for
energyv recordinags and a Photon Drag (Rofin, 20 mm? sensitive
area) to resolve the pulse shape of the output beam of one
amplifier chain. The Gen-Tec detectors are calibrated against

a Scientec series lle energy meter (< 4 J/em?, 314 cm? area).

3.2.5. The CO2 laser power supplies.

The oscillator and the preamplifier modules are charged
by the same electric high power supply (adjustable from 40 to
60 kV with a current of 10 mA C201) whereas a separate power
unit (40 to 60 kV with a current of 5.5 mA) is used for the
amplifier modules. For safetv purpose, all laser modules have
a gravity dump circuit to short out the capacitors (see figure
3.6). The dumps are raised just before charging by a control
signal sent by the power supply to each laser module (see
figure 3.8).

Both power supplies are remotely controlled from the TCA
control room. All control signals transmitted between the
control room and the power supplies, as well as between the
power supplies and the laser modules, are carried by fiber-
optical links., using frequency encoded signals, thus ensuring
electric isolation between the different units.

3.2.6. Timing and triggering of the laser modules.

Each CO2 laser module is triggered independently (see
figure 3.8). The 50 kV pulse needed to switch one of the
low-inductance three-electrode spark gaps £20] in the laser
modules is provided by a krytron (high voltage discharge
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tube) followed by a pulse transformer (model PT-55 from PATCO
Inc. California US). The krvtron is controlled bv a pulse

amplifier accepting ordinary TTL pulses {(see fiqure 3.6).

The overall delav between the TTL trigger pulse and the
occurrence of the gain switched CO, laser pulse is about 1 us.
The overall 1iitter, when the kryt;ons are new, is less than
200 ns, but it can increase to 1 us when a tube at the end of

its lifetime can no longer triagger properly the spark gaps
{for the electric circuit diagram see figqure 3.6). The main
drawback with this trigger system is the limited lifetime
(2000-5000 shots) of the EG&G KN-6B krvtrons.

The triggering of each laser module is controlled by a
procgrammable 20 MHz counter mounted in the CAMAC crate asso-
ciated with the detection system (see § 5.8). The signals to
the different modules are relaved by about 50 meters of 200 um
core aglass fiber (type Pifax S-120) to ensure electrical iso-
lation between each laser module and from the detection elec-
tronics. The TTL pulses generated by the timer unit are sent
to the circuit given in figure 3.12. The laser diodes used
here emit in the near IR, at a wavelength of 904 nm . A PIN
diode detects the light pulses and a voltage comparator trans-
forms them back to TTL signals again (see fiqure 3.13).

The overall jitter in these fiber-optical links 1is
typically less than 10 ns while the constant delay introduced
by both the transmitter and receiver is 40 ns plus S ns per
meter of optical fiber.

A tvpical timing sequence (see figure 5.25) is performed
by first triggering the low pressure section of the oscil-
lator. About 80 us later the oscillator TEA section is trig-
gered, followed by the preamplifier and the four amplifier
modules within about 1 us. Two separate trigger pulses are
sent to the amplifier modules so that the two first and the
two last modules of each arm are triggered together.
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FIGURE 3.12. The optical fiber trigger transmitter.
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FIGURE 3.13. The optical fiber trigger receiver system.
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The length of the CO2 laser pulse can be adijusted by
varyving the timing between the different laser modules, see
fiqures 3.14 and 3.15 [16,2531 and figure 3 in appendix € [£22].
Figure 3.14 shows a tvpical short pulse which approaches the
ordinary gain switched pulse shape of CO2 lasers. The timing
of the preamplifer and all four amplifier modules are set to a
delav of 500 ns with respect to the oscillator. Figqure 3.15
shows a tvpical long pulse obtained by delaying the triggering
of the amplifiers by another 500 ns.

Too short a pulse produces high power densities which
damages the KCl windows. For optimum long pulse operation
both the timing and the gas mixture have to be adjusted.
3table discharges are only obtained with at least 50% He in
the gas mix. The increase of N2 partial pressure lengthens
the pulse but alsoc reduces the tota% power because of the

lower CO2 concentration.

In figure 3.16 typical time resolved laser pulses are
presented, measured after the preamplifier (but with the full
CO2 laser chain fired into the DZO laser). The upper trace
shows a typical single mode pulse, preceeded by some electric
noise due to electrical pick up from the discharge in the
spark-gaps of the laser modules.

The triangular shape without a gain switched spike 1is
typical of a system that uses a hybrid TEA oscillator where
the low pressure section provides gain before and during the

build-up of gain in the TEA section.

The second trace shows longitudinal mode beating in the
oscillator, at 76.5 CMHz], due to an improper cavity length
tuning of the oscillator. The gain width of the hybrid
oscillator is still sufficiently large to allow two cavity
modes to develop if the cavity length happens to be such that

both modes have about an equal gain (see figure 3.2).
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' : ZOOns/div

CO, PRE AMPLIFIER

2

200 ns/ div

CO2 AMPLIFIER

FIGURE 3.14. Pulse shape of the COz2 preamplifier and one ampli-
fier arm for short pulses. The amplifiers and
the preamplifier are triggered at the same time,
500 ns after the oscillator.
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200|1§/div
C02 PRE AMPLIFIER

—+— 200 ns/hiv
COZAMPUFER

FIGURE 3.15. Pulse shape of the COz preamplifier and one ampli-
fier arm for long pulses. The oscillator is
triggered first, followed after 500 ns by the
preamplifier and then again 500 ns later by the
two amplifier chains.
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b——t—t—y—= 200 ns Adiv
CO2 LASER single mode pulse

o - 200 ns /div
COZ LASER with mode beating

o * 200 ns/div
CO2 LASER with parasitic feedback

FIGURE 3.16. COz laser pulse shapes, measured after the preamplifier.
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The bottom trace shows the effect of typical parasitic
feed-back due to spurious reflections in the D20 laser. This
feed-back appears generally during the second half of the long
laser pulse. It presents one of the difficulties introduced
by long pulse generation in the C02 laser. At the oscillator
powers greater than 10 J have been measured, for a parasitic

beam travelling backwards through the laser chain.

3.2.7. Alignment procedure of the CO2 lasers.

The alignment of the CO2 laser chain is achieved with
three He-Ne lasers, one is placed between the oscillator and
the preamplifier, and two others, one for each amplifier arm,
are positioned after the preamplifier (see figure 3.7). The
first He-Ne beam is centered with respect to burn marks from
the CO2 oscillator beam, while the two other He-Ne beams are
aligned on the optical axes defined by the CO2 amplifier
modules. The CO, amplifier beams are brought colinear with
the alignment lasers by adjusting the different steering
mirrors such that the burn marks from the CO2 beams are
centered with respect to the He-Ne laser beams.

Finally, the He~Ne beams defining the optical axis of the

COZ amplifiers are made coincident with the He-Ne beam
defining the optical axis of the Dzo laser by adjusting the
steering mirrors situated between the CO2 and the Dzo laser.

C02 laser burn marks are recorded on “pencil blackened"
paper for energy densities of about 0.1 J/em? , on carbon

paper for energy densities up to 0.3 J/cm? and on 3M thermal
sensitive paper for higher energy densities.

3.2.8. Overview of the experimental lavyout.

Figures 3.17 to 3.20 show the general layout of the laser
system on the TCA Tokamak. The photos 3.18 and 3.19 show the
CO2 and DZO lasers seen from two different sides, while
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Figure 3.18. Bird’'s eye view of the COz - D20 laser system.
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Figure 3.19. The CO2 laser system seen from the oscillator.
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Figure 3.20. Bird’'s eye view of the lasers and the detection
system with the local oscillator.
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photo 3.20 also shows the detection system situated at the
east side of the hall., outside the restricted area so that it

is accessible at anv time during tokamak operation.

Because of the limited space, the two CO2 amplifier arms
were mounted one above the other on a stainless steel struc-
ture, where the D20 laser was also mounted. The axis of the
DZO laser beam is situated 2.35 m above the floor level.

3.3. The FIR D20 laser.

Figure 3.21 shows a partial energy level diagram for the
DZO molecule, in particular the Vs symmetric bending mode
levels. We use the standard spectroscopic notation for the
rotational enerqgy levels of an asvmmetric top molecule which
are defined by the JK-K+ quantum numbers, where J is the
total angular momentum cquantum number and K the projection
of J onto the principal axis of symmetry of the molecule in
the case of a prolate (K-) and oblate (K+) asymmetric top
molecule, for details see ([7,261.

The 9R(22) transition of the CO
3.21) pumps the D2
of the vibrational ground state and the rotational level 4

5 laser ((1) in figure

0 molecule between the rotational level 533
23
in the first excited vibrational state. The change of angular
momentum is AJp = -1,

The FIR emission at the wavelength of 385 um occurs be-
tween the 423 and the 413 rotational level ((1’') in figure
3.21). The quantum number J stays constant for the FIR tran-
sition (AJ1 = 0}, When AJp + AJl is an odd number the polari-
zation of the FIR beam is perpendicular to the polarization of

the pump beam C1,7,27,28,291].

Refill (276 um: 633—62“,
lines (358 um: 413-40“) have been reported [28]1, the strongest

239 um: 6 “—533) and cascade
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FIGURE 3.21. The D20 molecule energy levels for 385 pum emission.
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being the 358 um cascade line with a measured output energy of

one tenth of the 385 um output energy [221. The short rotatio-
nal relaxation time T, in figqure 3.21 thermalizes the rotatio-
nal sublevels within each vibrational state rapidly compared

to the slower vibrational deexcitation time Ty

In 1977 there was a significant advance in the understan-
ding of the mechanism of optically pumped FIR lasers with the
demonstration that the 66 um, like the 385 um emission £27,301]
of DZO is produced by the stimulated Raman effect C[ll. Raman
emission is a two photon process and is theoretically twice as
efficient as normal laser emission. A population inversion is
not required., unlike in a laser process [16]. If the pump

2
absorption line center frequency ((2) in figqure 3.21) it gives

frequency in the Raman process is offset by Avp from the D0

rise to a FIR output frequency offset by Avp from the FIR
laser line center frequency ((2’) in figure 3.21}. For the
case of the 385 um transition in D2
-318 MHz [£28,31]. The fact that the FIR emission is generated
by stimulated Raman emission has implications on the FIR line

0 the detuning Avp is

width, pulse length and power.

A narrow line width FIR emission can only be obtained
with a narrow width pump laser. The actual Raman line width
of the 020 laser depends also strongly on the pump intensity
as described in details in the thesis of M.A. Dupertuis [2].

As long as there are sufficient molecules in the ground
state to excite, the pulse lengths of the pump and FIR lasers
are usually comparable. A bottleneck effect occures when the
excited molecules are not recycled at a sufficient rate. The
recycling rate depends strongly on the vibrational relaxation
rate which is Ty v 1 us*Torr for the DZO molecule [31]. It
has been shown (191 that the addition of certain buffer gases
to the DZO laser enhances the vibrational deexcitation, and
thus the laser efficiency for long pulses (> 500 ns), without
adversely affecting the emission line width. The buffer gas

study is shortly described in §3.3.3, see also appendix D.
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The power efficiency of the optical pumping scheme is

low. In the ideal case it will reach the Manlev-Rowe limit:
Ao AFIR 9.20 um / 385 um = 24 mJ(FIR)/J(IR) = 2.4% (3.9)

assuming the generation of a FIR photon for each pump photon
£C1,16,23. Under the conditions of saturating pump and FIK

intensities, the power emitted from the FIR laser is provor-
tional to the rate of pump absorption from the ground-state.
The laser process 1s limited by collisional refilling of the
ground state and the depletion of the excited state, both of
which occur at a rate characterized by TN 8 ns'Torr. 1In

a first approximation the maximum pump rate can be expressed
as Cl.,161:

o = N /T, 80-10%* s !-liter '+Torr 23 (3.10)

where Nlo is the molecular densitv of the ground state at

.

equilibrium (see table 3.2). This leads to an extractable., or
saturated power density at the FIR frquency VEIR ° 778.58 GHz
of C1,163:
- o1 -1 -2
PFIR = h VEIR pp v 40 CkiW-liter Torr “1 (3.11)

assuming that each pump photon generate a FIR photon (Manley-
Rowe limit). Experimental values typically 20 times lower are
reported C1l,22]1. It is clear that in order to reach power
levels of a megawatt or more, a very high power IR laser pum-
ping a FIR laser of several liters active volume is needed.

Some physical constants and calculated parameters of the
D20 molecule for emission at 385 um are given in table 3.2
£25.283. Although the spontaneous emission T is large, the
power density from spontaneous emission is low. It is compa-
rable to the background thermal emission which is about 10713
W/cm? for a wavelength of 500 um. As a consequence of the
high gain of FIR lasers these low power levels are amplified
to the saturation power level within a short distance (11.
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384.6-107°
778.90-10°
778.58-10°

(6.7/p)+10"2°

(6.9/p)-107'% m

(63.5 p)-101°
.in—3
N , 6.25-10

1n-3
Nlo $.5-10

(7.9/p)-10"°
(1/p)-10~°

52

0.12
1.87

(40 p)-10°
3-10°

0.21

Torr typical D20 laser gas pressure.

m DZO laser line wavelength.
Hz DZO laser line frequency.
Hz D20 Raman line frequency.

~

m Line centre absorption
cross-sections.

m 3 = 1.8 % of total molecules.
m 3 Equilibrium level populations

m~® in the absence of a pump.

S Rotational relaxation time.
s Vibrational relaxation time.

s Spontaneous emission lifetime (1/A).

(=]

Transition dipole moments.
D (1D = 3.33564-10"3° Cc-m)

Hz Pressure line broadening.
Hz Doppler line broadening.

cm~! Measured FIR small signal gain [341].

Calculated values based on rate equations [11:

CGe

G
r

G =
P

Usf
sp

TABLE

2.2
0.43
—0.45

(10 p?)-10°®
(650 p2)-10°

cm™! FIR laser gain (o,,‘N _/2).

cm”~! FIR Raman gain.

cm™' Pump absorption (o _-N ).

Wm~3 FIR laser saturation power density.

Wm~3 Pump saturation power density.

3.2. Typical parameters for the D20 385 um line

emission,

from C1,2,32,33,34].
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For the D20 laser a gain length of 85 cm is sufficient to
amplify thermal noise to the saturation power density (values
obtained from table 3.2). This results in an amplified
spontaneous emission (ASE) background which covers a large

frequency band compared to the line width of a cavity mode.

Other experimental studies of the DZO 385 pum line have
shown:

- The line width 1is reduced when pumping with a single mode
CO2 line L[271.

- Maximum output of the D20 laser occurs for a frequency
offset from the D20 absorption line centre C[27]. This
offset value strongly depends on gas pressure and pump
intensity.

- The conversion efficiency of CO2 laser energy to D50

laser energy 1is larger when pumping with a single mode
line than with a multimode line [£27,281.

- Due to the high gain, a DZO resonator emits maximum FIR
power with a low cavity feed-back. The optimum is around
an output coupler reflectivity of 5% [22,33,351.

Different numerical simulations have been undertaken in
order to study the dynamic behavior of FIR lasers. The theo-
retical treatement of multiple coherent waves interacting with
the molecular system of the FIR lasers has been extensively
studied in the thesis of M.A. Dupertuis C£21. For FIR lasers,
the standard rate equation approach is not general enough to
treat multiphoton effects such as the stimulated Raman emis-
sion, or the competition bhetween laser and Raman emission.
Semi-classical treatment using the density matrix equation is
necessary to describe the large number of processes interact-
ing in the FIR laser [1,2,36,371. The reader is referred to
reference C£L21 for further details. In the following para-
graphs, we will discuss the design of the FIR laser.
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3.3.1. The D20 laser design criteria.

We have tested different 020 laser cavities, as descri-
bed in the enclosed article {221 (see appendix C) and referen-
ces [£35,381. The following observations govern the design of
a FIR laser providing 1 us long pulses of high power and a
high spectral purityvy, both temporal and spatial, the latter to
allow focusing of the FIR beam in the plasma with the full

eneray in the main lobe.

- To obtain high pulse energy a large volume is required
{equation 3.11). The pump saturation sets a limit for
the minimum cross section of the active volume. A
typical value for the pump energy density is ¢ 1 J/cm?.
These requirements, and the demand for low divergence
would favor an unstable resonator configuration.

- The cavity lenagth should be long to efficiently absorb
the pump beam. The cavity length should not, however,
exceed about 4 m to limit the number of longitudinal
modes within the homogeneously broadened emission line.

- The increased complexity of the pump laser to allow for
tuning of the pump frequency is not paid back by a signi-
ficant improvement of the FIR laser efficiency.

- The use of SF6, CF4 or c6H14 as a means to enhance the
deexitation of the D20 molecules increases the total
output energy by up to 40% for long pulse operation £191
(see §3.3.3 and appendix D).

The pump laser described in §3.2 delivers typically 2
beams of 60 J for a pulse duration of about 1 us. The pump
beam diameter is 60 mm at the D20 laser. This corresponds
to a pump energy density of 2 J/cm?, and a pump power den-

sity of 2 MW/cm®.

We have chosen not to expand the pump beams to lower the
pump density. The cost and complexity to install a set of
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larger mirrors, KCl windows and wire grids for the DZO laser

were considered to be too high. By keeping the pump beam dia-
meter at 60 mm, a stable FIR cavity can be used. The funda-
mental cavity mode of a flat-flat mirror cavity has a gaussian
waist of 35 mm which matches well the pump beam area. By
choosing a total FIR cavity lenath of 4 m we have an active
volume of 11 liters. Each of the two IR beams is pumping one
half of the total cavity length.

The present DZO laser set-up is given in figure 3.22.
Two free standing grids are used to fold the cavity and to
couple the CO2 laser beams into the FIR resonator. These
grids transmit 90% of the incident pump beams, while they re-
flect more than 75% of the FIR radiation at 385 pm wavelenagth.
The pump beams are polarized perpendicular to the wires, while
the FIR emission is polarized parallel to the wires of the
grids. The cavity is formed by an aluminium coated glass mir-
ror of 27 m radius of curvature and 250 mm in diameter oppcsed
to a plano-convex TPX lens of 75 mm in diameter. Only the
flat surface of the TPX lens acts as a 4.5% reflecting output
coupler, while the reflection from the curved surface (330 mm
radius of curvature) forms a highly unstable cavity and the
radiation is lost rapidly. The TPX lens is used to form an
intermediate focus which is imaged into the plasma by an off-
axis elliptical mirror (see chapter 4). Combining the output
coupler and the lens into one element reduces the losses from
extra optical surfaces, since optical antireflection coatings
are not yet readily available in the FIR for a wavelength of
385 um.

The longitudinal mode spacing for the 4 m long cavity is
37.5 MHz, while the homogeneous gain width is about 150 MHz at
4 Torr. The transverse mode spacing is only 4.7 MHz, but the
diameter of the TPX lens output coupler acts as an aperture
limiting the emission to the lowest order transverse mode.

Two glass tubes of 150 mm in diameter are used as light
guides to improve the confinement of the pump radiation. The
improvement due to the tubes for this particular laser confi-
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aguration has not been measured, but previous observations [19,.
22,2771 have shown a 10% to 20% increase of the FIR energy.

To avoid spurious reflections of CO2 radiation back into
the amplifiers we use two 10 um thick Mvlar sheets to absorb
the CO2 enerqgy which is not absorbed bv the D.0 gas (about 25%

at 4 Torr pressure and 10% at 6 Torr).

2

The reflections from the two wedged KC1l windows, acting
as input ports on the DZO laser, are used to monitor the pump
beam eneray and pulse shape. The free aperture of these
windows is 85 mm which is sufficient to avoid diffraction and

spurious reflections of the pump pulse.

The FIR pulse shape is monitored by a Molectron P3-01
fast response (¢( 1 ns) pvroelectric detector. A thin Mvlar
sheet beam splitter is used to couple approximatelv 5% of the
FIR beam onto the detector.

The FIR laser beam leaves the DZO vessel via a Z-cut
crystal quartz window. The quartz window is machined as an
etalon for maximum transmission, it has a diameter of only S0
mm since the FIR beam is focused just 100 mm before exiting
the DZO laser vessel. The Raman emission from the 020 laser
is not significantly absorbed on the 700 mm path from the TPX
ocutput coupler to the quartz window. This short path after
the output coupler is not pumped. To aveid an air-breakdown
which scatters and absorbs the FIR radiation the focal spot

must be inside the wvacuum vessel.

The stainless steel vacuum chamber of the DZO laser forms
a rigid frame to which the optical elements of the FIR reso-
nator are attached. The system is modular so that we can
easily change the resonator configuration. This large tube
has the drawback that the vacuum vessel has a total volume of
1355 liters (100 times the active laser volume). The leak

rate 1is of the order of one Torr per day which is acceptable.
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3.3.2. Performance of the D20 laser.

Figure 3.23 shows the DZO laser energy efficiency as a
function of DZO gas pressure. Each point represents a mean of
3 laser shots. This curve is obtained for typical pump beam
energies and is to compare with the figure 6 of the enclosed
article [22] (see appendix C) and figure 8Ba of reference L[19]
(see appendix D). Taking into account the 18% losses from the
KCL windows and the wire grids the CO2 laser delivers a net
energy of 2x50 J, which corresponds to a net energy den-
sity of 1.75 J/cm? for each of the two beams.

3.3.3. The buffer gas.

With the pump energy density of the present laser figure
3.24 does not show a saturation effect as can be observed in
figure 6 of the enclosed article (reference [19] appendix D).
The saturation is due to the bottleneck introduced by the slow
vibrational decay from the final exited state down to the
ground level ((3) in figure 3.21). Figure 3.23 shows, how--
ever, that addition of SF6 to the D,0 gas increases the net
energy conversion. This effect has been described in detail

in reference [191 (see appendix D).

The role of the buffer gas 1s to enhance the decay from
the éxcited vibrational state of the Dzo molecule to the
ground state via intermolecular collisions without affecting
the rotational lifetime, which would lower the FIR gain. The
decrease of the FIR conversion efficiency for pure D20 at
pressures above 4 Torr, as observed in figure 3.23, is mainly
due to the increasing collisional broadening of the rotatiocnal
levels. The guidelines for selecting a buffer gas molecule
are [C1917:

1

- Vibrational energy levels near 1079 cm ° allowing resonant

energy transfer from the v, level of the DZO molecule.

- Negligible absorption of the pump radiation at 9.26 um.
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- Negligible absorption of the FIR radiation at 385 um.
- Minimum collisional broadening of the D20 rotational levels.

Resonant energy transfer only requires coincidence of the
levels to within thermal energy «T . This will avoid a con-
flict between the first two requirements. A buffer gas mole-
cule without a permanent dipole moment satisfies the two last
requirements, since it does not have any far infrared active

rotational transition.

Onlv the use of SF6 is shown in figure 3.23, althouagh we
have used the other gases CF’4 and n-hexane (C6Hl4) with

success [191.

3.3.4. The D20 laser line width and pulse shape.

The D20 laser line width, at a working pressure of 4 Torr
pure DZO’ is shown in figqure 3.25. It was measured by the
heterodyne detection system (see chapter 5). The FIR beam,
focused into the TCA vacuum vessel, was scattered by the
alignment target (see chapter 4). A set of calibrated card-
board attenuators was used to bring the observed signal within
the limited 20 db dynamic range of the detection system.
Attenuators were inserted in the IF circuit (see figure 5.21)
to balance the signal power of the different channels. Each
point is a mean of three or more laser shots, with one stan-
dard deviation represented by the vertical error bars. The
horizontal bars are the width of each of the spectral channels

(80 MHz and 400 MHz for the last channel).

Because of the steep rolloff of the stray laser light, if
we ignore the four spectral channels adjacent to the FIR Raman
line, we could tolerate a stray light signal at the Raman fre-
quency 26 dB above the level of the average scattered signal.
OQur measurement is in good agreement with the D20 laser line-
width measurement performed at MIT [391].
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FIGURE 3.26. Typical COz (upper trace) and D20 laser pulse
shapes.
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FIGURE 3.27. The CO02 (upper trace) and D20 laser pulse
shapes with modulation from parasitic feed-back
appearing 400 ns after the beginning of the pulse.
Modulations before the laser pulse are due to electric
pick-up from the spark-gaps in the laser modules. FIR
energy 195 mJ with 4 Torr D20 and 7 Torr CFa.
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C)

Typical FIR pulse shapes are given in figure 3.26 and
3.27 (see also figures 8 to 11 of [22] appendix C). We ob-
serve that the FIR laser pulse shape closely follows the shape
of the CO2 pump pulse even for amplitude modulations due to
mode beating or spurious feedback in the pump laser (figure
3.27).

The influence of the buffer gas on the bottleneck of the
FIR pulse is illustrated in L£19] by figure 9 (appendix D). In
long pulse operation the FIR laser pulse length is signifi-
cantly enhanced and stays comparable with the pump pulse
length.

The FIR pulses shown are not pure single modes, but con-
tain some modulation. This is probably due to the presence of
additional weaker longitudinal cavity modes. The FIR laser
cavity mode spacing for longitudinal modes is 37 MHz.

3.3.5. Comparison of D20 lasers.

For a better comparison between our laser system and
other 020 lasers, either developed at CRPP [£19,22,381, or
elsewhere [27,40]1, the relevant data has been listed in table
3.3.

Columns 1 to 8 refer to the FIR laser cavity. In column
2 "s" stands for stable, "u" for unstable D20 resonator.
Column 3 gives the output coupler reflectivity and is followed
in the next columns by the laser cavity length, diameter,
area, volume and finally the optimum D20 gas pressure. The
cavity diameter is defined to be the pump beam diameter.

The next eight columns refer to the CO2 pump beams in-
cluding the total energy, losses before the FIR laser cavity,
energy densities, power and power densities expressed in dif-
ferent units and finally the pump pulse length.
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The “P-sat” column (15) is the power density expressed in
KW-cm 2-Torr 2 . These values are to be compared with the
saturation power density obtained from table 3.2, defined as

£11:

1.5 CkW-cm-2-Torr %3 (3.12)

1
<
~
Q
"

Ip-sat T Usp'p

U 40 CH-cm ?-Torr™ %3 (3.13)

If-sat = Vsf

/Gf

The final eight columns refer to the FIR lasers. As for
the pump laser they include energy, energy densities, power
and power densities. Column 23 is the FIR to IR energy con-
version efficiency and column 24 is the same conversion effi-
ciency but normalized to the Manley-Rowe limit (equation 3.9),
the result is often called the quantum efficiency. Again, the
"P-sat" column (22) is to be compared with expression (3.13).

The first row in table 3.3 refers to the FIR laser system
described in the present work. The values given are typical
for pure D20 without any buffer gas. The best values measured
were 240 mJ FIR radiation and have been obtained using 4 Torr

020 with 12 Torr CF4 buffer gas and two 75 J C02 laser pump
pulses.

Some general remarks applying to the data in table 3.3
are:

All pumping is with single mode laser pulses.

- The C02 energies are measured with similar types of detec-
tors whose calibration should agree to within 25%.

- Transport losses in the path of the pump beam have been
taken into account.

- All values are obtained with pure Dzo as the active gas,
no buffer gas used.

- All FIR laser pulses show multiple modes.
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- The FIR energy values are not corrected for absorption due
to the final output window of the FIR lasers.

- The FIR energies are measured with different types of detec-
tors. Cross calibration of the "standard FIR detector" used
at CRPP (Laser Instruments, thermopile model 17 AN) and at
MIT (Lumonics, model 50D), during a visit of Dr. P. Wosko-
boinikow, showed that the same FIR energies measured with
the MIT detector were 35 per cent higher than those measured
with the CRPP detector. Energies reported by [40] may also
differ significantly from the other measurements, because of
the lack of calibration standards for energy detectors in
the FIR wavelength region.

We conclude that for the lasers described in table 3.3:

The FIR transition, and to an even higher extent the IR
transition, are strongly saturated.

The best conversion efficiencies are obtained with unstable
FIR resonators with large pump beam diameters.

- The laser presented in this work shows the best energy con-
version for long pulse operation with a stable FIR cavity.

3.4. Conclusions.

The pump laser is composed of 6 CO2 TEA modules, configured
in an oscillator-amplifier scheme. The hybrid oscillator
produces a single longitudinal and transverse mode on the
SR(22) line center. After a double-pass preamplifier, the
beam is split into two. Each of the beams is further ampli-
fied in 2 TEA modules connected in series. In this way we

obtain two linearly polarized pump beams of 60 J each and of

an area of 20 cm?’. The CO, laser pulse length is about 1 us.
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- The triggering of the pump laser modules is controlled by a
digital timer incorporated into the detection system. It
synchronizes the CO2 pump lasers and the acquisition system
with the tokamak discharge.

- The FIR laser is formed by a stable, 4 m long, laser cavity
filled with typically 4 Torr of DZO and 12 Torr of CF4 used
as a buffer gas. The FIR laser produces typically 180 mJ
(maximum 240 mJ) of FIR energy in a 1 us long laser pulse.
The beam is linearly polarized with the E vector in the
horizontal plane. The divergence of the output laser beam
is matched by a TPX lens to the following optics, which
focus the FIR beam into the plasma vessel.

- The measured FIR laser line half-width is 350 MHz at -30 dB.
At the frequency of the Raman line a stray light level 26 dB
above the level of the average scattered light could be
tolerated if the central 320 MHz of the scattered spectrum
is ignored.

- The FIR laser described in the present work does not fulfil
the power requirement of 1 MW calculated in the previous
chapter. Therefore it will not allow a Ti measurement in a
single discharge. The lack of sufficient power must be com-
pensated by averaging over several tokamak discharges in
order to achieve a sufficient signal to noise ratio for ob-
servation of a scattered signal.
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CHAPTER 4.

THE FAR INFRARED QPTICS ON TCA.

In this chapter we will discuss all FIR optics used be-
tween the DZO laser and the detection system. It includes the
focusing optics guiding the FIR beam inside the tokamak vacuum
vessel and the optics to collect the scattered signal and to
adapt the beam size to the required waist for the detection
system. We also justify the choice of the beam dump absorbing
the laser beam after its passage through the plasma and the
viewing dump which reduces the amount of stray radiation sent
to the detector. Finally, there is a short description of the
vacuum flanges and the quartz windows on the tokamak and the

D20 laser.

For the design of a transport system involving several
mirrors, apertures, and focusing elements one has to be able
to compute the beam propagation. In the FIR spectral region,
where wavelengths are typically three orders of magnitude
‘larger than those of visible light, beam diffraction effects
are important and difficult to avoid. Gaussian beam propaga-
tion is applicable as long as the radial Gaussian beam profile
can be maintained along the whole beam path [1,2,31. To keep
the cost of the large mirrors required (of the order of 200 mm
in diameter) within limits, their diameter will not usually be
much larger than the beam diameter, and they will, there-
fore, always clip a fraction of the beam, introducing diffrac-
tion effects C11.

For the following discussion "beam diameter" and "beam

waist radius" always refer to the e™?

intensity points. For
a Gaussian beam, an aperture of a diameter of three Gaussian
radii will transmit 99% of the total intensity and produces

negligible diffraction losses.
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FIGURE 4.1. The FIR optics on TCA, including the D20 laser.
The laser cavity length is 4 m, the optical path
from the D20 laser to TCA is 2 m and the path
length from TCA to the detector is 1l m.
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Mirrors: (Al on glass if not otherwise specified)

- M1l spherical, 27 m radius of curvature, 250 mm in diameter.

- M2, M3, M4, M5, M8, MS and

- M10 all flat steering mirrors.

- M6 90° off-axis elliptical brass mirrors (see figure 4.8).

- M7 as for M6.

- M1l 75° off-axis elliptical brass mirror (see figure 4.8).

- T TPX lens (planc-concave) of 750 mm focal length and 70 mm
diameter.

Vacuum windows:

- P1 KCl, 120 mm in diameter, for the two CO2 laser beams.

- P2 quartz for He-Ne alignment laser.

- P3 crystal quartz, etalon cut for maximum transmission at
the D20 laser Raman frequency (778.58 GHz). 50 mm in
diameter, thickness 9.135 mm.

- P4 as for P3, but thickness 14.981 mm, diameter 120 mm. The
window is followed by 7 alumina baffles to absorb uncol-
limated stray light.

- P5 as for P5, but etalon cut for maximum transmission at
779.2 GHz. Thickness 14.992 mm, 120 mm in diameter.

Beam waists: (Gaussian, radius at e ? of intensity)

- Waist of empty cavity, fundamental mode at T: 34.5 mm.
Wl waist at focal point after D20 laser (see figure 4.3).
W2 waist in TCA, measured: 1.25 * .1 mm (see figure 4.5).
W3 waist of LO at intermediate focus (see figure 4.3).

- W4 waist at optical diplexer (see figure 4.9).

- Burn marks of CO2 lasers at Pl: 60 *10 mm in diameter.

Grids and beamsplitters in use:

- Gl 10 um tungsten wire grid, with 100 um spacing, clear
aperture 150 mm in diameter.

- G2 as for Gl, but with 90 um spacing and 125 mm clear
aperture.

G3 Mylar sheet 12 um thick, for D20 laser pulse monitoring.

G4 Mylar pellicle beam splitters for He-Ne laser, removed
for normal operation.

- G5 as for G4.

For the purpose of clarity the drawing shows the beam path
only in one plane. Half the D20 resonator and the beam going
to the detector have been turned by 90° around an axis defined
by the beams between the ports Pl-P3 , and the mirrors
M10-M1l. 1In reality these two beams go out of the paper.

TABLE 4.1. Components of figure 4.1.



4. FIR OPTICS ON TCA. 4-4

4.1. The constraints for the design of the optical system.

The access on the TCA tokamak for a scattering experiment
is limited. Such an experiment needs three large ports allow-
ing the use of optics with an F number up to 3 [£41. On TCA,
there is onlv one set of three ports satisfving this crite-
rion. They permit scattering at angles of 90 * 5° at the
position of the geometrical center of the vacuum vessel. For-
tunately this corresponds within 20 mm to the plasma center.
Stable supports for the large optical elements of the FIR beam
transport optics are required. These supports must be cons-
tructed such that they are not influenced by the pulsed magne-
tic fields of the tokamak.

The FIR laser has been positioned as close as possible to
the TCA tokamak to minimize beam transport losses. For the
same reason we use reflecting instead of transmissive optics

wherever possible.

All mirrors used for the beam transport (see figure 4.1)
are oriented in such a way that the.plane defined by the inci-
dent and reflected beam is either parallel or perpendicular to
the plane of polarization. Only in this case will the linear
polarization be conserved through the whole optical system.

Due to the very low scattering cross section, extreme
care must be taken to dump the laser beam after the passage
through the plasma and to minimize stray light caused by
spurious reflections of the incident laser beam. The stain-
less steel walls of the TCA tokamak vacuum chamber act as good
reflectors for the FIR.

4.2. The FIR laser beam profile.

As described in detail in chapter 3, the FIR laser used
for the scattering experiment has a stable, 4 m long oscil-
lator cavity (see figure 4.1). For calculations, its beam
profile can in a first order approximation be replaced by the
profile of the fundamental mode of the empty FIR cavity which
has a Gaussian profile with a radial waist of 34.5 mm.
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For an optically pumped laser the real pbeam profile will
strongly depend on the shape of the pump beam which, in our
case, does not have a Gaussian profile. The radial intensity
of the pump beam has not been precisely measured, but quali-
tativelyvy. based upon examination of burn marks, it appears
relatively flat, with a diameter of 60 * 10 mm (see figqure
3-11). A measurement of the DZO laser beam profile and beam
divergence at the D20 laser output coupler has not been per-
formed. However, the FIR laser beam waist at the focal posi-
tion in the plasma (W2) has been measured (see figure 4.9).
From this measurement the beam propagation code presented in
§4.3 predicts a radial waist at the output coupler of the
laser of 20 mm (see figqure 4.2).

4.3, General calculations of the FIR beam size.

Figqure 4.1 shows the total beam path including the DZO
laser. The optical part of the detection system is described
in chapter 5, fiqure 5.4. Wherever possible, the diameter of
the optical elements was chosen to be at least three beam
waists. The crystal quartz windows on TCA are somewhat smal-

ler than this because of availability.

To take into account diffraction effects we have used a
numerical code L1l to give an estimate of the FIR beam size
through the system. The numerical code evaluates the Rayleigh
Sommerfeld diffraction formula, which mathematically describes
the Huygens-Fresnel principle. This equation, written in
cvlindrical coordinates and assuming axial symmetry gives the
radiation field U2 due to propagation of the beam from a plane
where the distribution U1 is known C11:

~ik ik(r24+222)) (R rok ikp?
U (r,z)s — exp|——m—mm pdepU (p,0)J j—|exp (4.1)
2 z 0 1 0l 2z 2z

2z

where
U2 is the field distribution of interest,
r 1is the radial position of Uz.
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Intensity
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48 -2 6 0 6 32 48

Radial position mm

FIGURE 4.2. Calculated beam waist at the output coupler of the
D20 resonator (position T in figure 4.1). The dashed
line is the empty FIR cavity mode of 34.5 mm radial beam
waist, and the solid line (radial waist 20 mm) is obtained
by propagating the beam profile measured at position WZ2.

Intensity

-4

Radial position mm

FIGURE 4.3. Calculated beam waists at the intermediate focal
position Wl. Mirrors M6 and M7 are the same so these
waists should also correspond to position W3. The dashed
line (radial waist 3.1 mm) is obtained from the propagation
of the empty FIR cavity mode and the solid line (radial
waist 5.1 mm) is obtained from the propagation of the mea-
sured beam profile at position W2.
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is the axial distance from the previous field Ul.
is the wave vector,

is the total radial extent of the field U1'

is the previous field distribution,

is the radial position at the previous field,

G4 D € v XN N

is the first order Bessel function.

The calculation can only be performed if we know the
phase and intensity distribution somewhere in our optical sys-
tem. We have done two calculations. - Firstly by assuming
that the DZO laser beam corresponds to a fundamental mode of
the empty DZO resonator (see §4.2). - Secondly we have used
the data obtained by a numerical least square fit to the
intensity profile measured at the focal position W2 in the
plasma assuming a constant phase (see §4.7). These calcula-
tions are illustrated in figures 4.2 to ¢.5.

Figure 4.2 shows the profile at the output coupler of the
FIR laser (position T). The profile obtained by propagating
the measured beam profile of position W2 has a radial waist of

one third of the pump beam diameter measured from burn marks.

Figure 4.3 shows the beam waists at the intermediate
focus Wl. Since the focusing mirror M6 and the collecting
mirror M1l are the same these profiles should also be wvalid
for the intermediate focal position W3. A diaphragm is posi-
tioned at Wl to act as a spatial filter, see §4.4.

Figure 4.4 shows the beam waist at the focusing mirror
Mé. The beam profile obtained from propagating the empty
cavity mode is clearly clipped by the edge of the mirror M1l
(clear aperture 200 mm). The vacuum window on the tokamak
will further aperture this beam, see §4.8.

Finally, figure 4.5 shows the beam waists at the focal
position in the plasma (W2). The propagated cavity mode is
70% smaller than the measured beam (figure 4.9). The cavity
mode is, however, subjected to higher losses which do not
appear on these normalized curves,
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Intensity

-80 -40 0 40 80
Radial position mm

™ 14 v

Figure 4.4. Beam size at the position of the mirror Me6. The
dashed line (beam radius 91.5 mm) is obtained from the
propagation of the empty FIR cavity mode and the solid
line (beam radius 48.1 mm) is obtained from the propa-
gation of the measured beam profile at position W2.

intensity

-4

Radial position mm

Figure 4.5. Beam waists at the position of the focal spot W2.
The dashed line (radial waist 0.95 mm) is obtained from
the propagation of the empty FIR cavity mode and the
solid line (radial waist 1.35 mm) is the measured beam
profile at position W2, see figure 4.9.
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4.4. The spatial filter and the laser vacuum window.

The choice of an output window material for the DZO laser
necessarily involves balancing the high cost, difficulty of
supply and high surface reflectance of crystalline materials
(quartz, sapphire) £4 to 61 against the high losses and pos-
sible fragility of plastics (Teflon, TPX, Mylar) [7,8]1. Table
4.2 lists a set of optical constants for various materials
measured in the laboratory or taken from the literature
£5-161].

We finally chose Z-cut crystal quartz windows. To mini-
mize the surface reflections the thickness of the quartz has
been matched to act as etalon with maximum transmission for
the D20 laser Raman emission (778.58 GHz), and to minimize
absorption losses the laser window is kept small and thin by
focusing the FIR beam just in front of the window (100 mm).
The focal spot is kept in the (relative) vacuum to avoid an
air breakdown, which occurs frequently at the power levels of
the FIR laser.

Figure 4.6 shows the transmission curve of the Dzo laser
output window (bold line), and the beam profiles calculated
from the empty cavity mode of the FIR laser (dashed line) and
from the measured waist in the TCA vacuum chamber. The etalon
transmission is shown versus the radial position along the
window. To calculate the transmission we assume that the beam
at a radial position r has an incident angle given by

Q@ = tan-l(r/zm) where Zn is the distance from the waist to

the window (see figure 4.7).

With an intermediate focus we also have the possibility
of spatial filtering to reduce side-lobes at the focal posi-
tion W2, which defines the scattering volume. It will further
reduce the amount of stray light missing the beam dump, see
§4.9. An aperture with external adjustment of diameter, hori-
zontal and vertical position is mounted at the focal spot Wl.
The diameter of the aperture is generally set to 15 mm which

corresponds to three expected beam waists (see figure 4.3).



10

FIR OPTICS ON TCA.

4.

pue [af

*dd¥) 243 3e psansesw saniea
031 §J 2aN2¥ISJITT BY) WOAJ uadyel uwrl GgE e SjUL3SUOd [ed13do

‘ewsetd YOI 243 woaj omﬂumuusmm Aq paziiieiau ATybiy

‘T'v 374VL

BUTUNTY ¢
‘euse(d y)J 2U3l woaj puraslinds AQ pazrirelsw ATaubIY eurtwniy .
*Aea Aaeutrpaoeaixs ayz aoJd
Aea Laeuipao syl 104
‘A311enb uo spuadag ¥
LO(T+W) /(T-U)) = ¥ :uoTle[a1 3Y3 WOAJ Pa3eBINOTRD 33® () utl santep
-- -- G°S L1 (%L) sse(brxald
LT~ -- €1 L1 (%L) Jetip
v°0-2°0 - -- Sv°1 (%€) Xdl
-- -~ 1 ST (%V) auatdyiaidiogd
%597 L€
| Y ‘1%GFT1E ‘%EFGT 6°0 2°¢ (%L27) ruTWNTY
-- 0(%0L°C2T) 1°0 119GT°2/09L01°C (%ET) z3aen(d 1e3sda)
-- -~ Z 2°2-%°1 (%%T-€) zjaend pasnd
0T« % G6¥¢l -- (8°2) %81 «:wm@ao MnopuIM.,
-- -~ €£1< (L°1) %L sselb x9a144
G < % S¥07 4 (S AA) %1 Jooen
-- % GF¥GL -- (WA R %6L 331ydeas
[ w0 3JUaproul irulaod (w0 Uorjdoeajal L3TATAS3T 322
*§qy paJinsean ‘7139 poanseap uo1jdiosqy JO xXepuj sovjang T1CLADIEN




4. FIR OPTICS ON TCA. 4-11

Intensity or Absorption
o
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FIGURE 4.6. Transmigsion of the D20 lagser window (bold line)
with the calculated Gaussian beam radius from the pro-
pagation of the measured waist at position W2 (solid
line), and from the empty D20 laser cavity mode
(dashed line).

r adial\ position
4

window — ‘\

w | |-

FIR-E z

Waist
(z=Q) -
-f)-

FIGURE 4.7. Sketch of a Gaussian beam propagating through a
window. The beam hitting the window at the radial
position r 1is considered to have an incident angle
©® given by the ratio tan'l(r/zm)
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4.5. The beam transport to the first focusing mirror.

The FIR beam emerging from the laser window P3 is reflec-
ted off two flat, aluminium on glass mirrors. The tilt and
the distance between the mirrors can be adiusted, providing
all three degrees of freedom required to adapt the beam
direction and path length to the next focusing element.

We have observed that for the DZO transition at 385 um,
the absorption in the atmosphere can be neglected for the
distances considered here. 8Stray light scattered from dust
particles in the air and on the mirrors gives, however, sig-
nals strong enough to saturate the detector situated 10 m
awav. For this reason the whole passage from the FIR laser to
the window on the TCA tokamak is enclosed in 100 mm thick
polvether foam (see figure 4.1). This assures more than 60 dB
attenuation for this source of parasitic light, hence reduces

it to an acceptable level.

4.6. The ellipsoidal mirrors.

Because of the limited available space, we had to use an
off-axis imaging mirror. Spherical mirrors were disregarded
because they would cause unacceptable aberrations. We have
chosen a 90° off-axis elliptical mirror which makes use of the
intermediate focus Wl at the output of the FIR laser. WNWe use
mirrors with the same optical characteristics for the focusing
and collecting optics. This symmetric arrangement assures
that the scattering volume defined by the incident beam pro-
file at W2 is matched to the volume observed by the detection
system. The requirements of the antenna theorem (see §5.1)
are also fulfilled with this arrangement, ensuring optimal
performance of the heterodyne detection system.

An ellipsoid has the geometrical property that the sum of
the distances from the two focal points is constant for any
point on its surface £2]1. By varying the beam waist, hence
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the beam divergence, of the intermediate focus Wl we can
change the size of the scattering volume. The limiting solid
angle is imposed by the tokamak vacuum window diameters (see
§4.8). The collected scattered power is proportional to the
solid angle which should be kept as large as possible
{equation 2.7) [473.

To apply the beam propagation code to the elliptical
mirrors, we replace the mirror by an on-axis lens with an

equivalent focal length f given by:

1/ = l/OE‘1 + 1/OF2 (4.2)
where OFl, OF'2 are the distances from the elliptical mirror
to the respective focal points. 2All distances are taken

positive.

The elliptical mirrors have a focusing distance OF1 ot
530 mm towards the plasma (see figure 4.8) and a focusing dis-
tance OF2 of 2000 mm towards the FIR laser and the detector.
Thus the magnification of the elliptical mirrors is 0.265. HWe
can also define an equivalent F number as the ratio of the
focusing distance to the effective diameter of the mirror seen
from each of the focal points of the ellipsis, see figure 4.8.
The effective diameter of the mirrors are 280 mm, which is
such that the mirrors are not the smallest aperture in the
beam path. In a first approximation, the lens positioned at
the output coupler of the FIR laser should have a F number
corresponding to the equivalent F number 2, which would give a
diffraction limited focal spot in the plasma defined by the

eqguivalent F number 1 of the elliptical mirror.

The off-axis mirrors were machined from brass discs with
a numerically controlled milling machine. The elliptical
shape was approximated by a series of arcs as the computer
controlling the miliing machine could only perform two dimen-
sional circular interpolations. Three dimensional corrections
for the finite size of the milling tool were previously added
to the raw data given to the numerical milling machine.
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FIGURE 4.10. FIR beam profile at waist W2, measured in the
radial direction of TCA.
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The reflectance of the clean mirror surface was measured
to be above 95% without the need for a gold coating. The
surface finish after the milling was better than A/40 at 385
um which was further improved by polishing the surfaces. The
surface finish is not, however, satisfactory for visible
light, thus seriously complicating the He-Ne laser alignment

procedure.

4.7. Measured FIR beam profile of the scattering volume.

The measurement of the focal spot at the position of the
plasma could not be done inside the vacuum vessel. Therefore,
the off-axis mirror had to be displaced and the effect of the
quartz vacuum window was simulated by an aperture at the
correct distance from the mirror.

The profiles were measured by scanning a slit through the
focal point in two perpendicular directions. At each position
the average of several FIR laser shots was taken. A monitor
detector was used to correct the measurements for fluctuations
in the laser energy. 'Care was taken to prevent the formation
of air-breakdown on the slit, a phenomenon which can reflect
or scatter part of the incident FIR radiation and falsify the
measurements. The resulting beam profiles are given in figure
4.9 and 4.10. The dashed curves are the Gaussian beam shapes
obtained by a least square fit to the data for normalized
intensity above 0.2 . The measurement covers a diameter of
3.5 radial waists. No attempts were made to measure possible
side lobes outside this distance.

4.8. The TCA tokamak vacuum windows.

Crystal quartz windows were chosen, since they were found
to be compatible with the strict requirements of high vacuum
on the TCA tokamak.
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FIGURE 4¢.11. Transmission of the TCA vacuum window (bold

line) obtained as for figure 4.6, with the calculated
Gaussian beam radius from the measured waist at the
focal position of the tokamak (solid line) and from the
empty laser cavity mode (dashed line).

Thickness mm for a

frequency of 778.58 GHz
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Frequency GHz for a
window thickness of 14.98 mm

FIGURE 4.12. Transmission of the TCA vacuum windows for normal

incidence. Losses from bulk absorption are included.
The input window has a thickness of 14.981 mm and a
maximum transmission at 778.58 GHz (laser Raman transi-
tion) while the output window is optimized for the
higher frequency part of the scattered spectrum.
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The maximum available window dimension for 2 cut crystal
quartz was 120 mm in diameter and 15 mm thickness (bought from
SPECAC, Great Britain). The thickness was adjusted to mini-
mize elastic deformations, and to act as a maximum transmiss-
ion etalon for the 385 um wavelength FIR beam. Figure 4.11
gives the transmission curve for these windows, and figure
4.12 the influence of the etalon on the spectral transmission.

With the aim of obtaining the largest possible solid
angle of the focusing beam, the windows were positioned as
close as possible to the plasma (120 mm from the plasma edge).
The cone which forms part of the window support (see figure
4.13) has been lined with a layer of rubber material to reduce
stray light £8]1. On the vacuum side, a series of nonporous
alumina rings collect most of the diffused stray light. These
baffles partially protect the windows from sputtering from the
plasma. The alumina rings extend to within 65 mm of the
plasma edge (plasma limiter position).

After several months installed in the tokamak, the win-
dows were found to be covered with a deposit sputtered by the
plasma. The film was measured to absorb about 20% of the
incident FIR energy. Unfortunately, chemical means were not
successful in removing the deposit, and the windows needed to
be repolished. In the near future, a shutter system will be
installed which will protect the windows during the period
when the Thomson scattering experiment is not operated.

A sketch of the window support is given in figure 4.13
and a photo of the output window support is given in figure
4.14. The output window support can be tilted by #5° around
a horizontal axis to allow scattering from 25 mm above or
below the plasma center. Because of the lack of sufficient
scattered power for the feasibility experiment, all measure-
ments were done on axis where the plasma density is the
highest.



4. FIR OPTICS ON TCA. 4-19

mm

& A 2 A 3 A 4 A 4

0 " 50 100

]
FIR absorbi*mg rubber

V

Y

|
% X777 7 ‘§:.:L.
’////////// ////// Vs //////// s —
F /A }_
— —
Alumina baffles Crystal quartz window

FIGURE 4.13 The quartz window supports on TCA.
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FIGURE 4.14. Photo of the observation window support.
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4.9. The beam and viewing dumps.

As stated earlier., the absorption of the unscattered FIK
peam leaving the plasma is of great importance due mainly tc
the efficiency of the scattering process which is less than
10°'* (see equation 2.8). On the TCA tokamak we have avail-
able a 150 mm diameter vacuum port directlv opposite to the
FIR beam entry port.

A straight, 1.2 m long Pyrex glass cone [10 to lel is
used to absorb the radiation during multiple reflections.
Pyvrex glass was chosen because it stronaly absorbs FIR radia-
tion and it withstands the thermal cycling of the torus walls.
The torus walls are regularlv heated to 85° C to enhance the
outgassing of the walls and to improve the wvacuum on TCA.

The glass cone 1is extended by a stainless steel annulus
to within 40 mm of the plasma limiter edge. The cone opening
is 144 mm see figure 4.15. The full cone angle is 5.5°. The
average number of reflections made by a ray entering the cone
before it exits again can be estimated by the following for-
mula C1773:

N = 2:(30° - 8§)/a (4.3)

where N represents the number of reflections, § the
incident beam angle (see figqure 4.16) and o the full cone
angle.

This result can also be obtained geometrically as illus-
trated in figure 4.16 C17,183. An incident ray (the bold
dotted line) has in figqure 4.16 an incident angle equal to the
full cone angle « . The ray is reflected at the point a
and is sent to the opposite side of the cone to point b

r

which geometrically has the image point b’ . From the point
b the ray is reflected towards ¢ , d and finally exits the
cone at point e . For each reflection the incident angle of
the ray increases by the full cone angle « . Incident rays
with 1 to 6 reflections are shown in figure 4.16.
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In our case, the full cone anagle is 5.5°, hence for a 5°
incident angle beam, there will be a mean of 30 reflections
against the pyvrex glass., and even more for a rav of skewed
incidence €£17,181].

Pvrex glass has an index of refraction of the order of 2

and an absorption greater than 10 cm *

at 385 um wavelength
{see table 4.1). The wall thickness of the glass cone is 10
mm, thus absorbing all the radiation which is not reflected at
the surface. We can estimate the beam losses by multiplying

the surface reflectances at the different incident angles.

The reflectance of an incident ray at angle §, pola-
rized with its electric vector perpendicular to the plane of
incidence (worst case) is calculated by the Fresnel equation
C1591]:

2
n cos(8) - jl—nzsinzs

R, = (4.4)

n cos(8) + Jl—nzsinzs

where '
R, is the intensity reflectance,
§ 1is the incident beam angle,
n 1is the relative index of refraction of glass.

This finally gives a total attenuation factor of more
than 1072° (-200 dB). From this estimation it is clear that
the light which misses the glass cone is the principal source
of stray light. Assuming a Gaussian beam emerging from posi-
tion W2, the fraction of the intensity outside the area co-
vered by the beam dump would be about 7-10"° (-82 dB). The
beam waist W2 is 1.3 mm and is situated 220 mm from the en-

trance of the glass cone, see figure 4.19.

The tip of the glass cone is cut so that there is a hole
of approximatively 2 mm in diameter, see figure 4.15. This
hole allows us to send a He-Ne laser beam through the bottom
of the dump (see figqure 4¢.1) to simplify the alignment proce-
dure for the scattering experiment.
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FIGURE 4.16. Ray tracing for a cone absorber. Depending on
the incident ray angle, the mean number of reflections
from the cone surface will decrease as shown [18].
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The pyvrex cone is surrounded by a stainless steel tube
and is inside the evacuated volume of the TCA vessel. In this

wav there is no need for an exit window. see figure 4.15.

The choice oI material for the viewing dump was more cri-
tical than for the beam dump since the plasma edge is situated
only 34 mm from the inner vacuum vessel wall. This does not
allow a dump thicker than 20 mm. We use Macor glass ceramic
with two carbon "limiters" positioned on each side of the dump
(see figure 4.17). These limiters are 12 mm further awav from

the plasma edge than the reqular inner plasma limiter.

The Macor viewing dump has a rectangular shape of 100 by
160 mm. In the surface facing the beam there have been cut 31
V-shaped grooves, 10 mm deep and with a 15° vertex angle in
order to decrease the effective reflectivityvy (see fiqure
4.18). The arooves are oriented perpendicular to the electric
vector of the incident radiation for a maximum of absorption
C13-163. We assume that diffuse reflection from the sharp
knife edges is negligible as long as the dimension of the edge
is much less than the wavelength of the incident radiation.

The Macor ceramic, at 385 um wavelength, has a measured
surface reflectance of 14% and a bulk absorption of 4 cm !
(see table 4.1 and C13 to 163). The net absorption of the

dump is estimated to be better than 60 dB.

For a comparison the surface reflectance of carbon at 385
um wavelength is 80% which, for a dump machined in the same

way as the Macor, gives an absorption of about 12 dB [13,141.

The Macor ceramic was milled without lubricants and with
a maximum of care to avoid surface contamination. The machi-
ned piece was then baked at 400° C in high wvacuum for 6 hours
before installation in the tokamak vacuum vessel [15,16]1. With
these precautions, the out-gassing of the Macor has been
measured to be negligible compared to a carbon slab of similar

size, and therefore is acceptable for the use in the TCA toka-
mak vacuum [15,161.
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During tokamak discharges, the dump quickly gets coated
with a thin layer of (presumably) carbon and metals. We have
not been able to measure the increase of reflectivity of the
dump, but it is replaced at each major opening of the vacuum
vessel (roughly each 6 to 8 months).

4.10. The collecting optics.

The scattered radiation collected by the elliptical mir-
ror M7 of fiagure 4.1 (page 4-2) is sent to the detection sys-
tem via a set of steering mirrors M8 to M12. The three flat,.
aluminium on glass steering mirrors M8 to M1l0, are used to
match the axis and focal distances of the elliptical mirror M7
and Mll on the intermediate focal point W3. The optical com-
ponents on the laser side (M4 to Me) and on the side of obser-
vation (M7 to M10) have the same parameters, therefore the
dimension of the intermediate images of the scattering volume,
and the divergence of the beams are identical. At the focal
point W3 has been mounted an aperture set typically to 15 mm
diameter to block stray radiation which does not originate
from the scattering volume W2.

The off-axis elliptical mirror Mll adapts the image of
the scattering volume to the size accepted by the optical
diplexer, which forms the front end of the detection system
(beam waist W4 of 14 mm). This elliptical mirror has been
designed for off-axis imaging at 75° and has a diameter of
0.32 m. The magnification factor is 3.5, seen from the
tokamak side (2 and 7 m focal distances, see figure 4.1 and
4.8).

4.11. The removable target.

Whereas for visible wavelengths Rayleigh scattering can
be used for alignment purposes, this is not possible in the
FIR, a removable mechanical target at the scattering point
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in the chamber is necessary for the alignment of the optics,
see figure 4.19 and 4.20.

HWe have mounted a double target. Either a metal sphere
diffuser of 2 mm in diameter or a 1 cm®? Macor surface, in-
clined at 45° with respect to the incident and the scattered
beams, can intercept the scattering volume. Both elements are
attached to a metallic bar that can be vpositioned in the ver-
tical plane and can be rotated to intersect the axis defined
by the incident laser beam. The manipulator is adijusted from
the outside of the vacuum vessel bv a magnetic coupling. This
method does not require any vacuum rfeed-through. During
tokamak operation the target is retracted and secured at the

bottom of the vacuum vessel.

4.12. The alignment procedure.

The alignment procedure of the scattering optics is time
consuming but straight-forward. KWe have noticed that a He-Ne

laser beam (L1 in figure 4.1) colinear with the FIR laser aXis
can be used as a good reference for the FIR beam. '

The L-shaped FIR laser has its axis (G5-P3) defined per-
manently with a He-Ne laser beam. By sending a second He-Ne
beam, issued from laser L2, through the beam dump we define
the axis of the scattering optics (dump-W2-Mé6). Then both
laser beams have to be made colinear with the flat steering
mirrors M4 and M5. The lengths M6-Wl and W1l-T are measured
and adjusted as required by translating the lens T or mirrors
M4 and MS,

A third He-Ne laser (L3 on fiqure 5.4) defines the axis
of the optical diplexer W4 and the mirror M1ll. This beam is
sent backwards to the tokamak. Mirrors M10 to M7 are adjusted
so that this beam intercepts the target at W2 in the vacuum
vessel. The distances M7-W3 and W3-Mll are measured and

adjusted as required by translating mirrors M9 and M1l0.
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The alignment 1s considered satisfactory when, looking
from the position of the detector (W¢), we can observe the
He-Ne beams from L1 and from L2 scatter off the target.

Because the He-Ne beams are less than S mm in diameter,
and cover only a small fraction of the surface of the elli-
ptical mirrors, we have used a 200 W incandescent light source
positioned at the intermediate focus W3 (also at Wl). The
light fills the surface of the elliptical mirrors., but does
not significantly improve the alignment due to the poor
surrace quality of the elliptical mirrors for visible light
and due to the limited access to observe the target when all
mirrors are positioned correctly.

4.13. Measured FIR beam profiles at W3.

The heterodyne detection system is only sensitive to a
beam that interferes with the local oscillator laser (LO) beam
at the diplexer, and that matches the antenna lobe of the
Schottky diode mixer (see §5.1). This allows us to direct the
LO beam towards the scattering volume and use it as a measure
of the useful part of the observation beam.

The measurements of the beam intensity profile at the
intermediate focus W3, as shown in figure ¢.21 and 4.22, were
obtained by scanning a small detector in two perpendicular
axes (a horizontal and a vertical axis) and observing the
radiation emitted from the local oscillator laser propagating
backwards from the detection system to the tokamak. A least
square fit of the measured data to a gaussian beam profile
(dashed lines) is also given in the figures. The waist
measured at W3 is well matched to the image through M7 of the
waist at position W2 which defines the scattering volume, see
figure 4.8.



4. FIR OPTICS ON TCA. 4-33

] <&
-
0'8"'
>
= ]
c
L 06+
£
0.4+
N
E 1
5 0.2 +
z -y
0 ) g
16 12 12 16
mm
— measured - == least are fit
waists:%.z mm

FIGURE 4.21. Horizontal scan of the LO laser beam profile at
the intermediate focal position W3 (see figure 4.1).

1+
08+
o
= <
e
8 O,Gdb
£
-‘0‘ -
N 0.4-0
L
£ 4
2024
0 * s — + + +
-16 -12 -8 =4 0 A 8 12
mm .
- measured = = = least square fit

waist: 4.3 mm

FIGURE 4.22. Vertical scan of the LO laser beam profile at the
intermediate focal position W3 (see figure 4.1).




4. FIR OPTICS ON TCA. ' 4-34

4.14. Mechanical stability of the FIR optics.

The mechanical stability of the FIR optics is of great
importance. mainly because of the small beam waist WZ in the
plasma. A tilt of only 2.5 mrad, or 0.35 mm at the mirror
edge, of the mirrors M6 or M7 is sufficient to move the focal
spot W2 in the plasma by one beam waist. This is not accep-
table. The measurement of the vibration of these mirrors was
found not to be trivial due to the difficult access. illus-
trated in figures 4.23 and 4.24, and the lack of a stable
reference to which a steering mirror could be attached if a
He-Ne laser were to be used as a displacement monitor.

It is known that the TCA torus chamber vibrates with an
anplitude of approximately one millimeter during a discharge
due to the magnetic stresses. We expect that all thres mir-
rors M6, M7 and M8 will move together because of their common
attachment (see figure 4.23). The elliptical mirror M6, how-
ever, is supported by a 750 mm long lever and could vibrate on
its own during a tockamak discharge.

The tubes composing the stainless steel structure suppor-
ting mirrors M6 to M8 have been filled with sand to damp any
vibrations. They are fixed to the support structure of two of
the toroidal coils of the TCA tokamak. As a general precau-
tion, all supports of mirrors as well as the DZO laser vessel
itself are made out of non magnetic material like stainless
steel or plastic and glass fiber. Special care has been taken
to avoid the creation of eddy currents from closed electric
conducting loops.

It has been considered to increase the scattering volume
in order to reduce the sensitivity to possible vibrations.
This would, however, reduce the amount of scattered light
observed by the detection system, which is not reasonable for
the feasibility experiment on TCA because of the limited
available FIR power.
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Figure 4.24. View of the elliptical mirror M6 and the input
window support on TCA.
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4.15. Conclusions.

To minimize beam transport losses the DZO laser has been
positioned close to the TCA tokamak. For the same reason
reflecting optics are used wherever possible. Two off-axis
elliptical mirrors focus the incident FIR beam and collect the
scattered signal. Z-cut crystal quartz, 120 mm in diameter,
is used as vacuum window on the tokamak. The quartz windows
are cut as etalons for the FIR wavelength to optimize their

transmission.

The stability of the optical elements i3 of major impor-
tance. A tilt of only 2.5 mrad of one of the elliptical
mirrors is sufficient to move the focal spot in the plasma by
one beam waist. This would introduce a high shot to shot
fluctuation to the scattered signal seen by the detection
system. A stable mechanical structure, supporting both ellip-
tical mirrors on the tokamak, has been designed to minimize
the sensitivity to mechanical distortions.

To minimize the level of stray light, a 1.2 m long pyrex
cone is used to dump the main FIR laser beam after its passage
through the plasma.

A Macor glass ceramic viewing dump is positioned behind
the scattering volume. To improve the dump efficiency narrow
V-shaped grooves have been milled in the Macor.

The focal spot in the plasma has a measured gaussian beam
waist of 1.3 mm, which matches the area seen by the detection
system.
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CHAPTER S.

THE HETERODYNE DETECTION SYSTEM.

As discussed in §2.6 (1,2,31, we have chosen a heterodyne
receiver using a Schottky diode mixer with a noise equivalent
power (NEP) of at least 107'® W/Hz at the frequency of
778.58 GHz. Heterodyne detection consists of coherently mix-
ing the signal to be detected with a narrow bandwidth local
oscillator signal, thus converting the signal spectrum to a
more accessible intermediate frequency (IF). Since our signal
is pulsed and wideband, the analysis of the IF spectrum is
best achieved with a multichannel filter bank. The filter
bank divides the IF signal into a set of narrow spectral chan-
nels, each leading to an integrator. The following descrip-
tion considers the state of the detection system as used for
the first attempts to observe scattered light from the TCA
tokamak. The description includes the IF amplifier-filter
bank and the CAMAC data acquisition system.

5.1. Introduction to heterodyne detection.

Figure 5.1 shows a block diagram of a heterodyne recei-
ver. It consists of: (1) an optical diplexer combining the
scattered and the local oscillator signals, (2) a mixer pro-
ducing the IF signal and (3) the IF amplifier, filters, square
law detectors and integrators necessary to record the spectrum
of the signal.

The current delivered by a mixer (il) in a heterodyne
receiver is usually proportional to the product of the inci-
dent electromagnetic power and the detection efficiency inte-
grated over the detection area [4]1. For visible wavelengths

the detection area is well defined, because the radiation is
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FIGURE S5.1. Block diagram of a heterodyne receiver svstemn.

4coupled optically to the mixer, that is the signal is imaged
directly on the finite surface of the mixer. In the FIR and
microwave wavelength region antenna-coupling is mostly used.
The physical size of antenna-coupled mixers, such as the
Schottky diode, is small compared with the incident wave-
length, thus a detection area can not be defined. The current
responsivity of the antenna-coupled mixer is obtained by
integrating over the solid angle defining the antenna pattern
of the mixer (4,5,617.

For both schemes of radiation coupling to the mixer, only
the incident signal mode c¢oinciding with the local oscillator
field contributes coherently to the detected current [3 to 61,
thus the heterodyne receiver is only sensitive to a single
radiation mode!. This leads to the antenna theorem of hete-

1 A single radiation mode is defined by T.G. Blaney (3] as:
"linearly polarized radiation propagating such that its
etendue AAQ v X is preserved", where A 1is the beam area
and AQ the solid angle defining the spread of the beanm.
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detection stating that the incident beam etendue should be
smaller than A% £3,4,5,71:

AdD < A2 (5.1)

For antenna-coupled devices the incident beam is gene-
rally focused to a diffraction limited spot. Within the area
of the first Airy lobe the antenna theorem is always verified.
It has been shown that for heterodyne detection the optimum
coupling of a Gaussian local oscillator (LO) beam of waist w

to an Airy field signal beam of F-number F is (83]:
W/FE v 0.7 X (5.2)

The useful etendue of the beam emerging from the scat-
tering volume in our experiment is the etendue that fulfils
the antenna theorem through the observation optics. A measure
of this antenna beam can be obtained as described in §4.13,
since the field distribution defining the antenna beam of a
optical mixing receiver is simply the field distribution of

the LO beam propagated backward through the observation optics
£4,61.

If ES represents the signal field incident on the
nixer, and Elo the field of a linearly polarized local
oscillator then we have [4,61:

o [ 2 2
i (t) =¢C JJAd X |E_(x,t) + Ej (X,t)| (5.3)

where C 1s a conversion constant and A any cross section
for which the antenna theorem is respected for both the signal
and LO fields incident onto the mixer.

By expanding the integrand, assuming the monochromatic
local oscillator field is much stronger than the signal field,
we end up with two DC terms due to signal power (Ps oc ES-E:)
and LO-power (P10 o Elo'El*)' and an interference term at the

o
IF frequency v._. = |v £C4,5,01.

if s Vio!
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The current due to this interference term is (6]:

2 2

. f( *
lif(t) = C jjAd X |Es(x,t)-Elo(x,t) + c.c.| (5.4)

oc ZJP P cos(vaift)

s lo

Since the local oscillator power is large in comparison to the
signal power, we have Plo >> Pif > Ps where Pif is the
power due to the current iif‘

The DC terms mentioned previously will not pass through
the IF amplifiers, but they will contribute to the generation
of noise in the mixer, whose bandwidth extends to the IF fre-
guency range. For Schottky diode mixers this is mainly shot
noise (see equation B.35 in appendix B) produced by the cur-
rent circulating in the diode. The total noise power Pn
entering the first IF amplifier has then a contribution from
shot noise due to the radiation incident on the mixer which is
mainly due to the LO field., hence the power Plo , and an
intrinsic noise power from the mixer and the IF amplifier Pcn
which is independent of the optical signals. Since only Pif
contains a term related to the signal, the signal to noise
ratio after the mixer is proportional to:

S/N « Eif oc _ES;E
P

Py

lo (5.5)
0+Pcn

To improve this signal to noise ratio, apart from increasing
Ps , one would have to increase PlO so that its noise
contribution represents the dominant noise source. This is

referred to as the shot noise limit.

Shot noise limited heterodyne detection is generally
achieved at visible and near infrared wavelengths, but in the
FIR, where kT >> hv noise due to thermal emission from the
surroundings contributes strongly to Pcn , and other para-
meters, like the conversion loss of the Schottky diode mixer,
are also strongly influenced by the LO power. This is
discussed in more details in §5.9
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The filter-squarer-integrator combination which forms the
spectrum analyser in figure 5.1 will influence the final sig-
nal to noise ratio observed after the integrators (4,5,71.

The noise and signal just after the mixer are wideband, com-
pared to the IF filters, and can be assumed to follow Gaussian
statistics. The IF filters will extract a portion of the full
bandwidth, while the squarer will transform the noise stati-
stics to a xz distribution €4,5,7]. It can be shown that
the average current 13 after the square law detector is
proportional to the power P1 at the mixer, which is the sum
of the signal and noise power when an optical signal is inci-
dent on the mixer, and which is just the noise power in abs-
ence of an optical signal. Accordingly, the useful signal at
this stage is [5,71]:

<i

- <13>n « P - P

L(s+n) = (PS+Pn) - Pn (5.06)

?
3" s+n 1(n)

A measure of the noise in the current 13 is the root

mean square fluctuation of the mean [5,71:
CBi DX = (1.2 - i yt)™ (5.7)
3 3 3

The signal to noise ratio is given by the ratio of
available signal power to the total contribution of

fluctuations, which is for the current 13

i s
20 = S = (5.8)

i
(S/N)3 = i_sin

where s=Ps/Pn is the signal to noise ratio after the mixer.

The effect of the integrator is to reduce the fluctua-
tions of the current by averaging, hence improve the signal to
noise ratio. It can be shown that the final signal to noise
ratio (or post integration signal to noise ratio) is related
to the pre integration signal to noise ratio by [5,71:

(S/N), = (S/N), (1 + BT (5.9)



5. THE DETECTION SYSTEM. 5-6

where B 1is the bandwidth of the signal before the integrator
and T 1is the integration time.

Before the final integrator the available signal to noise
ratio {(in preéence of an optical signal on the mixer) is always
below one (equation 5.8). From the moment that s 2 1 , an
increase of the signal power can only contribute by a factor 2,
while an increase in integration time <t (laser pulse length)
can significantly improve the final signal to noise ratio.
Assuming that PS and Tt can be chosen for a given laser pulse
enerqgy, there is no point in increasing PS far beyond PS=Pn
Once this level is reached, the signal to noise ratio can be

increased more efficiently by increasing <t €1,5,61.

The output current i“ as a function of time is illu-

strated in figure 5.2 [5].

N Current

<{/>
& S+N

<[4>41::2§

FIGURE 5.2. A schematic output current from the integrator,
with and without a signal [51].
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Concerning Schottky diode mixers two parameters must be
introduced. They are the Schottky diode mixer conversion
loss LC and the noise equivalent power (NEP) L,

The conversion loss is defined as the ratio of the mean
signal power (time averaged) incident on the optical diplexer

to the available power at the IF frequency after the mixer:

P P
L = —8% = — 2 (5.10)

C P.. 2 I?f(t)

it 1

—

where 2 1is the IF impedance of the mixer and 1if the mean
IF current. Equation 5.10 shows that the conversion loss is
strongly dependent on the local oscillator power and on the
Schottky diode and IF amplifier characteristics through the
impedance 2.

The NEP 1is defined as the power per bandwidth. incident
on the mixer to give a detectable signal at the level of the
first IF amplifier equivalent to the signal generated by noise
sources in the detection system (in other words the equivalent
signal power to achieve a signal to noise ratio s = 1 ).
Contributions to the total noise power come from shot noise

and from noise generated in the IF amplifiers.

In the FIR when «T >> hv the NEP is often replaced by
the effective noise temperature which represents the effective
temperature of a thermal noise source. They are related by
{see also appendix B, equation B.4 and B.1l3):

NEP = KTS = K(Tm + LcTa) CW/Hz] (5.11)

where TS is the total system temperature which corresponds
to the mixer temperature Tm plus the IF amplifier tempera-

ture Ta corrected by the mixer conversion loss Lc .

1 In a heterodyne detection system signals from frequency
bands on both sides of the local oscillator will contribute to
the IF signal unless special measures are taken. When quoting
an NEP it needs to be specified whether single (SSB) or double
({DSB) sideband conditions are considered. The NEP used in this
text implies a double sideband if not specifically stated. The
NEP of a single sideband receiver is twice that of the double
sideband receiver !
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5.2. The elements of the heterodyne detection system.

The total detection system installed on TCA is outlined
in figures 5.3 £91 for details of the optical part see figure
5.4, and 5.5 which shows a photo of the Schottky diode mixer
mount and the last parabolic mirror. The heterodyne receiver
is composed of:

- A quasi-CW, optically pumped FIR laser used as the local
oscillator.

- A Mach-Zehnder type diplexer to combine the scattered signal
with the LO laser beam.

A Schottky barrier diode mixer to convert the incident power

to an IF signal.
- Microwave (S band) low noise amplifiers and filters to
analyze the spectrum of the IF signal.

- A data acquisition system composed of:

|

A CAMAC controlled multichannel gated integrating ADC
which integrates and digitizes the signal at the output
of the receiver channels.

- A CAMAC controlled timer for synchronization of the

acquisition system with the laser pulses.

- A microprocessor based CAMAC controller to establish

communication between the acquisition units and the

local PDP-11 computer.

Figure 5.3 shows not only the basic elements of the hete-
rodyne detection system, but also typical signals (time and
spectral power behavior) at different points through the
detection system. The final value obtained by the integrator
of each channel is digitized before being sent to the local
computer (PDP-11) for storage and analysis.

5.3. The local oscillator.

The three essential parameters of the LO are its fre-
quency, spectral purity and power.
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FIGURE 5.4. The optics of the detection system, including the
Mach-Zehnder optical diplexer and the local oscillator,
see also figure 5.5 and 5.6.
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The mirrors: (Al on glass if not otherwise specified)

-M12

-M13
-M14
-M15
-Ml6

-M17

-M18
-M19

-M20
-M21

Translatable flat steering mirror to collect the beam
coming from the off-axis elliptical mirror M1l of figure
4.1.

Steering mirror for He-Ne alignment laser beam.

As for M12.

Flat Al roof-top mirror.

As M15 but mounted on a translation stage to adapt the
diplexer path length, typically set to 540 and 590 mm.
Flat steering mirror forming the fixed length arm of the
interferometer.

As for M17.

Parabolic, 90° off-axis mirror of 110 mm focal length,
matching the waist of the beam from the diplexer to the
antenna pattern of the Schottky diode mixer. It is a
gold coated epoxy mirror.

Flat steering mirror.

Spherical 1 m radius of curvature mirror. It forms a
telescope with mirror M22.

As for M21, but with a 0.6 m radius of curvature,.

Z of intensity)

Waist at entrance of optical diplexer, designed for a

Waist of local oscillator, measured: 8.3 mm.
Waist of LO at diplexer, measured: 14 *+ 4 mm, see fiqure

Waist on Schottky diode mixer. Focused to a diffraction

limited spot with a divergence matched to the mixer
antenna lobe. The antenna lobe has a full cone angle of

Retractable He-Ne pellicle beam-splitter.
Copper wire mesh, clear aperture 55 mm, 50% transmitting

As for G7, forms the optical diplexer with mirrors M15

Fixed He-Ne beam splitter. A few per cent of the LO beam
power is sent to the LO monitor detector.

LO laser output coupler. Capacitive gold mesh (100
lines per inch) deposited on a crystal quartz substrate.

-M22
Beam waists: (Gaussian, radius at e~
-4

beam of 14 mm waist.
-WS
-He

5.7 and 5.8.
-W7

15° at 3 dB intensity.
Grids or beam-splitters:
-Go
-G7

at 778.58 GHz.
-G8

to M18 and grid G7.
-G9
-G10
Table

5.1. Elements composing the detection system shown in
figure 5.4¢.
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The LO emission frequency defines the IF centre frequency
and therefore the type of microwave equipment needed for fur-
ther signal processing. The spectral purity of the LO signal
is important because only for a narrow band LO does the IF
spectrum reflect the spectral distribution of the scattered
radiation. The LO power contributes to signal amplification
in a heterodyne detection scheme (see equation 5.4). For
optimum operation of the Schottky diode mixer a minimum LO
power of 3 to 10 mW is required 1,10 to 141.

We have chosen an optically pumped FIR laser as local
oscillator. The emission of such a laser can be kept stable
in frequency with a linewidth of some megahertz when operated
at pressures below one Torr. The exact laser frequency and
total power depends on the choice of molecule and lasing tran-

sition.

The choice of LO frequency involves a compromise between
keeping the IF low enough to be able to exploit easily avail-
able, low noise components, and minimization of the relative
bandwidth Avsignal/vif To keep the IF below 10 GHz, we
restrict the LO frequency to 778.58 *10 GHz. Since the scat-
tered signal halfwidth Avsiqnal v 1.5 GHz , and the relative
bandwidth should be kept below 0.5 for current microwave
equipment we have finally:

3 GHz ¢ Vig ¢ 10 GHz (5.12)

From the literature we have found only three gases that
satisfy these conditions, and which provide several milliwatts
of FIR power [15,161. They are: DCOOD, CH2F2 and CD3C1.

NWe have chosen to use CD3C1, which emits at 782.166 GHz
(383.05 um wavelength) when pumped by the 9R(34) line of the
CO2 laser. Mixing this LO emission with the Raman line of the

020 laser results in a IF frequency of 3.6 GHz.

The DCOOD molecule, which was used as LO at MIT [171,
emits at a wavelength of 381 um (IF of 9 GHz). It was dis-

regarded because of problems of availability of very low noise
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amplifiers in the X-band. This would not have been such a
problem today.

The CH2F2 molecule, emitting at 783.5 GHz (IF of 4.9 GHz)
was not chosen because it emits simultaneously on three cas-
cade lines, which would require special means for the line
selection and monitoring. However, it could be used with the
present detection system to allow the study of the outer part
of the spectrum of a H* plasma. This part of the spectra
cannot be observed with the CD3C1 as LO because of limita-
tions in the pass band of the IF filter set.

The optically pumped FIR laser is a commercial system
supplied by Edinburgh Instruments (model PL4), consisting of a
CW CO2 laser and a dielectric waveguide type FIR resonator
{see figure 5.6).

The CO2 laser delivers up to 60 W of linearly polarized
IR radiation. The active gas mix used is 75% He, 18% N2 and
7% COZ' at a typical working pressure of 25 Torr. The laser
cavity is formed by a 1.5 m long invar stabilized structure
supporting a blazed grating to select the emission line and a
ZnSe output coupler. For fine tuning of the cavity length the
output coupler is mounted on a piezo-electric translation
stage. Cavity length tuning allows the emission frequency of
the CO2 laser to be adjusted to the absorption line of the
CD3C1 molecule. For optimum coupling into the FIR laser

cavity the CO2 laser has to be operated on a low order trans-
verse mode.

The optically pumped FIR laser is composed of a 1.5 m
long, 25 mm diameter, glass waveguide tube. The focused pump
beam is coupled into the FIR laser resonator via a hole in the
flat end mirror. As output coupler we use a capacitive mesh,
(100 lines per inch) of 90% reflectivity, deposited on the
surface of a flat Z-cut crystal quartz substrate. The quartz
window is cut as an etalon with maximum transmission for the
FIR laser wavelength. In addition a dielectric coating with
high reflectance at the 002 laser wavelength has been depo-
sited on the substrate.
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At a typical working pressure of 250 to 300 mTorr the FIR
laser output is 1.5 mW in CW operation and 7 mW in chopped
mode. The S5 ms long pulse produced in chopped mode can be
considered to be CW compared with the 1 us long DZO laser
pulse. Unly in performing a calibration of the detection
svstem does the chopped nature of the LO cause complications
{see §5.8). For stable operation and to minimize thermal
drifts the LO laser 1is run in chopped mode with a repetition
rate of tvpically 10 Hz. The synchronization with the D_0

2
laser pulse is controlled by the CAMAC timer see §5.12.

The beam profiles at the entrance of the optical diplexer
have been measured by scanning a small detector in two perpen-
dicular directions. The measurements are shown in figures 5.7
and 5.8. The difference between the horizontal and vertical
scans comes from astigmatism in the off-axis telescope. which
uses spherical mirrors (M21 and M22) to match the LO beam pro-
file (WS in figure 5.4) to the required diplexer beam waist
6. The dashed lines represent a gaussian least squares fit
to the measured data with a normalized intensity of more than
0.25. The bumps in the measured values at the maximum inten-
sity are due to feed-back of radiation from the detector into
the local oscillator laser.

5.4. The optical diplexer.

The simplest way of superposing the signal beam (scat-
tered radiation) and the LO beam is to use a semi-transparent
beam splitter. However, in this case part of the signal and
LO power will be lost. Assuming a symmetric beam splitter
with equal reflectance and transmittance only half the signal
and LO power will be available at the mixer.

In theory a diplexer formed from an interferometer (e.qg.
Michelson., Mach-Zehnder or Fabry-Perot) can be made 100% effi-
cient for two beams of different frequencies with the penalty
of a finite bandwidth of the instrumental transmission func-
tion. When calculating the diplexer’'s efficiency for the
large spectral extent of the scattered signal the instrumental
transmission function must be considered.
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The diplexer used in our experiment has the configquration
of a Mach-Zehnder type interferometer, as shown in figure S5.4.
The optical elements have a diameter of 50 mm which is well
adapted to accept a beam with a waist of 14 mm. The trans-
mission function of this diplexer can be derived when the sim-
plified configquration shown in figure 5.9 is considered. The
metal mesh beam-splitters are assumed to be lossless and will
introduce a constant dephasing of 90° between the reflected
and transmitted beams. The path difference for the two arms

of the interferometer is given by AL

For a monochromatic wave of wavelength AS and fre-
quency v incident on port 1 (the signal port) it can be
shown that the amplitude at port 3 (ignoring arbitrary phase
terms) is related to the signal amplitude As by C£18,12,2017:

A13 = As (tlt2 - rlrzexp(-an AR/AS) ) {5.13)

By analogy we obtain for a wave of wavelength Xlo and fre-
quency V. incident on port 2 (the LO port) C1l8,19,201:

A = A (r t_ + tlrzexp(-Zui AR/ X ) (5.1¢4)

23 1o 12 lo)

where Alo is the amplitude of the incident LO field.
Now two cases are of special interest (201:

a) One wants to maximize both A13 at the wavelength
Ao and A23 at wavelength Mo (see figure 5.10). This
inplies that £18.19.201]:

AL = (N+k)xs and A% = MAlO (5.15)

where N and M are integers. This combines to give:

AL = (2K+1)Aif/2 (5.16)
where K = |[M - NJ 1is an integer, Aif = c/\)if and
Vif = Vg T V4l
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It appears that in this case the transmission is also
maximum for the signal image frequency.

It should also be noted that if the two beamsplitters
were not balanced (r # t), then part of the LO signal would
exit through port 4. If, however, port 4 was chosen as the
output port and the path length difference was optimized, then
the signal would not be fully transmitted to port 4; part of
the signal power would be lost through port 3.

b) One wants a maximum transmission of the signal but a
maximum rejection at the image frequency, thus L201]:

A% = (2K+1) A;/4 (5.17)

IF

In this case, for an identical value of K , the instru-
mental function bandwidth is twice as large as for the case
a), but the transmission of the LO signal is only one half for
the case K=0, the rest of the LO power is lost through port 4,
if it is not used to monitor the LO.

An IF frequency of 3.6 GHz corresponds to a path length
difference of 41.6 mm for the diplexer arms for case a). The
frequency bandwidth of interest (see figure 5.22) is centered
around 3 GHz, which corresponds to a path length difference of
50 mm for the case a) with K=0. The diplexer arm lengths were
adjusted to 160 and 210 mm. With the diplexer adjusted this
way the signal at the Dzo Raman emission frequency (channel
#18) 1is tapered by 10% by the instrumental function of the
diplexer, while the spectral channel at the extreme of the
pass band (channel #1l) is tapered by 1l6%. The total trans-
mission of the LO path of this diplexer has been measured to
be better than 80%, we assume a similar transmission for the
signal path in addition to the tapering due to the instru-
mental function.
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FIGURE 5.11. The Schottky barrier diode mixer mount C213.
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5.5. The Schottky barrier diode mixer.

The Ga-As Schottky diode is mounted in a corner cube
reflector as shown in figure 5.11 C10-12,20,211. A 25 um in
diameter phosphor-bronze whisker, is bent to forma ¢ - 1.2 X
antenna. Calculations and measurements [22-24] have shown
that the antenna pattern forms a single lobe of 12 dB maximum
gain, compared to a free standing antenna. The antenna lobe
is oriented at an angle of 25° with respect to the 4 wire
and has a full-width angle of 15° at -3dB [22,231.

The gaussian FIR beam of 14 mm waist emerging from the
diplexer must be matched to the dimensions of the mixer
antenna pattern. This is achieved by a parabolic mirror (M1l9
figure 5.4) of 110 mm focal length.

The position of the whisker in the corner cube mount is
rather critical [131, and can only be adjusted before the
contacting of the diode. An adjustable corner reflector would
be advantageous although difficult to build because of the
small dimensions.

The diode chips and the corner cube mount were supplied
bv Farran Research Associates, Cork Ireland C21]. Each chip
contains several hundred diode elements of 1 um diameter (see
figure 5.14), a section of a chip is shown in figure 5.12. The
Schottky barrier is formed between the Au-Pt metal laver and
the N-epilayer, the whisker is only serving as a microwave
antenna and does not contribute to the contact apart from a
slight increase of the stray capacitance of the diode.

5.5.1. Contacting the Schottky diode.

The whiskers are electrolytically etched in a solution of
5% NaOH with a voltage typically of 1.2 V AC to get a tip of
approximatively 0.5 um in diameter.
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FIGURE 5.13. The whisker tip seen through a high power
optical microscope. T one on the left has an accep-
table shape, while the right whisker tip has been bent
during contacting.
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FIGURE 5.14a. Enlargement of a bad Schottky diode contact.

FIGURE 5.14b. Enlargement of a good Schottky diode contact.
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Figure 5.13 shows two whisker tips as seen in an optical
microscope (magnification 500x). The left whisker has been
etched to obtain the desired sharp point, the tip of the whis-
ker on the right has been damaged during contacting. It is
preferable to reetch the whisker before each contacting pro-

cedure to obtain optimum performance of the mixer.

Figures 5.14a and b show scanning electron microscope
photographies of the whisker and the chip surface (courtesv
Farran Research). The individual diodes show up as small dots
(1 um in diameter). Figure 5.14a shows a badlv contacted di-
ode with the whisker tip bent due to excess contact pressure
on the chip surface after a mechanical shock to the corner
cube.

The current-voltage dependence of a Schottky barrier
diode is given by the followinag relation [£11,12,213:

I = Isexp(q(V-IRs)/(nKT)) (5.18)

where I is the current through the junction, IS is the
saturation current, V the measured voltage across the junc-
tion, RS the series resistance, n the quality factor, g
the electron charge, x the Boltzmann constant and T the
junction temperature. The quality factor is a measure of how
close the real diode matches the theoretical exponential I-V
curve. For a good diode contact n is close to one, but
always n 2 1.

Figure 5.15 shows the equivalent electric circuit of a
Schottky barrier diode. The signal is generated by the non
linear capacitance and resistance C(V) and R(V). For optimum
operation in the FIR the series resistance Rs and parasitic
capacitance Cp must be kept small. The diodes we use have
typically 12-18 Q series resistance, 2-4 fF junction capaci-
tance and a quality factor of 1.1-1.3 . The equivalent RC
cutoff frequency of these diodes is higher than 10 THz and is
mainly limited by the stray capacitance of the whisker contact
and the series resistance of the barrier.
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FIGURE 5.15. The equivalent electric circuit of a Schottky
barrier diode. Typical values for normal operation
are: Rs = 12 Q, Cp+C(V) = 2.5 fF, R(V) ~ 100 Q.

In general RS and n are determined by measuring the
voltage across the diode for 4 currents (1, 10, 1000, 10000
HA). From these data points the parameters can be evaluated
using expressions derived from equation 5.18 C1l11:

n v QV -V )/ («kT1n(10)) (5.19)

Rs v 100( (V ) - (VIO—V ) ) Cal (5.20)

-v
10000 1000 1

From our experience, the values obtained with these for-
mulas underestimate the theoretical values by up to 50%. It
is to be noted that for a current flow of 10 mA, the current
density in the 1 pym diameter diode is of the order of 1.3-10°
A/cm? , which is often fatal for the diode junction.

For routine measurements of the I-V characteristics of
Schottky diodes we have developed an instrument which samples
the I-V curve at typically 250 points, stores the data in di-
gital form and transfers it to a PDP-11 for further analysis.
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The microproceszor controlled instrument applies to the diode
a series or voltage pulses generated by a L2 bit DAC or less
than I ms duration and with increasing amplitude. At the same
time the wvoitage drop across a calibrated series resiszcance is
measured by a L2 bit ADC to obtain the current flowing throuah
the dicde. In a measurement with short puises the riszk cf
damaging the diode at high current is decreased. The analysis
taking into account a complete I-V curve is more precise in
the determination of the parameters Rs and n which are
obtained from a numerical fitting procedure to equation 5.13.

Figure S.lo shows the I-V (current-voltage, curve O Two
diode contacts. a good ana a rather poor contact, with Rs;lb
o, measured by the instrument described apbove. The effect
O the series resistance Rs on the I-V curve 1is evident on the
upper part of the curve ([ > 1 mA) wnich is drawn with a

logarithmic scaie.

5.5.2. Operating the Schottky diode.

The Schottky diode is operated with a constant bias cur-
rent of 200 to 600 pA to reach a point on the I-V curve with
optimum mixer performance. The bias current is provided by a
battery powered current supply to ensure electric isoiation
and to minimize ground loop problens.

Special care has been taken to keeb the bias current of
the diode constant even when a pulsed local oscillator is
used. For the circuit shown in figure 5.17. the change in
current during the LO pulse is less than 0.5% as shown in
figure 5.18, and we measure a voltage modulation of 150 to 200
mV during the LO pulse, see figure 5.19.

The voltage modulation, which is proportional to the LO
power incident on the mixer, is used to optimize the adjust-
ments of the diplexer and the alignment of the diode.
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the LO laser pulse.
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FIGURE 5.19. The voltage drop across te Schottky diode during
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The effect of the optical power incident on the mixer,
which is mainly the power of the LO laser., is given in figure
5.20. This figqure shows the diode I-V curve measured with and
without the LO power on the mixer diode. With a constant bias
current applied to the diode the voltage modulation of rigqure
5.19 represents a displacement on figure 5.20 along a horizcn-
tal line at the level of the imposed bias current. Figure
5.18 shows the displacement from the horizontal position of
this line during the LO pulse.

The sensitivity of a Schottky diode can be specified by
the amplitude of this voltage modulation for a given incident
LO power. The comparison of modulation values quoted in the
literature for different Schottky diode mixers is only possi-
ble if the bias supply circuit is really insensitive to the
changes in the diode I-V characteristics due to the incident

LO power. This is, however, not always the case.

5.6. IF amplifiers, filters and square law detectors.

At the output of the Schottky diode mixer the signal to
noise ratio is of the order of one. Low noise amplification,
filtering and integration must be used to be able to disting-
uish the signal from the noise. Figure 5.21 shows the IF
circuit used for the heterodyne receiver.

Throughout the system low noise Ga-As amplifiers with a
pass band from 2 to 4 GHz (the S-band) were used (Miteq model
AMF-3B-2040). The design of the IF section is based on a
heterodyne receiver built by Farran Research {211,

Hith respect to the noise temperature of the mixer, the
first amplifier in the chain (Al) is the most important one
(see appendix B equation B.21). We use a broadband, low noise
amplifier with 35 dB gain and a noise figure of 2.3 dB. The
input noise level is approximately -80 dBm. A second ampli-
fier with a 2.5 dB noise figure and similar gain is connected
in series. Because of the high gain of these two first ampli-
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fiers the contributions of the later stages do not affect the
overall receiver NEP. The two amplifiers have not shown any
tendency to self oscillate. The output noise signal level
after this seccond amplifier is about -10 dBm.

For decoupling of the following stages a microwave iso-
lator separates the IF amplifier A2 and the filter bank. A
-0.3 to -20 dB, continuously adjustable attenuator allows us
to adjust the signal level to stay within the dynamic range of
the following amplifiers.

The signal is divided into four branches bv a first power
divider. In three of these branches the signals are pre-fil-
tered (A-C: 400 MHz bandwidth) then amplified and separated
again into four 80 MHz bandwidth channels by a set of pass-
band filters (channels #l1 to #12). The signal in the fourth
full-band branch is either sent to a square law detector and
used as a monitor signal (channel "ref."), or sent to another
amplifier (A3, filter D) and a set of 80 MHz bandpass filters
to resolve the frequency region just around the FIR laser
Raman line (channels #13 to #20). These channels are used
essentially for recording and adjusting of the PIRAlaser by
observing the stray light. The pass-bands of the filters,
relative to the spectral distribution of the scattered light
is shown in figure 5.22.

All filters used are coaxial 8 or 10 stage microwave fil-
ters from K&L, Maryland, model B120. They have typically 1 to
5 dB insertion losses. Since the band pass filters reflect
the spectral components outside their pass band some interfe-
rence between parallel channels is to be expected. At the
input of the 80 MHz filters we have observed distortions of *1
dB due to interference with reflected signals. These distor-
sions are of the same magnitude as the gain variations over
the spectral width of the IF amplifiers and can be tolerated.

We use the general purpose Hewlett-Packard model 33330B
coaxial square law detectors to detect the IF signal in each
of the 20 IF channels. These detectors cover the 0.01 to 18
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FIGURE 5.22. The frequency distribution of the IF filters for
typical hydrogen and deuterium plasmas on TCA.

GHz frequency band and have the advantage of a certified fre-
quency response within 0.3 dB for all devices. The respon-
sivity is typically 10 mV for -10 dBm power with a 475 & load.
The power limit for square law response is about -5 dBm.

The 20 adjacent 80 MHz channels cover the 2.22 to 3.8 GHz
region. The available integrator-digitizer bank has 12 chan-
nels, so that the filters actually in use are selected depen-
ding on the expected frequency width of the scattered signal.

5.6.1 Measurement of the IF amplifier noise figqure.

The overall NEP of the receiver system depends to a large
extent on the noise level generated in the IF amplifiers (see
equation 5.11). The equivalent noise temperature can be esti-
mated using the specified parameters of the individual compo-
nents. An experimental confirmation is, however, necessary.
It is common practice to determine the equivalent noise tempe-
rature by comparing the output signals for different calibra-
ted power levels. A well defined, broad band power level is
obtained from a thermal source at a specified temperature. 1In
our case we use a 50  load at room temperature Th and at
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liquid Nitrogen temperature Tc respectively. We can deduce
the amplifier noise temperature 'I‘a » and the noise figure Nf

using the following equations (see also appendix B):

Y = Vh/vc (5.21)

Ta = (Th - YTC)/(Y-I) CK] (5.22)

Nf = 10 loq((Ta+T0)/T0) CdB1l (5.23)

where

- 'I'O = 290 K, is the standard effective noise temperature.
- Ta is the amplifier effective noise temperature.
- TC is the effective noise temperature of the cold source.
- Th is the effective noise temperature of the hot source.
- VC is the output voltage after the square law detector

when measuring the radiation from the cold source.
- V.. is the output voltage when observing the hot source.

- Y 1is the quality factor (see appendix B).

The noise figure for a set of channels and for different
adjustable attenuator settings (attenuator positioned after
the second IF amplifier of figure 5.21) is shown in figure
5.23. WHe measure with the method just described a mean value
of 210 K (2.37 dB) which corresponds to the noise figure of
2.3 dB of the first IF amplifier. Values as low as 150 K are
measured indicating that the noise figure of the amplifiers
are below 2.3 dB within certain parts of the amplifier band-
width. The fluctuations are explained as changes in the
standing wave ratio (SWR) in the adjustable attenuator. The
overall tendency to measure a lower noise figure for lower
power levels (higher attenuation) is not fully understood.

The linearity of some of the 80 MHz channels for output
voltages up to 8 mV (IF power of -12 dBm) are shown in figure
5.24. This is well below the saturation power of the IF
amplifiers, which have typically the 1 dB compression point at
+14 dBm. Figure 5.24 is obtained using the output voltages
of the square law detectors when replacing the mixer by a 50 Q
thermal load at room temperature.
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The dispersion of the gain in the different channels is due to
variations of up to *2 dB of the gain over the full bandwidth
of the IF amplifiers, interferences of the parallel channels
also contribute to up to * 1 dBE.

5.7. Impedance matching of the Schottky diode to the IF
amplifier.

Optimum power transfer between two microwave components
is achieved when their respective impedances are complex con-
jugated [£91 (see equations B-43 and on). Typical microwave
equipment has an impedance of 50 £, with a negligible ima-
ginary part. The impedance of a Schottky diode mixer, how-
ever, 1s strongly dependent on the bias current and on the
incident optical power. The effect of the power loss between
the Schottky diode mixer and the IF amplifier section is tc an
increase of the conversion loss, hence an increase of the sys-
tem NEP (see equation 5.11).

Measurements of the electric properties of the Schottky
diode were done on a network analyser system (Hewlett Packard
models HP 8510-A, 8514-A and 8350-B) at the "Laboratoire de
Traitements des Signaux". of the "Département d’'Electricité"
at the EPFL. Figqure 5.25 shows the voltage standing wave
ratio (VSWR) as a function of frequency for the first IF am-
plifier (VSWR of 0.5 to 2.3 dB) and for the Schottky diode
with a 200 pA bias current. The diode exhibits VSWR values of
6 to 8.5 dB within the frequency range of interest. The in-
fluence of the LO signal, on the VSWR, has not been measured
because neither the network analyser, nor the LO laser were
portable.

The reflection coefficients of the Schottky diode mixer
have been measured for different bias currents and in the
presence of incident LO power. These measurements are given
in table 5.2. They show that the presence of LO power
increases the reflection coefficient, and thus reduces the

effective power transfer from the mixer to the IF amplifier.
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Bias current Without LO With LO
HA dB dB
200 -5.0 ~-3.0
300 -6.5 -3.5
400 -8.0 -4.0

TABLE 5.2. Reflection coefficient of Schottkv diode mixer for
different bias currents and with or without LO power
incident on the mixer. Typical variation over the
spectral range 2.2 to 3.8 GHz is * 1 dB.

Figqure 5.26 shows the Smith chart ! (map of the complex
impedance) of the first IF amplifier (Al) and the Schottky
diode mixer with a 200 uA bias applied. The frequencv scan
covers 2 to 4 GHz. Both amplifier and diode show an inductive
behaviour., since the signal is rotating clockwise with the
frequency.

An impedance matching L-C transformer, inserted between
the diode mixer and the first IF amplifier, cannot be eifec-
tive over the full 2.2 to 3.6 GHz bandwidth of interest. A
matching circuit for a bandpass of 600 to 800 MHz (from 2.2 to
3 GHz) is however conceivable, but it must have an insertion
loss below 4 dB to be of any interest. Such a device must be

custom made, and a supplier has not been found.

5.8. Measurement of the total detection system NEP.

The basic concept of a measurement to determine the noise
equivalent power or the noise temperature of the complete
receiver is the same as for the measurement of the IF ampli-
fier noise temperature. It relies on thermal radiation sour-
ces, which can be considered as absolute power standards. In
this case, the cold source is a sheet of Eccosorb floating in
liquid nitrogen, and the hot source a sheet of Eccosorb at
roonm temperature. A rotating chopper wheel alternately expo-

ses the receiver input to either of the two sources.

1 The formulas relating the values of figures 5.25, 5.26 and
table 5.2 are given in the appendix B, equation B.43.
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FIGURE 5.27. The AM modulation used for the system NEP cali-
bration. Upper trace: the hot and cold sources, middle
trace: the LO pulses giving the AM carrier frequency,
and the lower trace: the AM pulse train sent to the
lock-in amplifier. The modulation amplitude ah/h 1is
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The equations 5.21 to 5.23 can be applied directly by
replacing the amplifier temperature Ta by the system tempe-

rature Tsys . The typical 0.5% modulation of the output
voltage of the square law detectors is extracted from noise

with a lock-in amplifier.

As discussed earlier, the only way to provide sutfficient
power for the heterodvne detection is to use the LO laser in
chopped mode. If the LO laser is adjusted for 50% duty cycle
pulses at a frequency v, and the hot and cold sources are
alternated at a frequency v, with v, > v, then the resul-
ting pulse train represents an amplitude modulated signal at
the carrier frequency of the LO laser pulse frequency Vv, as
illustrated in figure 5.27. This modulated signal is detected
by a lock-in amplifier used as a kind of AM receiver by syn-
chronizing the lock-in on one of the sidebands of frequency
v o= I\J2 - vll . This AM reception scheme has been calibrated
for square pulses as shown in figure 5.27, the efficiency is
20 ¥5S % . The losses are due to the observation of one
sideband (50% loss) and to the lock-in that measures the RMS

value of the detected signal.

Since our diplexer has no side band rejection filters we
measure directly the DSB (double side band) effective noise
temperature, which is half of the SSB noise temperature (see
appendix B). Our best measurement gives a DSB system tempe-
rature of 35000° Kelvin as shown in figure 5.28, with typical
values around 60000° Kelvin (8-10 '? W/Hz DSB). The NEP
measurements do not include the losses in the optical systen
between the receiver and the tokamak. A correction factor of
3 to 6 dB will have to be taken into account.

The NEP of the receiver depends also on the local oscil-
lator power through the conversion loss Lc(Plo). The NEP may
be further decreased if higher power from the CD3C1 laser was
available. During the scattering experiment the LO laser is
operated in chopped mode with a 5% duty cycle, which results
in a higher power than for the calibration measurement.
Therefore the calibrated NEP values can be considered as an
upper limit.
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The measured NEP values of our system are up to one order
of magnitude higher than the best values quoted in the lite-
rature [10-14,25,26]1. The large bandwidth of 2 GHz of our
receiver and the impedance mismatch can explain part of this

difference.

5.9 Estimate of the convergion loss.

To further investigate this high NEP value., one has to
sort out the contributions of the different elements of the
heterodvne detection system. Let us assume a thermal source
of power PS is applied to the signal port of the diplexer.
It will results in an electrical IF signal PIF entering the
first IF amplifier. The power conversion of this process
implies a total conversion loss L , which includes optical
losses LO due to the diplexer, the mixing efficiency with
the LO beam and the matching to the antenna pattern of the
Schottky diode mixer. It also includes the intrinsic mixer
diode loss of the optical to electrical conversion. and
finally the loss due to the impedance mismatch of the mixer
diode to the IF amplifier. '

The two latter causes (defined by Lc ) are functions of
the LO power Plo and the Schottky diode bias current Ib:

L(P o Iy = Ly Lo(PyooIp) = Pooes ol signal/Pir (5.24)

The NEP measurement consists of comparing this IF signal
power to the intrinsic noise power generated by different ele-
ments of the detection system. These contributions are noise
from the IF amplifier section and noise from the Schottky
diode mixer. The latter comes from two independant noise
sources, which are £10-12,261]:

- Thermal noise from the Schottky mixer diode internal
resistance,

- Shot noise due to the current in the diode junction,
produced by the bias current and the rectified current
of the LO laser power.
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The current flowing through the diode junction causes
also excess noise in the semiconductor material [26,10-123. A
more detailed description of the noise sources of the diode
mixer goes beyond the aim of this presentation, but would be
needed to fully explain the values presented in figure 5.29,
which represents the total IF noise power varying with the
mixer diode bias current. Even by considering variations of
the mixer diode impedance with the bias current, we cannot
explain the decrease of noise power for bias currents below
200 pA as shown in figure 5.29. The measured thermal and
calculated shot noise powers from a 50 Ohm load replacing the
Schottky diode mixer are given for channel 12.

By using standard microwave terminology we can express
the total system NEP by its equivalent noise temperature
referred to the system input port (the diplexer signal port)

by:

Tsys = (Lo-l) Td + Lo Tm + LO Lc(Pif,Ib) Ta (5.25)
where

Tsys is the total system effective noise temperature,

Td is the diplexer temperature, set to 290 Kelvin,

Tm is the Schottky diode mixer temperature,

Ta is the IF amplifier effective noise temperature,

LO is the optical loss up to the mixer diode,

Lc is the mixer loss (including impedance matching).

Of the optical losses, only the diplexer transmission of
80% is known. The resulting mixer temperature and conversion
loss can be estimated by inserting known attenuators between
the Schottky diode and the first amplifier (see appendix B,
equation B.36). We have measured conversion losses of 17 to
20 dB. Assuming that our Schottky diode mixer has an effec-
tive noise temperature of 5000 K, which is comparable with
values quoted in the literature, then equation 5.25 and the
result from figure 5.28 leads to an optical loss L0 of at
least 3 dB.
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With these high losses there is room for improvements,
both on the coupling of the optical radiation onto the diode

whisker, and on the power transfer to the first IF amplifier.

5.10. The video amplifiers.

The signal levels from the square law detectors of the 20
IF channels are of the order of 0.5 to 10 mV on a 475 Q load.
A set of video amplifiers adapt these signal levels to the
dvynamic range of the integrators.

The Hewlett-Packard square law detectors used should not
be biased. This means that care must be taken to avoid that
the input current offset of the subsequent video amplifier
changes the operation point and therefore the square law
characteristic of these detectors.

Two stages of video amplifiers were used in front of the
integrators-digitizers: (1) a fixed gain amplifier including a
50 £ line driver situated close to the square law detector,
and (2) a variable gain amplifier with a switch-in attenuator
of -20 dB. Both stages have similar bandwidths.

The circuit diagram of the first video amplifier is shown
in figure 5.30. It provides a gain of typically 33 dB and a
bandwidth from DC to 15 MHz. The cut-off frequency varies
somewhat from one unit to the other. The input offset current
is less than 5 pA so that perturbations of the square law
detectors are not to be expected. These amplifiers have, how-
ever, an output offset voltage of * 20 mV with a temperature
dependence of 2 mV/°C. DC coupling to the following amplifier
and the integrator is therefore not acceptable. These ampli-
fiers can neither be used for the calibration measurement be-
cause of this DC offset and their high temperature dependence.
Since the DC component is not important for the analysis of
the signals during the scattering experiment a high pass fil-
ter with a cut-off frequency of 30 kHz was used. The final
bandwidth of 30 kHz to 15 MHz was found to be adequate for a
scattering experiment with laser pulses of 0.5 to 1.5 us

duration.
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The second set of video amplifiers have an adjustable
gain of -30 to +30 dB, and were built intoc a CAMAC module.
During the measurement of the scattered signals, these ampli-
fiers were also used with an AC coupling to avoid 50 Hz
pick-up.

Figure 5.31 represents the noise power spectrum with and
without IF amplifier noise applied to the square law detection
diodes. The IF noise contribution came from a 50 & load in-
stalled in place of the Schottky diode mixer. It is clear
from figure 5.31 that the noise due to the video amplifiers
can be neaglected compared to the IF amplifier noise source,

5.11. The CAMAC integrators - digitizers.

As has been shown in §5.1 the signal to noise ratio at
the receiver output is improved by an integration over the
duration of the DZO laser pulse. The signal to noise ratio s
after integration is given by (see equation 5.9):

P
s = S Jl+BT (5.26)
PS + B-NEP

where Ps is the scattered power within the IF bandwidth,

B 1is the final channel bandwidth (80 MHz) and T the inte-
gration time (typically 1 us). For these conditions the
improvement due to the integration (the square root value) is
about 9.

The stored data element, one per channel and per acqui-
sition, represents the time integrated signal of a particular
spectral channel. The gate pulse during which the inteqrator
is activated has to be synchronized precisely, and its dura-
tion matched, to the D20 laser pulse. This also discrimi-
nates against signals from electric pick-up, appearing a few
hundred nanoseconds before the laser pulse, due to noise from
the spark-gaps of the CO2 laser.
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We use the CAMAC, LeCroy model 2250L, gated current inte-
grator, which is a 12 channel, 9 bit, fast ADC using a charge
to time conversion technique. It needs only 1l ps to perform
a conversion, and has a 32-deep FIFO (first in, first out)
memorv buffer per channel. This allows us to obtain informa-
tion on the background noise level by taking typically 9 pre-
and 9 post-samples covering 150 us before and after the laser
pulse. The mean background noise level is determined by aver-
aging over these data elements.

The integrator accepts negative-going signals onto a 50 Q
impedance. The sensitivity is 12.8 V:ns or a charge of 0.48
pC per count. Gate durations from 10 ns to 3 us can be accep-
ted, although the resolution decreases somewhat for gate dura-
tions above 200 ns due to thermal drift. For a 1.2 us gate
the temperature coefficient is 5 counts per °C. It is to be
noted that for 1 us long gates a constant input voltage of -12
mV will saturate the integrator, hence the importance of mini-
mizing parasitic signals.

To avoid blocking the integrator by a small positive
going pulse, a current is injected to create a pedestal of
some counts. The value of this pedestal is linearly related
to the gate duration up to 3 us. The typical pedestal value
is set to 150 * S0 counts.

As a demonstration of the linearity of the integrator
figure 5.32 represents the ADC counts versus the product of
input voltage times the gate duration for channel 12. The
measurements of the other channels differ by less than 5%. The
origin, or zero count, of figure 5.32, corresponds to the
level of the pedestal. These measurements were obtained by
applying to the integrator constant input voltages from +100
mV to -1 V and gate durations between 10 ns to 3 us, keeping
within the limit of 12.8 V'ns. We notice that the slopes for
positive and negative counts with respect to the pedestal
value are slightly different. The expected scattered signal
should, however, only give positive counts.
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FIGURE 5.32. Linearity of channel 12 of the LeCroy model 2250-L
integrator-digitizer. The curve is a superposition of
several measurements for gate durations between 10 ns
and 3 ps, and input voltages from +100 mV to -1 V. The
ADC counts are normalized to the pedestal value.

5.12. The CAMAC timer and trigger systen.

We have built a CAMAC timer unit to control the lasers
and to synchronize the acquisition gates. It is a 10 channel
programmable timer using a 20 MHz clock frequency. It pro-
vides TTL signals for triggering of the 6 different laser
modules (see §3.2.6) and gate signals for the gated integrator
digitizer unit.

The schematic diagram of this CAMAC unit is given in
figure 5.33. It responds to standard CAMAC functions like
"write data", "execute" (trigger) and has a full interrupt
("Look-At-Me" or LAM) support. The trigger and inhibit
signals from the TCA tokamak timing unit are relayed via fiber
optics to this timer, which is close to the detection system.
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FIGURE 5.33.
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The sequence of trigger pulses is given in figure 5.34.
The first pulse to be generated is the trigger for the local
oscillator laser. The power of the LO pulse reaches a flat
top about 3 ms after the triggering of the laser. This is
followed by typically 9 pre-pulses gating the integrator for
acquisition of the backaground noise level. The last pre-pulse
starts the countdown for the trigger pulses of the CO2 laser
modules (see §3.2.6). The signal gate pulse is then produced,
followed by 9 post-pulses for the integrator, for backaround

noise level monitoring.

S$.13. The CAMAC controller and the data transfer.

The mini CAMAC crate (1l slots) situated in the same en-
closure as the detection system is controlled by a MACAMAC
model 1521A CAMAC controller from Borer, Switzerland. It is a
INTEL 8080 microprocessor based unit with 4 kbytes of EPROM
and 2 kbytes of RAM storage. The controller is intended to be
con nected to a computer via a RS-232, 20 mA current loop,
with a transfer rate of 110 bauds.

The MACAMAC operating system was fully rewritten with the
following basic ideas:

The RS-232 port should allow 9600 baud full duplex
communication with or without echo.

- The controller should be able to be run as a stand-alone

system when connected to a terminal.

A minimum of program debugging facilities should be
provided (breakpoints, memory listing etc).

All low level CAMAC functions should be provided for
debugging and testing of the CAMAC units.

There should be sufficient free memory space to include
specific data treatment and communication programs for
binary data transfer with the PDP-11 instead of the
terminal.
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A tvpical acquisition sequence is as follows: The con-
troller, after a first initialization of the system and timer
values, continuously triggers the LO laser at 10 to 20 Hz to
keep it in a steady working condition. The TCA tokamak and
the CO2 laser power supplies are charged and the tokamak
discharge is initiated. About 50 ms before the predefined
trigger point of the FIR Thomson scattering experiment, an
inhibit signal is sent from the TCA tokamak control system to
the CAMAC timer unit. This signal resets the timer and inhi-
bits the internal trigger signal generated by the MACAMAC
controller for pulsing the LO laser. The timer sets the LAM
line, which is sensed, recognized and reset by the MACAMAC
controller. The trigger signal is sent to the CAMAC timer
unit and the timing sequence shown in figqure 5.34 is initia-
ted. The lasers are triggered and the different acquisition
gate pulses are sent to the integrator.

At the end of this sequence, the timer sets the LAM line
again. The controller then copies the data from the timer and
the integrator into its dedicated memory. The data are trans-
lated and held, ready to be sent upon request on the RS-232
line. The data are transferred either formatted to a termi-
nal, or in binary blocks of 128+l bytes, the "TCA standard"
for computer data transfers. The repetitive triggering of the
LO laser is turned on again, and the whole acquisition sequ-
ence can be repeated.

5.14. Possible improvements of the detection system.

Several possible improvements to the detection system can
be suggested. A decrease in the conversion losses, together
with improved coupling of the optical radiation onto the mixer
would bring substantially better performance. Neither of
these improvements would be easy to implement. Some changes
in the concept of the IF section or the data acquisition could
also be envisaged.

A better corner cube design with more degrees of freedom
for the alignment of the reflectors with respect to the
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whisker would improve the optical coupling efficiency of the
mixer. Addition of extra reflectors to a corner cube has
shown to give an extra gain of 2 dB [2413.

Integration of the mixer diode. the bias T and the first
IF amplifier stage into one common block would allow to im-
prove the impedance matching of these devices, and thus would
lower the mixer conversion loss (about 3 dB). Currently, sev-
eral laboratories interested in radio-astronomy are developing
such devices, but mainly for bandwidths below 1 GHz (C271.

The system noise temperature can be reduced by changing
the IF amplifiers to lower the noise temperature of the first
unit since its contribution to the total system noise tempe-
rature is multiplied by the high mixer conversion loss. With
current microwave technology the amplifier noise figure could
be lowered by 30% without going to cryogenically coocled sys-
tems. A new IF amplifier with a 1.5 dB noise figure has been
installed recently. Cooling the IF amplifier to liguid nitro-
gen temperatures would lower the amplifier noise temperature
to below 100 K, an improvement of more than a 50%. It would,
however, add some technical problems for its implementation.

Cooling the mixer and the first IF amplifier is possible
and would also lower the mixer noise temperature by up to a
factor 2 C10-121, but thermal cycling of the diode is often
fatal to the diode contact, and it would require an additional
window in the optical path and a high pass filter to block
room temperature noise sources.

We have indications that a slight improvement of the
mixer conversion efficiency could be obtained by increasing
the LO laser power. A LO power level above 10 mW would be
preferred. It is, however, not clear if a factor 2 could be
gained C131. A stable CHW operation of the LO would also
facilitate the calibration and the operation of the detection
system. A change of the laser medium would imply a new IF
frequency and probably a complete change of the following IF
section (the case if DCOOD is used).
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To improve the data treatment one could replace the ana-
log integrator by a high speed digitizer providing time resol-
ved pulses for each of the filter channels. This would imply
12 digitizers with 30 MHz sampling rate and 8-bit resclution.
The scattered data must then be correlated with the digitized
FIR laser pulse before performinag a numerical integration.
This has the advantage that it would be easy to monitor and
correct for background plasma and electrical induced noise and
to correct for jitter of the FIR laser pulse. Off line data
treatment also ensures a better use of the data, by the fact
that the different treatments can be executed on the same
given set of raw data. This is especially interesting when we
consider cost and effort needed to produce a set of scattering
data with the actual system. The total cost of 12 digitizers
would be 50000 francs.

The current IF design, performing the spectral analysis
of the scattered signal through a multichannel filter bank. is
not optimal because the full IF bandwidth is amplified but
only a fraction passes each filter. This implies a very high
total gain (105 dB in our case) which can lead to self oscil-
lations in the IF section. Thére are other ways to multiplex
the scattered signal spectrum with a better efficiency. Re-
cently, coaxial microwave equipment for satellite communica-
tions has been built with multiplexers such that the full
signal power 1is redistributed over all channels. A 24 channel
multiplexer with 40 MHz bandwidth per channel in the 2.2 to
3.2 GHz region is presented in reference L£28]3. The overall
losses are only 4 dB (including 3 dB from a two way power
splitter) instead of the 35 dB we have with our system. This
would have required only 2 IF amplifiers instead of the 6 in
use now. The improvement of the system NEP, however, would
not be significant.

Digitizing the IF signal in real time during the 1 us
pulse could also be envisaged. The spectra would then be
obtained by the Fourier transform of the time signal, and no
filter bank would be required. Current technology does not
provide a fast enough digitizer with sufficient memory to
store the full pulse length. Still, it remains a promising
technique for the future.
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5.15. Conclusions.

The heterodyne detection system of the FIR Thomson scat-
tering experiment consists of a Mach-Zehnder tvpe optical
diplexer which combines onto a Schottky diode mixer the local
oscillator signal, emitted from an optically pumped FIR laser
at 782.2 GHz, with the scattered signal centered at 778.6 GHz.

To achieve sufficient FIR power the LO laser is operated
in chopped mode with S ms long pulses, which appear continuous
compared to the microsecond long scattered signal. A special
technique to calibrate the system in chopped mode has been
successtully developed.

The IF signal at 3.6 GHz is amplified and filtered by a
S~-band filter bank into 20 channels of 80 MHz bandwidth each.
The signals from 12 of these channels are passed to a gated
analog integrator and are digitized befcre being sent to a
PDP-11 computer for data storage and treatment.

The synchronisation of the acquisition gates and the
triggering of the lasers is controlled by a CAMAC programmable
timer situated alongside the detection system.

Typical measured system noise temperatures of the complete
detection system is 60000 Kelvin (8-107'° W/Hz) double side-
band. The mixer conversion loss has been measured to be 17 to
20 dB, and the optical losses are about 3 dB assuming a mixer
noise temperature of 5000 K, all values are for a 1.6 GHz
signal bandwidth.

System noise temperatures of one order of magnitude less
are commonly reported C10-14,25,26] for similar frequencies
but narrower bandwidths (100 MHz). This indicates that sub-
stantial improvements of the sensitivity of the heterodyne
detection system are possible. In particular, it is feasible
to reduce the conversion loss by improving the optical coup-
ling efficiency of the mixer, and by reducing the impedance
mismatch between the Schottky diode and the first IF amplifier.
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CHAPTER 6.

THE _OBSERVED SCATTERED SIGNAL.

Several series of measurements for different plasma para-
meters have been carried out. Three of the series showing
scattering from thermal density fluctuations are described in
this chapter. We also justify in this chapter the choice of
the spectral channels and the plasma parameters, discuss the
calibration and measurement procedures and present some scat-
tered spectra. From these results we are able to derive the
overall sensitivity of the heterodyne detection system and the

required increase of laser power for a Ti measurement.

6.1. Choice of the spectral channels.

As shown in figure 5.22, the resolution of the scattered
spectrum is given by 20 adjacent channels of 80 MHz bandwidth
each. This filter bank covers roughly half the scattered sig-
nal spectral width. However, knowing that our FIR laser is
weak, and that the final post-integration signal to noise
ratio is proportional to the bandwidth of the final spectral
channels (equation 5.9 and 5.26), we decided to measure the
signal after the set of pre-filters (A,B,C in figure 5.22, see
also figure 5.21), keeping the 80 MHz channels only for the
central part of the scattered spectrum (channels #13 to #20).
This leads to an increase of the final signal to noise ratio
for the channels A, B and C of:

S/N

‘—3/—N-“00 = J400/80 v 2.2, (6.1)
80

This increase in signal to noise ratio has to be paid for
by a loss in spectral resolution, which is now limited to 5
channels, three of 400 MHz (A,B,C) and two of 80 MHz bandwidth
(#13 and #14). The high level of stray light at the Dzo laser
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Raman line center prevents us from extracting the scattered
signal with sufficient precision in the 6 central channels
(#15 to #20 of figure 5.21), see §6.3.

6.2. Tokamak parameters.

From the conclusions of chapter 1 we note that the opti-
mum plasma parameters to produce a maximum of scattered signal
are high electron and ion temperatures and the highest possi-
ble plasma density at the plasma center. A deuterium plasma
is preferred, since it produces a .narrower and somewhat inten-
ser scattered signal. To avoid problems from electric pick-
up. the measurements were done without RF-heating of the plas-
ma, the 400 kid RF generator being situated only some meters
away from our detection system.

Favorable tokamak operation conditions were obtained at
the end of the plasma discharge, typically 100 ms after the
beginning of the discharge. The typical TCA plasma parameters
during the measurement of the scattered radiation are listed
in table 6.1, page 6-13; see also appendix A.

6.3. Measurement procedure.

The different contributions to the signal entering the
gated integrators are shown schematically in figure 6.1. The
gate pulse, which is typically 850 ns to 1 us long, demarcates
the useful portion of the signal as shown in figure 6.2. Nor-
mally the first 50 to 100 ns and the last few hundred nano-
seconds of the laser pulse during which the laser power is low
are outside the gate. The electric noise burst appearing
about 1 us before the FIR laser pulse, due to pick-up from the
spark-gaps of the CO2 laser modules, is of no consequence
since it decays before the gate is activated. This is only
the case, however, if the video amplifiers used in front of
the gated integrator have a sufficiently large bandwidth (see
§5.10). A fast response time is required to prevent the pick-
up merging with the weak scattered signal.
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As described in §5.12, the integrator is gated to acquire
a series of 9 measurements before and 9 after the actual laser
pulse with a delay of 13 us between adjacent gate pulses. The
average values of these 18 acquisitions represent the total
background noise level. These average values are then sub-
tracted from the measured scattered signals. The differences
represent the net contribution due to scattered signal and
stray light from the FIR laser for each channel. To compen-
sate for the variations of the FIR laser pulse energy from
shot to shot, the measurements are normalized to the time
integrated signal of the 020 laser pulse monitor.

To separate the contribution of the scattered signal from
that of the stray light this measurement procedure is repeated
alternately with and without a plasma discharge. The diffe-
rence between the mean values obtained from the two latter
cases represents then the net scattered signal. By averaging
in this way over typically 10 consecutive plasma discharges we
obtain an increase in the signal to noise ratio of Jio .

We have not observed any statistically significant change
in the FIR laser performance correlated with the plasma dis-
charges. An important perturbation of this measurement is a
change in the FIR laser line width from shot to shot. The D20
laser pulse is not single mode, which can be observed from the
pulse shape of figure 6.2, but when pumped with a single mode
CO2 laser it produces a rather stable line width as given in
figure 3.25. We observe that a multimode pump laser results
in strong stray light signals in all channels #13 to #20. The
FIR and CO2 laser pulse shape is monitored for each shot and
cases with strong mode beating are discarded.

It is clear that in the central channels, where the
amount of stray laser light is more than an order of magnitude
greater than the expected scattered signal (see figure 3.25),
the limited precision of the integrator, which is effectively
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7 bits or 20 dB, will not allow a precise measurement. This
concerns channels #15 to #20, and to some extent channels #13
and #14.

6.4. Relative calibrations of the spectral channels.

The relative calibration of the spectral channels exclu-

ding the integrator-digitizer is done in the following way:

Firstly, the sensitivity of the heterodyne receiver is
obtained from the NEP measurement (see §5.8). The relative
sengsitivities of the spectral channels are given by the mea-

sured voltage modulation amplitudes at the output of the res-

pective square law detectors. This voltage modulation results

from periodically chopping between the blackbody radiation of
hot and cold sources incident on the receiver input. The

thermal sources are assumed to have flat spectral emission

over the bandwidth of the receiver. The spectral filtering by

the optical diplexer (see §5.4) is automatically included by
this calibration procedure. The other optical elements qui-
ding the scattered sigral from the tokamak to the heterodyne
receiver are assumed not to alter the spectral shape of the

scattered signal.

Secondly, the gains of the video amplifiers are determi-
ned separately, since they cannot be included in the previous
measurement: the 10 Hz voltage modulation due to the optical
signal from the two thermal sources does not pass the limited
band-pass of the video amplifiers. Their gains are simply
measured by injecting a 5 MHz sinusoidal signal in place of

the ususal signal from the square law detectors.

The sensitivities of the 12 channels of the integrator-
digitizer are balanced to within 5% (see §5.11) and their
contribution to the relative calibration of the receiver can
be ignored.
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6.5. Measured spectra.

The first measured spectrum is given in figure 6.3, the
upper trace being the calculated spectrum for the typical TCA
deuterium plasma parameters during those measurements [11].

The data represent the mean value of 10 plasma shots ob-
tained as described in §6.3 by alternating acquisitions with
and without a plasma at a rate of one measurement each 3 min,
thus 6 min between the tokamak shots. The horizontal bars
represent the spectral channel widths, and the vertical error
bars are the standard error Se of the mean X from n
samples, defined by [21:

2 L(x-%)2 X

s° = — where X = — (6.2)
e nin-1) n

The data from channels #1l4 to #17 have been added in
figure 6.4. The vertical scale had to be increased by about
two orders of magnitude to include these channels. All data
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have been corrected for relative sensitivity of the heterodyne
receiver and normalized against the FIR laser energy.

The typical FIR laser pulse energy for these first mea-
surements was 100 mJ. The gate duration of the integqrator was
850 ns, which was comparable with the full width at half maxi-
mum of the laser pulse (see figure 6.2). The detection system
had a typical NEPpqp of 1.5-10 '°
take into account beam transport losses and losses from the

W/Hz. These values do not
quartz vacuum windows on the tokamak.

Results from another series of measurements are shown in
figures 6.5 to 6.7 £31. They again represent the average dif-
ference between 10 shots with a plasma and 10 without. For
these measurements the NEP of the heterodyne receiver had been
improved to about 8-10°'° W/Hz double side band (see figure
5.28). The FIR laser provided an average power of 150 mJ for
a pulse duration / integration time of 850 ns. Figure 6.5
shows the results from a deuterium plasma, normalized to the
FIR laser energy, but not corrected for the relative sensiti-
vity of the receiver channels. The latter is included in
figure 6.6. The true signal level of channel #17 is an order
of magnitude above that of channel #16. The results for the
Dt plasma of figure 6.7 show the same data but the central
channels up to 240 MHz are omitted. The calculated spectra
for corresponding plasma conditions are given above the mea-
sured data. Figure 6.7 also shows the results obtained for a
hydrogen plasma and the corresponding calculated spectrum.

6.5.1. Discussion.

Comparing the laser power and the receiver NEP that were
achieved during these experiments with the requirements deri-
ved in chapter 2, it is clear that the performance is not suf-
ficient for an ion temperature measurement. KWe observe, how-
ever, from figure 6.3 and 6.7, systematically, and for all
channels except for channel A of the deuterium plasma, a net
signal correlated with the presence of the plasma that we can
only explain by scattering from thermal fluctuations.
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The left-hand data set was ob-

Observed scattered spectra, with the corresponding
tained from scattering off a hydrogen plasma by aver-

calculated spectra £31.

FIGURE 6.7.

aging over 12 plasma shots, while the data presented on
the right were obtained for a deuterium plasma, averaged

The detector NEP was about

over 10 plasma shots.

107! W/Hz.
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For both measurements of deuterium plasma (figures 6.3
and 6.7), when ignoring the first 240 MHz of the spectrum, the
measured and calculated spectra are qualitatively similar.

For a hydrogen plasma the spectral shape is somewhat different
from the shape of the measured spectrum obtained for the D"
plasma (figure 6.7), and shows a flatter and broader profile

in gqualitative agreement with the calculated spectrum.

If we include the measurements of channels #14 to #17 we
observe scattered signal that decreases with frequency in a
similar way to the DZO laser emission spectrum presented in
figure 3.25. Because the stray light contribution has been
subtracted from the data in figure 6.4 and 6.6, the existence
of a laser like feature in the scattered spectrum must be
connected with the presence of the plasma. We will proceed to

examine three explanations of this phenomena.

As mentioned in §l1.7.6, scattering from plasma impurities
increases the central part of the spectrum. This is, however,
already included in the calculated spectra of figures 6.3 and
6.7 using the impurity concentration obtained from other diag-
nostics (mainly from UV spectroscopy) on TCA. Impurities
could not increase the scattering form factor by more than a
factor 4 for typical TCA conditions.

The effect of the magnetic field, which also influences
the central part of the scattered spectrum ( see §1.7.8 ),
strongly depends on the angle between the scattering k vector
and the magnetic field direction. HWith the large solid angle
of our collecting optics (see §2.7.1 and §4.6) we observe a
range of k vectors with angles varying from 85° to 95° with
respect to the magnetic field direction. Nevertheless it can
not explain such an enhancement of the central spectral
region.

A possible explanation of the presence of a signal with a
spectral shape comparable to the laser line profile would be
scattering off plasma microturbulence (see §1.7.5). Since the
measured spectrum is a convolution of the laser line profile
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and the scattered signal spectrum the expected narrow spectral

feature of scattering from microturbulence would be spread

over a width corresponding to the FIR laser line width.

A set of measurements done without a plasma but with the
magnetic fields of the tokamak, as well as measurements with

-3

plasma densities below 10'® m™3®, have not shown statistically

significant signals similar to those of figure 6.3 and 6.7.

6.5.2. Comparison with results from MIT.

Qur results of figure 6.3 and 6.7 are comparable with the
results obtained from coherent Thomson scattering on Alcator C
at MIT €41. From their 32 spectral channels of 80 MHz band-
width covering both sides of the scattered spectrum, they ob-
serve a net scattered signal when averaging and subtracting
several measurements with and without a plasma C41. The 10
central channels covering $400 MHz around the IF frequency
were not used because of the high level of stray light. The
signal to noise ratio was also not sufficient to attempt a
measurement of the ion temperature.

The principal parameters of both experiments are given in
table 6.1. The main problems at MIT were stray light due to a
-very limited access to the torus and plasma background noise
from emission at harmonics of the ECE frequency, due to the
high magnetic fields on Alcator €. The small (25 mm) diameter
windows available acted as diffracting apertures, limiting the
focusing optics to F numbers above 15. The beam dumps were
made of graphite, with a measured absorption of only 20 dB
C41.

6.6. Estimate of the global system NEP.

The data of figure 6.5 has been used to estimate the
overall NEP of the heterodyne receiver, including all optical
losses. For each spectral channel the ratio r of the stan-
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Electron temperature
Ion temperature
Density on axis
Magnetic field

Scattering angle

F number of focusing optics:

FIR laser energy (DZO)
FIR pulse duration

Local oscillator gas
Local oscillator power
IF frequency

NEP (double side band)
Spectral resolution
Fraction of spectrum

covered

TABLE 6.1. Comparison of

90°

F/e

150
0.8-1

CD,C1
7
3.6
g-10"%°

3x400 + 6%80

half

ALCATOR C
1200
1000
1.4-3-10%°
8

20°
F/15
200

DCOOD
30
9.4
3-1071%°
32x80

full

CmJ1]
Cus]

CmiW1
CGHz1
CW/Hz1
CMHz1]

the collective Thomson scattering
experiment on TCA and Alcator C [41].

. . = - - T e = ——— — - = e . A —— ———t = —— " " —— - - > — ———— — — — — —— — — o ——
e e e e e e e e et e et e et e e oo e e e

Filter Center Channel Ratio Calculated
number frequency width r NEP
# CMHz] [MHz3 x 107*® CW/Hz]
17 80 80 0.61 16.8
16 160 80 0.21 4.89
15 240 80 0.25 5.73
14 320 80 0.64 15.2
13 400 80 0.31 6.26
C 600 400 0.27 9.34
B 920 400 0.57 13.7
TABLE 6.2. Calculated NEP of the heterodyne receiver inclu-

ding all optical losses.

The ratios r

Average value:

are taken from the measured data of figure 6.5.

1077 W/Hz .

of the standard error to the mean value
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dard error to the mean value is calculated. Assuming that the
standard errors are mainly due to noise in the receiver and
that the plasma parameters are constant over all measurements,
then the ratio ¢ 1s related to the receiver signal to noise
ratio, hence to the NEP. By using the numerical code descri-
bed in §2.7.2 and specifying (1) all plasma parameters (see
figure 6.7), (2) a FIR laser power of 100 kW, (3) an integra-
tion gate length of 850 ns, (4) the averaging over 10 shots
and (5) this ratio r , we obtain the NEP values given in
table 6.2.

The average value of the NEP from table 6.2 is 10 7 W/Hz.
which is 12 times greater than the NEP of the receiver mea-
sured just in front of the optical diplexer (see figure 5.28).
This difference can be explained by the optical beam transport
losses of the incident FIR laser beam and the collected scat-
tered signal beam. This value is the best estimate of the
overall optical losses in our experiment.

6.7. Regquirements for a single shot Ti measurement.

Using this calculated NEP of 10 !7 W/Hz, we can see from
figure 2.5 that a single shot ion temperature measurement with
30% precision would require a FIR laser power of 1.4 MW. A
measurement with an expected precision of 15% could be achie-
ved with a NEP of half this value. Currently a FIR laser
capable of emitting about 2 J of FIR power with pulse lengths
of 1 us and above [5] (see also appendix D) is being installed
on TCA. The detection system is also constantly being impro-
ved such that an ion temperature measurement on TCA by cohe-
rent Thomson scattering should be possible within some months.
The main problem remains the amount of stray light. An opti-
cal notch filter to absorb the radiation around the D20 Raman
laser frequency, as used at MIT, could be required. We are
searching for a suitable gas that shows an absorption band at
the correct frequency. The NZO gas used at MIT requires off-
tuning of the CO2 pump laser to match the FIR Raman emission
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to the gas absorption line, thus complicating the pump laser.
Attempts to operate our e-beam CO2 laser system [5] with an
intracavity etalon in the oscillator to achieve tunability
showed that optical feedback precluded operation beyond output
energies of 100 J Ce].

6.8. Conclusions.

The spectral shape of the scattered radiation was re-
corded using 3 central channels of 80 MHz and 3 outer channels
of 400 MHz bandwidth. The 400 MHz channels were used in pre-
ference to the 80 MHz channels to improve the final signal to
noise ratio. Only one half of the symmetric scattered spec-

trum is covered by these channels.

We observed a net signal explained by scattering off
thermal density fluctuations in the plasma when averaging over
typically 10 plasma discharges. The signal to noise ratio
does not, however, allow us to extract an ion temperature from
these measurements.

Qualitatively the shapes of the observed and calculated
spectra agree with each other, and show a flatter profile for
scattering off a hydrogen plasma than off a deuterium plasma.

From the observed data we have calculated a global NEP of
the system of 10 !7 W/Hz double side band. The difference
between this value and the NEP measured for the detection sys-
tem indicates 10 dB total optical losses in the beam transport
system.

With a NEP of 10 '7 W/Hz, a 1.4 MW FIR laser is required
to achieve a single plasma discharge ion temperature measure-
ment with 30% precision. A laser capable of delivering 2 J in
1l us is currently being installed on TCA. If the stray light
can be kept at its present level a Ti measurement should be
possible on TCA within some months.
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CHAPTER 7 .

CONCLUSION,

From numerical simulations we have established that for a
measurement of the ion temperature of a tokamak plasma by co-
herent Thomson scattering of far infrared radiation about 1 MW
of incident laser power for a minimum pulse duration of 1 us
is required. The precision of the 'I‘i measurement could be
better than 20% if the plasma density and electron temperature
were each known to within 10%.

To demonstrate the experimental feasibility of this mea-
surement technique we have developed a high power far infrared
laser and a sensitive heterodyne receiver to observe scatter-
ing from thermal electron density fluctuations in the plasma
of the TCA tokamak.

The optically pumped D20 laser produces an average power
of 150 kW for a pulse length of typically 1 us duration at the
far infrared wavelength of 385 um. The spectral half width of
the laser Raman emission is 320 MHz at -30 dB.

The heterodyne receiver uses a Schottky diode mixer and a
local oscillator formed by a chopped CD3C1 far infrared laser.
A Mach-Zehnder type optical diplexer is used to combine the
scattered and the local oscillator beams before they are
focused on the mixer. The spectral analysis is performed at
the IF frequency of 3.6 GHz, and the mixer conversion losses
are estimated to be 17 to 20 dB for 7 mW LO laser power. The
heterodyne receiver has a noise equivelent power of g-10" 1%
W/Hz.

The experiment on the TCA tokamak was carried out at a
scattering angle of 90° (&=1.5) with the scattering wvolume at
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the plasma center. Two elliptical off-axis mirrors focus an
F/6 diffraction limited incident laser beam and collect the
radiation. The laser beam, after passing through the plasma,
is absorbed in a dump formed by a 1.2 m long Pyrex glass cone.
A Macor glass ceramic viewing dump is used to reduce the
amount of stray light entering the collection optics.

For plasma parameters of n, = 5 to 8-10%° m73, T, = 800
ev, Ti = 400 eV, a net scattered signal is observed when
averaging over typically 10 plasma discharges. The shape of
the measured spectra changes when scattering either from a
hydrogen or from a deuterium plasma, in qualitative agreement
with the calculated spectra. The broadband part of the ob-
served spectra (320 to 1360 MHz from line center) is inter-
preted as scattering from thermal fluctuations in the plasma,
while the intenser narrowband signal (<320 MHz) observed
around the laser line center could be caused by scattering

from microturbulence.



A question arose

as to whether we were covering the field
that it was intended we should fill

with this manual.

— Richard R. DONNELLEY,

Proceedings United Typothetz of America (1897)
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THE TCA TOKAMAK AT LAUSANNE.

The collective Thomson scattering experiment has been
carried out on the TCA tokamak ("Tokamak pour Chauffage
Alfven") at Lausanne. The main objective of this tokamak is
to investigate plasma heating by dissipation of Alfvén waves.
The tokamak has been in operation since 1980.

TCA is a circular air-cored tokamak with the following
parameters:

Major plasma radius: R0 = 0.615 [C[m]
Minor plasma radius: a = 0.18 Cm3J
Toroidal magnetic

field on axis: BT ¢ 1.52 CT3]

The vacuum vessel is constructed in stainless steel, with
two gaps. Typical plasma parameters are:

Plasma current: Ip ¢ 170 CkAl
Q factor: a ? 2.2

Line average electron

density: n, ¢ 102%° Cm™ 33
Impurities on axis (with

carbon limiters): Zeff ¢ 2.5

The current plateau is

maintained up to: T 0.180 (Cs1

(YN
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Operation diagram limits are:

I/e N: y 8.2-107 7}
4

ne19 RO/B¢: <

The vacuum vessel is conditioned by several hours of
standard Taylor discharge cleaning each night.

The RF heating parameters are:

Frequency: 2 -5 CMHz1
w/wci: 0.1 - 0.3
Power: { 400 Lk

The RF power is coupled into the plasma by four groups of
six pairs of antennae, situated 90° apart around the torus.

A.l. ical plasma paramete for the scatter experiment.

The measurements of the Thomson scattering experiment were
carried out with hydrogen and deuterium plasmas with the fol-
lowing standard conditions:

Electron temperature: Te = 750 - 800 LCeVl
Ion temperature: Ti = 400 - 450 [eV1
Mean density on axis: n, =5- 9:10'° tm™ 33
Toroidal field: BT = 1.2 LTI
Effective charge: Zeff = 2.3 - 2.5

Occurrence of the FIR laser pulse
after the beginning of the plasma: 100 Lms]
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APPENDIX: B.

MICROWAVE DEFINITIONS AND FORMULAS.

The decibel dB is the ratio of two powers expressed in a
logarithmic base. If P0 and Pl are two power values their
ratio expressed in dB is:

R = 10 l°q1o(Po/Pl) (B.1)

The decibel-milliwatt dBm is a measure of power expres-
sed by the ratio of the power Po to a reference value of
P1 = 1 mN.

P =10 LOG10(PO/1 Crll1) (B.2)

The Boltzmann constant k is used in the microwave
region, where «T >> hv, as a constant to relate the tempera-

ture of a blackbody source to its spectral power density.

k = 1.38-10 %3 rJ/K] (B.3)
AP = kT CW/Hz1 (B.4)

At room temperature the power can be expressed by:

AP = -174 dBm/Hz for T = To = 290 K (B.5)

The noise bandwidth B is an equivalent rectangular pass
band that passes the same amount of noise power as the actual
system being considered. The area under the equivalent rec-
tangular gain versus frequency curve is equal to the area under
the actual gain vs. frequency curve. For a multistage system,
the noise bandwidth is nearly equal to the 3 dB bandwidth.
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The gain of an amplifier is generally referred to the
insertion gain G. This is the gain that is measured by
inserting the device between the generator and the load. G
depends on the impedance of both the source and the load.

The noise added Na is the component of the output noise
power that arises from sources within the network (amplifier)

under test.

Na = «TBG (B.6)

The noise factor F is the degradation in signal to noise
ratio as a signal passes through the device under test when the
noise temperature of the input source is To =z 290 Kelvin. The
noise output power is often considered to have two components:

added noise from the device (Na)’ and amplified input noise.

F = (S/Ninput)/(S/NoutpUt) for Ts = TO (B.7)

F = ((Ty/T,-1) - (T /T ~1))/(Y-1) (B.8)

F = (T-l-'I’o)/T0 (B.9)

F = (N, + «T BG) /(«T BG) (B.10)
where

- Th is the temperature of a hot source.

- Tc is the temperature of a cold source.

The noise figure Nf is the noise factor expressed in
decibels.

Nf = 10 loglo(F) (B.11)

The excess noise ratio ENR of a noise generator expresses
the effective noise temperature in dB.
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ENR = 10 loglo((T-To)/To) (B.12)

The effective input noise temperature T is the tempera-
ture of a fictitious resistor which produces the same output

noise power as the real device when connected to the input of a
noise free device.

T = Na/(KBG) (B.13)

T = T_(F-1) (B.14)

T = (Th - YTC)/(Y—l) (B.15)

T = POhAT/APO - Th = VhAT/AV - Th (B.1le)
where

- AT 1is the temperature difference of both sources.

- Poh is the power at the output of the system origina-
ting from the hot source.

- AP_ is the power difference at the output of the
system due to the two sources.

- Vh is the voltage measured after the square law
detector, when observing the hot source (Vh o« Poh)'

- 4V  is the voltage proportional to APO.

If i designes input, o output, s signal and n noise, then:

Psi > B, G, > Pso = GPsi
F --—
Pni = kKT B —> — Ppq = GPni + OP o
is equivalent to: (B.17)
PSi > B, G ? Pso = GPsi
P . = kT B
ni L_K 0 Noise free
> + > _— Pno = FGP 4
?
APno/G = (F—l)KToB
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The quality factor Y is the ratio of the noise power
output of the device under test when the noise source is ON, to
the power output when the noise source is OFF.

Yy = NZIN1 (B.18)
Y = (Na + KThBG)/(Na + KTCBG) (B.19)
Y = (T+Th)/(T+Tc) (B.20)

When several networks are connected in cascade the cas-
cade effect is the relationship of the noise characteristics (F
or T and G) of each individual network to the noise charac-
teristics of the overall or combined network. If F and G are
expressed in numerical ratios and not dB, then:

G = G1 G2 G3 .o (B.21)
F = F1 + (Fz-l)/G1 + (Fs-l)/G2 + ... (B.22)
T = 'I'1 + TZ/GL + T3/Gz + ... (B.23)

As an example, an amplifier system formed by two ampli-
fiers of 20 dB gain and effective input noise temperatures of
200 Kelvin and 800 Kelvin respectively, would have a total
effective input noise temperature of:

T = 200 + 800/100 = 208 K (B.24)

The second stage contributes only 4% to the total noise
temperature. This illustrates the importance of the quality of
the first amplifier stage.

The noise characteristics of an attenuator, an example.
Let us consider an noisy attenuator of loss factor L (L is
defined as the inverse of the linear gain G ) with a matched
thermal load at the input and the output.
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From the conservation of energy it follows that the power

delivered from the attenuator to the output load is equal to
the thermal power coming back from the load. If the ambient
temperature is defined by T1 . then the power from a load is
equal to KTIB . where B 1is the bandwidth. The power coming
from the attenuator is the power of the input load divided by

the attenuation factor plus the inherent noise power of the

attenuator defined as APa . Thus:
KTIB = PO = KTIB/L + APa (B.25)
or:
AP = (1 - 1/LyxT. B (B.26)
a 1

The effective input noise temperature and the noise figure
become then:

3
o

(L-l)T1 (B.27)

]
"

1 + (L—l)Tl/T0 (B.28)

The importance of the losses in the earlier stages of an
amplifier system can be easily demonstrated by analogy with the
cascade effect. Let us take the example of a receiver with an
effective input temperature of 50 Kelvin followed by a 0.5 dB
attenuator at ’I‘1 = T0 . The total effective input tempe-
rature would then be the input temperature of the attenuator

plus the receiver temperature times the loss factor.

T

tot (L-l)To + LT (B.29)

r

(1.123-1.) - 290 + 1.123 + 50 = 92 K (B.30)

The final effective input temperature is 92 Kelvin. The
0.5 dB loss has doubled the effective input noise temperature.
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The single-sideband SSB of a heterodyne receiver refers
to only one of the two main frequency bands that get converted
to an IF. Confusion often arises when the double sideband DSB
noise figure measurement of a mixer is to be interpreted for a
SSB application. The cause of the confusion is that the
definition of noise figqure states that the numerator should
include noise from all frequency transformations of the
system, including the image frequency, but the denominator
should only include the principal frequency transformation of

the system.

For systems that respond equally to the upper and lower
sidebands (assuming gain and bandwidth are the same for both
bands), but where the intended frequency translation is to be
for only one sideband, the denominator noise power in the
definition should be half the total measured output power
engendered by the input.

For Double-sideband DSB noise figure measurements, since
the noise source contains noise at all frequencies, all fre-
quency transformations are included in both the numerator and
the denominator. Thus, if the final application of the network
being measured has the desired signals in only one sideband but
responds to noise in both sidebands, the denominator of the DSB
measurement is too large and the measured noise figure is too
small - usually a factor of about two (3 dB).

TSSB = TDSB(l + Ls/Li) (B.31)

where Ls is the conversion loss for the signal sideband and Li
the conversion loss for the image sideband, usually LS = Li.

The thermal noise is defined as the fluctuating voltage
across a resistance due to random motion of free charge caused
by thermal agitation. The probability distribution of the
voltage is gaussian with the mean square voltage given by:
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V2
el = axT [ R(vip(vidy (B.32)
vl
for
ptv) = hv/{kT(EXP(hv/(xT)) - 1)) (B.33)
\
where

T is the absolute temperature in Kelvin.

R is'the resistance in Ohms.

v is the frequency in Hertz.
vi and vz are the frequency band considered.
h is Plank’s constant (6.62-10 ** J-s).

It is to be noted that for frequencies below 100 GHz and
for T = 290 K, p(v) is greater than 0.992, so it can be re-
placed by unity and the average voltage can be expressed by:

( e” > = 4«TRB (B.34)

2
n

The shot noise is noise caused by the quantized and random
nature of current flow. Carriers are emitted, injected or ‘
otherwise cross boundaries in random manner - giving rise to ‘
noise. Shot noise arises from a large number of small events, ‘
and exhibits a gaussian probability distribution. The power
spectral density is proporticnal to the current flowing and is
often flat with frequency up to frequencies that are the
reciprocal of the transit time.

< 12 > = 2eIB (B.35)

where
- e is the electron charge (1.6-107!° C).
- I is the current in A.
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It is important to know the mixer temperature and the
conversion loss of a heterodyne detection system. The first
element of the system is the optical diplexer of unknown loss
Ld and physical temperature Tp . The diplexer assures the
proper superposition of the signal and the local oscillator.
This is followed by the mixer of effective temperature Tm and
conversion loss Lc , both unknown. The mixer is connected to
the IF amplifier system, of effective temperature T , via a
cable with loss Li and physical temperature Tp . T <can be
rmeasured by comparing the response to two noise sources (50 Ohm
terminations at different physical temperatures), using the

same method as described here.

The method is based on the detection of the noise signals
from two blackbody sources of physical temperature Th and
Tc' for the hot, respectively cold source. The corresponding
electrical signals appear as the voltages Vh and Vc at the
output of the square law detectors of the IF amplifier system.
By adding extra losses to Li' it is possible to obtain suffi-

cient independent equations to estimate Tm and LC.
The other variables are:
- T (B.36)

AV(Li) = VU

h(Li) - VC(Li) (B.37)

The equations for the effective input noise temperature of
the system Ts can be expressed as:

Ts

ATVh(Li)/AV(Li) - Th

(L -l)Tp + LdETm + Lc((Li-l)T

d + LiT)J (B.38)

p

or (B.39)

T -Th = Ld(Tp+Tm) + LdLCC(Li—l)T + LiTJ - ATVh(Li)/AV(Li)

P P



APPENDIX: B B-9

This is also true for Li=l' thus:

Ld(T +Tm) + LchE(Li—l)Tp + LiTJ - ATVh(Li)/AV(Li)

P
= Ly(Tg#Ty) + LyL T - ATV, /AV (B.40)
Qoxr |
T V. (L, |
babe = (Li-l)?(Tp+T) ASZEi: ) Z%h ] (B.41)

the first formula becomes then:

Ld(Tp+Tm) = ATVh/AV - LdLCT + T - Th (B.42)

P
In most cases this measurement is done with a "hot" source
at room temperature so that Tp = Th.
Ld can be estimated by using the FIR transmission of the
diplexer assuming that the sources are well aligned onto the
input port. The other losses like atmospheric absorption and

reflection losses on the mirrors are negligible at A=385 * 2
um wavelength.

The reflection coefficient p of a transmission line of
length & and for a given frequency is defined as:

Y2 ae Y2 = (p1e3® = (2

Where Ae'YZ represents the emitted wave, BeYz the
reflected wave, ZL the load impedance (complex) and Z0 the
the source impedance (generally 50 Ohms). The reflection coef-

ficient is generally complex with a phase angle 0.

Three cases are of special interest. They are the open
circuit line with an infinite load impedance which results in
a reflection coefficient of +1 , the short-circuit line with
zero load impedance and a reflection coefficient of -1 , and
the perfectly adapted line with complex conjugated load and
source impedance and a zero reflection coefficient value,
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The reflection coefficient can be expressed from the VSHR
as follows:

jpl = (1l-s)/(1l+s) (B.44)

The power reflection coefficient is simply defined as the
square of the reflection coefficient, hence:

*
P, = pp = lpl? (B.45)
The voltage standing wave ratio VSWR, is defined as the
ratio of the maximum and minimum amplitude variation (voltage)
of the standing wave present in a transmission line:

s = IVmaXI/IV = (1+]|p|)/(1-)pl) (B.46)

minI

The VSWR is always greater than one and can also be
expressed in terms of the source and load impedances as:

g = max(ZL,ZO)/min(ZL,ZO) (B.47)

The Smith Chart (see figure B.l) is a partial map of the
complex plane representing the complex impedance of a micro-
wave device. The chart also allows a direct measurement of the
reflection coefficient, the phase angle and the VSWR value
C4]. Curves on the Smith chart show generally the changes of
the impedance versus frequency. Three types of circles are
represented on a Smith Chart, they are: (1) the constant
resistance circles, (2) the constant reactance circles, and
(3) the constant VSWR circles, the latter are often omitted to
avoid overcrowding the chart.
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The Smith Chart Reactance
circles

r=o
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VSWR circles: s . ‘
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FIGURE B.1. The Smith Chart [413.
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A Comparative Study of D20 Oscillators Emitting
at 385 um

M. R. GREEN, IVAR KJELBERG, R. BEHN, P. D. MORGAN, anp MARK R. SIEGRIST

Abstract—The generation of single-mode pulses of far-infrared (FIR)
radiation of duration up to 700 ns at 385 um has been achieved using a
confocal unstable resonator with D0 as an active medium. Future
volumetric scaling to the power level‘s necessary for measuring ion tem-
perature in tokamak plasmas by Thomson scattering appears encouraging.
A comparison between the performance of the unstable resonator and
two hemispherical resonators is reported.
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INTRODUCTION

HE determination of plasma ion temperature in tokamaks

by collective Thomson scattering at FIR wavelengths will
require lasers with the following characteristics: wavelength
~100-400 um, power =1 MW, pulse duration 1 us, and line-
width <50 MHz [1].

It is generally recognized that unless new powerful FIR lines
are found, the optically pumped D,O0 laser at A =385 um is
presently the most promising candidate. To achieve the re-
quired power levels a powerful CO, pump faser chain is neces-
sary and the D;0 laser has to be scaled to large volumes. The
linewidth requirement can only be met by single-mode opera-
tion. The unstable resonator is of great interest, as it can be
used to extract energy from a large excited volume while pre-
serving good mode control.

0018-9197/83/0200-0222801.00 © 1983 IEEE
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Long pulse operation is important for signal statistical rea-
sons in the detection process of the scattered radiation.

In this paper we compare the performance of an unstable
resonator with that of two hemispherical resonators. We re.
port the production of single-mode pulses of duration up to
700 ns FWHM at 385 um.

APPARATUS
The CO, Laser

The CO, laser system used to optically pump the D,0O has
been described in detail eisewhere ([2]-{4] and is shown
schematically in Fig. 1. It comprises a hybrid oscillator and
an amplifier chain. The half-symmetric resonator is tuned by
means of a plane diffraction grating and the cavity length, 225
cm, is stabilized against temperature changes by opposed invar
and stainless-steel rods [5]. Two gain sections are employed, a
TEA section of dimensions 50 X 5 X 5 ¢cm and a low-pressure
pulsed section working at a pressure of 10 torr.

The oscillator output, ~130 mJ in a beam of diameter 0.7
cm, has only one longitudinal and one transverse mode. Thisis
amplified by a single pass through three TEA sections, each
twice as long as the oscillator section, but otherwise the same.
Two gas cells, each of length 20 cm, are used to prevent the
occurrence of parasitic oscillations in the 10 um bands. Ineach
cell equal concentrations of SF¢ and C(F are used at pressures
of about 10 torr. The transmission spectrum of this gas mix-
ture is given in Fig. 2.

The maximum output measured on the 9R(22) line was ~20
J in a beam of diameter 4.5 cm. The output was plane polar-
ized to better than 95 percent with the £ vector horizontal.
Pulse durations within the range 100 -700 ns could be chosen
by varying the delay between the firing of the oscillator and
the amplifier stages, in this way amplifying the gain-switched

spike only, or progressively more and more of the tail of the
oscillator pulse. Fig. 3. shows typical oscilloscope traces of
the pump pulse. The two traces show single-mode outputs of
different pulse lengths. The bandwidth of the recording sys-
tem was 400 MHz.

The FIR Oscillator

The unstable resonator is particularly attractive for use at
FIR wavelengths as it provides a large uniformly-filled mode
volume, excellent transverse-mode control, and variable output
coupling with all reflecting optics [6] .

Fig. 4 shows the unstable confocal FIR resonator. The CO,
laser radiation is coupled into the cavity through a free-standing
wire grid inclined at 45°, the wires running in the vertical direc-
tion. The construction of the grid, wires of thickness 10 um
and periodicity 25 um, results in a measured reflectivity of
better than 95 percent at 385 um for an incident beam plane
polarized parallel to the direction of the wires. However, the
transmission of the grid for the CO, laser pump beam was only
20 percent. Taking other losses into account, this resulted in
a mean energy density of 0.12 Jjcm? being dumped into the
FIR laser cavity over an area of diameter 4.5 cm. A glass tube
is used as a beam guide to collect a maximum of the diffracted
or scattered CO, pump radiation which has passed through the
grid. The folded FIR laser cavity is defined by a concave mir-
ror (radius of curvature 300 cm) and as an output coupler, a
convex mirror (radius of curvature {00 cm).

The characteristics of FIR emission from a stable cavity could
be studied by replacing the convex output coupler with a plane
mesh or Mylar film. At 385 pm, the transmission of the mesh
(200 lines per in) has been measured to be 39 £ 5 percent
while that of the 0.2 mm thick Mylar film was found to be
85+ 5 percent. In calculating the reflectivity of these ele-
ments it is assumed that absorption is negligible.
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For all cavity configurations the length of the FIR laser reso-
nator was 100 cm, its thermal stability being assured by using
invar steel rods. Superradiant emission could also be studied
by the removal of the output coupler altogether.

REsSuLTS
Energy Measurements

Using a 0.25 m Jarrell-Ash spectrometer, employing a grating
ruled at 1.6 grooves/mm, the various emission lines of D0
when pumped by the 9R(22) CO, laser line could be identified.
With reference to the partial energy level diagram for D,0,
Fig. S, the energy ratio between the 385 um line and the cas-
cade line at 359 um was measured to be 10: 1, for the case of
the unstable resonator. No other lines wére observed. The
polarization of the FIR laser output was found to be better
than 90:1, in a direction perpendicular to the polarization of
the CO, laser beam.

In Fig. 6 the FIR energy output is plotted as a function of
the D,0 vapor pressure, for different cavity configurations and
pump pulse lengths. The FIR energies were measured using a
pyroelectric detector (Laser Precision RjP 736 RF) with an ex-
tended spectral response. Careful cross-checking with other
energy detectors enables the uncertainty in the absolute energy
values to be quoted as not exceeding 25 percent while the
uncertainty in the relative measurements is better than %15
percent.

The mean pump energy density deposited in the FIR laser
cavity was 0.12 J/cm? at most, in a single-mode pulse of dura-
tion between 100 and 700 ns FWHM. The cavity configura-
tions were either a confocal unstable resonator [Fig. 6(a)],
with 11 percent feedback, or 2 hemispherical resonator with
15 or 61 percent feedback (Mylar film, Fig. 6(b), and mesh,
Fig. 6(d), respectively). Also shown, in Fig. 6(c), is the case
without feedback (superradiant emission). For all resonator
configurations, maximum energy outputs were recorded at
vapor pressures between 2.5 and 5.5 torr.

In Fig. 7 the variation of FIR laser output with the pump
energy is plotted for the unstable resonator. From this plot it
is possible to obtain the conversion efficiency, which we define
as the FIR laser energy produced per J of CO, laser energy.
For the 385 um line, a conversion ratio of 1.2 mJ/J was mea-
sured. This agrees well with the values obtained at 66 pm
from an unstable resonator using D,0 [4], if the energy is
scaled according to the Manley-Rowe relation. No saturation
behavior is observed in the relationship between FIR laser
energy and pump energy.

Temporal Profiles

Figs. 8-11 are a series of time-resolved pulses of the FIR
laser emission and the pump output. The oscilloscope traces
representing the CO, pump pulses are on the left of each figure
while the corresponding FIR pulses are on the right. The square
pulse at the beginning of each trace is a digital marker which
provides a common time reference for both oscilloscopes. A
Rofin photon drag detector was used for the CO, laser puises

225

320 Mz

RS ue 010

359 um

239 um

Fig. 5. Partial energy level diagram of the D,O molecule (spacings of
levels not to scale).

while a Molectron P5-01 pyroelectric detector was used for
the FIR pulses. Both devices had rise times of less than 1 ns
and both were used with oscilloscopes of bandwidth 400 MHz
at a sensitivity of 10 mV/cm. Under some conditions it was
necessary to use a preamplifier (gain 26 dB, bandpass 0.1-1300
MHz) with one or other of the detectors to achieve adequate
sensitivity. The temporal profile of all FIR pulses was obtained
after the FIR laser output had been passed through the grating
spectrometer. Consequently, only the contribution due to the
385 um transition was recorded.

The oscilloscope traces of FIR radiation shown in Figs. 8
and 9 were obtained using the hemispherical resonator with a
mesh output coupler and a D,O vapor pressure of 10 torr. In
Fig. 8, for the case of a single-mode pump pulse of duration
100 ns, the presence of several longitudinal modes in the FIR
laser cavity can be inferred from the beating in the FIR emis-
sion. The time separation of 6.7 ns between the peaks corre-
sponds to the cavity roundtrip time ¢/2L, for the meter-long
FIR resonator. This is particularly evident in the trace obtained
at a sweep speed of 20 ns/cm.

However, for a single-mode pump pulse of duration ~700 ns
the FIR laser emission exhibits no beating and indicates the
presence of only one longitudinal mode in the cavity (upper
half of Fig. 9). When pumping with a CO, laser pulse, of dura-
tion ~700 ns, which exhibits mode beating with a separation
of ~15 ns between peaks, corresponding to the cavity round-
trip time in the 225 cm long CO, resonator, the FIR emission
also exhibits the same modulation. However, there is no struc-
ture which indicates the beating of FIR laser modes (lower half
of Fig. 9), which shows only part of a pulse.

For pressures of less than 5 torr, the output of the FIR stable
resonator always exhibits modulation irrespective of the pump
pulse duration. When using a single-mode pump pulse, the FIR
emission displays beating due to several longitudinal modes in
the FIR laser cavity. For pumping using a multimode pulse,
the FIR output exhibits structure identifiable with both
cavities.

In Figs. 10 and 11 we present pulse shapes obtained using
the unstable FIR resonator. The tracesin Fig. 10 were obtained
using a pump pulse of duration ~100 ns and a D,0 vapor pres-
sure of 5 torr. When the pump pulse is single mode, the result-
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Fig. 6. The FIR output energy as function of D20 vapor pressure for different cavity configurations and pump pulse lengths.

ing FIR pulse also exhibits only one mode (upper halif of Fig.
10). However, when the pump pulse shows amplitude modula-
tion due to the presence of two longitudinal cavity modes,
Fig. 10 lower traces, the FIR pulse is also modulated at the

same frequency. In Fig. 11 the output from the FIR laser
when using a pump pulse of duration ~700 ns is shown. The
upper traces show a single-mode pulse for both the pump and
FIR laser, while the lower traces show multimode operation
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for both lasers. Within the pressure range 1-12 torr the per- Temporal profiles were also obtained in the case of super-
formance of the FIR laser was found to be insensitive to pres- radiant emission. It was found that the output exhibited
sure, with respect to the pulse shape. strong irregular fluctuations in amplitude irrespective of the
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DiscussionN

From the energy measurements, it is apparent that all of

FIR cavity config

107 3 EIVENn pump €ncrgy

essure employed

resolved pulses

pump intensities explored (170 kW/cm* to 1.2 MW/cm*) there

t

is no significant variation in energy output with pump pulse
duration, for constant pump energy. The best efficiency &
obtained is about 4,7 percent of the theoretical maximum for
a stimulated Raman process, i.¢., it isassumed that each photon
of C of FIR radiation.

The sInce € = L‘fﬂﬁ 4 '\FIR

laser energy can produce one photo
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The maximum output achieved, ~2.3 m], was produced using
2 J of useful pump energy in a volu
Thus, the volume
energy produced is ~1.

3 torr extraction is 0.47 ml/l
1 ml/J of CO, laser energy. Th
ures compare with 0.80 mJ/l - torr and 2

Princeton group [7] and 0.95 ml/l -

mJ/J from the
torr and 2.0 mJ/J from

the M.L.T. group [8], respectively. F

or all three experiments

the pumping energy density was ~0.4 J/1 - torr

However, in
the work currently being reported the cavity length used was
I m compared with 4 m in the other two experiments. Hence,

absorption of the CO, laser radiation would be increased for

"

Ived pulses

the latter, resulting in an improved conversion efficiency and

volume extractiorn

The implication of these values is that to scale up to FIR
laser energies of ~1 J, CO, pump lasers will be required capable

of delivering energies in the range of ~450-900 J. Further-

more, from the volume extraction, it is seen that a volume of

between ~ ind 7O Or pressures ol a
few torr, to scale up to the However, the
maximum energy that can in principle be extracted from a

number n,, of molecules in the case of laser emission by a

stimulated Raman process 1s 0.5 n,,, he/A. 1t has been assumed
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Fig. 11. Time resolved pulses.

that none of the molecules excited to the vy =1 vibrational
level relax back into the vy =0 ground level during the dura-
tion of the pumping pulse. Consequently, for A = 385 um the
maximum volume extraction is ~17 mJ/l - torr, which is con-
siderably higher than any of the values quoted and which indi-
cates some room for improvement. Also, in the event of the
pumping pulse being much longer than the time for vibrational
equilibration of the », =0 level, an even greater volume ex-
traction could be expected. Consequently, it is reasonable to
anticipate that energies of ~1 J could be extracted from vol-
umes of the order 100 | for pump pulses of duration ~1 ps.

It is interesting to note the change in the temporal behavior
of the FIR emission from the stable resonator, with both pulse
duration and working pressure. At high pressure (10 torr) and
for long pulse duration (700 ns) single-mode output is obtained
when the pumping pulse is itself single mode. However, for
short pump pulse duration (100 ns) or at low pressure (1.5
torr, for example) the output of the hemispherical resonator is
always multimode, always exhibiting modulation indicative of
several longitudinal FIR cavity modes beating, irrespective of
the form of the pump pulse. These changes in the form of the
FIR emission may be explained by saturation effects.

According to DeTemple 9] for the 385 um line of D,0 the
saturation intensity /;, for the pump transition is ~7.1 kW -
em™? - torr™2. Consequently, at 10 torr pressure fg, ~ 710
kW -em™, and at 1.5 torr pressure [, ~ 16 kW " em™2, In
comparison, the pump intensity is ~1.2 MW em™? and ~170
kW - em ™%, for 100 and 700 ns pulses, respectively. Likewise,
the saturation intensity [, for the FIR lasing transition is
given [9] as ~18 W-cm™ -torr™*. Hence, at a pressure of
10 torr [y~ 1.8 kW -em ™, while at a pressure of 1.5 torr the

value is ~40 W -em™. At 10 torr pressure the intensity of
FIR emission is ~410 W/cm? and ~40 W/em?, for pump
pulses of duration 100 and 700 ns, respectively, while at a
pressure of 1.5 torr the corresponding intensities are ~1.3 kW/
em? and ~170 W/em?.

For pump intensities which are in excess of the saturation
intensity /;, the gain profile is modified due to the ac or dy-
namic Stark effect [10]. With increasing pump intensity, and
for low levels of FIR emission, the profile splits into two com-
ponents which move further apart in frequency as the intensity
increases—Rabi splitting. In addition, as the intensity of FIR
emission increases above the saturation intensity /y, the fre-
quency band over which emission occurs becomes progressively
broader. This effect is termed power broadening. At suffi-
ciently high intensities the effect of power broadening is to
fill in the trough in the emission due to Rabi splitting. This
qualitative description is strictly only true for resonance
pumping, i.e., when the frequency of the pump radiation
coincides exactly with the line center of the absorption tran-
sition. For off-resonance pumping, the Rabi splitting and power
broadening develop asymmetrically—the degree of asymmetry
varying with the frequency offset [10].

The work of Temkin [10] has been followed in obtaining
the emission profiles particular to the conditions under which
the results reported herein were obtained. Turning to the results
obtained using the stable resonator, the 1 m long cavity has a
longitudinal mode spacing of 150 MHz. At a pressure of 10
torr, and in the absence of pump saturation, the width of the
pressure-broadened gain profile would be ~400 MHz FWHM
(broadening ~40 MHz/torr). Consequently, a mode which
coincided with the profile maximum would experience a gain
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which was ~50 percent greater than that for adjacent modes
and would dominate, i.e., single-mode output would be ex-
pected. This is indeed what is observed for pump pulses of
duration ~700 ns, even though the gain difference mentioned
is reduced to ~31 percent because of a small role played by the
ac Stark effect. However, for pulses of duration ~100 ns, the
ac Stark effect would result in a gain profile which is broader
by a factor of 2.7 than in the simple pressure-broadened case—
the pump intensity not being sufficient to produce distinct
splitting into two components. In this case, the maximum
difference in relative gain between adjacent modes would be
only ~8 percent. No single mode would dominate and multi-
mode FIR emission could be expected, as is observed experi-
mentally. In neither of the cases considered is the intensity of
the FIR emission sufficient to lead to power broadening.

At a pressure of 1.5 torr, however, the situation is quite dif-
ferent. For both short and long pump pulses the pump and
FIR transitions are well saturated. Consequently, both Rabi
splitting and power broadening play a role. Typically, for the
ranges of intensities encountered in the present work, the width
of the FIR emission profile can be up to about 20 times greater
than the width of the gain profile due to pressure broadening.
Consequently, there is not a sufficiently great difference in
gain between adjacent FIR cavity modes to ensure single-mode
operation, and the FIR emission is always multimode irrespec-
tive of whether or not the pump puise is multimode.

Strangely, for a single-mode pump pulse, within the ranges
explored, the FIR output from the unstable resonator is always
single mode, irrespective of the pressure of the active medium
or the duration of the pump pulse. However, the feedback of
the output coupler of the unstable resonator is much lower
than in the case of the stable resonator, 11 percent compared
with 61 percent. A likely explanation of the persistent single-
mode operation is that, in spite of Rabi splitting and power
broadening at lower pressures, the cavity losses are so high
that only the longitudinal mode closest to gain maximum is
well above the threshold for oscillation.

CoNcLUSIONS

We have demonstrated the generation of FIR laser pulses of
duration up to 700 ns FWHM at 385 um. Single longitudinal
and transverse mode control were achieved using a confocal
unstable resonator with D,0 as the active medium and opti-
cally pumped using a CO, laser. The results are an encourage-
ment to scaling up the system volumetrically and to extending
the pulse duration in an attempt to achieve the MW power level
and us pulse length necessary to perform a scattering measure-
ment of ion temperature in a tokamak plasma.

For a given cavity length and volume, as much energy can be
extracted from D,0 using an unstable resonator as using stable
resonators. However, much larger beam diameters can be ac-
commodated with unstable resonators than with stable ones
while preserving a single transverse mode. Also, provided that
the equivalent Fresnel number [11] is correctly chosen for
the unstable resonator, good longitudinal mode control can
be achieved. In the case of the stable resonator, either the

3

cavity length must be limited so that the intermode spacing is
greater than the gain width of the lasing transition or extra
elements must be incorporated into the cavity to achieve mode
selection. The latter approach can lead to substantial losses,
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Buffer Gases to Increase the Efficiency of an
Optically Pumped Far Infrared D,0 Laser

R. BEHN, MARC-ANDRE DUPERTUIS, IVAR KJELBERG, PETER A. KRUG,
S. A. SALITO, anpo MARK R. SIEGRIST

Abstract—The effects of buffer gas additives on the performance of
an optically pumped D,0 laser operating at 385 um have been investi-
gated both experimentally and by numerical simulation. Three gases,
sulphur hexafluoride, carbon tetrafluoride, and n-hexane, were found
to produce an increase of up to 40 percent in the pumping efficiency,
as well as significant lengthening of the far infrared pulse. Under op-
timum coaditions, 2.6 J in a 1 us long puise have been obtained.

The buffer gases are shown to eliminate the vibrational deexcitation
bottleneck, which in pure D,0 leads to an accumulation of population
in the upper vibrational level and, hence, a reduction in the efficiency
of absorption of the pump beam.

Comparison of the observed buffer gas effects with the predictions
of a numerical simulation code based on a rate equation model gives
information about the constants for vibrational and rotational relaxa-
tion rates due to D,0-D,0 and D,0-buffer gas collisions.

I. INTRODUCTION

HE development of a high-power far infrared (FIR)

D,0 laser is mainly motivated by its application to
plasma diagnostics. In order to measure the ion tempera-
ture of a tokamak plasma by collective Thomson scattering
of FIR radiation, we require a laser source that is capable
of producing 1 MW in a pulse of at least | ps duration.
The optically pumped D,0 laser emitting on the 385 um
line has been chosen because it delivers sufficiently pow-
erful output at a wavelength where sensitive detectors are
available.

Although the megawatt power level has already been
reached for shorter pulses (about 150 ns) 1], high power
operation is more difficult to obtain for pulse lengths ex-
ceeding 0.5 us. The mechanism preventing efficient long
pulse operation is a bottleneck in the vibrational deexci-
tation which hinders recycling of D,O molecules to the
ground state. The depletion of ground state population re-
duces pump beam absorption and, thus, leads to a de-
crease in efficiency of the FIR laser.

Pump saturation can be avoided if the pump beam power
density can be reduced by increasing the cross section of
the active volume of the D,0 laser. However, the high cost
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Fig. 1. Schematic diagram of D,0 energy levels. Pump process (1) leads
to a laser and (2) to a stimulated Raman transition at 385 um. Relaxation
of the vibrational excitation can occur either via conversion to transia-
tional and rotational energy (3) or via transfer of energy to a buffer gas
molecule with a vibrationai level close to that of D,0 (4).

and technical problems of manufacturing large optical
components will set a limit to this approach.

An alternative method to prevent ground state depletion
is the addition of buffer gases to remove the vibrational
bottleneck by collisional energy transfer.

In this paper, the requirements for selection of suitable
buffer gases are discussed, and an experimental and nu-
merical study of the influence of these additives on the
performance of the 385 um optically pumped D,O laser is
presented.

II. THEORY

The optically pumped D,0 laser has been investigated
extensively both in theory [2] and experiment [3], [4]. In
particular, it has been shown that the far infrared emission
at 385 um is due to a stimulated Raman process, during
which the D,O molecules are excited to the », vibrational
state by the 9R(22) line of the CO, laser. Fig. 1 shows a
simplified diagram of the energy levels involved. Apart
from the optical transitions, the description of the dynam-
ics of optical pumping has to include molecular relaxation
processes. Within the rotational sublevels of each vibra-
tional state, the equilibrium population is reestablished on
a very fast time scale (typically 8 ns - torr), whereas the
relaxation of the vibrational levels is slower by several or-
ders of magnitude. The energy of the molecules excited

0018-9197/85/0800-1278$01.00 © 1985 IEEE
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to the v, vibrational state has to be transferred by molec-
ular collisions to translational and rotational degrees of
freedom. For the », vibrational level of D,O, a relaxation
time constant of 1 »$ - torr has been measured {5]. For
typical operating pressures of the D,O laser of several
torr, the relaxation time will be almost as long as the pumg
pulse duration. The relatively low vibrational relaxation
rate causes an accumulation of population in the v, vibra-
tional state and simultaneously a depletion of the ground
state. This bottleneck effect leads to a decrease in absorp-
tion of the pump radiation and, as a consequence, to a
decrease of the FIR laser gain.

It has been predicted that pump saturation may cause
serious problems when attempting to achieve FIR laser
pulses of 1 us or longer [2]. During an earlier study (4] a
decrease in the energy conversion efficiency of the D,O
laser was indeed observed when the pulse length was in-
creased from 500 ns t0 1.2 us. The influence of the bottle-
neck effect on the pulse shape of an optically pumped FIR
laser has been investigated by Dangoisse et al. [6]). The
limitations on laser efficiency due to a bottleneck effect
are already well known from studies of the CO, laser [7],
[8].

As an efficient solution to the problem, buffer gas ad-
ditives have been used to obtain energy redistribution via
intermolecular collisions. In the case of the CO, laser, for
instance, He atoms play an important role in depopulating
the lower laser level. Buffer gases have also been used suc-
cessfully with CW FIR lasers [9], (10]. Whereas in CW
operation, improvements can be achieved if the rate of
collisional deexcitation exceeds the rate of energy transfer
by diffusion to the laser tube walls, in pulsed operation
energy transfer has to be established on a much faster time
scale. Since relaxation is dominated by collision pro-
cesses, shorter relaxation times can, of course, be ob-
tained by increasing the gas pressure. However, at higher
D,O pressures, the effect of collisional broadening of the
rotational levels becomes dominant and causes the FIR
gain to decrease. Therefore, we seek buffer gas additives
which selectively enhance the vibrational deexcitation but
do not affect the lifetime of the D,O rotational levels within
the operating pressure range.

It is well known that the cross section for vibrational
deexcitation can be increased by several orders of mag-
nitude when near-resonant energy exchange is possible
(11]. An efficient buffer gas molecule therefore should have
vibrational levels in close proximity to the », band of D,0.
Collisional broadening, on the other hand, is considerably
larger for molecules interacting via long range dipole—di-
pole forces [12]. In order to avoid this detrimental effect,
buffer gas molecules without a permanent dipole moment
are preferable.

Taking these points into account, we have selected buffer
gas candidates according to the following guidelines:

1) vibrational energy levels allowing resonant energy

transfer from the v, level of D,O at 1079 cm™'

2) negligible absorption of the pump radiation at 9.3 um

3) negligible absorption of FIR at 385 um
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4) minimum collisional broadening of the D,O rota-

tional levels.

Resonant energy transfer omly requires coincidence of
the levels to within £ = kT = 200 cm™', so a conflict
between requirements 1) and 2) can be avoided. Further-
more, molecules may be considered for which the partic-
ular vibrational transition is not infrared active. If we
choose molecules which have no permanent dipole mo-
ment and therefore have no far infrared active rotational
transitions, criteria 3) and 4) can be satisfied simulta-
neously.

1II. NUMERICAL SIMULATION

A numerical simulation code [13] has been used to study
the influence of a buffer gas additive on FIR output en-
ergy, pump absorption, and FIR laser pulse shape. The
generation of FIR radiation is described by a Raman pro-
cess in a three-level system. Both the coupling of the in-
dividual rotational levels and the vibrational relaxation into
the ground state are taken into account. The correspond-
ing time constants for D,O are 74 4 and 7y 4. Using a sim-
plified model, additional relaxation rates, proportional to
l/ry s and l/7g,, are introduced to describe the vibra-
tional deexcitation and the rotational line broadening of
D,0 due 10 the interaction with the buffer gas molecules,
For a mixture of D,O and buffer gas at partial pressure p,
and p,, respectively, we obtain an effective relaxation time
constant 7; ¢ by adding the rates associated with D,0O-
D,0 and D,0-buffer gas collisions:

Pa + Dy
Tiett = 75 — 1
T plTia ¥ PolTis
where
v for vibrational relaxation

index i =

index i = R for rotational relaxation.

During the pump pulse duration of about 1 us, the prob-
ability of multiple collisions between D,O and buffer gas
molecules is low. Therefore, all buffer gas molecules are
assumed to be in the vibrational ground state, and the time
constants for equilibration of vibrational energy within the
buffer gas molecule do not have to be taken into account.

Results from the numerical simulation code for a set of
parameters describing our D,O laser (active length L = 4
m; output coupling T = 0.95; pump energy E, = 320 J;
pulse length ~ 1 us FWHM) are presented in Fig. 2. Vi-
brational and rotational relaxation time constants of 7, 4, =
1.5 us - torr and 7 ; = 8 ns - torr, consistent with pub-
lished data [5], have been used. The three curves show
the variation of FIR output energy as a function of D,O
pressure for different pumped volume cross sections A, at
fixed pump energy. The laser system used during the ex-
periments had a cross section of A = 0.014 m’. The cal-
culations predict that the optimum operating pressure
shifts to higher values and the energy conversion effi-
ciency decreases when the pump energy density is in-
creased, indicating that pump saturation is important.
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Fig. 2. Results from the numerical simulation code showing FIR output
energy as a function of D,0 pressure for the active volume cross sections
(a) A = 0.028 m?, (b) A = 0.014 m, and (c) A = 0.007 m*. The time
constants used in the calculations are 7, , = 1.5 us - torrand 75, = 8
ns * torr.

For the intermediate case in Fig. 2 (4 = 0.014 m?), the
effect of a buffer gas additive on the FIR output energy
has been investigated.

The influence of each of the two parameters ry ;, and
Tr.» Characterizing the buffer gas has been studied sepa-
rately. The parameters describing the D,0 laser are iden-
tical to those of Fig. 2 for the case with 4 = 0.014 m’.
The results of the calculations are presented in Fig. 3(a)
and (b), which shows the variation of FIR pulse energy
when the total pressure is increased by adding buffer gas
to a starting pressure of 4.0 torr of D,O. The curve de-
scribing operation in pure D,0 is included for comparison
(solid line). In Fig. 3(a), 7¢ , has been chosen to be the
same as 1g 4, the corresponding parameter for D,0-D,0
collisions. The results of Fig. 3(b) are obtained for 75 , =
3 - 7g.4, thus assuming a weaker broadening of the D,0
rotational level by interaction with the buffer gas mole-
cules. For both sets of curves r,, was varied from 0.5
us ¢ torr to 2.0 us - torr, covering the range of values
smaller and larger by a factor of 2 than the corresponding
parameter for D,0-D,0 collisions.

Comparing Fig. 3(a) and (b), it can be seen that 75,
determines the behavior at high partial pressures of buffer
gas, whereas 1, , is most important at low partial pres-
sures. In particular, for the case of 74 , = 74 4, an increase
in FIR energy can only be obtained if 7, , < 7 4. When,
however, 7z , > 74 4, as in Fig. 3(b), higher partial pres-
sures of the buffer gas can be used and even molecules
with 7y, = 7, 4 allow us to obtain higher pulse energies
thag with pure D,0.

From the results of the numerical simulation, it is con-
cluded that for an efficient buffer gas, criteria 1) and 4)
are equally important. For vibrational and rotational time
constants which are of the same order of magnitude as
those quoted for D,0-D,0 collisions, a noticeable in-
crease in the efficiency of a high-power D,O laser can be
expected.
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Fig. 3. Calculated FIR output energies as a function of total pressure for a
mixture of buffer gas and 4.0 torr of D,0. The buffer gas parameters are
Tv.s: 0.5, 1.0, and 2.0 us - torr; 74 ,: 8 ns - torrin (a), 40 ns * torr in
(b). The results for pure D,O are shown for comparison (solid line).

IV. EXPERIMENTAL
A. Choice of Molecules

Several molecules have been investigated as a test for
some of the selection guidelines given above. Table I lists
the molecules together with their vibrational energy levels
close to the v, band of D,O (1079 cm™') and their static
electric dipole moments p;.

The molecules that produced an increase (+) in FIR
output energy when used as additives in a pulsed D,0 laser
(i.e., SFg, CF,, and n-hexane) all satisfy the selection cri-
teria and were studied in more detail. Sulphur hexafluor-
ide (SF¢) and carbon tetrafluoride (CF,) are spherical top
molecules which possess neither permanent electric dipole
nor quadrupole moments. The linear molecule n-hexane
(C¢H,,) has a large number of vibrational degrees of free-
dom with several vibrational bands in the region of inter-
est. Both molecules C¢H,, and SF; have already been re-
ported as efficient buffer gases in a CW CH,F laser (9],
[10]. For each of the three molecules, absorption on the
9R(22) line of the CO, laser was measured using the FIR
laser tube as an absorption cell. The absorption of SF¢ was
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Gy

E&mmy

Fig. 4. Side view of CO, laser system. The oscillator and the beam paths
shown by broken lines lie outside the plane of the figure. G,: diffraction
grating for wavelength selection, A: variable apertures for transverse mode
control. K: KCl windows. X: low pressure CO; laser module for longi-
tudinal mode control. O: ZnSe output coupler. M: plane metal mirrors.
G,: diffraction grating used to prevent parasitic oscillation on higher gain
lines.

at least an order of magnitude lower than that of D,0, and
the absorption of CF, [16}, {17) and C¢H,, were neg-
ligible.

B. Experimental Details

The CO, laser, used as an optical pump for the D,0
laser, comprises a hybrid TEA laser oscillator operating
in a single mode on the 9R(22) line and an electron-beam
preionized amplifier, as represented in Fig. 4.

The oscillator is identical to that in an earlier publica-
tion (4], while the e-beam amplifier is now used without
preamplifier in a more efficient triple-pass configuration.
In order to achieve high gain on the 9R(22) line, a rela-
tively CO,-rich gas mixture of CO,:N;:He = 4:1:1 is
used at a total pressure of 2.3-2.6 atm. Between the first
and second passages, a grating G, with 150 rulings/mm
is used in first order, to prevent parasitic oscillation on any
line other than 9R(22) from propagating backwards into
the oscillator. The total optical path length from the CO,
laser oscillator to the FIR resonator is 65 m.

With careful adjustment of the time delay between the
firing of the oscillator and the amplifier, the system is ca-
pable of producing single mode pulses of 1 us FWHM
with energy up to 850 J.

The FIR laser (Fig. 5) comprises a 4.0 m long folded
unstable resonator formed by a concave mirror (M., ra-
dius of curvature 10.3 m, diameter 200 mm) and a convex
mirror (M,,, radius of curvature 2.3 m, diameter 42 mm).
The resonator is folded by a wire grid (W) which is 90
percent transmitting for the pump beam and 75 percent
reflecting for the FIR. For this configuration, an effective
output coupling of T = 0.95 has been calculated. The
pump beam from the CO, laser enters the tube via a 180
mm diameter KC! window (X). The glass tube (T) serves
to confine the CO, laser radiation to the volume of the FIR
resonator. The limiting aperture of the FIR laser is 200
mm. An off-axis paraboloidal mirror (M,) is used to col-
lect and focus the FIR beam to a point outside the tube.
Because the FIR resonator does not contain any mode se-
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Fig. 5. Opticaily pumped FIR D,0 laser. X: KCl window for input of CO,
laser beam. W: Tungsten wire grid. M,.: concave mirror. T: glass tube
used to guide the pump beam. D: teflon sheet as beam dump for unab-
sorbed pump energy. M..: convex mirror. M,: off-axis paraboloidal mir-
ror. P: TPX window.
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Fig. 6. FIR pulse energy as a function of pump pulse energy for (a) pure
D,0, P = 4.0 torr; (b) 4.0 torr of D,O and 16.0 torr of buffer gas.

lective elements, the laser pulses show modulation due to
mode beating.

C. Resuls

1) Pump Saturation: In Fig. 6, the FIR pulse energy is
plotted versus the pulse energy of the CO, pump laser for
operation at a filling pressure of 4.0 torr of D,0. Devia-
tions from a linear relationship become noticeable at pump
energies of about 150 J (energy densities of ~ 10 kJ/m?).
With the addition of 16.0 torr of SF¢ (upper curve), these
saturation effects disappear. The influence of the buffer
gas SF on the absorption of the pump radiation is shown
in Fig. 7. The fraction of unabsorbed pump puise energy
is plotted as a function of total pressure, with the D,O
partial pressure kept fixed at 4.0 torr and SF¢ added. The
pump beam absorption is clearly increasing with SF pres-
sure, as is expected from our model for a buffer gas that
permits efficient vibrational deexcitation of the D,O mol-
ecules. The numerical code predicts a similar behavior
(solid curve), although no attempt has been made to fit
these experimental resuits. This observation seems to be
at variance with the results presented in {10] for a CW
CH,F laser. However, it should be noted that an increase
in absorption, induced by the addition of buffer gas, can
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TABLE 1
CANDIDATE BUFFER GAS MOLECULES
Permanent
Molecule dipole moment Vibrational* Effect on PIR
P’ bands lagser output

CH,F 1.85 D 1048 cm! -
1196 cn~!

CF, Q 904 cm™?
1070 an! +
1265 on~t

Ch 0 949 oo™t
995 em! -
1050 o~}
1342 !

CHycl 1.45 D 850~1050 e~} -

SF 0 965 cm~!
1262 vt +
1282 em!

n-hexane 0 973-1166 cm™ +

Gy,

*Data from {14)-116].
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Fig. 7. Pump beam energy transmission through D,O laser tube as a func-
tion of total pressure P, for fixed D,O and varying SF4 pressure. The
points represent average values over three laser shots, and the solid curve
gives the results from the numerical simulation using the parameters of
Table 11.

only be expected if the vibrational bottleneck effect causes
strong saturation of the pump transition, as is the case for
the pulsed D,O laser operated under the conditions de-
scribed above. As already mentioned above, the absorp-
tion of the 9R(22) line of the CO, laser in pure SF, in this
pressure range is small enough to be neglected.

2) FIR Pulse Energy: The effects of the candidate buffer
gases on the D,O laser output were investigated by mea-
suring the variation of pulse energy with total pressure for
D,0 alone and for various mixtures of D,O and buffer gas.
Fig. 8(a) shows the results of such a set of measurements
for the buffer gas SF¢. Each point is the average of at least
three shots, and the curves are least square fits to the data.
The points fitted by the solid curve in Fig. 8(a) show the
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Fig. 8. FIR pulse energy as a function of total gas pressure. (a) Experi-
mental results with an average of 320 I of pump pulse energy, using SF,
as buffer gas. (b) Resuits of the simulation vode using the SF¢ parameter
values of Table 11, and a pump energy of 320 J. (c) Comparison of ex-
perimental resuits for buffer gas additives SF4 and a-hexane at fixed D,O
pressure of 4.0 torr.

FIR pulse energies with pure D,0. The other curves rep-
resent the pulse energie- for a fixed D,0 partial pressure,
as indicated, the total pressure being varied by progres-
sively adding SF,. The CO, laser pump energy entering
the D,O laser was 320 J, in a 1 us long pulse. For an
effective pumping beam area of A = 0.012 m?, the spa-
tially averaged energy density is 27 kJ - m~% 2.73/c*
Fig. 8(b) snows results of the numerical simulation code
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TABLE 1l
SUMMARY OF RELAXATION TIME CONSTANTS

Parameter Pl ished or Best fit values

measured value SF¢ Cr,
tv,4 1.0 us-Torr 1.5 pseTorr 1.5 pseTorr
tR,4 8 ns-Torr 8 ns-Torr 8 nseTorr
b - 1.8 us*Torr 1.2 pseTorr
*R,b - 46 ns-Torr 46 ns.Torr

produced by adjusting parameter values to obtain good
agreement with the experimental results for SFs. Apart
from a constant scaling factor for the FIR pulse energy,
there is good qualitative agreement between the results
given in Fig. 8(a) and (b), which confirms the model of
the D,O-buffer gas interaction. The parameter values for
SF¢ and CF, as obtained from the fitting procedure are
summarized in Table II.

Because the model used in the simulation code is of ne-
cessity a simplification of the real laser system, for ex-
ample, in its assumption of spatially uniform pumping, it
is not reasonable to expect to obtain precise numerical val-
ues for the fitted parameters. Rather, the purpose of per-
forming the fit is to obtain information about the relative
values of the time constants.

The best fit value of the effective beam area 4 = 0.014
m’ is in good agreement with the value 0.012 m?, which
was estimated with a large uncertainty from CO, laser
burn marks on thermally sensitive paper. The parameter
Tr,q Was kept fixed at the published value of 8 ns - torr

(18). The best fit value 7, 4 = 1.5 us - torr, while some-*

what larger than the published value of 1.0 us - torr [S],
is not unreasonable, given the limitations of the code.

The most interesting information obtained from the
simulation comes from a comparison of D,O and buffer
gas parameter values. It is found that the vibrational re-
laxation time constant for buffer gas-D,O collisions, 7y ,,
is not very different from the value for D,0-D,0 colli-
sions, 7y 4 = L5 us - torr. The difference between 7y,
values for SF, and CF, reflects the faster increase in FIR
energy with increasing partial pressure for CF, than for
SFq, at low partial pressures. The closeness of the values
of 7y, and 7y 4 means that the buffer gases are about as
effective as D0 itself in deexciting the v, vibrational level
of Dzo.

In order to explain why, at D,O pressures near 4 torr,
the addition of buffer gas is more beneficial to laser effi-
ciency than the addition of further D,0, it is necessary to
compare the rotational relaxation time constants g 4 and
Tr.5- We see that 75, = 46 ns - torr (for both SF, and
CF,) is considerably larger than the corresponding D,0
time constant 7, , = 8 ns - torr. The addition of buffer
gases therefore contributes much less to the detrimental
rotational line broadening than would the addition of the
same quantity of D,0. Since 7y 4 and 7, are about equal,
a higher relaxation rate is achieved via a sufficiently high
nartial pressure of the buffer gas.
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Caution must be employed in interpreting the quoted
values of 75 ,, since the fit is quite insensitive to the pre-
cise value. A reasonable fit of the mode! to the observed
data can be obtained with a large range of values as long
as the condition 7z , >> 73 4 is satisfied.

Fig. 8(c) shows a comparison of the performance of the
D,0 laser with SF¢ and n-hexane for a D,O pressure of
4.0 torr (which is not far from the optimum D,0 pressure
for both buffer gases). These results were obtained with a
beam reducing telescope which increased both the CO,
beam transport efficiency and the pump energy density in
the D,O laser. The 2.6 J pulses are the most energetic that
have been obtained from this laser. Higher pulse energies
from a D,O laser have so far only been reported in [19}.
The different pressure dependence for the two buffer gases
indicates that n-hexane has smaller 7, , and 75 , than SF,.

3) Pulse Shape: Observation of the D,O laser pulse
shape clearly shows the influence of the bottleneck effect.
The accumulation of D,O molecules in the », vibrational
state should be observable as a decrease in the energy con-
version efficiency after a time of the order of one or two
vibrational relaxation time constants.

In Fig. 9, the top and middle traces are measured CO,
laser and FIR laser pulses, respectively. The bottom traces
are calculated FIR pulse shapes with the actual CO, laser
pulse as input. For the purpose of comparison to the nu-
merical results, the modulation on the recorded FIR pulses
due to mode beating has been filtered out. It can be seen
that the FIR power (middle trace) falls more rapidly than
the pump power (top trace), beginning about 0.4 us after
the start of the pulse, for a laser operated with 4.0 torr of
pure D,O. The 0.4 us delay in the onset of the dip is con-
sistent with the estimated value of 7, 4/P,,. The simula-
tion code predicts an FIR pulse shape (bottom trace) which
is in qualitative agreement with the observed pulse. The
simulated pulse differs from the observed one mainly in
having a smaller bottleneck dip. Addition of 4.0 torr of
SF¢ [Fig. 9(b)] is seen to reduce the size of the bottleneck
dip, and with 16.0 torr there is no evidence of it any more.
In the latter case, the FIR pulse shape is essentially iden-
tical to that of the pump, in agreement with the theoretical
predictions.

4) Optimization of Buffer Gas Performance: Noting that
for near optimum partial pressure of D,O, the FIR pulse
energy is almost independent of total pressure in the range
above 10 torr (see Fig. 8), we determined the optimum
D,0 partial pressure in a more precise way. For this pur-
pose the FIR pulse energy was measured as a function of
D,0 partial pressure for fixed total pressure, by varying
the mixing ratio of D,O and buffer gas.

Fig. 10 shows the results of such measurements for SF,
(P = 17.0 torr) and CF, (P, = 12.0 torr), together
with the curve predicted by the code using the parameter
values for CF, (solid line). The results from the numerical
code have been scaled in order to obtain the same peak
height as in the experiment. It is seen that under the op-
erating conditions employed, the optimum partial D,O
pressure is between 3.5 and 3.8 torr for CF, and SF,. The
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ig. 10. Determination of optimum D,O partial pressure for operation with

SF, and CF,. The total pressure was kept constant at 17.0 torr for the
case of SF, and at 12.0 torr for CF,. The solid curve was calculated
using the CF, parameter values of Table 11, and has been scaled to give
the same peak height as the experimental results.

code, while agreeing with the general form of the exper-
imental curves, predicts a somewhat higher value.

Table III summarizes the improvements in FIR output
energy with the three buffer gases.

V. ConcLusIONS

An experimental study supported by numerical simula-
tions has been carried out to investigate the influence of
buffer gas additives on output energy and pulse shape of
an optically pumped D,0 laser.

The molecules that were found to increase the pumping
efficiency are characterized by near-resonant vibrational
levels allowing fast vibrational energy exchange, and by
lack of a permanent dipole moment to avoid broadening
of the D,0 rotational levels.

The experiments were performed using a single-mode
CO, laser providing pump energies up to 850 J in 1 ps
long pulses. Under optimum conditions, FIR emission of
2.6 ] per pulse has been measured.

At pump energy densities which in pure D,0 would lead

lo saturation caused by the vibrational bottleneck. an in-
crease in pulse energy of up to 40 percent has been ob-
served using SF4, C4H,,, or CF, as a buffer gas additive.
The observed dip in the FIR pulse shape during long pump
pulses in pure D,0 is filled in when buffer gas is added.
This important effect permits long pulse operation.

As for the design of a D,0 laser with specified output
energy, the use of a buffer gas as a means to avoid pump
saturation will considerably reduce the required laser
volume.
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TABLE OF SYMBOLS.

Electronic charge e 1.602-10°'% ¢

Electron mass m, 9.109-107°! kg

Proton mass m 1.673-107%7 kg

Speed of light (in vacuo) c 2.998-10° m/s
Plank’s constant h 6.626-10 3% Js
Boltzmann's constant K 1.380-10" %% J/K
Avogadro’s number 6.022+10%3 | part./mole
Permeability of free space u_ 41-10"7 H/m
Perittivity of free space € 8.854-10"'% F/m

1 ev
1 Torr

1.602-10

1 mm Hg contains 3.54:10%% part./m > at T =

§3.1

§3.1.5

§5.1
§5.4
§2.3
§1.7
§1.7.8
§2.8
§2.0
§3.1.5
§3.1.5
§5.1
§1.7
§3.1.4
§4.6
§3.3.5
§3.3.5

=13

11600 K
273 K

J is equivalent to xT for T =

Einstein spontaneous emission coefficient
Beam area

Beam étendue

Diplexer signal amplitude

Plasma minor radius

Electron to ion thermal velocity ratio
Magnetic field (vector)

Bandwidth of spectral channel

Toroidal magnetic field

Energy density of laser radiation
Saturation energy density
Electromagnetic field

Normalized plasma velocity distribution
Mole fraction of gas species

Focal length

Calculated FIR transition absorption
Calculated pump transition absorption
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q §2.3 Gaunt factor (g & S in the FIR)

= §3.1.6 Resonator parameter for mirror i

I §1.2 Intensity of an electromagnetic wave

I §5.5.1 Current

Ib §5.9 Schottky diode bias current

If-sat §3.3.5 FIR transition saturation intensity
Ip—sat §3.3.5 Pump transition saturation intensity
Is §5.5.1 Schottky diode saturation current

i §4.3 Imaginary value (J-1)

i(t) §5.1 Current

J §3.3 Angular quantum number

J0 §4.3 Bessel function (first order)

J §5.7 Imaginary value ({-1) electric notation
k §1.3 Wavenumber (vector)

L §1.7 Linear extend of the scattering volume
L §3.1.4 Length of laser cavity

Lc §5.1 Mixer conversion loss

LO §5.9 Optical losses

L §2.1 Harmonic frequency count

AR §5.4 Length of optical path (in the diplexer)
M §3.1.3 Molecular gas weight in amu

mq §1.1 Mass of a particle

ND §2.0 Number of particles in a Debye cloud
Nf §5.6.1 Noise figure

NEP §2.5.1 Noise equivalent power

n §4.9 Relative index of refraction

nq §l.4 Plasma density

OF §4.6 Focusing distance of elliptic mirror

P §1.2 Power (usually scattered power)

P §3.1.3 Pressure

PB §2.4 Bremsstrahlung radiation power

PBB §2.4 Blackbody radiation power

PECE §2.4 ECE radiation power

dp §1.2 Scattered power density

P §3.3 Gas pressure

q §5.5.1 Charge of the electron (electric notation)
R, §4.9 Perpendicular intensity reflectance

Ri §3.1.6 Radius of curvature of mirror i

R §5.5.1 Schottky diode serial resistance



APPENDIX: E

Sp

—~.Q
o]
Q

Q

eff

o W R R R

§2.7.1
§4.3
§5.4
§1.2
§1.7
§2.3
§2.6
§2.5.1
§6.5
§5.1
§5.9
§5.1
§1.4
§5.1
§2.7.2
§5.1
§5.4
§4.3
§3.3.5
§3.3.5
§1.7
§5.5.1
§1.3
§1.4
§1.7
§2.7.1
§1.7
§5.6.1
§1.7
§5.1
§1.7.6
§3.1.5

§3.1.5
§1.4
§4.9
§1.7
§4.9

Resolution parameter

Radial distance

Diplexer element amplitude reflectivity
Classical electron radius

Thomson scattering dynamic form factor
Thomson scattering dynamic form factor
Final signal to noise ratio

Signal to noise ratio {pre integration)
Standard error (statistical)

Amplifier effective noise temperature
Diplexer effective noise temperature
Mixer effective noise temperature
Plasma temperature

System effective noise temperature
Relative error of ion temperature

Time

Diplexer element amplitude transmission
Radiation field distribution

FIR transition saturation power density

Pump transition saturation power density
Volume

Voltage

Particle velocity (vector)

Particle thermal speed

Plasma dispersion function

, ) . -2
Gaussian radial beam waist (e

of intensity)
Particle normalized frequency

Microwave signal quality factor

Particle charge

Electrical impedance

Plasma effective charge

Length parameter

Small signal gain

Thomson scattering electron parameter
Full cone angle

Thomson scattering ion parameter
Incident beam angle
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elk.w) §l1.7 Plasma dielectric function

n §5.5.1 Schottky diode quality factor
Fq(k,w) §1.7 Electron screening integral

©] §1.2 Scattering angle

a0 §2.7.1 Angular extent

X §1.3 Wavelength

Aerit §2.1 Plasma cut-off wavelength

AD §l.4 Debye length

Af §2.7.1 Wavelength of scattering vector k

v §1.1 Frequency of an electromagnetic wave
v, v§ v, §3.1 Vibrational quantum numbers of the CO2 molecule
v, §3.2.1 Axial resonator mode spacing

Vo §l.6 Plasma electron fregquency

vy §l.6 Frequency of the plasma ion acoustic wave
vy §3.2.1 Longitudinal resonator mode spacing
av §2.2 Frequency width

(N §1.5 FWHM : full frequency width at half maximum
o] §3.1 Molecular dipole moment

fo) §4.3 Radial distance

pp §3.3 Optical pumping rate

pq §1.7.8 Plasma Larmor radius

o §1.2 Thomson scattering cross section

T §1.7 Time interval

T §2.4 Optical depth

T, §3.3 Rotational level refill rate

T, §3.3 Vibrational level refill rate

Q §1.2 Solid angle

dan §1.2 Element of solid angle

w §1.3 Angular frequency

Woce §2.1 Electron cyclotron angular fregquency
wpq §l.4 Plasma angular frequency

Subscripts

) X Incident

o Tc Cold

d wy Doppler shifted

h Th Hot
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if vif
lo Elo
me'mi
S PS
s ES
Superscripts
o <
&
L
E, -E

Intermediate frequency

Local oscillator

Charge type g=e electrons, g=1i ions
Scattered

Signal

Ordinary ray
Extraordinary ray
Complex conjugate
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