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ABSTRACT

Resonance fluorescence excitation of neutral atoms using tunable

radiation from dye lasers offers a number of unique advantages for impurity

studies in fusion devices. Using this technique, it is possible to perform

lucal, time-resolved measurements of the densities and velocity distributions

of metallic impurities in fusion devices without disturbing the plasma.

Velocities are measured by monitoring the fluorescence intensity while

tuning narrow bandwidth laser radiation through the Doppler - broadened

absorbtion spectrum of the transition. The knowledge of the velocity

distribution of neutral impurities is particularly useful for the

determination of impurity introduction mechanisms. The laser fluorescence

technique will be described in terms of its application to metallic

impurities in fusion devices and related laboratory experiments. Particular

attention will be given to recent results from the ISX-B tokamak using

pulsed dye lasers where detection sensitivities for neutral Fe of 10
3

atoms/cm with a velocity resolution of 600 m/sec (0.1 eV) have been

dchiaved. Techniques for exciting plasma particles (H, D) will also be

discussed.

Visiting scientist from Institut fur Allgemeine Physik, Technical University
of Vienna, Austria.

**
Operated by Union Carbide Corporation under contract W-7405-eng-26 for
the U. S. Department of Energy.



- 2 -

1. Introduction

The aim of this paper is to present the status of the Laser-Fluorescence-

Technique (LFT) for impurity studies in fusion devices. Contrary to methods

based on exposing samples to the plasma boundary and analyzing them at a

later time for impurity deposition using standard surface techniques [1-7],

the LFT allows a real time, in situ measurement of impurity densities and

energy distributions [8, 10] . In recent years, the LFT has been successfully

used in laboratory investigations of surface sputtering by ion beams [9-15].

As surface sputtering is considered as one of the dominant mechanisms for

impurity release in fusion devices, these experiments are of considerable

importance for the understanding of ui situ measurements in fusion devices

by the LFT.

In principle, the LFT can be used to study metal impurities such as

Fe, Ni, Cr, Ti released from the limiter or the first wall as well as

neutral H and D fluxes in the plasma edge. At the present time, most

metal impurities in question have resonance transition lines accessible by

commercially available dye lasers. Tunable lasers for exciting neutral H

from the ground state at 121.6 nm as well as for 0 and C impurities are

still in a preliminary phase. Promising ways for achieving tunable VUV -

radiation for H detection in fusion devices will also be discussed in this

paper.

2. Laser-Fluorescence-Technique

Figure 1 shows schematics of two types of spectrometers for the

investigation of sputtered neutral particles by the LFT. The upper part

of the figure shows a spectrometer using a cw-tunable dye laser system [14],
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the lower part one using a pulsed tunable dye laser system [10]. The narrow

bandwidth laser radiation intersects a particle beam and excites a resonance

transition of the atoms (or molecules) under investigation. The corresponding

spontaneously emitted fluorescence radiation is proportional to the particle

density or particle flux, respectively [11,16]. If the intersecting angle

between laser beam and the particle beam is different from 90°, the excitation

frequency is Doppler-shifted proportional to its velocity. By detuning

the laser from the non-shifted resonance frequency, the velocity spectrum

of the atoms can be obtained. A detailed description of these spectrometers

and the method can be found in [9, 11, 13, 15].

Detection sensitivities achieved with the LFT in laboratory environ-

ments are about 10 - 10 particles per cm for a pulsed laser system [10]

and about 50 particles per cm for a cw-laser system. Figure 2 shows the

results obtained by detecting Na atoms at a distance of about 1 m from a

Nal - target bombarded with Ar ions. The measurements were performed

with the spectrometer described in [8, 12, 16] using a cw dye laser. The
3

estimated particle densities for this case were about 2 x 10 particles

per cm exciting all velocity components in the beam using a Doppler-free

excitation (lower curve) and about 20 particles per cm (for a frequency

interval of 100 MHz given by the laser linewidth) for Doppler-shifted

excitation (upper curve). In order to obtain a reasonable signal to noise

ratio, the integration time had to be increased from a few tenths of a

second to about 10 sec for the upper curve in Fig. 2.

The velocity resolution that can be achieved with LFT making use of

Doppler-shifted excitation depends on two factors: a) the collimation of

the atomic beam b) the bandwidth of the laser radiation. By using
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different selective elements (such as etalons) in the dye laser cavity,

the linewidth of present day cw dye lasers can be reduced to few MHz. In

pulsed systems, the linewidth usually is reduced into the GHz range. Thus

a velocity resolution of few m/sec or few thousand m/sec, respectively,

can be achieved for a well collimated atomic beam.

3. Problems of the LFT Associated with In Situ Measurements in Fusion Devices

In this section, the more important problems which arise in connection

with the application of the LFT in fusion devices will be summarized.

Estimates of the expected impurity densities in the plasma-wall region

of present-day tokamaks vary from 10 - 10 atoms cm" for neutral metal

impurities. These estimates are valid near the first wall. Higher densities

by 2-4 orders of magnitude can be expected close to the limiter. Similar

estimates for light impurities (0, C) give densities of approximately

10 - 10 atoms cm . Away from the immediate vicinity of the wall or

limiter, the impurities are primarily in ionized states. For most neutral

metal impurities and many lower charge states of ionized species, strong

resonance transition lines exist in the 250 - 650 nm frequency region

covered by commercially available tunable lasers (see Table I for some

examples).

Background considerations are of crucial importance in the plasma

environment of a fusion device. Most of the existing fusion devices in

question are based on the tokamak principle and have a pulsed operation mode.

Due to the short pulse ':imes of £l sec, lock-in techniques are applicable

only to a limited extent. Thus the integration time is limited to about

10 ms for a cw system, if a reasonable time resolution should be achieved.
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Background fluctuations in the time scale of the laser pulse determine the

detection sensitivity of a pulsed system. In general the size of the

background signal will vary strongly during the discharge with maxima

whenever the plasma condition are instable. The bandwidth of the optical

detection system and the particular observation wavelength will also

affect the backgound signal. Measurements in ISX-B at 380 nm have shown

a background signal of about 20 photoelectrons during a 500 nsec laser pulse.

The bandwidth of the detection system was 2.6 nm. This background resulted

in a detection sensitivity of about 10 Fe atoms cm . In order to avoid

interference from stray laser light, the detection wavelength ideally

should be different from the excitation wavelength. For this purpose a

three-level-system is preferred to a two level system [10, 12].

In order to obtain an estimate of the impurity flux from the walls

or limiter into the plasma or from the plasma to the walls, the knowledge

of the impurity density and the approximate velocity distribution

is important. Contrary to laboratory experiments with a well-collimated

atomic beam of defined origin^ impurity experiments in fusion devices

involve essentially uncollimated atoms of unknown origin. Valid statements

about the velocity distribution are therefore limited to some extent.

Using specially designed probes which simulate the wall or limiter can

serve to define the origin for impurities and the .'fore improve the quality

of i/elocity distribution measurements.

Due to the strong magnetic fields present during the plasma discharge,

the transition lines are affected by Zeemann splitting. In Fig. 3, the

Zeemann splitting is shown for the two Fe levels involved in the 302.06 nm

transition line. In this particular case, each level splits into 9 levels
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leading to 25 different transition possibilities. As the g-factors for the

two levels have nearly the same value, only three different transition fre-

quencies arc observed, one identical with the original frequency. Depending

on the laser bandwidth, the strength of the magnetic field and the orientation

of laser polarization with respect to the field, the resonance lines will

be separated by the Zeemann effect leading to a reduction of the fluorescence

signal. This must be considered when deriving the density from the

fluorescence signal.

In order to be able to calculate the densities from the fluorescence

signal saturation of the transition is desirable. Thus the fluorescence

signal becomes independent of laser intensity fluctuations. An estimate

of the power requirements for the laser can be obtained from the fact

that about 6 kW per cm - A (laser bandwidth) are necessary to achieve

a saturation factor of S = 1 at 300 nm[l2]. Knowing the size of the measuring

volume, the solid angle for the detection, the efficiency of the detection

system and taking into account the particular transition probabilities from

the excited state to lower states as well as losses due to the Zeemann

effect, impurity densities can be derived from the measured signal.

4. Results of Laboratory Experiments

Many of the LFT laboratory measurements performed in the last couple

of years have been done in preparation for the application of the

method to impurity studies in fusion devices. Without these results, it

would be impossible to perform successfully measurements in fusion devices.

Substantial emphasis has been put on the question of what velocity spectra

might be expected for impurities in fusion devices. It is believed that
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sputtering by H (D) and by impurities [ 6] from the wall or the limiter is

one of the origins for impurity release. This process has been simulated

in the laboratory by bombarding different targets with ion beams and

measuring the velocity distribution as well as the sputter yields using

the LFT. Fig. 4 shows several of the results obtained for different target

materials and ion beams. Various mechanisms may lead to the release of

particles from a surface bombarded by ions. For most, metals, collision

cascades [17] created by incoming ions dominate the sputter process resulting

in particles ejected with velocities of a few km/sec. This can be seen for

the case of Fe and Sm targets in Fig. 4. (The Fe measurements were per-

formed with a pulsed laser [10], the Sm results obtained with a cw

system [13]). In addition, some materials may also eject particles with

thermal velocities (some hundred m/sec) as can be seen for a Na target [13]

in Fig. 4. This indicates that in some materials, different mechanisms

beside collision cascades can contribute to sputtering, which result in

additional contributions to the velocity spectrum. The presence of thermal

particles in the measured velocity spectrum can be easily determined by

fitting a Maxwell distribution to the measured spectrum. In Fig. 5 this

has been done for the velocity distribution of a thermal Cr beam.

The form of the velocity spectrum of sputtered particles is nearly

independent of the energy of the incoming particle. However, the sputter

yield is a function of the ion energy. The LFT has been successfully used

to measure the sputter yield as a function of ion energy for light ions [14],

(Fig. 6). From Fig. 6, it can be seen that the sputter yields due to

H (D) sputtering in fusion devices are expected to be of the order of

10"2 to 10"3 for expected H (D) energies around 150 eV [7, 18].
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Recent studies of the population density of low excited metastable

states of sputtered iron and uranium [12, 19] have shown that the

population distribution of these states exhibits a deviation from the

distribution predicted for a Boltmann model. However, it is possible to

fit the results to a Boltzmann model by assigning a "temperature" higher

than the actual target temperature. The physical meaning (if any) of this

temperature is not yet understood. As far as measurements in fusion

devices are concerned, this effect can be helpful in determining whether

the impurities are produced by sputtering (see also Fig. 10).

5. Results of impurity studies by the LFT in Fusion Devices

The first applications of the LFT for in situ studies of impurities in

a fusion device have been recently performed on the ISX-B tokamak at the

Oak Ridge National Laboratory [20, 21]. Both experiments used a pulsed

dye laser operating with Rhodamine 6G dye. Laser radiation in the 560 -

620 nm region was frequency-doubled and the resulting UV radiation was

used to excite Fe and Ti impurities in the plasma edge of ISX-B. Figure 7

shows an schematic arrangement of LFT experiments on ISX-B. The position

of the outer limiter is also indicated in the figure. In the lower left,

the geometrical arrangement for experiment I [15] is shown. The

flash-lamp-pumped dye laser produced 500 ns pulses at 302 nm with a peak

power of 700 W. The laser bandwidth could be chosen to be 100 m A (30

GHz) or 6 m A (1.8 GHz) by inserting etalons into the laser cavity.

At the 100 m A bandwidth, all Fe atoms up to ̂ 20 eV could be excited.

Narrowing the bandwidth to 6 m A (corresponding to a velocity bandwidth

of 600 m/sec or 0.1 eV for Fe) allowed discrimination between thermal and
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higher energy particles. On the right side of Figure 7, the position and

geometrical arrangement of an experiment currently under preparation is

shown. A probe on a transfer system will be used to simulate the limiter.

A cw dye laser will be used to study impurity fluxes close to this

limiter-1ike-probe. The same location on ISX-B and a similar geometry

(without using the limiter-1ike probe) was also used for measurements here

referred to as experiment II [16], In this experiment, a NdrYAG laser

oscillator and a dye laser oscillator-amplifier plus frequency doubling

producing high power 6 ns pulses with a bandwidth of 200 m A (60 GHz) at

302 nm.

In Fig. 8, the results of experiment I for the neutral iron impurity

density as a function of the plasma discharge time are summarized. The

data are compared for H? and Dp plasmas. These data were obtained during

plasma discharges with ohmic heating and toroidal fields of 1.1 - 1.3

Tesla. Other plasma parameters were n = 2 - 4.10 cm" , T = 0.6 - 1 keV,

Ip = 110 - 150 kA and Z f f = 1.5 - 3. A detection sensitivity of about

10 atcms/cm was achieved for neutral Fe using the 302.06 nm line for

excitation and detecting the fluorescence light at 382.04 nm. A relatively

small peak of neutral iron impurities with densities of up to 5 x 10 cm"

was found during the first few msec of the discharge. A much stronger
o _o

peak with densities up to 10 particles cm" was found at the end of the

discharge persisting up to 40 msec after the beginning of plasma current

ramp-down at the discharge end.

During the time of stable plasma conditions, no measurable amount of

Fe impurities was found. The results for D« and H 2 plasmas do not

differ significantly. The small peak at the beginning of the discharge
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could not be found for measuring position B closer to the plasma (see

Fig. 7). This might resuH from enhanced ionization in this region, thus

reducing;theaneutrai Be density. The values in Pig* 8 represehl? the

densities ihtigWted over ai 1 possible velocities. Fig. 9 shows the

velocity profile in the maximum ?>; the p^ak at 270 ms for a hydrogen

plasma. Scanning the laser (1.8 GHz bandwidth) ± 1 pm from the central

frequency shows that the velocity bandwidth coincides with the laser

bandwidth. Within the measuring accuracy, the particles are thermal

(E < 0.1 eV). For comparison, figure 9 also shows the spectrum which

would be expected if the particles were sputtered (see also Chapter 4).

A velocity profile measurement was also attested for the peak at the

beginning of the discharge. In this case, however, no measurable signal

was found during narrow bandwidth laser operation. This indicates that the

energy distribution at the beginning of the discharge is broader than

thermal. A possible explanation would be that the Fe impurities at the

beginning are due to sputtering.

Another indication for the thermal character of the iron impurities

at the end of the discharge was obtained from the population ratio of the

a D 4 ground state to the a D 3 metastable state (Fig. 10), which (for a

Boltzmann distribution) corresponded to a temperature of about 500°C.

Measurements with the experimental arrangement II were performed

for ohmic and neutral-beam-heated plasma discharges. The location of the

measuring volume could be varied above and below the mid-plane of the plasma

at about one cm inside the limiter radius. Two typical results for an



-11-

ohmically-heated hydrogen plasma and a neutral-beam-heated deuterium plasma

are shown in Fig. 11. The neutral beams were on from 80 - 180 msec during

the discharge. In spite of some differences in the results of experiments

I and II, mainly during the steady-state portion of the discharge, iron
ft _ o

densities at and beyond the end of the discharge of the order of 10 cm"

are found in both cases. Measurements of the Fe II density 1 cm inside

the limiter radius obtained with experiment II show temporal variations

over the plasma discharge similar to those of Fe I at the end of the

discharge. During the discharge, strong fluctuations of Fe II are found

which might be caused by disruption in the plasma [22], The maximum

densities of Fe II found at the end of the discharge are of the order of

10 1 0 cm"3.

So far, impurity studies by the LFT in ISX-B have provided evidence for

a predominant amount of thermal impurities in the plasma-wall region. Only

at the beginning of the discharge has evidence for sputtered impurities

been found. The temperature of 500 K found for Fe impurities, however, seems

too low to explain their existance by evaporation from stainless steel

surfaces. It can be rather assumed that the Fe impurities are either

sputtered from the limiter or walls or they are evaporated from parts

heated by the plasma to over 1000 K previous to being thermalized to about

500 K by a high density of hydrogen existing after the collapse of the

plasma. Further investigations close to a limiter surface should help to

improve the understanding of these processes.

6. Aspects of Measuring H-Fluxes by LFT.

Measurements of fluxes of neutral H in the ground state in the

plasma or plasma edge of fusion devices by the LFT have not been possible
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due to the lack of tunable VUV lasers. However, measurements of hydrogen

atoms in the n = 2 first excited state in the FT - 1 tokamak using the H Q

line as excitation line have been reported by Burakov et al. [23, 24].

They measured the change of the population in the n = 3 upper state of the H^

line due to iaser excitation. The population of the hydrogen ground level

was calculated from plasma models. Fig. 12 shows the result obtained for

the population of H in the ground state N, and the first excited state N«

as a function of plasma radius and discharge time.

For direct measurements of the hydrogen ground state, a tunable laser

in the VUV region at 121,6 nm is needed. Promising approaches have been

recently reported by some groups [25, 26, 27]. Using the system shown in

Fig. 13 based on the frequency tripling in rare gases [25], tunable

radiation at 121.6 nm was obtained in 25 n sec pulses with approximately
o

500 W and a bandwidth £250 m A. With this system, neutral hydrogen
9 3densities of ̂ 10 atom/ cm have been detected in the laboratory.

7. Conclusion

In the previous chapters it has been shown that the LFT is a very

promising method for in situ studies of impurity fluxes in fusion devices.

Only a limited number of experiments have been performed so far and they can

be regarded as a first step toward a successful application of the LFT.

In the near future, an increasing number of similar experiments in various

fusion devices can be expected. Improved access to these machines with

facilities specially designed for LFT applications will enable a systematic

study of impurity release mechanisms by the LFT. The availability of

improved tunable lasers furnishing access to the VUV will considerably

increase the spectrum of impurities available for investigation.
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Table I . Wavelengths for Selected Resonance Transition
Lines of Impurities in the Neutral and First
Ionized State Encountered in Fusion Devices.

Impurity Wavelenqth of Resonance Transition [nm]

Fe

Fe

Cr

Ni

Ti

Ti

I

II

I

I

I

II

302.0, 385.9

259.9

425.4

301.9

293.3, 398.1

307.2

Al I 308.2, 394.4

268.1

276.4

135.6

145.4

121.6

w
w

0

c

H

I
II

I

I

I
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FIGURE CAPTIONS

Fig. I . Schematic of a Doppler-Shift-Laser-Spectrometer based on the LFT

using a cw-dye-laser (upper part) and a pulsed dye laser (lower par t ) .

F ig . 2. Doppler-free (lower curve) and Doppler-shifted spectra of Na atoms

detected 1 m from a Nal target bombarded with Ar ions. The

corresponding estimated par t ic le densit ies are also given in the

f i gu re . The integrat ion time was about 400 msec for the

Doppler-free case and 10 sec for the Doppler-shifted exc i ta t ion .

Fig. 3. Zeemann sp l i t t i ng of the a D. and y D. level of Fe and result ing

t rans i t i on l ines . The g-factors of both levels are g = g1 = 1.5.

F ig. 4. Comparison of possible veloci ty spectra fo r part ic les sputtered

from a target bombarded with an ion beam. A from reference D o ] .

• , 0 from reference [ 1 3 ] .

F ig. 5. The measured velocity d is t r ibu t ion of a thermal Cr beam as

determined by the LFT using a cw dye laser . The d is t r ibu t ion can

be f i t to a Maxwellian at T = 2000°C.

Fig. 6. Sputter y ields of i ron and stainless steel for H and D as a

funct ion of ion beam energy. The resul ts have been obtained with

the LFT. Absolute ca l ib ra t ion has been performed by comparison

with results obtained by the weight-loss method (from reference [ 15 ] ) .

F ig. 7. Schematic of impurity study experiments with the LFT on ISX-B.
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Fig. 8. Neutral iron densities as a function of the plasma discharge time

in ISX-B. Positions A and B correspond to A and B in figure 7.

The data were obtained with the LFT and experimental arrangement

I described in the text.

Fig. 9. Velocity distribution of neutral Fe in ISX-B (hydrogen discharge) at

270 ms (A measurement points)-.-, laser profile, — Boltzmann

distribution for 500 K folded laser profile and

Botzmann distribution theoretical velocity distribution

for sputtered neutral Fe atoms with a binding energy E, = 4.3 eV.

Fig. 10. The fluorescence signals obtained by exciting Fe from the ground

state a D, and from the first metastable state a D^ can be used

to determine the population ratios n^ g-,/n, g^. Using the Boltzmann

model, a temperature of 500 K is found for the measurements in

ISX-B. These results are compared with data for glow discharges

and sputtering.

Fig. 11. Neutral i"on densities as a function of the plasma discharge time

in ISX-B as obtained by experiment II (see text) for ohmic and

neutral-beam-heated plasmas. The neutral beams were on from

80 - 180 msec. The working gas was Dp for A and H~ for •

(from reference [20]).

Fig. 12. Population of the ground state N, and first excited state N?

of hydrogen as a function of plasma radius and discharge time

(at r = 10 cm) in the FT-1 tokamak. From reference [13, 24].

Fig. 13. Schematic of a tunable laser system for VUV radiation at 121.6 nm.

A mixture of rare gases is used for frequancy tripling the

radiation at 364.8 nm. From reference [25].
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