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Abstract. Radio frequency (RF) excited waveguid®O,  used for studies involving propagation of laser beams through
lasers based on either a quartz or an alumina waveguide weltee atmosphere. Owing to its wide tuning range, the wave-
studied on the 0@ - [10°1, 02°1]; ; sequence bands. A com- guideCO; lasers operated in the regular bands have been used
pact multisegment RF excitation with capacitive couplingby different groups [14—17] for pumping FIR lasers and laser
was used for pumping the gain section of the laser waveguidspectroscopy. For all these applications, a compact and re-
The use of a separate intracavity 0D, waveguide sup- liable sequence-band wavegui@®, laser would be highly
presses the regular-band transitions. The quartz waveguigeeferable. In the past decade, the RF excitation techniques
laser has a total d#2lines lasing on both th@.4and10.4um  have been successfully developed for the pumping of wave-
sequence bands. The alumina waveguide laser has 40 linggideCO, lasers [18—20]. The advantages of low-voltage op-
lasing on thel0.4um sequence band. These lasers can beration, electrodeless construction, unifozrdischarge and
either pulsed or continuous-wave (CW) operated on the sesasiness of discharge switching introduced by the RF exci-

lected line without a line jumping problem. tation, lead to the possibility of a very compact and user-
friendly high-power waveguid€0O;, laser. In [21] we de-
PACS: 42.55.Dk; 42.60.By; 42.72.+h scribed the preliminary results on the sequence-band oscilla-

tion in an RF-excited waveguideO, laser. In this paper we
will report the design and performance of RF excited wave-
Since the first report by Reid and Siemsen [1, 2] of laser emigguide CO, lasers which are able to lase on most lines in the
sion on the 02 - [10°1, 02°1],; sequence bands, where | 00°2 -[10°1, 02°1], ;; sequence bands.

and Il respectively denote tf8e4 um and10.4 um transitions

terminating the mixing of (1) and (021) states, a great

deal of research has been carried out with various approaches. o

Solodukhin [3] used a non-Littrow mounted grating in a hot-1 Oscillation on sequence bands

cell-free cavity. Kukhlevskiv et al. [4] employed an interfer-

enC_e flltel’ n aCOZ WaVegl.“de laser CaV|ty and achieved The transition dynamics of th@oz laser under a gas dis-

a single line sequence-band output. Evenson et al. [5] okxharge have been studied in detail for years. The mode-
tained several sequence-band and hot-band lines using aSif@mperatures model introduced by Moore et al. [22] and
ple cavity tuned by 471 groovgmmgrating. Compared with - Gordietz et al. [23], which separately characterizes the vibra-
the use of an optical cavity with very high wavelength dis-tional temperatures of the three vibrational modes of2fe
crimination, the utilization of an intracavity h@O; cell is  molecule, has been successfully applied to the description of
a simple and efficient method of suppressing the regular-barghth c\w and pulse€O; lasers. Due to the strong coupling
transitions [6]. The intracavity hot cell has been successfullyyy collisions in the discharge of 80,—N,—He gas mix-
applied in conventional low-pressure lasers [2] and transpjre, the vibrational levelg00°n], n < 4, are in equilibrium
versely excited atmospheric-pressure (TEA) lasers [7,8] tqyith each other in less that® s under laser conditions [24].
achieve sequence-band oscillation. In [9,10], we describeghe excitation and relaxation processes for the laser levels
dc-discharged waveguideO, lasers with an intracavity hot of sequence bands with= 2 involve the collisional energy

cell that yielded line tunable sequence-band output. transfer betwee@0, molecules given by
The sequence bands provide a considerably increased

number of CO, laser lines for applications such as optical 1

pumping of far infrared (FIR) lasers [11,12] and laser Spec_2C02[00°1] < CO[00°2]+ COA00°01 + A5 em) (1)
troscopy of molecules [13], where a maximized wavelengtC2[10°1, 02°1]i,y + CO,[00°0] < 2
coverage of the light source is preferred. In addition, it can be CO,[10°0, 02°0], ;1 + CO,[00°1] + AE(—22 cnt)
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The relaxation process (2) is very fast, of the order of2 Experimental

4 x 1P /Torr s[25, 26]. It is followed by the relaxation of the

low-lying levels[10°0, 02°0]; ; of regular bands. The experimental study was based on an RF excited flowing-
In terms of the mode temperatures, the population of thgas CO, waveguide laser similar to that described in [30].

vibrational levels is Boltzmann distributed and the gain ratioMe have experimented with waveguides of either quartz or

of corresponding lines of the sequence and regular bands m8%9.5% alumina ceramic. Both waveguides had an inner diam-

be given by eter of3 mmand wall thickness of mm The alumina wave-
guide was an ordinary protection tube for thermocouples used
(Vseq/ Vieg) = (,[,Lseo/llvreg)zeXp(—hvg/k-&) (3) in high temperature applications. No additional polishing of

its inner surface was attempted. The quartz waveguide was

wherey is the gain coefficienfy is the matrix element of the a precision-bore tubing with a very fine inner surface.
electric dipole transition]s is the mode temperature associ-  The laser configuration is shown schematically in Fig. 1.
ated with the asymmetric stretch vibratiof) The subscripts  Eight pairs of water-cooled aluminum electrodéscmlong
seq and reg refer to sequence and regular bands, respectivelgre clamped oppositely onto the outer surface of the dis-
In the literature [27,28], the ratiouseq/ ireg)? is found to  charge waveguide. A proper amount of thermally conductive
be 1.89 for the 9.4um band and2.1 for the 10.4um band.  paste was glued between the electrodes and waveguide for
For a system lasing in regular bands [ZB],is aboutlO0O0K  better cooling of the discharge region. Each pair of elec-
and the gain ratio is onlg 0.13. When the vibrational tem- trodes was driven by an individual RF power module through
peraturerls, is about2000 K as indicated in a discharge with an impedance matching circuit. Proper electrical shielding
lower CO, content [28], a gain ratie= 0.4 can be achieved. between each electrode pair was installed to prevent unde-
Since all transitions are collisionally coupled, strong compesired coupling between adjacent electrodes, which could re-
tition between all potential laser lines determines the lasesult in non-uniform discharge due to the formation of stand-
oscillation. A laser cavity for sequence-band lasing must proing waves along the electrodes, normally observed in high-
vide small cavity losses on the sequence lines and much largitequency transmission lines [31]. The impedance matching
losses on the regular lines. circuit was a high-Q L— L — C, w-network with strip-line

In the case of a waveguidgO, laser resonator composed inductance, which has been used for efficient excitation of
of a gain section and a h@O, absorption section, the condi- waveguideCO; lasers [30]. The utilization of segmented RF
tions for suppressing the regular bands and lasing of sequenegcitation leads to several advantages. The impedance match-

bands are given by ing of each discharge segment can be individually optimized
to yield nearly perfect power transfer to the discharge and

Yred gain— redcell — T — Lw — Lc < 0, (4)  a better uniformity of RFx discharge along the waveguide.

Ysedgain— T —Lw—Lc >0, (5) The use of a low power RF module instead of a single high

power RF generator, which has been used by most authors,
wherelgin andlcer are the lengths of gain and absorptiongreatly improves system reliability whilst reducing cost since
sections, respectively;eq is the absorption coefficient of the high quality RF components for high power circuits are usu-
regular line in the absorption sectiohjs the transmittance of ally very expensive.
the output couplert.yy is the guiding loss of the waveguide, The discharge section was operated with a flowing gas
andLc is the coupling loss at the ends of the waveguide. Fomixture symmetrically injected and pumped out via the
a givenureg, the length e can be arbitrarily increased to sat- two ends and the inlet and outlet holes on the discharge
isfy (4). However, a largdge results in a higher guiding loss waveguide, as shown in Fig. 1. One end of the discharge
Lw, which may hinder the oscillation of sequence bands duavaveguide was sealed by a gold-coated flat mirror mounted
to the relatively small gain coefficiepteg Thus a minimum  on a piezoelectric (PZT) actuator for cavity length tuning.
length of absorption section should be established from th&he distance between mirror and waveguide Rasm, so
parameters associated with the corresponding sequence lina. Case | coupling was formed. The other end of the dis-
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Fig. 1. Schematic drawing of the RF-excited sequence-band wave@@ddaser
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charge waveguide was followed by the absorption waveexperiment, each impedance matching circuit was adjusted to
guide. AZnSeBrewster window of2 mm thickness served have a standing wave ratio (SWR)L.5. Due to the advan-
as vacuum-tight sealing between the discharge and absorage of RF excitation, the discharge can be stably operated in
tion waveguides, so that the gas contents of both wavepulsed mode with a repetition rate of up 100 Hz In this
guide sections could be individually varied. The mountingexperiment, the RF power modules were pulse modulated at
of the absorption waveguide was designed to enable prexrepetition ofLO Hzand adjustable duty factor betwe&®bo
cise adjustment for optical alignment. The smallest distancegnd100%.
about8 mm, between the two waveguide ends was chosen The laser output power was monitored using a thermopile
to minimize coupling loss. The output end of the absorppower meter. The laser spectral signature was observed by
tion waveguide was sealed by ZnSe Brewster window. aCO; laser spectrum analyzer. Most of the sequence lines ap-
A stainless steel grating 460 groovémmblazed atl0.6 um  peared midway between the two adjacent regular lines. An
wavelength (made by Hyperfine, Inc.) was placed at a disebvious shift on the panoramic screen of the spectrum ana-
tance of~ 2.5 cm from the Brewster window. The grating lyzer can be observed when the Ho©, cell took effect,
was mounted at Littrow orientation and the laser beam waresulting in the change of lasing from the regular lines to
coupled out through the zero order diffraction, which pro-the sequence lines. The lasing of the sequence lines was also
vided around% output coupling fron®-11m. A precision  identified by detecting thd.3 um fluorescence signal in an
rotation stage controlled the grating for wavelength tuningexternal low pressur€0, cell [32]. The fluorescence was
and the beam steering reflector; Mhoved synchronously easily produced when the laser of regular lines passed through
to keep the direction of the output beam unchanged durinthe CO, cell. But there was no fluorescence from the se-
wavelength tuning. guence lines because the populationXd®1, 02°1]; ; levels

The absorption waveguide was heated by a heater wirdr producing the fluorescence is relatively low in a room
wound around the waveguide. A larger Pyrex tube outsidéemperatur€0O, cell.
the waveguide provided heat insulation. Electrical power of In our experiments, we changed the RF power, the duty
~ 30 W applied to the heater wire produced a temperature diactor of the pulsed discharge, the cooling water temperature
~ 350°C in the waveguide. The absorption waveguide wasand gas pressure to study their effects on the laser output
filled with pureCO, gas at a pressure equal to the total gagpower. The results will be summarized in the next section.
pressure in the discharge waveguide. The effective length of
the absorption waveguide was determined, from (4) and (5),
to be ~ 20 cm using estimated values gfeq~ 1%cm™t, 3 Experimental results
Yseq™~ 0.4%cm™L, T ~ 5%, ayeg~ 3%cm-1, Ly ~ 3% and
Lc ~15%. The total length of our optical cavity was 3.1 Laser output power
=125cm

The laser gain medium was typically a gas mixture ofThe laser peak power for the quartz waveguide laser, as deter-
CO,:Ny:He=1:2:7 ataflow rate of about 2 SCFH (stan- mined from the measured laser average power and the pulse
dard cubic foot per hour) and pressure of ab@@ifforr. No  duty factor, are indicated in Fig. 2 and 3. These results were
special effort was made to optimize the gas compositionobtained at a pressure 60 Torr, an RF peak power &0 W
Each discharge segment was driven by an RF power of aboper discharge segment wittb@% duty factor atLO Hzrepeti-
50 Wat 150 MHzfrequency. For all the measurements in thistion rate and cooling water temperaturd6fC. We recorded
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a total of 62 lines in the sequence bands, 34 lines in th8.2 Effects of cooling water temperature and pulsed

9.4pm band and 28 lines in th&0.4pum band. The max- discharge duty factor

imum peak power waS W. We found that the strongest line

in each branch of the sequence bands had moredanof At a gas pressure o0 Torr we varied the cooling water

the power of the corresponding regular line under the samemperature and the discharge duty factor to study their ef-

conditions. fects. Figures 5 and 6 show the results of the sequence line
For the alumina waveguide laser we obtained 40 lines iL0SP(19) and the regular line 10P(20) for comparison. In the

the 10.4 um sequence band. The results are shown in Fig. 4quartz waveguide laser the laser peak power decreased by

It was diffcult to obtain oscillation on th8.4 um sequence aboutl0% for the sequence line when the cooling water tem-

band. Nevertheless, the output power and the number of linggerature increased frod0°C to 18°C, whereas the regular

on the10.4 um sequence band were superior to the quartiine decreased by the same amoun82tC. When the duty

waveguide laser. The strongest line had a peak power déctor increased frorh0% to 100%, the laser average power

6.5 W, which is abou60% of that for the corresponding regu- of the sequence line began to decline5a% duty factor,

lar line. whereas the regular line maintained a linear increase up to
8 . : : . .
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70% duty factor. In the alumina waveguide laser, the outpub0 W, the gas pressure could be operated upddorr. The
power began to decrease when the cooling water temperkaser power for both sequence and regular lines began to de-
ture reache@®5°C and42°C for sequence and regular lines, crease when the pressure exceegigdorr.

respectively. The laser average power maintained a linear in-

crease up td 0% duty factor for both sequence and regular
lines. 3.4 Frequency tunability

The laser power was measured as a function of cavity length
to determine the frequency tuning range. We found that the
tuning range for the strong sequence lines was limited by
The gas pressure and RF power were varied in a small ranglee free spectral range (FSR) of the cavity. In our lasers
to study the resulting effects. Figure 7 shows the results fothe FSR wase 120 MHz for the cavity length o 125 cm

the 10SP(19) sequence line in the quartz waveguide laséfhe pressure broadening of the gain curves was around
When the RF peak power wd® W for each discharge seg- 200-300 MHzwhen the laser was operated at a gas pressure
ment at50% duty factor, a stable discharge was found forof 40~60 Torr. We observed that a frequency scan without
the pressure belo®0 Torr. When the RF power increased to longitudinal mode hopping could be attained over the FSR.

3.3 Effects of gas pressure and RF power
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Fig. 6. Laser average power of sequence and
regular lines versus duty factor f@&0 Torr of
COy:Nz:He=1:2:7 discharge with cooling
water temperature df0°C and RF peak power
of 50 W/segment
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The wavelength discrimination of a grating-tuned laser cavityf quartz, the cooling effect should be much better for the alu-

is determined by the spectral resolution and illumination areanina waveguide. It is a reasonable consequence of a higher

of the grating. A waveguide laser usually combines a bearoptical gain in the discharge of the alumina waveguide. How-

expander at the grating to achieve sufficient line selectivity. Irever, it was diffcult to achieve lasing on tBet um sequence

our simple waveguide laser resonator we found that the udgand. As this was also observed in [10, 34, 35], the behavior

of 150 groov¢mm grating could yield single-line operation may be explained by the dispersion property of the alumina

over the sequence band transitions. waveguide: guiding of optical waves changes~alOpm
from being leaky at shorter wavelengths to being attenuated
by total internal reflection at longer wavelengths.

4 Discussion and conclusions Finally, the use of pulsed RF excitation at a repetition
rate of10 Hzand duty factor ovet 0% yielded a steady state

Using the quartz waveguide laser, we obtained a total of 6@scillation for lines of both sequence and regular bands. As

sequence lines. Most of the lines had more thaM output  observed using a fabigCdTedetector, the shape of the laser

peak power. We studied the effects of RF excitation powerpulses was rectangular with a nearly flat top at the period of

gas pressure, cooling water temperature and duty factor @xcitation. Since the build-up time for oscillation inGD;

pulsed discharge for a gas mixture with |@®0, content. laser is of the order of microseconds, no transient effect was

The low CO, content in the gas mixture leads to the higherrecorded in our laser. By tuning and selecting the sequence

value of Tz in the dc discharge of this gas mixture [28, 33], lines carefully with thel50 groov¢mm grating, we did not

and consequently favors the sequence band oscillation [10jave a line jumping problem with our lasers.

The results of this experiment suggest that the gas mixture In conclusion, the sequence ba@@®, waveguide lasers

used in dc discharged sequence band lasers works well fare have described can provide a single line and wide tun-

RF excited systems. The optimum gas pressure of our las@rg range with relatively high peak power. The installation of

was about60 Torr. The increased gas pressure resulted ira segmented RF discharge and a gas-isolated abso@ifipn

higher gas temperature and faster collisional de-excitation afell resulted in compact systems with user-friendly operation.

thevs mode which could reduce the gain coefficient [28]. TheThese lasers can be a useful source for pumping FIR lasers

optimum conditions for the sequence bands will be studie@nd laser spectroscopic studies.
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