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ABSTRACT The He-Ar-Cu™ IR laser operates in a hollow-
cathode discharge, typically in a mixture of helium with
a few-% Ar. The population inversion of the Cu™ ion levels,
responsible for laser action, is attributed to asymmetric charge
transfer between He™ ions and sputtered Cu atoms. The Ar gas
is added to promote sputtering of the Cu cathode. In this pa-
per, a hybrid modeling network consisting of several different
models for the various plasma species present in a He-Ar-Cu
hollow-cathode discharge is applied to investigate the effect of
Ar concentration in the gas mixture on the discharge behavior,
and to find the optimum He/Ar gas ratio for laser operation. It is
found that the densities of electrons, Ar" ions, Ary,* metastable
atoms, sputtered Cu atoms and Cu™ ions increase upon the add-
ition of more Ar gas, whereas the densities of He™ ions, Hezr
ions and Hey, ™ metastable atoms drop considerably. The prod-
uct of the calculated Cu atom and He™ ion densities, which
determines the production rate of the upper laser levels, and
hence probably also the laser output power, is found to reach
amaximum around 1-5 % Ar addition. This calculation result is
compared to experimental measurements, and reasonable agree-
ment has been reached.

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

1 Introduction

One of the main applications of hollow-cathode
discharge (HCD) plasmas is in laser technology [1, 2]. In so-
called “metal-vapor ion lasers” the metal vapor is commonly
produced by the sputtering of the cathode material. Popula-
tion inversion, necessary for laser action, is obtained for the
ionic levels of the metal vapor, most typically by asymmetric
charge transfer between the buffer gas ions and the metal va-
por atoms. In this work, we focus on a He-Ar-Cu™ HCD laser,
with the most intense laser line at 780.78 nm. The upper and
lower laser levels are the 3d° 6s 3 D5 level and the 3d° 5p3 F,
level, respectively. Population inversion of these levels is at-
tributed to asymmetric charge transfer between He™ ions and

B Fax: +32-3/820-23-76, E-mail: annemie.bogaerts @ua.ac.be

sputtered Cu ground-state atoms. However, helium ions and
atoms do not give rise to efficient sputtering due to their low
mass. Therefore, Ar is sometimes added to the He HCD [3-9]
to promote the sputtering and hence to increase the sputtered
ground-state atom density [8]. However, too much Ar addition
reduces the production rate of the He™ ions, because of the
lower ionization potential and higher ionization cross section
of Ar [4]. A He-Ar pressure ratio of 20 : 1 was experimen-
tally found to give optimum laser conditions [4]. However,
in [9], an argon partial pressure of 1 mbar was reported to be
optimum, independent of the helium partial pressure and dis-
charge current. The optimum He pressure was found to be
about 25 mbar, dependent on the discharge current [9].

In a previous paper [10], we developed a comprehensive
hybrid modeling network for a He-Ar-Cu HCD. This model-
ing network will be applied in the present paper to investigate
the effect of Ar addition on various plasma parameters, and
to estimate the optimum He/Ar gas ratio for laser operation.
This calculation result will also be compared with experimen-
tal measurements.

2 Description of the model

The hybrid modeling network consists of a num-
ber of Monte Carlo and fluid models to describe the be-
havior of the various plasma species in a He-Ar-Cu HCD.
Briefly, the Monte Carlo method is applied for the fast
plasma species, which are not in equilibrium with the elec-
tric field, i.e. they gain more energy from the electric field
than they lose by collisions. The fluid approach, in contrast,
is used to treat the behavior of the slow plasma species,
which can be considered to be in equilibrium with the electric
field.

For the He and Ar gas atoms, no specific model is used,
and they are simply assumed to be uniformly distributed in
the plasma, assuming a gas temperature of 1000 K. The actual
value of the gas temperature is unknown, but a value of 1000 K
is expected, based on results of a heat-transfer model for simi-
lar conditions [11]. Moreover, the exact value assumed for the
gas temperature is not so important because it would only af-
fect the absolute values of the densities and not the qualitative
behavior as a function of argon addition.
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The electrons are split up into two groups, depending on
their energy. The fast electrons, i.e. with total (= sum of po-
tential and kinetic) energy above the threshold for inelastic
collisions, are treated with a Monte Carlo model. Their trajec-
tory during successive time-steps is calculated by Newton’s
laws, and the collisions during these time-steps (i.e. occur-
rence of a collision, the kind of collision and new energy
and direction after collision) are treated with random num-
bers. The collisions taken into account are elastic collisions
with He and Ar gas atoms, ionization and excitation of He
and Ar ground-state atoms and metastable atoms (denoted
throughout this paper as Hep,™ and Ary,*), and ionization of
the sputtered Cu atoms. When the total (i.e. the sum of kinetic
and potential) energy drops below the threshold for inelastic
collisions (i.e. 1.8 eV, for excitation from the Ar,,* metastable
level), the electrons are transferred to the slow-electron group.
Since these electrons cannot give rise to inelastic collisions
anymore, their only role in the plasma is to provide negative
space charge and to carry the electrical current. Hence, their
behavior is described with a fluid model.

Beside the slow electrons, this fluid model also handles the
helium and argon ions. Not only are Het and Art ions taken
into account, but also the He,* and Ar,* ions, which come
into play at the relatively high pressure (several torr) and elec-
trical current (several amps) typical for HCD lasers [12, 13].
These ions and electrons are described with a set of continuity
and transport equations (one of each for every type of species).
The continuity equations contain different production and loss
terms, and the transport equations consist of a diffusion term
and a migration term in the electric field. These equations
are coupled to Poisson’s equation to obtain a self-consistent
electric field distribution (i.e. the electric field used to cal-
culate the transport of the ions and electrons is calculated
self-consistently from the densities of these charged species).

The He' and Ar' ions are not only treated with a fluid
model; they are also treated with a Monte Carlo algorithm,
which calculates, amongst others, the flux energy distribu-
tions of the ions when bombarding the cathode. Note that
the flux energy distribution means the energy distribution ex-
pressed in terms of the flux, i.e. by integrating over all ener-
gies, the total flux is obtained. This flux energy distribution
is needed to compute the flux of sputtered Cu atoms (see be-
low). For the He,* and Ar,™ ions, no Monte Carlo model is
applied, because they are still of minor importance than the
singly charged ions, and therefore their contribution to sput-
tering can in the first approximation be neglected.

The Monte Carlo method is, however, also used for the
fast He and Ar atoms, created from elastic collisions of the
He™ and Ar™ ions with He and Ar gas atoms. Indeed, because
the fast He and (especially) Ar atoms are expected to play
a non-negligible role in the sputtering process, it is important
to calculate their flux energy distribution as well.

The behavior of the He,,* and Ar,* metastable atoms is
described with two fluid models, which consist of a continuity
equation with several production and loss terms, and a trans-
port equation. We consider only one effective He,,* level and
one effective Arp,* level.

As mentioned above, the flux of sputtered Cu atoms is
calculated from the flux energy distributions of the bombard-
ing ions and atoms, obtained from the Monte Carlo models,

multiplied with the sputter yield as a function of bombarding
energy, which is computed with an empirical formula [14].

When the Cu atoms are sputtered, they have typical ener-
gies of the order of 5—10¢eV. They lose this energy, however,
rapidly by collisions with the He and Ar gas atoms. This “ther-
malization process” is simulated with a Monte Carlo algo-
rithm, and this provides the so-called “thermalization profile”,
i.e. the number of Cu atoms thermalized as a function of dis-
tance from the cathode.

This thermalization profile is used as an input in a fluid
model, which treats the thermal Cu atoms, as well as the Cut
ions. This model consists again of two coupled continuity
equations (with different production and loss terms) and two
transport equations. The production rate of the Cu atoms is
given by the flux of sputtered Cu atoms, multiplied by the
thermalization profile. The loss of Cu atoms is equal to the
production of Cu* ions, and is given by electron impact ion-
ization, Penning ionization with He,,* and with Ar,* atoms,
and asymmetric charge transfer with He™ and with Ar™ ions.
In addition, the Cu atoms can also be lost by deposition at
the cell walls, which is taken into account as a boundary
condition of the continuity equation, making use of sticking
coefficients. Loss of Cu™ ions is determined by recombina-
tion at the walls, as is the case for all charged species in the
model.

Finally, the Cu™ ions are also followed with a Monte Carlo
model in order to calculate their flux energy distribution at
the cathode, since it is expected that the Cu™ ions play a non-
negligible role in the sputtering process.

All the different models are coupled to each other due to
the interaction processes between the various plasma species,
and they are solved iteratively until final convergence is
reached. This takes typically several days on today’s fast com-
puters. More detailed information about this modeling net-
work (e.g. production and loss processes taken into account
for the various plasma species, cross-section data, etc.) can be
found in [10].

3 Experimental set-up

The experiments were performed in a longitudinal
HCD, comprising a ring anode and a 5-cm-long cylindrical
cathode, made of oxygen-free copper, both having 4-mm in-
ner diameter and 15-mm outer diameter. The two electrodes
were isolated from each other by a 0.3-mm-thick quartz ring.
They were mounted in a quartz tube with 15-mm inner diam-
eter, so that the discharge could only burn inside the copper
cylinder. The two ends of the quartz tube were cut at Brew-
ster’s angle for 780.8 nm, so that the HCD tube could be used
as a laser tube. The laser resonator was formed by two highly
reflecting mirrors for the 740—800 nm spectral range.

The discharge was excited by 3-ms sinusoidal current
pulses with 3-Hz pulse repetition rate. In spite of the rela-
tively short length of the tube, laser oscillation could be
obtained for the 780.8-nm line. The lasing started at a dis-
charge current of about 1 A(~ 0.16 A/cm?) and the laser
power increased linearly with increasing current, exhibiting
a tendency to saturate at a discharge current higher than
3 A(~ 0.6 A/cm?). Laser oscillation was obtained only in
a mixture of He with 1-10 % Ar concentration and an op-
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timum total (i.e. He + Ar) gas pressure of 1.6-2.4kPa. No
lasing could be obtained for Ar concentrations less than 1%,
whereas for higher than 10% Ar concentrations, the discharge
was very unstable and accurate measurements could not be
made.

We measured the laser output power and the on-axis spon-
taneous emission intensity of copper and helium atomic lines
emitted from the whole discharge volume. The measurements
were performed at total gas pressure of 2.3 kPa, for 1,2, 5 and
10% Ar addition. The discharge current was keptat 2.5 A, i.e.
below the value at which saturation of the laser power is ob-
served. At these conditions, the measured discharge voltage
was around 380 V (slightly varying with He/Ar gas ratio).

4 Results and discussion

The calculations were performed for the same lon-
gitudinal HCD as that used in the experiment. At one end,
an anode ring was assumed at a distance of 0.3 mm, whereas
at the other end, a similar hollow cathode was assumed (and
the effect on the HCD under study was taken into account
in the form of reflecting boundary conditions). Indeed, such
a HCD tube is typically used for laser operation in a configura-
tion consisting of several hollow cathodes and anodes in series
(e.g. anode—cathode—cathode—anode). The operating condi-
tions (current, voltage and pressure) assumed in the model
were the same as those used in the experiment (see above).
The gas temperature and cathode wall temperature were ac-
tually unknown from experiment, but we assumed a value of
1000K (see above). The fraction Ar in the gas mixture was
varied in a wider range than in the experiment, i.e. between
0% and 50%, to investigate the effect of Ar on the discharge
behavior in a systematic way.

Figure 1 shows the calculated density profiles in the lon-
gitudinal direction (i.e. as a function of z-position) and aver-
aged over the radial direction, for the various plasma species
at different He/Ar gas ratios and at the conditions men-
tioned above. The side of the anode ring corresponds to
z =0, whereas z = 5 cm corresponds to the side of the other
HCD tube. The relative contributions of the most important
production and loss processes taken into account for these
species, calculated by integration over the whole length of the
HCD, are summarized in Table 1, for the different He/Ar gas
ratios.

4.1 Electrons

The electron density profiles (Fig. 1a) are not sym-
metric in the axial direction, but are characterized by a max-
imum around z = 0.5—1 cm, i.e. near the anode side of the
HCD tube. This axial non-uniformity is also found in some of
the other plasma species densities (see Fig. 1) and is attributed
to the characteristic potential distribution found in longitudi-
nal HCDs [15-17]. Indeed, the potential changes significantly
in the axial direction, from a slightly positive value (e.g. 10 V)
near the anode side, to negative values (e.g. —200 V) near the
cathode side. Because the potential at the cathode walls is typ-
ically of the order of —300V, this gives rise to a stronger
radial electric field near the anode side, resulting in higher
electron energies and more efficient electron impact ioniza-

tion, yielding a higher electron density, compared to the cor-
responding values at the cathode side.

The electron density clearly increases with the addition of
more Ar to the gas mixture. The reason is that Ar has a lower
ionization potential than He (i.e. 15.76eV vs. 24.58 eV);
hence, when more Ar is present in the gas mixture, electron
impact ionization will be more efficient, leading to a higher
electron density.
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FIGURE 1 Calculated one-dimensional density profiles in the longitudinal

direction (averaged over the radial direction) of the electrons (a), He™ ions
(b), Ar* ions (c), He;' ions (d), Ar;' ions (e), He,,* atoms (f), Ar,,* atoms
(g), sputtered Cu atoms (h) and Cu™ ions (i), at different Ar concentrations
in the He/Ar gas mixture.
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% Ar addition: 0% 0.01% 0.1% 1% 2% 5% 10% 15%  20% 50%
Electrons: production:

Electron impact ionization 62.2 63.1 660 736 741 795 813 823 843 92.6
Penning ionization of Ar by Hep,* 0 0.2 1.8 1.6 194 179 17.1 164 147 7.1
Associative ionization of He 6.2 64 7.7 5.1 3.3 2.0 1.5 1.2 1.0 0.3
He,,*-He,,™ collisional ionization 31.6 30.3 245 9.7 3.2 0.6 0.1 0.1 002 ~10~*
Electrons: loss:

Recombination with He™ 50.1 514 558 499 50.1 502 435 379 332 14.5
Recombination with Ar™ 0 ~0 003 26 3.9 4.8 6.9 8.3 114 27.5
Recombination with He, ™ 49.9 48.6 439 23.1 13.7 43 2.9 2.2 1.8 0.5
Recombination with Ar, ™ 0 ~0 0.1 0.9 1.4 1.6 1.9 2.2 2.5 4.7
Recombination at the walls 0 ~0 02 235 309  39.1 448 494  51.1 52.8
He™ ions: production:

Electron impact ionization 72.3 74.1  80.0 89.8 97.5 99.4 99.8 99.9 99.97 99.99
He,,*-He,,* collisional ionization 27.7 259 20.0 10.2 2.5 0.6 0.2 0.1 0.03 0.01
He" ions: loss:

Recombination with electrons 73.5 734 762 825 84.5 85.6  86.1 87.1 87.6 89.1
Recombination at the walls 26.5 26.6 23.8 17.5 15.5 14.4 13.9 12.9 124 10.9
Ar ions: production:

Electron impact ionization - 539 61.0 65.0 66.1 67.6 68.6 72.4 77.2 91.6
Penning ionization by Hep,,* - 46.1 390 350 339 324 314 276 228 8.4
Ar™ ions: loss:

Recombination with electrons - 0.3 0.6 5.2 5.8 6.5 8.2 9.0 11.2 19.2
Asymmetric charge transfer - 0.1 03 2.6 3.6 4.5 6.3 6.8 7.1 7.3
Conversion to Ar,* - 2.4 2.6 29 3.1 3.4 3.6 3.7 4.0 5.6
Recombination at the walls - 97.2 96.5 89.3 87.5 85.6 819 805 77.7 67.9
He, " ions: production:

Associative ionization 21.8 232 31.1 42.5 57.4 822 939 96.7 98.3 99.7
He,*-Hey,* collisional ionization 78.1 76.7 688 574 425 17.6 5.9 3.1 1.5 0.14
Conversion from He* ions 0.1 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2 0.18
He, " ions: loss:

Recombination with electrons 88.4 879 88.3 914 92.0 90.3 89.5 89.0 89.5 89.8
Recombination at the walls 11.6 12.1 11.7 8.6 8.0 9.7 10.5 11.0 10.5 10.2
Ar, " ions: production:

Conversion from Ar™ ions - 98.0 999 999 999 999 999 999 999 99.96
Associative ionization - 1.0 0.05 0.05 0.05 0.05 0.05 0.03 0.03 0.02
Ionization by Arp,*-Ary,* collisions - 1.0 005 005 005 005 005 003 0.03 0.02
Ar, " ions: loss:

Recombination with electrons - 91.9 9438 97.0 97.2 97.5 98.0 98.2 98.4 99.0
Recombination at the walls - 8.1 5.2 3.0 2.8 2.5 2.0 1.8 1.6 1.0
He,,* atoms: production:

Electron impact excitation 61.9 64.8 66.1 352 229 181 11.6 7.9 7.2 54
e~ /He™ recombination 31.7 29.7 300 608 730 796 86.6 90.6 914 93.6
¢~ /He, recombination 6.4 5.5 3.9 4.0 4.1 2.3 1.8 1.5 1.4 1.0
He,,* atoms: loss:

Electron impact ionization 19.1 232 261 758 71.6 591 469 389 348 20.3
Electron impact de-excitation 3.7 39 9.1 5.9 6.5 1.5 6.8 6.5 6.2 4.2
Penning ionization of Cu 0.1 0.1 04 0.8 1.1 1.4 1.4 1.1 1.0 0.3
Penning ionization of Ar 0 02 1.6 103 147 267 403 49.1 542 72.0
He,,*-He,,* collisional ionization 68.3 62.3 535 2.9 2.2 0.9 04 0.3 0.1 0.01
De-excitation at the walls 8.8 10.3 9.3 4.3 3.9 4.4 4.2 4.1 3.7 3.2
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Ary,* atoms: production:

Electron impact excitation - 99.6 99.6 99.8 99.7 99.8 99.8 99.7 99.7 99.7
e~ -Ar' recombination - 0.4 0.4 0.2 0.3 0.2 0.2 0.3 0.3 0.3
Ar,* atoms: loss:

Electron impact ionization - 2.1 1.1 1.3 1.0 1.3 1.4 1.4 1.4 1.3
Electron impact excitation - 91.2 98.1 97.6 98.7 98.5 98.5 98.5 98.5 98.6
De-excitation at the walls - 6.7 0.8 1.1 0.3 0.2 0.1 0.1 0.1 0.1
Cu atoms: production:

Sputtering by Art ions 0 11.1 48.6 66.2 64.1 54.1 44.1 36.2 31.0 16.7
Sputtering by fast Ar atoms 0 0.1 0.5 5.8 12.3 24.2 38.4 479 53.7 71.5
Sputtering by Cu™ ions 20.4 24.0 26.8 23.8 19.5 17.7 14.3 13.2 13.0 10.6
Sputtering by He™ ions 18.9 15.4 5.7 1.0 1.0 1.0 0.8 0.8 0.7 0.5
Sputtering by fast He atoms 60.7 494 18.4 32 3.1 3.0 24 1.9 1.6 0.7
Cu atoms: loss:

Cu™ ions: production:

Electron impact ionization 62.5 59.8 63.1 65.4 64.0 67.0 62.3 55.4 51.5 34.1
Asym. charge transfer with Art 0 0.2 2.5 53 14.3 20.9 29.2 37.8 42.6 64.1
Asym. charge transfer with He™ 1.2 1.4 0.8 0.5 1.1 0.7 0.6 0.6 0.4 0.1
Penning ionization by Ary,* 0 0.1 0.1 0.2 0.2 0.2 0.3 0.6 0.5 0.9
Penning ionization by He,* 36.3 38.5 33.5 28.6 20.4 11.2 7.6 5.6 5.0 0.8
Cu™ ions: loss:

Recombination at the walls 100 100 100 100 100 100 100 100 100 100

TABLE 1

Electron impact ionization is indeed the dominant pro-
duction mechanism for the electrons, and it rises with higher
Ar concentration, as appears in Table 1. At very low Ar con-
centration (< 1%), collisions between two He,,* metastable
atoms, leading to the ionization of one of the atoms, also play
an important role in the production of electrons (of the order of
30%), because the Hey,* atom density is fairly high at a very
low Ar concentration (see further on). Penning ionization of
Ar atoms due to He,,* metastable atoms also contributes to the
production of new electrons, and it reaches a maximum of al-
most 20% at several-% Ar. Indeed, the addition of more Ar to
the gas mixture yields, on the one hand, a higher Ar atom con-
centration, but, on the other hand, a lower He,,* concentration
(see below). This gives rise to a maximum in this production
rate at several-% Ar.

Atvery low Ar addition (< 1%), the loss of electrons is al-
most entirely due to recombination with He™ ions and He, ™
ions. However, when more Ar is added to the gas mixture,
the Het and He, ™ ion densities gradually drop (see below)
and the electrons get primarily lost by electron—ion recom-
bination at the cell walls (using the wall as the third body).
Recombination with Ar™ ions in the plasma itself is not so effi-
cient, because of the lower rate coefficient [10]. Nevertheless,
at sufficiently high Ar concentrations, it is a non-negligible
loss mechanism for the electrons at the high electrical current
typical for laser applications (of the order of a few amperes).

4.2 He and Ar ion densities

Figure 1b—e illustrates the density profiles of the
He™, Art, Heo™ and Ar,™ ions at the various He/Ar gas ra-

Relative contributions (in %) of the different production and loss processes for the various plasma species

tios. The Ar* ion density profiles (Fig. 1c) increase of course
with rising Ar addition, and are almost identical to the electron
density profiles (Fig. 1a) for all Ar concentrations studied, ex-
cept at 0.01% and 0% (in the latter case, the Ar' ion density
is obviously equal to zero). Because the total electron dens-
ity in the negative glow region (which fills most of the HCD
tube) should be equal to the total ion density, this shows that
the Art ions are the dominant ionic species in the HCD in the
He-Ar gas mixture, even at an Ar addition as low as 0.1%.
The reason for this has been mentioned above: the Ar™ ions
do not get lost so efficiently by electron—ion recombination,
in comparison with the He™, He,* and Ar, ™ ions, due to the
lower rate coefficient. Indeed, Table 1 shows that electron—ion
recombination in the plasma is of minor importance as a loss
mechanism for the Art ions, whereas it is the dominant loss
process for the Het, Heo™ and Ar,™ ions. The production of
Art ions is mainly by electron impact ionization (especially
at high Ar concentrations), but Penning ionization by He,*
atoms plays also an important role, and becomes almost as
important as electron impact ionization at very low Ar con-
centrations (for which the He,,* metastable atom density is
significant, see below).

The He™ and He,™ ions are only the dominant ionic
species at Ar additions below 0.1%, and their densities drop
significantly at increasing Ar addition, as appears in Fig. 1b
and d. There are two reasons for this: (i) the lower produc-
tion rate upon Ar addition, as a result of the lower He atom
density and the slightly lower electron energy (because the
electrons have lost their energy more efficiently by electron
impact ionization of Ar); and (ii) the higher loss rate due to
efficient recombination with electrons. It appears from our



304 Applied Physics B —Lasers and Optics

calculations that the higher loss rate had a more important ef-
fect than the lower production rate. This is especially true for
the He™ ions, which are characterized by a fairly high recom-
bination rate coefficient [10]. At 0 and 0.01% Ar addition,
the He, ™ ion density is even slightly higher than the He™ ion
density. This is a little unexpected, since the production rate of
He™ ions is higher than that for He, * ions, but it is attributed to
the more efficient loss of He™ ions. At very low Ar addition,
the Het and He, ™" ion density profiles are characterized by
a maximum at about z = 1 cm (i.e. near the anode side of the
HCD tube), in analogy to the electron and Ar™ ion density pro-
files. However, at higher Ar concentrations, the He*and He,*
ion densities reach their maximum at z = 5 cm, i.e. where the
electron density is at its minimum, and hence where electron—
ion recombination is of minor importance.

Table 1 shows that the production of He™ ions is mainly
by electron impact ionization, although ionization by colli-
sions of two He,* atoms is also non-negligible, especially at
low Ar concentrations, where the Hey,,* atom density is quite
high. It should be noted that a collision between two Hey,*
atoms can also lead to the production of He,™ ions by so-
called associative ionization, and this process appears to be
the dominant production mechanism for the He,™ ions at low
Ar concentrations (see Table 1). Athigh Ar concentrations, in
contrast, associative ionization by collisions of He atoms in
higher excited levels with He ground-state atoms is the domin-
ant production mechanism for the He, ™ ions, as is clear from
Table 1. Conversion from He™ ions appears to be negligible
at all He/Ar gas ratios investigated, due to the low He™ ion
density.

The Ar,™ ions appear to be negligible at all He/Ar gas ra-
tios studied, as is clear from Fig. le, again because of efficient
electron—ion recombination (see Table 1). Except at very low
Ar concentrations, the Ar,™ ion density is fairly independent
of the He/Ar gas ratio. Indeed, more Ar addition results, on
the one hand, in more production of Ar,™ ions (by conversion
from Ar™" ions, which is the dominant production process for
the Ar,* ions, in contrast to the He, " ions; see Table 1), but
on the other hand, in more loss as well, due to recombination
with electrons.

4.3 Hen,™* and Ary,™* metastable atoms

The density profiles of the He,,* and Arp,* meta-
stable atoms are illustrated in Fig. 1f and g. The He,* dens-
ity (Fig. 1f) reaches a maximum of about 3 x 10'*cm™3 at
about z = 1 cm, at very low Ar concentrations, and it drops
considerably upon the addition of more Ar, as was already
anticipated above. The reason for this is: (i) the lower pro-
duction rate (mainly because of the lower He gas density and
He™ ion density, and also because of the slightly lower elec-
tron energy); and (ii) the higher loss rate (see below). The
density is in the order of 5 x 10" cm™ at 50% Ar addition,
hence almost three orders of magnitude lower than the max-
imum density at low Ar concentrations. From Table 1, it fol-
lows that the Hep,,™ metastable atoms are primarily formed
by electron impact excitation at low Ar concentrations, and
by electron—-He™ ion recombination at high Ar concentrations
(this is indeed the dominant loss mechanism for the He™ ions;
see above). Loss of the He,,™ atoms is mainly attributed to

Hen*-Hep* collisions (leading to the formation of He™' or
He, ™" ions) at low Ar concentrations (when the He,,* density
is fairly high). However, upon the addition of more Ar gas,
Penning ionization of the Ar atoms becomes the dominant
loss process, and this explains the drop in the He,,* density at
higher Ar concentrations. Moreover, electron impact ioniza-
tion from the metastable levels also appears to be an important
loss mechanism, especially at Ar concentrations of several-%.

The Arp,* metastable density is more uniformly dis-
tributed in the axial direction, as is clear from Fig. 1g. The
scattering in the curves is simply due to insufficient statistics
in the production and loss rates of the Ary,* atoms, as cal-
culated in the electron Monte Carlo model, even when the
latter model was run for several weeks. The Arp,* density in-
creases with rising Ar addition, as expected. It is of the order
of 5x 109 cm=3 at 0.01% Ar concentration, and rises about
one order of magnitude (to about 7 x 10'! cm~3) at the He/Ar
gas ratio of 50/50. Hence, the Ar,* metastable density is
clearly less sensitive to the He/Ar gas ratio than the He,,*
density. We found that the ratio of Hey,* and Ar,,* metastable
atoms roughly reflects the He/Ar gas ratio, i.e. at 50% Ar add-
ition, the He,,* and Ar,,* metastable densities are of the same
order; at 10% Ar addition, the Arp,* density is about one order
of magnitude lower than the He,,* density; at 1% Ar addition,
the difference is two orders of magnitude, and so on. This be-
havior is different from the relative ratios of the He' and Ar™
ion densities, where it was found that the Ar™ ions are the
dominant ionic species, even for Ar concentrations as low as
0.1% (see above). As far as the production and loss of the Arp,*
metastable atoms is concerned, electron impact excitation to
the metastable levels was found to be the dominant produc-
tion mechanism, whereas electron impact excitation from the
metastable levels towards higher levels was the dominant loss
mechanism at all He/Ar gas ratios investigated.

4.4 Sputtered Cu atoms and Cu™ ions

The calculated densities of the sputtered Cu atoms
and the corresponding Cu™ ions increase with the addition of
more Ar to the gas mixture, as can be seen in Fig. 1h and i.
This is as expected because Ar is known to be added to the
gas mixture to promote sputtering. A rise in the Cu atom
concentration vs. %Ar addition was also experimentally ob-
served [8].

It follows indeed from Table 1 that, except at very low Ar
concentrations, most of the Cu sputtering is due to Ar™ ions
and fast Ar atoms. The latter are created from collisions of the
fast Art ions with Ar gas atoms on their way towards the cath-
ode. Obviously, more fast Ar atoms are created when more Ar
gas is present in the gas mixture, which explains the dominant
contribution of fast Ar atoms to the Cu sputtering at the high-
est Ar concentrations. The role of He™ ions and fast He atoms
is only non-negligible at very low Ar additions (< afew %),
but this is not because of the increasing efficiency of the He
species, but simply due to the low Ar™ ion and fast Ar atom
fluxes bombarding the cathode. The Cu™ ions, in contrast,
play a quite important role in the sputtering process (so-called
“self-sputtering”), as is clear from Table 1.

The loss of Cu atoms is due to various ionization mech-
anisms, as well as deposition at the cell walls (taken into
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account as a boundary condition in the continuity equation,
using a sticking coefficient). The latter loss mechanism is
not, however, explicitly accounted for in the table because
of considerable uncertainties in the sticking coefficient. The
relative contributions of the different ionization mechanisms
are, however, of more importance, because they also deter-
mine the production of Cu* ions. Electron impact ionization
appears to be the dominant ionization mechanism, but upon
the addition of more Ar gas, asymmetric charge transfer with
Art ions becomes increasingly important, and it seems to
even become dominant at the highest Ar concentration inves-
tigated. This trend is as expected, because of the increasing
density of Art ions. Similarly, the role of Penning ionization
by Hep,* metastable atoms rises with lower Ar gas concen-
trations because of the increasing density of the He,,* atoms.
Penning ionization by Ary,* atoms and asymmetric charge
transfer by He™ ions, in contrast, are found to be of minor
importance for the ionization of Cu at all He/Ar gas ratios in-
vestigated. This was expected because of the low Arp,* and
He™ densities (see Fig. 1d and i). Note that the exact values
of these calculated relative contributions should be considered
with caution because of the uncertainties in the rate coef-
ficients for both Penning ionization and asymmetric charge
transfer. Nevertheless, the general trend is expected to be cor-
rectly predicted. The degree of ionization of Cu was calcu-
lated to be about 1-2 % at all He/Ar gas ratios investigated.
Finally, Table 1 shows that the loss of Cu™ ions is entirely at-
tributed to electron—ion recombination at the cell walls, which
was the only loss mechanism taken into account for these
species.
4.5 Effect of the He /Ar gas ratio on the

laser operation — comparison with experiment

The above result regarding the minor importance
of asymmetric charge transfer of Cu atoms with He™ ions as
an ionization mechanism for the Cu atoms has some import-
ant consequences for the laser efficiency of the He-Ar-Cu't IR
HCD laser. Indeed, this process is known to be the population
mechanism of the upper laser level; hence, it determines the
degree of population inversion, and therefore the laser power.
It can be deduced from Table 1 that only about 1% or less of
the Cu™ ions will be excited to the 3d° 6s D5 level, which
is the upper laser level for the 780.78-nm laser line. This out-
come suggests that the laser power of the He-Ar-Cu™ IR HCD
laser could be improved when asymmetric charge transfer be-
tween Cu atoms and He™ ions becomes more efficient.

Figure 2 shows the calculated Cu atom density (small
dashed line, first left axis) and the He™t ion density (wider
dashed line, second left axis), both integrated over the axial
and radial directions (hence over the entire discharge tube),
as a function of the Ar addition. Also shown is the product of
both values (solid line, right axis), which determines the pro-
duction rate of the Cu™ ions in the upper laser level and hence
the laser output power (assuming that the population of the
lower laser level is not sensitive to the Ar addition).

Upon addition of more Ar gas, the calculated Cu atom
density rises as a result of enhanced sputtering (see also
above), whereas the Het ion density drops, due to the lower
production rate and the increased loss by electron—ion recom-
bination (see also above). As a result of these two opposite
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FIGURE 2 Calculated Cu atom density (small dashed line, first left axis),
He™ ion density (wider dashed line, second left axis) and product of both
(solid line, right axis), as a function of Ar concentration in the gas mixture.
Note that the densities are integrated over the entire discharge tube (both
radial and axial directions)

trends, the product of both densities reaches a maximum at
an intermediate Ar concentration of 1-5 %, as follows from
Fig. 2. Hence, this suggests that the production rate of the Cu™
ions in the upper laser level, and therefore probably also the
laser output power, is at a maximum at 1-5 % Ar addition.

To check this calculation result, Fig. 3 shows the measured
optical emission intensities of a Cu I line (small dashed line,
first left axis) and a He I line (wider dashed line, second left
axis), as well as the measured laser output power (solid line,
right axis), as a function of Ar concentration. The densities of
Cu atoms and He™ ions could not be measured in the present
experiment, but the above optical emission intensities should
exhibit the same trend as the densities. It is clear from Fig. 3
that the Cu I line intensity increases and the He I line intensity
drops with increasing Ar addition, which is in correspondence

Culint. Helint. Laser power
(511 nm) (588 nm) (a.u.)
% oo 2 . Laser power gt
— 15 T
3 5 T i
S + — 3
R S -
@ 1+ ' Cul
c T - 2
"g 1 _: .’ LY —
- T 05 A — 1
T Hel AL
. RS
0 © T T 0
0.1 1 10
% Ar

FIGURE 3 Measured Cu I 511-nm line intensity (small dashed line, first
left axis), He I 588-nm line intensity (wider dashed line, second left axis) and
laser output power (solid line, right axis), as a function of Ar concentration
in the gas mixture
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with the above calculation results for the densities. Moreover,
the measured laser output power reaches a maximum at 2—5 %
Ar addition. This is also in reasonable agreement with the the-
oretical predictions, certainly if one realizes that both model
and experiment are subject to considerable uncertainties (i.e.
uncertainties in the input data for the model, and the low laser
intensities in the experiment, because of the short laser tube).
This illustrates that the correct processes are described in our
model for the He-Ar-Cut IR HCD laser.

5 Conclusion

A comprehensive modeling network developed for
a He-Ar-Cu™ IR HCD laser is used to investigate the effect
of the He/Ar gas ratio on the discharge properties and on
the laser operation. It is found that the Ar concentration has
a quite significant effect on the plasma characteristics. Upon
the addition of more Ar gas, the densities of electrons, Ar™
ions, Ary,* metastable atoms, sputtered Cu atoms and Cu™
ions increase, whereas the densities of the He™ ions, He, ™
ions and He,,* metastable atoms drop significantly. The rise
in electron density is attributed to increased electron impact
ionization efficiency, because Ar has a lower ionization poten-
tial than He. The rise in densities of the Ar species is logical
when more Ar is present in the gas mixture. The increase in
sputtered Cu atom and Cu™ ion densities is due to the en-
hanced sputtering by Ar™ ions and fast Ar atoms. The drop in
He™ and He, " ion densities is explained by the lower produc-
tion rate and the more efficient electron—ion recombination
at higher Ar concentrations (and hence higher electron densi-
ties), whereas the drop in the He,* atom density is attributed
to the lower production rate and the higher loss rate due to
Penning ionization of the Ar gas atoms.

As the He™ ion density decreases and the sputtered Cu
atom density increases when more Ar is added to the gas
mixture, the product of both appears to reach a maximum at
1-5 % Ar addition. As this product determines the production
rate of the upper laser level (by asymmetric charge transfer),
our model predicts that this He/Ar gas ratio also yields opti-

mum laser output power (assuming that the production rate of
the lower laser level is not affected by the He/Ar gas ratio).
This outcome is in reasonable agreement with the experimen-
tal results, which exhibit a maximum laser output power at
2-5 %. This shows that our model describes rather well the
important plasma processes taking place in the He-Ar-Cu™ IR
HCD laser.
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