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ABSTRACT
Different methods of laser plasma diagnostics is reviewed and the 

latest results are discussed.

АННОТАЦИЯ

Обсуждаются методы лазерной диагностики плазмы и дискутируются получен
ные самые новые результаты.

KIVONAT

A lézeres plazmadiagnosztika módszereit ismertetjük és a legújabb ered
ményeket diszkutáljuk.



1 .  INTRODUCTION

Laser plasma diagnostics has become the largest branch among 
the plasma diagnostics methods because of the rapid development 
of laser techniques during the last twenty years. Both the devel
opment of laser physics itself and the associated techniques 
have initiated new diagnostic methods and the need for new diag
nostics has, in turn, started the investigation of new shorts 
of lasers, detectors, and optical configurations. The research 
activity in the field of controlled thermonuclear fusion plays 
a decisive role in this respect.

Almost all laser methods can equally be used for the diag
nostics of both low temperature and high temperature plasmas but 
the needs of thermonuclear plasma diagnostics determines the rate 
of development. Low temperature plasma diagnostics experiments 
tend to be only model experiments prior to applying the new 
method in thermonuclear research. In view of this, emphasis is 
placed on the high temperature applications in this present re
port. The boundaries of laser plasma diagnostics have widened 
very much and from time to time review have summarized the re
sults in widely varying subfields [1-14]. In this paper chiefly 
the results published after the last review papers /detailed 
above/ are emphasized besides a brief summary of the essence of 
the different laser diagnostic methods.

2 .  WHAT DOES A LASER PLASMA DIAGNOSTICS SET-UP LOOK L IKE?

The general arrangement of a plasma diagnostics measuring 
set-up can be seen in Fig. 1 by means of which the plasma cre
ated by the plasma device can be diagnosed. The measuring optical 
configuration depends on the property of the plasma to be
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measured. For instance, in the case of plasma density measure
ments, by measuring the index of refraction of the plasma this 
particular optical configuration acts as a sort of interferome
ter /see Section 6/. By measuring the electron temperature by 
Thomson scattering the measuring optical configuration is given 
by the scattering geometry /see Section 3/. Depending on the 
plasma to be measured this optical configuration can be realized 
in many ways. The development of measuring optical configurations 
results in new plasma diagnostics methods /for instance different 
interferometers, scattering geometry/. Any given measuring op
tical configuration is determined, naturally, also by the type 
of interaction with the plasma /for instance local scattering, 
phase acceleration during the path of the propagation/.

Lasers are selected according to the plasma properties, 
the plasma property to be measured, the type of interaction, the 
type of detection and measuring optical configuration. In accord
ance with the given requirements the laser wavelength varies 
from 100 nm to 1 mm. Furthermore the laser can be pulsed or con
tinuous wave and the power requirements are some lOO MW in the 
pulsed case and from some 100 mW in the CW case. The pulse dura
tion is sometimes required to be some tens of picoseconds; 
otherwise a longer pulse length in the ysec range is more advan
tageous .

The type of detector changes according to the wavelength 
of the laser and many times greater sensitivity and faster 
response are also required. Recently, special TV cameras and 
streak-cameras have begun to serve as detectors.

The data acquisition and display system is controlled by 
computers in modern diagnostics systems of thermonuclear research 
Sometimes this data acquisition system is simply an oscilloscope.

Plasma devices do not belong to the diagnostics system but 
such devices do give control signals to the lasers and the data 
acquisition system. In more sophisticated measuring optical con
figurations the data acquisition system controls the optics and 
the lasers too.
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The use of the plasma diagnostics method enables the fol
lowing plasma parameters to be measured.

1/ Electron density /n /
by Thomson scattering /Section 3/, 
interferometry /Section 6/ and non
linear scattering /Section 5/;

2/ Spatial and temporal electron density distrubution 
n0/r,t/

by Thomson scattering /Section 3/, and 
interferometry /Section 6/;

3/ Electron temperature /Т /
by Thomson scattering /Section 3/, 
and nonlinear scattering /Section 5/;

4/ Spatial and temporal electron temperature dis
tribution /Т /rft//

by Thomson scattering /Section 3/;
5/ Ion temperature /IV/

by Thomson scattering /Section 3/, 
nonlinear scattering /Section 5/, and 
scattering on bound electrons /Section 4/?

6/ Local current density /j /
by Thomson scattering /Section 7/;

7/ Determination of the density of the different 
species of plasma /impurity atoms, ions in the 
ground and excited states, background atoms in 
the ground and excited state/

by scattering on bound electrons 
/Section 4 /.

8/ Local magnetic field /Н /
by Thomson scattering /Section 3/ and 
Faraday rotation /Section 7/.
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3 .  SCATTERING BY FREE ELECTRONS

Laser radiation with propagation vector and frequency 
o)̂  is sent through the plasma. The by the plasma scattered light 
with propagation vector к and frequency шс is observed. The 
spectrum of the scattered light can be fitted by the theoretical 
function S/w, к; T , T . , n / given in ref. [14] where w=w.-wc 
and k = k .- k ~ 2 k .sin0/2 where 0 is the scattering angle. The par-l b  1
ameters are the electron temperature /Te /f the ion temperature 
/T^/ and the electron density /n /, all of which can be deter
mined as a result of the fitting procedure.

If k>>k = -r—  where X is the Debye length, the form of D Aq D
function S is the same as the electron velocity distribution
function. In the case of Maxwellian distribution the amplitude
of the spectrum gives the density of the electron, the width

ЗнТ 1/2
/Aw/determines the electron temperature Aw = k(---- ) . и is

e
Boltzmann's constant, and m is the electron mass.e

The ion temperature does not influence the function S in 
that case at all.

The measurement is a local one determining n and T at
e ethe point of interaction к . and к .i s

In the most recent investigations of tokamak plasma [15] 
the spectrum is measured using a spectrograph with image in
tensification and video camera detection. The different spatial 
points among the path of the light through the plasma are simul
taneously observed using fibre optics to project the image of 
the light path to the input slit of the spectrograph. In this
spatial distribution of n and T can be determined simulta-e e
neously. In this case, a gaint pulse ruby laser is used as the 
light source.

In another experiment [16,17] the ruby laser is modulated 
and so the laser gives a series of light pulses with about 
30 ysec separation between the pulses. Using polychromator 
with simultaneous detection in the channels the temporal evolu
tion /те / ne / of the tokamak discharge is measured in the vicin
ity of major disruptions.
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If k<<kD and w>>Wp /the plasma frequency/ the function 
S can be replaced by S' i.e.

S(o),k;Te ,Ti,ne) ~S' (w,k;T1)

and the S' function contains only T^ as the parameters, con
sequently. The ion temperature /T^/ can be determined from the 
measured scattered spectrum. The width of the spectrum

1 ЗиТ± 1/2
Г715

where пк is the ion mass.
There are two ways to satisfy the inequality k<<kQ . One 

way is to decrease the scattering angle, the second is to in
crease the wavelength of the laser.

In the first case the scattered radiation cannot be separ
ated from the incident beam. The simultaneous detection of the 
incident and scattered beam causes a beating signal in the 
detector. Due to the smallness of Док the spectrum of the beat
ing can be measured electronically instead of using a polychro- 
mator. This homodyne detection is used in many experiments 
[18-25]. The drawback is the poor spatial resolution due to the 
small scattering angle.

In the second case, long wavelength high peak intensity 
laser and sensitive detectors are needed. The consequence of 
this is that extensive research in being carried out to devel
op pulsed narrow bandwidth submillimeter lasers [26-28] and 
sensitive detectors.

4 .  SCATTERING BY BOUND ELECTRONS

Plasma usually consists of different atomic species; this 
is also true if the original gas was very pure and the ioniza
tion grade is nominally 100% /high temperature plasma/. The 
neutral gas background density is usually many orders of mag
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nitude lower than the electron density in high temperature 
hydrogen tokamak plasmas, but this low density background plays 
an important role in particle transport processes to the wall 
and back [29]. The wall interaction with high energy neutral 
atoms emits heavy impurity atoms into the plasma thereby chang
ing the content and principally changing the state of the plasma 
This means that the diagnostics concerning the densities of the 
different plasma species is of crucial importance.

The determination of the plasma content is naturally an 
important task also for the diagnostics of plasmas of low tem
perature, consequently of low ionization grade.

The laser method for locally determining the density, tem
perature and drift velocity of the different plasma species is 
resonance fluorescence induced by tunable laser light. The 
method has become applicable only since the development of tun
able lasers. The resonance light of the laser usually saturates 
the transition due to the high intensity. In this case the 
population increase AN^ in the upper level - consequently also 
the intensity of the resonance fluorescence /G / - depends only 
on the population of the lower level /N^/

G = t *a *N2 .

If the atomic parameters, spontaneous relaxation rates and 
the relaxation rates induced by electrons are known, a can be 
calculated [30,31] and the density of the atoms in the lower 
level can be determined according to the above formula, where 
t is the duration time of the laser pulse.

In a recent experiment the denstiy of the hydrogen atoms 
in the first excited state was determined in tokamak plasma [32] 
With the knowledge of the density of the excited atom / ^ /  the 
atomic density in the normal state /N^/ can be calculated using 
an acceptable plasma model. The density distribution are also 
determined at different discharge times.

The density of different plasma species has been determined 
in low temperature plasmas in many recent experiments [33-38]
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using the resonance fluorescence method. Using this method of 
laser plasma diagnostics it is also possible to measure the dif
fusion of the impurities in the plasma. In the experiment [39] 
the diffusion of aluminium atoms was measured in hydrogen plasma. 
The aluminium atoms are injected into the plasma by a shot from 
a CC>2 TEA laser to the surface of aluminium in the plasma. The 
time taken for the diffusion to develop is measured by a timed, 
tuned laser and by observing the resonance fluorescence. The 
potential applicability of the method for investigating the 
plasma-wall interactions in tokamak discharge is of great 
significance.

5 .  NONLINEAR SCATTERING BY PLASMA MODES

In the preceding diagnostics methods the absence of perturba
tion of the plasma by the laser beam is required /no heating/.
But sometimes the scattered signal - especially in the case 
of scattering by free electrons - turns out to be too weak /the 
Thomson scattering cross-section is too small/. Consequently the 
laser beam must then be very strong and the plasma is perturbed. 
The laser beam does not heat the plasma essentially but induces 
plasma modes by nonlinear interaction and the beam scatters on 
these induced mode. One of these nonlinear scattering processes 
is the four wave scattering. Two crossing laser beams induce 
plasma modes so that the first beam forces the electron to oscil
late and the oscillating electron of high velocity interacts 
with the magnetic field of the second beam of different fre
quency. The results is a ponderomotive force acting on the elec
trons with the frequency difference ÍÍ = - ш 2 of the two
pumping beam and with the wave vector к = k^ - k2 . The force 
acting on the electrons is parallel to the electric field. Con
sequently, a plasma wave is induced if к and ÍÍ satisfy the dis
persion relation in the plasma. The use of a third beam it pro
duces scattering on the induced plasma wave giving rise to a 
fourth scattered wave. The cross-section of the scattering de-
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pends on the product of the intensities of the pumping beams 
and it is of many orders larger than the Thomson scattering 
cross-section [40-44].

The plasma properties, the density and the temperature can 
be determined by measuring the spectral properties of the scat
tered light or by determination of the resonance condition chang
ing the frequency of the pumping beams.

The very first experiments have been performed [45,46] show
ing the result to be in agreement with theoretical expectations 
[42]. in these experiments two dye laser beams of different frequency 
pump the plasma nodes in a free burning arc and the ruby laser pulse 
is scattered on the induced fluctuations. The increase in the 
intensity of the scattered light relative to the Thomson scat
tering is between one and two orders of magnitude.

A single laser beam can also excite plasma modes if the 
intensity is high enough and the beam itself is scattered on 
the induced fluctuation /for instance Brillouin scattering/. The 
scattered light can be used to determine plasma parameters such 
as ion temperature etc. see for instance [47,48].

Many other nonlinear processes are being investigated with 
a view to using them for plasma diagnostics purposes [49,50].

6 .  MEASUREMENT OF THE INDEX REFRACTION OF THE PLASMA

The most popular method for determining plasma density is 
to measure the index of refraction of the plasma using inter
ferometers with laser light source; viz. the phase acceie”ation 
of the light beam caused by isotropic plasma without a magnetic 
field.

Д cp = - 4 , 4 6 *  10~14 ’ X ’ n *£e

where Л is the wavelength, 1 is the length of the plasma. As 
can be seen the longer the wavelength and the length of the 
plasma the smaller the density which can be determined. Further
more, the smaller the phase acceleration which can be measured
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the smaller the measurable density. This has §iven rise to re
search work and papers dealing with the enlargement of 1 using 
a multibeam interferometer [51], and the measurement of small 
phase acceleration [52]. In addition, a great deal of effort 
has also been made to develop reliable far infrared CW lasers 
[53-58].

The correct choice of the wavelength depends on two disturb
ing effects: the mechanical vibration of the parts of the in
terferometer and the refraction of the beam on the plasma den
sity gradient. To avoid the first effect a longer wavelength, 
to avoid the second effect a shorter wavelength has to be used. 
Thus the correct wavelength to be chosen is the result of a 
trade off between the two effects.

In actual practice a wide variety of interferometers are 
used to measure phase acceleration taking into account, among 
the other requirements, the speed of the measurement needed in 
the case of fast plasma events. These interferometers are the 
following:
1/ Classical two beam interferometers with reference beam

of the same frequency as the scene beam /Michelson, Mach- 
Zender, Jamin, etc./. The drawback of these interferometers 
is that the measurement of the phase acceleration is dis
turbed by the instability of the laser intensity, the in 
crease of phase acceleration cannot be distinguished from 
the decrease of the phase acceleration.

2/ Heterodyne interferometers. The plasma is set into the re
sonator of the laser. The phase change caused by the plasma 
appears as a frequency change of the laser. The frequency 
change is measured by heterodying with the beam of the 
second laser [59,60]. The use of this method anables a high 
degree of sensitivity to be achieved. Great laser frequency 
stability is needed. The smallest measured density is about 
1012 cm-3.
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3/ Ashby-Jephscott interferometer. The plasma is set into the 
Fabry-Perot interferometer which is in series with the 
laser resonator. The intensity of the laser is modulated 
according to the resonance caused by the plasma in the 
compound interferometer. The sign of the plasma density 
change is ambiguous in such measurements [61].

4/ Modulated interferometer. The pathlength is artificially modulated 
besides the pathlength change caused by the plasma. The display is on 
the oscilloscope. The у direction is proportional to the modulation. The 
interference fringes modulate the brightness of the display.
In the x direction the time is displayed /Zebra type display/. 
The sign of the density change is unambiguous [62,63].

5/ Light beating interferometers [64,58,65]. The frequency of 
the light in the reference arm differs from the frequency 
of the scene beam. The phase shift of the beating signal 
is detected relative to the phase of the beating signal 
which arises from beating the scene beam with the reference 
beam before the scene beam enters the plasma. The phase 
difference is measured as a time difference between the zero 
crossing of the signals from the two detectors. There is 
no sign ambiguity in the phase change, good temporal resolu
tion can be achieved. Data acquisition is computer control
led. The interferometer is insensitive to the laser light 
intensity variations and frequency.

6/ Double interferometer. This is the usual classical type of 
interferometer but two wavelengths are used simultaneously. 
Owing to the different dependence of the phase change due 
to the vibration and the plasma electrons on the wavelength 
the vibration can be separated [66,52]. This advantage is 
very useful in big plasma devices such as big tokamaks. If 
two wavelengths are used the neutral atom contribution can 
also be separated in partially ionized plasma [67].
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7/ Holographie interferometers. The interference is registered 
in the whole volume of the object plasma. As a rule, the 
double exprosure [68] method is used. The drawback is the 
off-line data acquisition, i.e. the holograms are recorded 
in film or other light sensitive plate. This means that 
data become available only after development using a labori
ous data acquisition procedure.

8/ Quadrature interferometer. The interferometric measurement 
is taken in the two polarization directions simultaneously
[69]. This type of interferometer is insensitive to the 
ray refraction on density gradients.

Nowadays, light beating interferometers seem to be the 
most reliable for thermonuclear research. Therefore almost all 
the larger tokamaks are equipped with this type of interferometer 
for plasma density distribution measurements.

7 .  FARADAY ROTATION MEASUREMENTS

In current carrying plasma the spatial distribution of the 
current density is also an important parameter of the discharge. 
This is especially true in tokamak devices. The current density 
can be determined by scattering on free electrons too, namely 
the centre of the scattered spectrum is shifted relative to the 
line centre of the incident radiation due to the electron drift 
velocity [70,71]

A further method for current density determination is the 
Faraday rotation measurement. Namely there is magnetic field 
around the current and the index of refraction of the plasma 
depends on the magnetic field. Because of the different index 
of refraction for left and right circularly polarized light 
propagating in the direction of the magnetic field the plane 
of polarization of the linearly polarized light is rotated.
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The rotation angle is given by

Э
L

2,63*10~14•X2 *
4О

n0 (r)*B(r)-di

where В is in К Gauss units. After measuring the ne (r) density 
distribution by interferometry and the polarization rotation by 
polarimetry the longitudinal magnetic field B(r) consequently 
the current density can be determined.

The first experiment [72,73] has successfully been perform
ed on the TFR 600 tokamak. On the basis of the result the direc
tion to be taken for further refinement of the measurement is 
determined. New polariméter arrangements were recently published 
[74] designed specially for Faraday rotation measurements in 
tokamak plasmas.

8 .  SCHLIEREN METHOD

This method enables plasma inhomogeneity to be measured by 
detecting only the light refracted by the plasma [1-14].
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