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THOMSON-RAYLEIGH SCATTERING IN EXPANDING PLASMAS

: . M.C.M. van de Sanden, J.M. de Regt, R. van den Bercken,

"~ R.F.G. Meulenbroeks; J.J. Beulens, A.J.M. Buuron and D.C. Schrarr
: - Deparfnient of Physicé, Eindhoven Univetsit& of Technology
. P.O.Box 513, 5670 MB Eindhoven, The Netherlands

Expanding plasmas are interesting from a fundamental as well as from a technological
point of view. Nowadays expanding plasmas are used in plasma processing, e.g. plasma
deposition [t,2] and plasma spraying. The fundamental interest in expanding plasmas is
the different behavior of the electrons and heavy particles due to their large mass differ-
ence. As a consequence, if the expansion is strong, charge separation can occur, which
leads to a generated electromagnetic field [3]. This electromagnetic field in turn influ-
ences the behavior of the charged particles in the expan:ling plasma. Another interesting
feature is the coupling between the ionization-recombination phenomena and the trans-
port properties as electron temperature and electron density. In this respect the study of
the equilibrium departure is essential, as it can help in the underatandmg of the kinetic
processes involved.
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" Figure 2: n. on the axis as a function of

Figure 1: A meastred Thomson- Rayleigh. :
profile with least mean square fit and ﬁ\e_

times magmﬁed restd ue.

the axial position for different background

pressures,  [a, = 45 A, Ar = flow =

- 3500 mi;min.

The measurements discusccd in this paper were performed on a plasma which ex-
szds freely from a sub atmrspheric thermal plasma in ar Hn (a cascaded arc, T =1 eV,
~10% m™ and ny =10 m™*) into a low background pressure {p =~ 10-100 Pa) {1, ‘2}

The electron densit and temperature and the neutral particle temperature in the expan-
sion part are mv:u.med localh, hv means of Thonmon and Ravlcxgh seattering [4). The
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main components of the scattering diagnostic are a frequency doubled Nd:YAG laser, a
polychfomator based on a holographic grating and a gateable light amplifier in combina-
tion with a linear photodiode array. Much attention is given to the suppression of stray
light which is essential if one wants to measure Rayleigh scattering (stray light level 0.4
Pa argon at 300 I\) For more details cf. Refs. [4, 5]. In fig. 1 a typical Thomson-Rayleigh
profile is given, in which the different components can be dlstmgmshed a broadened
Thomson profile with a superimposed Rayleigh profile: , -

In figs. 2 and 3 the measured electron density and temperature and the neutra.} par-
ticle density on the axis are shown for different background pressures. The supersomc :
expansion can be clearly seen. After several mm, depending on the background pressure,
a shock occurs, after which the plasma expands further subsonically. The behavior of
the densities and the electron temperature in the ﬁrst reg:on will be treated here in more
aeta,xi ' : : : :
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Fxgure 3 T (Ieft) and no (nght) as a functxon of the a.\xal posmon (cf

In figs. 4 the measured electron and neutral partxc!e densxt.xes in the expansion. are -
compared with the ‘model of Ashkenas and Sherman [6] developed for an ad;a.batic su-
persomc expansxon of a a gas: Foﬂowmg th;s model the denaxt:&s should scale -for z >i_zo :

Equaixcm I is the \sell anvx source expanmon w:th Bires the rese"vmr partxcle dens:tv and _
2o the origin from w hick the particle tra}ect.ones seem to orwmate ..,.,} isa’ reference'
ingth As can be seen from figs. 4. thf avzeement mth the. easuremems of ny and n’
s excellent (20 =1.5 mm, n, =13 10‘2 % and ng =3- 1023 =3). Equat.xo'x (1) can be
interpreted as follows. During the expansion- thermal energy.is converted- *nto dtrect.ed
kinetic energ,_\ qmce the the'mal energy 15 limited by the total enthalp\ in: the. resenoxr?
“he velocity Tazss along ?ae axis 'saturates a’xd becomcs finally- cnmtant From ﬂu\ {:Q'x;,
servation !‘"h x‘ea% mat h-c product ny '-: conc!.mf Smce tpe qurface seq}é‘s,
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as z* for large z, the densities scale as =2 (cf. (1)). But the flux of particles is only
constant if recombination can be neglected. This means that from figs. (4), it can be con-
cluded that argon does not recombine on the particle level during the strong expansion
of to put it in other words, the recombination is smaller than can be measured using thé
Thomqon-Raylexgh scat.termn' chagnostlc ‘
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'Fxgure 4: nc a.ld ng on the axis as a function of the axxai posmon for dxﬁ'erent bacl\ground
pressures compared with the model of Ashkenas and Sherman (hnes) 16, Ty = 45 A,
Ar - ]1010 = 3500 ml/mm v T T T S

; The recombmatxon of argon ‘can be better exa.mmed by combmmg mea.surements of t.he.
'.f'xc:lted state densities with Thomson-Rdyiexgh measurements using the Saha equation. in
fig. 5 the calculated by-factor (7, 8]-is given using’ the locally measured -2 and n, and 7.
The b,-factor is defined as the ratio of the measured excited state denmty to the excited
state deusity according to the Saha equation for-the given n, and T.. If the b, factor is
“smaller than one the pla.sma. the plasma is recornbmmg As can be seen from ﬁg 5, the
by -factor’ a.pproaches one for the highly excited states, “vealing the fact that the highly
- excited states are collisionally dominated, and is much smaller than | one for the lower
excited states. In fact from fig. 5 one can conclude that the plasma is recombining and
frorn the gradxent in the b,-factor space the recombinatior rate can be calculated [5, 7).

- Another way in which one can research the recombination phenomena is by means of
: the electron energy balance In fig. 6 n, as a function of T, is given in the expanqon for
"Adlfferent conditions; As can be seen a simple scaling lsw is found which reads n. = CyT>
thh X~3T. A similar result was found by Stevefelt and Couiins {9] for a laser prodnced
carbon plasma. The explanation is the fact that a.ithougn the turee particle recombination
¢an be neglected, it can not be neglected on the energy level, i.e. it has to be taken into
account as a heat source fi.r the electron gas.- 'lht*refort. {he electron gas.does not expand
adiabatically (correspondmg with y = ‘3. Using a quasi-one dimenzional model for the
'expanszon and using the Ashkenas and Sherman result (cf. (1)), it can be shown that he
detenmned ¥ corresponds toa tluf‘e‘ parhc!e recmn!nuahen coeﬂu ient which reveals the
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Figure 5: &, as a function of the iox;izatiox_l; Fi'v't'x.'rezﬁ. n as a functzon of T m the 1
poLential I, for different radial positions ¢ :

=40 mm, I, = 45 A, Ar— rou, _ . expansion for dnﬁ'erent conditions ‘of the ..
3000 ml/min, p C“;O Pa. N cascaded arc and ba.ckground pressure; -

well know T -9/ dependence on the eiertron temperat.ure S S
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