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Conditions for which Rayleigh scattering and redistribution of radiation can be observed are examined. The
competition between the relaxation processes and spontaneous emission is shown to determine the conditions
for partial redistribution. We investigate specific cases in the singlet and tripleatdenic system for plasma
parameters reachable experimentally in a well diagnosed magnetic multipole source. Partial redistribution on
the 2'S-4'P at 396.5 nm, 2P-5'D at 438.8 nm, 2P-5°D at 402.6 nm, 2P-4°D at 447.2 nm and
23P-43S at 471.3 nm fine structure transitions is observed employing a dye laser pumping theadma.

We make use of a previously developed two-photon formalism based on the frequency fluctuation model to
calculate radiative redistribution functions. Results of the partial redistribution measurements are presented,
augmented by a comparison with calculations. This allows us to confirm available electron-atom elastic colli-

sion rates to within 20%.
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I. INTRODUCTION frequencies close to the resonance transition, either scatter
photons coherently, i.ewp=wg, or redistribute the emis-
Knowledge of how an atom scatters radiation is importantsion about the resonance frequency. The former process
in many fields of plasma physics. In astrophysics, the theorgives rise to the Rayleigh peak, the latter to the fluorescence
of radiative transfer in spectral lines has a long hisfdry5] ~ Peak. An important advance in the study of such processes
and is of significant importance in determining the structuréhas been achieved by Omont and co-work&iswho inves-
of many astrophysical systems. In order to determine th&igated this for a two- and a three-level atom by using the
emission coefficient, needed to solve the equation of transfeflu@ntum mechanical description of matter and radiation. Re-

scattering of radiation can be important and hence the corf€Ntly @ more sophisticated model for the calculation of ra-
cept of redistributed radiatioh(wp ,w<) is introduced. The diative redistribution function has been developed by Mosse

latter relates the spontaneously emitted radiation at freSt al. [12]. This model permits the investigation of rgdiativ_e
S o redistribution processes for complex emitters and in a wide
guency wg to the incident radiation of frequencyp. Its

. . . . . ran f plasm nditions an nstit werful tool
knowledge is also of importance in the calculation of optical ange of plasma conditions and constitutes a powerful t

. . . . . ! for the study of radiative transport in plasmas.
depths, on which x-ray diagnostics of high-high-density Experiments such as those discussed in Red], where

plasmas, for example, depefi!7]. _ _ partial redistribution is predicted because of the fine structure
The first spatially resolved observation of light Scatteredinhomogeneity, are of general interest due to the possibility
by an atomic vapor near a resonance line and the first exper; testing models in the line shape theory. As an example, for
mental study of the redistribution of light by collisions as athe study of the ion dynamics effect, redistribution provides a
function of the detuning of the incident light have been 'e-more sensitive probe than the linear respc{rjﬂ_ A second
ported by Carlsten and Sge in 1976[8]. The pattern of example of what a critical redistribution experiment could
coherently scattered and redistributed radiation has also begovide is found in the basic assumption that the inelastic
observed only under very few experimental conditions forelectron-atom collisions can be ignored. Those effects would
neutral emitters in plasmas due to the experimental difficulbe emphasized in the redistributed line shape, and thus com-
ties[9-11]. parisons between models and such respective experiments
In the meantime, redistribution of radiation has been studwould lead to a measurement of inelastic collisions rates.
ied using several theoretical approaches. The most commddnfortunately, experimental difficulties have so far impeded
approximation for its calculation, complete redistribution, as-such studies.
sumes that the emission profile has the same shape as theThis paper deals with Rayleigh scattering and redistribu-
fluorescence profile, so that the redistribution function betion of radiation in Hel plasmas, which are not only theo-
comes a product of the absorption and fluorescence funaetically but also experimentally investigated in a magnetic
tions. For the conditions of an arc plasma this is valid be-multipole plasma source using a dye laser for pumping the
cause the spontaneous emission rate can be neglected wiltasma[14]. In Sec. Il, we consider a simplified picture to
respect to the other damping rates in the plasma. Neverthexamine qualitatively the occurrence of partial redistribution.
less, different inhomogeneous line-broadening mechanism$Vith the use of the analytical expression of Omont, Smith
such as the Doppler effect arising from thermal motion andand Cooper[5], we show how the competition between
broadening due to collisions of the radiating atoms with thespontaneous emission and collisiof@ectron-atomn affects
nearby particles, can result in partial redistribution. In its resthe redistribution of radiation. We have distinguished five
frame, an atom undergoing collisions can, for photons withcases of interest, depending on which one of those damping
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rates dominates. This drives our choice of the selection ofh

fine structure transitions in the triplet and singlet system of Yo \Yb
He 1, that can be observed experimentally. Section Il is de-

voted to the description of the experiment. After presenting
the experimental setup, which consists of the plasma source
the laser system and the detection unit, we present the cha
acteristics of the plasma parameters. Spatially resolved, ra
dial and axial measurements of electron density and electrol Fb
temperature show that the plasma source is particularly ()
stable and thus well suited for the studies of the redistribu-
tion. We also present in this section the operation of the
plasma source for the redistribution of radiation with all the
technical difficulties connected with such measurements. The
theoretical model used to calculate the redistribution of ra-
diation is discussed in Sec. IV. The frequency fluctuation
model (FFM) [15,16], which has been successfully used to a
provide complex ionic absorption or emission spectral line \ a
shapes for emitters in a wide range of plasma conditions, ha:

been extended to enable calculations of the radiative redis r
tribution [12]. The system of dressed two-level emitters or

Stark dressed transitions defined in the FFM includes inho-

mogeneities of the line broadening process, and constitute

the most important simplification permitting a straightfor-

ward extension to the two-photon process. As an illustration,

we present the calculations of the scattered spectra of the He FIG. 1. Parameters for the two-level system.

1 23P-53D transition. Finally, the observed scattered spec-

tra are presented in Sec. V, with comparisons with the theo2nd its width depends on the decay rates of the lower level,
retical spectra. i.e., on the spontaneous emission rate and the inelastic colli-

sion rate of the lower level. In order to have complete redis-

tribution the fluorescence line must dominate. The occur-

Il. SKETCH OF THE SPECTRUM FOR A rence of partial or complete redistribution is closely related
TWO-LEVEL SYSTEM to the competition between all those damping rates. They

When a monochromatic light wave impinges on an a,[Omdetermine the magnitude of the correlation between the

near one of its resonance lines, part of the light is scatterecg.umpm'g r"."l?'at'on. and that ekm|tted sp;o?]taneously by the ra-
To give a qualitative description of such a process, the famil- lator. As | ustratlon_w_e make use o the power spectrum,
iar two-level system will be considered in this section. The! (@p.@s), Of the radiation emitted at a frequenay by a
level scheme and the relaxation rates are displayed in Fig. £YStem pumped at a frequenay . Its calculation is a com-
where the pumping radiation at the frequenay is repre- plex prol_)Iem due to_the atomic system of the emitter and the
sented by the double line. The spontaneous decay rates Pfoadenmg mechanisnisomogeneous and inhomogeneous
lower and upper leveld, andT',, respectively, are repre- 17]. Nevertheless, analytical expressions exist in the scheme
sented by wavy lines ara;d coIIisbi'onaI rates b’by single of Fig. 1. In order to illustrate the role of all the above damp-
lines. Elastic collisions are usually viewéad as collisions'"d rates on the rao!latlve redistribution, we make use of the
which interrupt the phase of the emitted wave train. How-WeII known_ expression proposed by (_)mont, Smith, and C.OO'
ever, in the present context, elastic collisions {n Fig. 1) per[5], which is valid whenever the impact theory is valid,

are considered as collisions which transfer population fron}-€- Whef‘e"er the fr_equency_dﬁferen_c_es are less thap 1/
the laser-excited virtual levélevel in dots in Fig. 1to the  Wherec is the duration of typical collisions:
real upper levelb. In contrast to this, inelastic collisions
(vap in Fig. 1) are those events which cause a net population l(wp,0e)=Af(wp) I'b(Ybat 71,0)
transfer from the lower and upper levels to other levels. Ps P V2,
In the absence of elastic collisions and of Doppler effects,

the spectrum of the scattered light is a single line centered on Yta
the incident frequency, known as Rayleigh scattering. With Xf(ws)—(w 09?72
elastic collisions present, population can be transferred to the PT @I Na
real upper level and the emitted radiation is divided between T f(ws)
N . ) b s
the Rayleigh line and the fluorescence line emitted near the e FTPNEY
47 Ypa f(wp)

resonance frequency. This is the case of partial redistribution.
For a homogeneously broadened line, the amplitude of the To(4Ypa— 2% bYoa— Ve bVt a)]
Rayleigh line depends on the ratio of the spontaneous emis- + — ——,
sion rate(of the upper leveland the elastic collision rate, 4%t bYba
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TABLE I. He | transitions of interest and their characteristics.

—Casel: y>I;I'~0 !
---- Casell: v >I =1, Corr. theor.
------- Caselll: ¥,=I =[ Transiton  A(nm)  Tp(s™Y) Ye(s™h case
17~ CaselV: I >y>=I, 21s-4'P 3965 6.8%10°  4.80<10 |
@ | CaseV: L[>y >I 2°P-53D  402.7 11610 6.28<107 [
g 23P-43S 4713 9.3x10°  4.35¢10° 1l
< 23P-43D 4472  24&10°  7.25<10° \%
7 2'P-5'D 4388 9.0&410° 8.46x10’ v
(3) The lower state has a significant decay r@se V in
N Fig. 2); we can still observe redistribution, even in the ab-
S sence of elastic collisiond.0]. It can happen when radiation

from the lower level is trapped due to optical thickness of the
a, transition. This would cause repopulation of the lower level.
We investigated fine structure transitions of Hie order
to match these five cases. The choice was driven not only by
%henomenological interest but also by experimental observ-
ability. One has to choose sufficiently bright transitions, i.e.,
coming from not too high principal quantum numbers, but
) o ) having an upper level significantly broadened by collisions
wheref denotes the Lorentzian emission or absorption profor the given plasma parameters. In addition, the wavelength
file, window of the transitions has to match the best gain of the
pumping laser. One also has to take care of the choice of the
lower level in order to have a non-negligible spontaneous
decay compared to the upper one, but still to have sufficient
(2)  population on this lower level. All those compromises lead to
our choice of five fine structure transitions in the singlet and
triplet system of He. The transitions of interest and their
and ypa=7vet+t[(Iat+Tp)/2]+[(vat y)/2] and y,;=I';  characteristics are shown in Table I. The spontaneous emis-
+ v;. The constanA is a normalization coefficient. The oc- sion ratesl’, and 'y are taken from Theodosidi8]. The
currence of partial redistribution depends critically upon theelastic electron-He collision rateg, are calculated for the
competition of the rates of spontaneous emission and elastiresent  experimental plasma parametersN.=10
collisions. In Fig. 2, we have plotteld,(wp ,ws) calculated <102 cm 2 andkT,=5 eV) using the impact theorjd9].
for different assumed cases witA chosen such that In the present study electron-atom collisions dominate all
I[N (wp,wg)dwpdws=1: variation of the different damp- other collision processes due to a high ionization degree of
ing rates allows one to identify conditions for which Ray- the helium plasma of about 1%. An estimation made by us-
leigh scattering and redistribution of radiation can be ob-4ng the cross sections given if20] shows that, for the
served, and to see which of the two scattered processgsesent plasma conditions, the HeHe collision rate is 10
dominates. Nevertheless, we neglect inelastic collisions itimes lower than the electron-He collision rate. Due to the
the calculations, since we cannot isolate their effects experiower population densities in the excited states, respective
mentally; they essentially broaden the profile, which is notcollision rates are even much smaller. In the triplet system,
seen anyway because the profile width is instrumental. Weve choose to pump from the levefP which has a sponta-
distinguish five cases of interest. neous emission rate non-negligible compared to the others
(1) The lower state has zero widthy(,~0), i.e., the (I'z3ps=1.02x10" s 1), but which is sufficiently popu-
lower state is the ground state or a metastable state; the riated to be pumped.
distribution is caused solely by elastic collisions. This corre- Measurements of the population dengitysp of the 23P
sponds to case | on Fig. 2, where the Rayleigh peak centeresiate were performed with the present experimental setup
on wp can be described with a function. employing Rayleigh scattering at some detuning from the
(2) The lower state has a width of the order of that of theline center to check the feasibility of redistribution measure-
upper level. Three cases of partial redistribution can be obments. A population density of 3310 cm™ 2 was found
served: the elastic collision rate is larger than the spontander our plasma conditions. This is consistent with former
ous emission rate of the upper level, the fluorescence linexperiments of Lokaczyk21]. Concerning the choice of
will dominate (case Il in Fig. 2. All rates are of the same lower levels in the singlet system, previous measurements of
order of magnitude; the scattered profile shows both fluoreshe population density of the %5 state convinced us to
cence line and Rayleigh pegésase Ill in Fig. 2. Finally, the  choose this statf21]. In addition the 2P level is reason-
spontaneous rate is larger than the elastic collision rate; thably populated because of the high optical depth of the reso-
Rayleigh peak will dominatécase IV in Fig. 2. nance transition.

FIG. 2. Examples of scattered emission calculated with the us
of OSC's expressiof5] for different caseswg is in arb. units and
the integrated emission is normalized to 1.

(Yoa)/

fw)= — 0T
) ot
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mm, blaze-wavelength 1 mnentrance slit. In addition, a

£ bl L1, L2,D v photomultiplier (RCA, type 4526, quantum-efficiency;
anl AN v spuen =20% at\ =400 nm) at the exit is used. In order to reduce
e stray light to a tolerable level a diaphragm system with
P A N Brewster windows and a light dump for the laser beam were
et i——— :
i a installed.
i ELI k2 N i The multiplier was ope_rated in a p_ulsed m_odq,h(
_-_5_ ~40 ms) to prevent saturation effects by intense lines of the
_ > lens(L3) plasma source, which was running in a continuous mode.
Mcteetion giaein []— pove prism The scattering volume was610~ 4 cm® (0.03 mm in width,
. T o (L4) 2 mm in height, and 10 mm in lengtland the scattered
- ey radiation was collected by a solid angl€)=10"2 sr. Scat-

tered light was measured during laser pumping at wave-
menochromator (1m) lengths in the vicinity of the selected spectral line by tuning
the monochromator over this line including the far line wing
where the photomultiplier output signal was very weak.
Therefore, the multiplier signal was amplified by a factor of
100 with a preamplifier, the frequency band of which was 10
kHz <v,,<400 MHz. A boxcar integratofStanford Re-
lIl. DESCRIPTION OF THE EXPERIMENT search, type SR 230recorded the signal of the scattered

light with a gate period of,.=50 ns.

FIG. 3. Experimental setup.

A. Experimental setup

The experimental setup used for the investigation of Ray- B. Plasma parameters

leigh SC‘?‘“e””g and rgd|str|but|on OT radiation in a helium Spatially resolved, radial and axial measurements of the
plasma is shown in Fig. 3. The main parts are the plasma

source, the laser system, and the detection unit. The heliur%IeCtron density and temperature were performed by using a

plasma is produced in a magnetic multipole plasma sourcn‘s"’mgn_w'r probe for different gas pressures <ipg=<5 Pa
which has been described previously in defag]. Briefly, and discharge currents 55A ;=30 A [22]. From the probe

the anode of the plasma source is a vertically mounted cyleasurements at the center of the plasma, we observed that
lindrical vesseldiameterd= 15 cm, lengtH =33 cm) made eléctron density and temperature increase monotonically
of nonmagnetic stainless steel. To diagnose the plasma theydth increasing discharge current, and that the electron den-
are four ports with windowsd=3.5 cm) on each of three Sity increases with increasing gas pressure while the electron
levels and two ports with windowsd& 1.0 cm) on each of temperature decreases. Investigations of the variation of the
two levels at the periphery of the discharge chamber. Thelasmas parameters with the filling gas pressure indicate that
upper and lower ends of the vessel are formed conically witfior a gas pressure qf;=2 Pa the plasma source shows a
two ports @=3.5 cm) for the gas inlet and for the cathode particularly stable and reproducible operation mode. The ra-
mount, respectively. The directly heated cathode-filament islial profiles of the electron density and electron temperature
a small tubg1/4 in. in diameter and 1 in. in lengticonsist-  are presented if22]. The measurements indicate, that for a
ing of lanthanum-hexaboride (LgB A magnetic octopole small discharge currert;=5 A the radial electron density
structure(longitudinal line cusp configuratioron the ves-  profile is flat, but for discharge currents 16sA,=<30 A the
sel's external wall is used for the plasma confinement. Thejensity drops rapidly when moving away from the plasma
radial magnetic induction at the inner wall of the dischargecenter. In the radial range of<Or,<2.5 cm of the plasma
chamber (=7.5cm) in front of the magnets iB;  cojumn, there exists, within the error bars, a field-free plasma
=250 mT and at the position of the poiy=60 mT, de-  of high uniformity in the electron density range of 1.1
creasing rapidly to a value &, =20 mT atr=3 cm. Close 102 oy 3< N,<1.6x 102 cm 2 and in the electron tem-
:]oeg;%iz?grce—center startingrat 1 cm the magnetic field is perature range of 2.5 evkT,<5 eV.

The laser system consists of a dye ladeambda Physik
LPD 30028 which is pumped by an excimer laser at a wave-
length of 308 nm(Lambda Physik LPX 10%i The laser
beam is focused by a telescope-lens system into the center of For operation of the plasma source the cathode was
the plasma source. The plane of polarization of the dye lasdreated by a current of,~120 A. The scattering experi-
is perpendicular to the scattering plane. ments presented in the following were performed with a he-

The scattered radiation is detected perpendicularly to théum gas filling pressurgpy=5 Pa, a discharge currehy
laser beam crossing through the plasma source. The scatterec®0 A and a discharge voltadé,~ 100 V, resulting in an
light is collected by a system of two lenses and a Dove-prisnelectron density oN.=1x 10> cm 2 and an electron tem-
used for rotating the image of the scattering volume to fit theperature ofkT,=5 eV at the discharge center; the uncer-
1m-monochromato(Spex, model 1704, grating 1200 lines/ tainty of the plasma parameters was found to*h20%.

C. Operation of the plasma source for the redistribution
of radiation observation
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In the scattering region the laser beam diameter djas the transition associated with the coupling of the radiation
=2 mm. The energy of the beam before entering the disfield to the lower levelg and the upper levet¢ of the kth
charge chamber was 0.5 md;<1.8 mJ at a wavelength of SDT. The normalized matrix element is D{)¢q
the order of 400 nm. In the chamber it could not be mea=r1+ic,/a,, wherer= \/Z_aj is the reduced matrix ele-
sured. However, we proved experimentally that the fluoresment of the transition associated with the emission of the
cence did not show any saturation effects by decreasing th@DT. To describe the instantaneous probability of occurrence
incident laser power. The laser pulse duration was about 10f a particular SDT, the probability vector operafois de-
ns and the spectral width was 8 pm when employingfined with elemenp,=a,/r?.

Rhodamine 6G and Furan 2. The linear response line shape in the quasistatic ion/

The experiment of Rayleigh scattering and redistributionimpact electron approximation can be written as an average
of radiation was performed first by setting the dye laserover the initial and the sum over the final SDT in the ex-
wavelength to a chosen spectral distan@esually AN tended Liouville space as
=—30 pm, 0 pm, 10 pm, 30 pm, 60 prfrom the center of
the selected plasma line. The optogalvanic effect employing - , 0 ,

a helium lamp gave the reference for each line. Then the (@) Im; PiL(PIG (@)[Dpo) s ®

monochromator was tuned in steps &k =4 pm over the

spectral line in questiofobservation of the lines was in sec- Where

ond or third order. For every wavelength the scattering sig- 0/ \_ -1

nals were averaged over about 300 dye laser pulses by the Glw)=(wl=to) @

boxcar integrator. Its second window delayed slightly in timeand1 is the unit operator. The Liouville operatég has a set

gave the background at each wavelength position. It wagf eigenfrequenciesy,=f,—iy,, composed of the general-

subtracted from the respective scattering signal. During thgzed frequencies and widths of the SDT. Comparisons with

operational time of the experiment the laser output powebther models, simulations and experiments have verified the

was monitored by a photodiode and the plasma parameters Qf:curacy of the FFM23,24. The one-photon line shape

the source were controlled and held constant observing thgiodel above is extended now to the two-photon redistribu-

discharge parameters voltage, current and filling pressure. tion model by continuing the expansion of the response func-
tion to higher order in the emitter-radiation field interaction

IV. MODELING THE RADIATIVE REDISTRIBUTION [25]. This approach is based on a previous investigation of

FUNCTIONS the fluorescence of simple two- or three-level atomic systems
in a plasmd17]. To calculate the spectrum of radiation scat-
] tered by an emitter in a plasma, one has to study the response

The theory developed in Moss# al. [12] was designed  of the atomic system perturbed by an external monochro-
to calculate line shapes of the fluorescence emitted by amatic electromagnetic field, observing the fluorescence ra-
optically active system immersed in a fluctuating thermaldiation. On the one hand, the external fi¢laser field that
bath of perturbergelectrons and ions of the plasinahile  pumps the atomic system is treated classically by using the
being pumped by a monochromatic external radiation field. Itepresentation of harmonic numbef&6]. This method
is based on the frequency fluctuation modEFM) [16].  comes from the Floquet meth¢d7], that makes it possible
Briefly, the plasma-emitter system is modeled, in the FFMto remove the time dependence of the field interaction opera-
by partitioning it into an active radiating system and a per-tor V, which describes the coupling of the incoming pump
turbing bath. On the one hand, the perturbing bath is defineghdiation operator with the generalized dipole operator of the
to be electric fields produced by the plasma particless  SDT. On the other hand, the fluorescence radiation is de-
and electronswhich interact with the emitter modifying the scribed as a spontaneous emission process of the SDT. In the
radiated spectra. On the other hand, the radiative system fgllowing, Vs will be the field interaction operator for the
supposed to behave like a pseudomolecular system in thisoupling of the spontaneous emission with the generalized
bath. The quantum mechanics for this pseudo-system is sgipole operator of the SDT. Then, in this formalism, the
up for static ion perturbers, while the electrons are treated ipower spectrum of the radiation emitted at frequengyby
the impact approximation. This leads to a powerful renor-az system pumped at frequeney can be written as an av-

malization process that creates a set of two-level Starkerage over the initial SDT and a sum over the final SDT, as
dressed transitionéSDT). They are defined as the weakest

observable resonant features that can be extracted from the
guasistatic profile. Each SDT is characterized by the gener-
alized complex frequencyf,—ivy,, and the generalized
complex intensitya,+icy. The purely static profiles can be The »—0 limit of the propagator in Eq5) is written as an
written as a sum of generalized Lorentzians. For the introoperator in the extended space as

duction of ion dynamics effects on the line shape or for the 1

extension of the FFM to the radiative redistribution function G =[Q=€o=(VstVp)] ®)
calculqtions,_ a gengralized dipole moment matrix ele_men‘t:md satisfies the Dyson equation

(Dy)eg is defined. This can be done by relating the amplitude

of the SDT dipole moment matrix element to the intensity of G(Q)=G%Q)+G%0)(Vs+Vp)G(Q), (7

A. Formalism

uwp,ws>ocnmolm2 Pi({((VslG(im)[Vepo)))i - (5)
n— h
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whereG°(Q) is given in Eq.(4). 10000
The Dyson equation is developed to the lowest nonvan-

ishing order. One obtains 19007

100

l(0p,09)xIM2, Pi(({Ve GO 05){VpG(ws—wp)VsG 10]

b or st e ————

T

1+

ln(@.c)

(—wp) +VsG(0)Vp[ GOwp) +G°
(—wp)IHVepo))if- (8)

The first term in the curly bracket above gives the Rayleigh

scattering line, centered on the frequency of the incident ra-  0.0014.~

diation wp. The second term describes the redistributed ra- -

diation. 4 20 0 2 4 6 8 100
As an application of this model, the feasibility of a reso- AM pm)

nant diffusion experiment, targeting a resonance between the

3d—2p line of MgIv (14.6526 nm and a Zr x-ray line at FIG. 4. Scattered spectra of the Hene 23p—5°3D transition at

14.6515 nm, was calculated and has been published els€062.6 nm calculated using the radiative redistribution model for

where [13]. This frequency redistribution model was also different wavelengths of the pump laseBAA=(\p—\o)=

used in the radiative transfer problem of amplifying media+60 pm (full line), AA=+50 pm (dashed ling AN=+10 pm

[6]. The spectral emissivity, corrected in order to account fofdot-dashed ling and A\ = —30 pm(dotted ling.

redistribution of radiation, was calculated for lasers employ-

ing neonlike germanium and hydrogenlike carbon ions. Incenter. The scatter of the data points indicates the noise es-
continuation of this study, investigations of the Doppler shiftsentially due to the low signal levels.

and the frequency redistribution function in the laboratory \ye haye investigated many positions of the pumping laser
frame were performed recently using the above modgl from the red wing to the blue one of the linAXp= +60,
+30, 030 and —60 pm). The apparatus function was
B. Application of the formalism to the He 1 23P-53D measured to have a Gaussian shape with a FWHM
transitions width at half maximum of 26 pm. Each calculated spectrum
We present in this section an example of the calculation ofvas convolved with this profile. For the comparisons of
the scattered spectra of the H2 *P—5°D transitions using these calculated spectra with the measured ones, we also
the previous formalism. The calculations are performed foffitted first each experimental spectrum with two Gaussian
the following plasma parametefd,=10'2cm ° and kT, profiles of the above FWHM. One Gaussian profile was cen-
=5 eV. For those given plasma parameters the electronitered on the wavelength of the pumping laser wavelength
broadening is 0.3 pm. For the®-5°D transition, there are  (Rayleigh peak and the other one was centered on the reso-
six fine structure transitions and the effects of the stBf¢5  nance line(fluorescence line Then, we adjusted the maxi-
D andG of the leveln=5 are taken into account. Five fine mum intensity of the fluorescence part of the theoretical
structure components are merging together, while the lasipectrum to the latter Gaussian profile. We thus could check
one is still resolvable aA\ =16 pm. if the Rayleigh part of the theoretical spectrum was in agree-
We performed calculations for different values of the ment or not with the measured one. With this procedure, we
pump field, i.e., for different wavelengths of the pumpingwere able to check the reliability of the calculated electron
laser. Figure 4 shows the scattered spectra as a function @bllisional broadening. Nevertheless, due to the very broad
the laser’s wavelength separation from the resonance line apparatus function compared to the other broadening mecha-
No. Four examples are shown depending on the position ofisms, the effect of the electron-atomelastic collisions
the pumping laser that are &@\=+60,+50,+10 and could be not investigated and, therefore, was neglected in the
—30 pm from the resonance line. The scattered profiles arealculations. Only the electron-atoglastic collision rates
represented in log scale in order to emphasize the shape 6f, calculated as discussed in Sec. Il, were taken into ac-

0.1+

0.01+

0.0001

the fine structure components and the Rayleigh lines. count.
As an illustration, we present in Fi$ a comparison be-
V. RESULTS AND DISCUSSION tween the measured spectrum of théP2-5°D transition

and the theoretical one, for a pumping laser sef\at=
+60 pm from the line center. As reference, the calculated
We observed partial redistribution on th€R-53D tran-  scattered spectrum before the convolution accounting for the
sition at 402.6 nm. The signal was sufficiently intense toDoppler broadening and the apparatus function is also given
observe the spectra in 3rd order of the monochromator. Thi this figure. The calculated scattered spectrum shows very
measured spectra were sufficiently described by 100 pointgood agreement with the measured one within the error bars.
over the wavelength window between-50<AA< We have checked the influence of a variationjyqfon the
+80 pm, whereA\ is the frequency deviation from the line redistribution profile, and a variation higher than20%

A. Measurements in the triplet system of Hel
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FIG. 7. Comparison between the measufeldck crossesand

FIG. 5. Comparison between the measufessesand calcu-  calculated(black line scattered spectrum of the H&2 3P-5°D
lated (line) scattered spectrum of the He2 3p—5°D transition at  transition at 402.6 nm for a pumping laserk = +30 pm from
402.6 nm for a pumping laser A\ = + 60 pm from the line center. the line center. As reference the measured spectrum without pump-
[The pure electron broadened redistribution spectrum before convdng is shown (gray crossesand its fit with a Gaussian profile
lution with a Gaussian profile (FWHM26 pm) is shown in gray. (FWHM=26 pm; gray ling.

would lead to disagreement between the measured and thgnple of such an observed partial redistribution case, while
theoretical scattered spectra as it is shown in the Fig. 6.  the transition is pumped @\ = —40 pm from the line cen-

By comparing a spectrum with and without the pumpingter, The calculated scattered spectrum is found to be in rela-
radiation is effective. For the pumping laser setAat= The characteristics of the P—4°D transition at 447.2
+30 pm from the line center, the fluorescence intensity issm correspond to case IV in Fig. 2. As theoretically pre-
increased by a factor of 1.3 compared to the signal measureglcted, we should observe a dominance of the Rayleigh peak.
without the pumping laser. Unfortunately, no conclusion can be drawn since the three

Partial redistribution was observed also on th?@2-438 experimenta| Spectra’ecorded for a pumpmg laser set at
transition at 471.3 nm, as was predicted theoretically. They)\ = —30,+20,+ 30 pm) show no variation whatever with
scattered spectra were measured in second order and the c@le laser wavelength.
culated spectra were convolved with a Gaussian profile of a
width found to be equal to 37.3 pm. Figure 8 gives an ex- 20

144

e
2
1

Intersity (arb. units)

Intensity (arb. units)

0,0

A2 (pm) ] laser laser | Al(pm)

FIG. 6. Calculated scattered spectra of thei2é€p—53D tran- FIG. 8. Comparison between the measufeldck crossesand
sition at 402.6 nm compared to the measured @resses for calculated(black line scattered spectrum of the He2 3P—-43S
different values of the elastic collision rate. The full line spectrum istransition at 471.3 nm for a pumping laser/sk = —40 pm from
the result usingy.. The dashed line corresponds to a calculationthe line center. As reference the measured spectrum without pump-
with (y.= +20%); the dot-dashed line is foryg=—20%). The ing is shown(gray crossesand its fit with a Gaussian profile
pumping laser is set &\ = +60 pm from the line center. (FWHM=37.3 pm; gray ling
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FIG. 10. Comparison between the measufesses and cal-

FIG. 9. Comparison between the measufewssesand calcu- - 1 I
lated (black ling scattered spectrum of the He 'S—4 1P transi- culated(black line scattered spectrum of the H@ “P—-5 "D tran-

tion at 396.5 nm for a pumping laser&h = +60 pm from the line  Sition at 438.8 nm for a pumping laser &k = +30 pm from the

center. The calculated spectrum was convoluted with a Gaussidif'® center. The calculated spectrum was convoluted with a Gauss-
profile with a FWHM=20.5 pm. ian profile with a FWHM=44.5 pm.

. : lated profiles where the width is given by experimental con-
B. Measurements in the singlet system of He diti . . >
itions. The theoretical profiles in the graphs reveal good
The same procedures have been used to investigate redisgreement with the experiment. Changing the electron colli-
tribution of radiation on transitions in the singlet system ofsional rate by more than 20% leads to observable deviation.
He 1. Measurements of the scattered radiation have beewe conclude, therefore, that the elastic collisional rate and
done in third order for the 2S-4*P transition, while mea- our model for calculation of radiative redistribution describe
surements on the #P-51S transition were carried out in well the situation at the prevailing plasma conditions. Further
second order, due to the very low intensity signal. Figures ®xperiments with higher resolution are certainly desirable to
and 10 show results of those lines. In the case of therovide a test-bed for this model and therefore to employ it
21s-41p transition, the measured spectrum reveals a smaks a diagnostic tool.
bump at the position of the Rayleigh peak. Nevertheless, no
conclusions can be drawn concerning the agreement with the ACKNOWLEDGMENTS
theoretical scattered spectrum since the signal to noise ratio . )
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