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(1)
SUMMARY

Thomson scattering using a pulsed far-infrared (FIR) laser,
of wavelength ~ 50 - 500 uym, is a potential technique for unambi-
guously determining the plasma ion temperature in the present genera-
tion of large tokamaks under construction. In this report, we pre-
sent the results of a study into the feasibility of applying the tech-
nique to the JET plasma.

We first review the basic principles of Thomson scattering. The
performance required from the FIR laser is established for the success-
ful application of the technique using existing detector technology, viz.

power A1 MW, pulse duration X1 usec and line-width ~ 50 MEz.

A discussion of the principles of optically-pumped FIR lasers
follows, together with an evaluation of the current performance of the
FIR laser best suited to our requirements; that employing Dzb as active
medium and emitting at 385 uym. The development needed to achieve the re-
quired performance from this laser is assessed. We present the design of

a DZO laser for use on JET together with its COZ—laser pump source.

The principles of heterodyne detection are then discussed and a
number of potentially-interesting mixers and detection systems are exa-
mined. Errors inherent in the determination of Ti are estimated, using
a computer simulation program based on a Monto Carlo technique. A de-
tection system which employs a GaAs-Schottky-diode mixer is proposed

for use on JET, with an overall NEP of ~ Ix 10-19 WHEI.

We consider the outcome of using the proposed laser and detection
systems on JET. It is predicted that, over the parameter ranges n, =
3 x 1013 to 3 x 1014 cmf3 and Ti = Te = 2 to 12 keV, Ti can be determined
with an error of less than + 20%. Using a pair of large vertical slit
ports the achievable spatial resolution is better than 20 cm. A scan
across slightly more than half of the vertical plasma diameter is possible,

with an average separation of ~ 32 cm between the points of measurement,



(ii)

Multiple pulsing of the D20 laser would permit v 10 measurements to

be made during a 10 sec interval.

Practical details associated with interfacing the diagnostic
and JET are discussed. Designs for the input and collection optics,
windows and dumps are proposed. The space requirements and those

for data acquisition and control are outlined.

The cost of the diagnostic is tentatively estimated .as being
~ SFr. 2,000,000, without contingencies. A possible time-schedule

for installing the diagnostic on JET by the end of 1983 is given.

Finally, the conclusions of the design study are presented and

areas requiring further work are identified.



1. INTRODUCTION

At present, plasma ion temperature in tokamaks is routinely deter-
mined from the spectrum of charge-exchange neutrals. In the current genera-
tion of large tokamaks under construction, of minor diameters one metre or
more, this technique will not be reliable for the plasma interior because
the neutrals will have mean free paths shorter than the plasma radius.
Spectroscopic analysis of impurity radiation in the ultraviolet will also
be unsatisfactory in these plasmas because of their high purity and the re-
latively-large impurity radiation from their surfaces. Thomson scattering
using a pulsed far-infrared (FIR) laser, of wavelength 50 - 500 um, is a
technique which appears very attractive as an alternative to these, provided

certain technical problems can be overcome.

In this report, we present a conceptual design of a FIR Thomson-
scattering diagnostic to measure Ti in JET. Although such a measurement has
yet to be realised on.any tokamak, the conclusion of this design study is
that the technique is viable and that the development needed to improve the
performances of existing laser and detection systems to the required level
is achievable using current technology. Furthermore, this development is

compatible with the time scale for the construction and operation of JET.

The proposed diagnostic system is based on components which re-
quire the least amount of development work and, hence, which have the
least number of unknowns associated with them. This was considered
preferable to choosing a system which, on paper at least, appeared more
attractive but which relied on considerable development. The proposed
diagnostic uses a D20 laser emitting at 385 um together with a detection
system based on a GaAs Schottky-diode receiver. However, in many
institutes research on FIR lasers and detectors is being pursued vi-
gorously and it is quite conceivable that a system installed on JET would

be different from that described in this report.



Already there exist lasers of sufficient power and detectors of
adequate bandwidth and sensitivity at 385 um to enable a measurement of
Ti on a tokamak to be attempted. Indeed, such attempts are currently
being made in a number of laboratories. However, as yet the pulse dura-
tion for which such power levels can be sustained is insufficient for
obtaining accuracies of better than + 507 in any determination of T, .

At CRPP, the laser group is engaged in developing a FIR-laser
scattering system with which it will be attempted to measure Ti in
the Lausanne TCA tokamak. Much of the effort and development work
needed for the successful application of the technique runs parallel
with the requirements of a diagnostic for use on JET. A large part
of the system described in the conceptual design is already in operation

at CRPP or is under construction.

The layout of the report is as follows: In section 2 the principles
of Thomson scattering are reviewed and the performance required from
the FIR laser is established. Section 3 discusses the principles of
FIR laser operation, assesses the present status of such lasers and
proposes a system for use on JET. In section 4 the technique of hetero-
dyne detection is examined, a number of suitable mixers are considered
and a receiver and detection system for use on JET are described.
Section 5 is essentially a discussion of the predicted performance of
the scattering system when used on JET; among the topics considered
are the ranges of plasma parameters which can be covered and the achievable
accuracy and resolution. 'In section 6 we address ourselves to a number
of practical problems associated with the interfacing of the diagnostic
and JET. We present, in section 7, a cost estimate for the devélopment,
construction and installation of the diagnostic on JET and a tentative
time-table for its completion. Finally, in section 8, the conclusions
of the design study are presented and areas requiring further work and

development are identified.

All tables and figures to which reference is made in the text are

to be found at the ends of the relevant sections.



2. GENERAL CONSIDERATIONS

In this section we briefly review the principles of Thomson
scattering and consider the application of the technique to measuring
ion temperature in a tokamak plasma. The performance required from
the FIR laser is discussed in terms of laser power, spectral purity

and laser pulse duration.

2.1 A Brief Review of Thomson Scattering

The principles of using Thomson scattering to measure various

plasma parameters are now well established (1).

Scattering of electromagnetic radiation from a plasma is a
‘three-wave interacfion, Figure 2.1.1. An incident e.m. wave, of fre-
quency Yy and wavelength Ao’ interacts with electron density fluctua-
tions, characterised by Vg and Af, to produce an e.m. wave, of frequen-
Yy v and wavelength AS, at an angle O to the incident wave. Momentum

conservation requires that k =k + k_, where |k| = 2r/\. Neglecting
—s =—o —f -

momentum transfer between photons and electrons, LES[ = |Eo . Hence

kal = 47 sin (O/Z)/Ao. Only periodic fluctuations in a direction
parallel‘to_l_c_f and of wavelength 2n/|5f| will be detected. We may
determine the scale length and propagation direction of the fluctuations
that will be observed in any scattering experiment by a judicious choice

of the collection angle 6 and the laser wavelength Ao'

When o = (kf)\D)"1 << 1, where XD is the Debye length,
2n/|5f[ << A, and we only detect uncorrelated electron density fluctua-
tions. The scattered radiation is Doppler broadened due to the electron
thermal motion, Figure 2.1.2a. For a plasma in thermal equilibrium, the
spectrum is a Gaussian of half-width Z‘Ef[ve[/2w, where v _ is the electron

thermal velocity, which is thus proportional to Te. When



a > 1, ZW/LEfI >> A, and we observe the correlated motions of the
electrons, e.g. due to scattering off electron clouds Cebye-shielding
the ions and off plasma waves. If Te 3‘-T].., the scattered-radiation
spectrum is as shown in Figure 2.1.2b. The width of the central ion
feature is proportional to JFT;-for a thermal plasma. The two shoul-
ders arise from scattering off ion-acoustic waves and the two detached

features are due to electron plasma waves.

Iwo phenomena could cause problems in an attempt to measure Ti
by Thomson scattering. The first arises because the presence of im-
purity ions in the plasma can greatly distort the ion feature (2).
Even concentrations as little as 10 ppm of highly-ionised Mo or W can
be detected, the heavy ions manifesting themselves as an intense nar-
row spike at the centre of the feature which is due to the fundamental
ions of the plasma. Lighter impurities of lower charge, such as 0,
have a broader spectrum (due to their higher velocity), which is much
less intense (because their Debye-shielding electron cleouds contain
fewer eiectrons and the spectrum is broader). Genéfally, the high-fre-
quency part of the spectrum of the fundamental ions is not much changed
by the presence of impurities at a concentration where the tokamak
plasma might still be termed "clean". Under this condition, a reason-
ably~accurate value of Ti can be extracted from the upper half of the
frequency spectrum. With adequate laser power and high spectral reso-
lution it should be possible to determine a value of the effective
charge Z g5 from the low frequency part of the ion feature, although

this would be an ambitious undertaking.

The second difficulty would arise if the tokamak plasma had a
high level of microturbulence such that the radiation scattered off
electron density fluctuations due to this was more intense than the
radiation scattered off fluctuations due to ion thermal motion. In
this event, the plasma ion temperature could not be determined from the

spectrum of scattered radiation. However, the technique could now be



used to obtain valuable information concerning the spectrum of
turbulence in the plasma. In aﬂy case, provided a is not much
greater than unity, in a stable tokamak discharge it should be
possible to select a direction forlc_f such that the level of the
fluctuations due to microturbulence, in the high-frequency part of

the spectrum due to ion thermal motion, is negligible.

In a tokamak plasma, the combination of high temperatures
(Tv1-10 keV) and low densities (n ~ 1013—1014 cmf3), results in a
relatively-large Debye length (AD ~ 0.lmm). Using an optical laser,
the wavelength Ao would be so short (< 1 um) that in order to observe
cooperative scattering, i.e. to achieve a value of o >1, collection
angles © of less than 0.1° would be needed. This would result in
extremely-poor spatial resolution, since scattered light would be
collected from along almost the whole length of the incident light
beam in the plasma. Using a 002 laser, of wavelength 10.6 um, collec-
tion angles of a degree or so at most could be used, resulting in
rather poor resolution (3). However, using FIR lasers of wavelength
50 um, or more, the collection angles that would be used are sufficient

to permit good spatial resolution.

2.2 The Performance Required from the FIR Laser

Currently, the pulsed FIR lasers that are the most developed
are those employing heavy-water vapour as active medium, which is
pumped by the output of a pulsed CO2 laser (4). D20 exhibits strong
lasing action on one of three principal wavelengths, viz. 66, 114 and
385 um, when excited by the appropriate C02—1aser emission line. In
principle, this permits the choice of three collection angles 0 for
a fixed value of the scattering parameter a. Taking "typical" tokamak
plasma parameters (ne =3x 1013 c:m-.3 and Te = Ti =2 keV) for a =1.2

and using the above wavelengths in increasing order we obtain the

following angles: 8.30, 14.3° and 49.8°.



At present, it is envisaged that the development of the D20
laser will be continued until its performance meets the requirements
of a scattering measurement. This performance, in terms of output
power, pulse duration, beam quality and emission line-width, is not
only governed by the parameters of the plasma to be studied but
also by the characteristics of the detector to be used to record

the spectrum of scattered radiation.

The FIR detectors that would be used to record fhe ion feature
have a relatively-high level of internal noise, termed noise equi-
valent power (NEP), when used in a video or photon-counting mode.
The NEP may be considerably reduced if a heterodyne detection
system (5) is used, in which the scattered signal is mixed at the
detector with the output of a local oscillator. Even so, in a
scattering measurement, under most conditions it is the mixer or
IF amplifier that will be the dominant source of noise rather than,

for example, radiation from the plasma.

At 385 um a GaAs Schottky diode or a Nb : Nb Josephson junc-
tion may be used (6). These have wide band-widths, many GHz, and
a good NEP, ~ 3 x 10-19 WHz—l. However, they are rather delicate
devices and because of their point~contact construction it is not
easy to couple radiation into them efficiently. It is unlikely that
these devices can be made to operate satisfactorily below a wavelength
of v 250 ym. At 66 and 114 um a Ga : Ge photoconductive mixer (6)
appears to be the most promising device currently available. Whilst
a fast response and a good NEP have been achieved independently in
this mixer, these two requirements are mutually conflicting. Conse-
quently, while a band width of s 1 GHz is realisable, the NEP associat-
ed with this is unlikely to be better than v 5 x 10_18 WHEI, without
further development. However, these detectors are quite robust and

2 . s . . s
have an area of several mm~ so that efficient coupling of radiation

into them is straightforward.
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In general, either the receivers themselves or the associated
recording electronics are limited to band widths Av of a few GHz -
this necessitates the choice of the differential scattering vector Ef
such that the Doppler broadening due to ion thermal motion,
lEflVi/"’ X 2 GHz. Hence, in order to observe Doppler broadening in
the scattered signal the emission line-width of the FIR laser must be
relatively narrow - a half width of ~ 50 -~ 75 MHz is required to
achieve this. It is also important that the output from the laser
propagates in the TEMoo mode, to ensure the lowest beam divergence and
to achieve focusing to a diffraction-limited spot in the plasma.

For a > 1, the power P, scattered in the ion feature by the

S
plasma is related to the laser power P° incident on it by (1)

PS = Po *o, e L - de ri . S(k),
where n, is the plasma electron density, % is the interaction length
over which scattered radiation is collected (% = 2r/sin 0 is the
spatial resolution, where r is the radius of the focused spot), 4@
is the collection solid angle, ri = (ezlmecz)2 is the Thomson
differential cross-section for incident radiation polarised normal
to the plane of scattering and S(k) ﬁ-aé/((l + az) 1+ 2a2)) is

the integrated dynamic form factor for the ionms.

The maximum solid angle that can be employed is limited by
the condition (5), necessary for heterodyne detection, that the collec—
tion etendue Wrde ~ Kﬁ, i.e, 4@ 2'lilﬂrz - this preserves phase co-
herence across the wavefront of the collected radiation. For a Gaus-
sian beam propagating in the TEMoo mode, the smallest diameter to
which it can be focused is limited by diffraction and is given by
d = 1.27 FA, where F is the f-number of the focusing element and
the diameter is defined at the e-'2 intensity points. However, it
is necessary to ensure that this diameter is large enough to accommo-
date many wavelengths lf of the fluctuation being observed, otherwise
Ef is poorly defined (3). Since Af = 2“/!§fl = AO/Z sin(©/2), if we
want 2r to be at least 10 lf, we require that r 3 2.5 Ao/sin(@/Z).
Hence, focusing to the diffraction-limited spot size is not always

desirable.
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We may rearrange the above equation relating PS to Po,
defining © by the band-width restriction of the detection system,
i.e. sin(0/2) = Av'AO/4 vi, and taking the other constraihts dis-
cussed into account, to calculate the power Po necessary to achieve

a scattered' power P, that equals the noise power P, = Av ° NEP -

S N
the product of the noise equivalent power and band width of the

receiver. Thus, for a D2 plasma,

Av A
_ 25 I NEP
Po =1.26 x 10 Av  sin [%31n 3 91x10 n A S 2.2.1

For a tokamak plasma with n = 3 x 1013 and T =T, = 2 keV, using
e e i _19 1

a wavelength %3 = 385 uym, with a receiver of NEP = 3 x 10
and band width Av = 2 GHz, and for a focusing element with f-number
F = 40, then P0 = 1.0 MW. The necessary scattering angle is

= 52,2° giving a scattering parameter o = 1.15. We will take this
figure of 1 MW as being representative of the laser power needed,

for further considerations of signal-to-noise ratios.

Consider a detector and recording system of total bandwidth B
divided into Nc channels. For heterodyne detection, the overall sig-

nal-to-noise ratio S in any channel is given by (3)

where PS is the scattered power, PN

and T is the laser pulse duration. In section 4.3 it is shown that

= B + NEP is the noise power

the optimum signal-to-noise ratio is obtained when the FIR laser
energy is delivered in a time T so that PS = Py- Furthermore, in the
same section it is shown, from the results of a computer simulation
program , that in order to determine the plasma ion temperature with
an accuracy of better than + 207 a signal-to-noise ratio S of at

least 7 is required.



Thus, using a receiver of band width 2 GHz and dividing the
spectrum into 10 channels, we see from the above equation that a

> . . . . >
value of § v 7 is achieved for a laser pulse of duration & 1 usec.

In summary, we require a FIR laser output propagating in the
>
TEMoo mode, of power v 1 MW, of pulse duration v 1 jisec and of line

width ~ 50 MHz FWHM.

- 12 -



PLASMA

INCIDENT WAVE ko

| = DETECTOR
.Ks=.'So*hf %

lk¢l= 21k, sin(9/2)= 2 sin (8/2)
o

Figure 2.1.1 : Vector Diagram of the Scattering of an E.M.

Wave by a Plasma

_13_



- 14 -

N
.

N INTENSITY a<<l

>

Vo FREQUENCY
(a)
A INTENSITY a>>|
[\/\ A-Ul = ._.ll(_ﬂv_L ‘/
AV 1 2
j _ >
Yo FREQUENCY
(b)
Figure 2.1.2 : Electron and Ion Features for Scattering from (a) Uncorrelated

and (b) Correlated Density Fluctuations






3. FAR~INFRARED LASERS

In this section the generation of far-infrared (FIR) radia-
tion suitable for an ion-temperature measurement on JET is discussed.
Where it clarifies the dénouement,some principles of the physics of
optical pumping are explained. Two FIR lasers are described; namely a

high-power pulsed device, the origin of the radiation to be scattered

- 15 -

and a low power FIR source for use as the local oscillator to heterodyne

with the scattered signal. The energy for the former device is supplied

by a large COZ-laser system. Three design philosophies for this system are

considered and the proposed scheme described in some detail. The
section is concluded with a summary of the system proposed for use

on JET.

3/1 The Pulsed FIR-Laser

The more important specifications for the pulsed FIR-laser have
been derived in section 2.2. These are summarized in table 3.1.1, to-

gether with a number of additional requirements.

Table 3.1.1

A Summary of the More important Specifications for the Pulsed
FIR-Laser

a. Wavelength, A, : 100 um i A b 400 ym.
(i.e. 750 GHz < v < 3000 CHz)

b. Line-width, AX : AX < 50 MHz
¢. Pulse duration, T, : T >1 us
d. Power level, P, : P > 1 MW
e. Pulse shape : flat topped

f. Single transverse mode

g. Plane polarized
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Implicit in the criteria is that there exist a suitably sensitive
mixer and local oscillator source, also that any broad background radia-

tion from the laser is of an extremely low level.

Conventional excitation techniques (e.g. electron impact, chemical,
energy transfer, etc.) are poorly suited to the production of intense
FIR radiation via stimulated emission. This is because of the small
energy difference between the initial and final lasing states. Only

optical pumping offers us a satisfactory state-selective excitation.

3.1.1 Principles of Optically-Pumped FIR Lasers

The basic principles of optically-ﬁumped FIR lasers are now
generally well understood (7-9). 1In Figure 3.1.1, we illustrate
the processes 1eadiqg to the achievement of a population inversion
and FIR laser emission, for the simple case of a polar symmet?ic-top
molecule such as CH3F. A chance near-frequency coincidence between
the emission line of the pump laser, generally emitting in the infra-
red, and a certain vibrational absorption line (transition
v =0, >v =1,J) of each of an ensemble of the polar molecules results
in the selective population of a rotational level (v = 1,J7) in an excit-
ed vibrational state. In general, the coincidence must be within a few
hundred MHz. A population inversion is achieved between adjacent rota-
tional levels (v = 1,J with respect to v = 1,J-1). Because of the high
permanent dipole moment of each molecule the active medium has a high
gain and laser emission occurs as a result of purely-rotational transi-

tions (v = 1,J + v = 1,J-1). Frequently, there is additional laser

emission due to accompanying cascade transitions (v =1,7-1 > v = 1,J-2)
and refilling transitions (v = 0,J+l + v = 0,J). For frequency offsets
between pump and absorption line of more than a few hundred MHz, under
certain conditions of molecular concentration and pump intensity the

emission process is of the stimulated-Raman type.
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In principle, optical pumping of an active medium using a laser
source is undesirable because of the inherent low efficiency in pumping
one laser with another. However, in the case of pulsed FIR lasers there
is generally no broad-band pumping mechanism that will selectiyely channel
energy into the desired upper state because the rotational levels are
80 closely spaced. Thus, we usually find that excitation methods are
restricted to selective laser pumping which, in fact, works well for the
generation of coherent FIR radiation. The most widely used pump source is
the pulsed CO2 TEA laser, which is one of the most highly-developed lasers
and is capable of generating high intensities at relatively-good effi-
ciencies. Furthermore, with over 150 emission lines between approxima-
tely 9.1 and 11.3 um, it is possible to match the output frequency of
the laser to vibrational modes in a wide variety of molecules. This is
demonstrated by the existence of well over 1000 FIR laser lines between
about 40 ym and 2 mm (10, 11).

Intense FIR pulse generation cannot be achieved using conventional
Q-switching techniques because, due to molecular coltlisions, the short
lifetime of the upper rotational levels makes significant energy §forage
impossible. This lifetime is typically 10 nsec at 1 torr pressure; that
of the excited vibrational state is at least four orders of magnitude
greater. Under the conditions of saturating pump and FIR intenmsities, the
power extraction from a FIR laser is proportional to the rate of pump ab—
sorption from the ground-state rotational level. This process is limited
by the collisional refilling of the absorbing ground state and by the
emptying of the upper rotational laser states, both of which occur at the
rate v_ _’\_4_108 sec-1 torr-l. If n is the molecular density and f is the
fraction of molecules in the ground state at equilibrium, then the maximum
pumping rate will be Vp = fnmvr. The maximum FIR power that can be extra-

cted is P = 0.5 hv (Wem=").

FIR FIR'P
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There is an optimum working pressure, governed by the pump dura-
tion and by molecular dynamics, above which the FIR output decreases
due to a "bottleneck" effect. Molecules are pumped at a maximum rate
vp until the limiting excited vibrational-state population 0.5 n is
reached. The population of the ground and excited vibrational states
are now equal, the rotational levels achieved thermal equilibrium and
FIR laser emission ends. The time scale for this to occur is T ~1/2 fv_.
In symmetric top molecules, we can take f to be about 17 at best, which
means for a pump pulse of order 100 nsec we must maintain the working
pressure below about 5 torr or the collision rate becomes too high for
efficient FIR power extraction. Taking a wavelength of 0.5 mm, and at
a molecular density set by the 5 torr limit, the maximum FIR power that

can be generated is Prrp ~ 150 kW/litre. It is clear that in order to

IR
reach power levels of greater than 1 MW, systems of large volume will

be needed.

There exist considerable difficulties in obtaining simultaneously
high powers and a narrow line width from dptically—pumped FIR lasers,
the details of which can be found elsewhere, for example (4). The
basic problem is the presence of a superradiant background of low
intensity spread over a broad frequency range superimposed on.the main

narrow-band signal, termed amplified spontaneous emission (ASE).

In 1977 there was a significant advance in the understanding of the
optically-pumped mechanisms with the demonstration that the 66-um line of
D20 is produced by stimulated Raman emission (12). The difference between
this type of emission and laser emission may be understood by reference
to Figure 3.1.2(a). We depict the three rotational levels involved in FIR
emission by optically-pumped molecules. Level 1 is in the ground vibra-
tional state,level 2 is in an excited vibrational state and level 3 is ad-
jacent to 2. A laser process conmsists of two separate steps involving
single-photon transitions at the pump and FIR wavelengths. In the first step,
the molecule absorbs a pump photon, of wavelength corresponding to the
energy difference between levels 1 and 2, and is excited from level 1 to 2.
Subsequently, in the second step, the excited molecule undergoes a FIR-
laser transition by stimulated emission ffom level 2 to 3, emitting a FIR
photon corresponding to the difference in energy between these levels.

The two steps are uncorrelated in time. .
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The Raman effect is the inelastic scattering of photons by a quan~
tised system (13). - If the molecules in the system can undergo a transi-
tion of frequency Ve the non-linear interaction of the incident radiationm,
of frequency vy with the system, the polarisability of which is modulated
at frequency V. » generates scattered radiation at frequencies Ve =V + Ve
(the Stokes and anti-Stokes lines). These components have random phases
since the vibrations of molecules are uncorrelated. Essentially, the Ra-
man effect results in isotropic emission, of intensity '\:10-'6 of that in-
cident. In the case of laser irradiation, as the incident intensity ri-
ses so that part of the Stokes radiation which is coherent with it plays
an increasingly-important role. The interaction of the laser and Raman
fields in the medium generates a frequency component Vi =Vps i.e.vt. This
component forces the molecules into resonant vibration, the motion modu-
lates the laser field resulting in Raman scattering of greater intensity
which, in turn, leads to more vigorous molecular vibration. For suffi-
cient laser intensity, the process builds up and stimulated Raman scatter-

ing results in the generation of coherent radiation at high conversion

efficiencies.

Returning to Figure 3.1.2(b), stimulated Raman emission is evidently a
two-photon process; a photon is absorbed from the pump field and simul-
taneously a photon is emitted into the Raman field (at the FIR wavelength),
the molecule being excited from level 1 to 3. A population inversion bet-
ween levels 2 and 3 is not required - unlike in a laser process - indeed
level 2 itself need not exist. However, the process is resonantly enhan-
ced by the proximity of level 2. If the pump frequency is off resonance
by Av with the frequency difference representing the energy between levels
1 and 2, then the FIR emission will also differ by Av from the frequency
corresponding to the energy difference between levels 2 and 3. 1In prin~
ciple, a Raman process can be twice as efficient as a laser process in ge-
nerating FIR radiation. In the former case, one FIR photon is emitted
for each pump photon absorbed whilst in the latter case once 50% of the
molecules - each of which was excited by absorbing a pump photon - have

emitted a FIR photon a population inversion no longer exists and lasing
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ceases. Also, the Raman process relaxes the condition that a close
coincidence, within a few hundred MHz, is needed between the centres

of the pump and absorption transitions.

Spectroscopic data had shown that the line centre of the 9P (32)
pump line was separated by ~ 1.4 GHz from that of the absorbing vibrational
transition of D20 leading to FIR emission at 66 um and at 50 pym (the
latter is due to a refill transition). Careful measurements showed
that the emission lines were detuned from their respective transitions
also by about 1.4 GHz, when a CO2 laser confined to working on a single
longitudinal mode on line centre was used as pump (12), Subsequent
work (14) shewed that emission at 385 um, where the frequency difference
between the line centres of the 9R(22) pump line and the absorption
transition is about 320 MHz, was also due to a stimulated Raman process.
The broad line-width due to ASE in D20 lasers could now be explained in
- terms of the broad line-width (V 1.5 GHz) of the CO2 laser pump - each
frequency increment of the pump beam, off resonance with the absorbing
transition, giving rise to FIR emission detuned by the same amount. It
thus became apparent that a narrow-line-width pump was necessary to

achieve FIR emission of narrow line-width.

A survey of the several thousand candidate gases/transitions shows
that it is the 385 um line of D20 that comes closest to satisfying those
specifications listed in table 3.1.1 at the beginning of this section.
However because of the restricted access to the JET plasma, and to mini-
mise the plasma-noise contribution that arises from e.c.e. emission a
laser operating in the 150 - 250 um wavelength range would be preferable.
In the following sub-section a FIR laser and pump source are described,
designed primarily for 385 um, but of sufficient flexibility to require

little change should a superior gas/transition be found.
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3.1.2 FIR Laser Design

Figure 3.1.3 shows the vibrational and rotational levels of D20

of interest. The 9.26 um transition of CO, pumps D,0 between the 5

rotational level in the 000 ground vibratignal statz and the 422 lejzl

of the first excited 010 vibrational state. The dashed level just below
the 422 level shows that the line-centre of the 9R(22) pump transition of
CO2 is lower in energy than that required for line-centre pumping of

DZO by 320 MHz (15,16), and the shaded area shows the region over which
the 9R(22) transition can be tuned (at atmospheric pressure) (17). The
characteristics of the 385 um transition of D20 have been extensively
studied by Woskoboinikow et al (17). Some of the conclusions of their

study are listed below.

A) The 385-um transition of DZO is definitely a stimulated Raman

transition and its frequency is tuned by the pump frequency.

B) The Dy0 line-width is reduced considerably when pumping with a
single~mode co, line. This is another indication of a Raman

transition.

C) Maximum output of the D20 laser is frequency off-set from the
D20 low-power absorption line centre, and the conversion effi-
ciency of CO2 laser energy shows a broad minimum near the D20

line-centre and maxima away from it, Figure 3.1.4.

D) The conversion efficiency, of 002 laser energy to DZO laser
energy, is considerably larger when pumping with a singlé—mode
line as compared to the efficiency when pumping with a multi-

mode line.

Both the FIR pulse-shape and the polarization are determined by
those of the pump pulse, i.e., they are independent of the FIR oscilla-

tor resonator configuration. Thus, what is required from this resonator



is as follows :

a)

b)

A Large Volume. As we have mentioned previously, there is an

upper limit to the extractable power per unit volume of pumped

gas, and even before this limit is reached, the decrease in the
conversion efficiency becomes prohibitive. For the transition of
interest, the 385 ym line of D20, about 30 kW/litre can be extracted
with an acceptable conversion efficiency (0.25%, single mode pump).

. > . .
Consequently an oscillator volume of A 33 litres is required.

The FIR resonator can incorporate a frequency-selective element,
e.g. a Fox-Smith interferometer (4). However, it is more simple
to arrange that the overall resonator length, L, be such that the
frequency difference between adjacent cavity modes Av (given by
Av = %%) is somewhat greater than the frequency-width of the FIR
gain, AVFR’ thereby ensuring that oscillation only takes place on
a single longitudinal mode. Since AVFR is typically ~ 25 MHz for
narrow band pumping, Av should be ~ 30 - 40 MHz, i.e. L should not
exceed 400 cm. . This value has been confirmed experimentally (18).
Consequently, for the necessary volume of 3 33 litres the beam
diameter should be ~ 10 cm. Such beam diameters are readily
achievable. Diameters of greater than 15 cm are to be avoided
owing to the cost and difficulty in fabricating such large

diameter optics.

Transverse Mode Control. The diameter to which the laser beam

is to be focussed in the plasma is subject to conflicting con-
straints, discussed in section 2.2. Briefly, to obtain the best
spatial resolution the beam waist should be as small as is possible.
However, it is necessary to ensure that the diameter is large enough
to accommodate many wavelengths of the fluctuation being observed.
By substituting the values arrived at in section 6.2 into the ex—

pressions given on page 10, we find that for 385 um the diffraction

*limited spot size of a Gaussian beam propagating in the TEM _ mode

00
satisfies these constraints. Control over the transverse mode struc-

ture of the FIR laser is more easily determined by the FIR resonator

itself rather than by the pump radiation. Consequently, the resona=-

- 22 -
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tor should provide sufficient discrimination against high
order modes to ensure that oscillation takes place only for

the lowest order mode.

c) Optimum Qutput Coupling. Laser efficiency depends on, amongst

other things, the cavity feedback; it is an advantage then to

be able to vary 1its value so as to select the optimum.

d) Small Intra-Cavity Losses. These should be as low as possible.

e) Efficient Coupling of the pump energy to the D20 vapour.

Our proposed design, a folded unstable resonator* is shown schema-

tically in Figure 3.1.5.

For single-transverse-mode oscillation from high-power large-
diameter lasers, the unstable optical resonator ha’s many attractive
properties (19). Using such a resonator, excellent transverse—mode
selection and optimal output coupling may be achieved using all re-

flective optics.

The C02 pump-beam enters the evacuated chamber by a salt window,
then passes through a free-standing fine-wire grid. This grid is con-
structed from parallel strands of 5 ym diameter wire with a spacing
between the strands of 50 um (20). It is relatively transparent to
the pump radiation, transmitting more than 80%. The reflectivity of
a metal grid becomes significant for wavelengths which are longer than
the grid spacing (for polarized radiation the E-vector should lie

parallel to the wires). At a wavelength of 385 um the reflectivity

* The results of our parametric study of a DZO FIR oscillator

having an unstable resonator can be found in reference 21.
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of such a structure can exceed 95%. The selection rules of quantum
mechanics dictate that the 385 um transition produces radiation pre-
ferentially polarized perpendicular to that of the pump beam (AJ = + 1).
As a consequence, the E-vector of the pump is arranged to be perpendi-

cular to the direction of the wires, as shown in the figure.

The mirror separation is 400 cm and the active diameter 15 cm.
At the working pressure of 3 - 5 torr approximately 757 of the inci-
dent COz-pump energy is usefully absorbed by the DZO' The remaining
energy is partly absorbed, partly transmitted by the polyethylene out-
put window. This thin window is mechanically supported by a an open me-
tallic grid, which is optically transparent. This window is tilted
at 10° to the optic axis to (a) prevent reflected pump radiation from
returning up the amplifier chain, and (b) to avoid the formation of a
sub-cavity between it and the concave mirror. Pump radiation is back-
reflected too by the convex mirror, which causes it to diverge. The
C02—1asgr amplifier is situated some tens of meters distant from the
FIR oscillator. Consequently, the solid' angle subtended by the ampli-
fier window is very small. It is important that pump (or parasitic
10.6 um) radiation feedback be kept small in this way if self-oscilla-

tion of the COz—amplifier is to be avoided.

The output of the laser will comprise a mixture of different
wavelength radiations; namely, 385 um, 359 um (a cascade transition)
and 239 um (a refill transition). An intra-cavity grating can be
used to suppress oscillation on these lines (18). However, since they
are not competing (i.e. alternative relaxation pathway) transitions,
it is not apparent that any advantage is to be had by their suppression.
It is not evident either that they need be separated at all as only

the 385 um wavelength will fall within the bandwidth of the mixer.



For a design of similar dimensions and pumped on CO2 line~

centre with a single-longitudinal mode laser beam FIR powers of
approximately 1 MW of duration 100 ns have been achieved with a

conversion efficiency, 5385, of 0.26%Z, (18).

FIR

Consequently, to extend the duration to 1 us a total pump

energy of 390 Joules is required.

At a frequency displaced by + 0.75 GHz away from the CO2

line~centre frequency, 63 rises to 0.47 (see Figure 3.1.4) and

FIR
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consequently only 250 Joules are necessary; this option is consider-

ed in greater detail in the next sub-section. These figures together

with some other major specifications of the pump laser-beam derived

in the foregoing discussion are summarized in table 3.1.2.

Table 3.1.2

A Summary of the Specifications of the C02-Pump Beam

COZ-Laser transition : 9P (22)
Approximate wavelength : 9.260 um
Minimum duration : 1 us
Power,* (a) at 002 line-centre : 390 J/us
(b) at + .75 GHz off line-centre : 250 J/us

Line width < 25 MHz
Temporal pulse shape : flat topped
Polarization : plane

* For pump frequencies still further displaced from line-

centre even lower powers may be sufficient,



3.2 The Pulsed CO2 Laser System

The specifications of the optical pump pulse have been discussed

and defined in the previous section and summarized in table 3.1.2.

Here we describe how these criteria may be realized.

There are 3 obvious approaches to the problem of the pulsed COz—laser

system :

(A) Using one large oscillator, obtaining a single longitudinal

mode by means of a low pressure section (22).

(B) Using one large oscillator, obtaining a single longitudinal

mode by means of injection tuning (23).

(C) To amplify a signal from a small, low energy oscillator (21).

Figure 3.2.1 illustrates these systems. Some of the pros and cons

of each approach are listed and compared in table 3.2.1.

We have adopted the oscillator-amplifier arrangement. It offers
the greatest control over, and flexibility of, the pump pulse. It is
the only arrangement which has demonstrated (a) single mode operation
for pulse lengths of >300 ns; and (b) tunability from line-centre

operation.

- 26 -
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3.2.1 The Oscillator

A suitable oscillator has been developed at the CRPP and is shown

schematically in figure 3.2.2.

The Laser

The TEA COZ-laser has an active length of 50cm and a cross-
section that measures 5 x 5 cm. The design of a similar device is
given in (25) together with a parametric study of its performance.
The salt windows of the laser are set at Brewster's angle. As a re-
sult of these intra-cavity polarizing elements the fractional power
in the plane-polarized component exceeds 96Z. At atmospheric vressure

the available tuning range about line-centre is approximately + 1.5 GHz.

The Resonator

Transverse Mode Control:

The pump pulse intensity should be spatially uniform as there
is no re-distribution of the energy within the FIR laser. Consequent=-
ly, the oscillator should operate on a single transverse mode, or on
many modes. Low-order intermediate cases result in a non-uniform
intensity distribution. It would be advantageous too to have a cavi-
ty configuration that is insensitive to misalignment so that the
pump pulse is as reproducible as is possible. This constraint pre-
cludes the use of a plane-plane resonator. Furthermore, we wish to
minimize cavity losses since axial mode selection techniques (see later)
can be lossy; thus unstable resonator optics are unsuitable. Concentric
and hemispherical cavities each dictate an intracavity focus, this is un-
desirable because of the high power densities which result leading to
possible damage to cavity optics. There remain the confocal geometries.
Whilst curved diffraction gratings can be manufactured, a simple and

cheaper solution is to adopt a half-symmetric confocal system. In this
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arrangement one mirror (the grating) is plane and the other curved.

The cavity is equivalent to half of a symmetric system that is twice as long.

The output coupler is made from ZnSe and cut as a meniscus having
equal radii of curvature for each face. This prevents the element be-
having as a diverging lens. The concave surface has a reflectivity of
25% at 9.6 ym whilst the convex surface is anti-reflection coated for the
wavelength region 9 - 11 ym. An aluminium master grating (150 grooves/mm,

blazed at 8 ym) completes the arrangment.

For a laser cavity consisting of curved mirrors, each transverse
mode oscillates at a different frequency (26). Since we want to restrict

the FIR~laser lind-width, the CO, pump line-width should be as narrow

2
as is possible. Consequently, a single transverse mode is to be preferred
to many modes. To ensure operation omn the lowest order transverse mode
we take advantage of the higher losses suffered by higher order modes

when an aperture is introduced into the- laser cavity.
For the arrangement described here, an aperture of 4.lmm diameter

placed in front of the grating will reliably provide the necessary dis-

crimination.

Longitudinal Mode Control:

Before we consider the techniques of longitudinal mode=~selection,
We turn our attention again to Figure 3.1.4. The conversion efficiency
agig, between pump and FIR radiation rises as the pump frequency moves
away from line-centre. For a CO2 laser operated at atmospheric pressure
the gain falls rapidly with off-tuning and, consequently, the energy avail~
able for pumping. It is apparent from the figure that for a pump system

comprising TEA lasers it is disadvantageous to tune from line-centre.

For a C02—1aser amplifier that operates at, say, 3 atmospheres absolute,
the individual gain curves broaden considerably, for example, at a frequen-~

cy of 1.5 GHz away from line~centre the gain has fallen by only 57. Con-
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sequently, the energy available for pumping is about the same as that
at line-centre with the advantage of a much higher COZ/FIR conversion
efficiency (v 1.6x). The amplifier we propose for use with JET

(section 3.2.3) is designed for operation at this elevated pressure.
Iwo alternative techniques for longitudinal mode control are
described, the first tunable but capricious, the other fixed at line-

centre, but simple and stable.

(a) Using a Fabry-Perot Etalon

Figure 3.2.3 shows schematically the variation of conversion effi-
ciency of the pump to FIR energy as a function of pump frequency
tuning about line-centre, discussed in the previous section. Below
this, figurg b, is the gain curve for an individual COZ-laser line.
The horizontal dashed line represents the threshold level at which
the gain exceeds intrinsic cavity losses. Thus lasing can occur
within the frequency range marked as A - A'. The row of vertical
bars, figure ¢, indicates the laser~cavity resonances where oscilla-
tion can be sustained. For a cavity of length L these will occur
with a spacing, Av = %?.
The frequency spectrum of the multimode oscillation that
results can be seen in figure d. An individual mode, that
lying closest to the maximum of the COZ/FIR conversion effi-
ciency, may be selected by a suitable narrow-band pass filter
(e.g. a Fabry-Perot etalon) situated within the laser cavity.

The transmission function of an etalon is shown in figure e.

Tuning of the transmission maximum is accomplished by changing
the plate separation of the device. 1In fact, generally it is
sufficient only to favour the chosen mode rather than to sup=
press the others. Thus, whilst several modes might lie within
the high-transmission envelope, provided there is a discrimina-
tion in gain of R 5%  the most favoured mode will develop and

grow at the expense of all others.
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The free-spectral-range (FSR) of the etalon is chosen so that only

one transmission maximum lies within the limits (A - A') of lasing.

At the CRPP we use an air-spaced etalon having ZnSe plates separated
by 40 mm (FSR = 3.75 GHz) coated to have a reflectivity of 607 in

the wavelength range 9 - 10 um and polished flat to Tuning

A
100°
(translation of the plates) is accomplished by means of 3 piezo-

electric transducers that linearly vary the separation of the plates

within a 8 um range.

(b) Using a_Low Pressure Sectigg

An alternative and a much more simple and stable technique for
producing a single mode, but one that is not tunable from line
centre (22) involves incorporaﬁing a low pressure (marrow gain
width) continuous gain section in the same laser cavity as the
atmospheric pressure discharge (figure 3.2.1(a)). Thus we can ensure
" the presence in the resonator of a significant level of radiation
in a single longitudinal mode at the time when the high gain,
high pressure section is pulsed. In this case, one mode has a con-
siderable head start in the pulse growth (other modes grow from
spontaneous emission levels of the order of 10'14W) and can de-
plete the available gain well before other modes have built up
appreciably. Thus a high power, single-longitudinal-mode pulse
can be obtained, superimposed on the low power c.w. output. A
further refinement is to use a quasi-c.w. (v 100 usec. duration)
discharge as a much higher gain can be realized with a consequent

enhancement of the efficacy of the technique.

The construction and operation of both the power source and laser is
extremely simple. The c.w. laser head comprises two annular electrodes
(the central hole is 25mm in diameter) mounted within and at each

end of a 80 cm long, 50 mm diameter quartz cell; a third, pin-type
electrode is situated mid-way along the cell. The salt end-windows
are mounted at Brewster's angle and simply glued in place. The

total working pressure of the laser gas (comprising €0, N, and He

in the ratio of 1 : 1 : 8 respectively) is about 12 torr. Connected

between each annular electrode and the centre pin is a 0.5 pF ca-
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pacitor = via a thyratron switch. To excite the gas each capacitor
is first charged to 10 KV then the circuit made complete by the

'switch, thereby generating a'glow discharge in the gas.

Apart from determining the longitudinal mode of the TEA COZ-oscilla—
tor, the low pressure section can modify the temporal profile too.
In general, the pulse profile tends to flatten, the extent to which
this will occur depends upon the gas mix ratio, gain (of each sec-
tion) cavity Q, etc. A flat~topped pulse is well suited to the needs
of the expeiiment, (notwithstanding this, the resulting pulsé-

shape may not be sufficiently flat-topped for our needs and conse-
quently an alternative technique for temporal pulse-shape control

is described in sub-section 3.2.2). Which of these two techniques
is more suitable for use on JET is not immediately obvious. However,
the decision between them can be left until sufficient working ex-
perience with each has been gained; such tests using both schemes

are underway at the CRPP.

Auxiliary Components:

For either technique of longitudinal mode control, cavity align-
ment and overall length should be maintained to be as stable as is
possible, ideally to within fractions of a COZ—wavelength - see figure 3.2.2,

To provide the necessary stability we have adopted a massive (400 kg)
aluminium honey-combed table on which to mount the resonator optics. The
working surface of the table is a skin of super invar (thermal expansion
coefficient = 0.36 x 10-6/C°). The optics are mounted on this, and the
grating on a steel plate. This plate is mounted in such a way as to ex~
pand in the opposite direction to the invar. When the ratio of the lengths
of the steel and invar is in the inverse ratio of the expansion coefficients,
then the overall cavity length remains constant (27) independent of (small)
temperature changes. The table top is enclosed and a positive pressure
dust-filtered temperature-controlled air supply incorporated. Isolation
from floor-borne vibrations is achieved by pneumatic supports. Two He-Ne

lasers are used as aids during the alignment of the set-up; also shown
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are various beam monitors>and a low-préssuré gas cell. This cell is used

in conjunction with the F.P. etalon. By diverting the oscillator beam
through the cell and monitoring the transmission as a function of piezo-
electric voltage a convenient caiibration of voltage/off-tuning can be made,

see for example figure 3.1.4(b).

To prevent coupling between the oscillator optics and the ampli-
fier for wavelengths other than the pump line an absorbing gas cell is placed
in the beam path. The properties of this isolating element are described

later.

The optics of the low power section of the system are protected
against amplified reflections from the components in the FIR laser by
a confocal beam expander of unit magnification. The foecal length is
chosen to be 50 mm in order to be able to adjust the focused power densi-
ty below breakdown conditions for a beam leaving the oscillator section

and to be above threshold for the reflected beam.

3.2.2 Pulse Shaping

The effect of the FIR pulse~shape on the S/N ratio in the scatter-
ing experiment is discussed in section 4.3.3. It is shown that a flat-
topped FIR pulse would be an advantage.. Now because the FIR transition of
interest is a Raman process then the FIR pulse shape will closely follow

the pump in time.

The most general form of a C0,-laser oscillator pulse is sketched in fi-
gure 3.2.4. It comprises an initial spike of about 50 ns duration followed
by a tail lasting some microseconds. Some degree of control over the
pulse shape is possible, by varying the cavity Q and the relative propor-
tions of the laser gas mix (C02:N2:He). For example, one may choose to
have a spike alone, or a small spike together with a long, flat—-topped
tail. In the case of an oscillator/amplifier system, the interval bet-
ween firing the stages can be varied, that is to amplify the spike alone
or progressively more and more of the tail. This is illustrated by figure 3.2.5.

The resulting pulse shape is however approximately triangular. As pre-
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viously mentioned an intra-cavity low-pressure section can signifi-
cantly modify the temporal pulse.shape, generally by lowering the peak
power and flattening the pulse, and this technique alone may be adequate
for our needs. If,however, further shaping is necessary there remains
an alternative approach to consider. This is to choose a gas mix that gives
a long, flat-topped tail and to chop out the required pulse length using
an electro-optic shutter. The active element of the shutter can be an
anti-reflection coated CdTe rod. The transverse Pockels effect can be
employed to electronically change the polarization of the transmitted
beam. If the incoming beam is vertically polarized, application of the
halfwave voltage to the CdTe crystal rotates the polarization 900, to the
horizontal, and a following high extinction ratio polarizing element,
oriented to pass the horizontal will transmit the beam. This continues
until the halfwave voltage is removed and the transmitted power returns

to its null value.

The rise-time, duration, and fall-time of the optical switching
are determined by those of the electrical waveform passing through the
switching head. The electric pulse should be between 6 to 11 kV lasting
between 0.2 and 1.5 us (adjustable) and have a rise/fall-time of about
30 ns. A suitable wave form can be generated with a circuit that utilises
a Krytron switch (28). For a crystal measuring 10 x 10 x 50 mm the
half-wave voltage is 10.5 kV. This results ina'contrast ratio* of
500 : 1. Calculations predict that with this contrast a 2-3 Joule pre—
pulse will be generated. However, this is negligible compared to the

500 Joules of the main pulse.

* (Ratio of the intemsity, I,, of the radiation incident on the
second polarizer to the transmitted intensity, I, when no.field

is applied.)
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3.2.3 The Final Amplifier

Four C02-1aser amplifiérs were considered for this optical pump
system. Details of the decision to purchase a Systems, Science and
Software Model 1353 E-BeamControlled Device can be found elsewhere (29).
This laser has an active volume of 200 x 16 x 16 cm and operates at
a pressure of 3 atmospheres absolute. An important advantage of operat—
ing at an elevated pressure is that the gain width of the individual
laser lines becomes pressure broadened. This results in a much increased
energy extraction efficiency for a signal whose frequency is displaced
from the line-centre. It will also reduce the frequency chirp towards

line-centre that occurs (30) when such a signal is amplified.

The Model 1353 utilizes a double-sided cold cathode electron gun.
Only one side is used in the present arrangement so that the system can
be‘expanded in the future. This possibility is discussed in the section
dealing with the feasibility of making multi-pulse measurements. The
laser operates on Helium-free gas mixtures, a feature that significantly’

reduces operating costs. Some specifications of this device are listed
in table 3.2.2.

In an E-beam controlled COz-laser amplifier the temporal gain
profile may be easily altered so that pulses of duration 100 ns to several
us can be amplified with similar extraction efficiences. The main dis-
advantage of using such a laser is that the titanium foil used in the
electron gun is fragile and periodically ruptures, necessitating replace-
ment. However, in the case of the triode guns currently used by S3,
the foil lifetime is in excess of many thousands of shots. This does not

present a serious problem. The other disadvantage to E-beam lasers - the

production of X-rays - may be overcome by judicious use of lead screening,

Table 3.2.3 shows some calculated values of the E-beam amplifier
output for various input energies, wavelength and optical arrangements,
These values have been obtained using the Franz-Nodvick equation (31)
which describes laser amplification in a simple 2-level system. It seems

clear from the table that for those wavelengths of interest if the 100 mJ



- 36 -

oscillator output is passed twice through the amplifier, substantially

more energy than the minimum required should be extracted,

although certain observations should be bormein mind with respect to

these estimates:

Damage limit of optical components

The salt windows of the amplifier set a limit to the energy density
that can be extracted from the laser. Values of the damage thre-
shold vary with pulse length and beam uniformity. Presuming tio
hot-spots and a 1 ps pulse length, the best estimates of safe work—
ing energy densities give a value of about 3 Joules/cm2 (325 33).
Thus the values tabulated below are the limits to the extractable

energy under normal working conditions.

Beam Dia. (cm) 5 10 12 15

-

Upper limit of extractable

energy (Joules) 60 240 345 - 540

Clearly we need a pump beam diameter as large as is possible.

Limit to Pump Beam Diameter

The pump beam diameter may be restricted by a variety of considera-
tions: an upper limit to the length of the FIR resonator is set

by the need to obtain a single longitudinal mode. However, the ratio
of diameter to length cannot be decreased indefinitely. The largest
diameter reported for single mode operation at 385 um is 10 em (18).
Optical components of sufficient size eg. mesh, z-cut quartz etc.

can be difficult to obtain particularly as some items are placed

at 450 to beam.

It remains to be seen whether the full 15c¢m diameter can be utilised.
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c. Accuracy of the Calculation

The energies listed in the table have been calculated assuming

conservative values for the constants Ay and E,. It is pro-

S
bable that they underestimate the energy available for extraction.

The arrangement of the oscillator and amplifier that we propose

is shown in figure 3.2.6.

A 100 mJ, ~ 1 us long pulse leaves the oscillator having a beam
diameter of about 6 mm. It is directed by beam steering optics through
an isolation gas-cell (details of this gas cell are given in the next

sub-section).

The beam has a natural divergence and the optical path between
the two lasers is arranged so that the diameter is 30 mm on arrivallat
the amplifier. The beam enters the laser through a special port of 50 mm
diameter and passes diagonally through the active region then leaves by
the main salt window. (Although this port is shown in figure 3.2.6
to lie in a horizontal plane in fact its orientation is in a vertical
Plane to the optic axis so as to avoid mechanical supports within the
pressure vessel.) Upon leaving the chamber, the beam once again tra-
verses an isolating gas-cell and is allowed to expand to the requi-
red size of between 12 and 15 cm diameter, then it is redirected through

the amplifier, along the optic axis, thence toward the FIR oscillator.
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3.2.4 Isolation Between Amplifying Stages Using Absorbing Gases

Amplifiers cannot be coupled together in series indefinitely:
after a certain gain-length product they become unstable to parasitic

modes or superradiance.

From the experiences of several groups working with large 002—
laser chains (34, 35), on any emission line the general condition ne-
cessary to avoid self oscillation and parasitic feedback is that the
sum of the gain-length products Zgo L < N, where N is a number between

10 and 15, depending on the optical arrangement involved.

We have described (36) a general method for selecting and optimis-
ing a gas mixture which serves to isolate successive stages of the large
C02—1aser chain of amplifiers at the CRPP. Unlike previous work using
gas cells as isolators (34, 37) the technique achieves high values of
small-signal transmission at the operating wavelength whilst suppressing

unwanted, higher-gain lines.

Saturation of absorption to produce bleaching is not a prerequisite

to efficient energy extraction.

For the 10P(20) line the single pass value of Zg L =8 i.e. the
laser amplifier is stable, for a double pass, however, it is not. The
9R(22) line has a ZgoL of 5.2. Thus even for a double pass the amplifier
may be stable on this line. Figure 3.2.7 shows an IR spectrum of 2 gases,
viz. SF6, C4F8-cyclic, mixed in a ratio 1 : 1. The total pressure was
200 torr. The small-signal transmission at, and near to, 10P(20) is
very low,i.e. the laser would be stable using this mix as isolator.

The peak gain lines of the 9P branch too are reduced by between 15 - 227
whilst at the 9R(22) line an absorption of 10% is measured. If we allow
for reflection losses due to the windows of the gas cell (n 14% on
average) the overall ZgoL for a double pass through the amplifier for
the 9R(22) line becomes 7.8. Whilst, no doubt some fine-tuning of this

mix will be necessary, adequate isolation should be achievable with
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this technique.

3.2.5 Concerning the Feasibility of Multi-Pulse Ion Temperature

Measurements

It would be of interest to be able to follow the time history
of the ion temperature of the JET plasma, particularly during heating
experiments. In this sub-section we explore the feasibility of re-
peating the measurement several times, within the lifetime of a JET

discharge.

The FIR laser itself, the receiver and the associated signal pro-
cessing equipment need practially no modification. However, the demands

on the CO2 pump~laser would be as follows :

Number of pulses : 210
Minimum interval between pulses : 0.1 s
(set by energy confinement time

in plasma)
Burst duration : 10 - 20 s
Burst repetition rate : 20 mins.

To modify the C02—oscillator for operation in bursts at 10 Hz

presents no major difficulty or expense.

The problem reduces to that of obtaining multiple pulses from
the E-beam amplifier. The difficulties involved have been examined on our
behalf, by the manufactures of the device,Systems, Science and Software
(who have had previous experience supplying similar devices). Their
engineers report that for two pulses only, the double-sided gun, supplied
as a standard feature with this model, can be used. All that is re=-
quired is te replace the present gun power—supply with the double-sided

version, and to modify the trigger system.
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Three factors which limit the repetition rate are acoustic
disturbance created by previous pulses, impurity build-up and
temperature rise of the gas. However, provided that small (cheap)
blowers are mounted within the discharge chamber, of volume 1650 lt,
to circulate the laser gas,10 Hz bursts of about 10 shots seem feasible.
Finally, the existing discharge power supply would need to be replaced
by a more powerful one that has been carefully matched to the laser pulse-

length.

In summary, multiple pulsing of the system, using the existing gun
and discharge chambers, requires as a minimum the installation of a
second discharge chamber and power supply, and a new gun power supply.
To obtain more than two pulses, new discharge supplies are also needed.
All of the technology required to design and build the additional

equipment is available.

3.3 The C.W. FIR Local Oscillator

The function of the local oscillator (L.0.) is to provide a
c.w. FIR signal of a frequency slightly different from that of the

pulsed, scattered signal (for this case by some GHz).

Despite there being many thousand optically-pumped laser transi-
tions it is a matter of chance whether a suitable one (i.e. of
sufficient power and appropriate frequency off-set) exists for an
arbitrary scattered wavelength. That no tunable c.W. source of FIR
radiation is readily available is a serious handicap in the search for
alternative wavelengths more appropriate to the JET conditions. It is
unfortunate too, that a transition may only work pulsed but not c.w.
because the transition is inaccessible to the very narrow tuning range
of a c.w. CO2 laser and/or is below the threshold for stimulated

Raman scattering.
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For the system we have proposed for JET (385 um - 779.5 GHz - with a
Schottky barrier diode mixer) the optically-pumped 381 um (787.7 GHz)
transition of deuterated formic acid, DCOOD, can be used. Whilst the
frequency off-set (i.f. centre-frequency) of 8.25 GHz is somewhat greater
than ideal it is, nevertheless, acceptable. In fact, we may be able to
reduce this i.f. centre-frequency somewhat. We have previously discussed
the advantage to be gained by pumping the pulsed FIR-laser with a beam

whose frequency is shifted by + or - 1 GHz from the CO line-centre. The

2
resulting FIR frequency will be shifted by the same amount. Thus by choos~
ing the positive sign we should be able to diminish the i.f. centre

frequeny to about 7 GHz.

The most commonly employed laser resonators are schematically
illustrated in Fig. 3.3.1. The input coupling hole for admitting the
infrared pump radiation is a common feature and may also be used
with a splitter arrangement to outcouple the FIR as illustrated
for the parallel-plate waveguide structure in Fig. 3.3.1(d). Each
of these geometries has certain advantages relative to the others;
however, the hollow circular waveguide is the most widely used
because of its smaller size, better transverse mode control, and bene-
ficial effects of de-exciting collisions with the walls. In addition,
the smaller transverse dimensions of the waveguide resonators, typically
1 - 4 cm, permit the use of hybrid output coupling techniques. The
larger diameters required by Fabry-Perot resonators make fabrication
of hybrid couplers too expensive and difficult, but excellent per—
formance in terms of power has been reported using Fabry-Perot resona-

tors with hole coupling.

It is difficult to compare data available in the literature and
then select an optimum laser geometry for a particular system. Different
molecules and different transitions from the same molecule have exhibited
optimum performance from a variety of waveguide and Fabry-Perot cavi-
ties. However, as a general rule the best transverse mode quality
and highest ouput'powers have been achieved in hollow dieleetric wave-

guides using some form of hybrid output coupler (8).

Whilst complete CO2 and FIR systems are commercially available,

custom built for a given gas transition, the optimisation of the FIR
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cavity is neither a particular difficult nor time-consuming task and
could be undertaken in parallel with that of the pulsed FIR-laser.

For this transition a conversion efficiency (power COZ/power FIR)

of 0.009% has been reported from a non-optimised arrangement. Dis-
regarding any possible improvements in this ratio accrued during
development a C.W. CO2 laser pump of about 300 W powerwould seem

to be requirdd to produce the tens of milliwatts of FIR needed.
Fortunately the L.0. need only be c.w. with respecf to the pulsed
signal i.e. quasi-c.w. operation should suffice. (By quasi-c.w.

we mean that the L.O. pulse length should exceed that of the scattered

signal by ~ 100 x, i.e. it should last ~ 150 ys.)

For a pulse length of this order, a c.w. CO2 laser can deliver
between 5 and 10 x its rated true c.w. power following minor modifications
to the power supply. Thus a laser of about only 60 W power at 10.6 um
(the gain for the pump line, LOR(21) {10.31 um}, is ~ 80% of that for 10P(20))

will be required.

3.4 Summary and Concluding Remarks

The generation of a FIR pulse suitable for an ion temperature
measurement by Thomson scattering from the JET plasma has been considered.
The principles of optically-pumped FIR-lasers are sufficiently well-
understood that the construction of a suitable device can be undertaken

with a reasonable degree of confidence.
To this end, the following proposals have been made:

a) To OpPtically excite the 385 um emitting line of DZO vapour
using a C02—1aser beam.
b) A folded unstable resonator be used for the FIR oscillator,

and to couple the pump beam into the vapour via a wire grid.



c)

d)

e)

£)

i)

ii)

iii)
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That the C02—pump-1aser system comprise an oscillator and

an amplifier.

To restrict the oscillator to a single longitudinal mode using either

an intra-cavity low pressure section or a Fabry-Perot interferometer.

That the amplifier be E-beam controlled and operate at

3 atmospheres.

The local oscillator too, is optically pumped. The vapour

in this case to be deuterated formic acid.

Three related questions were examined, namely :

The possible need for some auxiliary pulse shaping of the

oscillator pulse, and ways to achieve it.
The prevention of self-oscillation of the amplifier.

The feasibility of obtaining more than one FIR laser pulse

within the time-scale of the JET plasma.

Satisfactory techniques to overcome the difficulties involved appear

to exist.
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3.2.2

SPECIFICATIONS - MODEL 1353-2 E-BEAM—CONTROLLED AMPLIFIER

1. Amplifier performance

Aperture

Gain length

Operating pressure

Gas mixture

Small signal gain (centreline)

Gain uniformity

Energy input to gas

2. Electron gun
Electron beam area (each beam)

Electron gun voltage
Weight

3. Laser discharge chamber

Laser gas pressure
Active laser gas volume
Optical aperture
Weight

4. Electron gun power supply

Type
Output voltage

Stored energy
Weight

5. Discharge power supply

Type

Output voltage (matched load)
Stored energy (maximum)

Pulse length (FWHM)

Weight

15 em x 15 cm

200 cm

3 atm absolute

0:1:4 (He:N2:C0p)

greater than or equal

to 0.04 per cm [10P(20)]
plus-minus 7 per cent with respect
to average

greater than or equal to 200 J/1

16 em x 200 cm
300 kv
955 kg

3 atm absolute

16 cm x 16 ecm x 200 cm
15 em x 15 em

3'400 kg

2 stage Marx generator with triggered

spark gap switches

200 to 300 kV (adjustable)
20 kJ at 300 kv

2'180 kg (inc. oil)

7 stage Marx generator close~coupled

to discharge chamber
350 kV

35 kJ (for 350 kV into matched load)

2.2 usecs.
7'100 kg (inc. oil)
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Je2
EXCITED Jo1
V=1 VIBRATIONA
LEVEL ONAL j_1 { FIR _EMISSION
: J-2 M
OPTICAL
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Je2
GROUND Je 1 ‘
29=0 VIBRATIONAL {J >
LEVEL J=1
J-2

Fig. 3.1.1 Energy-level diagram of an optically-pumped far - infrared laser.
The FIR transition occurs between two rotational levels of the
upper vibrational state. Also shown are possible cascade and
refilling transitions. ‘

v

2 Y;/—-A
\ - "—X“T
3

(a) (b)

Fig. 3.1.2 Energy-level diagrams illustrating differences between (a) emission
by a laser process and (b) emission by 'a stimulated Raman process.
For further details see text.
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Fig. 3.1.3 Partial energy level diagram of the D.0 molecule.
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The

tunability of the 385 um transition and of the 9R(22) CO2
pump tramsition is illustrated by the shadowed region.
The relative spacings of the rotational energy levels and

of the tuning range are greatly exaggerated. The 6

rotational levels are in the 000 vibrational

ground state, and the 42 s 413 and 40
excited vibrational 1eve%
a17).

24 204 S
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Fig. 3.1.4: (A) COp laser energy and power density as a function of tuning the

CO2 laser frequency around the 9R(22) line centre. (B) Relative transmission of 1%

of the CO2 laser energy plotted in (A) through a 3-m-long cell with 0.5 torr D20.

A sharp absorption peak occurs ™ +320 MHz above CO2 line centre. (C) Solid circles

show total submillimeter energy output of a 3-m~long D20 oscillator filled to 3.0 torr
with D20 and optically pumped by the COy laser energy plotted in (A). There is a dip
at D20 line centre and maxima when the COy laser is tuned away from D70 line centre.
The open circles show the conversion efficiency of CO0y laser energy to D70 laser

energy uncorrected for the contributions from the other transitions and losses at

windows, mirrors, and beam splitters. These results are taken from Woskoboinikow
et al (17).



_49_

dOLYNOS3IY ¥I4 3IT4AVISNR 330704 IHL 6T 31

MOANIM
ANITAHLIAT0d

¢
// S Pl e i e Lt D G A byt Cojnt e T e e e T OO GO AR TR
2 i

- YdId

JOYUIW XIANOD

dOYYIW 3JAVONOD MOANIM L7VS



- 50 -

Figure 3.2.1 : Three Configurations for the COZ-Pump
System
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4, DETECTION AND SIGNAL PROCESSING

This section is concerned with the detection and analysis of the
spectrum of scattered radiation. The principles of heterodyne detec—
tion are reviewed and the various types of detector that can be used
are discussed. Two schemes for obtaining the power spectrum from the
detected signal are considered and the accuracy with which plasma ion
temperature can be determined is estimated. Finally, a complete system

for use on JET is proposed.

4.1 Heterodyne Detection of Submillimetre Radiation

To record the spectrum of the scattered radiation heterodyne de-
tection is necessary, not only to achieve the required sensitivity
but, also, to shift the spectrum inta a frequency region where techno-

logy exists to analyse it.

We assume that a monochromatic local oscillator field ELo = ALO

exp(iwot + ¢O) is superimposed onto a signal field ES = AS exp

(iwst + ¢S) in the diplexer of a receiver system. The detector re-

sponds with a current which is proportional to the total incident power
i(t) = oP(t), (4.1.1)

where o is the conversion efficiency of the detector. The incident

power can be expressed, in terms of the radiation field, by
P(t) = nE(t) + E*(t), (4.1.2)

where N takes into account coupling losses and impedance mismatch.
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The resultant detector current is

1 = *

i(e) on(ELo + ES) (ELO + ES) . (4.1.3)
Making the assumption that ALO >> AS, which should always be the

case for a heterodyne system, we may drop terms of the order A:

and find for the detector current

X _ 2
i(t) = cn(ALO + 2 ALO AS cos(Awt + A@)), (4.1.4)
where Aw = W, -~ w
5 Lo (4.1.5)
and AQ = ¢S - ¢LO'

The information-carrying part of the photocurrent, denoted by
iIF’ is that part of i(t) which oscillates at the IF beat frequency
Aw

1IF(t) = 2 on A.O As cos (Awt + AQ). (4.1.6)
The signal power at the output of the detector is the mean-squared
IF current, viz,

§ = iiF =% (2 on ALo AS)Z, (4.1.7)

where the factor of 4 results from averaging the square of the

cosine.

The mean-squared noise current (shot noise) for detection limited
by the signal noise is (38)

i; = 2ei(t) ¢+ B (4.1.8)
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where e is the electronic charge-and'B the bandwidth of the de-
tector or the filter following the detector. Since the average
current i(t) is essentially the current resulting from the LO term

(see 4.1.4)

i) = anLg, (4.1.9)

the noise power is obtained as

w2 2 ,
N = i 2eanLOB. (4.1.10)

From (4.1.7) and (4.1.10) the signal-to-noise ratio is now obtained as
S/N = onAg/ eB = onPS/eB, (4.1.11)

where PS is the signal power. Introducing a noise equivalent power
(NEP) as the signal power per unit bandwidth necessary to achieve a
signal-to-noise ratio of one, the above equation can be rewritten in

the form of

S/N NEP B . (4.1.12)

The main conclusions from the last two equations are the follow-
ing: the signal-to-noise ratio is proportional to the overall effi-

ciency on and to the total signal power collected, but it is independent
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of the local oscillator power (provided that A__ >> AS). The signal-

LO
to-noise ratio cannot be improved by increasing the local oscillator
power. Since excessive LO power results in additional (thermal) noise
due to heating of resistive components in the detector, the local os-
cillator power used should be no greater than that necessary to make the
detector shot noise the dominant noise source - assuming the availability
of adequate power. Not directly retrievable from the above treatment but
shown elsewhere, e.g. by Forrester (39), is the observation that the po-

wer spectrum of the detector current exactly reflects the power spectrum

of the optical signal.

We will return to the noise problem in section 4.3, where the signal-

to-noise ratio of the whole signal processing chain will be discussed

4.2 State of the Art of Sensitive Wide—Band Detectors

The selection of a suitable detector is mainly governed by the

following considerations :

(a) the wavelength of the laser used,
(b) the sensitivity or NEP of the detector at that wavelength,
(c) the detector bandwidth, and

(d) the ease and religbility of operation.

We will briefly discuss the selection of a suitable detector in terms

of these parameters.

The number of laser wavelengths that is available in the FIR is
restricted and depends on the chance existence of molecules which can
be pumped efficiently by a CO2 laser and which emit strongly in this
wavelength region - see section 3.1. When selecting one of these wave-
lengths, it is necessary to ensure that there exists a powerful c.w. or
quasi~c.w. transition (some tens of mW) nearby, for use as a local os-

cillator for heterodyne detection. The local-oscillator frequency must
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not be separated from that of the pulsed FIR laser by more than the
detector band-width. Finally, plasma conditions and the scattering

geometry employed influence the choice of wavelength.

The sensitivity of the detector is governed by noise considerations,
as discussed in section 4.1 and should approach 10_18 W/Hz, at least,

to ensure compatibility with currently-available FIR-laser powers.

The detector bandwidth has to be large enough to accommodate the
expected spectrum of the scattered laser radiation. The spectral width
can be adjusted within certain limits by changing the scattering angle.

A lower limit is set by the requirement that the spectrum has to be
significantly broader ( R 10 times) than the FIR laser line to distinguish
the contribution due to ion thermal motion from stray laser "light". The
width of a single mode FIR laser line is of the order of 50 MHz. Thus

a detector bandwidth of at least 500 MHz is necessary. The upper limit,

~ 2 GHz, is often set by other components in the signal processing chain
(e.g. the IF amplifier). The detection bandwidth B does not necessarily
have to cover the range from 0 to B Hz. However, if the difference fre-
quency between the local oscillator and pulsed laser is v and the scattered
radiation has spectral half-width Avu, the detection system has to cover

the spectral range from v to v + Av for single sideband operation.

Ease and reliability of operation are not of prime importance in a
feasibility experiment but have to be considered for routine operation.
Room temperature operation of a device is convenient, but with the current
state of cryogenic technology the need to cool a detector is not in itself
a great disadvantage. Combined with the need for frequent maintenance
or adjustments it can, however, be a great impediment. Cooled bulk de-
vice detectors such as photoconductors are therefore preferable to cooled
point-contact devices and maybe even to such devices operated at room

temperature, from this point of view.
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It is mainly the requirements of high speed (large band-width)
and low NEP which restrict the choice of a suitable detector, out
of the large number currently available, to basically one of three
types :

the Nb -Nb superconducting Josephson junction, the GaAs point-con-
tact Schottky diode and the Ga~doped Germanium photoconductor. The
only possible way of achieving the necessary sensitivity in any one
of these devices is to operate it as a heterodyne receiver. This
allows a high conversion gain. The combination of strong directivity

and frequency selectivity permits a small noise band-width.

In the remainder of this subsection, 4.2, we review the current
state of development of the three types of detector best suited to
our needs. Emphasis is placed on the Schottky diode which at present
is the most highly-developed of the three and on which the detection

system proposed for use on JET is based.

4.2.1 The Schottky - Diode Detector

The metal-semiconductor contact, or Schottky-barrier diode has a
long history of utilization as a mixer element. Its use has progressed
to higher and higher frequencies. Mixing at 3 THz has for example been
achieved with a GaAs Schottky diode by Fetterman (40). In order to mini-
mise parasitic loss, as the operating frequency is increased the area

of the diode has to be reduced. This poses technical difficulties.
The mixer conversion loss Lc’ defined as the ratio of available
power from the FIR source to the power abserved in the IF load, can

be expressed in the form (41)

L = LL _ (4.2.1)

-
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The intrinsic conversion loss Lo is the loss arising from the
conversion process within the nonlinear resistance of the diode and
includes the impedance mismatch losses at the FIR and IF ports.

The parasitic loss Lp is associated with the parasitic elements of

the diode, the junction capacitance C (typically 10-15F) and spread-

ing resistance RS (typically some 10 Q). This resistance results from

the constricted current flow (diameter d) in the semiconductor near

the contact. RS is in series with the parallel elements C and the non-
linear barrier impedance at the signal frequency. The deleterious

effect of these two parasitic elements on the conversion efficiency is

the following: C allows current to bypass the junction resistance,

while Rs is a source of power dissipation, heat production and, consequent-
ly, of excess diode noise. Since C « dz, RS « dm1 and the cutoff frequency

1

“. *Fc:° d has to be reduced as the frequency of operation is in=-
creas e§

With the development of electron beam fabrlcatlon technlques, the
ab111ty to produce Schottky barriers with dimensions of the order of a
few hundred Angstrams is immident. However, the effect of a reduction
in area on the intrinsic conversion loss L0 must also be evaluated to
determine overall mixer performance. The dependence of Lo on area is
connected with the requirements of impedance matching and, as shown
by McColl (41), can increase rapidly as the area is reduced. Careful
optimisation of the diode parameters is therefore necessary in con-
structing a Schottky mixer for sensitive high~frequency operation. In
general, characterizing a particular diode by contact diameter, capaci-
tance and dc resistance determines its performance. Fig. 4.2.1 re-
produced from (42) shows an optimised diode size for operation at wave-
lengths below 1 mm. At a frequency of 780 GHz (corresponding to the
385 ym line of D20) the optimum point contact is found to be ~ 1 m

diameter. The video sensitivity at 385 um is of the order of 1 V/W.
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It is considered unlikely that the wavelength range over which
Schottky diodes operate can be extended to wavelengths shorter than
about 250 um without considerable development, and that 200 um

represents the limit.

Under most conditions the principal source of noise from a dc-
biased Schottky barrier is shot noise. Hence, our previous observa-
tions on noise in heterodyne detection can directly be applied. A
further consequence of this is that the cooling of Schottky diodes,
and hence reduction of thermal noise, cannot significantly improve
performance of the device. Factors of 2 to 4 have been observed

by cooling down to cryogenic temperatures.
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4.2.2 Josephson-Effect Heterodyne Receivers

Quantum mechanical phenomona which occur when two supercon-
ductors are weakly connected together, allowing the flow of super-
conducting electrons, are labelled by the generic term "Josephson
effect". The barrier, or junction, in such a weakly-coupled system
of two superconductors can take various forms : a thin (v 15 X) layer
of insulator, such as oxide, semiconductor or normal metal, a connection
of two superconductors by a small (v 0.5 ym diam.) metallic bridge, or
a point contact. So far, all successful Josephson effect mixers have

been built with point—contact Josephson junctions.

_Contrary to other types of mixers, Josephson junctions are active.
They generate internal oscillating currents which interact with radia-
tion induced currents to give rise to detection and other phenomena.
We do not propose to discuss the relatively complex mechanisms taking
place in a Josephson mixer since there are adequate references to these

in the literature (43 to 47).

The strong nonlinearity of the Josephson junction reduces the re-
quired local oscillator power and hence the sensitivity to noise generat-
ed by the local oscillator signal. The conversion efficiency depends on
the local oscillator power used. One finds an optimum local oscillatar
power which maximises the conversion efficiency. In the submillimeter
range, local oscillator powers from 1 - 10 uW are necessary. This low
power requirement greatly simplifies the method of coupling the local
oscillator to the junction. For example, a beam splitter which trans-—
mits most of the signal, and reflects a small fraction of the local os-

cillator power can be used.

As mentioned above, the Josephson detector is an active device,
its detection process is a mixing rather than a lossy resistive effect.

Hence, contrary to other rectifying detectors, a modest conversion
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gain (v 1) is possible when used as a mixer: more power can exit at the

intermediate frequency than arrives at the signal frequency.

The conversion gain is related to the ratio of output impedance
to input impedance. For high conversion gain a high output impedance is
desirable. This may conflict with the requirement of matching the input
impedance of high-speed IF-amplifiers which are generally designed for
50%.

The sensitivity of Josephson mixers is very high although decreasing
towards shorter wavelength as A—z. Probably about 250 pym represents the
short wavelength limit for useful operation. Theory conservatively pre-
dicts a single sideband mixer noise temperature of ~ 300°K at 0.5 mm.

. In an experiment at 337 um (48) a systemlnoise temperature of SOOOK

(1.4 - 10—20 W/Hz NEP) was measured, which was, however, IF-amplifier
dominated. This is an order of magnitude above the quantum noise limit,
kv/k = 42°K at 337 um.

Josephson junctions are sensitive sver a wide band, stretching far
into the long wavelength region. To avoid saturation of the mixer due to
the high level of electron cyclotron emission from the plasma at wavelengths
longer than “vlmm, in a Thomson scattering measurement, pre-mixer bandpass
filtering is necessary. This could be achieved, e.g.,with a wire-mesh

Fabry-Perot interferometer.

‘Current dependence is on point-contact Josephson junctions, rather than
on intrinsically more stable and reproducible forms. Unfortunately, it is not
easy to build thermally-recyclable point-contact junctions. The problem has,
however, been solved in a 2.6mm mixer ( 49) with a technique that has also

been applied to sub-millimetre wavelengths,

Operating in the same wavelength range, Schottky diodes and Josephson
junctions are direct competitors for a receiver system in Thomson scattering
arrangements. While Josephson devices have some very attractive features
such as low power requirements for the local oscillator and potentially very

high sensitivity, their state of development trails behind that of Schottky
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diodes. 1In this design study we have opted for existing technology
whenever possible, rather than rely on future development. Thus,
Schottky receivers are chosen in preference to Josephson-junction

receivers because of the commercial availability of the former.

4.2.3 Photoconductive Detectors

Photoconductive detectors depend on the change of the electrical
conductivity of certain materials, usually semiconductors, when sub-
jected to radiation, by processes other than a temperature change of
the material. The photoconductive process often involves the excita-
tion of charge carriers across an energy gapswhich is accomplished by
individual radiation quanta. This requires a minimum quantum energy
resulting in a long-wavelength cut-off for the detection process. FIR
photoconductive detectors require cryogenic operating temperatures, usual-

ly in the liquid helium range.

The element, of dimensions a few mm or less, is typically biased
from a battery, through a load resistor. Changes of the detector con-
ductance are observed across the element or the load resistor. The in-
trinsic response time of the photoconductive element is short. However,
to achieve high responsivity, the resistance of the element has to be
large, so that relatively small system capacitances can limit practical
system speed. Usually a compromise has to be made between fast response

time (large bandwidth) and high sensitivity (NEP).

IF amplifiers with large bandwidth usually have low input impedances
(50 @) so that impedance matching becomes a problem. It is often necessary

to use cryogenically-cooled amplifiers, placed near the detector.

The operating principle of Ge-photoconductors is based on the exci-
tation of impurity holes or electrons into the conduction band. The typi-
cal response time of about 100 ns can be reduced to 1 ns or less by in-
creasing the compensatory dopant level, usually with degradation of re-

sponsivity. They operate at wavelengths up to about 140 um.
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To the best of our knowledge, the NEP and bandwidth necessary for
a Thomson-scattering measurement. have not been simultaneously achieved

for a doped Ge detector - although both have been achieved independent-

ly.

Gornik has described a Ge : Ga detector with a measured response
time of 0.5 ns (50). It has not, as yet, been operated in the hetero-
dyne mode. In his review paper ( 6) Blaney indicates that heterodyne
NEP's of 10-18 to 10—19 might be possible and in a recent publication
Haller (51) reports a video NEP of 2.4 °* 10_17 WI-I::—!i at 94 ym. If this
is converted into a heterodyne NEP by means of the approximate

formula ( 6)

= o 2
NEPHET NEPVID BIF (4.2.2)

one obtains the figure of 7.6 - 10-22 for a 1 GHz bandwidth. Despite the
fact that this figure is probably over optimistic, it lends credibility

to the optimism expressed by experts in the field (50).

4.3 Description of the Signal Processing Equipment

The output of the mixer, or IF-amplifier, is a fluctuating noise-
like signal with zero mean amplitude and a frequency-spectrum which is
that of the scattered radiation. The signal has to be processed so that
one obtains a certain number of points on a frequency versus intensity
distribution, the half width of which yields the plasma ion temperature.
As will be shown later, 10 is a reasonable number of points to choose
but even as few as 6 points will still permit us to obtain an accurate

value of ion temperature by spectral fitting.

We will describe two possible signal processing chains. The first
one is most likely to be implemented in an initial scattering measure—
ment. The second one is described mainly because it allows us to model

certain additional aspects of general interest.
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As shown in fig. 4.3.1, the signal processing chain consists of a
receiver (diplexer and mixer) and an IF-amplifier followed by a multi-
plexer-filter, a power detector and an integrator in the first chain
or a digitizer and a microprocessor, or mini computer, to perform a dis-
crete Fourier transformation in the second chain. The centre frequency
of the IF-signal is not necessarily zero, but depends on the frequency
offset between the pulsed laser and the local oscillator. In case this
offset is too large for the multiplexer-filter and follow-up electronics,
a second local oscillator-mixer pair has to be inserted between the IF-

amplifier and the multiplexer.

The multiplexer—-filter comprises an array of filters with ad-
joining passbands, of equal width, that are rectangular, to a good
approximation. Filter arrays with 10 channels, each of width ~ 200 MHz,
are commercially available (52 ). Such arrays are easier to conmstruct
if the frequency range covered is, for example, 2-4 GHz, instead of
from 0-2 GHz. Thus, a difference of a few GHz between the frequency
of the pulsed laser and that of the local oscillator would be desirable,
from this point of view. We also remark here that an adequate fre-
quency offset is necessary to separate the power spectrum due to the
ions into two halves, one on either side of the probing laser frequency.
This permits any asymmetries in the spectrum, due for example to a
drift between ions and electrons, to be revealed. For a laser frequency
and local oscillator frequency that are coincident, the two halves of

the spectrum would be superposed.

Power detectors and integrators are commercially available. If
necessary, the second mixer could comprise an in-phase and quadrature

detector - these are available in package form.

Turning to the second signal processing chain, a number of tran-
sient digitisers are commercially available, although their performan-
ces, as yet, are too limited for our applications. We will return to

this aspect, in more detail, in section 4.3.3.
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With further development, two other devices might prove to be
useful in the signal processing chain. The first of these is the
Bragg cell real-time spectrum analyser. At present, the maximum
bandwidth of 500 MHz is too restrictive. The second device of po-
tential interest is the surface-acoustic-wave dispersive delay line,
as described by Fetterman (53). Once again, its performance is limit-

ed by the bandwidth.

4.3.1 Signal to Noise in the Electronic Spectrum Analyzer

The signal-to-noise ratio at the output of the IF-amplifier has
been discussed in section 4.1. We will briefly analyse its modifica-
tion by the remainder of the signal processing chain which is basical-
ly an electronic spectrum analyzer. Since the noise current is a
statistically-fluctuating signal, we expect some improvement in the
final signal-to-noise ratio due to the averaging process of the inte-
grator. The influence of a filter-squarer-integrator chain (fig. 4.3.1)
on the signal-to-noise ratio has been discussed by Cummins and Swinney

(54) using standard methods of electrical signal analysis.

Let Pi(m) be the spectrum of the detector current i(t). The
fluctuations and the average signal current at the output of the chain

are

G
KAiout) 2>:[- :

where 1 is the integration time (laser pulse length), Au the width of

C Pi(w) (4.3.1)

[t

CP (w) (L+ay - )

the filter bandpass and C a constant. The input current spectrum
Pi(w) consists of a signal component Ps(w) and a noise background

PN(w), so that
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Pi(w) Ps(m) + PN(w) (4.3.2)

Only the fraction Ps(w)/Pi(w) of the observed output current

<Eou£>>is the desired signal, but both Ps(w) and PN(w) contribute

to the fluctuations in iout' Thus the final signal~to-noise ratio

in the observed spectrum is the ratio of the signal amplitude

<€§u = CPs(w) to the r.m.s. fluctuation in the signal plus noise,
. 2 ¥ -4
[Qlout)ﬂ = CR W) + PL() (1 +avD) %,
viz,
p
(S/N) = S(w) (1 + AU‘;:)JE
out

Po(w) + P(w)
(4.3.3)

Ps(w)/PN(w)
1 + Ps(w)/PN(w) .

L

(1 + AVT)?

It can also be shown that the noise statistics follow a xz-pro-
bability distribution with the number of degrees of freedom n

given by n = 2(Av * T+ 1), for a Gaussian noise distribution at

the input.

Let us assume that the multiplexer filter consists of NC fil-

ters, each of bandwidth Av, such that the total bandwidth covers

that of the receiver

NC * Au = B (4.3.4)

Since the noise power in one channel is PN = B/NC « (NEP)

the signal-to-noise ratio per channel becomes

PS BT
8/, = Py + NEP B/NC\/ L+ =5 (4.3.5)

C
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We see that for PS >> PN the signal-to-noise ratio is independent
of the scattered power PS and depends only on the product of B and t.
Thus, under this condition, no improvement in S/N can be achieved by
increasing the incident laser power Po; the only recourse, for a

fixed band-width, is to increase the laser pulse duration t.

Let us suppose that the FIR laser delivers a pulse of con-

stant energy, i.e. P = 1/1, and that a pulse of duration 7. yields

0 0

a scattered power PS = PN in a particular channel. Then a pulse of

duration T yields a scattered power P t./T in that channel.

s = PN To
We find that the pulse duration T which maximises the signal-to-
noise ratio is given by 1 = L (1 -2 NC/(B . TO)). Thus, for

B - TO/NC R 20, t N Ty In other words, the best signal-to-noise
ratio in a scattering measurement is obtained by operating the FIR
laser so that it produces a pulse of duration such that the total
scattered power PS equals Fhe noise power PN = NEP +« B. 1In Tabte
4.3.T we tabulate the variation of S$/N with t, for N_ = 10 and

B = 2 GHz and with Ps = PN'

C

4.3.2 Computer Simulation of Spectral Fitting

A computer simulation program has been used to estimate the
accuracy in the determination of Ti for various values of S/N. Using
a Monte Carlo technique, for each channel a noise signal is generated,
according to a X2 distribution, and is superposed on the signal due
to the scattered power in that channel, calculated using an analytical
expression obtained from standard scattering theory (2 ). This re-
sultant noisy spectrum is a realistic approximation to what the experi-
menter would obtain in the laboratory. A nonlinear least squares
fitting routine is then applied to identify the theoretical spectrum
which best fits the noisy one, thereby enabling an ion temperature to
be determined. The procedure is then repeated about thirty times, al-
ways using the same noiseless spectrum initially, each time with a

different random noise signal in the various channels. 1In this way,



the mean value of Ti and the shot-to-shot statistical variation in

Ti can be determined.

The fitting routine allows a multiparameter fit, thus simul-
taneously fitting Ti’ Te and n,. Alternatively, it can be assumed
that Te and n_ are known from an independent measurement with a
certain accuracy ATe and Ane. Values of temperature and density
for each simulation are then randomly chosen from Gaussian distri-
butions having the measured values as means, with variances ATe and

An .
e

In Table 4.3.1 the results obtained from the simulations in
the case of a pure deuterium plasma are tabulated. The mean ion
temperature E; and theerror ATi/Ti associated with estimating the
ion temperature are given for different values of the laser pulse
duration -t. The simulations are for B = 2 GHz and N = 10. It is

C
assumed that P, = P, . The ion temperature used in calculating the

initial spectrim, tg which noise is added, is 1 keV. Each value

of ATi/Ti and E; is calculated using the statistics of 31 simula-
tions. It can be seen that, although the mean temperature derived
from 31 spectra is insensitive to the pulse duration T, the error
associated with the ion temperature derived from a single spectrum
rapidly increases with decreasing pulse duration. Thus, for example,
for a pulse duration of 5 usec the values of ion temperature from
the 31 spectra were spread between 917 and 1078 eV, in a distribu-
tion that approximated to a Gaussian, yielding an error of + 73 eV
at the 907 confidence limit, while for a pulse duration of 100 nsec
the values were spread between 419 and 1561 eV, yielding an error of
* 429 eV. Consequently, on a single shot, to obtain a value of Ti

with an accuracy better than + 207 a laser pulse of duration greater

than 1 psec will be needed when using a detector of bandwidth 2 GHz.

- 74 -
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In the above, it was assumed that both Te (set equal to Ti)
and n, were precisely known. The effects of errors in the values of
these parameters will be discussed in the section 5.5, when con-
ditions pertinent to JET will be investigated by means of the simu-

lation code.

4.3.3 Spectral Analysis with Digital Fourier Transformation

As illustrated in Fig. 4.3.1 an alternative approach to ana-
lysing the signal from the mixer is to record it on a transient digi-
tizer and to compute the spectrum by discrete Fourier transformation.
While this approach is conceptually simple, its implementation is not

without difficulties.

Digitization of the detector signal i(t) yields N discrete
. points in of total length T and separation At. Discrete Fourier trans—

formation of the N real values iN according to

T . 2 Tmn
Fm = E 1n cos N
n=20
(4.3.6)
1 = 2 Tmn
Fm =—2 1n sin N
n=20
gives N/2 real Fourier terms F; and N/2 imaginary Fourier terms F;
from which the power spectrum is obtained, since
2 i, 2
sm = (FD)T + (FH°. (4.3.7)
m m
The integer m can take on values between 0 and N/2 - 1, SO is the
dc term and S(N/Z -1 is the highest possible frequency before fold-
over (aliasing) occurs. The folding frequency is
_ 1 N
ff = T T 3w (4.3.8)
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If the series in follows a Gaussian random distribution (which is
true for the signal and noise component of the current) then the
Fourier compomnents F; and F; also follow a Gaussian distribution.
The two distributions in frequency space have the same mean value
(zero) and variance 00 and can thus be combined into one distribu-
tion. Forming the power spectrum according to (4.3.7) signifies
drawing a sample of two elements and forming the sum of the squares,
which is the definition of a xz-distribution with 2 degrees of free-
dom (55). |

If a number of M neighbouring frequency points are lumped to-

gether in a channel of width

bv = 5 f (4.3.9)

M ’ . o
M r 2 i 2 . ‘
RN NGRS G210

. 2, . . .
This is a x ~distribution of 2M degrees of freedom. The expectation
value and variance of a xz-distribution of n degrees of freedom, based

on a Gaussian of variance o are (55)

E(xz) = n - og
(4.3.11)
oy = - o
X n ° oo
Hence for (4.3.10) one finds
M 2
E(Sm) = ZMCO = P(w)
(4.3.12)
o(sh = z/ifoi

The power P(w) again consists of a signal and noise component

P(w) = P (W) + P (). ’ (4.3.13)
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The final signal-to-noise ratio, viz the ratio of the expectation
value of the signal component to the variance of the total signal,

is thus obtained as

E(Pg(w)) P ()

S/N = S @) * Pg@) \[ﬁ_PS(w) W (4.3.14)

If the detector bandwidth B is chosen equal to the folding
frequency, then from (4.3.8) and (4.3.9)

M = TAu (4.3.15)

and (4.3.14) becomes

Ps(w)

S/N = Ps(w) " PN(w) Av ° T (4.3.16)

which is identical to (4.3.3) for Au * T >> 1. Hence, with
respect to the signal-to-noise ratio, the signal processing method
using the technique of Fourier transformation is equivalent to that

using filters and integrators.

Mathematically the Fourier transform method is interesting be-
cause of its greater transparency than the filter method. Experimental-
ly, however, it has a severe drawback: the number of points to be
digitized, N, is connected to the detector bandwidth B and the pulse

duration T by
N > 2 BT (4.3.17)
This is due to aliasing and is sometimes referred to as the Nyquist

condition (56). For a given bandwidth and a given digitizer this

limits the pulse length, as illustrated in Table 4.3.2.
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Turning to examine the performance of a commercially-avail-
able transient digitizer, the Tektronix type 7912 AD records 512
discrete points and has a bandwidth of 1 GHz. The maximum pulse
length of 256 ns is too short for an adequate precision in Ti’ as
shown earlier. Even using two digitizers and a 512 ns pulse length,
an experiment seems marginally possible, but for this the problem
of precise sequential synchronization of the two digitizers has to
be solved. The Fourier transform method becomes feasible if at
least 2000 points in a 1 us pulse can be recorded with 1 GHz band-
width. With the rapidly developing field of electronmics it is not
unreasonable to forecast the development of such a digitizer, pro-

vided it has a potentially large market.

A computer programme has been developed to simulate signal
Processing with the Fourier transform method. A time series re-

presenting the detector signal is produced according to

N

i(t) = n2= . /Ps(w) cos(mnt + ¢n) V[KU;- (4.3.18)

where the spectrum Ps(w) is divided into N unequal strips Aun.

The phases ¢n and width Aun are random (Aun = B/N). Eq. (4.3.18)
ensures that the current follows a random Gaussian distribution and
has the desired spectrum Ps(w) (54). To this, random noise is
added with an average amplitude governed by the desired S/N ratio.
An N-point Fourier transform is performed and the N/2 spectral
points are divided up into channels. The number of channels can
vary from a reasonable lower limit (v 6) up to N/2. A least

squares fit is then performed to extract Ti'

We varied the number of channels within this range to see if

there is an optimum number. This does not seem to be the case.

More importantly, we investigated the influence of different
laser pulse shapes on the precision in the determination of Ti. We
simulated this effect by convoluting the current of ey. (4.3.18)

with the shape of the laser pulse. We studied three types of laser
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pulse of equal duration and equal energy content (shape under curve),
viz. a square pulse, a triangular pulse and a peak-tail pulse typical
of experimentally~observed 002 iaser pulses. The latter was ob-
tained by summing two Gaussians of unequal height and width. The
three pulses are shown to scale in fig. 4.3.2. Gaussian spectra
were chosen for this test and hence Gaussian curves of variable width
were fitted to the simulated spectra. Table 4.3.3 shows the results
of 30 simulations/spectrum for spectra obtained from a 200 point

Fourier transform.

The precision obtained with a peak-tail pulse shape is about
half that of a triangular pulse shape which in turn is about half
as good as a square pulse. Systematic errors are also quite large
for non-square pulses. Each of the 25 channels contained M = &
points, so that for a post-mixing S/N of unity the overall S/N ratio

according to eq. (4.3.14) is ‘/4 * % =1. This small value explains

- the large errors in the width "measurement".

The importance of square pulses prompted us to investigate ex~

perimental methods of pulse shaping, as discussed in section 3.2.2.

4.4 Proposed Detection System for JET

Having, in the previous sections, reviewed the various detector
types and the different methods of signal processing, together with
estimates of the accuracy with which Ti can be determined, in this
final section we describe a detection system for proposed use on JET.
In section 3, we have described the DZO laser operating at 385 um
as being the most-developed pulsed FIR laser and we have given the
design of such a laser for use on JET. Consequently, the proposed

detection system is also suited to this wavelength.
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A Schottky diode receiver used for a scattering measurement
with the 385 um line of DZO would consist of a quasi-optical di-
plexer followed by a mixer, incorporating an IF low-pass filter.
The signal would be amplified by a large-bandwidth, low-noise IF
amplifier and processed by signal processing electronics which have
been described earlier (in section 4.3). A promising solution for a
diplexer would be a polarisation rotating Michelson interferometer,

similar to the one described by Wrixon (42).

Referring to fig. (4.4.1), the incoming, vertically polarised
signal is collimated by means of a plano-concave lens, which has
surface matching grooves machined on the plane side. The signal
passes unimpeded through a horizontal wire grid where it is joined
by the horizontally-polarized local oscillator signal which has
been totally reflected by the grid. The combined signal and local
oscillator beams then enter the interferometer which consists of a
wire grid oriented at 45° and two corner reflectors which change the

: . . 0 .
plane of polsarisation 90 upon reflection.

When the round trip differs by one half wavelength at the IF
frequency, signal and local oscillator beams will emerge through the
plano-convex lens from the diplexer with the same polarisation. With
lenses made from high-density polyethylene the losses of this system
should be small. Transmission losses could be eliminated completely
by alternative arrangements of the Michelson interferometer.

Fig. 4.4.2 shows an example: the diplexer consists of a corner re-
flector and two stretched Mylar film beam splitters. Focussing the
output onto the detector would be achieved using an ellipsoidal

mirror.

The quasioptical mixer would be a GaAs Schottky diode, mounted
in a corner cube reflector configuration. As shown in Fig. 4.4.3,
a tungsten whisker antenna, of length 4 A, is mounted parallel to
two highly polished sugfaces of the corner reflector and perpendicu~-

lar to the ground plane. It has been shown (57) that the performance



of such a traveling wave antenna can be improved by 12 dB by the
presence of a corner reflector. The contacting is achieved by po-
sitioning the chip stud so that the etched antenna whisker is lower-
ed onto one of the many diodes on the GaAs chip. The antenna whis-—
ker is directly bonded to the centre conductor of the 50Q coaxial
line connector. The signal and local oscillator frequencies are
decoupled by the bend in the antenna and no additional filtering

is required.

Farran Research Associates, Cork, Ireland are able to supply
a complete receiver incorporating diode, mixer, diplexer, DC bias
tee and supply, and IF amplifier for operation at 385 ym. TIts
specifications would be: Overall double sideband system temperature
of less than 20,000°K, corresponding to an NEP of < 3 - 10“19 W/Hz,
double sideband operation with n 1 GHz IF bandwidth centred at the

difference frequency of the pulsed laser and local oscillator.

About 10 to 20 mW local oscillator power would be necessary.
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Table 4.3.1

Variation of Signal-to—noise Ratio and Accuracy in Determining Ti

with Laser Pulse Duration

8T, () _
t(sec) S —_— T. (ev)
1
T,
1
-6
5% 10 15.82 7.3 990
2 x 107° 10.01 . 12.0 1011
1x 108 7.09 20.3 1028
5 x 107 5.02 26.7 1009
2.5 x 107/ 3.57 29.8 1039
1x 107 2.29 42.9 924

where B = 2 GHz

N, = 10
6Ti
—— is the 90% confidence limit , i.e. for any single spectrum there
1 is a probability of 0.9 that the ion temperature derived will

lie within the error limits quoted.

The true value of Ti in these simulations is 1.0 keV.
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Table 4.3.2

The limits on pulse length due to aliasing in the discrete Fourier

transform approach

No of points that can detector bandwidth max. pulse length

be digitized

512 1 GHz 256 ns
512 2 GHz 128 ns
1024 1 GHz 512 ns

1024 . 2 GHz . 256 ns



Table 4.3.3

The influence of the laser pulse shape on the precision of a Ti

measurement.

Gaussian spectra of width W fitted to 25 channels of a 200-point

Fourier-transformed random signal with Gaussian spectrum.

AW average deviation of width W from true width

IKW/W accuracy of a single measurement of curve width (sample

variance/true width)

S/N >> 1 S/N =1
pulse shape AW + AW/W AW + AW/W
(%) (7) (%) (%)
square + .05 8.5 - 2.6 12.0
triangular - 5.8 18.5 + 5.7 30.5
peak=-tail - 9.6 34.0 + 19.4 43.0
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CONVERSION LOSS

15

10

GaAs n/n+

= 2.1017 / 2.1018

1500 GHz
200 um

1100 GHz

700 GHz
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Figure 4.2.1 :

DIAMETER (um)

Variation of Conversion Loss in Schottky

Diode with Diameter of Point Contact
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Figure 4.4.1 : Diplexer Based on Polarisation Rotating

Michelson Interferometer
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SIGNAL
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Figure 4.4.2 : Diplexer Coﬁprising Corner Reflector

and Two Beam Splitters
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Figure 4.4.3 : Quasioptical Mixer
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5. APPLICATION OF THE TECHNIQUE OF FIR-LASER SCATTERING TO
MEASUREMENTS ON JET

In this section, we examine the applications of the technique
of FIR-laser scattering to a study of JET, over a range of plasma

conditions envisaged for the device.

The main topics investigated are: the power required from the
laser, the restrictions imposed by limited access (in terms of collec-
tion angles), the achievable spatial resolution, the resolution in k,
the accuracy with which Ti can be determined, the effects of plasma
impﬁrities, the problems caused by refraction, the effects due to
electron cyclotron and bremsstrahlung radiation and the complications

due to plasma micro-turbulence.

In considering these topics we assess the situation for the
three principal wavelengths of D20, viz. 66, 114 and 385 um. Although
we propose a scattering system based on 385 ym, since at present it
represents the best achievable performance both in terms of laser and
detector, the situation could conceivably change over the next few
years. By considering the two other wavelengths, which are sufficient-
ly different that together the three cover a useful range, we aim to

illustrate the broader possibilities for FIR-laser scattering.
Finally, we summarise the conclusions reached and estimate

the range of JET parameters over which we can obtain useful measure-

ments.

5.1 -Required Laser Power

We make use of equation 2.2.1 to calculate the laser power Po
necessary to obtain a scattered signal of power equal to the receiver

NEP. The results are shown in Table 5.1.1 for detection bandwidths
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of 1 and 2 GHz and assuming an f-number of 40 for the input focus-
ing optics. To calculate the fequired laser power P0 for a re-
ceiver of a certain NEP, it is necessary to multiply the figures in
the columns by that NEP.

13 WHEI, and for a bandwidth of

1 GHz, at 385 uym P_ varies between 9.3 x 105 W and 5.4 x 103 W for

the conditions n, = 1013cm-3, T =1 keV and n, = 3 x 1014cm—3,

Assuming an NEP of 3 x 10

T = 20 keV, respectively. None of the powers tabulated take into
account the losses due to transmission of the incident and scatter-
ed laser beams through windows, inefficient coupling of the collected
radiation into the detector and other losses. Taking these into
account, the powers should be multiplied by a factor of at least ~ 5
to obtain the true laser power P° needed.

It is clear that at demsities below v 3 x 1Ol3cm—3, for a

receiver of NEP = 3 x 1019 WHEI, a laser power of several MW will
be necessary to achieve adequate scattered power. Consequently, a
density of & 1013cm.-3 probably represents the lower limit at which

a scattering measurement could be performed, and an indication of Ti
obtained, without recourse to a more energetic laser than that en-

visaged in sectiom 3.1,

5.2  Access Requirements

In Table 5.2.1 we tabulate the scattering angles © required to
accommodate detection bandwidths of 1 and 2 GHz, for the ranges of
plasma parameters previously encountered. We see that, to cover all of
the possibilities considered, angles between 77.0° and 1.4° would be

required.
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It is evident that at 66 um the angles required at temperatufes
above a few keV are so small, 1..90 at 10 keV for Av = 1 GHz, that stray
light would pose a serious proBlem. Spatial resolution would also be
compromised - as shown later. A bandwidth of 2 GHz is at present beyond
the capabilities of the Ge : Ga mixer, without drastically increasing

NEP, so 1 GHz probably represents an upper limit.

At 114 ym, the situation is much improved with measurements up
to v 10 keV feasible for Av = 1 GHz. Once again, the same restrictions

apply to the Ge : Ga mixer as at 66 um.

In an idealised situétion, the best candidate would be the 385 um
line of DZO. Angles of between 36° and 16° would cover the range of ion
temperatures between 1 and 20 keV, with a judicious selection of de-
tection bandwidth being made to maintain a value of o of between 1.2

and 3.6.

Unfortunately, én JET‘thé arrangement of diagnostic ports is such
that the ranges of angles that can be achieved ére 0 - 18° and 60 - 120°.
For the latter, it is necessary to use a window in one of the horizontal
ports - these are very much in short supply. An angle of ~n 11° is need-
ed to collect scattered radiation from the plasma mid-plane. Thus, at
385'um the spectral width of the scattered spectrum would be less than
v 350 MHz at Ti = 1 keV and ~ 700 MHz at 4 keV. This, in turnm, places
a stringent demand on the spectral purity of the FIR-laser emission and
on the efficiency of the beam and viewing dumps in reducing the level
of stray laser light. Taking 500 MHz as the minimum allowable spectral
width, scattering measurements at 385 um could not be performed with
adequate precision at temperatures of 2 keV.

We will show later that for the 385 um line of D 0, and at the

2
higher densities and temperatures envisaged in JET, the use of a view-
ing dump is essential to minimise the amount of electron cyclotron radia-
tion received by the collection optics. This restricts the maximum
scattering angle, when using a pair of vertical ports, to about 11°

as shown in figure 5.2.1. 1In this figure we show the arrangement of

windows and dumps that we envisage for JET and the paths of the various
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beams.

The laser beam enters the torus at the right-hand side of the
upper port and is collected by a beam dump at the left-hand side of
the lower port. A series of windows, which permits a spatial scan to
be made, is arranged in the lower port for collecting the scattered
radiation. On one tokamak discharge the detection system would re-
ceive radiation from a single window only. Each window faces the
viewing dump which is located at the left-hand side of the upper port.
In figure 5.2.2 we show the arrangement of windows and dumps in the
covers for the slit ports. The diameter of the input window is 7 cm
while that of the collection windows is 5 cm. The beam dump has an

aperture of 12 cm and the viewing dump aperture is 10 cm.

Taking the equatorial plane as the zero level, the vertical
heights at which the collection cones and the laser beam intersect
are -28, -6, 20, 50, 86, 130 and 184 cm, which represents reason-

able coverage across the upper half of the torus.

5.3 Spatial Resolution

The spatial resolution achievable (see section 2.2),
2 = 2r/sin®, is given in Table 5.3.1. We set the radius as defined
by the diffraction-limited spot size or by the requirement that r is
at least five wavelengths of the fluctuation being observed, which-

ever is the larger.

At 66 um, the spatial resolution becomes unacceptable for tempera-
tures much greater than ~ 4 keV, for a bandwidth of 1 GHz - at 10 keV
% = 58 cm. As discussed in the previous section, greater bandwidths
are currently unattainable using a Ge : Ga mixer. Using a wavelength
of 114 um, the spatial resolution seems adequate up to temperatures

of 10 keV.
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We see that at 385 uym, even at a temperature of 20 keV,
which corresponds to an angle of 8° for 1 GHz bandwidth, the spa-
tial resolution is not worse than 20 cm. Increasing the angle to
v 110, whilst permitting a larger spectral width to the scattered

radiation, would improve the resolution to ~ 10 cm.

5.4 Resolution in k

We considér the resolution in.Efs or O, that is achievable for
the ranges of parameters previously encountered. For focusing limited
by diffraction effects the radius of the focused beam is given by
r = 0.635 AOF, as discussed in section 2.2, while for focusing limited
by considerations of the fluctuation wavelength r = 2.5 Ao/sin (e/2).
The maximum solid angle for collection is df = Ai/wrz, which has a
cone fullangle 60 = 2 tat-l1 ( JTBZEB. In the first type of focusing,
80 = 2 taﬁ1 ((m - 0.635F)—1) which gives 80 = 1.44° for an f-40 focus—
ing element. Thus, 60 is independent of wavelength and @, while the
ratio 60/0 depends on the value of 0. In the second case,
tan (%?) = sin (0/2)/2.5m. TFor both 80 and © small, which is the
situation in which the fluctuation wavelength sets the limit on r,
§0/9 ~ 1/2.5m ~ 0.13. Consequently, under certain conditions, the
resolution achievable in © is independent of the laser wavelength and
the value of © itself, for maximum possible collection solid angle.
Naturally, d? can always be reduced, but only at the expense of the

scattered power.

In Table 5.4.1 we give the values of 80/0, as a percentage, for
conditions previously encountered. To a first approximation, 80/0 is
"~ 13%, except at Ao = 385 um and for a bandwidth of 2 GHz. For both ©
and 60 small, Sk/k ~66/0. Taking a simple point of view, since the
ion temperature is related to the half-width of the power spectrum of
scattered radiation (i.e. Ti = const.kzvi), the imprecision in the
value of T, is CSTi/Ti = 20k/k ~ 280/0. This implies that in almost
all of the measurements at 66 and 114 um there would be an error of
at least 257 associated with any value of Ti obtained, for maximum

possible collection solid angle. To reduce this error to less than
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10%, the angle 60 would have to be reduced by at least a factor of
2.5, resulting in a loss of light gathering power by more than a factor

of 6 and necessitating an increase in laser power by the same amount.

A closer examination reveals that the situation is much better
than suggested by the above consideration. Our approach is as follows:
We consider a case in which cooperative scattering is observed at an
angle © with collection angle 80 in the plane of scattering, centred on
©. We choose 80/6 = 0.44 and 6k/k = 0.35 - far larger spreads than
those likely to be encountered in practice. The theoretical ion
feature is calculated for the mean angle ¢ = O with solid angle 80.

The next step is to consider the finite range of collection angles.
We divide the solid angle into five intervals, each of magnitude

o = 80/5 in the plane of scattering. We evaluate the ion feature
for each of the five angles, ¢ = 9, ¢ = ©+aand ¢ =0 + 2a, with
solid angle a. Finally, a composite spectrum is formed by adding
together the individual intensities of the five spectra. The form
of the composite“spectruﬁ obtained is then compared.with that of the
spectrum obtained with ¢ = © and solid angle 40.

Purely for illustrative clarity, we assume that scattering
occurs under such conditions that the ion thermal feature is well

approximated by a Gaussian
. h 2 2
i(x) = -:E;EXP( hx7),

where x is the frequency shift in units of kvi and h is chosen so
that, for the mean angle ¢ = 0, i(1)/i(0) = 0.5. The total scattered
intensity is given by

o]

I = J%%. j; exp(—hzxz)dx = 1.
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Consider one half of the spectrum divided into 10 adjacent
channels from x = 0 to x = 1.8, each of width 6x = 0.18. The in-
tensity in the nth channel (n =1 to 10) is given by (ignoring the

spurious factor of 2)

Changing the variable to hx = t, we express each integral as the dif-
ference of two integrals of type
T

2 exp(-tz) de,
T |
)
which is the error function and is well tabulated. 1In figure 5.4.1
we plot the values of In versus x for the mean angle ¢ = 9, at the

points x = (xn + xn_l)/Z.

The ekercisg is repeated using the four other angles in turn,
$ =0 +aand ¢ = 0 + 2a. For each angle, the ﬁew value of h is given
by h sin(¢/2)/sin(®/2), so that Is = 1. We evaluate, for each value
of ¢, the intensities In over the same range of x as previously consi-
dered. These are also plotted in figure 5.4.1. The ratios
sin($/2)/sin(9/2) are 1.16, 1.08, 1.00, 0.91 and 0.81 for the five
angles in decreasing order of magnitude, respectively. The spread in
the half widths comprises 35% of the mean. Clearly, the spectrum for
¢ = O does not represent at all well the spectra for the extreme cases
with ¢ = © + 20. One might conclude from this that any attempt to fit
a theoretical spectrum, calculated for ¢ = O, to one obtained experimental-
ly with a range of angles 80 would result in an inaccurate value of Ti
being determined. For the case in point, according to our earlier

argument, the error in Ti should be v 2 8k/k ~ 707,

However, in a scattering measurement these five spectra would
all be overlayed on the various channels. What is important in de-
termining the error in Ti due to the range of collection angles is

the departure of the resultant spectrum from that associated with the
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mean angle ¢ = ©. Hence, in figure 5.4.2 we plot the spectrum obtained
by adding the contributions of the five spectra, for each chanmel.

In addition, the spectrum evaluated for the mean angle is plotted.
There is not much difference between the shapes or half widths of

the two spectra - the difference in the latter comprises 3.6% of the
half width of the spectrum for ¢ = O, This is almost a factor of 10

less than in the previous case.

Consequently, having experimentally determined a power spectrum
with a scattering geometry employing a large range of collecting angles,
it is not automatically the case that the value of Ti determined by
fitting a theoretical spectrum which ignores this angular spread is
highly inaccurate. In the example we have considered, the value of %?
is probably a factor of 2 or 3 greater than that which would be en-
countered(in practice. Hence, the resultant errors in the values of Ti
would be Vv 47, which would be considerably smaller than those arising
from ather sources. 1In any case, if the theoretical spectrum was cal-
'culateq using the proper weighting for the range of angles employed;the

errors could be reduced drastically to an insignificant level.

As a final comment, for the above argument to hold the scattering
conditions should be chosen so that the ion feature is a bell-shaped
profile or, at worst, is only slightly hollow. In the event of a pro-
nounced ion-acoustic resonance, the spread in k would probably lead
~ to large errors in any determination of Ti’ owing to the sensitive de-
pendence of the width and height of the feature on the parameter
a = llkln. Also, in any study of plasma turbulence a large range of
k is usually unacceptable since the scattered intensity is often

highly dependent on k.
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5.5 Results on the Determination of Ti from a Simulated Power

Spectrum

In this section we present the results obtained using the

Monto=Carlo simulation program described in section 4.3.2.

To investigate the influence of such parameters as pulse
length, power, detection bandwidth, the number of channels and the
concentration of impurities on the results, we first of all define a
set of standard operating conditions - Table 5.5.1. The fact that
a wavelength of 66 im and a receiver bandwidth of 2 GHz were chosen
is purely historical but not of great importance, since the results
can be applied to other wavelengths by simple scaling. Unless other-

wise stated, all results pertain to these standard conditions.

As previously described, section 4.3.2, the estimates of accu-
tacy in the determination of TiAare based on the statistics of 31 fits
of a theoretical power spectrum to one that is simulated. This number
is at the lower limit for drawing relevant statistical conclusionms.
However, it is a good compromise between using an excessive amount
of computing time and obtaining results which are statistically

meaningless.

In what follows, results are presented in terms of three important

parameters,which we will now define.

Afi(Z) ¢ deviation of the mean value of Ti’ obtained from
31 simulations, from the true value, in %. Large
values indicate a systematic error in the fitting
procedure (e.g. when fitting impurity-free spectra
to a simulated spectrum from a plasma with impurities)

and, hence, an unsatisfactory answer.
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hd ATi/Ti(Z) : the expected accuracy, in 7, of a single measure-
ment of Ti,(sample variance/true Ti)' This is the
main parameter to judgé whether or not a single-

shot measurement can be relied upon.

907 confidence : the 907 confidence interval of the variance of a
interval of sample, expressed in % of the true Ti' This is a
Ti(Z) measure of the confidence in the value of the

calculated precision of Ti'

The effect of varying the laser power and pulse length, on the
accuracy of Ti’ can be seen in Table 5.5.2. In these simulatioms it
is assumed that both Te and ne are already known, from elsewhere, with
standard deviations of 10%. As can be seen, the accuracy improves
significantly with increasing pulse-length, also with increased laser

power.

As shown earlier, section 4.3.2, optimum results are obtained
by running the laser at a power level such that the S/N at the mixer is
1 and obtaining as long a pulse as possible. However, it may be diffi-
cult to produce a FIR laser pulse of constant energy, irrespective of the
pulse duration, within the timescale in which we are interested
(v 100 nsec - 10 usec). The above result indicates that it is benefi~-
cial to run the laser above its optimum power level if extending the
pulse duration proves difficult. From Table 5.5.2 we see that for a
scattered power that is three times larger than the product of re-
ceiver NEP and bandwidth and a realistic pulse duration of 800 nsec,

a precision of better than 10% in Ti is achievable.

In another series of computations the effects of the presence of
impurities on the accuracy of the determination of Ti have been in-
vestigated. A mixture of impurities was chosen with the same pro-
portions as identified in the DITE tokamak (58), viz. 0.35% of 08+,

24+ 22+ 32+ .
0.07% of Fe and 0.0357 of Cr and Mo » to give a Zoes of 2.03. The
procedure did not converge if it was attempted to extract Ti by

fitting to the whole part of a simulated spectrum , with no allowance
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in the fitting routine for the presence of impurities, i.e.

fitting using an impurity-free spectrum.

Rather than try to include the effects of impurities in
the fitting routine, since it is considered unlikely that their
concentration or charge would be accurately known in practice,
the lower part of the spectrum was discarded and a fit was made
to the remaining high-frequency part, of width 2 GHz minus the

cut—off frequency F,, divided into N channels. We varied F¢ in

s
an attempt to deteriine the best cut-off frequency. For each
cut-off frequency 10 series of runs were performed, each series

with 31 simulations, for various numbers of channels (viz. a

series with 5, 6, 7, 8, 9, 10, 11, 12, 14 and 16 frequency channels).
Within this range of numbers no statistical evidence was found for
an optimum number of channels. Consequently, 10 was arbitrarily

adopted as being the standard number of channels.

In Table 5.5.3 the dependence of the accuracy in the determina-
tion of Ti on the cut-off frequency is shown, for the case of 10
channels. However, the values of ATi showed large fluctuations from
one series of 31 simulations to the next. Hence, for each cut-off
frequency, the value of Afi given is the average for the 10 series
of runs. While the statistical error_(ATi/Ti) seems to remain fair-
ly constant for cut-off frequencies between 400 and 800 MHz, the
systematic errors improve considerably with increasing cut~off fre-
quency. Consequently, to avoid errors due to impurities in the de-
termination of the deuterium ion temperature, when fitting an impurity-
free power spectrum to the spectrum obtained from an impure plasma
the spectral parts up to at least 600 MHz (and preferably up to

800 MHz) should not be included in the fitting process.

The main plasma impurity in our example is oxygen. It is reason-—
able to expect that lower cut-off frequencies can be used and a better

spectral fit obtained if the fitting routine uses the power spectrum
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calculated for a plasma containing the known concentration of
oxygen. Calculations have shown that, for a cut-off frequency

of 600 MHz, by including the effect of the oxygen a more accurate
value of Ti is determined since, although ATi/Ti remains at about
12%, the error ATi is reduced by more than a factor of 5. In prin-

ciple, it is possible to use even lower cut-off frequencies.

The influence of the precision with which n, and Te can be
independently measured on the achievable precision with which Ti
can be determined is shown in figure 5.5.1. The results are for
the case of an impurity-free fit to a spectrum with impurities,
for a cut-off frequency of 800 MHz. It can be seen that the de-
termination of Ti is insensitive to the precision of Te and n, up
to values of 10Z. Thereafter, the error in Ti increases approxima-
tely linearly with the errors in n, and Te. Hence, provided in
JET the errors in n, and Te are no worse than 107, with our present
state of development in FIR technology we can say that the limitations
to the achievable accuracy in the determination of Ti are due to the

performance of the apparatus used for the scattering measurement.

In another series of runs we investigated the influence of
the ratio Ti/Te on the precision of an ion temperature measurement.
We found that in the presence of impurities the precision is not much
affected in the range of 0.8 < Ti/Te < 2. For values smaller than
0.8 the precision deteriorates rapidly. Without impurities, where the
low frequency part of the spectrum is available for fitting, the pre-
cision varies with Ti/Te' The best precision is obtained around

Ti = L Te in this case.

The effect of varying o is shown in Table 5.5.4 for a laser wave-
length of 385 um. The error in the temperature measurement grows
roughly linearly with a, from 13% at a = 1.5 to 19% at o = 3 for the
conditions shown. The table also shows how the scattering angle ©
varies with o and how the detection bandwidth has to be adjusted. We
also adjusted the laser power in such a way as to obtain a constant

signal-to-noise ratio of one at the detector.



Finally a number of runs were undertaken where the simulated
power spectrum was evaluated taking into account the finite range
of collection angles employed — the principle was similar to that
described in section 5.4 but the method was much more rigorous.
A fit was made to the simulated spectrum using a theoretical spec-
trum evaluated for the mean angle and then using a theoretical
spectrum which was evaluated for the full range of collection angles.
There were no noticeable differences in the values of temperature
derived using the two types of spectrum. This finding is in

complete agreement with the conclusions of section 5.4.

5.6 Beam Refraction

The incident and scattered beams on their long paths through
the plasma will suffer deviation due to refraction.: This deviation
increases linearly with electron density and as the square of the
laser wavelength. Hence, there will be a displacement of the laser
beam at its poin; of focus in the plasma and at the beam dump, and
the scattered beam will be displaced at the collection window. We
will examine these effects, concentrating on the 385 pm wavelength
and a peak electron density of 3 x 1014 cm—3 since under these con-

ditions the displacements will be the greatest.

Consider a plasma of circular cross—section, on which a beam

travelling in the xy plane parallel to y is incident at a distance X

from the y axis, figure 5.6.1(a). For small deviations, the path
length through the plasma is close enough to 2yo and the deviation

is given by

= 3
a, = 2 s ‘n n(x,y)dy >
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where n is the refractive index of the plasma. Assuming that
the plasma has circular symmetry, and taking the variable

2 2 , . .
r =x +y , the above equation is transformed to give

a

% = in né&) dgir) o ?
/rz-x.2
s i

where a is the plasma radius at the toroidal position considered.
The plasma refractive index is given by

n(r) = 1-8.97x 10714 Azne(r) ,

where X is the laser wavelength in cm. According to recent pre-

dictions (39) the electron density profile in JET will have the form

a0 = 8- Db,

We solve equation 5.6.1 numerically to evaluate the deviations
a for various electron densities, laser wavelengths and values of
the impact parameter xi/a. The method takes into account that the
path through the plasma will be different to 2yo because of curvature.
In addition, the case of a plasma of elliptical cross—section - hori-

zontal radius a and vertical radius b - is treated.
The largest displacements will be suffered by the main laser
beam at the entrance to the beam dump, figure 5.6.1(b). 1If X s¥,

are the coordinates of the beam at its point of exit from the plasma

the beam displacement at the dump entrance will be
= - . * - .
d X, T X, 2 yo)tan @

For JET, we take % to be 350 cm, with a = 125 em and b = 210 cm.

5.6.1
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In figure 5.6.2 we plot d versus xi/a, for the case §Z a R
circular and an elliptical cross-section, with ﬁe =3 x 107 cm
and A = 385 um. As can be seen, for an impact parameter of ~ 0.9
the displacements are very large, over 42 cm in the case of a plas-
ma that is elliptically shaped and over 29 cm for a plasma with a
circular cross-section. The displacement decreases rapidly with
decreasing impact parameter and for values of xi/a ~ 0.4 we see
that d < 8 cm. In table 5.6.1 we tabulate the peak values of d
(for an impact parameter of 0.9) for the three wavelengths of DZO
and for various electron densities. Also tabulated are the beam
. deviétions @ after the laser beam has traversed the plasma. We
see that at 385 um, if the plasma density were increased from
3 x 1013 to 3 x 1014 cm_3 the beam displacement would increase by
over 38 cm i.e. the beam dump would have to be moved by that amount

to trap the main laser beam. This would cause problems.

However, because of the proposed scattering arrangement using
a pair of vertical ports, figure 5.2.1, the impact parameter employed

14 cm_3, the

would be ~ 0.05. Even at 385 um and a density of 3 x 10
maximum displacement of the laser beam at the dump would be less
than 1 cm and could be safely ignored. Under the same conditions,
the displacement of the scattered beam at the collection window is
even less because the beam only traverses half of the plasma cross-
section - the displacement would be x 0.4 cm, which is not serious.
Finally, in the case of the laser beam being focused onto the plas-—

ma equatorial plane the worst possible displacement of the focal

<
spot due to refraction would be ™~ 0.2 cm.
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5.7 Electron Cyclotron Emission and Bremsstrahlung

At the higher densities and temperatures envisaged for the
operation of JET, at 385 um the level of electron cyclotron emission
becomes sufficiently high to dominate all other sources of noise
associated with detection. Without the use of a viewing dump and
if no advantage were taken of the polarisation characteristics of
the radiation, the level of e.c.e. reaching the mixer could be so
high that scattering measurements would be very difficult without
a significant increase in the power of the FIR laser above the 1 MW
level. For propagation at right angles to the plasma magnetic field
there are two modes of emission, both linearly polarised. The extra-
ordinary mode has the electric vector perpendicular to the magnetic
field while the ordinary mode has the electric vector parallel to

the field. Emission in the extraordinary mode dominates.

According to recent calculations (60) at temperatures up to
3 keV and for toroidal magnetic fields of less than 28 kG, the level
of e.c.e. will be negligible at 800 GHz. However, for B = 34 kG,

T
e

P
e

extraordinary and ordinary mode, respectively. These values take into

10 keV.and n = 1014 cm 3 the emission. levels are

1.5 x 10—13W/cm2/str/Hz and Po = 7.5 x 10—14W/cm2/str/Hz for the

account the effects of reflections off the torus walls and of polarisa-
tion scrambling. Taking the maximum possible collection entendue - that
set by the heterodyning condition, ﬂrde ~N A§ - the total power

arriving at the mixer is Pt = 3.3 x 10—16WH21. This is a factor of

1000 higher than the achievable receiver NEP at 385 um. Consulting
Table 5.1.1, taking the above plasma parameters, for a bandwidth of

1 GHz and an NEP of 3.3 x 10-16WH;{ the laser power required is 18.5MW.
It is clear that this is unacceptable, and steps will have to be taken

to reduce the level of e.c.e. at the mixer.



- 107 -

If reflections can be avoided, by using a viewing dump, then
the emission is reduced and Pe =3x 10-14W/cm2/str/Hz whilst the
power in the ordinary mode is negligible. Under these conditions,
the laser power required to yield a scattered signal of the same
power as the noise is v 2.5 MW, which is still on the high side.
However, taking advantage of the low emission in the ordinary mode,
a scattering arrangement in which the laser beam was polarised with
the electric vector perpendicular to that of the extraordinary mode
would enable a polariser to be used in the detection system to dis-
criminate against the e.c.e. Referring to figure 5.2.1, this would
entail the laser beam being polarised perpendicular to the plane of
scattering. Through the use of a polariser, one would expect to achieve

an improvement of ~ 10 in NEP.

Thus, for a laser wavelength of 385 um the effects of e.c.e.
will have to be taken into account in any scattering system designed
for JET. With care, it should be possible to avoid the need for
laser powers much in excess of 1 MW for all but the most extreme
operating conditions. O&ing to the uncertainties involved in the
calculation of e.c.e. powers it is difficult to predict the upper
limits of measurement - a tentative estimate would be ~ 15 keV for a

field of 34 kG and an electron density of n 2 x 1014 cm_3.

Finally, the level of bremsstrahlung radiation has been cal-

culated over the full ranges of plasma parameters for a z of 2,

eff
using the expression (61)

N

-48 2 -
P =5.05x10 g nez(niz ). Te

b exp(-4.14 x 10—15v/Te) W/cm3/str/Hz,

where g is the Gaunt factor (set equal to 1) and v is the frequency.
We roughly estimate the plasma volume within the field of view to
be a cylinder of length 420 cm and diameter 5 cm (equal to that of
the collection window). The collection solid angle is set by the

heterodyning condition and is ~ 2.2 x 10—4 str. Even for the extreme
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conditions of n, = 3 x 1014 cm_3 and Te = 1 keV, Pb =1.0 x 10—19

WH;1 at 385 um. It is not anticipated that this level of radia-

tion will cause any problems.

5.8 The Effects Due to Plasma Micro-Turbulence

Probably the biggest unknown in any attempt to measure Ti
by FIR-laser scattering is whether or not the presence of micro
turbulence in the plasma will have any deleterious effects on the
measurement. Because of electron density irregularities, Sne, in
a plasma, either random or coherent, a scattered intensity propor-
tional to (Gne)2 is detected due to the bunched electrons emitting
constructively. Suppose there exists a turbulence mechanism such
that the fluctuatlon level C———) is a factor F larger than the ther-

De

dng
mal level 6———) ﬁ . The 1ntensity scattered from those tur-

e .
bulent fluctuatlons characterised by wave vector k and frequency w

will therefore be F2 times the intensity scattered from thermal
fluctuations of the same k and w. Clearly, it does not require a
level of micro turbulence of more than a few times the thermal le-
vel, in the (k,w) regime in which we would attempt to measure Ti’
before all information concerning the ion thermal motion would be
lost against the intense background radiation scattered from the

turbulent fluctuations.

Fortunately, the (k,w) regime which characterises ion thermal
motion appears to be one in which turbulence is rare. Assuming
that the scattering parameter o = l/kAD is chosen to be close to

unity then the scale length for scattering)xf,is v oA Furthermore,

Do

the frequencies v_ of the thermal fluctuations which would be re-

f
corded lie in the range 0.5 - 2 GHz, approximately. Although there
is a paucity of experimental results on micro turbulence in toka-

maks, up to date there have been no reports of turbulence of such
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short wavelength and high frequency being observed. Recent studies
(62,63) have indicated that thg regime in which the most intense
micro turbulence occurs is for wavelengths of ~ 50 AD’ or more,

and frequencies of X 1 MHz. It has been observed in a FIR-scatter-
ing measurement (62) that the scattered intensity varies as w-z“s
and kK °°° with

Gne n 4 Gne
(ne)tu - 8x10 (ne)th for v, X 2 x10° Hz

<
and 120 AD ﬂu% £ 410 AD. Scaling from these results, for Af N AD

and Ve X 0.5 GHz the level of micro turbulence would be negligible.
However, even in the case of the studies reported in reference (63)
the laser power employed was such that fluctuation levels a factor
of 20 above the thermal level would have barely been detectable.
Even this relatively-low level would, of course, be sufficient to

completely ruin any attempt to measure Ti'

In conclusion, whilst there is no concrete evidence either -
way to determine whether or not micro turbulence will rule out
measurements of Ti’ on balance it appears that provided A_ and

£
>
Vg are suitably chosen (NAD and v 500 MHz, respectively) there
should be no problems in this respect. However, should it prove
to be impossible to measure Ti the diagnostic would be a very use-

ful tool with which to study plasma micro-turbulence.

5.9 Summary

We now summarise the main finding of this section and state
the range of plasma parameters over which Ti could be measured using
the proposed scattering system, together with its estimated per-

formance.
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To date, there has been insufficient work on micro
turbulence in tokamak plasmas to be able to predict with cer-
tainty whether or not the turbulence level in JET will preclude
any measurement of Ti' However, the accumulated results indicate
that it is unlikely that such a measurement cannot be made. Im-

., . . < .
purities present in the plasma, with a z of ~ 2, have little

eff
effect on the determination of Ti' The finite range of collection
angles used has little influence on the accuracy of the measurement.
An examination of beam refraction by the plasma has shown that, using
the proposed scattering geometry, the effects are negligible - even
at 385 um. Bremsstrahlung radiation from the plasma should not, in
any operating regime, present difficulties by becoming a dominant
source of noise. Electron cyclotron emission will become the domi-
nant noise source at the higher temperatures and magnetic fields
envisaged for JET operation; this limits the maximum temperature

at which measurements can be made.

Using a laser of wavelength 385 um, of power 1 MW and pulse
duration 1 usec in conjunction with a receiver of NEP N3 x 10—19 WHzl,
from a computer simulation study it is estimated that Ti could be
measured with an accuracy of at least + 207 in the electron density
range 3 x 1013 - 3x 1014 cm-3 and in the temperature range 3 - 12 keV
(assuming Te = Ti>' Without recourse to a more powerful laser, the

13 cm_3 and

lower limits for a useful measurement would be ~ 10
v 2 keV while 15 keV probably represents the upper temperature limit.
The spatial resolution achievable should never be worse than 20 cm,
with an average separation between the points of measurement, across
approximately half of the plasma diameter in the vertical direction,
of v 32 em. If the CO2 pump laser were multiply pulsed during one
JET discharge, as discussed in section 3.2.5, several values of ion
temperature could be obtained with a minimum time separation of

" 0.1 sec between successive measurements. Using a longer separationm,

>
"~ 1 sec, up to 10 successive measurements would be possible.
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VIEWING

DUMP LASER BEAM

PLASMA

——

i ﬂv M‘m

\—W——J
SCATTERED RADIATION

Fig. 5.2.1 : Arrangement of Incident and Scattered Beams in JET
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LY

(a)

(b)

Figufe 5.6.1 : Coordinate Systems Used for Calculating

Refractive Deviations and Displacements
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6. SOME PRACTIAL DETAILS

In this section we examine the practical requirements of inter-
facing the FIR-laser scattering diagnostic with JET. Among the topics
considered are the construction of the windows and dumps, the geometries
of the incident and scattered radiation, the siting of the equipment,
the space it requires, and data acquisition and control. It is intended
that the diagnostic will be suitable for use during the D-T phase of
operation of JET. Consequently, the philosophy of the design study has
been that from the outset the system should be capable of being operated
fully by remote control. During the non-active phase any weaknessés of
the system should manifest themselves - having corrected these, high

reliability should have been achieved by the start of operation with D-T.

Since the diagnostic technique has yet to be proven, we have not
concerned ourselves in providing detailed designs of, e.g., the layout
of the optical components or a means of checking the alignment, but have
adopted a more general approach. Also, we have not studied in detail a
number of specific problems such as that of obtaining good seals for the
windows and the effects of the radiation emitted by the plasma on the
various components in the torus hall. Indeed, even in the case of the
routine diagnostics for JET many of these problems remain an open question,
but will have to be overcome before operation on the tokamak is possible,
Consequently, we plan to capitalise on the time and effort invested by
other groups, working on more fundamental diagnostics, in finding answers
to these problems and to adopt the same solutions whenever possible - du—~
ring which time we will be developing and testing our diagnostic on the
Lausanne TCA tokamak (64) and establishing the ranges of parameters over
which the technique is viable. This not only avoids the duplication of
effort but also has the advantage of standardisation, with the attendant

benefits for servicing and replacement.
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6.1 Windows and Dumps

In section 5.2, we have discussed the proposed arrangement of the
windows and dumps. The most suitable window material for our purposes
is crystalline quartz, z-cut so that the incident and scattered laser
radiation propagates through it in the extraordinary mode. This ensures
minimum absorption. At 385 um, for the extraordinary ray, quartz has a
refractive index of 2.156 and an absorption coefficient of 0.1 cm-1 (65).
The window thickness t needed to withstand a certain pressure p is re-
lated to the diameter d by t/d = 4(p/M)%, where M is the mechanical
strength coefficient. Taking M as 6.6 x 108 Nmfz (66) and for a pressure
differential of 1 atmosphere, the 70 mm input window should have a
thickness of 3.5 mm whilst that of the 50 mm collection windows should
be 2.5 mm. These thicknesses incorporate a safety margin of 4. We find
that, for one window of each type in series, the transmission through the
pair is ~ 53%7Z. In éther words, at 385 um, we would need to double the
laser powers from those given in table 5.1.1 to overcome the losses intro-
duced by refléctions from, and absorption in, the input and collection

windows.

At present, there is no completely satisfactory method for pro-
ducing quartz-to-metal seals - necessary for mounting the windows in
the port covers = although encouraging results have recently been ob-
tained by a company in Princeton (67). By the time JET is operational

it is anticipated that this problem will have been completely overcome.

The beam and viewing dumps will be made from pyrex glass, which
has an absorption coefficient of 2 50 cm.—1 at 385 um (68). Since electron
cyclotron emission appears to pose a problem at the more extreme opefat-
ing conditions of JET, as discussed in section 5.7, the viewing dump
must be such that its efficiency is not dependent on the polarisation
of the radiation incident on it. This criterion is satisfied by a
Rayleigh horn. To avoid any risks of fracture due to stressing the glass

during the bakeout of the torus, the horn should not be subjected to any
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pressure differentials. This can be achieved by attaching a vacuum-
tight enclosure of stainless steel to the torus, the horn forming a

lining to the enclosure.

For the main laser beam, since the plane of polarisation is well
defined we may use a dump that comprises three plates of pyrex glass
aligned at Brewster's angle with respect to the beam, as depicted in
figure 6.1.1. The beam falls onto the first plate where most of the
radiation is absorbed. The small fraction which is reflected is inci-
dent on the second plate, and so on. By placing a fused quartz window
behind the first plate, we may use a He-Ne laser to check alignment of

the input optics and observe the beam as it leaves the dump.

It will be necessary to protect the windows and dumps from the
debris produced during a discharge. To this end, moveable shutters
will be strategically placed to protect these components. The shutters
will be syndhroniéed to epen prior to the laser pulse, for a few se-
conds. It is envisaged using a device similar to that proposed for use

with the ruby-laser scattering diagnostic (No 8.2).

6.2 Beam Paths and Alignment

The arrangement of the beam paths at the tokamak for the incident
and scattered radiation is depicted in figure 6.2.1., together with de-

tails of the optical elements used.

Both the main laser beam and the beam of scattered radiation would
have to traverse a minimum distance of A 25 m between the torus and the
diagnostics area, situated beyond the biological screen, in which the
laser and detector would be housed. This requires many optical elements

in each path to guide the beam around obstacles it encounters.
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From Gaussian beam theory (69), we have found that at 385 ym free-
space propagation of the TEMoo mode over distances of many tens of
metres is possible without undue losses due to diffraction, so that

we are not obliged to use waveguides. We note that should another FIR
wavelength be used on JET it might be necessary, depending on the la-

ser transition, to propagate the beams in an environment of N. or dry

2
air, to avoid excessive absorption by water vapour in the atmosphere

(the 66 ym line of DZO is an example of such a wavelength). This may
be achieved by enclosing the beam paths by means of plastic tubing and

flowing a suitable gas through it.

We intend using reflective optics entirely, to avoid the losses
due to absorption and surface reflections associated with refractive
elements. Also, because such optics are non dispersive we may use an
optical laser for their precise alignment without introducing any
errors for the FIR-laser radiation. For both the input and collection
optics the foéusing elements consist of a concave and convex mirror
arranged to form an off-axis Cassegrainian telescope. The overall
spherical aberration of each telescope is small, since the aberrations
of the two mirrors are of opposite sign and largely cancel one another.
Focusing changes can be readily accomplished by relatively-small varia-

tions of the separation of the two mirrors.

Returning to figure 6.2.1, the input optics comprise a concave
mirror of 750 cm radius of curvature, a convex mirror of 560 cm radius
of curvature and a plane mirror to direct the beam into the torus.

The centres of curvature of the spherical mirrors coincide. The longi-
tudinal spherical aberration for a parallel beam of diameter 12.5 cm,
incident on the concave mirror, is about 6 mm, which is acceptable. If
the separation between the two curved mirrors is increased by 40 cm

the focal length of the telescope is reduced by 245 cm. This range of
focusing is adequate to cover all of the plasma cross-section that is

accessible to the collection windows, as discussed in section 5.2. It

-+



is intended to mount the input optics on a small frame which is
attached directly onto the input port structure. During a normal
discharge it has been estimated that this structure would move by

v 0.04 mm, which should not cause any problems due to changes in align-

ment.

The collection optics are very similar to the input optics but
perform the reverse role - that of providing a collimated beam. The
focal lengths of the telescope mirrors are + 200 and - 100 cm. To
select the appropriate collection window, the corresponding plane
mirror in an array would be moved into position to direct the radia-
tion into the telescope. Aberrations in this instrument would intro-
duce an additional divergence of about 0.9 millirads. The collection
optics would be mounted on a frame bolted to the floor of the torus

pit.

For remote manipulation and monitoring of the positions of the
mirrors and other elements it is proposed to use, if possible, the air-
driven stepping motors and position sensors under development for the

interferometer of Véron.

A satisfactory method of aligning the system remotely has not yet
been devised. As previously mentioned, the all reflective optics en—
able a He-Ne or an Argon-ion laser to be used for this purpose. When
monitoring the beam position and profile at various locations during
alignment, it is intended to use bundles of fibre optics to relay this
information to the operator outside the biological shield. At each
end of a bundle, the fibres are arranged to form a rectangular grid
with a spacing of a few mm. There would be a 1 : 1 correspondence bet—
ween the fibres at each end so that any light pattern incident at one
end of a bundle would be reproduced at the other. One of the grids
mounted on the optical systems at the torus would be moved into a
predetermined position to intercept the alignment beam. The pattern

produced would be examined by the operator and any necessary adjustment
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of the optical elements made. This process would be repeated along

the chain until the whole system was in a state of good adjustment.
Eventually, the procedure could be computer controlled so that checking
and optimisation of alignment would be performed automatically before

each tokamak discharge.

The checking and optimisation of the input and collection optics
would be facilitated if an alignment target could be introduced into
the torus from time to time. It is envisaged that a probe similar to
that intended for use with the ruby-laser scattering diagnostic (No 8.2)
would suffice. The probe would normally be housed in its own vacuum

chamber, separated from the torus by a valve.

At present there is insufficient information available concerning
the degradation of the transmission of quartz windows and fibre-optic
cables due to irradiation by neutrons and y-rays, which will be produced
in copious amounts during the D-T phase of gperation of JET. Although
it is intended to use a radiation-resistant fibre-optic cable which has
a relatively low performance, such as Du Pont Pifax S$S~120 types 30 and
40c, and even though a decrease in transmission by a factor of 10 could
be tolerated, it is possible that radiation shielding will be needed for

the cables.

6.3 Space Requirements

It is planned to locate the lasers and detection system behind
the biological screen at a distance of R 25 cm from the torus. Since
octant 4 has been provisionally allocated for the diagnostic, the equip-
ment would be housed in the area primarily designated for additional

heating and for tests.
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The equipment would weigh approximately 15 tonnes and would
occupy a total floor area of about 28 mz. When arranged so as to
afford reasonable access, an area of at least 45 m2 would be needed.
A minimum headroom of 350 cm is required. In addition, a screened
room of area 400 x 300 cm and height 250 cm would be needed to house
the detection system - or the equivalent space in a larger room

would be suitable.

6.4 Data Acquisition and Control

The data acquisition and control requirements are listed in
appendix 6.4.1. To monitor the state or performance of the various
equipment we would need 63 channels. In addition, to control this
equipment an additional 64 channels would be needed. For data aquisi-
tion purposes — where we have selected a detection system which has
the largest requirements, to illustrate the worst case - 33 channels
would be needed to transfer the data from the three transient digiti-
sers to the local computer. Also, it is envisaged that 3 extra chanmels
of each kind would be required as spares. Finally, for a single laser
pulse 12,300 10-bit words of memory would be needed on the local com-

puter.
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Appendix 6.4.1

MONITORING, CONTROL AND DATA ACQUISITION

REQUIREMENTS

Monitoring (Analogue Signals)

Digitising Time

wt

Device(s) Parameter Interval Channels
4 CO2 Lasers Current I(t) 10 nsec 4
" Voltage V(t) 10 mnsec 4
" Photon Flux ¢ (t) 2 nsec 4
" Photon Energy E 1 integrated value 4
E-Beam Laser Electron Gun Vacuum 1 sec (cont.reading) 1
5 Power Supplies Charging Voltage " 5
" Dumps down " 5
FIR Laser Photon Flux @ (t) 2 nsec 2
" Photon Energy E 1 integrated value 2
" Gas Pressure 1 sec (cont.reading) 2
Telescopes and
Mirrors Position and/or Orien- .
tation " 30
Spare ‘ 3
66
Controls
Device(s) Control No of Channels
5 Charging Units Switch on 5
" Dump 5
" Increase Set Voltage 5
" Decrease Set Voltage 5
4 CO2 Lasers Trigger 4
2 Vacuum Pumps Switch on 2
2 " Switch off 2
3 Transient
Digitisers Reset 3
" . Gate 3
Telescopes and
Mirrors Position and/or Orientation 30
Spare 3
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Appendix 6.4.1 (cont.)

DATA TRANSFER

Each of the three transient digitisers outputs ten-bit words, the
bits in parallel. This requires 30 data channels. In addition, 3 con-
trol channels would be required. Allowing for 3 spare channels, this

makes a total of 36 channels.

MEMORY ALLOCATION

Each of the three transient digitisers would output 4096 ten-bit
words to the local mini-computer. A total of 12,288 words of memory
would be needed. An additional 10%Z for reserve would be advisable,

making a grand total of 13,516 words.

MULTI-PULSE OPERATION

All of the preceding figures are for the case ofa single laser pulse
during each tokamak discharge. In the case of multi~pulse operation, e.g.
five pulses during the 20 sec discharge, the memory allocation needed would
be correspondingly larger. Also, I(t), V(t), @(t) and E would have to be
digitised for each pulse. Similarly, a number of control channels would
be activated once for each laser pulse, as well as data transfer being

activated after each pulse.
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7. COST OF DIAGNOSTIC AND TIME SCHEDULE FOR COMPLETION

In this section we estimate the cost of the diagnostic from
its initial development, through the various stages, to commissioning
on JET. Also, we draw up a tentative time-table for the progression
of the diagnostic from initial development work to commissioning on

the tokamak.

7.1 Cost Estimate

In table 7.1.1 we provide a detailed cost estimate for the dia-
gnostic. A cost of S.Fr. 1,850,000 - 2,076,000 is foreseen in total
{S.Fr.3.90 = £ 1.0}. Of this S.Fr. 307,000 - 457,000 are required for
development, S.Fr. 49,000 - 69,000 are required for design, S.Fr. 1,392,000
are required for manufacture, construction and assembly, S.Fr. 27,000 -
41,000 are required for testing and calibration, S.Fr. 33,000 -~ 46,000
are required for transport and installation and S.Fr. 43,000 - 72,000
are required for commissioning on JET. A breakdown of the costs of

the hardware is provided in table 7.1.2.

The ranges in the costs for the various stages arise from uncertain-
ties in the man-power requirements for their completion. To the figures
quoted, an extra 10% at least should be added to cover the costs of
overheads and contingencies. It should be noted that the costs quoted
~ are based on prices which were current at the end of 1979, and that

there is no built-in factor to allow for inflation.



7.2  Time Scale for the Diagnostic

A provisional time-table for the progression of the FIR-laser
scattering system from initial development to final installation on
JET is drawn up in table 7.2.1. It is envisaged that the diagnostic

could be installed on the tokamak during the autumn of 1983.

Implicit in the above is the assumption that a contract would
be placed with the CRPP in sufficient time to permit adherence to the
time table. We estimate that there would be a minimum delay of 18
months after receipt of the contract before the diagnostic would be
available for use on JET, and that mid 1982 would be the earliest at

which such a contract could be accepted.
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BREAKDOWN OF HARDWARE COSTS

Item

E-beam CO2 Laser

TEA CO2 Lasers

Power Supplies

Trigger Units

Oscillator Frame (Invar)

Mounting Frames for TEA Lasers
Windows, Optics and Holders

Monitors of Discharges in 002 Lasers
FIR Oscillator

FIR Amplifier

Optics and Windows

Vacuum Pump

Windows for Torus
Vacuum Valves for Protection

Beam Dumps

Input and Collection Optics and Mounts

Motors for Controlling Above

Framework for Input and Collection Optics

Tubes for Beam Propagation

Detector plus Mixer
Laser for Local Oscillator

Transient Digitisers
Gas Handling Equipment

Alignment Laser

Screened Room

Total

Cost (S.Fr.)

529,500
115,000
10,000
5,100
8,000
3,000
41,300
2,500

22,730
2,500
11,000
6,025

9,000
70,000
10,000
17,000
80,000
20,000

5,000

56,000
75,000
200,000

2,500
16,000
26,000
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Table 7.2.1

Time Scale for the Diagnostie

1980-1981 (autumn)

1981 (autumn) - 1982

July 1982 - Dec. 1982

Dec. 1982 - June 1983

June 1983 - September 1983
October 1983 - December 1983

Development Work

Testing of Diagnostic on TCA

Detailed Design for JET

Manufacture, Construction and Assembly
Testing and Calibration

Installation and Commissioning
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8. " CONCLUDING REMARKS

This study has resulted in the production of a conceptual design
for a diagnostic to measure the plasma ion temperature in JET by Thom—

son scattering using a far-infrared laser.

It is concluded that using-existing'D20 lasers and Schottky-diode
mixers at 385 um a measurement of Ti could be performed with an accuracy
of + 50%Z. To achieve accuracies of better than + 207 it will be necessary
to improve the laser performance such that the pulse duration is extended
by at least a factor of 10 to A1 usec, whilst maintaining the power

level at around 1 MW.

Using a laser of the above performance, together with a mixer of
NEP ~ 3 x 10-19 WHEI, an accuracy of + 207 can be achieved in the determina-
tion of T, in JET, over the following ranges of parameters: n, = 3x 1013
to 3 x 101'4 cm—3, Ti (= Te) = 3 to 12 keV., For access defined by a pair
of large vertical slit ports, a little over half the plasma vertical dia-
meter can be scanned with an average separation of A 32 cm between the
points of measurement. The achievable spatial resolution should always
be better than 20 cm. Multiple pulsing of the FIR laser would permit

~ 10 measurements to be taken during a time interval of ~ 10 sec.

It is apparent that there are a number of points which require
further investigation and development before a FIR scattering measurement

on JET becomes a practical proposition. The most important of these are :

(a) The DZO laser performance at 385 um will need extending to pulses

\ >
of duration &~ 1 usec and power 1 MW.



(b)

(c)

(d)

(e)

A study of the effects of neutron and Y-ray irradiation
on the transmission properties of quartz and glass elements
and on fibre-optic cables will be required, so that ade-
quate shielding precautions can be taken during the D-T

phase of JET operation.

Rigorous testing will be needed of the optical components
and mounts over beam paths which are representative of

those on JET, to ensure adequate long~term stability.

A simple and reliable system will have to be developed for
the remote checking and adjustment of the various beam paths

and optical elements.
The data acquisition and control system software will need

developing and testing before the diagnostic is installed on

JET.

It is not foreseen that any of the above will present insur-

mountable obstacles to the successful application of the diagnostic

technique to JET.
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