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a b s t r a c t

The laser-induced fluorescence (LIF) technique is proposed to use for local determination of an effective
ionic charge in a plasma edge of large fusion devices. The method is based on non-linear phenomenon of
saturation of an optical transition of hydrogen atom excited by means of an intense laser light with a
small spectral width. It is demonstrated that measurements of a slight Stark broadening without Dopp-
ler-broadened background are possible under conditions typical of tokamak plasma. One of approaches
for evaluation of an effective ionic charge from the homogeneous Stark width is discussed in detail.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The impurity control is one of the remaining critical problems
for development of fusion devices. The effective ionic charge Zeff

is a means to estimate the global impurity content of tokamak
plasma. The method widely used to determine this value is based
on measurements of the visible bremsstrahlung emission in many
viewing lines with subsequent Zeff profile reconstruction, e.g. [1]. In
the plasma edge, lines radiation, pseudo continua from molecular
bands and thermal radiation from hot parts of the plasma facing
components dominate the bremsstrahlung background. As a result
unphysical high Zeff values may be obtained.

The methods of Doppler-free spectroscopy are free from short-
comings of the passive spectroscopic diagnostics and provide really
local measurements of the homogeneous Stark width of spectral
lines, which depends on the electric field created by the surround-
ing charged particles (H+ or D+ and impurity ions). The theoretical
bases of one of these methods were stated in paper [2]. It was
shown that homogeneous Stark width and effective ionic charge
are coupled by simple relation. Further the method was developed
and successfully implemented in practice in the TV-1 tokamak by
means of LIF technique [3], where the homogeneous width of the
hydrogen Ha line was measured locally by recording the fluores-
cence line profile. The theoretical calculations carried out in the
present paper and experimental results obtained earlier form the
foundations for application of this method to the plasma edge of
large fusion devices.
ll rights reserved.
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2. Method description

In high-temperature plasmas typical of tokamaks a broadening
of hydrogen line mainly originates from the Doppler effect. A
homogeneous Stark broadening C may be imperceptible against
the background of the Doppler broadening. In order to extract a
small value of a Stark broadening the methods of Doppler-free
laser spectroscopy are applied. The method proposed is based on
non-linear phenomenon of a saturation of an optical transition of
hydrogen excited by means of an intense laser beam with the spec-
tral width, which is significantly smaller than the Doppler one.

The probability of a laser-induced transition from the lower
level n to the upper one n0 is [4]:
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is the Voigt function, DxD is the full width at half maximum
(FWHM) of the Doppler-broadened line, Dxr is the FWHM of the la-
ser line, (xr�x0) is the deviation of laser frequency xr from the
centre of the atomic line x0, k is the direction of laser beam, and
V is the velocity of atom. The probability is normalized to a value
of 0.5. The expression (1) is written under the assumption that
the atoms have a Maxwellian distribution on velocities, and the la-
ser line is not monochromatic and has a Gaussian spectral profile.
The probability hWnn0 i depends on the saturation parameter
G = ðpnn0E=�hÞ

2seff/C, also. Here pnn0 is the matrix element of the tran-
sition dipole moment, E is electric field strength of the laser beam,
seff is the effective relaxation time of the levels n and n0. The value
pnn0E=�h represents the transition speed of a particle between the lev-
els and, hence, results in a spectral line broadening caused by the
intense field of laser light (energy broadening). If the laser radiation
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is monochromatic the contour widened by the light field has a dis-
persion shape with a half-width CB, which is connected with a
homogeneous Stark broadening C by the non-linear relation [5]:

CB ¼ C
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ G

p
: ð2Þ

Thus a spectral line shape observed contains both the Doppler-
broadened thermal profile and the profile formed by the energy
broadening.

The average probabilities hW23i calculated for laser-induced
transition of hydrogen atom from level n = 2 to level n0 = 3 are pre-
sented in Fig. 1 as functions of the value of GC for various C. The
theoretical dependences are the saturation curves obtained for
two important cases. The solid curves correspond to the cold plas-
ma containing neutral atoms produced at the plasma facing com-
ponents, e.g. the plasma being in a vicinity of X-point of a
divertor configuration. In this case the electron and atom temper-
atures are about 1 eV and the Doppler width DkD = 0.05 nm. The
dashed curves are plotted for hotter plasma in which most of the
neutrals are born as a result of charge-exchange reaction. The elec-
tron and atom temperatures are chosen about 100 eV and
DkD = 0.5 nm for these calculations. In both cases the electron den-
sity is 1020 m�3, the wave length of the laser radiation coincides
with a centre of the atom transition and the FWHM of the laser line
Dkr = 0.01 nm.

At weak saturation (G « 1) the field of a light wave interacts with
a small part of atoms. Because of the Doppler-frequency shift these
are only those atoms, which are under the resonance condition
v = (xr–x0)c/x0, i.e. have quite certain projection of the velocity
v in the direction of the laser beam, where c is the speed of light.
The deficiency of atoms at the lower level appears in the velocity
distribution. It is so-called Bennet’s ‘hole’ with width 2C and the
centre corresponding to a resonant frequency. Scanning a narrow
laser line within a Doppler-broadened spectral line contour it is
possible to measure a Doppler width and then deduce a tempera-
ture of radiating atoms.

When the intensity of the laser radiation increases the velocities
range of atoms interacting with the field of the light wave is ex-
panded, and the energy broadening of a spectral line becomes
comparable to the Doppler broadening. In the strong fields (G » 1)
the whole Doppler contour is covered. This significant enhance-
ment of the width of the dispersive component allows us to extract
it from the observed Voigt profile and determine the homogeneous
Stark width of the spectral line using relation (2).
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Fig. 1. Average probabilities hW23i of laser-induced transition from level n = 2 to
level n0 = 3 calculated for hydrogen atom as dependences on the value of GC under
following conditions: kr = k0, Dkr = 0.01 nm. Solid lines (DkD = 0.05 nm): 1 –
C = 0.02 nm, 2 – C = 0.01 nm, 3 – C = 0.005 nm, and 4 – C = 0.0025 nm. Dashed
lines (DkD = 0.5 nm): 5 – C = 0.02 nm, 6 – C = 0.01 nm, 7 – C = 0.005 nm, and 8 –
C = 0.0025 nm.
Under conditions typical of the plasma edge the Stark broaden-
ing of spectral lines is formed by collisions of radiating hydrogen
atoms with the major plasma component and impurity ions. The
contribution of electrons to this broadening is negligible. Under
ion impact broadening a homogeneous Stark width is found as a
result of summation of contributions from all of the perturbing
particles [6]:
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where m0 is mass of an electron, Ni, hVii, q0i and Zi are density, rel-
ative thermal velocity, Weisskopf radius, and charge of the particles
of species i respectively, qD is Debye lenght and the factor I(n,n0) de-
pends on the principal quantum numbers of the levels of the radi-
ative transition. The relative velocity of particles is always
determined by the velocity of the lightest particles, therefore hVii
can be replaced by the thermal velocity of the hydrogen ions hVHi.
Moreover, the quantity ln(qD/q0i) has a very weak dependence on
Zi, therefore Zeff can be used instead of Zi in Weisskopf radius defi-
nition while the summation over i is performed. Then
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In this case a value of Zeff is easily deduced from the homogeneous
Stark broadening U measured with help of proposed technique if
independent data on electron density ne, ion Ti and electron Te tem-
peratures are available. The possibility of this method implementa-
tion has been demonstrated in the TV-1 tokamak.

3. Experimental set-up

The TV-1 tokamak has a major radius R = 0.235 m and a limiter
radius aL = 0.035 m. The tokamak operates under the following dis-
charge conditions: a plasma current Ip = 4–5 kA, a toroidal mag-
netic field BT = 1.4 T, and a discharge duration s = 7 ms. The core
plasma parameters were taken from the Thomson scattering diag-
nostic (an electron density ne = (1–2) 1019 m�3 and temperature
Te = 200–300 eV).

The intensities of the fluorescence and Ha (656.3 nm) spectral
line profiles were measured in the conventional arrangement.
The linearly polarized laser radiation passed from below upwards
through the centre of the plasma core. The scattered light was col-
lected at the right angle to the direction of the probing beam. A
tunable dye laser with flash lamps pumping was used as a source
of the exciting light. Two Fabry–Perot interferometers with base-
lines of 5 and 100 lm were placed in the resonator to tune the la-
ser and to generate a spectrally narrow line in the Ha region. The
laser generated 2 ls pulses with the energy of 0.01–0.03 J. The la-
ser line had a Gaussian profile with a half-width
Dkr = 0.010 ± 0.001 nm.

Each fluorescence line profile was recorded over a series of
reproducible tokamak discharges when the laser wavelength was
consecutively tuned in the vicinity of Ha line with the step of
0.01 nm. The fluorescence signals were measured both during
startup and during the flattop phase of the discharge. The most
of the measurements were carried out during excitation of the p-
component of the Zeeman structure of Ha transition.

4. Results of the measurements

The extracting of the Doppler and energy broadenings from
experimental data obtained was made by the following two ways.
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In the first case two fluorescence line profiles for different
power densities of laser radiation Pr corresponded two different
values of saturation parameter G were measured. The p-compo-
nent of Ha line profiles observed are shown in Fig. 2 as the depen-
dence of the fluorescence signal Ifl on the wavelength detuning of
the dye laser from the centre of this hydrogen line (kr–k0). The line
profiles obtained were compared with calculated ones. In the cal-
culations the expression (1) was used. The line shape described
by this expression may, in general, be quite different from a Voigt
line shape, but as the saturation parameter G increases the wings
of the function U(x,y) begin to make a progressively greater contri-
bution to this line shape. At G » 10 the line shape (1) tends towards
a Voigt contour. It thus appeared to be possible to use the tables for
Voigt function or the simple approximate relations that connect
the FWHM Dk of the line profiles observed with DkD and CB.

In the second case only one fluorescence line profile was re-
corded at rather low power density of laser radiation, i.e. far from
saturation of the transition. Further, the fluorescence signal was
measured when the laser excited the centre of the line and a laser
power density was sufficient to saturate the transition of the radi-
ating atoms. These results were used to determine the experimen-
tal probability of the transition of the hydrogen atom from its
lower level n = 2 to the upper level n0 = 3. The probability was
found as the ratio of the fluorescence signals measured far from
saturation and at saturation. The values of probability hW23i and
the power density of laser radiation being proportional to product
GC allowed to determine a single set of the unknown values DkD

and C. For these purposes the saturation curves as in Fig. 1 calcu-
lated at plasma parameters typical of TV-1 tokamak as nomograms
using the formula (1) along with the corresponding relationships
for the FWHM of the Voigt contour were used.

The FWHM of Doppler broadening DkD and energy broadening
CB are depicted in Figs. 3 and 4 accordingly as the dependences
on the power density of the laser beam Pr. The values found for
.
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Fig. 2. Ha line profiles (p-component) measured for various laser light power densities P
open circles), 2 – Pr = 1.7 kW/cm2 (solid line and circles); and (b) during the flattop phase
cm2 (solid line and circles). The lines represent the fitting by Voigt functions.
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Fig. 3. FWHM of the Ha line Doppler broadening versus the power density of t
DkD do not depend on Pr, while CB naturally shows a strong depen-
dence. The figures at the left (a) are related to startup phase of the
discharge (s = 0.3 ms) but figures at the right (b) are concerned the
flattop phase of the discharge (s = 3 ms). As a result the following
values were determined for a discharge current plateau at the plas-
ma centre: DkD = 0.045 ± 0.007 nm, U = 0.009 ± 0.002 nm. Besides,
the densities of atomic hydrogen in the ground state n1 =
(3.7 ± 0.2) � 1015 m�3 and in the excited state n2 = (1.1 ± 0.1) �
1013 m�3 were routinely deduced from the fluorescence signal
obtained at the saturation.

5. Discussion and conclusion

The observed narrow hydrogen Ha profiles have demonstrated
that the emission of the charge-exchange neutrals was negligible
in comparison with the emission of neutral atoms produced at
the plasma facing components as walls and limiters. The Doppler
width measured corresponded to hydrogen atoms with kinetic
energies about 1 eV. These atoms could be produced in processes
similar to Franck–Condon decay of hydrogen molecules, which
leave the surface in an excited state and dissociate into atoms with
such energies. The existence of a large contribution of ‘slow’ atoms
with kinetic energies below 1 eV have been confirmed also in TEX-
TOR plasma edge, in which the velocity distributions of the recy-
cled atoms have been recorded [7]. Moreover the contribution to
the Ha line radiation from atoms with energies in the order of some
eV exceeds 90% [8,9].

As mentioned above it is possible to obtain information on pres-
ence of impurities in plasma from the homogeneous Stark width
measured. The reliability of this information is contingent upon
the ion impact broadening (IIB) theory used. In frames of the stan-
dard theory of IIB the homogeneous Stark width is a linear function
of Zeff [2]. Following this paper the approximate expression (4) can
be applied to determine the effective charge. In TV-1 tokamak a
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r: (a) during startup phase of the discharge: 1 – Pr = 0.12 kW/cm2 (dashed line and
of the discharge: 3 – Pr = 0.14 kW/cm2 (dashed line and open circles), 4 – Pr = 1.2 kW/
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he laser light: (a) s = 0.3 ms (open circles); and (b) s = 3 ms (solid circles).
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Fig. 4. FWHM of the Ha line energy broadening versus the power density of the laser light: (a) s = 0.3 ms (open circles); (b) s = 3 ms (solid circles). The lines represent the
linear fits.
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large fraction of the hydrogen atoms had energy that was much
less than the proton energy (Ti = 30–60 eV). Therefore the effective
charge was calculated from more general expression (3), which al-
lowed for the relative impurity velocities accurately. As a result it
was found Zeff = 1.5–2.0. The generalized theory of IIB in high-tem-
perature magnetized plasmas [10] finds some restrictions of the
technique mentioned above. In particular, the dependence of the
spectral line width on parameters of a sort of perturbing ions is
more complicated under strong magnetic fields. However, in this
case the Stark width allows us to estimate the density of the impu-
rity prevailing in plasma. Moreover, the width of the p-component
of the La is a function of Zeff. The LIF measurements of La line profile
of atomic deuterium were performed in TEXTOR [7] by laser sys-
tem with pulse frequencies of 25 Hz. Unfortunately, the power of
this system was almost one order of magnitude away from the sat-
uration. In TV-1 tokamak the power density of the laser light that
was sufficient for the saturation of hydrogen Ha line was about
1 kW/cm2. The lasers available in the present time can produce
much higher power and saturate the Ha Doppler contour observed
in plasma edge of large tokamaks.

To measure accurately the contour of the laser fluorescence line
in the presence of the fluctuations of Ha radiation from the plasma,
the density of neutral hydrogen atoms should be higher than
1015 m�3. The system for laser-induced fluorescence measure-
ments installed on TEXTOR-94 has the same detection limit. Such
density of hydrogen is typical for the plasma edge, also.

Thus, the laser-induced fluorescence of the hydrogen spectral
lines can be employed to measure an effective charge locally. At
the further development of the experimental technique this spec-
troscopic Doppler-free diagnostic will find the application in the
plasma edge of large-scale devices.
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