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A theoretical model of a waveguide CO2-laser was made to optimize the

dimensions of the waveguide tube and resonator, i.e., to obtain the best mode structure

while maximizing the output power. The results were used to design and build the laser

itself around a quartz waveguide tube of 25.5 cm and 3 mm inner diameter. A simple,

low-cost, and efficient VMOS based current stabilization was applied, which stabilized

the current to within ±0.5 %. The working laser frequency selection and/or frequency

stabilization was controlled by a piezo micro-positioner, which was coupled with an

output power meter via a PC computer and driven by self-made software developed for

the purpose. The experimental test of the laser showed good agreement with the model.
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INTRODUCTION

Waveguide (WG) lasers have in practice become the most frequent type of mid-
and low-power lasers used in spectroscopy. Allthough practical spectroscopic data can
be obtained by classical non-tunable gas lasers too,1�4 the main advantages of WG
lasers over the corresponding classical devices working at lower gas pressures are:
higher gain, broader emission lines, tuning capabilities within the broadened emission
line, better mode structure, and small dimensions. This type of laser is very resistant to
thermally inducedmechanical instabilities of the resonator, providing at the same time
highgains and saturation intensities.All of these characteristics ensure highpowerwith
respect to the active volume, as well as a stable output. Working pressures that range
up to 150 mbar provide wide emission lines, and short resonator lengths provide
tunability, obtainable via resonator length control. Both of these featuresmakeWGgas
lasers especially applicable in spectroscopy.

The present paper describes the design and construction of a simple DC

discharge excited waveguide CO
2
-laser, with low-cost current stabilization and

piezo-mechanical control of the resonator length.

The primary task of the present work was to determine the optimum dimen-

sions of the WG tube and the resonator. A computer model of the laser was
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developed, based on the known theory.5�8 For each set of dimensions as input, the

model yields the losses of the four fundamental radially symmetricmodes, as output.

These losses are associated with introducing polarization elements (Brewster win-

dows) and a rotating reflective grating. The free spaces between the WG tube and

the terminal elements (mirror and grating) dissipate the optical power and mix the

WGmodes.We show, however, that a specific range of dimensions produces a local

minimum of losses and provides a monomode output even while scanning across

an emission line by varying the free spectral range of the resonator.

THE MODE COUPLING MODEL

Here the laser tube is considered to be a passive waveguide, without excitation,
a hollow dielectric waveguide of circular cross-section in a Fabri-Perot resonator.5,6

Both TM and TE modes can propagate in a hollow waveguide, but since the laser has
one intracavityBrewsterwindow, a combination of degeneratedmodes is applied, such
that it consists of a set of linearly polarized, radially symmetric, EH1p modes. The
propagationof theelectric fieldof thesemodes inside theWGtubemadewith refractive
index n

0
, and inner radius a, is defined by the following equation:
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where k = 2π/λ is the wavenumber, and j the imaginary unit. The constant n is

associatedwith the dielectric constant of theWG tubematerial, n
0
(refractive index),

and, for the hybrid EH modes, is defined as:

n = (n0
2 + 1)/2√n0

2 − 1 (3)

In the free space where the light leaves the WG tube the diffraction of the EH
modes is observed through the propagation of the TEM

m0
modes. Mode coupling

occurs in such a way that the largest part of an EH1p mode transforms into the

TEMp-1,0 mode outside the waveguide.

In order to calculate the losses in the whole resonator it is necessary to sum all
the losses of each mode along the whole trip of a photon around the resonator. For this
purpose the resonator can be substituted by an equivalent system, shown in Fig. 1.

The losses were calculated for 4 fundamental EH modes, while in the free
space they are represented by 6 fundamental TEM modes. At the exit of the WG
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cavity (cross section plane 1, Fig. 1) EH modes transform into TEM modes. The
transformation can be represented by a transformation matrix M

1
. During further

propagation along the part 2d
1
, the set of TEM modes undergoes a phase shift that

can be represented by a square matrix M
2
. The phase shifts of the waves, which

depend on the longitudinal position, are first taken into account at the entrance into
theWG tube and presented bymatrixM

3
. The latter matrix transforms TEMmodes

into EH modes in plane 2. MatrixM
4
defines the changes of WG modes along the

WG cavity. Mode propagation can be similarly presented for the other part of the
free path, i.e., for 2d

2
. Naturally, since the distance is different, there will be matrix

M
5
instead ofM

2
, andM

6
instead ofM

3
. In this way, the whole round-trip of the

waveguide modes can be represented by matrixM, defined by:

M = M4M6M5M1M4M3M2M1 (4)

The losses of the EH
1p

mode are given as:

L1p = 1– abs(Lp)2 (5)

where L
p
are eigen values of matrixM.

The analysis can be broadened by introducing other sets of linearly polarized

modes, but these are significant only as a secondary effect. Since the mode EH
11

has the lowest losses, its couplingwith other radially symmetric EH
1p

modes ismost

significant for the calculation.

MODELING RESULTS

The main purpose of the above theoretical model was to serve as the basis for
the design of a real laser. In reality, however, there are several basic limitations for
the dimensions of the laser. The diffraction grating that selects the emission lines
requires the beam diameter to be at least 2.8 mm for efficient line selection. Thus,
an inner diameter of 3 mm was chosen for the WG tube. The theory also showed
that an asymmetrical resonator is preferable to a symmetric one, requiring the
mirror-to-waveguide distance to be as small as possible, since the grating-to-
waveguide distance needed to be larger. In our case, a sustainable construction

Fig. 1. Schematic presentation of

the waveguide laser: a) the real

resonator and b) the equivalent

resonator schematic. The labels

are: L = resonator length, Lg =

waveguide tube length, d1 = mir-

ror-to-waveguide distance, d2 =

waveguide-to-grating distance, a

= waveguide tube radius.
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required a minimal distance of d
1
=23 mm. The limitations partly include the length

of the active volume, i.e., theWG tube itself. In order for the laser to have sufficient
power, the length of the tube should not be less than 20 cm, while the required free
spectral range for our purposes dictated a length of less than 32 cm.

With the above requirements inmind, themodelwas used to analyze the losses
for a variable tube-to-grating distance by varying the tube length between 20 and
32 cm. The power was calculated according to Rigrod�s equation for the power of
a high gain laser,9 taking into account that the gain of the small signals is g

0
=2 m�1

(Ref. 10), the transmittance of the mirror t
1
=0.05, and transmittance of the grating

t
2
=1. The results are presented in Fig. 2, in a normalized form, as P/Ps (Ps is the

saturation power for a given λ).
As expected, the power increases with increasing WG tube length, as well as

with decreasing distance between the mirror and the tube (when the dissipation of
optical power reduces). Still, for certain configurations local power maxima are
obtained. Namely, if the p-th and the first WG mode are in phase at the exit of the
waveguide, the distribution of the field across the cross-section (perpendicular)
plane is concentrated around the axis. This effect reduces dispersion in the free
space, which reduces the overall optical power loss.

The choice of resonator dimensions was not guided only by the condition of
maximum power, but also by the stability of the output. Stability is needed when

Fig. 2. Calculated values of the normalized laser power as a function of distance d2 for four differ-

ent laser emission lines.
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the diffraction grating is rotated for emission line selection. Losses for various
wavelengths, tube lengths and d

2
distances are given in Fig 2. It is observable that

the power is less dependent on the tube length than on the d
2
distance. For tubes

shorter than 25 cm, the power is stable for all modes, but is at low levels. Lengths
of 28 cm and 32 cm have high instability. Thus, working lengths in the range from
24 cm to 26 were chosen as optimal.

A transversally monomode operation is ensured if the losses for mode EH
11

are at least 2 times lower than for the other modes. By choosing a resonator

configuration that provides a somewhat lower power (relative to the power at d
2
=0),

stable laser operation is obtained. The configuration chosen, l = 25.5 cm, gives a

power of P/Ps above 20 %, for all wavelengths. Also, this configuration for the

optimal d
2
= 6 cm ensures that the difference between the losses of the fundamental

and the higher modes exceeds 20 %, providing monomode operation. Good mode

selectivity is also ensured for small deviations of d
2
. To increase the laser power for

the laser lines of 9P and 9R branches the grating-to-tube distance can be increased

to 11 cm. The latter configuration also ensures good mode structure (Fig. 3).

It should be noted that, in the calculations of output power, the parameters

of low power signals g
0
and the saturation power were considered constant,

although they depend on the resonator dimensions � they were actually larger

for smaller values of a.

Fig. 3. The losses of four fundamental modes for Lg = 25.5 cm, and four different laser emission lines.
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The calculation was performed for the chosen WG length of 25.5 cm, inner
radius a = 1.5 mm, for all four laser emission branches (Fig. 4). On the basis of the
mode coupling diagram, Fig. 3, and the power diagram, the optimal value of
parameter d

2
was determined to be 6 cm.

LASER CONSTRUCTION

General construction

The above model and calculations were the basis for constructing the WG
CO

2
-laser presented in Fig. 5.

The laser consists of a water cooled quartz waveguide, inner dia. 3 mm, outer
dia. 6 mm, length 25.5 cm, terminated by stainless steel electrodes. The discharge

Fig. 4. Relative laser power as a function of waveguide-to-grating distance for a waveguide length

of Lg = 25.5 cm, and four different emission line wavelengths.

Fig. 5. Scheme of the laser.
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is excited by highDC voltage, and the laser operates in the continuous wave regime.
One end of the laser tube is terminated by a ZnSe Brewster window, and the other
by a 5 % transmittance output coupling mirror.

The diffraction grating of 150 grooves/mm is placed on a separate mount. Its

rotation serves for wavelength selection, and its transversal movement varies the

laser resonator length. The optimal length varied between 30 cm and 37 cm,

depending on the output emission wavelength. Wavelength selection and resonator

length adjustment are done by coarse control of the grating mount. The grating

mount is also finely positioned by a New Focus piezo positioner Model 8071,

controlled by Multiaxis Picomotor Driver Model 8801, which is linked to a PC

computer via a specially madeTTL interface. We developed software for control of

the positioner in C-language. The software communicates both with the piezo

positioner and with the laser output power meter DigiRad Universal Laser Radi-

ometer Model R-752, via an RS232 interface, and provides, upon request, either

frequency stabilization or fine translational modifications of the resonator length

(emission line scanning). Since the laser operates at pressures between 40 mbar and

120 mbar this enables scanning across 600 MHz within a typical emission line.

The laser is used in photoacoustic spectroscopy, where the obtained stability

and tunability meet the most significant requirements.

Electrical current stabilization

Electrical current stabilization was applied to the electrical power supply

system. Instead of using common ballast loads, which "consume" the supply voltage

and place high requirements on the power supply, a special device was developed,

which reduces current fluctuations to ±0.5 %. The device is based on a high voltage

VMOS transistor operating in the saturation regime.

The DC power supply provides high voltage at the laser electrodes. Without

a ballast load in series with the laser, the laser operation cannot obtain stability, due

to negative resistance of the discharge plasma. It was found that the minimum load

required to compensate for the negative dynamic resistance of the laser is 400 kΩ.

Achange of the ballast load from 400 kΩ to 4MΩ reduces the variations of the laser

current from 24 % to 5 %, but at the same time increases the consumption of the

power from 10 % to 50 %. A more practical solution is to utilize the dynamic

resistance of non-linear active elements, like transistors, instead of passive ones.

The authors ofRef. 11 proposed theuse of a gas tube andBIP transistors.Our simpler

solution with a VMOS transistor is presented in Fig. 6. The BUZ 90 VMOS transistor

used has a break down voltage of 1000 V a high dynamic resistance and a gate

current below 1 µA.

Current stabilization was eventually achievedwith a combination of a 400 kΩ
ballast load and a BUZ 90 VMOS transistor working in the constant base voltage
regime. The base potential can be adjusted for the saturation regime by a variable
resistance. It has to be greater than Vbmin, where Vbmin = I

max
R
source

+ Vgsth. The
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stabilization module with a resistance R
source

= 3 kΩ reduces the alser current
variation from 25 % to less than 1 %. Increasing R

source
improves current stabiliza-

tion, but also increases the probability of transistor break down, and requires higher
base voltages.

EXPERIMENTALTEST

In operation, the laser works at about 50 emission lines, with a typical output power ranging

from 100 to 500 mW. The DC voltage applied on the ballast loads and the laser is typically 10 kV at

40 mbar of the gas mixture. The beam cross section has good radial symmetry.

The laser operation was tested at several typical emission lines of all 4 branches of the emission

spectrum as a function of distance d2, and compared to the theoretical predictions of the model. The

results are presented in Fig. 5 for the lines 10R(20), 10P(20), 9P(18) and 9R(22). Very good agreement

was obtained in both branches of the 10.6µmband.Good agreementwas also obtained for the branches

9P and 9R, at distances d2 < 95 mm. At greater values of d2 the real laser power drops sharply, which

does not agree with the results of the modeling. However, temporary construction imperfections are a

very likely cause of this discrepancy. The discrepancy, on the other hand, does not impede spectro-

scopic work with the laser at all, since it can be reliably operated at d2 < 95 mm.

CONCLUSION

Atheoretical lasermode couplingmodel, in the form of a computer simulation

program, was made to optimize the parameters of a waveguide CO
2
-laser for use in

photoacoustic spectrosopy of gases. The design requirements included placement

of a terminal diffraction grating outside the laser tube, which meant cosiderable

intracavity free space outside the waveguide. The results of the optimization were:

a waveguide tube of 25.5 cm length and 3 mm inner diameter, and a variable

tube-to-grating distance in the range 6 cm to 9 cm.

A CWwaveguide CO
2
-laser was designed and built according to the model-

ing results around awater cooled quartzwaveguide. The laser current was stabilized

with±0.5% tolerance by a self-made device that included aVMOS transistor, which

proved to be a simpler and lower-cost solution than a combination of classical gas

tubes and BIP transistors.

Fig. 6. Scheme of the high voltage current stabilized laser power supply.
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The laser operation (output powers in the range 100 mW to 500 mW) proved

to be in good agreement with the predictions, especially for the 10.6 µm emission

band.

I Z V O D

TALASOVODNI CO2-LASER ZA FOTOAKUSTI^KU SPEKTROSKOPIJU GASOVA

GORDANAM. OSTOJI], BOJAN B. RADAK i QUBICA T. PETKOVSKA

Institut za nuklearne nauke "Vin~a", Laboratorija za fizi~ku hemiju, p. pr. 522, 11001 Beograd

Napravqen je teorijskimodeltalasovodnogCO2-laseraradioptimizacije dimez-

ija talasovoda i rezonatora lasera, tj. dobijawa najboqe modne strukture uz maksimiz-

irawe izlazne snage. Rezultati su upotrebqeni za konstrukciju i izradu lasera oko

kvarcnog talasovoda du�ine 25,5 cm i unutra{weg pre~nika 3 mm. Jednostavna, ek-

onomi~na i efikasna stabilizacija struje lasera je izvedena, zasnovana na VMOS

tehnologiji, koja je obezbedila stabilizaciju struje u granicama ±0,5%.Izborom radne

frekvencije lasera i/ili stabilizacijom frekvencije upravqalo se pomo}u piezo

mikro pozicionera, koji je bio spregnut samera~em snage prekoPC ra~unara i pokretan

samostalno razvijenim softverom. Eksperimentalni test izgra|enog lasera je pokazao

dobro slagawe sa modelom.

(Primqeno 27. oktobra 1999, revidirano 25. februara 2000)
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