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1. Introduction

In tokamaks, spectroscopic measurements are rbutised to monitor particle fluxes into
the plasma. To check if these measurements casdmkefar erosion determination, a method
which consists in injecting in the line of sight thfe diagnostic a known particle source
created by laser ablation, during plasma operatias, been proposed. A feasibility study of
this technique is presented in [1], where prepaga@boratory experiments were realised to
characterise a laser produced carbon particle sotttowever, in order to infer the particle
source in magnetised plasmas, the relative quesititi atoms and ions have to be determined.
In this contribution, we investigate the possipilib determine this ratio by analysing the
spectra emitted by the laser-induced plasma. Festlts on the analysis of spectroscopic
emission in the TEXTOR tokamak, where carbon pagiovere injected during plasma

operation using the laser ablation system [2]ilaee presented.

2. Laboratory experimental setup

The experimental set-up is described in [1]. A pojgtalline graphite target was irradiated at
normal incidence by an Nd:YAG laser (1064 nm, 5XHz), with a maximum fluence of
about 50 J/cmz2, under an argon pressure of 0.5 ifdrassure relevant to tokamak edge
plasmas ~ 0.4 mbar). Laser-Induced Breakdown Spsxipy (LIBS) measurements, which
consist in analysing the optical emission of thesetgoroduced plasma, were performed.
Spatially integrated spectra were acquired foreddiht delays after the laser pulse, with an
acquisition gate of 20 ns duration. The plasma pluvas imaged along an axis at an angle of
15° to the surface normal onto the entrance of phca fiber linked to an Echelle
spectrometer, equipped with an intensified caméEne. signal was accumulated over several
hundreds of laser shots, in order to increase igr@ksto-noise ratio. C, Cand G* lines, as
well as G Swan molecular band and, Hihe at 656.28nm were identified on the experiraent
spectra. The presence of this latter line is duleytirogen absorbed by the carbon sample in

ambient air.
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3. Modelling of the experimental spectra

To be able to estimate the amount of particleswhiaeffectively penetrate into the tokamak
plasma edge, the relative quantities of atoms ansl lnave to be determined. Indeed, charged
particles are expected to undergo prompt redeposibiecause they will follow the magnetic
field lines, which are almost tangent to the limgarface.

The determination of the ionisation degree of eerasduced plasma from the spectra
measured by LIBS is often based on the assumptidocal thermodynamic equilibrium
(LTE) [3]. According to the McWhirter criterion,ationary and homogeneous plasmas in LTE
satisfy the following relationne (cm®) > 1.6x13? TYJ4E)?, where4E (eV) is the largest
electronic transition considered (for carboff: =~ 6.5 eV), andT (K) is the electron
temperature. The electron density determined from the Stark broadening gfB&lmer line
using the PPP code [4], is 2.6%1@m? for a delay of 200 ns after the laser pulse. Ad th
delay time, the apparent excitation temperatur€lbgpecies determined from the Boltzmann
diagram is Tyxc = 24900 K (correlation to the linear fitting R2 =66), while the apparent
ionisation temperature deduced from the Saha-Baltenplot is T, =~ 22500 K (R2 = 0.95).
As a result, in our case the minimum density rezglifior LTE is about 7 x $®cm?, so that
LTE should not be satisfied. Althoughed is close to ¥, the points of the Boltzmann
diagram are not well aligned, which supports the-bBE hypothesis.

The emissivity of the 9 carbon lines identified the experimental spectra (see Table 1) are

modelled using the following relatiore? = n(n,PECZ (n,,T.)+n,,,PECZ*(n,,T.)). In

this expression), is the wavelength of the considered transitioa mionisation staten. and
Te are respectively the electron density and temperaPEC.,&* (ne,Teo) is the excitation
photon emissivity coefficientPEGeZ™" (ne,Te) is the recombination photon emissivity
coefficient, andn, andn,.; are respectively the population densityzoAndz+1 ionisation
states. The PECs, which dependmgrandT,, are given in ADAS5], and synthesise all the
processes of population and depopulation of atdeviels. A genetic algorithm [6] is used to

adjust the maximum intensity of the

. . Species A(nm) | Ay) | E(eV) [g] E.(eV) | a
various spectral lines by least squar€Ss— 1227856 2.80x10| 2.684011] 1 7.684766] 3
minimisation. CIl | 251.206 5.61x10 | 13.720780 4 | 18.654857 6

Cll | 274.649 4.36x10 | 16.331739 2 | 20.844686 4

CIl |392.069 1.27x16 | 16.333124 4 | 19.494539 2

. CIl | 426.726 2.38x18 | 18.045988 6 | 20.950643 8

Table 1: WavelengthZ), radiative decay (&, C|™ [658.288 3.66x10 | 14.448826 2 | 16.331739 2
energy (E) and statistical weight (9) of UPPET =)™ 753° 64572 18.10 | 16.333124 4 | 18.045986 6
(index u) and lower (index ) levels of the seldcte=—1575"68717 38,16 112.600035 3 | 18.086334 5
carbon lines, taken from the NIST databases) — 17500557 5551329534646 3 | 32.200085 3

(http://www.nist.gov/pml/data/asd.cjm
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As the laser-induced plasma is non-homogeneouasaume that the plume can be divided in
two regions having different temperatures, corragipay respectively to the hot plasma edge
and to the cooler plasma core. Indeed, at a lowspre, the most excited species are the
fastest and are located in the plasma front infitse hundreds of nanoseconds [7]. These 2
temperatures and the fractional
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As shown on Fig.1, there is a good agreement betile® experimental and the simulated
spectra. In this case, the fractional abundances afd G are respectively 0.18 and 0.82,
while the abundances of @nd C* with n> 3 are negligible. The temperatures obtained for
this fit are of the order of 1.3 eV and 6 eV. laghas generated by nanosecond laser ablation,
recombination processes prevail over ionisationcgsses [8]. Clines observed on our
experimental spectrum are thus probably mostly ueecombination of &€ ions with
electrons, the temperature being too low to obssigeificant emission from excitation of C
ions. These results are the subject of ongoing work

4. First in situ experimentsin the TEXTOR tokamak

The experimental setup described in [2] was usede#dise in situ experiments in the
TEXTOR tokamak. A polycrystalline graphite targeicated at 4 cm outside the last closed
flux surface, was irradiated by an Nd:YAG laserG40hm, 7 ns) at a fluence of 7.2 J/cmz,
Carbon particles (W = 2.9 + 0.4x18) were injected by one laser shot during a plasma
discharge, with a central electron density 1.5x16° m-3, a toroidal magnetic fieldB 2.25

T, and a plasma currengd 350 kA. A neutral beam injector was used to lieatplasma. An
Echelle spectrometer in the visible range alloweshioring the interaction between the
laser-injected particles and the tokamak plasnm@2Fiompares the spectra recorded (125 ms
integration time) with and without injection of ban particles. The emission intensity of ClI,
Clll and G species increases in the presence of laser-idjezaebon particles. With the
knowledge of the amount of particles effectivelyn@ating into the plasma, for a given
spectral line of wavelength the ratioo(A) = (lplasmatlaser Iplasmd/Napi allows to determine the

link between the measured intensity and the amofiatoded particles, and thus to calibrate
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regularlyin situ the spectroscopic measurements. As the laboratqggriments presented in
section 3 were realised in ablation conditionsedéht from those applied in TEXTOR, the

fractional abundances of carbon ions cannot beabztleasily.
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New laboratory experiments in the TEXTOR ablatiamditions and/oin situ experiments
without plasma but in presence of the magnetid femle therefore required to be able to
interpret correctly the experimental data, andstineate the amount of eroded material.

5. Conclusions and outlook

The model used to simulate the laboratory experiatespectra to evaluate the fractional
abundances of carbon ions in the laser plasma plyines encouraging results. However,
further investigations on radiation transport aldhg line-of-sight and on the temperature
spatio-temporal evolution are needed. The firsisitn experiments realised in TEXTOR
allowed to observe the plasma plume as well asntieeaction between the injected particles
and the tokamak plasma, and to understand queditatthe influence of the laser-injected
particles on the spectroscopic measurements. Fueheratory andn situ experiments are
needed to better understand the influence of thews parameters and to obtain more

guantitative results.
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