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A method for absolute measurement of population densifisslected atomic helium levels, which has been
applied on the tokamak TEXTOR at the Forschungszentrunchliili Germany, is presented. The method is
based on the resonant excitation of selected levels by aguogler, narrow-band, pulsed laser beam saturating
the optical pumping process. Observation of the fluoreseeesponse is performed at the laser wavelength
and elsewhere in the spectrum: this gives information oliscmhal population transfer between some excited
levels. Data analysis, as required for the derivation obklte population densities, includes due consideration
of the Zeeman splitting of spectral lines in a strong magniild. First results of the measured population
densities are compared with those provided by simulati@edan the collisional-radiative model for atomic
helium in the edge of fusion plasmas. This code has beendedetio include the laser interaction with atomic
helium, in order to simulate the measured time traces oftexti from the laser-perturbed levels. Combination
of this simulation procedure with laser-induced fluoreseemeasurements is suggested as a possible method
for determining the electron density in the edge plasma.

I. INTRODUCTION

Line radiation of atomic helium is used for determinatiospétially and temporally resolved electron density angoenature
in the plasma. In the edge region of fusion plasmas heliumti®duced radially into the plasma in form of thermal [1] or
supersonic beams [2-5]. The method is based on intensitgureaent of three spectral lines of atomic helium. Electron
density and temperature are obtained by comparing two fitensity ratios, with main dependence on eithgror T, with
those calculated using a collisional-radiative (CR) mddehelium. Hence, the accuracy of the and7, derivation depends
on the reliability of the model which contains among otheairgé number of rate coefficients for electron collisionaligtion
and ionisation [2, 6-11]. Most of these parameters — at feastigher temperatures as diagnosed with helium beamssioriu
edge plasmas — are known only from calculations. Compad§oreasured passive helium line radiation of a supersottiigrhe
beam installed on TEXTOR with CR modelling results by Brixosled some deviations between calculated and measured line
intensities as well as penetration depth of the beam intpkhgma [2] making clear that the helium modelling in the duasi
edge plasma needs a further improvement. The laser-indiucgdscence (LIF) spectroscopy applied on a thermal hetieam
on TEXTOR, described in this paper, was used in order to &widome parameters of the CR model and its prediction on the
population of selected levels of the beam atoms.

LIF is a widely used method to obtain several kinds of locfdimation about a plasma [12, 13]: patrticle behaviour (gijo
distribution by the Doppler effect [14, 15], diffusion cfiefent [16]), the electric and magnetic fields (Stark [17{iafeeman
effect [18]). By the feasibility of particle density measuorentin a selected quantum level and by analysing of amfligiduced
fluorescence signals, also investigations of collisioadiative models are possible using LIF [19, 20]. In this kyave used
LIF spectroscopy to validate the model prediction of sonvelleopulations of atomic helium. The metastable levels&}
as well as the B3P° states are in principle accessible by this method, compiting earlier passive visible spectroscopic
investigations [2, 8, 10, 21-23]. Moreover, the rate coieffits for collisional transfer between excited levels (ebgtween
levels withn = 3) can be derived from collision-induced fluorescence sgnaénsitivity analyses show that these coefficients
may play an important role in the improvement of the modehfelium [24].

On the tokamak TEXTOR at the Forschungszentrum Jilich imfaay, an appropriate experimental set-up based on a dye
laser pumped by an excimer laser has been prepared. Additicihe system has been extended by a laser wavelengtinaali
tion facility in form of a helium glow discharge chamber. 8ew Il describes these arrangements as well as the measatem
strategy and typical signals are shown. In the section IH,explain these data analysis steps, which are necessattyefor
derivation of absolute populations of the excited leveld greir comparison with model calculations: absolute malamount
in the fluorescence observation volumes, consideratiomeoZeeman splitting of the pumped transitions and some effexts
influencing the laser pumping efficiency. The next sectid) fleals with the modelling of atomic helium population distition
for a given set oh, andT, as well as the population perturbation of the relevant kasla result of resonant laser interaction.
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Figure 1: Experimental set-up of the LIF measurements onT&X.

The simulations predict much larger signal-to-noise satar triplet pumping schemes and for this reason first messents
have been performed in the triplet system. Example restdtpr@sented in section V.

II. EXPERIMENTAL SET-UP

The measurements have been carried out on the TEXTOR tokaf@kTOR is a medium sized tokamak (major plasma
radiusRo = 1.75m, minor plasma radius = 0.46 m) with typical plasma current of, = 350kA and magnetic field on the
plasma axis oB, = 2.25 T [25, 26]. Ohmic heated discharges were used for experinvgtiidine-averaged electron density
in the range ofi, = 2 — 4 x 10! m~3. Constant plasma parameters can be sustained at TEXTOR wifhateau of typically
5 seconds. During this time, the laser wavelength is scanmedthe expected spectral range of the excited transigan (
A\ =~ 70 pm for the triplet transition ah = 587.6 nm) which is subject to Zeeman splitting owing to the preserfdth®strong
(mainly toroidal) local magnetic field.

The laser radiation source is a two-stage system consisfirgpulsed excimer laser (Lambda Physik, type: LPX 315i)
which pumps a dye laser (Sirah Laser- und Plasmatechnik; fpuble PrecisionScan). The system provides near ublivi
to visible laser light with a spectral resolving poweftA\ better than 12 The wavelength of the laser can conveniently be
scanned (controlled via a remote PC) during the dischange dver a prescribed range with a given scan velocity. Lasisep
of 15 ns duration and maximum repetition frequency of 100 Hwijde energies of up to 60 mJ. In order to avoid unnecessary
stray light and the effect of photoionisation, the maximuwailable laser energy was not generally utilised.

The laser beam is guided from the laboratory to the top ofakarhak by folding mirrors and directed down onto the gas
nozzle (Figure 1). The laser light is initially linearly poised. A\/2 retardation plate is used to adjust the polarisation doect
relative to the torus to coincide approximately with thathef magnetic field lines (excitation of thecomponents of the Zeeman
spectrum). At the entrance of the beam into the machine, @sfog lens is used in order to produce at the nozzle position a
sharp image of an iris which lets only the central part of teel beam through. The diameter of the laser beam image at the
nozzle is 2 cm.

The gas nozzle is mounted on a movable platform in a vacuukndgstem [27]. This allows on the one hand the radial
adjustment of the nozzle position and, on the other handyratibn devices can be mounted instead of the nozzle making
reliable adjustment of the observation system possibleowit breaking the vacuum in the torus. Thermal helium atoras a
radially injected through the nozzle into the plasma. Thaenb@enetrates the plasma for several centimetres with aityetsf
around 1.5 km/s and eventually vanishes due to ionisatissel® [28]. The nozzle construction based on capillary ttdmsts
in a beam divergence of around®40

The fluorescence light is observed perpendicularly to thestand in the horizontal plane at three radial positionsépiasma
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Figure 2: Fluorescence signals of two Hel transitions assomea for wavelength calibration purposes on a glow digghaet-up in the
laboratory. Left: excitation of the singlet transitiohS2+3'P° at A = 501.6 nm (fluorescence signal observeddat= 728.1 nm, 3'S—2'P°).
Right: excitation of the triplet transitior’3—3*P° at A = 388.9 nm (fluorescence signal observed at the same wavelength)indicates a
typical 'day-to-day’ wavelength shift of the laser for exipeental reasons.

simultaneously. This is equivalent to measurements agreifft pairs ofn., 7.). The observed volumes are imaged through
an interference filter onto the entrance surface of fluidtlghides with an inner diameter of 8 mm. The signals are dedect
by photomultiplier tubes and digitised by a fast acquisititevice (1 GHz analogue bandwidth). The observation syh@sn
been carefully calibrated for absolute photon flux senigitiat several wavelengths of helium lines to be observed dimgu
of a broadband light source with a known spectral radianderitht sphere VSS600 by LabSphere). During the calibratio
exactly the same optical as well as electrical set-up (thiolythe high voltage on the photomultiplier tubes) is aggbks during
experiments to keep the uncertainty of the calibration @doce as low as possible. The system sensitivity has beeolasked
for its frequency response to ensure a proper interpretafithe short fluorescence light pulses. The linearity ofdbtectors
has been investigated; nevertheless in some cases thati@selight caused detector saturation. It was importapetdorm a
proper spectral transmission versus wavelength caldati the narrow-band interference filterSsX = 1 — 2 nm), since slight
misalignment could easily result in a change in their trassion by a factor of two. The absolute calibration has bepeated

a few times after a time period of typically several monthat¢oount for possible changes of the system sensitivityethasy.
by the coating of the in-vessel optical components.

In order to compare the measured absolute populations héthesults of the CR modelling we need to know the number
of helium atoms in the observed fluorescence volume. Tharimdition is obtained from the helium flux through the nozzle,
measured during test gas pulses with the same parameteusiag experiments. Monitoring the gas pressure in the vacuu
vessel during and after the gas puffs allows the deternoinatithe time resolved total helium fluxes. These turn outtadarly
constant during the time window of constant plasma paramméte certain parameters of the gas puff.

The dye laser used may be affected by a certain wavelendthwdfich is not necessarily constant. To avoid a mismatch
between the scanned wavelength range and the wavelengthtodhsition to be excited during relatively short TEXTORgma
pulses of few seconds, a wavelength calibration of the kgsem is carried out before each experimental unit (hadfyd.d~or
this purpose a similar laser-induced fluorescence set-wgpglow discharge chamber has been prepared in the labaratoey
laser is spectrally fine-tuned to provide a fluorescenceasiginany helium transition of interest in the glow dischatgamber.
Sample measurements are shown in Figure 2. In the case dhtfletdransition 25—3'P° a single Gaussian profile fits the
data, whereas when dealing with the triplet transitions, leas to consider their fine structure. The excited trams&&— 3°P°
consists of three components, two of them lying close tagrgthese cannot be resolved) and in a distané®)of= 4.4 pm from
the third component, which is enough to enable resolutidh auir laser. Two overlaid Gaussians fit the data very welectng
within 10% the separation of the components and their iftieretio of S5 /51 ~ 2.9 which results from the statistical weights
of the single sublevels of this multiplet and the fact of gsgtrong, i.e. saturating laser radiatiofy(.S; ~ (8/11)/(1/4)).
Finally, these measurements provide the wavelength aff¢be dye laser, lying in the range of 10-30 pm and not beingptant
in the time, as well as the laser spectral width.

Figure 3 shows an example fluorescence signal as measureEXTAR at the laser wavelength of = 587.6 nm
(2°P°—3°D). During 4 seconds of the plasma plateau (top figure) ther lavelength has been scanned over a range of around
70 pm to cover the sets of" andr components of the Zeeman spectrum (bottom-right). A corspamwith emission spectrum
(bottom-left) calculated according to [29, 30] clearly siscgood agreement. An additional scale has been providdattplot
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Figure 3: Bottom-right: fluorescence signal observed ataker wavelength when exciting the triplet transitidi?2-3°D (A = 587.6 nm)
during a TEXTOR Ohmic discharger{ missing owing to scanning range restricted on purpose)obmteft: corresponding calculated
Zeeman emission spectrum (B = 2.25 T assumed, as in expdjimep: plasma current and line integrated electron dgriring the
discharge.

with the measured curve indicating the measured flux of femmece photons released from the observation volume ieto th
solid angle of our observation system. From this photon fieabsolute population of the level pumped by the laser antlei
the population of this level relative to the ground stateudafion is derived and compared with the CR model prediciogure
14).

I11. EXPERIMENTAL DATA ANALYSIS

As already mentioned, we are interested in the measurerhtire absolute populations of levels excited by laser ligtd &
the comparison with model predictions. This requires sodukit@nal steps in terms of data analysis which are desdiitbéhis
section.

Firstly, we require the number of helium atoms in the fluoeese volume. The total helium flow (integrated flow rate)
through the nozzle into the plasma is thus needed. It isahited by test gas puffs into the torus in the absence of pldsesa
section I1). In the second step, one has to consider thegbwnee of the atomic helium beam in the course of penetratiton i
the plasma and its attenuation owing to ionisation lossegeShe theoretical description of these processes isiffowing
to several uncertainties, including that of the ionisatiomss-section, an experimental determination is a bett¢hoa.

For this purpose the line emission of atomic helium in thenbaathe wavelength of = 501.6 nm (3'P°—2'S) is recorded
by a 2D camera with an image intensifier by using the same wadsen port as for the fluorescence measurements. An example
image is shown in Figure 4. The colour intensity in each pocetesponds to the integral light emission along the linsigit
of the camera i.e. in the poloidal direction. On integrating signals over their extension in the toroidal directisee( Figure
4), one obtains a radial profil§r) of total light emission of the beam at the wavelength undesizteration. It can be shown
that this quantity is a measure of the ionisation losses -Aljnaiom the ground state — of the beam [31, 32].

Our injection system delivers long gas pulses, the totaflgasof which can be assumed as constant on the relaxation time
scale of the level populations. Thus, the partial time dgnie of the (stationary) radial profile of ground state lnelidensity
no(r) is equal zero and hence the ionisation losses are just teldnycthe transport term:
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Figure 4: Beam emission &t = 501.6nm (3'P°—2'S) recorded with a 2D-camera during the flat-top phase of ehdige withm, =
4 x 10*° m~3. The path of the laser beam as well as the lines of sight afesitedl.
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The ionisation loss term can be written

Sion = —Nyo (7‘) ne(r) <UO—>i0nUe> . (2)

Upon insertion Eq. (2) in Eq. (1), one derives for the radialfie of the total (i.e. integrated over the poloidal ancbtdal
direction) ground state helium density in the beam the ¥adlg expression:

/

no(r') = mo(a) — / " n0(r) me(r) (Goionve) —

Ve (T)

: ®3)

wherea denotes the minor plasma radius. On the other hand the neebliue intensity/ () from the level corresponding to
the local line emission coefficient can be written as

I(r) = const X ng(1) ne(r) (co—uve) , 4)

assuming that the radiating levelis populated mainly by electron collision-induced traiosis from the ground state and its
most important depopulation channel is spontaneous radi@both assumptions are justified for the observed trimmsisee
also Figure 6). Replacing in Eq. (3) the expressiondg(r) n.(r) derived from Eq. (4) yields:

’

, r <0'0~>ionvc> dr
no(a) - nO(T ) X L I(T) <UO—>uUe> UHe(r) '

(®)

While there is thus no direct electron density dependendthisnexpression, the electron temperature dependence ohth
coefficients remains. Since both collisional rate coeffitseappearing in Eq. (5) have a similar temperature depeesdarthe
range 10-100 eV, their ratio can be extracted from the re$tiite radial integration. Furthermore, if assuming a rifglonstant
(negative) velocity,. () = const < 0 of the beam (see the direction of the beam flow in Figure 4)ptiéle of the particle
losses is obtained simply by integration of the measuréd ligensity from the plasma edge to the considered radiat pa



’

no(a) — no(r') oc — /T I(r)dr. (6)

Results of such an integration are shown in Figure 5. One earhat the amount of fluorescence signal at the innermost
channel will be more than a factor of three smaller than attt@nel at = 47 cm owing to ionisation losses alone.
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Figure 5: Attenuation of the helium beam in the course of flasma penetration due to ionisation losses derived by riatieg of the beam
emission shown in Figure 4 according to Eq. (6). Indicatedtlae three radial positions of our fluorescence measuren(sse also Figure 1).

As a test of the justification of the assumptions describ@¥alwhich allow the use of line emission from the leS&P° as
a measure of the local ionisation loss rate, the attenuafitimee ground state populationy(r) of a sample beam penetrating a
plasma of given parameters as well as the time derivating/ d¢ are calculated by the CR model. As we see in Figure 6 the
derivative curve (dashed blue line) expressing the ioitisdbsses coincides well with the emission from the e8/@° (solid
red line) which is not the case for the other plotted emissimves.

The second factor which also results in the reduction ofdbellhelium density in the beam is beam divergence. It isvetb
for in such a way that the local helium density profilg<(7) around the beam axis for a given radial position in the plagma
is assumed to have circular symmetrysf (7 = const) = const). Since the signals recorded by the camera are line intgjrat
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Figure 6: Test of the assumptions made for the derivatioroof(&). The CR model calculation of the line emission fromlehwel 3* P° (solid
red line) coincides well with the time derivative (dashedebline; ionisation losses) of the calculated ground statesitly profile (solid black
line). Emission from other levels (remaining curves) carr@used for this purpose. (All coloured curves are rescabeishifted to coincide
atr = 41cm.)
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intensities in the poloidal direction, any toroidal profi€the measured intensity at a desired plasma radiesn be easily
Abel-inverted according to [33]

_ 1 (RdIy)  dy
loc _ _ R A 7
NHe (T) T L dy /7y2 — 2 ’ ( )

yielding the local helium densityy(denotes the variable of integration, aRdthe maximum distance from the beam axis to
the point where the helium light was still detected). Ingigm is performed for all three radial positiorfsof our observation
channels accounting for their radial extension as indicaté-igure 4. One example is shown in Figure 7.
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Figure 7: Relative local helium density around the beam faxithree radial positions of our observation system asvddrby Abel inversion
of the corresponding toroidal profiles from the camera messant.

The local density profile can now be integrated over the ateerevthe laser beam and the path of the line of sight overlap.
This provides, together with the beam attenuation profilé e helium flux through the nozzle, the number of atoms the
fluorescence light of which contribute to the measured sigh&urns out that even at the outermost observation posibinly
about 25% of the initial beam content is effectively usedfiermeasurements.

Scanning the laser wavelength over the Zeeman spectrune giutmped transition yields the maximum fluorescence signal
which can be then compared to the calculated one. Unforyntite small spectral width of our dye laser does not permit
coverage of all Zeeman components. This is unfortunateedine present procedure results in a loss in intensity arketsna
comparison with calculated signals harder, especiallijéncase of triplet transitions, because of its fine structuaréact, in the
example of the triplet transitior®?°—3°D (\ = 587.6 nm), the laser cannot even cover all components of the set of times
(Figure 8 to be compared with Figure 3 below). This compéisdhe determination of the fraction of théP2 level population
which is being pumped to the upper level, even in the sim@se ©f saturating laser power.

In Figure 8, the transition probabilities (A-values) of Zieman components of the transitiotD3-23P° are plotted against
wavelength. Owing to partial overlap, fewer than 40 commisare apparently visible. Theands components have been
colour-coded separately. The nine dominacbmponents in the wavelength rang&87.5600 — 587.5807 nm have been listed
separately in Table I. These have been taken into accounéioaiculation of the population fraction of th&P level pumped
to the upper level.

Figure 9 shows the Zeeman-split transitioiD3-23P° in form of a Grotrian diagram. Only the nine dominantomponents
are indicated. As shown, the corresponding transitionseciall nine magnetic sublevels of the lower level with rdiféerent
sublevels of the upper level (marked with bold lines). Thisams that a saturating unpolarised broadband laser spectra
covering only all ther transitions would be able to transfer one half of the lowepudation to the upper level (in the case
of a laser spectrally covering all ando components this pumping efficiency would climb 16/24). These fractions, as
indicated, apply provided that the initial populationsla# tipper magnetic sublevels are negligibly small, and biese sublevels
remain collisionally decoupled, i.e. provided that cadligal population transfer between them may be neglected tne
time-scale of the laser pulse. Such instant mixing is edgmteo the excitation along all transitions of the Zeemanditire
resulting in an increased value of the pumped fractiotsi®4 and of the upper level population in the presence of lasét.lig
Consequently, collision-induced signals would becomgdarin contrast, changes in the polarisation of the fluanese light
from the upper level counteract the increasing pumpedifraso that fluorescence intensities at the laser wavelestzgarved
perpendicularly to the strong magnetic field in the casetoifrating laser power remain approximately unchanged whemging
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Figure 8: Zeeman components of the transitid®-3:2°P° at A = 587.6 nm calculated for B = 2.25 Tr ando components are plotted in
different colours. For comparison the laser profile is simpgosed.

J. M, Jl|ml| wavelength [nm|| A; [10°s71] | pi

3/0(2|0 587.5700 0.333 1.12
3|-1({2|-1 587.5626 0.477 1.25
3|-2(2|-2 587.5615 0.358 1.12
212|2|2 587.5615 0.358 1.12
2(1(2|1 587.5622 0.358 1.12
201 587.5714 0.403 1.25
21|11 587.5624 0.358 1.12
1111 587.5626 0.477 1.25
11010 587.5807 0.316 1.12

Table I: The nine dominant components of the transitiofB—2P° at A = 587.6 nm (calculated for B = 2.25 T) which are taken into
account for calculation of the®P° population fraction pumped to the upper level. The wavetesigthe A-values as well as the effective
polarisation factors are shown.

the 7 transitions (for the transitiop®S — 32P° it can be shown that the polarisation effect exactly cowttisrthe increased
pumped fraction and hence the fluorescence signal at theNaselength is independent of the degree of the collisionzing).

The effect of collisional population transfer between metgnsublevels was observed in a hollow cathode discharge by
Takiyama et al. [34, 35]. However, it was attributed to atatom collisions due to high atomic gas density in the range of
nue ~ 108 cm™3. In our case electron or, owing to the small energy diffeesmaf the magnetic sublevels, more likely proton
collisions could be sufficiently rapid for the redistritani (see also the discussion on the statistical populatidmydfogen
fine structure levels for typical fusion edge plasma paransen [36]). Since no rate coefficients for the collisionapplation
transfer between the magnetic sublevels are known, we ctaplie effect in the calculation. This question could bemixeed
experimentally by measurement of time-resolved tracetf bt ando components (to be separated by their polarisation) of
the resonant fluorescence light in the case of exciting eny @7 component. Detection of spectrally resolved components
failed due to the too low sensitivity of the gated high-re$ioin spectrometer.

The above considerations and assumptions permit the atifoubf the approximate lower level population fractiomped
to the upper level as a function of the laser wavelength. T additional input needed here is the spectral width ohglsi
absorption line which is most strongly affected by the Depfroadening depending on the helium temperature in th@bea
For this temperature we assume a first wall (liner) tempeeatfi 180°C. With a laser pulse of a given spectral width in the
example of the transition®®—23P° it is sufficient to separately calculate this fraction focke@eeman transition since all the
transitions connect nine different sublevels of both thvedioand the upper level (Figure 9). The difficulty is that thsdr pulse
provides saturation of the pumping process more or lessarcéimtre of its spectral profile. The contribution of the $géc
wings of the laser profile to the pumping efficiency is thereflower. Additionally the laser profile deviates from a Gaias.

In order to allow for these effects we simulate the pumpirigiehcy with a computer code. These simulations are perdrm
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Figure 9: Part of the Grotrian diagram of Hel showing the Zaerstructure of the transitio?B—2P° at A = 587.6nm. Only those
transitions are indicated which are listed in Table I, andespond to the nine dominantcomponents of the line.

for a whole series of laser pulses stepping across the spegtith incremental changes of the central wavelength ofaker
profile, just as in the experiment.

As a result, a spectrum of the pumping efficiency is obtainddwever, it cannot be directly compared to the measured
signals. This is because the observed fluorescence lighar@ted from the plasma radiation by interference filteith wie
spectral width ofAX ~ 1 nm) differs in the degree of polarisatiop;), depending on the upper sublevet originates from.
We have to keep in mind that due to the finite width of the irehce filters the detected fluorescence radiation comsists
only of ther lines, which are excited but also of additional (mostly)nsaglines. The polarisation dependent factors for our
observation angle of 90° with respect to the magnetic field, by which the over the wisplecelr integrated A-values have to
be multiplied, are 3/2 and 3/4 for theand thes lines, respectively. The fingl; values are obtained by weighting the factors 3/2
and 3/4 with the corresponding A-values for thando lines. They are listed in Table I. The resulting spectrumchiding the
polarisation effect — can be then compared with the experiaiaspectrum of the fluorescence signals. The signal amdglst
provide a comparison of the absolute population densith@fidwer level. On the other hand, the comparison of the width
the spectra can be utilised to cross-check the assumedapeiciths of the laser profile and absorption lines. In theecaf a
more complicated spectrum than e.g. of only a single Gangsi#ile, the reconstruction of the features of the profileegas
an additional check for the proper simulation procedure.

Figure 10 shows a measured relative fluorescence spectrimamwioverlaid simulated spectrum of thecomponents. The
scaling of the y axis refers to the simulation curve. The yigalare the transition probabilities for the total radiafiom the
upper sub-levels weighted with their relative populatiooreaseAn,; due to laser pumping and the polarisation facigrén,;
denotes the initial lower level population). At the maxim@m= 587.562 nm) the calculated pumped fraction of the lower level
population amounts to around 1/2 of the maximum which wowdohievable with a broadband laser. The slight flattening at
the maximum of the measured profile may be due to approackiegidr saturation.

IV. COLLISIONAL-RADIATIVE MODEL CALCULATION

For the prediction of the fluorescence signals on TEXTOR weaisode which is a slightly modified form of the time-
dependent CR model code used as the basis for the derivdttha electron density and temperature from the measured lin
intensity ratios [1, 2, 37]. In order to obtain the statiqnéﬁ(% = 0, see Eq. (1)) population density profite = n;(r) of theith
guantum level of helium atoms in the beam in the absence déaiee pumping beam, the population and loss processes of all
29 included levels of the shelis= 1 — 5 need to be balanced by the transport term

on;(r)
Z <O'j‘>ivc> NeNyj — Z <0'i~>j'Uc> NeNy + ZAjﬂinj - Z Ai*»jni - <Ui~>ionvc> NeNy = UHc(T) or (8)

j#i j#i j>i j<i

The left hand side of the above equations includes the elecwllisions (excitation and deexcitation), spontanedesay and
the population losses caused by ionisation (more detailatahe rate parameters included in the model are given i}).[38
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Figure 10: Calculated and measured fluorescence spectra kaiser wavelength = 587.6 nm for the case where the transitioh®®—3°D
is pumped. Ther components alone have been fitted. For comparison the scplasier profile is added.

solve the set of equations we change to the coordinate sysiaving with the beam velocityy, by % = vUge. Thus the
equations transform to a set of time dependent equationsavthe coefficients carry the time dependence through theespa
dependence, e.gT.(r) = To(r(t)) with % = wvge. The result can then be transformed back to space coordibgt¢he
inverse transformation. The system of 29 differential eqeations is solved numerically by using the step width rabled
Runge-Kutta method. Initial populations are set to onetierground state and zero for all excited levels.

When looking for a stationary population distribution ateatain radial position with an electron density not too lpw >
2 x 1012 cm~?) an additional assumption to the beam stationarity can beepsaghificantly simplifying the model calculation:
The relaxation times of all excited levels become suffidiesihort so that, when considering the level populationatiet to
the ground state populationt'®*- = n;/ny), their radial transport can be neglected (ne{c Al nielat- ~ 0). The relative
populations of excited levels are then achieved for thergraglial position as the steady state d|str|bution. Thissgateady
state solution can then be calculated much faster by simatexinversion [2].

The stationary solutions of the population distributioe ased as the starting point for investigating the influeritieeopulsed
resonant laser radiation on the level populations. Sineéatfer pulse lengtilig, ~ 15 ns) and the relaxation times of the excited
levels (e1ax ~ 100 ns, see Figures 11 and 12) are short we can neglect the transparagain in the analysis. To include the
laser pulse we simply extend the left side of Egs. (8) withr fimums reflecting the stimulated transition rates (exicitaand
decay) as sources and sinks of the population of both levatgl] involved in the laser pumping process:

2]

9t = -+ pBioun — pBu—iny
, p>0 for At ="Ty. 9)
% =...+ pBu—>lnu - pBl—>unl

p is the spectral power density of the laser radiation and BlereEinstein coefficients for absorption and induced emiissi
The time development of the perturbation is obtained frone@9ations for the partial time derivativéﬁ. We approximate
the temporal profile of the laser power with a rectangulacfiom. Similar simulations with emphasis placed on the iotjd
variation of rate coefficients for the collisional transbatween the: = 3 levels on the fluorescence signals can be found in
[39].

Figure 11 shows an example of such a calculatiomfor= 5 x 10'2cm~3 andT, = 50eV. The selected laser wavelength
of A = 587.6 nm corresponds to the triplet transitioAP?—32D. The laser pulse energy of 0.2 mJ is sufficient for the stitura
of the pumping process. This becomes evident through tharitseous increase of thelBpopulation to its maximum after
switching on the laser at t = 10 ns as well as through the conptpulation ratio of the upper and the lower levell§3and
23P°) during the laser pulse. Since for this calculation a breaddaser has been assumed this constant ratio is equalrtithe
of the statistical weights (15/9). In fact, however, the jpimg process is less efficient, since the spectral width efdker line
falls below the energy spread in the lower level resultirgrfthe Zeeman splitting. A lower population ratio is thusdurced
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Figure 11: The influence of resonance laser radiation withelesmgth)\ = 587.6 nm on the populations of selected triplet levels (relative to
the ground state). A broadband saturating laser radiatisrbeen assumed, and the Zeeman effect neglected.
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Figure 12: Impact of the resonant laser radiation at 501.6 nm on the population of selected singlet levels (relative ®dhound state)
calculated with the code based on the CR model for atomiciimel{a): Broadband saturating laser radiation has beemeskithe Zeeman
effect is neglected; (b): Real case of a narrow-band lasemasd, and the Zeeman effect is accounted for; (c): Additioarrection due to
strong radiative losses from the levéRs is introduced (see explanation in the text).

at saturation than for the example shown in Figure 11 (seesastion Ill). Taking into account the observation geosnatrd
helium density in the beam, one can calculate from this paifmr the expected fluorescence response for the expesroant
TEXTOR. Its deviation from the measured signal suggestsiceweaknesses of the model calculation.

Figure 11 also shows a decreasing population of both leysisally involved in the laser pumping process during theeta
pulse as well as the increasing population of the otherriwo 3 triplet levels with some time delay. This is due to collisidbn
population transfer from®D to 3*P° and from 3P° to 3*S as indicated in Figure 13. Fluorescence radiation in thibbei or
near UV spectral range from these levels could be detecteglhsinder some conditions, enabling a check to be made eia th
simulation procedure of the assumed collisional rate aweffts between the = 3 levels.

Another calculation example is depicted in Figure 12. Irs tbdse the laser light &t = 501.6 nm pumps the transition
2's31P°, In all three cases the upper level population increasearitlg after switching on the laser, owing to the strong
laser power. The constant population ratio of the upper hadawer level during the laser pulse in case (a) is againlé¢qua
the ratio of their statistical weightg,(/g; = 3/1) since a broadband laser has been assumed and the Zeencanegiected.

In contrast to the pumping scheme shown in Figure 11 theritest@ous population increase of the upper level is folloted
rapid depopulation arising from the very rapid radiativammhel from level 3P° to the ground state. This makes the detection of
the fluorescence signal at the laser wavelength very diffiatien additionally considering the spurious impact ofgbattered
laser light.

In case (b) a realistic laser spectral width of around hathefwidth of the absorption line is assumed such that onlydfal
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Figure 13: Pumping channels for the simulations as showrgarés 11 and 12. The grey arrows represent the collisioalijation transfer
between ther = 3 levels.

the lower level population is subject to the laser intemctiThis leads, on the assumption that ¢, = 1 (in accordance with
the Zeeman effect) to a quarter of the initial lower level plagion being pumped to the upper level. This can be incateor
in the simulation by introduction of effective statistieaights for the upper and lower level, for the duration ofléeer pulse,
of g = 3 andg, = 1. However, in that special case of a strong radiative decdkefipper level during the laser pulse, this
treatment causes a considerable error in the calculatiare tD the strong radiative losses of the upper level and dtleeto
constant population ratio of the upper to the lower levebergd by the saturating laser power, the lower lev& gerves as a
population reservoir for the upper level. Its initial poatibn drops almost to zero in case (a) and more than a factreoin
case (b). However, in case (b) only a half of the lower levgldation experiences the laser impact (serves as respavairfor
this reason its initial population cannot drop below the kr@r50%. This can be reconstructed in the simulation byrsgtte
laser stimulated excitation rate proportional to the rerimgj reservoir population rather than to the total loweelg@opulation.
The result is shown in Figure 12 (c): the lower level popuolaiiloes not fall below 50% of its initial value and as consegee
the upper level is depleted even faster than in case (b) wimahy adversely affects the expected fluorescence respatnsil
three wavelengths.

Owing to the existence of the ground state in the singleesyspumping schemes based on triplet transitions are esghert
provide much stronger fluorescence signals. This is th@neably we started our measurements with the triplet trarsti

V. FIRST RESULTS

Experiments on TEXTOR have been carried out with the laser at 388.9nm and A = 587.6 nm pumping the triplet
transitions 2S—33%P° and 2P°— 33D, respectively (see Figures 13 left and 15). Figure 14 shbasneasured absolute popu-
lations of the lower levels?5 and 2P° obtained at two radial observation positions={ 47 andr = 45.5 cm) during several
ohmic discharges. They are given as population densitiaveto the ground state population to be directly comgavéh
the CR model calculations. The measured populations ofifilettmetastable %5 lie below the model prediction, in the range
of 0.5-0.95 of that and within the error bars (these are ngainke to the scattered laser light as well as due to the uricerta
ties in the derivation of the pumping efficiency, helium centration in the observation volume and the absolute Gl
factors). A similar result of 0.4-0.7 of the model predictis obtained for the relative population of the levéP2 except for
two measurement points. The lower populations resultingpmfmeasurement cannot be explained by resonant reabsooftio
line radiation by helium atoms in the beam (optical thicle)e§he maximum helium density at the beam axis was too low to
alter considerably even the singlet metastable populdyoreabsporption by the ground state atoms. The effect ofatial
transport of the triplet metastable$3for lower electron densitigs.. < 2 x 102 cm~3) (see section 1V) is taken into account
in the model calculation shown in Figure 14. The detailedysmisiof possible model corrections explaining the disarejes
were described elsewhere [38].

In another experiment the fluorescence light has been éetatall three wavelengths (according tothe 3 triplet levels as
indicated in Figure 15) upon the laser excitation of thelétiransition 3S—3%P° at A\ = 388.9 nm. Figure 16 shows the time
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Figure 14: Results of the model calculation and measurenfeie 22S and 3P° population (relative to the ground state population). The
corresponding electron temperatures are given in boxes.

traces of the signals as measured at the radial positiend7 cm with the plasma parameters, taken from similar discharges:
ne = 1.35 x 102cm~—2 andT, = 50eV. A remarkable difference is observed in the noise level efrtfteasurement in case
(c) versus cases (a) and (b). The highest signal-to-ndieaauld be expected in the case (b) of the fluorescence aasiee
wavelength. However, a strong laser stray light — beingrscbtd by recording the laser pulses without plasma — blinds
observation system deteriorating the signal quality. Tigeér level of noise ah = 706.5 nm (plot (a)) compared to the signal
at\ = 587.6 nm (plot (c)) results from the lower transition rate for thelmbnal transfer from the leveP®® to 3°S than to 3D,
the lower radiative decay probability from the levéB3than 3D as well as from a lower detector sensitivity)at= 706.5 nm
than at\ = 587.6 nm.

The signal decay shapes of the three curves depend amomdtotigs on the well known radiative decay probabilitiesic®i
the electron density is high enough to induce a populatiansfier from the level 3 to 3*S and 3D all three signals will
also depend on the electron density and the transfer raftobeets. In particular the signals in case (a) and (c) dejpaainly
only on one rate coefficient: the one for collisional trangfem the level 3P° to 3*S and 3D, respectively. This provides
a possibility for the determination of both rate coefficiitthe electron density is known, particularly interegtin case (c)
in which the high signal purity allows the determination lo¢ trate coefficient with relatively high precision. In Figuk6 (c)
we see that the time trace calculated with the unchanged GiRlInfblack line) decays too slowly. In red the best fit of the
measured time trace in plot (c) is indicated which requirddgher value, than in our standard model, of the rate coeffici
(V) 33po_,3sp DY @ factor of 1.57 (the rate coefficiefitv) ;spo._, 535 iS chosen 1.4 times higher which follows from the ratio
of both rate coefficients obtained from the maximum measaigaial amplitudes in plots (a) and (c); the enhanced value of
(V) 33po_ 53¢ has, however, no impact on the simulated time trace in p)pt {he blue curves are simulation results in which
the rate coefficientov),sp._, 55, Was additionally lowered just by the factor which resulteimunsatisfactory fit in plot (c).
The factor amounts to 15% and hence this is about the accafdleg rate coefficient, provided all other parameters amem

On the other hand, once the rate coefficiént) ... 5s, has been measured with sufficient accuracy, the decay of the
fluorescence signal at= 587.6 nm following a laser pulse at = 388.9 nm could possibly be used to derive the local electron
density (. measurements in low temperature plasmas have been repeittegl from a ratio of time integrated (laser- and
collision-induced) fluorescence signals [40, 41] or from time trace of the collision-induced signalshat 388.9 nm after a
laser excitation ak = 587.6 nm [42]). The convenience of this LIF-based measurement wherparing to absolute population
determination is that only relative fluorescence signatsweded (no absolute calibration of the observation sysezessary;
exact laser adjustment not crucial). Moreover, the lagetypbed populations of the relevant levels return to timéfial values
after a few hundred nanoseconds and the system is in pireiptly for the next sample after this short time period. Aisieity
analysis of such a measurementis possible using our modifiecode and is ongoing.

Vi. SUMMARY

The use of passive line radiation of atomic helium in a plasonalerivation of spatially and temporally resolved eleotr
density and temperature relies on the quality of the coltial-radiative model which is needed for the data analysitase
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Figure 15: Pumping scheme for the measurements as showguireri6. The grey arrows represent the collisional poprdtansfer between
the levels of the shelt = 3 — 4.
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Figure 16: Time traces of relative fluorescence signalsdadiby laser pulses at = 388.9 nm measured at three different wavelengths
(originating from all threex = 3 triplet levels, see Figure 15). Results of the model cattuiaat enhanced values of two rate coefficient are
included.

helium-based diagnostics. The laser-induced fluoresceratkod, as presented in this paper, allows the validatiosoofe
parameters and predictions of this model. Near ultraviatet visible laser light can be used to excite helium atommfro
the levels withn = 2 providing information about their population. To obtaireithabsolute populations, additional analysis
steps have to be performed, including the assessment ofefherhconcentration in the fluorescence volume as well as the
investigation of the laser pumping efficiency. The lattepel®ds upon several processes, e.g. the Zeeman splittirfge of t
pumped transition due to magnetic field. First measurenesuilts show a somewhat lower population of the triplet 26

and 2P° than predicted by our collisional-radiative model. Thegioke reasons for that were discussed in [38]. Furthermore,
a direct method for measurement of the rate coefficientsditisional transfer between some levels with= 3 — 4 is possible
when analysing time traces of (collision-induced) fluoegse signals originating from other levels than those patpdiby the
resonant laser. One example of such a measurement in d frigting arrangement has been presented showing a figsibil
of electron density derivation from collision-induced ftascence signals. A further analysis of the collision-tetlisignals
will allow the validation of the rate coefficients for collimal transfer between the excited levels and possibly gh#me model
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prediction of the line intensity ratios used for theandT, derivation.
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