Source Properties of a Hollow Cathode Arc Plasma
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Experiments have been carried out on the properties of a hollow cathode as an ion-source.

The measured electron density, ion and neutral temperatures and drift velocities have been
compared with predictions from the conservation laws for matter, momentum and energy.

Very large exit drift velocities of ions and neutrals are observed. The magnitude and direction,
against the electric field, can be explained on the basis of the momentum balance. At weak
magnetic field strengths even supersonic drift velocities are found. The charge flux carried by the
ions is about five percent of the net arc current. For small flows, the ionized fraction of the gas

supply approaches 100%.

The neutral particle density outside the cathode consist of a fraction drifting with a large
velocity out of the cathode and a fraction of cool background atoms. The change of the ratio of
these fractions with increasing distance to the cathode causes the average neutral particle drift to

decrease very rapidly.

Finally, an analysis of the overall cathode power balance is given.

1. Introduction

The magnetized hollow cathode arc is an easily
accessible and versatile device for the study of
highly ionized plasmas at low density [1—3]. Of the
incoming gas flux through the cathode a fraction is
ionized which contributes to the formation of an
external plasma column. A description of the
cathode plasma is important for understanding gas
efficiency, power consumption and external arc
conditions [4—6]. The complicated nature of the
cathode processes however permits detailed descrip-
tions only under rather strict assumptions [7].

Hollow cathodes can be applied in several geom-
etries [8] and modes of operation [9, 10]. We will
confine ourselves to the study of the plasma
eminating from a cylindrical tantalum tube. As has
been pointed out by Delcroix [8] such a cathode has
several working regimes: the regime of low gas flow
in which the cathode tip has the highest temper-
ature, the low current regime with the presence of
cathode spots [11] and the normal mode with a
diffuse arc [12, 13] and with the highest temper-
ature at a distance of about the tube diameter from
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the tip. Most of our experiments have been carried
out in the normal mode; at low currents a hot spot
indeed has been observed.

A number of important physical phenomena has
been studied by several authors. In the heating of
the cathode the electrical (Debye) boundary layer
plays a major role [14, 15]. This sheath also causes
an enhanced thermionic emission of free electrons.
The arc crosses the magnetic field inside the
cathode, which sets up a rotational force density
there. It has been pointed out that metastable
particles play a role in the cathode operation [16, 17];
also the volume ionization of neutral particles by
electrons that enter the internal plasma with about
the sheath potential, is a process of primary im-
portance.

An analysis of the radial current density profile
has been carried out in the case of a negligibly small
gas flow [17]. Also the ion dynamics may influence
the radial currents. It will be shown that the
longitudinal ion and neutral drift velocities ap-
proach the thermal speed [18] and may even be
supersonic just behind the tube exit.

Because the main use of hollow cathodes is in
their source properties [19—21] we will consider the
mass, momentum and energy conversions of the
flowing gas in the cathode as a whole, rather than
develop a detailed picture of the physics inside.
Nevertheless our experimental data will allow us to
make estimates of some internal quantities.
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One of the crucial parameters of the cathode is
the longitudinal drift velocity with which the ions
and neutrals leave the cathode. With the velocity
sampling of an anode extracted beam, Theuws
established supersonic velocities [21-23]. This
method has the disadvantage that the sampling is
performed outside the plasma. So the velocity
distribution is measured folded with a transmission
probability, which is smaller for low velocity
particles. These measurements indicate large veloc-
ities of neutrals and metastables but it cannot be
excluded that these may originate from a high
velocity tail. We will measure the velocity in situ,
just behind the cathode exit by the method of
Doppler interferometry [24]. These measurements,
together with experiments on temperatures and
densities, will permit us to draw conclusions on ion
production rates, cathode saturation phenomena,
momentum balances and the main energy con-
version processes in the cathode. By this our pro-
gram is established.

Our experiments have been carried out on the
large scale device at the Eindhoven University of
Technology, which has been described elsewhere
[4, 12,13, 25]. As a test gas we use argon.

2. Theory

As a theoretical framework for a diffuse cathode
plasma [12] we will consider the conservation laws
of matter, longitudinal momentum and energy in
the cathode. As stated before, our measurements
have been done outside the tube itself. Therefore,
an integral formulation of the conservation laws is
appropriate. Most of our experiments have been
carried out at a longitudinal distance z= 10 mm
from the cathode tip, so we define this position as
the outer boundary in the theory.

2.1. Matter conservation

The gas flow rate N,, the number of gas particles
per second that enters the cathode, must leave it
either as neutral gas flow rate (N,) or as ion flow
rate (N;). singly or multiply ionized:

Ng=Ni+ Ny= (nf AF + nf A7) w¥ . (1)
Here n* and n¥ are the exit particle densities on the

axis, w¥ is the heavy particle longitudinal drift
velocity on the axis and 4 and A are the effective

cross sections of the ion and neutral flow rates:
o o}
A* =<§nu':2nrdr)/(nw:),=0. (2)
0

The asterix * refers to a location of observation
which is 1cm downstream from the cathode,
*=10"2m.

It is appropriate to relate N; to the charge carrier
flux [I,/e, the arc current over the elementary
charge. The arc current emerges from free electron
emission and from ion recombination at the inner
cathode surface. Each spontaneously emitted electron
gains about 30 eV energy in the Debye sheath [15]
and contributes to direct or stepwise ionization,
which indicates a proportionally between N; and
I,/e. The part of I, which is sustained by ion wall
recombination contains a proportionality with nl,
the ion density inside the cathode, and is therefore
related to N;. Nevertheless at very low gas flow,
N; is limited by N,. So we expect nearly full
ionization at sufficiently small N, and a saturation,
Nt of N; if Ny is large, with some proportionality
between Nj*' and /,/e. The ionized fraction x = N;/N,
must decrease from about 1 to 0 as Ng varies from 0
upwards.

2.2. Momentum conservation

Concerning the conservation of longitudinal
momentum within the cathode tube we distinguish
as the main parameters the driving pressure P, at
the entrance of the tube, the kinetic pressure
(n*+ n¥ + n¥) kg T* and the convective momentum
flux (n*+ n¥)mw¥*? at the exit, and the viscous
pressure decay 4P, along the tube. Here T is the
exit temperature, which, because of the high
density, is about equal for the different kinds of
particles, electrons, ions and neutrals, kg is the
Boltzmann constant and m is the ion mass. We note
that the electric field plays no role [24]. We may
neglect the momentum contribution of the radial
current crossing the azimuthal component of the
magnetic field inside the tube. The balance equa-
tion reads

P A = ((nf + n¥) AF + ny AY) kg T*
+(nF A+ XA mw+A44P,. (3)

Here A'=nR} and R, is the inner tube cross
section. Implicitly we have assumed that the effective
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external cross sections 4* are the same for the fluxes
of matter and momentum and for the kinetic pres-
sures. Equation (3) can be simplified by the sub-
stitution of (1):

T*  Nymw?
ke T™ +_ﬁL

+ 4 4
g . @)

= (ZN; + Ny)

Here Z is the effective charge number of the ions:
Z=n¥/n¥. (5

In this formulation the momentum balance, with the
exception of Z and 4P,, can be checked by mea-
surements of Py, T*, w*, N,, and N;.

We estimate the viscous pressure decay as fol-
lows. The kinetic viscosity #' of the mixture of
neutral particles and ions inside the tube contains
four contributions [26]: that of the ions, that of the
neutrals and two mutual contributions. In our
parameter range (7; = 102’ m~3 and n, =~ 102 m™3
as we will see) the viscosity is largely a result from
ion-ion collisions. The neutral particles may have
some influence; their mean free path is limited
mainly by collisions with the ions. So, the plasma
viscosity may be somewhat larger than the ion
viscosity #' = n.k T;t;; which is

L 10-5 7572
'7i=2.1 l10 T; ’ ©)
nA
and around 2 1075 for 7, =~ 2 eVand In 4 = 6.

Here T, is the ion temperature in eV and In A is
the Coulomb logarithm. So, we estimate the plasma
viscosity #' to be lower than 10™*kg/ms.

To be sure that the viscosity is not turbulent, we
will evaluate the Reynolds number of the flow in-
side the tube. As we will see the longitudinal drift
velocity wi has a value of about 10°m/s. Also a
rotation wj occurs [4, 25] as a consequence of the
Lorentz force by the radial current in the longi-
tudinal magnetic field.

From previous measurements [12] it is known that
in the external column w reaches values in excess of
100 m/s. A decrease below this value is observed if
one approaches the cathode. Inside the cathode the
ion neutral friction dominates in view of the large
neutral density and smaller rotational velocities are
to be expected. So, the axial component determines
the velocity:

12

=

wixwi, (7
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Table 1. The data set inside the cathode as used for the
energy balance equations.

wi; 1-10° ms”1 Nt 6-101s7!
n 1-102m N, 3-10%0s7!
n! 1-102'm P, 3-10°Pa

T; 2V 1, 50 A

The resulting Reynolds number, calculated with the
parameterset listed in Table 1

Re=wiR,nim/y', (8)

has a value of about 20. This value is too small for
turbulence and therefore the viscosity is the kinetic
one of (6).

Now we are able to estimate the viscous pressure
decay 4P, along the tube. Because of the effective
momentum coupling between the wall and the
plasma, the viscous pressure decay should be due
mainly to velocity shear:

AP, >~ y'wiL/R}. 9)

We calculate a value of about 102 Pa.

2.3. Energy conservation

The power dissipation can be formulated for two
systems: the metal tube and the plasma inside it [8].
We will start with the combination of the two.

The supplied power is roughly the current 7
multiplied by the Debye sheath potential Vp,
reduced by the tantalum threshold potential (elec-
tron emission work function) Vy,=4.1V [27]. The
thermal and convective power carried by the out-
coming flow for each particle species j is N (— kgT* +
+3m;w¥?) and in the incoming flow Ng(3 kgT®+
+3mw? !) The outflux of potential energy roughly
equals N;e V* where e V* = 15.8 ¢V, the ionization
energy of argonl. We neglect multiple ionization
here. Also the excited level densities are neglected
with respect to the nearby ion ground level density
[28].

A power dissipation mechanism of major im-
portance is the thermal radiation by the outer
cathode surface with outer radius R, and at a
temperature 7.. The power is eosp T42n R, L. Here
osg is the Stefan-Boltzmann constant and ¢ is the
relative radiation emissivity of tantalum [27]. The
length of the hot zone, L has a minimum value
because of the heat conduction in the metal through
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which a power flux is transferred of 2KT./L"
where K is the thermal conductivity [27] at high
temperature. The balance of these two effects reads

eosgTEn R LM =2 KT . n(R3—RY)/L.  (10)

We note that the heat conduction is negligible
provided that the cathode has a length of at least a
few times L". This is the case in our experiments, as
we will see. Now L" can be calculated from (10):

L'~ 2K(R,— R))/cosgT3)"2. (11)

As a conclusion we write the energy balance of the
cathode including the internal plasma column as

L,(Vp— V)= Z N,'(%kBT*-i—%m/-w?‘z)/
J

— Ng(G kTP +Imwb?) (12)

+NieV*+eosgTé2n R, LY.
Next we consider the tantalum tube itseif. The arc
current 7, at the inner cathode surface is sustained
by free electron emission (/.) and the bombard-
ment of ions which all recombine (/;). The tube is
cooled by heat radiation and by the emission power
1.V, of free electrons. The heating is due to photon
capture (P, ion collisions and neutral particle
collisions. Arriving ions transfer to the cathode their
recombination energy e V'* and a fraction £ of their
kinetic energy gained in the sheath minus the
electron work function. We neglect the thermal
energy of the ions and the (Bohm) energy with

@,
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which they enter the sheath [14, 29]. The fraction S
contains an uncertainty because the tantalum sur-
face may be covered by one or more monolayers of
carbon; we take f=0.5 [30]. The neutral particle
bombardement heats up the cathode with a fre-
quency vy .= nifinR,L/2 where &= (8kgTi/nm).
We are able now to write the energy balance of the
tube:
I Vy+eogTi2nR L= L;(fVp+ V*— V)

+ il a B3 kp(T' = To) + Py (13)

We note that, in addition to statements by other
authors [18, 7], the possibility of a temperature
jump T — T, is left open.

We defer the discussion on the energy balance of
the internal plasma, which can be obtained by the
mere combination of (12) with (13), to a later stage.

3. Experiments

The theoretical considerations of Section 2 will be
our guide in experimenting. The data needed are
n¥, w¥ T* AF and A} besides some externally
adjustable arc parameters. We will measure with a
cylindrical tantalum cathode of 3 mm inner and
4 mm outer radii and with a length of about 10 cm.
The arc length is about 1.3 m but in this work we
use only data in the vicinity of the cathode (Fig. 1),
in particular at z*=10mm. In order to obtain
reproducible measurements we machine the cathode

BR

Fig. 1. View of the cathode. PL = plasma, C = cathode, Ng = gas flow measurement
unit, P, = driving pressure measurement unit, BR = brass mounting block.
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Fig. 2. Doppler shift diagnostic, C=
cathode, A = anode, L = lens, M = mir-
ror, CH = chopper, MO = monochro-
mator, FP = Fabry-Pérot interferometer
plates, D = pinhole diaphragm, PM =
photomultiplier tube, OA = operational
amplifier, LI=lock in amplifier, V=

M
CH ]
L :
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M |
L |
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Fig. 3. Ion drift velocity as a function of the gas flow N
for different arc currents.

such that it is always operated with a flat end. In
this way we get the velocity measurements at
intervals of several burning hours reproducibly
within 5—15%. We measure only on the arc axis.

As far as the diagnostic equipment has been
described elsewhere, we will refer to existing
literature [4, 12, 13, 24, 25, 31].

3.1. Drift velocities of ions and neutrals

The external longitudinal drift velocities w¥* of
the ions and the neutrals have been measured by
Fabry-Pérot interferometry of the Doppler shift of
the 668.4 and 696.5 nm spectral lines respectively
(Fig. 2) [24].

electrometer, DP = digital processing.

In Fig. 3 the w¥ of the ions is given as a function
of the gas flow. An increase of w* with I, and a
saturation at high gas flows N, can be noticed. At
lower N, the w¥ increases again.

A supersonic drift velocity is measured at a
weak B field (Figure 4). This corresponds with mea-
surements by Theuws [22, 23]. The ion thermal
(2kgT*/m)"? decreases and w¥ in-
creases strongly as B decreases.

Obviously in the first 10 mm between the cathode
exit and the measurement point a considerable
acceleration of the gas/ion mixture occurs because
the plasma pressure of the external column (4)
ceases to supply the balancing pressure against P,.
We not that the expansion in 0 <z < 10 mm is by
no means adiabatic because here the arc current still
passes through a voltage difference 4V = 3 V' with a
power dissipation comparable with the plasma
thermal output power of the cathode: ,4V = N el
Here T= kBT/e is the temperature in eV. The
supersonic w¥ indicates excellent possibilities for
optimizing hollow cathode sources of particle
beams [31]. At the weak B condition the w¥* still
turns out to depend on N, (Fig. 5) and /, (Figure 6).
In the foregoing we have assumed implicitly that
the wX* of ions and neutrals is equal up to
z =10 mm. This is confirmed in Fig. 7 where both are
shown separately.

The neutrals exhibit an expansion so that w,
increases somewhat up to z = 20 mm. The consecutive
decrease can be explained as follows. The neutral
particle density is made up of a hot fraction coming
out of the cathode and a cold fraction due to the
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Fig. 4. Ion thermal (v,;) and drift (w.;) velocities as a
function of the B field.
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Fig. 6. Ion drift velocity as a function of the arc current at
weak B field.

surrounding gas background. The cold fraction
hardly contributes to w. so, as with increasing z the
hot fraction decreases, w. tends to 0.

The same physics is reflected in Figure 8. Here
the Zeeman splitted Ar1969.5 nm profile is dis-
played, as scanned with a Fabry-Pérot interferom-
eter [24] for the measurement of w.. Differently
from temperature measurements, which are done
under an observation angle of 90° with the axis, the

I =50 A
3 @
(10 B =.05T
m/s)
3
2
1
0

Fig. 5. Ton drift velocity as a function of the gas flow at
weak B field.

z (mm)
| | 1 |

0 20 40 I 80 100

Fig. 7. Drift velocities of ions (w.;) and neutrals (w.,) as a
function of the longitudinal position.

velocity measurements are carried out under an
angle of 25°.

In the latter case the Zeeman splitting cannot be
filtered out. In the determination of w. however this
in no serious problem. Figure 8a shows the broad
profile of hot neutrals near the cathode (z = 10 mm)
while Fig. 8 ¢ shows the narrower profile of the cold
particles at z =100 nm. The mixture in Fig. 8b at
z =340 mm clearly exhibits the axial drift of the hot
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Fig. 8. Zeeman splitted intensities / of the ArI1696.5 nm spectral line as a function of the wavelength; A4, is the
wavelength shift of the hot particle fraction drifting from the cathode. Upper figures: the cold and hot fractions (dashed)
and the resulting profile (drawn) at different distances z from the cathode. Lower figures: the actual measurements.

&3
]

o2 T
50 A

2(
N=13.510"" s

.
1

=1

0Q

o ° oo Fig. 9. Neutral particle density
= o as a function of the longitudinal
z (cm) position. Dashed curve: the

11 1 1 decrease in the case of free ex-
10 «5 1 5 10 pansion.




592 J.M. M. J. Vogels et al. - Source Properties of a Hollow Cathode Arc Plasma
1.0
- I3=100A :
0.8 B =2T 4
i Ng =300 ]
Z 06l Py =.04Pa |
(%)
c —
_g o
= 0.4+ .
0.2+ 4
- [
bl .
A I [}
A A—A ||: ]AU by l" - 4"”“‘“ 'VA
0 A o .-n‘(”‘jv | \1"..,1‘“1 - ,’v ,;IIJH‘ a, “h‘l T f‘h"\ff \\{\ﬁr.\/l,"‘
i ry I’ V v
wavelength

Fig. 10. Measured intensity of the 668.4 nm ion spectral line as a function of the wavelength. Dotted curve: the calculated

Voight function; dashed: the residual x 10.
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Fig. 11. Temperatures of the ions (7;) and of the hot an
cold neutrals (7,) as a function of the longitudinal posi-
tion.

neutrals because their profile is shifted with respect
to that of the cold gas.

We also have observed another phenomenon
(Figure 9). The neutral particle density decreases
stronger with z than is to be expected from free
expansion. Habets et al. [32, 33] give a virtual source
model for the expansion of a monoatomic gas from
a nozzle into vacuum. Situating the virtual source
point on z=0.15R;=045mm, we expect for
z> 2.5 mm an expansion according to n, = (z — zy) >

We have measured n, by relating it to the density
of the Ar4p group, using the density ratio method
by Pots [13, 25, 24]. In Fig.9 it appears that n,
decreases stronger with = than according to (z — zp) ™2

At z =20 mm we estimate the mean free path z;
for the neutral gas in the z direction. The ionization

frequency v, [24] of the neutrals, both direct [34]
and stepwise [35], is 4 - 10°s7", 50 zp= w,/Vjop = 8 mm.
The elastic and charge exchange collision frequency
v, is about 3-10%s™! [24] so that the neutrals are
confined somewhat by the ions. The quoted num-
bers for vi,, and v,; refer to the following plasma-
parameters: n, = 2-102/m3 T~ 5eV.

3.2. Particle temperatures

We have measured the ion temperature with the
Doppler broadening of the 668.4 nm spectral line
and the neutral gas temperature with that of the
696.5 nm line. We have obtained the temperatures
after Voigt deconvolution of the Fabry-Pérot in-
tensity profile (Figure 10).

The plasma has been observed under an angle of
90° with the axis, so that the 7n-Zeeman component
can be selected [24] and the influence of the splitting
1s minimized.

Our assumption that the temperatures of the
different particle species are equal up to z =10 mm
because of the high density, finds confirmation for
the ions and the neutrals in Figure 11. We have
separated the Ar I line profile into two Voigt func-
tions of which one represents the hot gas coming with
the ions out of the cathode and the other the colder
neutral background contribution. This picture cor-
responds with our interpretation of Figs. 7 and 8.

In Figs. 12—15 we give the ion temperatures in
dependence of Ng. I, and B. We notice a decrease
of T;* with N, but an increase with /, and B.
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Fig. 12. Ion temperatures as a function of the gas flow at
different arc currents.

—
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Fig. 14. The ion temperature as a function of the gas flow
at weak B field.

In Fig. 12 we see ion temperatures that must
exceed the electron temperatures. In that case the
ions are heated neither by the electrons, nor by the
neutrals. Viscous heating must play a dominant role
then [4, 13].

3.3. Electron densities

The electron density is established from the
plasma continuum radiation [24]. A Thomson scat-
tering measurement [36] serves as a calibration.
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Fig. 13. The ion temperature as a function of the magnetic
field strength.

| | |
100 159 200

0

1
0 50
Fig. 15. The ion temperature as a function of the arc cur-
rent at weak B field.

We have measured 7, with varying N, B and I,
as is shown in the Figures 16—19. We see that only
variations of /, influence n. strongly.

From Fig. 20 it appears how n, decreases with z.
An extrapolation towards z = 0 indicates a value for
n. of 102 m~3 at the cathode tip.

We note that Fig. 20 indicates a radial expansion
of the plasma from z=1cm towards z=25cm.
The expansion factor would be 2.3 in area, if the
plasma was source free and no ionization occurred.
However, as mentioned, ionization is present which
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Fig. 16. The electron density as a function of the gas flow
at different arc currents.
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Fig. 17. The electron density as a function of the magnetic
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Fig. 18. The electron density as a function of the gas flow
at weak B field.

Fig. 19. The electron density as a function of the arc cur-
rent at weak B field.
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Fig. 20. The electron density as a function of the longi-
tudinal position.

leads to a stronger decrease of n, with z than
according to free expansion (Figure 9). Taking this
source terms for electrons and ions into account, we
find an expansion factor of approximately 3.5. Using
previous measurements [24] where an effective
plasma radius R.;=55mm has been found at
z = 2.5 cm, this expansion factor corresponds with an
Rer=30mm at z=1.0cm. Apparently, the ef-
fective plasma radius is about equal to the cathode
radius R;, which is confirmed by other observations.

3.4. Driving pressure and arc voltage

The momentum balance (4) contains the driving
pressure P, of the neutral gas entering the cathode
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o (Figure 1). The measurements of P, are given in the
P ( ]03 Pa) Ia= Figs. 21 and 22. The increase of P, with N, and 1, is
100 considerable.
2x3 The arc voltage V,i is interesting so far as the
properties of the external arc remain the same and
only variations in the cathode, mainly the sheath,
2.0 are observed (Figs.23 and 24). We note that at
I, =20 A the voltage is irregular with respect to the
other measurements. The low current arc [8] is
1.5
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Fig. 21. The neutral gas driving pressure as a function of 59 |-
the gas flow at different arc currents.
B=.2 T 20 &
— * = 1
i ¥ N (1029 s
= 1 1 &5 1 |
0 1 2 3 4
Fig. 23. The arc voltage as a function of the gas flow at
3 different currents.
Po (107 Pa)
2.6+ Ia = 50 A
' 20 -1 20 -1
N =3 10""s v v = { s
g b (V) Ng 310
2,2 60 Ia = 50 A
1 . 8 - Sf) -
A®
1.4 1 Lo
1.0 1
B (T) 30 B (T)
> A
T L L 1 L - 1 L 1 1
0 1 2 3 4 0 all o2 a3 A
Fig. 22. The neutral gas driving pressure as a function of  Fig. 24. The arc voltage as a function of the magnetic field
the magnetic field strength. strength.



596

known to form hot spots, which may be the cause of
the irregularity.

4. Discussion

We will discuss the consequences of our ex-
perimental results regarding the theoretical con-
siderations of section 2.

4.1. Matter conservation

As a first subject we consider the conservation of
mass (1). Our measurements have been carried out
at the axis of the plasma, although also information
on the cross section Af at z= 10 mm is needed. In
the discussion on Fig. 20 we have noticed a radial
plasma expansion so that a value of about 7 R? for
A¥ should be expected. With the supposition that
the effective charge number Z (5) is unity, this
leads to an ion flow rate N; approaching the
incident gas flow rate Ng in the small flow case. This
means that the fraction of neutrals being ionized
reaches 100% as shown in Figs. 25 and 26.

The measured ion beam intensity is consistent
with previous measurements [24]. These indicate ion
flow rates N; of 4-10"s™" at z=25cm, I =504,
B=02Tand Ny=3.5-102s"".

In Fig. 26 it is seen that N; saturates towards high
gas flows. As has been our expectation in Sect. 2 the
ion saturation production N is connected with

n b 50
20
N (1020 S-l) A
| 1 1 1
'Olo ] 2 3 4

Fig. 25. The ionization fraction (x=N;/N,) as a function
of the gas flow at different currents.
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Fig. 26. The ion production rate as a function of the gas
flow at the different currents of Figure 25.
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Fig. 27. The saturation value of the ion production rate at
high gas flow rate, as a function of the arc net charge
carrier flux (/,/e).

I,/e. We conclude from Fig. 27 that the dependence
is linear:

Nit=cl,/e, (14)

where the constant ¢ = 0.05 at B=0.27T. The value
of ¢ is somewhat smaller than given in [31]. For a
weak magnetic field a somewhat higher value for ¢
applies.

A literature survey by Delcroix and Trindade [8]
shows that a number of experimenters with hollow
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cathode arcs has chosen a N, in the vicinity of
0.05 7,/e, with this rate as a mean value. Assuming
that these experimenters have varied ]\'/g around
N we suggest that (14) may have a general
validity for hollow cathodes.

We will now estimate the ratio & of the ion
production within the cathode and the volume
ionization in the external arc. Volume recombina-
tion may be neglected [37]. With an arc length L,
and radius R, we write

Ni
2 | :
nR;L,n.n, <G'l e>ion

= (15)
Taking N;=0.051,/e at I,=50 4, R,= 10"2m [38],
L=1m, ne=8-10"m™3, n,=5-10%m™3, {ove)ion=
4.7-10"%m?s, T.=5V and a factor 1.74 for step-
wise ionization [34, 35], we obtain ¢ = 0.03. The
volume ionization in the external arc is much larger
than the production by the cathode. The strong
dependence however of {(gr¢ )i, on T, does not
allow conclusions about ¢ for the hollow cathode
arc in general.

4.2. Momentum conservation

As is seen in our measurements of w¥ and T7*, no
linear proportionality between v{; and w¥ is present.
At z=10mm the ion flow cannot a priori be
considered as sonic.

We find however that the driving pressure P, is a
function of NymwZ/A4', the convective momentum
flux at z=10mm (4). In Fig. 28 it appears that,
regardless the value of 7,, for a given B field the
w¥ is determined by the choice of P, and N,. The
measured P, is compared with that calculated from
(4) with insertion of measured data (dashed curve
in Figure 28). Here, the viscous decay 4P, has been
omitted since the calculated value of about 10 Pa
falls well within the uncertainty margin.

It is observed that there is a good agreement
between the measured and calculated values for P,.

4.3. Energy conservation

In order to get insight in the main energy con-
version processes in the cathode, we will estimate
the magnitudes of the terms in the (11), (12), and (13).

First we check whether the length L" of the hot
cathode zone (11), corresponds with the visual
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Fig. 28. Solid curve and open symbols, the measured
driving gas as a function of the momentum flux Nymw3;/4'
at different currents. Dashed curve, the with aq. 4 com-
puted driving gas pressure as a function of the momentum
flux Nymw;/A4" at different currents. Dashed curve: the
actually measured pressure.

estimate of about 1.5cm. At a temperature 7, of
3000 K tantalum has a K of 60 W/mK and an ¢ of
0.3 [27]. With R;=3 and R;=4 mm and a gsg of
5.67- 1078 W/m?K* we calculate L"=1.6cm. We
note that according to (11) the tube temperature in
the hot zone cannot decrease much below 3000 K.
The melting point of tantalum is 3269 K [27], so also
much higher temperatures are excluded.

Next we consider the ion density n! inside the
cathode. The ions recombine on the hot inner
cathode wall with a rate N&"' = niz;2 R, L/4.

We follow Resenov et al. [16, 17] by assuming
that a considerable fraction of I, is sustained by ion
wall recombination. This leads to 7, = e N

Taking T;=2¢V, I,=50 A4 and L=2cm we ob-
tain ni=9-10®m™3 This value corresponds with
the ion production rate N; if the internal ion drift
velocity

wi=10°m/s,
for
N;=nwinR}=2-10¥s 1= N5,

The assumed T is roughly consistent with the longi-
tudinal momentum balance inside the cathode.
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Taking a N,=niwinRi=3-10¥s"! we obtain
ni =102 m™3 A pressure of 3 - 10° Pa (Fig. 28) then
leads to T;= 2 eV. For still another reason a n} of
about 102 m~* and consequently a T of 2 eV is to
be expected. The Paschen curve [39] for electrical
breakdown in argon has its minimum near 1 Pa m at
room temperature. With as a characteristic length
L/2 = 1cm this leads to a density ni =210 m™>.
A ni near 102 m~3 is at the given cathode dimen-
sion an optimum density for electrical breakdown.
Consequently in cathodes of a smaller dimension a
higher 7l is to be expected. as is indeed observed [23].

With these data (Table 1) we calculate the terms
in (12). With the omision of some apparently
negligible contributions we write

(Vo= V) =Ng(25e T*+0.5mw*?) +2.51,T*
1.3kW 0.3kW 0.3 kW
+NieV*+eospT22nR,L . (16)
0.04 kW 0.7kW

We see that the energy balance of the cathode and
the internal column together is dominated by heat
radiation as the main power loss mechanism and by
the current over the voltage drop as the main power
input. The thermal and convective power losses
with the neutrals, ions and electrons however is not
negligible.

In order to check the balance of the tantalum
tube itself, we first have to estimate the photon
heating P; in (13). The P; consists of plasma
continuum radiation and line radiation. The con-
tinuum radiation [40, 41] inside the volume nR}L
contributes about 0.05kW. The line radiation
volume power dissipation arises mainly from
Arl14p—4s transitions. From extensive collisional
radiative studies according to v.d. Sijde et al. [42]
we estimate the 4p density to be at most a factor of
103 above the Saha population [28] which can be
calculated on the basis of n. and T.. A density
n,(4p) <1.3-10® m~* and a resulting contribution
to P; smaller than 0.006 kW is calculated. As a
conclusion we estimate P;to be about 0.05 kW.

Now we estimate the terms in (13). As an ex-
ample we use /.= 20 A and 7; = 30 A:

Ie Vw + 27'(R2L€O'SBTC4= Pf

0.08 kW 0.7kW  0.05kW (17)
+ L(BVp—Vy+ V¥)+ NP B1LS (T - T,).
0.8 kW 0.35 kW
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From this balance we see that the radiative cooling
power is mainly supplied by collisions of ions and
neutral particles. From (17) it is clear that indeed /;
sustains a considerable fraction of /,, for the neglect
of I; would lead to an unacceptably small energy
supply.

The energy balance of the ionized gas inside the
cathode can be estimated from a combination of
(16) and (17). We only consider the terms of at least
0.1 kW:

L,(Vp—V,)=Ng(25eT*+0.5mw¥? +2.51,T*

1.3kW 0.3 kW 0.3kW
+1,(BVp+ V*)+ NP B15e(Ti-T,). (18)
0.8 kW 0.35 kW

The main heating mechanism is still the current
passing the sheath voltage. The internal column is
for the most part cooled by ions that escape towards
the wall their ionization energy e V'*.

We have seen in Fig. 23 that Vp decreases as Ng
increases. In (18) the Vp plays an important role:
the decrease of Vp diminishes the plasma power
input although more particles leave the cathode and
N&' increases. We conclude that at increasing N,
the ion wall recombination I; should contribute
more to [, because the I, decreases with the de-
creasing field enhanced emission of electrons from
the surface.

5. Conclusions

We have carried out experiments on the source
properties of a hollow cathode. For a number of arc
conditions accurate measurements of the ion drift
velocity, the temperature and the electron density
have been performed. With these data, combined
with the arc parameters, we may draw some con-
clusions.

The ion drift velocity at weak B fields is signif-
icantly larger than the ion thermal speed. This
supersonic flow is of interest for hollow cathode
particle sources. A low B field is also appropriate
for source applications because the external arc is
not turbulent in that case [38].

The neutral particle density in the first few
centimeters of the external arc is determined by the
expansion from the cathode. A fraction of the ex-
panding neutrals is as yet ionized there. At larger
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distances the neutral background density of the
vessel dominates.

The ion production rate N; of the cathode in-
creases with increasing gas flux Ng and saturates at
5% of I,/e, the net arc charge carrier flux. So a high
ion production rate, close to 100%, with a low gas
waste can be obtained by drawing a strong arc
current with limited gas flux. Also the ionization in
the external arc is effective; only in the first few cm
the ion influx from the cathode plays a significant
role.

The neutral gas driving pressure P, just before
the cathode entrance is a function of the produced
convective momentum flux, regardless the arc cur-
rent. This implies that the ion output drift velocity
w* is a function of Ng and P,. It can therefore be
adjusted by a choice of the latter parameters.

The energy balance of the cathode with its in-
ternal column shows that the strongest power input
arises from the arc current that crosses the Debye
sheath. This is dissipated mainly in the form of heat
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