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Abstract \\

A Collective Thomson scattering s MS been developed for measuring ion temperature, plasma
velocity and impurity conc tr?msin the high density magnetized Magnum-PSI plasma beam, allowing
for measurements at ow;&p\@ture (<5 eV) and high electron density >4x10%° m>, while avoiding
laser plasma heat g\% y inverse Bremsstrahlung. The Collective Thomson scattering system is
based on th amntal mode of a seeded Nd:YAG laser and equipped with a LIVAR M506 camera
(EBABS te o(ogy). he first Collective Thomson scattering measurements are taken at the linear

=
t perat%re is about equal to the electron temperature in the bulk of the plasma beam.

\ <

Introduction

. Y.
pIasm@Aﬁor Pilot-PSI, 40 mm downstream of the cascaded arc source. At this location the ion
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PUb”Shimg‘ ER, the heat flux to divertor plates has to be mitigated to be compatible with the power exhaust
capability of the actively-cooled components, and operation in the so-called partially detached regime is
required [1]. This regime of operation has been demonstrated in many tokamak experiments around the
world and it has been found that the detached plasma state can be associated with particle recycling
and ion-neutral friction in the near surface plasma, leading to cooling and temperature gradients along
the magnetic field lines [1]. The requirements for power dissipation“will be_even more stringent in a
DEMO reactor[2]. However, numerical models fail to reproduce“the experimental observations in terms
of roll-over of the ion saturation current [3, 4] and the numerical siinulations critically depend on high
quality data to constrain the parameter space. Such high quality experimental data of the electron and
ion population is presently lacking.

The advanced linear plasma generataors Magnum=PSI [5, 6] and Pilot-PSI [7, 8] have the ability to
produce ITER-relevant divertor plasma ebnditionswwith high density (electron density >4x10*m) and
low electron temperature (<5eV) “Qoth in, steady-state and pulsed conditions [9]. This report
demonstrates, that using state of the artdiagnostics can fill this gap on these linear plasma generators.

First results obtained“with a Collective Thomson scattering system (CTS), developed for
Magnum-PSI, and tested at Pilot<PSl (Fig. 1) are presented. A combination of TS [10, 11] and CTS enables
the simultaneous measurement of electron temperature (T.), electron density (n.), ion temperature (T;)
and plasma velocity) (Vpiasma) With high accuracy (currently 25% at Pilot-PSI, but <15% for Magnum-PSlI
system).

For CIS, the dimensions of the observed scattered wave, characterised by differential wave
vector k must'be comparable to or larger than the Debye length Apepye [12, 13]. This relation is described
by.the so-called scattering parameter « defined as a=1/|k| Apenye- Here the size of the differential wave
veetor k is equal to k=|k|=(4n/Ao)sin(6/2) with A, the laser wavelength and & the scattering angle

between incident wave (ko) and scattered wave (k;) (see insert in Fig. 1).
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Publishing Because it observes the collective rather than individual motion of the electrons, CTS enables
observation of slow fluctuations like the velocity distribution of the ions and their temperature. In
addition, CTS can distinguish the mass of the different ion species of the plasma as the Doppler
broadening is inversely proportional to the square root of the ion mass (fjf a given T;), thus enabling
direct measurement of seeding gas and impurity concentration. Whenf« %\cattering process is
referred to as incoherent TS and the individual electrons are scattered so t only the much broader
spectrum of the so-called electron feature is observed, allowing Qe&m\ination of T.and n. .

—

This combination of scattering diagnostics will allow as accurate determination of the
correlation between the plasma parameters close to t@urfa.se (1.5-20 mm away) and at the surface
(lst, surface potential/temperature) and give key p méters for the processes occurring in the
magnetic pre-sheath and electrostatic sheat [Mor er, the T; and Vyasma Values obtained with CTS

~u

can be compared with those obtained wi .Q%tica mission spectroscopy, this can be used for validating

-
the coupling between ions and exited&it{H (

n>2) [15].
\

Theory w
As CTS effectively me ure;th ppler broadening and shift of the Debye cloud, the measurement is
igh i

ass (m;). In this paper we show that CTS can be used in a high density (>

difficult at low T, A\r
4x10%° m‘3), h&pteratu e (< 5 eV) plasma beam for measurements of T; and Vpiasma [16]. The scale

t
veloc

it} etween ions and electrons is large, the Salpeter approximation [12, 13] can be

applied to dessri the TS form factor S(k,®) of the observed scattering spectrum as the sum of two

'“ . .
separate gontributions:

1 2\2
S ~ Stk,w)dw = ﬁfa(xe)dxe +Z (ﬁ) ﬁl}g(xi)dxi, (1)
with xe; = Ao/ we; = Aw/kv,; the normalized wavelength with v.;=sqrt(2ksT.;/m.;) the average thermal

speed of the particles (m.;represents the electron and ion mass):
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PUb“Shlng exp(—x2) exp(-x?) . a? \ T,
la(xe) = e p 20 Ipx) = |14 P with f = |2 (1+a2)ﬁ @

where Z is the effective charge of the ions, the values are obtained from [17] and are in the range of 1-

1.2 for these low temperature plasmas. The plasma dispersion function w(x.,),is tabulated by [18] and is

described by a real Rw(x.;) and the Landau damping term Iw(x.,): \
_ 2 Xe,i 2 3
Rw(xe,i) =1-2x,; eXp(_xe,i) fo exp(p?) dp \ (3)
IW(xe,i) =—Vm Xei exp(—x?_i ‘) (4)
T~
—~

The first term of Eq. 1 describes the electron feature (S.): iff a<<1, thesspectrum will exhibit a Gaussian

)

shape for a Maxwellian electron velocity distribution. T@d Ne e obtained from the width and the

integral, respectively. &L

If ais well above 0.8 the contribution oﬁ%&u rm (Eq. 1) decreases and that of second term
becomes significant, i.e. scattering from hemﬁunched in the Debye sphere of the ions, the so-

called ion feature (S;), becomes ob rvabmf?e‘ is significantly smaller than T; and thus f<<1, the

spectrum will resemble a Gaussi nxw r a Maxwellian ion velocity distribution, i.e. T; can be

obtained from the spectral (see Fig*2 and Eq. 5).
wx 2 2 2
a ) exp(—x7)

Si(k, w da)7 N3 S

/ / (1+ﬁ2RW(xi))2+(,B21w(xi))2

The dy m'ss 3 (EQ. 2) can be demonstrated by assuming that o ~0.8, Z=1land T.~T;. Then

£~0.6, mea |ng<vt\the shape of the ion feature spectrum (close to x;=0) is mainly determined by the
£

ratio ofithe e ne/t{tial function and the real part of the plasma dispersion function in the denominator

of F‘gixi swhere the real part is highest at x;=0, resulting in a flattened Gaussian (see Fig. 2) [19, 20, 21].

dxi (5)

Fo Te>7'150n acoustic resonances become dominant. Macroscopic velocities of the plasma can be
haﬁhined from the Doppler shift of the spectrum of the ion feature [19]. The zero Doppler shift

reference can be obtained from Rayleigh scattering.
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Publishing  The region where a>0.8 (typical operational range for this CTS system n.~0.4 - 1x10°* m™ and T,
~1.4 - 3 eV, but in general terms ne(10** m3) > 0.37.(eV)), allows for a significant contribution of signal in
the ion feature S;. If @=0.8, this signal is >11% of that of the electron feature (if @=0) and for =2 this

signal in S; is 36%.
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Fig. 1: Pilot-PSl, CTS laser beam and viewing\b‘stem. TS | Fig. 2: Calculated spectrum ion feature for different

(@}

and CTS are performed at samedocation in the plasma. | T./T, ratios (a=1).
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£
Experi E.rlt etayé

The Pilag-PSI (&Vice is schematically shown in Fig. 1, and consists in a wall-stabilized DC cascaded arc
ﬁ
which prcﬁiuces high flux plasma beams consisting of hydrogen (H), deuterium (D), helium (He), neon

W,Q(gon (Ar) or mixtures of these gases. The typical plasma parameters are a discharge current of

200'A, gas flow of 3 standard litre per minute (slm; 1 sim = 4.5x10%° particles/s) and an axial magnetic
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Pub|iShi1fieg( of 1.2 T to confine the plasma which interacts with a tungsten target located 560 mm downstream
the source.

The CTS laser system consists of a 10 Hz seeded laser (Continuum DLS 8000: pulse width of 7 ns
FWHM, 1 J/pulse and linewidth 0.3 pm at 1064nm). The location of the ?§ scattering volume (beam
waist ~0.8 mm) coincides with that of the incoherent TS system (53 nrﬂ)@q’ng angle 90°). This
wavelength (1064 nm) is chosen to maximize a while still permitting the use of optical detection systems
with excellent signal/noise specifications. The wavelength is also'ch wch that laser plasma heating
due to inverse Bremsstrahlung (proportional to wavelength m‘\e seSon power [22]) is negligible.

The CTS (1064 nm) laser beam is coupled into t@ncohserent laser beam line by using a dichroic
mirror (transmission for 532 nm and 90° reflectian for 4ln'm), allowing for simultaneous TS and CTS
measurements. The choice of different scatt riMle nd laser wavelengths of both systems is such

-
that the a value for TS (fit function inclu s.%nec ive effects) is 5.4 times lower than that for CTS.
™

The detection branch compri‘\vi ing system (effective solid angle 1.9x107 sr) that collects

the Doppler broadened light ata s Mangle of 30° (See Fig. 1, position scattering volume 40 mm
downstream plasma sourcg), a fiber bundle that relays the light to a spectrometer (spectral range 1.9
nm, spectral resolutio@equipped with an Echelle grating operating at the blaze angle. The
2D camera is a LI%#%SO

The effective quantum efficiency is ~25% at 1064 nm and exhibits an excellent S/N ratio by virtue of the

{camera (EBABS technology, Electron Bombarded Active Pixel Sensor).

high EB gain, Inforder to suppress background light a 200 ns detection gate window was used.

-
The al&gn ent position of the scattering volume (chord length 2 mm) exhibited a radial

=
u certairg/ of 1-2 mm relative to the plasma center. This implies that for positions above and below the
‘p&aima nter, artificially, reversed rotational velocities are observed.

.y

Results
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Publishing The data was fitted according to the ion feature equation (Eq. 5) (using an analytical
approximation for the real part of the plasma dispersion function [23]), but convolved with the
instrument function of the spectrometer. As fitting parameters T, [, the Doppler shift and signal
amplitude were used. T. and n. (error bar 8% and 4%, respectively) and{(erefore o were measured

independently and simultaneously by the incoherent TS system.
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Publisﬂhﬂg na. Dashed line: laser wavelength. Rotational plasma. Dashed line: laser wavelength. Rotational

velocity: 10400 m/s (-18.2 pm), no= 1.06x10** m™ velocity: 5800 m/s (-10.3 pm), ne= 6.2x10* m™

In Fig. 3-5 ion feature spectra are shown corresponding to CTS on stationary plasmas. The signal was
obtained by averaging CTS signal from 50 laser pulses (5 s). The vertical /dashed line in the figures
represents the wavelength position of the laser (zero Doppler shift), measuked by*Rayleigh scattering. In
Fig. 6 results are shown of CTS performed on a pulsed plasma; the high sighal level is due to the high n.

of 6.2x10** m™. The electron feature signal cannot be observedf.because this spectrum will be smeared

out, this spectrum is ~43 times (W) wider relative to that of hydrogen.

The spatial resolution of the system was 2 mm and-due to this large sample length, rotational
velocity smoothing effects are to be expected; the plasma exhibits steep rotational v,,sma gradients [15]
giving an indicative smoothing effect of ~4000 m/s'for hydrogen, i.e. ~7 pm.

The measured velocities indicatéd.in Figs4-6 are significant, which means that the scattered
signal is observed a few millimeter offsaxis of'the plasma (in the center the rotational v,.sma is negligible).
The accuracy of velocity determination;«<the shift is remarkably well visible by eye, is better than 10% for
Vplasma>4000 m/s, although jit'ishere an averaged value. For T, determination the accuracy is determined
by Poisson statistics, ut in thisfcase also by the mentioned velocity smoothing effect. For the
measurements shoWwa in Figid-6 T; was determined with 25% accuracy.

The width of the spectrum for Ne (Fig. 3) was close to that of the spectrometer instrument
function, the epfor bar is here >50%. In Fig. 4 the shape of the fitted curve of the ion feature of the D
plasma resemblesiclosely the calculated curve, for T.~T, shown in Fig. 2; despite the influence of the
instrument function the flattening in the center is discernible. Fig. 4-6 show that the ion and electron
temperatures deviate maximally 18% for D and H plasma. Comparison of Fig. 3-5 shows clearly that the

width of the ion feature spectra is dominated by the mass of the species of the plasma, demonstrating
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Publishhmg ability to distinguish between different species in plasma mixtures [21]. The spectra show some
fluctuations caused by the stray light fluctuations.

The measured CTS velocities and ion temperatures are comparable with those determined by

optical emission spectroscopy (OES) of the Hg radiation [15]. Nevertheless,(;%nultaneous measurements

with OES and CTS in the near surface plasma and comparison of the r uFB)Mone of the tasks for

the future. \

Conclusions and outlook —~
—
In summary, simultaneous measurements of T;, T, a. and Te otational plasma velocity have

-

been demonstrated by a combination of an incoherent TS aug a CTS system. In addition it has been
shown that the different masses of the plasma speci can be distinguished. For the used plasma

conditions it was found that T; is about equal to T.'at 4 m downstream the nozzle of the source. The

~

LIVAR M506 camera was deployed for sci r%p oses. It is expected that this application will unleash

-
innovative developments for TS. The %ys is ready to be deployed in Magnum-PSlI for the study of

plasma properties close to a plas Wd surface, where different T./T; ratios are to be expected,

due to sheath effects [27] ah strong particle recycling processes. Moreover, the CTS system will be

equipped with a multi- as&%, 25]) enhancing the sensitivity by a factor 15. An enhancement of
of a

the spectral resoll.(

tgr 2 will be achieved by having the grating of the spectrometer in double

only gentle axigl locity gradients are present. These upgrades will lead to accuracies better than 15%.
=

Finally it gn e noted that this diagnostic is in principle a good measurement technique for measuring T;

‘sngvplasma in the ITER divertor plasma [26]; up to date there is no good technique available for this task.

=
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