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1 Introduction nal total respons&(t) and amplitudeR(w) can be as the

A study of a CQ laser stabilized by the optogalvanic effect following, which are induced by the rate equation of the
(OGB and tuned by the compound cavity is presented in €O molecule laser level:

detail in this paper. According to our study, we find that it

can achieve not only a continuous tuning using the grating S(t)=Sol 1 —eXp(—t/714) ] = Spd 1 —exp(—t/724)], (D)
compound cavity, but also a stabilized frequency and power . 71

using the OGE of C@waveguide lasers. The combination _ SoiTia  So2T2a

of these two points is an effective way to develop a new R(w)= w2+ TIAZ_ w2+ TZ—AZ' 2
type of CQ waveguide lasers with stabilized frequency,
good tunability, and other favorable functions. Assumingw,. as the roll-back point of the frequency modu-

This study shows that the amplitude, sensitivity, fre- |ation, i.e.,R(w;) =0, we have
quency response, and SNR of a L@olecule increase
dramatically with the enhancement of working air pressure. w.=(Sy;/Sop) Y% (71a/ T2a) 2. ®)
The later mathematical expression formula induced through
the rate equation of the GQaser level confirms our ex- In Egs. (2) and (3), Sy; and Sy, are the high-frequency
perimental results as well. response part and the low-frequency response part of the
Combining our previous study of GQvaveguide lasers  optogalvanic signal, respectively;, and 7,5 are the re-
with a grating compound cavitywe set up a tunable and  |axation times of the upper level and lower level of the CO
frequency-stabilized CO waveguide laser system. The molecules, respectively;is the system light field function
compacted structure and the continuously tunable fre-time; andw is the light field modulating frequency.
guency and power are the most obvious advantages for a
compound cavity. The largest single line power is 8 W and 2.2  Experimental Measurement for the Optogalvanic
the output of 60 emission lines are obtained with the Signals of CO, Waveguide Lasers
change of the coupling efficiency of a coupling cavity and __ ) ) .
the incidence angle of a compound cavity grating. In the Figure 1 is the experimental setup of a £@aveguide
processes of frequency stabilization and branch selection laser stabilized by OGE and tuned by a grating compound
which are controlled by an advanced computer center, aCavity. The waveguide tube is 30 cm long; the tube diam-

long-term power stability better than 0.8% and a frequency eter is 3 mm; the ratio of the mixed gases LN,, He,
stability around 10° were obtained. and Xe is 4:3:16:1, and the air pressure varies from 20 to

100 Torr. For the each air pressure, the working current can
vary from 2 to 15 mA and the truncated frequency is be-

2 OGE of CO, Waveguide Lasers tween 20 and 2000 Hz.

2.1 Expression of the Optogalvanic Currents 2.2.1 Relationship of optogalvanic signals and the

. working pressure and the modulatin
Based on the operation of a G@nolecule lasef,* the gp g

. . S frequency
mathematical expression formulas of the optogalvanic sig- _. ) , )
Figures 2 and 3 represent the relationship of optogalvanic

signals and the working pressure and the modulating fre-

*Current address: Univ. of Notre Dame, Dept. of Elec. Engineering, 275 quency. Our_ StUdy_ shows thatc shifts _towa_rd a h|gher
Fitzpatrick Hall, Notre Dame, IN 46556. frequency with an increase of the working air pressure be-
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Fig. 1 Experimental setup of a CO, waveguide laser stabilized by
OGE and tuned by a grating compound cavity: R,C; OGE-detecting
network; D, , frequency-selection preamplifier; D,, voltage change
and power amplifier; F,, differential compensation amplifier; F,,
bias rectifier; =, sign integration; PH, phase-detecting and synchro-
nous integrating circuit; T, stepper motor; MCC: control circuit of
stepper motor; A, CO, spectrum analyzer; P, power meter; G, grat-
ing; PZT, piezoelectric ceramic transducer.

cause the higher pressure causes a reductieg,nAt the
same time, the reduction ef, also causeSy, in Eq. (2) to
reduce. ThereforeR(w) in EQ. (2) increases with the en-
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Fig. 3 OGE as a function of pressure and output power: P, out-
put power; Ai/P, OGE variation; /=6 mA, f=1000 Hz.

2.2.2 Relationship of the optogalvanic signals and
the discharge conditions

In the measurement for the relationship of optogalvanic sig-
nals to the working pressure and the current, Fig. 4 shows
that with a change of the working current the optogalvanic
signals appear to have a largest value, corresponding to the
best working current. Because the best working current has
the highest upper level excitation rate and the lower level
excitation rate is relatively low, th&y, in Eq. (2) is im-
proved greatly. Furthermore, compared with the conven-
tional lasers with equal cavity length, the waveguide laser
with much higher air pressure has an obvious advantage on

hancement of the air pressure when the system is modu-the optogalvanic current because the high air pressure and

lated by a light field whose frequency is lower thap. At

the low current cause,, to increase and, to reduce.

the optimal operation point, the best population distribution Hence, theSy, in Eq. (2) reduces sharply an, increases
between the upper and lower levels is achieved. That pointat the same time. In other words, the total optogalvanic
corresponds to the largest optogalvanic signal. The shift of current amplitudeR(w) increases as well whes is lower

w. means that the higher modulating frequency is avail- thanw,.

able, which causes discharge noises to have a smaller im-

Obviously, the optogalvanic current characteristics of

pact to the optogalvanic current so as to improve the SNR CO, waveguide lasers, such as the high sensitivity, the high

dramatically.
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Fig. 2 OGE as a function of modulating frequency and pressure:
Ai/P, OGE change unit power; w., counter spot of frequency; |,
operating current—8 maA.
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amplitude, the high response frequency, and the high SNR,
are quite favorable for the frequency stabilization.
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Fig. 4 OGE as a function of operating current and pressure in an
ordinary CO, laser: pressure P=30 Torr; waveguide CO, laser,
pressure P=80 Torr, f=1000 Hz.
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3 CO, Waveguide Lasers Stabilized by OGE and 26e n=0.92
Tuned by the Compound Cavity I

3.1 Experimental Setup

Combining our previous study on the G@Waveguide la-

sers with a compound cavifywe set up a CQwaveguide

laser system stabilized by the OGE and tuned by the com-2=/3
pound cavity. Figure 1 is the general experimental setup
including the grating compound cavity tuning and optogal-
vanic current frequency stabilizing servo control.

NN NN
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3.2 Grating Compound Cavity Tuning (Branch
Selection) System

The cavity used for the frequency selection and the tuning
of CO, waveguide lasers was often investigated by many
people. However, some drawbacks exist in the cavities they
proposed. For example, the resolution ratio and the cou-
pling efficiencies of the conventional grating cavity are N2 @b
very low and the line-jumping phenomenon occurs in the n/3 2% /3 n
process of frequency selection. Although the spherical grat- _ o _ _

ing cavity has a simple structure and good-quality beams, it Fig. 5 Eq_uwalent reflectivity r; and its reflective phase change &,

is very hard to manufacture the spherical grating with a 2° & function of ®;.

small radius. A Fox-Smith cavity has a relatively low loss

and a high resolution, but its complicated structure and

large size compromises the most favorable advantage of theand M) is 30 cm. Also,G is fixed on the substrate of the
waveguide lasers: miniaturization. Thus we proposed a spe-grating turret by the piezoelectric ceramic transducer. The
cial cavity for the continuous tuning of the G@aveguide branch selection procedure can be completed as follows:
lasers; that is, a compound cavity composed of the grating

n/3

G, the reflective mirrorsM,, M,, etc. (see Ref. & This 1. The_ computer controls a stepper motor to rotate the

type of the cavity not only has a compacted structure, but it grating so as to select 60 lines from the range of 9 to

also has a high resolution and wide tuning range, and it can 11 pm.

also completely avoid the line-jumping phenomenon. Ref- 2. For the every spectral line, the optimal output is ob-

erences 4 and 5 include a detailed presentation. tained by modulatind-; and controlling the voltage
For wavelengths stratifying the “Lettor” condition, the of the piezoelectric ceramic.

grating G is equivalent to a cavity mirror. It and partial

transmission mirror comprise the “F-P” caviticoupling On the other hand, based on the principle of the com-

cavity), and the “F-P” cavity and the totally reflecting mir-  pound cavity mode resonance proposed by Kong et al., the
ror M, comprise the compound cavity. From the viewpoint compound cavity phase chandg, not only influences the

of the resonator mirror reflectichthe coupling cavity is  total equivalent reflective index of the compound cavity,
equivalent to a reflective mirror with a tunable reflective i.e., Ry in Eq. (4), but also causés phase change of the
index Ry (Ref. 7: compound cavity oscillating mode%. .

(ry—rg)?+rrzsin’ ¢y, (1—r7)%r3sin 24,

(1—rrg)?+4rrysirt ¢y, ) tam§e=(1+rf)rscoqubb—rl(lJrr3)2 ®

Riot=

In Eq. (4), r, andr, are the reflective indices dfl; and Therefore, the accommodation kg means tuning to the
grating G, respectively. The phase displacemeb} is wavelengths of the oscillating modes, which is the basis for
(27/\)L,. Hence, for the every spectral line that is chosen study of the tuning system.

through the grating equation=2d sini, the optimal cou- Figure 5 presents the relationship of cundggaind®, as
pling efficiency of the resonator is obtained. Simulta- a result of Eq(5), and shows that there is a sensitive area
neously, the Ekh mode can be coupled into TEMwith with the change ofb,, for an appropriate transmission rate
quite low loss due tM; being as close as possible to the ri of M;. Figure 6 represents the relationship of the laser
orifice of the waveguide tubeA laser with a compound  output power(corresponding tdR,, of the compound cav-
cavity therefore not only has a compact and safe structure,ity) and the displacement of the piezoelectric cerafoa-

but also achieves continuous tuning and high power opera-responding to the coupling cavity length). This shows

tion. that the modulation th 4 is equivalent to the modulation to

HereG is an etched grating with a grating constant 120 the cavity frequency and the field strength of the compound
lines/mm; the transmissive ratio &, is 0.8;M; andM, cavity. Similarly, the stability of.; means the stability of
are both planar mirrors; the coupling cavity lengthis 3 the output power and the oscillating frequency of the com-
cm and the main cavity lengtftthe distance betweehl, pound cavity lasers.

Optical Engineering, Vol. 41 No. 12, December 2002 3321



Ma and Liang: Tunable and frequency-stabilized CO, . . .

10t
00°1 --10% 00°1 — 02%

R P

lh

10.6 A (nm)

R P

[
T

,Jl”“ R .

0 9.6 1

Fig. 7 Observed laser emission spectrum current: /=8 mA; pres-
sure P=60 Torr.
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Fig. 6 Output power as a function of displacement of PZT displace- 4 Conclusion

ment: AL;=8X10"2 um/V.
! K We used an advanced computer as the central control sys-

tem of the whole devicdexpanding four interfaces and
designing the control softwardor the processes of the
compound cavity branch selectigincluding the adjust-
3.3 Optogalvanic Current Frequency Stabilization ment and the localization of the grating incident angle and
and Servo Control System the coupling efficiency of the coupling cavityand the

When the Compound Cavity tuning System ﬁnishes the Servo feedback 90ntl’0| fOI’ the _OptOgalvaniC current fre-
branch selection process, the feedback control system forduency stabilization. The operation sequences are as fol-
the optogalvanic current frequency stabilization begins the |0_WS- ]
process of the frequency stabilization. A sinusoidal wave First, 60 spectral lines were selected through the whole
modulation voltage wittf = 1000 Hz, output from an oscil- ~ Process of the compound cavity branch selection. They are:
lator, effects the piezoelectric ceramic, which is in an opti-
mal branch selection state, and then the radiation field
modulation inside the laser cavity is formed as in E4.
(the modulation quantity of; is AL, as in Fig. 6. Si-
multaneously, this also accompanies the modulation to the
central frequency point of the oscillating wavelengths as in
Eq. (5). With the influence of outside factors, the variation
of the laser cavity causes a corresponding variation of the .
laser output power and its frequen%&An other words, it tral lines. o .
impacts on the discharge resistance of the discharge tube so For the each ou_tput ;pectral line in the stable operation
as to obtain the corresponding error signals of the optogal- State, we used a sinusoidal wave with 1000 Hz and am-
vanic current variation. plitude £50 V (equivalent toAL;=0.8 um) to modulate

As shown in Fig. 1, the whole frequency stabilization the coupling cavity lengti.,, and the time for the servo
feedback system includes two parts: the optogalvanic cur- Circuit integration is 0.3 s. We measured the each line’s
rent measurement and the servo feedback control. The opfower stability in the every spectral band and obtained the
togalvanic current signals from theRC” network is am- power stability average value 0.8% of each output spectral
plified by a preamplifieD, (gain=10%) and then is input line for a long-term(60-min) pperatlon. Figure 8 shows the
into the servo control system. To measure the tenuous sig-Output power curve of the lin@(18).
nals, we use two series of the synchronic integrator and a For a CQ lasers with a single line operation, the reso-
series of the correlator for the synchronic integrated circuits hator length is related to the laser output frequency and the
and the phase-sensitive wave detection circuits PH, so theoutput power. The frequency stability of the computing and
system has a good capacity to repress noise. The total gairgnalyzing system showed that the preceding frequency se-
of this part is higher than #Go reduce as much as possible lection range of 9 to 1lum was equivalent to av
the modulation quantiyAL, so that the laser operation =10 MHz laser oscillating frequency. Assuming the av-
stability is improved. The circuit's first seri€s drove by  erage fluctuation value of the system output power as 0.8%,
the piezoelectric ceramic is the signal synthesis, including we could estimate the change of the compound equivalent
the output signals of the phase-clocked circuit, the oscilla- cavity length to beAL~3 um from Eq. (4) and Fig. 6.
tor modulation signals, the computer-control signals, and Under the condition that the system main cavity length is
the voltage bias adjustment. The synthetic signal obtains30 cm, the corresponding single operation frequency stabil-
the =400-V output through the emitter following the dif- ity is aboutA v/v=10"°.
ferential amplifierD,. The gain of the whole servo circuit Due to the operation characteristics of C®aveguide
is 1¢°, the time for the circuit differential is 0.15 to 2 s. lasers, it is so hard to achieve the spectral line tuning and

00°1 to 100: P(12)—P(44),R(14)—R(42),
00°1 to 020: P(14)—P(44),R(16)—R(39).
The wavelength range of all the spectral lines is 9.183 to

10.860um; the largest single lingP(22)] power is up to 8
W. Figure 7 represents the output power of the laser spec-
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Fig. 8 Single line power stability 00°1 to 10°0 transition P(22) line,
/=6 mA.

the line stability simultaneously if we adopt conventional
methods, such as the spectrum absorption frequency stabi-
lization method, the lamb-dip stabilization method, etc. Our
study shows that the optogalvanic current frequency stabi- |
lization and the compound cavity tuning are effective ap- |
proaches to develop tunable frequency-stabilized, CO
waveguide lasers. Theoretical and experimental works have
proved that the C@waveguide laser has an obvious advan-
tage with respect to the optogalvanic current. The favorable
features of the grating compound cavity lie in a low loss on
waveguide mode coupling, simple but safe structure, and
tunable frequency and power. Just for these reasons, thisg
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