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Abstract. Our investigations demonstrated that utilizing copper bromide (CuBr) mixture as a source of
Cu atoms in a RF-excited discharge can be a promising alternative to the Cu sputtered system, when the
development of Cu ion gas laser is considered. Both spectroscopic and laser investigations showed that the
threshold input power for lasing was reduced about 5 times using the CuBr-based system instead of
the Cu-sputtered system. Pulsed and CW laser oscillation on Cu™ transitions in the near IR spectral
region was obtained in RF-excited He-CuBr discharge operated at 13.56 MHz and 27.12 MHz. At input
RF power of 800 W, a laser output power of 10 mW at the 780.8 nm Cu ion laser line was achieved. An
increase of laser output power by a factor of two, as well as better Cu vapour axial distribution and better
discharge stability, was attained when DC discharge was superimposed on the RF discharge. Laser gain
on 11 UV Cu ion lines was observed in RF-excited Ne-CuBr discharge. basing on the obtained results,
we consider the CuBr laser system excited by RF discharge capable of generating UV laser radiation at
relatively low input power.

PACS. 42.60.By Design of specific laser systems — 42.55.1.t Gas lasers including excimer and metal-vapor

lasers — 52.80.Pi High-frequency discharges

1 Introduction

The copper ion (Cu™) laser is one of the most efficient
metal ion lasers, capable of generating CW laser lines in
a wide spectral range extending from the near IR to the
deep UV (54 laser lines in total, 11 of them in the UV, [1]).
Two methods have been employed for producing the laser
medium with Cut ions excited to the upper laser levels.
In the first method, discharge sputtering of the copper
electrode is used to produce free Cu atoms, which then
are ionised and excited to the upper laser levels. The Cu™
lasers excited with this method are called the sputtered
copper ion lasers. However, in the sputtered Cu™ lasers a
rather high input power (more than 100 W/cm, [2,3]) is
necessary to obtain the required Cu atoms density in the
laser medium. An alternative method for producing free
Cu atoms in the laser medium is to seed the discharge
with a copper halide (e.g. copper bromide), similarly to
the pulsed selfterminating metal vapour lasers [4-6]. The
Cu™ lasers employing copper halides as a source of Cu
atoms are called the halide-based copper ion lasers.

In the sputtered Cu™ lasers a hollow cathode (HC) and
a radio frequency (RF) discharge have been used for sput-
tering the copper electrode to obtain free Cu atoms in the
laser medium.
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Laser output power of about 1 W at CW operation
and about 5 W at quasi CW operation (pulse duration
of 100 ps, repetition rate of 40 Hz) have been reached at
780 nm in the sputtered Cut lasers excited by HC dis-
charge [7]. The record value of the laser output power in
the UV region around 260 nm is about 900 mW under
multiline operation [8]. This makes the Cu' lasers very
attractive for various applications in biology, medicine,
microelectronics, etc. However, to make the HC discharge-
excited Cu™ laser a practical device a lot of problems ex-
ist connected with the poor stability of the HC discharge,
short life-time, complicated and expensive design of the
discharge tube, etc.

It has been demonstrated that many ionic laser lines,
which can be generated in a HC discharge, can be also
efficiently excited in a RF discharge, in particular in a
capacitively coupled RF discharge (see, e.g. [9]). The ca-
pacitively coupled RF discharge excitation [9-12] offers
high longitudinal homogeneity of the discharge, more ef-
ficient transforming of the input power into energy of the
fast electrons, better stability of the discharge, less com-
plicated laser tube design and possibility of using external
electrodes. These advantages have been recently demon-
strated by the efficient CW operation of RF-excited He—
Cd* and He-Kr* lasers [11,12].
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Laser oscillation in a pulsed mode on near IR Cut
lines excited in a RF discharge was reported first by
Mikhalevskii et al. [13]. To produce the density of Cu
atoms necessary for lasing, they used the sputtering of
an internal copper electrode in a transverse RF He—Cu
discharge excited with a RF power of 2 kW (correspond-
ing to about 100 W per 1 cm of the sputtered elec-
trode). Also our results showed that an input power higher
than 100 W/cm is needed for efficient production of Cu
atoms in the sputtered Cu™ lasers excited by RF discharge
[14,15].

The idea of using a copper halide as a source of cop-
per atoms in the HC-excited Cu™ lasers, to avoid the high
input power which is necessary for producing the appro-
priate copper atom density in the sputtered laser systems,
was introduced by Piper and Neely [16]. The introduction
of a copper halide as an impurity to the HC discharge
without deterioration of the discharge was possible owing
to the relatively high density of fast electrons the HC dis-
charge, which makes the HC discharge insensitive to the
presence of such impurity in the operating gas. Using cop-
per halides (CuCl, CuBr, Cul) Piper and Neely obtained
laser oscillation in the HC discharge on several near IR
Cu™ transitions reducing the threshold current for lasing
by a factor of 2-3 in respect to that typical of the sput-
tered Cu™ laser excited in a HC discharge.

In the halide-based Cu™ lasers the required copper
vapour density is produced by discharge dissociation of the
copper halide molecules introduced into the discharge vol-
ume by thermal evaporation of the copper halide powder.
As the fractional dissociation of molecules in the discharge
volume saturates at a relatively low discharge current, the
free Cu atom density is independent of the discharge cur-
rent under normal operating conditions and can be opti-
mised separately by controlling the thermal evaporation
of the copper halide powder.

In this paper we report results of applying copper bro-
mide (CuBr) as a source of Cu atoms in a RF-excited Cu*
laser. Laser oscillations on Cut transitions in the near IR
spectral region were obtained in the He—CuBr discharge
at pulsed and CW excitation. Laser gain on several UV
Cu™ lines was observed in the Ne-CuBr discharge. The
power consumed for the excitation of Cu™ lines was deter-
mined. To determine the discharge conditions optimal for
efficient excitation of the Cu™ lines we made some spec-
troscopic investigations of the He(Ne)-CuBr discharge at
different RF input powers. These investigations gave also
information about the changes in the operating gas dur-
ing the discharge operation (formation and accumulation
of Brz and other molecules in and outside the discharge)
and their influence on the excitation of the laser lines.

2 Plasma processes in RF discharge
in He(Ne)-CuBr mixtures

It is recognised that efficient excitation of the upper
laser levels of Cut ions occurs in the charge-transfer pro-
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cesses [17]

He® + Cu — He + Cut* (1)

or

Net + Cu — Ne + Cu™™, (2)
The plasma of the RF-excited He(Ne)-CuBr discharge,
similarly to that of the HC discharge exhibits characteris-
tics favourable for efficient realisation of reactions (1, 2).
First, in both discharges, RF and HC in He(Ne)-CuBr
mixtures [18,19] the density of the slow (or plasma) elec-
trons characterised by a mean energy of about 0.5 eV is
high [20], so enough electrons with sufficient energy to
induce dissociation by direct impact are present in the
discharge. Therefore, in both discharges efficient dissocia-
tion of CuBr molecules (dissociation energy 3.4 ¢V, [21])
via collisions with relatively slow electrons occurs. Owing
to it free Cu atoms are produced from CuBr molecules in
the discharge region. Second, in both discharges a large
number of fast electrons (with energy above 20 eV and
a local maximum around 26 eV) exists [20,22-24]. These
fast electrons are capable of ionising He or Ne atoms, nec-
essary for efficient realisation of the reactions (1, 2).

The Cu™ ions recombine in the discharge volume by
collisions with electrons or halogen ions, or at the tube
wall, to generate neutral ground-state Cu atoms. Then
they may combine with Br atoms or molecules, forming
CuBr compounds. For efficient Cu™ laser operation it is
important that the dissociation of CuBr molecules and the
subsequent excitation of the thus produced Cu atoms to
the upper laser levels, is accompanied by chemical recom-
bination of the CuBr dissociation products to re-form the
donor CuBr molecules.

The efficiency of the recombination of Cu and Br
molecules strongly depends on temperature and above
820 K a breakdown in the recombination process is ob-
served [16]. Therefore, for efficient operation of halide-
based Cu™ lasers the discharge tube temperature should
be kept below 820 K. At working temperature below 820 K
the discharge tube wall is “cold” for the Cu atoms, and
those Cu atoms which fail to recombine with Br atoms
in the discharge volume deposit on the tube wall. Prac-
tically, full recombination of the Cu and Br atoms in the
discharge volume cannot occur to form the original com-
pound. Therefore after some period of the laser operation
copper deposits are observed on the tube wall in the dis-
charge region. The copper deposit means that an excess
of free Br atoms exists first in the discharge and then, due
to diffusion, in the off-discharge parts of the laser tube.

The presence of bromine in the laser tube can have
negative effects on the laser operation. First, bromine is
chemically very active and may deteriorate the metal parts
of the laser tube. Also, due to the bromine activity, some
interaction of Br atoms with the silica tube may occur
at high temperature, resulting in the production of SiBr
molecules that can be present in the operating gas and
can absorb or scatter the generated laser radiation [25]. It
is known that SiBr molecules have absorption bands be-
low 300 nm [21]. The formation of SiBr molecules seems
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to be more probable in a RF-excited discharge, which
sputters the silica tube wall with high efficiency [12]. It is
possible that some SiO and BrO molecules are also formed
in the RF-excited discharge. Second, bromine tends to
combine in Bry molecules. However, in the discharge re-
gion there are practically no Bry molecules because of their
efficient dissociation wvia collisions with electrons (dissoci-
ation energy of Bry is ~ 2 eV [26]). On the other hand,
Br; molecules accumulate in the cold regions of the laser
tube, as it was found in a pulsed selfterminated CuBr
laser [27], having buffer gas pressure and working temper-
ature similar to the halide-based Cut lasers. Presence of
Bry molecules in the laser discharge tube may deteriorate
the laser operation due to instabilities of the discharge and
absorption of the laser lines.

On the other hand, it is known [26] that the main ab-
sorption continuum of Bry molecules is in the blue spectral
region, from 300 nm to 510 nm with a maximum around
430 nm, so we should not expect strong absorption losses
due to the presence of Bry in the UV range below 300 nm.
However, a weak absorption continuum was found in the
156 nm <+ 300 nm range [26], as well as some narrow
absorption bands of Br atoms in the UV region around
245 nm and 280 nm [21]. According to [25] the bromine
spectrum between 200 nm = 300 nm shows a relatively
weak absorption at room temperature, but when increas-
ing the temperature above 650 K the absorption slowly
increases. Some narrow absorption bands of bromine are
reported also in the ranges of 510 nm + 640 nm and
645 nm = 815 nm [25]. Even weak absorption by Bry
molecules might be very critical for operation of the Cu™
laser in the UV region because of the relatively low laser
gain [7] in this spectral region. However, at the discharge
conditions of a pulsed selfterminated CuBr laser [27] the
absorption of Bro molecules was found only in the visi-
ble range without any effect on the output laser power
of the high gain CuBr laser lines (A = 501.6 nm and
A = 578.2 nm). Unfortunately, there is no information
about the absorption in the UV and in the IR spectral
regions where most of the Cut ion laser lines belong.
To clarify the influence of the present in the discharge
species on the excitation of the Cut laser lines we made
spectroscopic measurements of the emission spectra of the
He(Ne)—CuBr mixture at appropriate for laser oscillation
discharge conditions.

3 Spectroscopic study of a RF discharge
in a He(Ne)—CuBr mixtures

The experimental discharge tube was made of fused silica
(Fig. 1). The 10 cm-long active part of the tube had an
inner diameter of 8 mm. The buffer gas was He or Ne.
In the middle of the discharge region a fused silica reser-
voir with CuBr pellets was placed. Distilled in vacuum
98% pure p.a. CuBr was used. The temperature of the
CuBr reservoir was controlled by an external oven. Due
to it, CuBr vapour pressure in the discharge volume was
controlled independently from the RF power dissipated in

279

Silica tube Electrodes

CuBr CuBr reservoir

Fig. 1. Discharge tube used for the spectroscopic studies of
the RF-excited He(Ne)-CuBr discharges.

the discharge. The RF power from a 13.56 MHz generator
was capacitively coupled into the discharge with two brass
electrodes (10 cm long, 8 mm wide) mounted along the ac-
tive part of the tube. The RF power could be modulated
and delivered to the discharge as pulses. The width and
repetition rate of the pulses could be varied. It allowed to
run the discharge at higher peak RF input power keeping
the average power, and hence, the tube temperature in
acceptable limits.

The light emitted by the RF discharge in the He(Ne)—
CuBr mixtures was collimated onto the entrance slit of a
computer controlled 0.275 m digital scanning monochro-
mator (Spectra-Pro, Acton Research Corporation) having
spectral resolution better than 0.1 nm. The signal was
recorded by an optical simultaneous multichannel anal-
yser. The emission spectra in the 740 + 800 nm spectral
range of the He—CuBr discharge and in the 240 < 300 nm
spectral range of the Ne-CuBr discharge were recorded at
different peak RF input powers (up to 400 W) and tem-
peratures of the CuBr reservoir (up to 800 K).

The measurements showed that Br atomic lines ap-
peared in the emission spectra of the He-CuBr discharge
in the 740 nm + 800 nm IR range when peak RF input
power exceeded 100 W (corresponding to 10 W/cm). Their
intensity increased with increasing CuBr reservoir temper-
ature. Above 450 K Cu atomic line A = 793.3 nm was also
found in the emission spectrum and its intensity increased
with increasing CuBr reservoir temperature. However, at
100 W RF input power no Cu™ lines were found in the
He-CuBr discharge emission spectrum at reservoir tem-
perature as high as 800 K. When increasing the RF input
power to 200 W (20 W/cm), weak Cut lines were detected
at a CuBr reservoir temperature of 650 K. Their intensity
increased about 5 times when the CuBr reservoir temper-
ature was increased up to 800 K. The emission spectrum
of the RF-excited He-CuBr discharge at a He pressure of
3.0 kPa, CuBr reservoir temperature of 770 K and RF in-
put power of 200 W is presented in Figure 2. As it is seen,
in addition to He, Cu and Br atomic lines eight Cu™ ion
laser lines were detected. After cooling the CuBr reservoir
to room temperature, several Br atomic lines were still
present in the emission spectrum, indicating the presence
of Br atoms in the discharge.

The emission spectrum of the Ne-CuBr discharge in
the 240-300 nm spectral region exhibited the same depen-
dence on CuBr vapour pressure like that of the He—-CuBr
discharge. At 100 W RF input power there were no atomic
or ionic copper lines in the emission spectrum even when
increasing the CuBr reservoir temperature up to 800 K.
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Fig. 2. Emission spectrum of the RF-excited He—CuBr dis-
charge at 3.0 kPa He pressure, 770 K CuBr reservoir tempera-
ture and 200 W RF (13.56 MHz) input power. Cu™ laser lines
are marked bold.
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Fig. 3. Emission spectrum of the RF-excited Ne-CuBr dis-
charge at 3.0 kPa Ne pressure, 770 K CuBr reservoir tempera-
ture and 200 W RF (13.56 MHz) input power. Cu™ laser lines
are marked bold.

At an RF input power of 200 W four Cu atomic lines and
eight laser Cu™ ion lines were detected (Fig. 3).
Simultaneously with the radiation emitted by the
RF-excited discharge we recorded the intensity of the
253.7 nm Hg atomic line, emitted by a Hg lamp placed
at the end-side of the discharge tube, and transmitted
through the tube. The intensity of the 253.7 nm Hg atomic
line decreased when increasing CuBr vapour pressure in
the discharge. At temperature of the CuBr reservoir of
800 K the 253.7 nm Hg line intensity was about 20%
lower than at room temperature. After cooling down the
CuBr reservoir to room temperature the 253.7 nm Hg
line recovered its initial intensity. This suggests that the
253.7 nm Hg line intensity suffered some losses in the RF-
excited He—~CuBr discharge due to absorption or scatter-
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Fig. 4. Emission spectrum of the RF-excited He-CuBr dis-
charge at 3.0 kPa He pressure, 300 K CuBr reservoir temper-
ature and 100 W RF (13.56 MHz) input power. Bry bands are
marked bold.

ing by Brs or other molecules. Then, after several hours
of the discharge operation with the CuBr reservoir cooled
down many intense molecular emission bands were de-
tected (Fig. 4). These molecular bands were not present
before in the emission spectra. Their appearance indicates
that some changes in the composition of the gas mix-
ture occurred. The intensity of 447.2 nm, 492.2 nm and
501.6 nm He atomic lines decreased twice, compared to
their initial values, presumably due to either Bry absorp-
tion in the blue-green region [21,26] or plasma parame-
ters changes, caused by the presence of bromine in the
discharge.

Our spectroscopic measurements of the RF-excited
He(Ne)-CuBr discharge showed that efficient excitation
of the Cu™ laser lines may be obtained, if the RF input
power exceeds 100 W at 10 cm active discharge length, i.e.
at a linear RF input power density higher than 10 W/cm.
At a lower RF input power, in spite of the presence of Cu
atoms in the discharge, spontaneous emission of Cut lines
was not detected by us. Except for the Cu™ laser lines,
no other Cut lines were found in the measured emission
spectra even at an RF input power higher than 200 W.
It proves that efficient charge-exchange excitation (reac-
tions (1, 2)) takes place in the RF-excited He(Ne)-CuBr
discharge at the examined conditions.

4 IR laser oscillations on Cu™ lines
in RF-excited He—CuBr discharges

4.1 RF-excitation and matching

RF power of two different frequencies was used for exciting
the RF discharges in the He—CuBr mixtures, 13.56 MHz
delivered by a generator of maximum output power of
1000 W and 27.12 MHz with maximum power of 2.5 kW.
There was a possibility to modulate the RF power to get
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Fig. 5. RF-excited He-CuBr laser tube heated by the dis-
charge.

trains of RF power pulses with variable repetition rate and
pulse duration. Special circuits were developed to match
the discharge impedance to the impedance of each RF gen-
erator. The matching circuits symmetrised the RF voltage
and helped in maintaining uniform discharge between the
electrodes and in avoiding strong RF interference [28]. The
RF power was coupled into the discharge by two nickel-
plated brass electrodes externally mounted along the op-
posite sides of the discharge tube.

4.2 “Pulsed” IR laser generation in He—CuBr discharge

Laser oscillation on the 780.8 nm Cu™ transition in a
RF-excited He—CuBr discharge in a “pulsed” regime was
studied first. The He-CuBr discharge was excited by
27.12 MHz train pulses with a repetition rate and pulse
duration varied from 1 kHz to 4 kHz and from 40 us to
120 ps, respectively. The electrodes coupling the RF power
into the discharge were 400 mm long and 8 mm wide. The
laser tube was formed by two tubes, outer and inner. Both
were made of fused silica (Fig. 5). The outer tube had an
inner diameter of 8 mm and active length of 400 mm. The
inner tube was 400 mm in length and 5.5 mm in bore di-
ameter. Along the length of the inner tube a 4 mm slot
was cut. Small solid pieces of CuBr halide were evenly dis-
tributed on the bottom of the inner tube along the slot.
To evaporate the halide the discharge heating was used.
The role of the inner tube was to prevent copper depo-
sition on the inner surface of the outer discharge tube,
since the copper deposits are usually a reason of electrical
short-circuits.

The pulsed laser generation at A = 780.8 nm Cu™ was
obtained at He pressures from 1.8 kPa to 5 kPa with an
optimum at 4 kPa. The He pressure dependence (Fig. 6)
was obtained at a constant RF pulses amplitude of 750 W
and different temperatures of the discharge tube, optimal
for each He pressure. The optimal discharge tube temper-
ature measured at the surface of the outer discharge tube
was 400 K at 1.8 kPa and increased to 450 K at 5 kPa He.
The tube temperature was varied by changing the aver-
age RF input power through either pulse repetition rate
or pulse duration at constant pulse amplitude.

A typical relation between the RF excitation and laser
pulses at A = 780.8 nm Cut is shown in Figure 7. The
laser pulse was delayed about 20 + 60 us in respect to
the RF excitation pulse. The delay time was dependent
on the discharge conditions. It was shorter at lower He
pressure and higher excitation pulse amplitude. We be-
lieve that this delay is attributed to the slow build up of
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Fig. 6. Laser output power at A = 780.8 nm Cu™ as a function
of He pressure. Excitation: RF = 27.12 MHz, amplitude of the
power pulses = 750 W.

Fig. 7. Time behaviour of the RF (27.12 MHz) excitation
pulse (lower course) and laser pulse at A = 780.8 nm Cu™ in
the He—CuBr laser. Time scale = 100 us/div.

the laser threshold Cu™ ion concentration. The maximum
amplitude of the laser pulse was always at the end of the
excitation pulse and it increased with increasing excita-
tion pulse duration. In the RF pulse duration range used
in this experiment (from 40 us to 120 us) we did not reach
any saturation of the laser pulse amplitude which means
that the optimum Cu™ ion density has been never ob-
tained by us. After the RF pulse a long afterglow lasing,
lasting up to 300 us was observed.

The lowest amplitude of the RF input power pulses,
at which the lasing was obtained, was about 500 W, cor-
responding to 12.5 W/cm of the linear RF power density.
This value is much lower than the 100 W/cm, necessary for
lasing in the sputtered RF-excited He—Cu system [13]. At
the optimal He pressure of 4.0 kPa and 750 W pulse power
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Fig. 8. Discharge tube for a RF-excited CuBr-based Cu™ laser
with AloO3s inset.

amplitude (18.75 W/cm) a small-signal gain of 780.8 nm
Cu™ laser line was 8%/m.

However, in this tube we did not obtain CW lasing
because we could not independently optimise the CuBr
vapour pressure and excitation power. We noticed a strong
sputtering of the silica discharge tube during the opera-
tion, which gradually deteriorated the discharge.

4.3 CW oscillation in He—CuBr discharge

To optimise the CuBr vapour pressure independently of
the RF excitation power we developed a discharge tube,
the design of which was based on the tube used for the
RF-excited He-Cd™* laser [11]. The discharge tube (Fig. 8)
was made of fused silica. A capillary tube made of AlyOg3
ceramic, 400 mm long and 4 mm inner diameter, was
inserted into the centrally placed fused silica capillary
tube, forming the active part of the laser tube. Using
the Al;O3 capillary tube allowed lowering the sputter-
originated problems [12] (met also in the experiment de-
scribed in Sect. 3.2). The solid CuBr pieces were placed in
a sidearm reservoir. Owing to it the CuBr vapour pressure
in the active part of the laser tube could be controlled
independently of the RF excitation power by separate
heating of the reservoir. The CuBr sidearm reservoir was
formed by a tube, extending parallel to the discharge tube
and connected to the discharge volume with six vapour
feedings, instead of one like in [11]. This was made to im-
prove CuBr vapour distribution in the discharge volume.
Two high reflecting mirrors with 1.5 m radii of curva-
ture, set about 90 cm, formed the laser resonator apart.
The He—CuBr discharge was excited with 13.56 MHz RF
power.

CW simultaneous laser oscillation on four near-IR Cu™
transitions at 740.4 nm, 766.5 nm, 780.8 nm and 782.6 nm
was obtained. The highest laser output power was
obtained on the 780.8 nm line, followed by the 740.4 nm
line. The other two lines, 766.5 nm and 782.6 nm were
comparatively weak and needed rather high excitation
power.

The operating characteristics of the CW oscillations on
the near-IR lines were measured under single line opera-
tion mode using a set-up, similar to that described in [11].
To separate each laser line a birefringent Lyot filter [29]
together with a computerised assembly was placed in the
resonator. The assembly consisted of two contra-rotating
Fresnel plates producing either a variable output coupling
or insertion loss for measuring the small-signal gain on
the laser transition, and of a Fresnel plate tilted near the
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Fig. 9. Laser output power at A = 780.8 nm Cu™ as a function
of output coupling for different RF input powers: (x) 600 W,
(o) 700 W, (%) 800 W.

Brewster angle to decouple a small part of the laser in-
tra resonator power for recording the laser intra-resonator
power. Taking into account the output coupling of the
two contra-rotating and the fixed Fresnel plates, the total
output coupling of the laser intra-resonator power could
be calculated. The laser output power as a function of
output coupling was determined from the product of the
measured laser intra-resonator power and the total out-
put coupling. All measurements were carried out at the
optimal for laser operation temperature of the CuBr reser-
voir of 730 K, corresponding to a CuBr partial pressure of
12 Pa.

Figure 9 shows the laser output power at A = 780.8 nm
Cu™ as a function of output coupling for different RF in-
put powers. He pressure dependencies of the RF-excited
CuBr laser output powers at A = 740.4 nm and A =
780.8 nm, when oscillating separately, are shown in ar-
bitrary units in Figure 10. The laser output power at A\ =
780.8 nm was four times higher than that at A = 740.4 nm.
The laser output power dependencies at A = 740.4 nm and
the A = 780.8 nm exhibit narrow maxima around 5.2 kPa
and 7.4 kPa, respectively. Such a different pressure depen-
dencies of both laser lines are surprising since they have a
common upper level. The laser output power at both lines
increased with increasing RF input power and no satura-
tion of the laser output power was reached up to 800 W
RF input power, which was the limit of the RF generator
(Fig. 11). The threshold RF input power for the laser oscil-
lation on the 780.8 nm Cu™ line was about 350 W, which
corresponded to only 9 W/cm. The threshold RF input
power for the laser oscillation on the 740.4 nm Cu* line
was higher (480 W, corresponding to 12 W/cm). At the
optimum conditions (He pressure of 7.4 kPa, CuBr reser-
voir temperature of 730 K and RF input power of 800 W)
a laser output power of 10 mW at A = 780.8 nm was ob-
tained (Fig. 12). At these conditions the small-signal gain
on 780.8 nm Cu™ line was nearly 7%.
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Fig. 10. Laser output power at A = 780.8 nm (o) and A =
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Fig. 11. Laser output power at A = 780.8 nm (o) and A =
740.4 nm (2) as a function at RF input power at He pressure
optimal for each line, CuBr reservoir temperature = 730 K.

5 Excitation of UV Cu™ laser lines
in RF-excited Ne—CuBr discharge

Using Ne as a buffer gas in the laser tube employed for the
IR laser generation (Fig. 8), we tried to obtain laser oscilla-
tion in the UV spectral region. The pressure of Ne was var-
ied from 0.1 kPa to 8.5 kPa. The CuBr reservoir temper-
ature was 730 K (like in the He-CuBr discharge, Sect. 4).
The Ne—CuBr discharge was excited with the 13.56 MHz
RF generator. The laser resonator was formed by two high
reflecting UV mirrors (246 <+ 280 nm spectral range) with
2 m radii of curvature. The UV radiation emitted by the
RF-excited Ne—CuBr discharge was measured via one of
the mirrors (the front mirror) by a monochromator of high
spectral resolution (Sopra UHRS F1150, equipped with a
premonochromator and an Echelle-grating) with a photo-
multiplier.
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Fig. 12. Laser output power and small-signal gain at A =
780.8 nm as a function of RF input power. He pressure =
7.4 kPa, CuBr reservoir temperature = 730 K.

28 UV Cu?t lines with wavelengths between 240 nm
and 274 nm were found in the measured spectra. The in-
tensities of these lines were measured twice, first when the
back resonator mirror was blocked with a shutter (inten-
sity Ip) and then when the shutter was removed such that
the discharge radiation could reflect from the back mir-
ror (intensity I). The ratio I/Ip for most measured UV
lines is shown in Figure 13. Enhancement in the intensi-
ties of 14 Cu™ lines was observed when the back mirror
was active (not blocked), while the intensities of the rest
Cu™ lines remained unchanged when the back mirror was
blocked and off-blocked. Only for 11 lines the enhancement
in the intensity was more than twice (up to five times).
This effect we recognise as a weak laser gain existing for
these 11 UV lines of Cu™ ion in the RF-excited Ne—CuBr
discharge. It is known that laser oscillations on 9 of these
UV lines were earlier obtained in a sputtering HC Ne—Cu
discharge [1].

The Ne pressure dependencies of the spontaneous
emission intensity of the two most intensive Cu™ lines,
A = 248.6 nm and A = 260.6 nm, are presented in
Figure 14. Both lines exhibit a maximum at Ne pressure
of about 1 kPa.

Although we observed a laser gain for 11 UV Cu™ lines
in the RF-excited Ne-CuBr discharge, we were not able
to obtain laser oscillation even at the optimum conditions.
Apparently, even at the highest available RF input power
(800 W) the gain was not high enough to compensate the
losses for the UV laser lines, which usually are relatively
high.

6 RF-excited He—CuBr IR laser
with cataphoretic vapour transport
We found that one of the most important obstacles to

efficient operation of the RF-excited He(Ne)-CuBr dis-
charges is the inhomogeneous distribution of the CuBr
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Fig. 14. Intensity of 248.6 nm and 260.0 nm Cu™ lines as a

function of Ne pressure. CuBr reservoir temperature = 730 K
RF input power = 600 W.

vapour along the discharge length. Apparently, due to the
poor diffusion of CuBr vapour (although we used in our ex-
periments a special design of the CuBr reservoir (Fig. 8),
delivering CuBr vapour in several places along the dis-

charge length), we never obtained a uniform axial distri-
bution of the CuBr vapour.

For improving the CuBr vapour distribution along the
discharge length we employed cataphoresis, similarly to
Goldsborough [30], who used cataphoresis to obtain uni-
form distribution of Cd™ ions in a positive column He—
Cd* laser. We superimposed a DC current, causing the
cataphoresis on the transverse RF discharge and run both
discharges simultaneously in a tube, supplemented with

reservoir with CuBr, placed at the anode side (Fig. 15).

To compare the Cu vapour distribution along the dis-
charge length at only RF and at simultaneous RF and
DC excitation, the axial intensities of the emission of
the strongest Cu and Cu™ lines were recorded. Figure 16
shows the intensity of 521.8 nm Cu atomic line along the
discharge length at RF excitation (without cataphoresis)
and at simultaneous RF and DC excitation (with cat-
aphoresis). A similar behaviour was observed for the inten-
sity of 780.8 nm Cu™ line. Assuming in the first approxi-
mation proportionality between the intensity of 521.8 nm
Cu line and Cu atom density, we interpret Figure 16 as
follows. An essential decrease of the Cu atoms density be-
tween the oven and the cathode observed at the RF excita-
tion (without cataphoresis, Figure 16, curve a) is typical
of diffusion controlled transport of an admixture in the
discharge without cataphoresis [31]. On the other hand,
when an additional current of 20 mA was superimposed on
the RF discharge, the resulting electric DC-field caused an
efficient transport of the copper vapour towards the cath-
ode, which is indicated by more uniform axial distribution
of 521.8 nm Cu line intensity (Fig. 16, curve b).
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Fig. 17. Laser output power at A = 780.8 nm as a function of
He pressure. (o) RF excitation, (x) RF and DC excitation, the

power should be multiplied by 2. CuBr reservoir temperature
= 730 K, RF power = 600 W, DC discharge current = 20 mA.

Using this laser tube laser oscillation on 780.8 nm
Cu™ line was obtained with both the RF excitation and
the superimposed RF and DC excitation. The laser out-
put power increased by a factor of two when cataphore-
sis due to the DC discharge exist. The simultaneous RF
and DC excitation shifted the He pressure optimum for
lasing from 7 kPa to 10 kPa (Fig. 17). A similar effect
was also observed for the He-Cd* laser [32] excited by
simultaneous RF and DC discharge. The lower optimum
He pressure in the RF-excited He-CuBr (and also He-
Cd™) laser, i.e. without cataphoresis, is a result of a slower
diffusion-controlled transport of Cu (or Cd) vapour from
the CuBr (or Cd) reservoir along the laser tube at higher
He pressures. This results in a Cu vapour distribution
along the laser tube worse than that at lower He pres-
sures, whereby at higher He pressures the laser operation
is hampered. On the other hand, under the cataphore-
sis operation the Cu vapour distribution along the laser
tube preserves its better uniformity at higher He pres-
sures, resulting in a higher laser output power, as shown in
Figure 17. The doubled laser output power at A =
780.8 nm under the cataphoresis operation is caused by
two factors, first, the better Cu vapour axial distribution,
and second, the higher He pressure, which results in a
higher concentration of He™ ions involved in the excita-
tion of Cu atoms to the upper laser states (reaction (1)).

In this experiment we also observed that the DC cur-
rent superimposed on the RF discharge stabilises it. This
is another factor showing that superimposing the RF and
DC discharge is a promising solution when an efficient
CuBr-based laser is considered.

7 Conclusions

In these experiments it was shown that utilizing CuBr
mixture as a source of Cu atoms for the RF discharge can
be a promising alternative to the Cu sputtered system,
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when the development of Cu ion gas lasers is considered.
When using the CuBr mixture, the RF discharge is needed
only for dissociation of the CuBr molecules to obtain Cu
atoms in the discharge volume, and for exciting them to
the laser states. The heat dissipated during the concur-
rent discharge processes is enough to keep the system in
a temperature appropriate for vapourising the CuBr mix-
ture. Therefore, the CuBr-based laser system is capable of
avoiding the high input power needed for the Cu sputtered
systems.

Both our spectroscopic and laser investigations showed
that the threshold input power for lasing was re-
duced about 5 times using the CuBr-based system
(about 15-20 W/cm) instead of the Cu-sputtered system
(100 W/cm).

The pulsed and CW laser oscillations on four infrared
Cut transitions (A = 740.4 nm), 766.5 nm, 780.8 nm,
782.6 nm) were obtained in the RF-excited He—CuBr dis-
charge operated at 13.56 MHz and 27.12 MHz.

At an optimum He pressure of 7 kPa, temperature of
CuBr reservoir of 730 K and input RF power of 800 W,
an output power of 10 mW at the strongest Cu™ laser
line A = 780.8 nm was achieved. A better Cu vapour axial
distribution and better discharge stability was achieved
when DC discharge was superimposed on the RF dis-
charge, which resulted in increase of laser output power
by a factor of two.

A laser gain for 11 UV Cu™ lines was observed in Ne—
CuBr RF-excited discharge. Although we did not obtain
laser oscillation in the UV range, basing on the obtained
results, we consider the CuBr laser system excited by RF
discharge capable of generating UV laser radiation at rel-
atively low input power.
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