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Physics Department, Eindhoven University of Technology, The Netherlands 

(Received 29 July 1980) 

Abstract-We report on an experimental study of the ion energy balance of the magnetized and 
current-driven plasma of a hollow cathode discharge. The balance appears to be classical. At the axis 
of the plasma column the electron-ion Coulomb interaction is in equilibrium with the ion-neutral 
interaction. We find no significant influence on the energy balance by the spontaneously appearing 
plasma turbulence. 

1. INTRODUCTION 
THE E L E ~ O N - I O N  energy exchange via Coulomb interactions is of great impor- 
tance for the heating of ions in plasmas, e.g. for fusion plasmas, though this 
classical energy exchange is not sufficient to meet the conditions for thermonuc- 
lear ignition. Therefore, methods for additional ion heating are needed; this 
motivates investigations of “anomalous” ion heating by waves or turbulence. 
Special purpose turbulent heating experiments have been done, where current- 
driven turbulence is indicated as the major source of ion heating (W et al., 
1970; WHARTON et al., 1971; DE KLUXVER et al., 1978). In these experiments the 
turbulence is violent and the time duration is short, so the possibility to obtain 
detailed information on the turbulence and its effect on the ion heating is limited. 
A tendency to aim for weaker turbulence excited for longer periods of time can be 
noted ( ~ B E E K ,  1979). Supporting fundamental research on enhanced ion 
heating by current excited or externally excited fluctuations exists (HONZAWA and 
KAWAI, 1972; Kozhu, 1975; BARTER and SPROTT, 1977; HATAKEYAMA et al., 
1977; DAKIN et al., 1976). 

A totally different motive to study classical and anomalous contributions to ion 
heating lies in ion source research. In these sources it is of great importance to 
keep the ions of the source-plasma cool, in order to attain maximum emissivity of 
the ion source (COOPER, 1979); so, here anomalous ion heating should be 
minimized. 

A third entry is the argon ion laser. Also here, the ion temperature is a 
parameter pertinent to laser action. 

Our contribution in this field is an experimental study of the ion energy balance 
of a stationary plasma, which is weakly turbulent. As plasma source a hollow 
cathode discharge (HCD) is used. We will show that for low levels of turbulence 
the observed ion heating can be explained by classical ion heating. In other words, 
an experimental verification of Spitzer’s formula is given ( S P ~ R ,  1962). Further, 
we estimate the effect of anomalous heating on the basis of detailed measure- 
ments of fluctuation levels; in our case it appears from estimates as well as from 
measurements that even for higher turbulence levels anomalous heating is smaller 
than or at maximum comparable to the classical heating. 

* Present address: KoninklijkelSHELL-Labora:orium, Amsterdam, The Netherlands. 
t Present address: KoninklijkelSHELL Exploratie en F’roduktie Laboratorium, Rijswijk, The 

Netherlands. 
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In the past, DOUCAL and GOLDSTEIN (1958) and HUDIS et al. (1968) have 
contributed to the verification of 'classical' electron-ion heat transfer. Their 
results show rough agreement (within a factor of 3) within the limits of their 
restricted diagnostic tools. More recently, VAN DER SIJDE et al. (1975) using more 
advanced diagnostic techniques reported on classical behaviour of the ion energy 
balance within 50 per cent. For the highest plasma currents a somewhat enhanced 
heating rate was found, which was tentatively ascribed to the possible presence of 
current-driven ion acoustic turbulence. The study described here is an extension 
of that work. We performed an extensive study of the ion energy balance over a 
large parameter range in ne and Te in combination with a determination of the 
kind and the level of the turbulence, which allows for the investigation of the 
relation between heating and turbulence. 

2 .  MODEL 
2.1. The classical ion energy balance equation 

First we discuss the classical ion energy balance equation for a stationary 
cylindrically symmetric plasma. We use the formalism of BRAGINSKII (1965), 
extended with the ion production term. With the aid of the ion continuity 
equation, i.e. 

(1) V * (q+wi) = Si = n,n, {me)ion, 

we write Braginskii's ion energy balance equation (1.23) in the following form 
5 ZkBTSi + Q+Wi * v$kBTi - kBTWi * Vq'+ V * qi + ai : VWi - Qi = 0; (2) 

n,+ is the density of singly ionized particles, wi is the ion drift velocity, Si 
represents the production of ions, ne is the electron density, n, is the neutral 
density, (me)ion is the total ionization rate coefficient, kB is Boltzmann's constant, 

is the ion temperature, qi is the ion heat flux, ai is the stress tensor and Qi is 
the heat generated as a consequence of collisions with particles of other species. 
The first three terms in equation (2) represent heat transfer by convection and 
expansion, the fourth term represents heat transfer by conduction and the fifth 
term represents the heat generation by internal friction (viscosity). In equation (1) 
recombination can be neglected for our density range. The advantage of equation 
(2) above Braginskii's equation, is that his terms V @n,+kBTiwi) and n,'k,TV * wi 
are replaced by terms, that contain the production of the ions Si.  The production 
Si can be determined from a local measurement. The remaining terms 
q i w i  V$kBT, and -kB7',wi Vn,', which still contain space derivatives, will prove 
to be relatively small close to the axis of our plasma column. 

The heat generation can be written as the sum of three contributions, that is 
Qi = Qei + Q, + Qion. Next we discuss these contributions. 

1. Electron-ion Coulomb interaction. 

(3) 
8(27r)lne4 In 

Qei =$nekB(Te - T)veie, with ueie = 
3(4r&o)2t?&(k~Te)3" 

is the heating by electrons through Coulomb interaction according to S P ~ R  
(1962), 7'' is the electron temperature, me is the electron mass, is the ion 
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mass and l n h  is the Coulomb logarithm. In the formula for the e-i energy 
exchange collision frequency uet, we used 6=m,/m,<< 1 and T=sT,. For 
T,/T,-values between 1.7 and 8, we get within 10 per cent (In A* 10) 

(4) 
Note, that for convenience Qei is rewritten in terms of the i-i collision 
frequency uii. The e-i energy exchange process is relatively slow due to the 
small mass ratio of electrons and ions. Typical frequencies for our experiment 
are uii = 4 x lo6 s-’ and ueiE = 8 x lo3 s-’. 

Qei =$nekBT,uii6”2 = 6.7 lo5 i?:(1020 m-3}/f‘,?’2{ev). 

2.  Ion - neutral interaction. 

Qi, = -$&‘kB(T-T,)ui,“, with ui,“ = n,(uu),‘ ( 5 )  
represents the cooling of ions by charge exchange and elastic collisions with 
neutral particles, T, is the neutral particle temperature and ( a ~ ) ~ , “  is the energy 
exchange rate coefficient for ion-neutral interaction. For argon the ion-neutral 
interaction is known accurately and can be written as (POTS, 1979) 

where T’ = kB (T + T , ) / e ;  A and B are constants, where A = 47 X 

B = 20. At 
m2 and 

= 1 eV and for T, << T,, we have ( I J - u ) ~ , ~  = lo-’’ m3 s-’. 

3. Ionization. 

Qion = $n,kBT,u~on, with uron = n,(m,>’”” (7) 

is the heat contribution due to the production of ions via ionization of neutrals. 
For argon at T, = 3 eV the direct ionization from the neutral ground state 
(m,)ion,2~ 10-16m3 s-1 (POTS, 1979). 

The ion heat conduction is of the order V*%=KikBTi/R*,  with K ~ =  

t$’kBT.rii/q for ion Hall parameter f i c i ~ i i  4 1, where R is a typical radial gradient 
length and T~~ = l/vii. The ion viscosity is of the order mi :Vwi = q i ( ~ i / R ) 2 ,  with 
qi = t$+kBTTii for OCiqi 4 1. The exact expressions for qi and mi can be found in 
the work of BRAGINSKII (1965). 

Above the usual assumptions of Braginskii we add the following: 
(1) We consider a strongly magnetized and elongated plasma with cylindrically 

symmetric geometry, i.e. electron Hall parameter flcc7ei = L/R >> 1 and ala8 ‘0, 
where L is a typical axiat gradient length. 

(2) We assume an effective charge number Ze,= 1 and quasi-neutrality, so 
that the ion density n,+ = ne. Thus we neglect doubly ionized particles. 

(3) In accordance with the experiment, the profiles of the electron density, the 
various temperatures and the components of the ion drift velocity are taken 
Gaussians in the r-direction and exponential decaying profiles in the z-direction 
in the following way 

-- - exp (-r2/R2) exp ( -z /L) ,  (8) ne Te Ti Ta Wi r Wie Wir 

neO’ Tea' To’ Tao’ (~lvthi (dI7cr)  ’ Bvt,i(r/Ke) ’ W t h i  

---- 
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where a, 0 and y are constants, which may depend on the plasma parameter set; 
vtN =(2k,T,/mJln is the ion thermal velocity. The R and L of the n,-profile are 
indicated with R, and k, etc. 

(4) Also the dip in the neutral density profile due to ionization and charge 
exchange collisions is taken Gaussian 

(9) 

Despite the fact that the plasma is elongated, we maintain for reasons of 

na = %O+ rnaw - na01[1- exp (-r2/Ra2)1, 
where W refers to the wall of the plasma vessel. 

generality the z-dependence. 

2.2. Theoretical expectations 
Though in Section 4 the full equation (2) is used, here we indicate the 

significance of the various terms by making a few simplifications. In Table 1 the 
most important terms are given. All R’s and L’s are taken equal, with the 
exception of RTi and RTa, as for our hollow cathode discharge experiment RTi, 
RTa >>R. Furthermore, cy << y<< 0 (cf. Section 3.2). The expressions of the heat 
conduction and the viscosity are valid for figii  << 1. 

As one may notice, we expect at the axis of the column an equilibrium 
between Coulomb heating and ion-neutral cooling. This fact makes the argon 
plasma of the HCD adequate for a test of Spitzer’s formula. At high tempera- 
tures, that is T,, T, 2 5 eV, transport, convective terms and perpendicular ion heat 
conduction become of importance. Due to shear in the rotational velocity profile, 
we expect at r = R ion heating by ion viscosity. The ion-neutral interaction is also 
here the main cooling mechanism. 

TABLE l.-MOST IMPORTANT ‘IERMS OF THE CLASSICAL ION ENERGY BALANCE EOUA’TTON (2) SCALED ON 
THE COULOMB HEATING Qei =$1,k~T,v,~6’” 

r = O  r = R  

-$kTiSi 
ion heat transport 

-- yvlhi <<I - 
3 LVUG’R 

-newi .V$kT, 
ion heat convection 

kTwi * On, 

4 uulki e-’ 
3 RI$’” 

= -0.3 .-- 

Qei 

Coulomb heating 
1=1  

see r = O ;  =-I 

1 = 1  

1 see r = O ;  =-4 n,(ov),‘ --=- Qin 

ion-neutral interaction V ; . 6 1 R  

Q i o n  

ionization 
see r = 0: << 1 

A plus-sign denotes heating and a minus-sign denotes cooling. The numerical values refer to: 
ne, = 3 .lo’’ m-3, T,, = 3 eV, Ti, = 1 eV, no, = nnw = l O I 9  m-3, T,, = 0.1 eV, all R’s are lo-* m 
except R, = lo-’ m, all L’s are 1 m, a = 0.02, 6 = 1 and y = 0.2. In this table e = exp(1). 
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If e-i Coulomb interaction balances the ion-neutral interaction at the axis 
and if T, << Ti < T,, we get for argon a simple scaling law for the ion temperature. 
It can be found from the ion-neutral interaction term of Table 1 (already scaled 
on the Coulomb heating) and equation (6) 

Ti =O.5(ne/n,)”*. (10) 

2.3. Ion heating via turbulence 
In this section we estimate the ion heating rate due to turbulence. WEINSTOCK 

and SLEEPER (1975) give the heating rate due to turbulence at a frequency w in a 
band do 

(11) 
where E is the root mean square value of the electric field fluctuations and 
Im (x+) is the imaginary part of the ion susceptibility. Only estimates of Q,, are 
possible because we deal with a complicated equilibrium structure, collisions and 
non-linear effects. 

WEINSTOCK and SLEEPER (1975) consider the enhanced ion heating due to 
current-driven ion acoustic turbulence for a collisionless plasma (U >> vi& DAKIN e? 
al. (1976) consider the ion heating due to current-driven ion cyclotron turbulence, 
also for a collisionless plasma. Their results yield for the turbulent heating scaled 
on the e-i Coulomb heating: 

Q,, = ~so,??(o, Aw)w Im (x+) 

where we, is the axial electron drift velocity, which drives the turbulence, and 
&/ne is the relative density fluctuation level. The field and density fiuctuations are 
related according to 

(13) 
eE/k f i e  

k , T , - c ’  

where k refers to the wavenumber. For w = vii, we,/vtlu = 0.1, Te/Ti = 3, fie/ne = 

For a collisional plasma (w << vii) the turbulent heating can be calculated from 
a simple physical point of view: the ions gain kinetic energy in the turbulent field 
during a time l/vii, so that 

-- 

and = 270 we obtain Q,,/Qei = lo-’. 

This rough calculation agrees more or less with a calculation that starts from the 
result of WEINSTOCK and SLEEPER (1975) with the aid of MILIC’S (1972) expression 
for the susceptibility. For TJT, = 3 and iie/ne = we obtain Q,,/Qei = lo-’. 

3. EXPERIMENTAL P R O C E D U R E  

3.1. The hollow cathode discharge plasma facility 
We use for our investigations the argon plasma of the positive column of a 

large size hollow cathode discharge with a hot hollow cathode (cf. Fig. 1). The gas 
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FIG. 1.-Sketch of the hollow cathode discharge, TS =Thomson scattering diagnostic, 
OS =optical spectroscopy, FI = Fabry-Ptrot interferometry, OP = optical probes, CS = 

collective scattering diagnostic. 

is fed through the cathode and is pumped continuously. The plasma is confined 
by an external axial static magnetic field of maximal 0.5 T. A stationary, highly 
ionized plasma is formed with electron densities between 10'' and 1021 m-3 and 
electron temperatures between 2.5 and 10eV. The HCD consists of a large 
stainless steel vacuum vessel connected to two oil diffusion pumps, with four 
observational sections giving access to the diagnostics and surrounded by magnet 
coils. The electrode supports for the anode and the cathode are movable in the 
axial direction. Herewith the plasma at a specific position can be diagnosed at 
various ports. We verified for several plasma conditions that an axial displacement 
of the plasma as a whole, whereby the value of the magnetic field at the cathode 
location was left unchanged, did not influence the values of the plasma quantities 
with more than 10-20 per cent. 

The visual appearance of the plasma is a bright blue transparent column 
(argon 11) that runs from the inside of the cathode to the anode. The diameter of 
the column at the cathode is approximately the cathode diameter. It increases to 
several centimeters towards the anode. The independent variables of the HCD 
are the plasma current, denoted by &, the confining magnetic field B,, the gas 
flow Q or pressure pa, the length of the arc and the cathode diameter d,. In 
Table 2 relevant data of our HCD are given. 

TABLE 2.-A REVIEW OF THE W E V A K T  DATA OF THE HOLLOW 
CATHODE DISCHARGE 

- gas argon 

n, = n,+ electron density 
na neutral particle density 
T, electron temperature 
T, ion temperature 
T a  neutral particle temperature 
B: magnetic field 
4 1  plasma current 
vac anode-sathode voltage 
Pa pressure 

LDI length plasma column 
radius plasma column 
cathode inner dia 

0 gas flow 

% I  
4 

1018-102' m-3 

10'8-102* m-3 

2.5-10 eV 
0.2-20 eV 
0.03-1 eV 
SOS T 
10-250 A 
30-100 V 
10-4-10-2 t O H  
1-10 m3 NTP S-1 

0-2.5 m 
10-20 mm 
2-8 mm 
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3.2. Diagnostics 
In Table 3 we list the diagnostics of the plasma quantities relevant to the 

classical ion energy balance. Details can be found elsewhere (POTS, 1979). 
Further, typical data and accuracies are indicated. 

The neutral densiry n, is calculated from the measured population densities of 
the excited 4p groups of the argon I and I1 spectral systems with the aid of 
collisional radiative models (CRh4) and the relation p , ( r )  =constant (pa is meas- 
ured by an ionization gauge and a McLeod manometer at the wall of the plasma 
vessel at the relevant z-position). 

Of the ion drift velocity wi, only the 8- and z-component have been measured. 
The r-component of wi cannot be measured, but estimates can be made on the 
basis of the ion continuity equation or the momentum equations of electrons and 
ions. From the momentum equations one can deduce in case of classical difision 

In our experiment C l c e ~ e i  is typically between 50 and 300. We 
use a = (Oce~ei)-l. 

The experimental determination of the production of ions due to ionization can 
be performed with the aid of a collisional radiative model for argon I. The most 
important contribution to the total ionization is the direct ionization from the 
neutral ground state. 

TABLE 3.-&Mw OF DIAGNOSTICS WITH RELEVA.. DATA AND ACtLTRACIES OF THE Q U A . .  AND 
P A R A . .  PERTINENT TO THE CLASSICAL ION ENERGY BALANCE 

Quantity Parameter Diagnostic 

Thomson scattering 
Thomson scattering; 
Abel widths of ion lines 
Thomson scattering 
Thomson scattering 
Thomson scattering 
Abel widths of ion lines 
Fabry-Ptrot interferometry 
Fabry-Ptrot interferometry: 
Abel widths of ion lines 
Fabry-Ptrot interferometry 
CRM's argon I and 11; 
pa = nakT, =constant 
pa = nakT, =constant 

CRM's argon I and 11: 
pa = nakT, = censtant 
Fabry-PCrot interferometry 
Fabry-Ptrot interferometry; 
Abel widths of ion lines 
momentum equations 
momentum equations 
Fabry-Ptrot interferometry 
Fabry-Ptrot interferometry: 
Abel widths of ion lines 
FabIy-Ptrot interferometry 
Abel widths of ion lines 
<1 MHz optical probes 
>1 M H z  CO,-scattering 

1018-1021 ,,,-3 

0.01-0.02 m 

l m  
2.5-10 eV 
0.01-0.02 m 

0.2-20 eV 
0.1-0.2 m 

0.6 m 
1019-1020 m-3 

0.01-0.02 m 

0.03-1 eV 
0.1-0.2 in 

(flC<7J' 

R, 
1 
0.01-0.02 m 

0.2 
0.01-0.02 m 
1-2% 
< 1 % 

15 
20 

50 
20 
20 

5 
30 

30 
low dens. 20 
high dens. 50 
low dens. 20 
high dens. 50 
- 

10 
30 

factor 2-3 
factor 2-3 
30 
30 

30 - 
- 
- 
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The fluctuation level iie/ne is measured with the aid of optical probes for 
frequencies smaller than 1 MHz.  The fluctuations with frequencies larger than 
1 M H z  are studied with the aid of collective scattering of CO,-laser radiation. A 
detailed description of the fluctuation measurements can be found elsewhere 
(POTS et ul., 1980). 

3.3. Accuracy 
Next we consider the accuracy of the experimental verification of the ion heat 

balance equation. This is of importance as we want to investigate to what extent 
the presence of anomalous heat transfer, due to turbulence, can be established. 
From the accuracies listed in Table 3, we estimate at low densities the accuracy of 
the determination of the total heating or total cooling at the axis of the column to 
be about 30 per cent. This implies that the fluctuation level t?,/ne should be at 
least a few per cent in order to establish a significant enhanced ion heating. For 
T,<< Ti, only ne,, Ti ,  and n,, have to be known accurately. We have to know T,, 
accurately for Te,a3-4eV, as in that case transport starts to dominate the 
ion-neutral interaction. For T, = Ti or Ti = T, a verification becomes difficult, as 
small errors in the temperatures cause large errors in the balance. At high 
densities we estimate the accuracy to be about 50 per cent. For a verification at 
r = R  it is of importance to know Ti(R) and the rotational velocity profile wie(r),  
that is p and &. Here, the heating is more complicated than at the axis of the 
plasma column. Therefore, we pay most attention to the balance at the axis. 

4 .  EXPERIMENTAL RESULTS 
4.1. Introduction 
We investigated for 34 different sets of parameters of the HCD the classical ion 

energy balance equation. The measurements have been performed as series with 
the plasma current varying from 20 to 200 A. The idea was to vary in this way the 
electron drift parameter, with at low currents a low turbulence level and classical 
behaviour and at high currents a high turbulence level and possibly anomalous 
behaviour. The electron drift parameter is, besides the ratio T,/Ti, the relevant 
parameter concerning current-driven ion acoustic or ion cyclotron turbulence 
(FRIED and GOULD, 1961; DRUMMO~D and RoSEh'BLUTH, 1962). Despite the fact 
that we did optimize for a large drift parameter, it appears that it is not possible to 
yield plasma conditions well above the stability boundary for current-driven 
turbulence. Only conditions closely underneath the boundary have been achieved 
(wez/vtk ~ 0 . 1  at TJT, ~ 5 ) .  Also VAN DER SLIDE et al. (1975) have only yielded 
conditions closely underneath the boundary. 

4.2. Verification 
In Fig. 2 we give an example of the electron density and neutral density for 

one current series. In Fig. 3 the corresponding temperatures are given. 
In Fig. 4 we present the experimental verification of the classical ion energy 

balance equation at the axis of the plasma column and halfway the electrodes. 
We plotted the total heating vs the total cooling as calculated with the aid of 
formula (2) and the measured plasma quantities. Points that lie on the 45O-line 
satisfy the classical ion energy balance equation. As one may observe all the 
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I I I 
argon 

0 50 100 150 : 
plasma current ( A )  

IO 

FIG. 2.-Example of the electron density and neutral density as a function of the plasma 
current. Parameter set HCD: gas = argon, B, = 0.2 T, Q = 7 m3 NTP s-*, L,, = 1.5 m, 

d, = 2  mm, z =0.75 m and r = O .  

experimental points lie closely around the classical line. No significant anomalous 
heating, which should yield points below the classical line, is observed. 

4.3. Influence of turbulence 
We do not observe current-driven parallel propagating ion acoustic turbulence 

above the thermal level. On the other hand we do find perpendicularly propagat- 
ing turbulence with relatively high levels between about RCi/3 and vii with ion 
acoustic phase velocities (POTS, 1979; POTS et al., 1980). Phenomena below RJ3 
are not considered here as these imply movements of the plasma column as a 
whole and consequently are believed to be not of relevance to the ion energy 
balance. For frequencies o >> y i  a spectrum is found that varies as U-’ with the 
frequency up to w = w p i / 4  with a total level of at the most 1 per cent. The 
maximum turbulence activity occurs around r = R = m and the propagation 
is perpendicular to the magnetic field. 

5 I I I 

argon 

plasma current (A)  

FIG. 3.-Example of temperatures as a function of the plasma current. Parameter set 
HCD: see caption Fig. 2. 
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FIG. 4.-Totd heating of the ions vs total cooling at the axis of the plasma column of the 
HCD. The 45"-line in the figure corresponds to a classical balance. 

In Fig. 5 we give the relative density fluctuation levels at r = 0 and r = R for 
one current series. For r = 0 two frequency bands are involved, i.e. (R,/3 S o s yi 
and w l  vii. From the lateral profiles we estimate the total local level at r = O  at 
most a few per cent for the highest current levels, so that the ratio Qth/Qei is 
estimated to be at the most 2 M O  per cent (cf. Section 2.3). This is consistent 
with the observation of a classical balance at the axis of the plasma, because the 
accuracy of the check is 30 per cent at low electron densities and 50 per cent at 
high electron densities. 

4.4. Balance as a function of plasma radius 
In Figs. 6(a)-(c) we give the results of the verification of the classical balance as 

a function of the radius for one plasma parameter set. The example is characteris- 

10 - 

o x )  loo 150 200 
p * . ~  current Ir3 

FIG. 5.-Example of relative fluctuation level as a function of the plasma current at r = 0 
and r = R. Parameter set HCD: see caption Fig. 2. 
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l d 7  

77 

radius plasma [mm] 

radius plasma mmi 

'- 
SI i 

radius plasma [mm] 

FIG. 6(a).-Total heating and cooling of ions normalized on total heating at the axis of 
the plasma column. Parameter set HCD: gas=argon, I,! =20A. B, =0.2T, Q = 
7 cm3 NTP s-', d, = 2 mm, &( = 1.5 m, z = 0.75 m. (b). Contributions to total heating of 

ions. (c). Contributions to total cooling of ions. 
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tic for most of the sets. In Fig. 6(a) we have plotted the total heating and cooling 
of the ions normalized to the total heating at the axis. As one observes the 
classical balance also holds for r >O. In Fig. 6(b) we have plotted the contribu- 
tions of the various terms to the total heating. At the axis the e-i Coulomb 
interaction is dominant. In Fig. 6(c) the contributions to the total cooling are 
given. The i-a interaction is dominant. Also transport contributes to the cooling. 

4.5. Scaling law 
Until sofar we described the results of 34 parameter sets. The result is that the 

ion energy balance is classical or at least close to classical. Moreover, at the axis of 
the plasma column the electron-ion Coulomb interaction dominates the heating 
and ion-neutral interaction dominates the cooling. This implies that a quick check 
of the ion energy balance can be done by checking the relation 

(t - fa)(% +fa)”2f1’2=0.25 n,/n,, (15) 

which can be found from Table 1 by equating the e-i Coulomb interaction and 
the i-a interaction and by using equation (6). This relation leads to the scaling 
law for the ion temperature (10) if T, << Ti, which is true for most of the 
parameter sets of the HCD. We remark that measured ion temperatures larger 
than given by (10) would indicate an enhanced ion heating. We checked the 
relation (15) for many HCD parameter sets and the result is given in Fig. 7. 
Within the limits set by the accuracy the agreement is perfect. 

For plasma parameters, for which the ion energy balance is classical-as has 
been proved for all sets included in this study-and electron-ion heating is 
balanced by ion-neutral interaction-as has been proved to be valid at the axis of 
the plasma column-we can use relation (15) as diagnostic tool and determine the 
neutral density n, by measuring the ion and neutral temperature and the electron 
density. Another possibility is to determine the ion temperature T, from a known 
ratio of the electron an 

a 

ieutral density ne/na. 

FIG. 7.-(f, - fa)(fi as a function of the ratio n,/n,. 
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5 .  CONCLUDING REMARKS 
We end this paper by making the following conclusions: 
1. The plasma of a HCD appears to be classical as far as the ion energy 

balance is concerned. The absolute scale of the balance at the center of the 
plasma indicates that the use of Spitzer’s formula is fully justified. Our verification 
is within 30 per cent and that is to the best of our knowledge better than reported 
in the literature. 

2. No significantly enhanced heating is observed, though turbulence is present. 
This fact is in agreement with estimates of the enhanced ion heating based on the 
observed turbulence levels and the available literature. 

Acknowledgements-We are indebted to a. M. J. F. VAN DER SANDE for his skillful assistance with 
the experiment. This project was partly supported by the foundation “Fundamenteel Onderzoek der 
Materie” with financial support from the “NederIandse Organisatie voor Zuiver Wetenschappelyk 
Onderzoek”. 

REFERENCE§ 
BAR’IER J. D. and S P R O ~  J. C. (1977) Plasma Phys. 19, 945. 
BRAGINSKD S .  I. (1965) Review of Plasma Physics. Vol. 1 (edited by M. A. LEO~TOVICH). Consultants 

COOPER W. S .  (1979) Private Communication, Lawrence Berkeley Laboratory. 
DAKJN D. R., T m  T., BENFORD G. and Rn”, N. (1976) J. Plasma Phys. 15, 175. 
DOUGAL A. A. and GOLDSIEIN L. (1958) Phys. Rev. 109, 615. 
DRUMMOND W. E. and ROSENBLUTH M. N. (1962) Physics FZuids 5, 1507. 
FRIED B. D. and GOULD R. W. (1961) Physics Fluids 4, 139. 
HATAKEYAMA R., SATO N., SUGAI H. and HATTA Y. (1977) Phys. Len. 63A, 28. 
HONZAWA T. and KAWAI Y. (1972) Plasma Phys. 14, 27. 
HLDIS M., CHLTNG K. and ROSE, D. J. (1968) J. Appf. Phys. 39, 3297. 
KALFSBEEK H. W. (1979) University of Utrecht, Thesis. 
DE f i u r v ~ ~  H. et al. (1978) Proc. 7th Int. Conf. on Plasma Phys. and ConIr. Nucf. Fusion Res., 

KOZIMA H. (1975) J. Phys. Soc. Japan 39, 487. 
h 4 ~ ~  S. Q., SKAR~GARD H. M. and STRILCHUK A. R. (1970) Phys. Rev. Len. 25, 1409. 
MILK B. (1972) Physics Fluids 15, 1630. 
POTS B. F. M. (1979) Thesis, Eindhoven University of Technology. 
POTS B. F. M., COUMAVS J. J. H. and SCHRku D. C. (1980) to be published in Physics Ruids. 
SP~IZER L. (1962) Physics of Fully Ionized Gases. Interscience, New York. 
VAN DER SLIDE B.. DIELIS J.. POTS B. and S c w  D. C. (1975) hoc. 12th Int. Conf. on Phen in Ion 

Bureau, New York. 

Innsbruck. 

Gases, Eindhoven, p. 75. 
WEWSTCCK J. and SLEEPER A. M. (1975) Physics Fluids 18, 247. 
WHARTON C. B., KORN P. and ROBERTSON S. (1971) Phys. Rev. Len. 27, 499. 


