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ABSTRACT The operational characteristics of two different
high-voltage hollow-cathode zinc ion lasers are reported. The
first is a segmented hollow-cathode laser in which the metal
vapor is produced by sputtering of the cathode material. In
the second, a hollow-anode-cathode laser, the metal is ther-
mally evaporated from a heated side-arm. The small-signal
gain on the Zn-II 492.4 nm transition and the multi-line output
power on the Zn-II 492.4 and 491.1 nm transitions are meas-
ured under different discharge conditions. Small-signal gains of
100 and 60%m~! are obtained with the sputtered and heated
lasers, respectively. A comparison of the small-signal gain data
with those obtained with other discharge configurations is also
presented.

PACS 42.55.Lt; 42.60.Lh; 52.80.-s

1 Introduction

Zinc and cadmium were the first elements ever
used for laser action on transitions of metal ions [1]. In metal
ion lasers the upper laser level is usually pumped by charge
transfer or Penning ionization of metal atoms during col-
lisions with noble gas ions or metastables, respectively. It
follows that metal ion lasers can operate in glow discharges
of noble gas-metal mixtures. Different transitions are favor-
ably excited either in the positive column or in the negative
glow regions of the discharge [2, 3]. In the latter case various
hollow-cathode arrangements can be applied. The metal va-
por is then produced by thermal evaporation (heated lasers) or
by means of cathode sputtering. For technical reasons, heated
hollow-cathode metal ion lasers are only built for metals hav-
ing low melting temperatures (high vapor pressures), such
as cadmium, zinc, or mercury (see e.g. [4—6]). In sputtered
systems — utilizing ionic bombardment of the cathode sur-
face — a high enough metal density is easily achieved also for
metals with relatively high melting temperatures (gold, cop-
per, silver, or aluminium) (see [7] and the references cited
therein). Hollow-cathode lasers are attractive for research be-
cause of the numerous ultraviolet metal-ion laser transitions.
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Ne-Cu (248.6 nm) and He-Ag (224.3 nm) lasers have recently
become commercially available for Raman spectroscopy and
fluorescent imaging [8].

There exists an abundant literature on hollow-cathode
zinc lasers. The excitation mechanisms of the laser tran-
sitions are summarized in [9]. Lasers with conventional
hollow-cathode geometries (cylindrical, slotted, flute-type)
have both heated [10—14] and sputtered [ 15, 16] variants. Dur-
ing the last twenty-five years, several high-voltage hollow-
cathode arrangements have been developed (e.g. hollow-
anode-cathode [17], helical [18], or segmented hollow-
cathode [19]), primarily to increase the efficiency of sputtered
systems. Up to now none of these high-voltage constructions
have been used as a sputtered zinc laser. In [20—23] the helical
hollow-cathode geometry was combined with thermal evap-
oration of zinc atoms. The zinc laser is attractive because of
the possibility of population inversion at the 210 nm Zn-II line
in a Ne-Zn discharge. This possibility was suggested first by
Collins [24] and has subsequently been studied by Janossy
and Mezei [25]. The 210 nm line would represent the shortest
wavelength continuous laser excitation. However, up to now,
no definite answer exists on its feasibility.

In this work we present two novel zinc-ion laser sys-
tems: a sputtered segmented hollow-cathode (SHC) laser and
a heated hollow-anode-cathode (HAC) laser. Our aim is to
examine the operation of the new laser variants and to make
a comparison of the zinc laser data available in the literature.
We believe that such a comparison can provide information
on the different discharge arrangements that are useful not
only for the He-Zn lasers but also for the development of other
metal-ion laser systems. For both lasers presented here, the
measurements are carried out on the Zn-11492.4 and 491.1 nm
transitions excited in a helium buffer gas. As the output power
of different lasers depends (besides other factors) on the trans-
mission of the mirrors, we use the small-signal gain data to
give some objective (although not complete) comparison be-
tween the new and older laser systems.

The SHC geometry applied in the first laser has previ-
ously been proven to be an outstanding pumping source in
ultraviolet copper and gold lasers [19,26,27]. We have pre-
sented some preliminary results obtained with the SHC zinc
laser in [28].

The second laser combines the high-voltage hollow-
anode-cathode (HAC) discharge with the thermal evaporation
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of zinc. In this way (in contrast to sputtered lasers), the
metal density is independent of the discharge current and
both can be optimized at the same time. The applied elec-
trode geometry is chosen on the basis of comparative spec-
troscopic measurements of different hollow-cathode vari-
ants [29]. Our choice of the HAC discharge represents a com-
promise between the low value of sputtering (not needed in
a heated laser) and the high intensity of excited noble-gas-ion
transitions.

2 Experimental

2.1 The sputtered segmented hollow-cathode laser

The design of the SHC zinc laser is shown in Fig. 1.
The discharge region is surrounded by two cathode and two
anode surfaces facing each other. Both the cathodes and an-
odes are made of zinc. The laser tube consists of three SHC
discharge modules, each 5cm long with inner diameter of
4 mm, which are separated by additional anode rings. The
outer alumina tube is sealed with epoxy. The measurements
are carried out in helium, and small amount of argon is added
to the buffer gas to increase the sputtering efficiency.

2.2 The heated hollow-anode-cathode laser

The heated HAC laser tube is shown in Fig. 2.
The active region consists of six HAC modules, each 6 cm
long. Two sets of stainless steel cathodes are investigated,
having inner diameters of 12 and 5 mm. The corresponding
internal anode systems consist of four anode plates (in the
12 mm diameter tube) and four rods (in the 5 mm diameter
tube). The distance between the opposite anode plates (rods)
is 4 (2.8) mm. The electrical connections are led through the
walls of ceramic tubes towards the flanges at the ends of the
outer stainless steel vessel. Zinc is evaporated from a side-arm

gas inlet \
I brass anodes

' alumina ceramic tube

placed at the center of the tube. Four separate ovens are used
to control the tube temperature. The temperature of the upper
parts of the tube is kept about 100 K above the temperature
of the side-arm to avoid deposition of the evaporated metal.
At the ends of the active region, additional dc positive column
discharges are applied as confinement sections to the metal
vapor. Due to the cathaphoretic effect zinc atoms are selec-
tively driven towards the cathodes, not leaving them to escape
from the heated region. This way we eliminate the deposition
of the metal in colder parts of the tube, especially on the win-
dows of the laser. The cathaphoresis of zinc in helium and
neon discharges was studied in detail in [30].

Both lasers operate in the quasi-continuous regime. The
discharges are excited with 0.1-1 ms long current pulses at
a repetition frequency of 1-5 Hz. External mirrors compose
the optical resonator. An output coupler with 0.8% transmis-
sion (not optimized) is used for power measurements. The
small-signal gain is measured with counter-rotating quartz
plates placed in the resonator [31]. This method makes it pos-
sible to measure the small-signal gain even below the laser
threshold, in the following way. The tube is divided into two
parts, an oscillator and an amplifier. First, the losses of the
resonator are compensated by the oscillator part bringing the
laser to threshold. Next, a certain current is applied to the am-
plifier, which increases the output power. Finally, the losses
are increased by rotation of the quartz plates until threshold
operation is re-established. At this point, the gain belonging to
the amplifier equals the losses introduced by the plates, which
is given by the proper Fresnel formula.

3 Results and discussion

3.1 The sputtered segmented hollow-cathode laser

Typical voltage—current characteristics of the SHC
discharge obtained in the He + 3%Ar buffer gas are shown

FIGURE 1 The design of the sputtered seg-
mented hollow-cathode zinc laser tube

FIGURE 2 The scheme of the heated hollow

anode-cathode zinc laser tube: 1, cathodes; 2, ther-

mocouple; 3, electrical connection; 4, side-arm
with zinc pellets; 5, water cooling; 6, internal an-
ode system; 7, 8, the cathode and anode of the pos-
itive column cathaphoretic confinement section.
The cross-section of the 12 and 5 mm diameter
cathodes with internal anode plates and rods are
also shown
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in Fig. 3. The high slope resistance, which is characteristic
for high-voltage hollow-cathode configurations, increases the
stability of the discharge [32]. At typical conditions the volt-
age decreases towards higher pressures.

The effect of the argon admixture on the operation of
SHC discharges has been studied in more detail in con-
nection with the gold laser [27]. In the present work the
optimal argon admixture concentration for laser operation
was obtained by measuring the dependence of the laser
threshold current on the argon concentration (see Fig. 4).
This way the optimal discharge conditions were determined
to be 3% of argon in the helium buffer gas at a pressure
of 8§ mbar.
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FIGURE 3 Voltage—current characteristics of the segmented hollow-
cathode discharge at different pressures of the He + 3%Ar buffer gas

The multi-line output power at a current of 1.75 A (the
active length is 15 cm) and optimal discharge conditions is
10 mW.

3.2 The heated hollow-anode-cathode laser

The voltage—current characteristics of the 12 mm
inner diameter HAC tube are shown in Fig. 5. Adding zinc
vapor to the helium discharge, the ionic current is carried
both by helium and zinc ions. In spite of the lower ion-
ization potential of zinc atoms (compared with helium) the
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FIGURE 5 Voltage—current characteristics of the 12 mm inner diameter
hollow-anode-cathode discharge at different buffer gas pressures and side-
arm temperatures
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FIGURE 4 Threshold current of the 492.4 nm segmented hollow-cathode
laser as a function of pressure at different percentages of argon added to the
helum buffer gas
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FIGURE 6 Multi-line laser output power of the 12mm inner diameter
hollow-anode-cathode laser on the two blue transitions as a function of the
side-arm temperature. The linear current density is 0.08 A cm~! and the
active length is 36 cm. The resonator consists of 0 and 0.8% transmission
mirrors
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voltage increases with the density of metal vapor. This re-
sult can be explained by the lower electron emission coeffi-
cients of metal ions impinging on the cathode surface. The
higher voltage compensates for the lower yield of liberated
electrons.

The multi-line output power on the Zn-1I 492.4 and
491.1 nm transitions is depicted in Fig. 6 as a function of the
side-arm temperature. In agreement with earlier results [22]
the highest output power is achieved at a zinc vapor dens-
ity that corresponds to a side-arm temperature of 400 °C.
Towards higher zinc concentrations the density of helium
ions decreases, which is reflected in the decrease of the laser
power above 400 °C. The pressure dependence belonging to
the optimal temperature can also be seen in Fig. 6. Because
of the large cathode diameter (12 mm) the optimal pressure is
lower than 10 mbar. However, as the pressure decreases the
efficiency of the cathaphoretic confinement section becomes
worse, due to the easier diffusion of metal atoms (see [30]).
This limitation prevents us from operating the laser below
10 mbar.

33 Small-signal gain coefficient at 492.4 nm

As the small-signal gain coefficient of the blue
laser is measured in the laser operated at threshold (at thresh-
old currents) and as no wavelength selection is applied,
our data belong to the stronger, 492.4nm transition. Re-
sults obtained at optimal discharge conditions are shown in
Fig. 7, together with other data accessible from the litera-
ture. The results are plotted as a function of linear current
density.
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FIGURE 7 Current dependence of the small-signal gain coefficient on the
492.4 nm transition. Results of the present SHC and HAC measurements are
shown together with other data available in the literature. The inner diam-
eters of the cathodes (and the internal diameter of the HAC anode system) are
indicated. The following discharge conditions belong to present data: SHC
— 8.7 mbar of He +3%Ar buffer gas; 12mm HAC — 12.7 mbar and side-
arm temperature of 390 K; 5 mm HAC-18 mbar and side-arm temperature of
400K

The highest small-signal gain coefficient (100% m™!)
is obtained with the sputtered SHC laser tube, showing the
advantageous features of the segmented discharge. Unfor-
tunately, due to the high current densities, the sputtering of
zinc cathodes was very strong and the deposited metal created
short circuits between the cathodes and anodes, thus seriously
limiting the laser’s lifetime. It is noted that the formation of
short circuits was not a serious problem while using the SHC
arrangement for excitation of a gold laser [27]. To solve the
problem in the future we plan to increase the distance between
the electrode edges by using rounded anode electrodes. Pre-
liminary measurements on an infrared copper laser indicate
that such a modification results in only a 30% decrease of the
laser power.

In the heated HAC laser the cathode is made of stain-
less steel to minimize the sputtering of the cathode material.
There is a significant difference between the gain coefficients
using 12 and 5 mm inner diameter HAC discharges. High
gain values are reached at much lower currents in the nar-
row tube. The same behavior was reported for the laser power
in heated cylindrical discharges [11]. Comparing all the data
in Fig. 7 we conclude that it is advantageous to use smaller
diameter discharges to reach high gain values. It can also be
seen that at lower current densities the gain obtained with con-
ventional cylindrical discharges is approximately the same as
that of our 5 mm inner diameter HAC laser tube. The advan-
tage of the cylindrical arrangement is the simpler construc-
tion. However, using the HAC arrangement stable discharge
operation can be obtained at higher current densities. This
is due to the high slope resistance of the high-voltage HAC
discharge.

Using both the 12 and 5 mm inner diameter HAC tubes
the gain passes over a maximum and starts to decrease above
a given current density. Piper and Gill proposed in [11] that
there may be a starvation of neutral zinc in the discharge vol-
ume at high current densities due to the ‘imprisonment’ of
large fraction of the metal as ground-state metal ions. Based
on the calculations given in [27] for the sputtered segmented
hollow-cathode gold laser or in [33] for a heated cylindri-
cal hollow-cathode mercury laser, we can roughly estimate
the ionic density at the tube center to be about 1 x 104 cm™3
for a linear current density of 0.1 A cm™!. Assuming that the
majority of the positive charge is carried by zinc ions [33]
the zinc ion density is found to be only one-tenth of the
density of zinc atoms (1 x 10'> cm™ for a side-arm tempera-
ture of 400 °C). However, as zinc ions are mostly created in
the central region of the discharge one has to consider the
radial ionic flux (towards the walls, where the ions recom-
bine) due to ambipolar diffusion. At equilibrium conditions
this radial flux of ions has to be compensated by an oppo-
site flux of metal atoms towards the tube center. Since the
ions diffuse approximately four times faster compared with
neutral zinc atoms, a significant dip may occur in the ra-
dial distribution of neutral metal atoms at the tube center.
The increasing depth of this minimum towards higher cur-
rents may cause the turn-over of the laser gain values. An-
other possible mechanism is that, at high current densities,
direct electron excitation of the lower laser level becomes
significant, resulting in the decrease of the small-signal gain
(see also [34]).
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4 Conclusions

The characteristics of zinc ion lasers operating on
the 492.4 and 491.1 nm transitions in a sputtered SHC and
a heated HAC laser tube have been compared. To our best
knowledge the small-signal gain coefficient of 100% m~! ob-
tained with the SHC tube is the highest ever reported for the
492.4 nm line. Moreover, the sputtered SHC laser is signifi-
cantly easier to operate than the heated one. Based on the
experience that we gained during the measurements, we con-
clude that the SHC arrangements needs to be modified for use
as a practical zinc or other metal-ion laser. A modified elec-
trode arrangement and a high-purity construction are needed
to prevent the formation of short circuits and to ensure reason-
able lifetimes.

The highest gain obtained with the heated HAC tube was
60% m~!. We have shown that, in general, it is advantageous
to use smaller cathode-diameter discharges for zinc lasers.
It is not obvious which heated arrangement is the best candi-
date for a practical laser design. One has to take into account
both construction and discharge stability considerations.
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