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Pulsed supersonic helium beams for plasma edge diagnosis

T. Diez-Rojo, V. J. Herrero, and I. Tanarro
Instituto de Estructura de la Materia (CSIC), Serrano 123, 28006 Madrid, Spain

F. L. Tabarés and D. Tafalla
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(Received 28 June 1996; accepted for publication 22 November) 1996

An experimental setup for the production of pulsed supersonic He beams to be used for plasma edge
diagnosis in fusion devices is described. A compromise between compact design, low cost, and
good quality of the probe beams has been met. The main characteristics of the generated beams,
such as pulse shape, absolute flux intensity, and velocity distribution, differ in general from those
expected for ideal beam performance and have been determined and optimized experimentally. A
first test of this He beam source at the TJ-I UP Torsatron in Madrid is also reported99®
American Institute of Physic§S0034-67487)01903-5

I. INTRODUCTION Supersonic beams, obtained from hydrodynamic expan-
sions of gas into a vacuum through a nozzle, offer an inter-
Electron temperatur@,(r) and densityng(r) profiles in  esting alternative to the effusive ones. The beams are usually
the plasma edge of a fusion device are important parametegstracted by collimation of the central part of the expanding
to describe the plasma—wall interaction and the plasma trangas with a skimmet.Until now, they have had very success-
port properties. Fluorescence spectroscopy of light atoms irful applications in other fields of physics research; they pro-
troduced in the plasma as effusive atomic beams and excitadde a higher mean translational velocity of the atoms than
by electronic collisions has proved to be very suitable for thehe thermal oneghigher penetration depths in the plagma
measurement of these quantities and their evolution duringith a remarkably narrower velocity spreélaetter temporal
the dischargé.The determination of eithéF(r) orng(r) is  resolution, and a lower angular divergence determined by
typically performed by studying the intensity profile of se- the geometry of the nozzle and the skimnieetter spatial
lected emission lines excited by the interaction of the beamesolution). These features result in easier modeling of
with the plasma. The use of a lod impurity, whose exci- beam-—plasma interaction.
tation rate is independent of the local electron temperature, The properties of supersonic beams cannot be predicted
allows for the determination of the density profile. For thatas easily and accurately as those of effusive beams. By ne-
purpose, Li beams produced by several methods and coveglecting viscosity and heat conduction effe¢i®., by as-
ing a broad range of energies have been traditionallysuming that the expansion is isentropia series of models
employed®> A comparison between the emission intensity ofand empirical correlations have been developed in an attempt
lines from two injected impurities allows for the determina- to estimate the terminal flow velocity, the velocity distribu-
tion of the electron temperature, providing that their excita-tion in the direction of propagation of the beam, and the total
tion rates show a different functionality with respect to thatparticle flow rate through the nozz{see for instance Ref. 6
parameter, as is the case for the Li/He or Li/C combinationsand references thergirNevertheless, deviations of real sys-
Unfortunately, the different penetration properties of the in-tems from these expected values, which can be particularly
jected impurities strongly restrict the spatial range in whichsignificant for the flux intensity beyond the skimmer, are
this technique can be applied. This problem can be solved bgtrongly dependent on the particular experimental setup; con-
using a single type of impurity and monitoring a set of emis-sequently, they should be determined experimentally. Such
sion lines whose ratio can be directly correlated to thedeviations are caused mainly by nonadiabatic effects during
plasma parameter of interest. the expansion, perturbations of the molecular beam by the
In that respect, the recent development of a collisionaEkimmer, and scattering of the beam particles by background
radiative modél has allowed the use of helium atoms for the gas molecules.
simultaneous measurements of bajr) andT(r).® In ad- Due to the high source pressure used in hydrodynamic
dition, helium atoms present the advantage of a much highexxpansions, the production of continuous supersonic beams
ionization potential(25.4 eV} than lithium (5.4 eV), and requires, in general, a relatively large expansion chamber and
therefore a larger penetration depth. Furthermore, heliunlarge vacuum pumps, and these requirements increase the
beams are easier to prepare and regulate. In order to increasest of the diagnostic system and the difficulty for practical
the beam density, effusive beams for plasma diagnosis hawaecess to the plasma device. Taking into account the pulsed
usually been generated from multichannel soufc@n the  nature of plasma generation in fusion devices, pulsed atomic
other hand, the disadvantages of this method are that effusilmams can be used to circumvent these inconveniences. The
atomic beam diagnostics are subject to large beam divegeneration of pulsed supersonic beams can be done in
gence, offering low spatial resolution, and when employed—smaller chambers and with much smaller pumping speeds. In
usually with a continuous flux of gas—cause the input of araddition, the pulsed operation causes a much lower total in-
undesirably large amount of atoms into the plasma. flux of the probe species to the plasma device. However, an
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He input perpendicular to the beam axis by means of a flexible bellow,
M in order to allow the alignment of the molecular beams, and
~20 mm in the axial direction by means of a micrometer
screw, in order to regulate the nozzle-skimmer distance. Gas
is supplied to the valve through a thin flexible tube.
The nozzle orifice of the valve is contained in an adjust-
able piece with a screw thread. It should be screwed care-
BS C Ce Cs fully in the front part of the valve for proper adjustment of
the “closed” position. In this work a circular nozzle of 0.3
FIG. 1. Experimental setup for the characterization of the He supersonignm nominal diameter is used. The effective aperture diam-

pulsed beam. BS is the beam source chamber used for plasma diagnosis, R ;
the pulsed valve, and SK, the skimmex, C,. C, are the vacuum chambers ¥er of pulsed valves can be regulated by the amplitude of the

for beam analysis; FIG, the fast ionization gauge; CH1, the chopper for im&lectrical signal, but the maximum opening is often smaller
of flight measurements; EB, the effusive He beam; CH2, the chopper for théhan the nominal on&®
effusive beam modulation, and QMS, the quadrupole mass spectrometer. The effective diameter was estimated from measure-
ments of the gas flow and pulse shape performed in a sepa-
excessive reduction of the expansion volume results in a sigrate expansion chamber. The procedure is described in detail
nificant deterioration of the beam properties, and an equilibin Ref. 8. Gas pulses of 0.5, 1, and 2 ms at maximum allow-
rium must be found between the small of the source and thable voltage(150 V) were recorded at the exit of the valve
desirable characteristics of the supersonic beams producedat a distance o2 cm) with a fast ionization gaugérIG)

In this work a pulsed supersonic beam source of Hefor stagnation pressures up to 2 bar. All of them had a nearly
developed for plasma edge diagnostics and installed at th@ctangular temporal shape, with a well defined plateau and a
TJ-IU Torsatron in Madrid, is described. A compromise hasrapid rise and descent slope. It should be noted that proper
been made between the compact design and good quality pkrformance greatly depends of the adequate adjustment of
the probe beams. The fundamental beam properties such #& nozzle to the valve, as mentioned before, and a poor
pulse shape, absolute flux intensity, velocity distribution, andhdjustment can result in the appearance of aperture oscilla-
beam divergence have been determined experimentally antbns during the pulse. The effective diameter corresponding
are compared to the expected values for ideal beam perfote the pulse plateau is nearly constant, independently of
mance. The first results of the application of the beam sourcpulse duration and stagnation pressure, and in our case its

to plasma diagnosis are also shown. value is 0.25 mm(*+10%). With this value, the effective
opening area is 30% smaller than the nominal one. Between
Il. ATOMIC BEAM SOURCE the beginning of the electrical driving pulse and the actual

The atomic beam source consists of a small expansioﬁas pulse, a_sy_ster_natlc delay of 158 was observed. .
chamber, which contains a pulsed valve and a skimmer. This, _The fast ionization gauge used for these measureme_nt_s IS
chamber can be connected either to the TJ-1U Torsatron &Jmllar to an open Ba_yard—AIpert d_etector and was bu!lt n
to the system for beam analysiSig. 1) through a CF-35 our laboratory according to the design of Gentry and Giese

flange. The supersonic beam is formed by expanding heliuﬁ‘]"Ith SI'g”ht g10d|f|c§t!on§a Inhou;_\]cilze_llt was defs,lgned tp
through the pulsed valve into the vacuum chamber and e{ventua y be used inside the TJ- orsatron for atomic

tracting its central part by means of the skimmer. The skim- eam alignment, and t.he amplifier and all the electronic SYs-
mer is a commercial on@Beam Dynamics with a circular tems are placed outside the vacuum chamber for a higher

diaphragm 0.5 mm in diameter, a parabolic profile, and Aifetime of the device and for noise shielding. Under these
very thin wall near the diaphrag00 xm); it was selected conditions the time constant of the detector isus. This

in order to minimize skimmer perturbations on the beam.detector is mounted on a sliding axis in order to withdraw it

The vacuum chamber was built with low magnetic perme_from the beam path and to fac_ilitate the alignment procedur_e.
ability stainless stedISS 3161). It has several CF-35 flanges The detec_tor has a small stainless ste_el screen at one .S'de’
for the manometers and for electric and gas connections an"éﬁIth a series of small holes parallel fo its incandescent fila-
a CF-100 flange for vacuum pumping. It is rather small inment, _deS|gned for optical gllgnment of the fluorescence op-
order to allow its coupling to the TJ-1U Torsatron of Madrid. tics prior to plasma generation.

Its internal volume isv~3 /. It is pumped by a turbomo-
lecular pump with an extracting capacity for He ££240
/’Is, backed by a rotary pump, so the pumping time constan
is V/IZ~12 ms. The pulsed valve is a commercial dhaser In general it is not possible to predict the properties of a
Technics LPYV, with an electro-mechanical opening systemsupersonic beam accurately and they must be obtained from
based on a bimorph piezoelectric crystal which moves theneasurements. In order to determine the characteristics of
shutting stem, activated in a continuous or pulsed way byhe helium beam to be used for plasma edge diagnostics, our
means of an electrical signal. This valve was selected tatomic beam sourcéi.e., the chamber with the nozzle-
expand the He gas, instead of the more usual and compaskimmer assemb)ywas connected to an experimental setup
solenoid driven valves, in order to avoid magnetic interac-designed for analysis of the beams. This setup is very similar
tions near the plasma. It is mounted on a movable base th& one used previously in our laboratdhyn the present ex-
can be displaced under vacuumt=5 mm in both directions periments it was formed by three vacuum chambers placed in

Ill. ANALYSIS SYSTEM AND PULSED VALVE
HARACTERIZATION
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series(Fig. 1); the first one provided the movable fast ion-

ization gauge described before and a chopper for time of
flight facility; the second one provided a modulated effusive

He beam used as a standard for the calibration of absolute
intensities; and the third one communicated with the second
chamber through a diaphragi® mm diameterwith a quad- ams
rupole mass spectrometépMS). The center of the electron

driving pulse

impact ionizer of the QMS was placed at a distance 92 cm OO“ | é > 5
from the skimmer and He ions were detected by means of a t (ms)

secondary electron multiplier, feeding a fast current ampli- 6

fier. The whole analysis system was aligned with the atomic - \ driving pulse b
beam source by means of a helium-neon laser. The whole s*F

system was differentially pumped. Background pressures in §

the 107 mbar range at the mass spectrometer chamber and
below 5<10°® mbar in the others were maintained during

the supersonic beam experiments. Under these conditions,
beam attenuation effects after the skimmer can be neglected.

IV. PULSED-BEAM SHAPE AND DIVERGENCE

Given the small volume of the expansion chamber and
its pumping time constar{see Sec. I)lthere is a significant
buildup of background pressure during the production of a
typical gas pulse. As a result, the absolute intensities and the
temporal profiles of the pulsed supersonic beams can be sig-
nificantly affected by attenuation through the gas in the ex-
pansion chamber. In addition, the presence of the skimmer
and of its supporting wall can severely perturb the ideal cenFIG. 2. () The temporal profile ba 1 ms, 1 bar, He pulsed beam, recorded
terline intensity of the atomic bearfi$91! with '_[he QMS, separated by two differgntial pumping stages from the ex-

The source position ‘was optimized_ by var_ying the Eﬁr”dse'ﬁnwftﬁa{ﬁge.:'% Rﬁ;iﬂgﬁﬂ Emfbg: ;Zitstgr?r?e%lﬂ;ggs?:n?g%er.e_
nozzle-skimmer distance in order to obtain @ maximum heThe peam width at a distance of 30 cm from the nozzle, measured with the
lium signal in the mass spectrometer. The best distance wasast ionization gauje.
found to be 1.5 cm for source stagnation pressures up to 2
bar. Smaller distances resulted in a decrease in the beam
intensity caused by skimmer interference. For distanceginning to end. Such profiles have been recorded for the
shorter than 0.5 cm this effect leads to the practical destruczonditions relevant to the present diagnostics, i.e., for values
tion of the beam. On the other hand(Beer—Lambeijtat- of the stagnation pressure up to 2 bar and for pulses between
tenuation of the beam due to scattering with residual ga®.5 and 2 ms. The signal corresponding to the supersonic
molecules is observed for distances larger than 2 cm. Duringeam recorded at the FIG is followed by a weaker and longer
a pulse, the background pressure increases rapidly with timgens of millisecondstail [see Fig. 2b)] caused by the back-
after opening of the valve and is largest at the end; thus thground gas in the expansion chamber diffusing through the
attenuation effects are more marked for the longer pulses arskimmer. This flow of residual He has a large divergence and
for the strongest expansions. The nearly square gas pulsgnot seen, as expected, by the mass spectrometer. Although
shape measured at the exit of the valve will thus be modifiedhe total amount of He introduced into the plasma by this
in the pulsed beam after the skimmer due to the effects jushethod is remarkably lower than that introduced by continu-
commented on and the recording of the actual beam profilesus effusive beams, the introduction of a small differential
is necessary for a correct interpretation of the plasma datapumping stage between the expansion chamber and the

The temporal profiles of the pulsed beams were meaTJ-1U Torsatron would even greater decrease this secondary
sured with the quadrupole mass spectrometer, separated hglium input to the plasma. Alternatively, the background
two differential pumping stages from the expansion chambepressure of the expansion chamber would be decreased by
(see Fig. 1, as well as with the fast ionization gau@elG)  increasing its volume.
mentioned above. The FIG was placed at a distance of 30 cm The angular divergence of the supersonic beam can be
from the nozzle, which is the approximate distance betweeassumed, in principle, to be determined by geometry. For a
the He beam source and the plasma edge at TJ-1U. Thegezzle skimmer separation of 1.5 cm and a skimmer diam-
measurements allowed us to also check this movable deteeter of 0.5 mm the divergence should be approximately 2°,
tor for future alignment of the beam with the collection op- notably smaller than the one reported for diagnostics based
tics in the fusion device. For a given pulse both detector®dn effusive beams. At a distance of 30 cm from the nozzle
gave nearly identical time profiles. A typical example of onethe beam full width at half-maximunFWHM) measured
of these pulses is shown in Figi@ The intensity of the He by shifting the FIG perpendicularly to the beam axis, is
beam is not constant during the pulse, but decays from beapproximately 1 cnisee Fig. 2)], which is of the order

V{mV)

d {mm)
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FIG. 3. (a) Terminal flow velocities of the He beam as a function of the
source pressure. Open circles—experimental data. Continuous line

theoretical predictions in the isentropic approximatjiéi. (1)]. (b) Experi-
mental(open circley and theoreticalcontinuous ling terminal speed ratios
from Eq. (2). (c) Experimental(open circle and theoreticalcontinuous

line) density values of the He beam at a distance of 30 cm from the nozzle

orifice, considering the screening effect caused by the skiniBgr(4)].

expectedin fact the actual beam width is somewhat smaller,

since the angular distribution depicted in Figc)2has not

been deconvoluted with the finite size of the ionization re-
gion of the FIG. In order to reduce this width even more, a

collimator may be placed after the skimmer.

V. VELOCITY DISTRIBUTIONS

and 3b) we have represented the terminal flow velocities
and speed ratios obtained from our time of flighOF) mea-
surements.

The theoretical terminal flow velocities,,, in the isen-
tropic approximation, are given by

[/KT -1 L\
u,=M, 4 0(1+LMi) ,
m 2

wherey is the ratio of specific heatg, is Boltzmann’s con-
stant, T, the source temperaturey the molecular mass, and
M., the Mach number at the end of the expansion, which is
related to the terminal speed rati®, through M,

= \/2/yS. . In most cases the measured terminal flow veloci-
ties are quite close to the Ilimiting valueu,,

= 2kTyy/(y—1)m, given by the conservation of
energy®*® A series of models and semiempirical correlations
have been developed in an attempt to relate the terminal
speed ratio and thus the approximate location of the end of
the expansiorii.e., the place where collisions cefs¢o the
source properties. In Fig(I8) we also compare the results of
our measurements to the values given by the model of
Beijerinck and Verstet®

S.=AKng,

@

@

whereKng is the source Knudsen number and the parameters
A and B take the values 0.527 and 0.545, respectively, for
monoatomic gases. Using the previous expressionsufor
andsS,, one obtains the theoretical curves represented in Figs.
_3(a) and 3h).

Except for the weakest expansion considei@aD mbar
source pressujgthe terminal flow velocities coincide within
experimental error with those given by expressibh In the
case of the 350 mbar expansion, the terminal flow velocity
corresponds to approximately 92% of the theoretical values.
The measured speed ratios are in all cases lower than the
calculated ones, nevertheless, they are always larger than 10
and correspond thus to beams with a much narrower kinetic
energy distribution than those obtained from effusive multi-
channel sources.

VI. CALIBRATION OF ABSOLUTE INTENSITIES

The velocity distributions of the pulsed supersonic He  For the determination of the supersonic beam intensities
beams were determined from time of fligiitOF) measure- we have used the quadrupole mass spectrometer. In order to
ments in a way entirely analogous to that described in Ref. 8get the absolute intensity of a beam from the corresponding
In the present work the flight length between the choppeQMS signal, it is necessary to calibrate the detector and this
blades and the ionizer of the QMS was 60 cm and the gatealibration must be madm situ, since the detection effi-
function of the chopper, of approximately Gaussian shapesiency is different for each substance and is subject to
had a FWHM of 23us. The analysis and deconvolution of change over a relatively short period of time, due to contami-
data have been done according to standard procetfuFes.  nation or to drifts in the electrical conditions. As a system for
the velocity distribution in the direction of propagation of the in situ calibration we have used an effusive He beam gener-
beam we have assumed the usual “drifting Maxwellian” ated from a movable source.

shapé, i.e., a Maxwellian distribution characterized by a

temperaturd’, traveling with the flow velocityu. As a result
of the expansion, a substantial narrowi@agcooling in terms

The effusive source used for the calibration of our QMS
consists of a circular hole of 25(b um diameter, burnt on a
0.1 mm width stainless steel foil by using the focused output

of T) occurs. A common way of describing the spread in theof an Ar* laser. The shape and size of the hole were checked

velocities of the beam is the use of the “speed rati;’
defined as the quotient between the flow velocitand the
most probable thermal velocity = 2kT/m. In Figs. 3a)

1426 Rev. Sci. Instrum., Vol. 68, No. 3, March 1997
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gular grid of 10um resolution. A circular piece of the stain-
less steel foil was cut around the orifice and brazed with a

Helium beams



silver alloy to the end ba 4 mminternal diameter copper k(y) -

, 4

tube, which is installed, together with a chopper for the  lo(SF*-s™%) — N 3
modulation of the outgoing beams, in a brass housing. It is ] ) ]
mounted in the vacuum chamber placed next to that of thé&/here k(y) is '{he “peaking” factor (apl)gggxmately 2 for
QMS (see Fig. 1 on a sliding and rotary, vacuum v=5/3) and N is th_e no_zzle fI_ow raté1% _ As mentioned _
feedthrough. Additional feedthroughs are provided for gaPove, the centerline intensity of a skimmed supersonic
inlet and for the electrical connections of the chopper. Thd?&aMm is always smaller than that given (3 due to skim-
connection between the beam source and the gas feedthroug‘?r interaction and background gas scattering. A primary
is made by means of a flexible steel tubing. The pressures | ffect of the skimmer interaction is bgsmally of _geometrlcal
the effusive source were maintained below 1 mbar and wer aturg and corrgsponds o the effechye screening caused by
monitored continuously with a “pirani” gauge, mounted the skimmer orifice on.the atoms !eavmg the quitting surface
close to the outer side of the vacuum flange, previously caIiW.Ith an average v.eloc'|ty perpendmulgr to the jet streamlmgs
brated for He with a Hg compression manometer. The gagwen bysS.. .Con:';|der|n'g this screening effept, the approxi-
mate centerline intensity of the supersonic beam can be
flow to the source was controlled by means of a Pressure b
regulator and a stainless steel fine metering valve.
In the aligned position, the distance between the source | F{ 2( r )2 Xg )2
e .. R . . —=l-exp -S| —
orifice and the center of the ionization region of the QMSis |, Xq) | Xg—Xs
23 cm. The effusive beam chamber is communicated with . . .
that of the QMS by means of a circular collimator 5 mm in Wherer is the skimmer radlu.s,' anxdq, Xs "’?”9' Xg are the
diameter placed 7 cm from the source. During operation, thglgtances from the source origin t(.) the quitting surface, the
: . kimmer, and the detector, respectively. Expres¢ipriakes
pressi’ge in the effusive source ghamber was kept beIOWlto account the “Mach number focusing® and is similar
2x10 mbgr and that of thg QMS in the Ibrangg, so that to that obtained in the “narrow virtual source” model of
t_he, attenuation of the effuswe beam was negligible. The d,eBeijerink and Verster.In Fig. 3(c) we have represented the
fining aperture for the size of both effusive and supersonigyansity values calculated for our conditions with E4). and
beams in the ionizer was the same, namely a circular colliyith the theoretical values from Fig(1. As can be seen,
mator of 3.1 mm diameter belonging to the ionizer assemblye cgiculated values are much larger than the measured
and placed 21 mm at the center of the ionization regiongnes. The difference between measurements and calculations
Under the conditions just described, and given the very smajs gye to the attenuation by collisions with atoms reflected
solid angle subtended by the detector, the properties of thgom the inner surfaces of the vacuum chamber and with
calibrating beams generated by our experimental setup ag@sidual gas atoms. These effects, which are particularly se-
not expected to differ appreciably from the theoretical cenvere in our case, are very difficult to estimate theoreticHily,
terline properties of an ideal effusive beahfrom the cal-  put could be minimized with an increase in expansion vol-
culated atomic density at the ionizer we get the calibratiorume and pumping speed, resulting in a smaller background
factor for the QMS. pressure in the expansion chamber. In general, peak back-
After the calibration of the QMS, the effusive source is ground pressures below T®mbar and nozzle-skimmer dis-
removed from the beam path and the densities of the supetances larger than 2—4 cm lead to a significant increase in
sonic beams are recorded. In order to check the stability dfeam intensities. In fact, in experiments carried out with the
the QMS, the calibration is performed both before and aftesame pulsed valve, but with a 30chamber and a 2000/s
the measurement of a series of supersonic beam densitiadiffusion pump, we were able to obtain beam intensities five
Once the supersonic beam density at the QMS is known, ito seven times larger than those reported here; however, both
can be estimated at any other point between the QMS and thibe size of the chamber and the presence of potentially con-
skimmer, just by considering that the density falls as thegaminating diffusion pump oil preclude the use of this setup
square of the distance to the source. In Fifg) 3ve have in the TJ-IU Torsatron. Even in fusion devices where space
represented the He supersonic beam densities at 30 cm frofifnitations are less important, eventual advantages of a
the nozzle orifice, which is the approximate distance betweehigher beam intensity should be traded off with the increase
the beam source and the plasma edge at the TJ-1U TorsatrdA.cost associated with the use of big vacuum chambers and
As can be seen the densities obtained with the present setlggge turbomolecular pumps.
reach values up to>210' cm 3, two times smaller than
those reported for the multichannel effusive beam diagnosi¥!l. TESTING OF THE SOURCE IN THE TJ-1 UP
at TEXTOR.? TORSATRON
In a simple picture one may assume that the supersonic  The beam source was installed in the TJ-1 Upgrade for
expansion is sharply divided into a continuum flgwhere  testing'® The devicé’ is al=1, m=6 torsatron with major
collisions still take placeand a free molecular flodwithout  radiusR=0.6 m and minor radiua=0.10 m. The magnetic
collisions by a “quitting surface.” The position of the quit- field at the axis is 0.5-0.7 T. Electron cyclotron heating
ting surface can be estimated, for instance, from@pand (ECH) plasmas are generated and heated using a 37.5 GHz
from the evolution of the Mach number with source gyrotron(X-mode, second harmoni®=90-250 kW, pulse
distanceé®. According to Beijerinck and Verst# the axial length 20 m& Line average electron densities of about
intensity of a free jet expanding from an orifice is given by (0.2—0.5x10" cm 2 and electron temperatures in the range
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beam was found to depend on the radial position being moni-

2 ;' LR tored, as expected from the different spatial regions where
r 706 “:"WM such emissions are produced. For the case shown in the fig-
AR ot TR ure, corresponding to normalized raditka=0.45, a very
3 m../‘”’ A 728mm R low ratio can be observed. Within the uncertainties of the
b N T application of the collisional-radiative model to the M-
‘§ VR He oul ] conditionst® the electron temperatures inferred from the in-
2 C H o puise tensities ratios range from 10 eVY<a) to 40-50 eV(r/a
- 05 F P =0.45. A typical value ofT,=10-15 ev is obtained by the
C / cv . Langmuir probes at the plasma periphery=@). No com-
r e parison with other diagnostics was available for inner re-
0 o L L e gions. Also shown in the figure is the evolution of an intrin-
5 10 15 20 25 30 35 sic impurity (carbon closely related to the total plasma

t(ms) o s ]
radiation. No effect of the He injection is observed on that
FIG. 4. Evolution of some emission line intensities during the plasma shot.em_ls’_Slon line, in agreement with the nonperturb_atlve charac-
From top to bottom: He lines at 706 and 728 nm at normalized radiuderistics of the beam expected from the associated low He

p=0.45, beam pulse reference a@¥ line. Data uncorrected for calibration jnflux.
factors.
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