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ABSTRACT It is demonstrated by means of numerical modeling
that longitudinal hollow-cathode discharges (HCDs) typically
used for laser applications are strongly non-uniform in the axial
direction. Two kinds of HCDs are investigated; those having one
anode ring and those having two anode rings at opposite ends of
the HCD tube. The HCD under study was made of copper and
operated in a mixture of helium and argon. The calculated po-
tential varied considerably in the axial direction. The densities
of the major plasma species showed no maxima in the middle of
the HCD, but rather at the anode side(s). The same applied to the
sputtering rate at the cathode and the electron-impact ionization
and excitation rates in the plasma. The calculation results for
both configurations have been compared with measured data,
i.e. with the electric current and the optical emission intensities
of He (I) and Cu (I) lines as a function of axial position, and
reasonable agreement has been reached.

PACS 52.65.-y; 52.65.Ww; 42.55.L

1 Introduction

Hollow-cathode discharges (HCDs) are used in
laser technology [1,2], in atomic spectrometry [3,4] and
for processing applications, such as etching, deposition and
surface modification [5]. Depending on the position of the
hollow-cathode cylinder and the anode with respect to each
other, two basic types of discharges can be distinguished in
cylindrical HCDs [6—10]:

(i) Transverse discharges. The electrode configuration creates
an electric field and a discharge current transverse to the
hollow-cathode axis (e.g. anode placed inside the HCD
tube).

(i1) Longitudinal discharges. As a result of the positioning of
the anode outside the HCD tube, the electrons leaving the
cathode surface move towards the anode along the hollow-
cathode axis, due to the axial (longitudinal) electric field.

Whereas transverse discharges are generally uniform in the
axial direction, this is not the case for longitudinal discharges.
Indeed, due to the longitudinal flow of electrons, the lat-
ter kind of HCDs can be severely non-uniform in the axial
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direction. Mizeraczyk [7, 8] has experimentally investigated
the axial non-uniformity of longitudinal HCDs. Characteristic
plasma quantities, such as the plasma potential [7, 8], the cur-
rent density at the cathode [7], the electron energy distribution
function and the mean electron energy and electron density [8]
have been measured as a function of axial position in HCD
tubes with varying lengths, and for a wide range of pressures
and electric currents. It has been demonstrated that the axial
non-uniformity increases with decreasing pressure and cur-
rent, and is more pronounced in long discharge tubes with
small diameters, typically used for laser applications [7, 8].

Mizeraczyk has also compared the laser properties of
transverse and longitudinal HCDs [9,10]. Whereas the
He-Kr" laser showed some advantages with the transverse
HCD for lasing at 469.4 nm [9], the important white-light
He-Cd laser, which results from simultaneous lasing at the
three basic lines (blue, green and red) was found to be superior
in the longitudinal HCD [10].

Because the axial non-uniformity of the longitudinal HCD
may affect the operation of the laser [7], a good knowledge
of the axial variation of characteristic plasma quantities is
desirable. Beside experimental investigations [7, 8], this can
also be obtained by numerical modeling. In the present paper,
we want to investigate the axial non-uniformity of longitu-
dinal HCDs by means of a hybrid modeling network, which
was recently developed for a copper HCD in a mixture of he-
lium with argon, typically used as a He-Cu™ IR laser [11].
Moreover, the calculation results will be compared with ex-
perimental data for exactly the same conditions and HCD tube
design.

In Sect. 2, a short description of the modeling network will
be given. The experimental set-up will be described in Sect. 3.
The calculation results, as well as the comparison with the
experimental data, will be presented in Sect. 4. Finally, a con-
clusion will be given in Sect. 5.

2 Description of the model

The plasma species assumed to be present in the
helium—argon—copper HCD are the He and Ar gas atoms, the
electrons, the He*, HeJ, Art and Arj ions, the metastable
He and Ar atoms (He}, and Ar}), fast He and Ar atoms, the
sputtered Cu atoms and the corresponding Cu™ ions. No spe-
cific model is applied to the He and Ar gas atoms, which are
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simply assumed to have thermal velocities and be uniformly
distributed in the discharge tube. The other species are de-
scribed with Monte Carlo and/or fluid models.

The electrons are split into two groups, depending on their
energy. Electrons with a total energy (i.e. the sum of their po-
tential and kinetic energies) above the threshold for inelastic
collisions with the He, Ar or Cu atoms are called “fast” and are
simulated with a Monte Carlo model. Their trajectories during
successive time steps are calculated with Newton’s laws, and
the collisions during these time steps (i.e. the occurrence of
acollision, the kind of collision, and new energy and direction
after collision) are treated with random numbers. The colli-
sion processes taken into account include elastic collisions
with He and Ar gas atoms, ionization and excitation of He and
Ar ground-state atoms and metastable atoms, and ionization
of the sputtered Cu atoms.

When the total (kinetic+potential) energy of the electrons
drops below the threshold for inelastic collisions, the elec-
trons are transferred to the slow-electron group. Since these
electrons cannot give rise to inelastic collisions any more,
their only role in the plasma is to provide negative space
charge and to carry electric current. Hence, their behavior can
as well (and much faster) be described by a fluid code. Be-
sides the slow electrons, this fluid model also treats the Het,
Hey, Ar™ and Arj ions. It consists of five continuity equations
(i.e. for the five different species) with different production
and loss terms, and five transport equations, based on diffu-
sion and on migration in the electric field. Moreover, these
ten equations are coupled to Poisson’s equation for a self-
consistent calculation of the electric field distribution. The
production and loss processes incorporated for the electrons
and ions are electron-impact ionization (from the He and Ar
ground states and metastable levels), different electron—ion
recombination mechanisms, ionization and associative ion-
ization (i.e. formation of molecular ions) by collisions of two
metastable atoms or by collisions of higher excited atoms with
ground-state atoms, Penning ionization by metastable atoms,
asymmetric charge transfer of He™ and Ar™ ions with Cu
atoms and conversion from atomic ions to molecular ions. The
processes are described in more detail in [11].

A similar fluid model is also developed for the He}, and
Ar} metastable atoms. It is again based on continuity equa-
tions with different production and loss terms, and transport
equations (describing only diffusion). He and Ar both have
two metastable levels lying close to each other. However,
since we are only interested in the total metastable density,
we have combined the two metastable levels in one collective
level for He and one for Ar. The production processes taken
into account for the metastable levels are electron-impact ex-
citation from the ground state and electron—ion recombina-
tion. The loss processes are electron-impact ionization, exci-
tation and de-excitation from the metastable level, Penning
ionization, collisions between two metastable atoms, leading
to ionization of one of the atoms or to associative ionization,
as well as two-body and three-body collisions with ground-
state atoms. More information of these mechanisms can again
be found in [11].

Besides the ion—electron fluid model, the Het and Ar™
ions are also followed with a Monte Carlo method, which
yields complementary information to the fluid code, such as

the ion-energy distributions, which are necessary to calculate
the flux of sputtered atoms at the cathode. Such a Monte Carlo
algorithm is not only applied for the He* and Ar™ ions, but
also for the fast He and Ar atoms, which are created by elastic
collisions of the Het and Ar* ions with He and Ar gas atoms.
Indeed, due to the large fluxes of fast He and Ar atoms bom-
barding the cathode, the latter species play a non-negligible
role in sputtering [11].

The flux of sputtered Cu atoms at the cathode is calcu-
lated based on the flux energy distributions of He™ and Ar™
ions and fast He and Ar atoms, as well as Cu™ ions (see be-
low) bombarding the cathode, which are calculated in Monte
Carlo models, multiplied with the corresponding sputtering
yields as a function of bombarding energy. The energy of the
sputtered Cu atoms is typically in the order of 5—10 eV. They
lose this energy, however, rapidly by collisions with the He
and Ar gas atoms, until they are thermalized. This thermal-
ization process is described with a Monte Carlo code, and
it results in a so-called thermalization profile, i.e. the num-
ber of thermalized atoms as a function of distance from the
cathode.

The thermalization profile is used as an input in the fluid
model for the thermalized Cu atoms and corresponding Cu™
ions. This fluid model consists again of two continuity equa-
tions and two transport equations (based on diffusion of the
atoms, and on diffusion and migration of the ions). The pro-
duction of Cu atoms is given by the sputtering flux multiplied
by the thermalization profile. The loss of Cu atoms is equal
to the production of Cu™ ions, and is determined by various
ionization mechanisms, i.e. electron-impact ionization, Pen-
ning ionization by He}; and Ar};, atoms and asymmetric charge
transfer of Cu atoms with Het and Ar™ ions. No specific loss
mechanism is taken into account for the Cu™ ions, except from
recombination at the cell walls (which is determined by the
boundary conditions).

Finally, the Cu™ ions are also subsequently treated with
a Monte Carlo algorithm, which allows the calculation of the
flux energy distribution of the Cu™ ions bombarding the cath-
ode, needed to calculate the sputtering flux. The Cu™ ions
indeed play a quite important role in the sputtering process
(so-called “self-sputtering™) [11].

All these models are coupled to each other into a “mod-
eling network™ due to the interaction processes between the
different species. Hence, they are solved iteratively until fi-
nal convergence is reached. The whole calculation procedure
typically takes a few days on today’s fast computers. Detailed
information about this modeling network (i.e. an overview of
all collision processes taken into account, and the correspond-
ing cross sections or rate coefficients, as well as details about
the coupling of the models) can be found in [11].

3 Experimental set-up

As mentioned above, the results of the modeling
network will be compared with experimental data, obtained
for the same discharge tube and operating conditions to which
the models are applied.

Two kinds of experiments are performed, i.e. (i) measure-
ments of the axial distribution of the current density at the
cathode, and (ii) measurements of the optical emission in-
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tensities of a He (I) and a Cu (I) line as a function of axial
position. Different tube designs were used for these two ex-
periments. They had, however, the same length (5 cm) and
inner diameter (4 mm), and were both made of copper, so
that both sets of experimental data could be directly com-
pared with the results of the model, which was also ap-
plied to a copper HCD with 5-cm length and 4-mm inner
diameter.

For the measurement of the current density at the cathode,
a segmented tube was used, which consisted of 19 annular
segments of 3-mm-thick copper, with inner and outer diam-
eters of 4 mm and 15 mm, respectively (see Fig. 1a). The seg-
ments were isolated from each other by 0.3-mm-thick quartz
rings. They were mounted in a quartz tube with 15-mm in-
ner diameter. Hence, the discharge could only burn inside the
copper rings. Each electrode was connected independently to
the electric power supply. By changing the polarity of the seg-
ments, different anode—cathode combinations could be made.
For the present experiment, two configurations were inves-
tigated: (i) an asymmetric discharge, with an anode ring at
one side of the HCD (so-called “AC”; anode—cathode); and
(ii) a symmetric discharge, with two anode rings at both sides
of the HCD (“ACA”; anode—cathode—anode). The current
through each segment was measured by recording the volt-
age drop across a calibrated 4.2-S2 resistor, connected to each
segment. A similar segmented tube design, but with some-
what different dimensions and materials, was also used by
Mizeraczyk [7].

a Segmented tube design

1.2 3 4 56 7 g

9 10 11 12 13 14 15 16 17 18 19

For the measurement of the light intensity in the axial
direction, a slotted-tube design was used (see Fig. 1b). The
HCD had a length of 5cm, and inner and outer diameters
of 4 and 8 mm, respectively. Along the length of the tube,
a 0.8-mm-wide slit was cut. Two copper ring anodes were
placed at both ends of the cathode, of which one could be
disconnected. Hence, both the asymmetric (AC) and the sym-
metric (ACA) tube designs (see above) could be realized. The
outer surfaces of the cathode and the anodes were covered
with quartz insulation, so that the discharge was again con-
fined in the cathode cavity. The electrodes were mounted in
a quartz tube having a side quartz window opposite to the
cathode slit, through which the sidelight emission could be
monitored.

The measuring set-up for the emitted light is shown in
Fig. 1c. The light emitted through the cathode slit passed
through a 1-mm diaphragm (D), and was focused by a lens (L)
at the front end of the optical fiber (OF). The other end of the
fiber was mounted at the entrance slit of the Bentham grating
monochromator (M). The signal on the photomultiplier (F)
of the selected line was monitored by a 200-MHz Tektronix
TDS420A oscilloscope (Tek) and stored in a computer (PC).
The diaphragm, the lens and the front-end of the optical fiber
were mounted on a table, which could be translated along the
discharge tube (DT) length, parallel to the cathode slit, with
a step of 1 mm. The sidelight emission intensity distribution
along the cathode length was measured for two different lines,
i.e. aHe (I) line at 587.6 nm and a Cu (I) line at 510.6 nm.

copper segments: 3 mm thick, 4 mm inner and 15 mm outer diameter

quartz rings between segments: (.3 mm thick
quartz tube: 15 mm inner diameter

b Slotted tube design

copper tube: 5 cm long, 4 mm inner and 8 mm outer diameter
slit along length of tube: 0.8 mm wide

¢ Measuring set-up for emitted light

FIGURE 1 Schematic diagrams of the measuring set-up:
a segmented HCD tube for the current density measurements;

Tek

b slotted HCD tube for the measurement of the optical emission

PC intensities; ¢ measuring set-up for the sidelight emission intensity

DT D L OF

(DT, discharge tube; D, diaphragm; L, lens; OF, optical fiber; M,
monochromator; F, photomultiplier; Tek, Tektronix oscilloscope;
and PC, computer)
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4 Results and discussion

Both the model and experiments were applied to
a copper HCD of 5-cm length and 4-mm inner diameter, in
amixture of He with 5% Ar. The total gas pressure was fixed at
17 Torr (2267 Pa), and the electric current was varied between
1 and 3 A. The gas temperature was not measured in the ex-
periment. It was, however, needed as an input in the model,
because it determined, in combination with the pressure, the
gas density through the ideal gas law (n = p/kT). In princi-
ple, it is possible to calculate the gas temperature [12], but
this would have further complicated our model and increased
the computation time. In reality, the gas temperature will ex-
hibit a spatial variation, and it will increase with rising electric
current. However, since the actual variation of gas tempera-
ture with electric current was not known, we simply assumed
a constant value of 1000 K in our model.

As mentioned in Sect. 3, two different electrode configura-
tions were investigated, i.e. the asymmetric HCD (AC) and the
symmetric HCD (ACA). In both cases, the anode ring(s) was
(were) placed outside the HCD tube, at a distance of 0.3 mm,
giving rise to a longitudinal discharge.

4.1 Calculated potential distribution, species densities
and sputter flux

Figure 2 shows the calculated potential distribu-
tions (a) and electron density profiles (b) at the cylinder axis
(r = 0), and the sputter fluxes at the cathode (c) as a function
of axial position, for three different conditions in the asym-
metric (AC) HCD. The anode ring is positioned at z = 0 cm,
whereas z = 5 cm corresponds to the other open end of the
HCD tube. The applied discharge voltage does not vary sig-
nificantly for the three electrical conditions investigated. It is
375Vatl1A,388Vat2Aand410Vat3 A.

It is clear from Fig. 2a that the potential at the cylinder
axis varies strongly as a function of axial position, resulting
in a considerable axial electric field in the entire discharge
tube. The latter gives rise to an electron current in the lon-
gitudinal direction, towards the anode, which is responsible
for the conduction of the electric current [13]. Moreover, the
potential at the cylinder axis, which is in the negative glow
(NG) region, appears to be negative in a large part of the

discharge tube. At 1 A, it is only slightly positive (ca. 3 V)
near the opening to the anode ring, it becomes zero at about
0.2 cm, and it drops to values of about —110V at the other
end of the HCD (z = 5 cm). At higher currents, the poten-
tial distribution slightly shifts towards less negative values.
At 2 A, the maximum potential is about 11 V, the potential
becomes zero at 0.8 cm, and at its most negative value, at
the end of the HCD, it is —75 V. At 3 A, the potential drops
from almost 20 V at the anode side of the HCD to zero at
1.6 cm, and to —53 V at the other end of the HCD. This nega-
tive potential is in contrast to planar cathode-glow discharges,
where the potential in the NG, also called the “plasma poten-
tial”, is typically positive, in order to guarantee the discharge
current balance (see, for example, [14]). However, in HCDs
there is no need for a positive plasma potential, because the
special geometry of the HCD reduces the loss of fast elec-
trons to the anode, and allows a sufficient ion flux towards the
cathode.

This phenomenon also explains the potential drop as
a function of distance from the anode. Indeed, the electrons
emitted from the cathode are more easily lost to the anode at
low values of z (i.e. closer to the anode), so that a positive
plasma potential is needed here to reduce the electron flux to
the anode. Athigher values of z (i.e. further away from the an-
ode), the electron loss to the anode is much smaller, so that the
potential in the plasma does not need to be positive. Moreover,
the influence of the anode, i.e. with potential equal to zero, is
not felt at sufficiently long distances from the anode, resulting
in a more negative potential in the plasma. A similar poten-
tial drop as a function of axial position was also observed
by Mizeraczyk, and the plasma potential was also found to
be more negative at lower electric currents [7, 8]. Hence, our
model calculations give the explanation for the experimental
observations.

The calculated electron density profiles at the cylinder axis
are plotted in Fig. 2b, for three different electric currents. The
electron density reaches its maximum near the anode side,
at z = 0.5 cm, and it drops by more than about an order of
magnitude towards the other end of the discharge tube. The
reason for this maximum near the anode side is that the high-
est (most positive) plasma potential is at this side, giving rise
to a strong radial electric field, resulting in high electron en-

2 57
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FIGURE 2 Calculated potential (a) and electron density (b) at the cylinder axis, and the flux of sputtered Cu atoms at the cathode (c) as a function of axial

position at three different electric currents, in the AC discharge
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FIGURE 3 Calculated potential (a) and electron density (b) at the cylinder axis, and the flux of sputtered Cu atoms at the cathode (c¢) as a function of axial

position at three different electric currents, in the ACA discharge

ergies and consequently in many electron-impact-ionization
collisions, i.e. a high production rate of electrons. Such an
asymmetric electron density profile was also reported by Miz-
eraczyk [8]. The density profiles of the other plasma species
were also calculated to be non-uniform in the axial direction,
as was demonstrated in [11].

Figure 2c illustrates the calculated fluxes of sputtered Cu
atoms at the cylindrical cathode as a function of axial pos-
ition, at three different electric currents. Again, the flux of
sputtered atoms is at its maximum at about 0.5—1 cm from the
anode ring, in correlation with the maximum in the electron
density profiles. Indeed, as mentioned above, the electron-
impact ionization rate is at its maximum here, giving rise
not only to the largest production of electrons but also of
ions, leading to the highest fluxes of ions (and fast atoms)
towards the cathode, and hence the largest amount of sputter-
ing. This theoretical prediction of non-uniform sputter fluxes
might have consequences for the lifetime of the laser dis-
charge tube, because the hollow-cathode cylinder might be
eroded in a non-uniform way. This phenomenon has also been
observed experimentally [15, 16].

Because practical HCD tubes for laser applications are of-
ten surrounded by anode rings at both ends (e.g. in a construc-
tion of several alternating hollow cathodes and anodes [17—
20]), we have also investigated the axial distribution of the
above plasma quantities in a symmetric HCD (ACA configu-
ration), and the result is depicted in Fig. 3. The potential at the
cylinder axis (Fig. 3a) is again slightly positive at the ends of
the HCD tube, near the anode rings, and drops more or less
linearly as a function of axial position. Because the HCD is
now surrounded by two anode rings, the potential distribution
is symmetric, with the most positive values at the ends and
the most negative values in the middle of the tube. Again, the
plasma potential is found to be most positive near the anode
rings and less negative in the middle of the tube at higher elec-
tric currents, as shown in Fig. 3a. Both the axial distribution
and the effect of electric current are in good correlation with
the measurements by Mizeraczyk [7].

The calculated electron density profiles at the cylinder axis
(Fig. 3b) and the sputter fluxes at the cathode as a function of
axial position (Fig. 3c) reach their maxima at the ends of the
tube, near the anode rings, and they show a dip in the middle

of the tube. Hence, it appears that the symmetric HCD tube
(ACA) is composed of two asymmetric discharges between
one anode ring and half of the HCD tube, and the presence of
one asymmetric discharge seems not to affect the other dis-
charge. This was also suggested by Mizeraczyk [7], although
it was stated that it does not hold true for very short, symmetric
(ACA) HCD tubes.

4.2 Comparison with experimental data

In order to verify our calculation results, we have
compared them with experimental data for exactly the same
cell geometry and discharge conditions. Because most plasma
quantities (such as the potential distribution and the plasma
species densities) cannot easily be measured, we are limited
here to a comparison of the macroscopic quantities, which
are more easily accessible, i.e. the electric current and optical
emission intensities of He and Cu lines as a function of axial
position. The electric current was calculated in our model as
the sum of the fluxes of the charged plasma species. The op-
tical emission intensities could not explicitly be calculated in
our model, because the level populations of the individual ex-
cited levels would have been required. Instead, we calculated
the electron-impact excitation rates of He and Cu atoms in
the plasma. This is probably a good measure of the optical
emission intensities, because electron-impact excitation is ex-
pected to be a dominant production mechanism for the excited
levels [21].

Figure 4 illustrates the calculated (solid lines) and meas-
ured (dashed lines and symbols) linear electric current densi-
ties at the cathode, as a function of axial position, for the three
different currents investigated, both in the AC discharge (a)
and the ACA discharge (b). Both calculated and measured
current distributions are characterized by a maximum at the
end(s) of the tube, near the anode ring(s), and a minimum at
the other end of the HCD tube (AC discharge) or in the middle
of the tube (ACA discharge). The agreement between calcu-
lated and measured results is reasonable for the AC discharge,
although the calculations appear to drop somewhat too rapidly
as a function of axial position, especially at the lowest cur-
rents. In the ACA discharge, the agreement is less satisfactory;
the dip in the calculated current distributions in the middle
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FIGURE 4 Comparison of calculated (solid lines) and measured (dashed lines and symbols) linear electric current densities at the cathode as a function of
axial position at three different electric currents, in the AC discharge (a) and the ACA discharge (b)

of the tube is much more pronounced than in the measured
data. Nevertheless, the general behavior of the axial distribu-
tion is reasonably well predicted. It shows that the cathode
will be primarily bombarded by (energetic) ions at the end(s)
of the discharge tube, near the anode ring(s), and that both
heating and sputtering of the cathode material will be non-
uniformly distributed, probably resulting in a reduced cathode
lifetime.

Figure 5 shows the comparison between the calculated
electron-impact excitation rates of He atoms, averaged over
the radial direction (solid lines, left axis), and the meas-
ured optical emission intensities of the He (I) line at 588 nm
(dashed lines and symbols; right axis), both in the AC dis-
charge (a) and the ACA discharge (b). Because the measure-
ments at 1 A yielded signal intensities too low, the comparison
is only shown for the currents of 2 A and 3 A. In analogy
to the current density distributions, the calculated excitation
rates and the measured optical emission intensities also ex-
hibit maxima at the end(s) of the HCD tube, near the anode
ring(s), and they reach low values, either at the other end of
the discharge tube (AC discharge) or in the middle of the tube
(ACA discharge). The agreement between the calculated and
measured data is fairly good for the AC discharge, but it is
again less satisfactory for the ACA discharge, where the cal-
culated excitation rates show a more pronounced dip in the

middle of the tube. Note that both the calculated and meas-
ured data are not perfectly symmetric in the ACA discharge.
This is attributed to statistical fluctuations in the electron MC
model (for the calculated data) and experimental uncertain-
ties in the measured results. Nevertheless, the general trend is
again sufficiently predicted.

Finally, the calculated excitation rates of the sputtered
Cu atoms, averaged over the radial direction (solid lines, left
axis), and the measured optical emission intensities of the
Cu (I) 511-nm line (dashed lines and symbols, right axis), are
plotted as a function of axial position in Fig. 6, both in the AC
discharge (a) and in the ACA discharge (b). Again, the com-
parison is only made for 2 A and 3 A, because of measured
signal intensities being too low at 1 A. Inthe AC discharge, the
calculated position of the maximum is slightly shifted toward
the middle of the discharge, in comparison with the meas-
ured data. This suggests that the calculated sputtered Cu atom
density profile [11] is not yet completely correct. However,
in contrast to the above results, the agreement between cal-
culated and measured data is now found to be much better
for the ACA discharge. In general, it is clear that although
the shapes of the calculation results are not yet in perfect
agreement with the experimental data, the overall behavior
of the axial distribution of the plasma quantities is correctly
predicted.
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5 Conclusion gon. Two kinds of longitudinal HCD tubes have been studied:

The axial non-uniformity of longitudinal HCD
tubes has been investigated by means of a numerical model,
developed for a copper HCD in a mixture of helium and ar-

an asymmetric discharge with an anode ring at one end of
the HCD tube (AC discharge), and a symmetric discharge,
with two anode rings at both ends of the cathode tube (ACA
discharge).



738 Applied Physics B — Lasers and Optics

In the AC discharge, the calculated plasma potential (at
the cylinder axis) dropped considerably as a function of axial
position, from a slightly positive value (ca. 3—20 V) near the
anode ring to clearly negative values (ca. —53to —110V, de-
pending on the discharge conditions) at the other end of the
discharge tube. This resulted in a rather strong axial electric
field through the HCD tube (with values typically in the order
of 20 V/cm), and hence in a considerable electron current to-
ward the anode. Moreover, because the radial electric field
was strongest near the anode ring (i.e. where the plasma po-
tential was most positive), the electrons had higher energies
and gave rise to more ionization collisions at the beginning of
the discharge tube, near the anode ring. This resulted in a non-
uniform electron density profile, with a peak near the opening
to the anode ring. Also, most other calculated plasma quanti-
ties, such as the densities of other species, the flux of sputtered
Cu atoms from the cathode, the current density at the cathode
and the electron-impact ionization and excitation rates, were
characterized by a non-uniform distribution, with a peak near
the open end of the discharge tube, adjacent to the anode ring.

As apractical laser set-up often consists of alternating hol-
low cathodes and anodes, the same plasma quantities were
also calculated for the ACA discharge, where the hollow cath-
ode was surrounded by two anode rings at both ends. The
calculated plasma quantities in the ACA discharge appeared
to be fairly symmetric, with a maximum at the ends of the
tube, near the two anode rings, and a dip in the middle of the
discharge tube. Hence, it is suggested that the ACA discharge
is composed of two more or less independent, asymmetric AC
discharges, with lengths equal to half of the ACA discharge
tube.

It is worth mentioning that the shape of this longitudinal
HCD (i.e. with 5-cm length and 4-mm inner diameter) would
suggest that a 1D model (in the radial direction) is sufficient
to describe its characteristics. However, the calculated axial
non-uniformity clearly demonstrates that in fact a 2D model is
necessary for a realistic representation.

To verify our calculations, the calculated current dens-
ity and excitation rates of He and Cu atoms as a function of
axial position were compared with current densities and op-
tical emission intensities, measured for exactly the same dis-
charge conditions and tube geometry. Although the calculated
and measured axial distributions did not perfectly coincide,
the agreement was considered to be satisfactory because the
predicted peaks and dips in the calculation results were also
found in the measured data.

In conclusion, it is suggested that the axial non-uniformity
of the HCD will affect the operation of the laser tube. Indeed,

because the cathode will be primarily bombarded by (ener-
getic) ions at the ends of the discharge tube, near the anode
ring(s), both heating and sputtering of the cathode material
will be non-uniformly distributed, probably resulting in a re-
duced lifetime of the cathode. Moreover, because the plasma
is most intense near the ends of the tube, adjacent to the anode
ring(s), it is expected that some part of the HCD will be inac-
tive, reducing the active length of the laser tube. Hence, this
explains why increasing the length of the discharge tube does
not always give rise to more intense lasers [17]. It is therefore
more interesting to use a set-up composed of several alternat-
ing short, hollow cathodes and anodes [17-20].
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