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Theoretical and experimental investigations
on coupling-out mirrors with hole for a cw CO02 laser
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In this paper investigations on output mirror transmittance and output power of a
cw CO02 laser as a function of coupling-out hole diameter are described. While consid-
ering the maximum output laser power the optimum value of mirror transmittance
and the optimum diameter of coupling-out hole have been theoretically calculated.
The results obtained were verified experimentally.

]. Introduction

The laser optical cavities equipped with the output totally reflecting mirror
with coupling-out hole in its centre are of importance if the lasers operate in
the infra-red region. Such a structure of the laser cavity permits an easy regu-
lation of output mirror transmittance through the choice of coupling-out hole
diameter. It is especially convenient in the high power laser structures, such as
continuous wave CO02 lasers. These inexpensive mirror« are moreover charac-
terized by a high thermal resistance.

In this paper theoretical and experimental investigations on the properties
of concave output mirror with coupling-out hole are presented. Theoretical
results were experimentally verified using a low power cw CO02 laser.

2. Transmittance of output mirror with hole

Assuming the Gaussian intensity distribution of the laser beam at the surface
of the output mirror (see Fig. 1) the transmittance t can be obtained as a func-
tion of coupling-out hole diameter 2r [1]. The output power P of the laser

Pig. 1. Ouptut mirror with hole and distribution of laser
beam intensity | at mirror surface, vs. the distance r from
the beam axis
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radiation is
P = tPo Q)

where POis the total power inside the laser cavity. The intensity I(r) of the
laser beam inside the laser cavity may be described by the equation

I(r) = 10exp[ —2r2w? )

where is the intensity of the laser beam at its axis, r —the distance from
the beam axis, 2w —the diameter of the laser beam inside resonator.

Integrating Eq. (2) over the radius r from 0 to oo we get the total power
of the radiation inside the laser cavity

PO= nw'lJ2. 3)

The output power contained in a hole area of radius r is
P - JT I(r)2nr dr —i‘r’rﬂ O[1 —exp( —2r2w2)]. 4

Combining Egs. (1), (3) and (4) we get the expression which describes the
transmittance t of output mirror in term of coupling-out hole diameter 2r

t = 1—exp[ —2r2w2). (5)
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Fig. 2. Shape of laser beam inside optical cavity: confocal resonator (a), hemispherical
resonator (b). 2wl, 2w2 — diameters of laser beam at mirrors 1 and 2, respectively, 2w0 —
waist of laser beam, B1, B2 — radius of curvature of mirrors 1 and 2, respectively, L —
length of resonator

For the length L of optical cavity (Fig. 2a), the waist diameter 2w0and the
laser beam diameters 2wg and 2wz at the mirror surfaces of the curvature radii
Pj and B2 respectively, in a general case, are given by [2]:

L{RI- L)(B2- L) (Pj+P2- L)

wo = (JiM)2 (P1+ P2-2P)2 (6
_ L(R2-L)

W —ORIZ o (R1 P21 ®

u'l = (PR2In)2 L(R1-L) 8)

(P, —L) (Px+ P . —P)
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where Xis the wavelength of the laser radiation.

The total reflecting mirror was replaced by the plane diffraction grating
in the considered optical cavity. Treating the grating as a plane mirror with
the curvature of radius R1= < (Fig. 2b) we obtain

««=«% = (XInY{R2-L)L, )
w\ = (Xjn)RIL/(R2—L). (10)

Since in the. considered optical cavity the laser power is coupled-out through
the mirror with the radius of curvature R2= R, we may replace w in Eqg. (5)
by w2 to obtain finally

2r2[L (R-L)fR\
(XMLR  J

Figure 3 shows the variations of the output mirror transmittance t in term
of the coupling-out hole (radius r), where the radius R is a parameter. These
theoretical curves have been calculated from Eq. (11) for optical cavity 1.07 m
long.

t = 1—exp 11,

Fig. 3. Theoretical plots of output mirror transmittance | vs. the coupling-out hole of radius r
(B — radius of mirror curvature)

3. Output power of laser

In this Section we consider the laser output as a function of the output mirror
transmittance and the active medium parameters.

Let us consider the active medium enclosed within two mirrors: the transmit-
ting mirror 1 with the effective reflectance @ = 1—a—t (where a is the net
intracavity losses) and the total reflecting mirror 2 with the effective reflectance
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f. = 1 separated by the distance L. The laser beam of the initial relative inten-
sity = 1Jig (li and I8being the intracavity radiation intensity and the satu-
ration intensity, respectively) that starts from the mirror 1 reaches the value
Pi = 1J1Sand so on (Fig. 4). If the output laser beam intensity coupled-out

Fig. 4. Growth of laser beam intensity during each transit inside the optical cavity of the

length L: t —transmittance of output mirror, a —all losses of mirror except for the trans-

mission ones, rxand r2 —reflectance of output mirrors 1 and 2, respectively, /?, /22, pa and
— relative intensities of laser beam

through the mirror 1 is I, then we can write

lis = /M, (12)
or, for the output power P,
PIPS = (13)

where Ps is the saturation power.
According to Kigbod [3], we have finally

¢ilgb+ In(I —a—t)
2(u+f)
where g0 is the unsaturated gain coefficient.
This expression is obtained at the assumption that an emission laser line is

broadening homogeneously. The broadening of the emission line for the inves-
tigated cw CO02 laser will be determined.

P— 3—Pgt (14)

4. Broadening of the CO laser emission line

In order to determine the broadening of a C02laser emission line the gas tem-
perature T in discharge tube should be estimated. According to [4], the temper-
ature of a CO02laser gas mixture can be approximately calculated from the
following equation:

T2= T\+0.255 A~IIdE (15)

where TO0is the temperature of the discharge tube wall, Idis the current inten-
sity, E —the electric field intensity inside the laser tube, A = AANAT —the
directional coefficient of the thermal conductivity A vs. the temperature T
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For the three-component gas mixture of the C02laser, like in our experiment
the summary coefficient of thermal conductivity may be calculated from [5]:

486
1+ 0.81(pN/p(2) + 0.23 (PuelPco?)
a\%

1+1-"N(Pco 21Pn2) + 0-3AHaPn2

N
| +0.34(pA2/pHe) + 2.7 (Px2IPHe)

where Ac2 Ay, and A+ are the thermal conductivity coefficients for C02 X2
and He molecules, respectively; pOo2>Ps2 aQd plk are the partial pressures of
the CO02 laser gas mixture components. In our case Pco2'Pn2¥Ps& ™ 1.7:1.7:
6.6. Taking the values of AQJ!, A\j and Ab at different temperatures Ti and T2
from [6] we obtain

¢h(T) N(Tt)-XATX)

A= AT T2-T,

m 2.3-10“6W/cm K. (17)
The electric field intensity E inside the discharge tube, at the discharge length
le = 0.75 m, the voltage drop across the tube Uac = 7750 V and the voltage
cathode drop Uc = 450 V [7], is

E = |1:'1<c-u@ fa 100 V/cm. (18)

According to Egs. (15)-(18) at the laser tube wall temperature TO fa 288 K
and at the optimal discharge current 1d = 20 mA, the temperature of the gas
mixture of investigated C02laser is T pa 550 K.

The spectral width of an inhomogeneous broadening emission line (Doppler
broadening) AvD may be calculated from [8]:

A | 2TcTIn2 YT (19)

where it is the Boltzmann constant (X = 1.35805-10 Z J/K), ¢ — the light
velocity (c = 3-108m/s), vO — the frequency of the emission line centre
(vo(P20) fa 2.83-1013 Hz [9]).

For the 002 molecules at T 550 K we get

Awd (002 fa 70 MHz. (20)

It is well known that in a homogeneous broadening, AvL(G02), of C02
laser emission line the 002C0O2 COaHe and C02IS2 collisions play the most
important role [10]. The homogeneous broadening AvL{G02), depends on the
pressure p and temperature T of the C02laser gas mixture and may be estimated
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by moans of expression [11]:

AV = 7.58(yQR+0.73 yNj +0.61 yHe) p(300/T)12 1)
where :
AC02
YC02 A 02 AN+ AHo
*H
- - 22)
¥X Nom+AN; + A kb

He
*C02+ *TK2+ ‘b

For the optimal gas mixture composition Nco,,: AN : He =1:1:4, the opti-
mal total pressure p = 1330 Pa (10 Torr) and the gas mixture temperature
T s- 550 K we get

AV {C02) sa 40 MHz. (23)

Ylle

Aceo ding to [12] the broadening of the emission line of the CO02laser active
med um cin be treated as being homogeneous, because the values of AvD{C02)
and Jit,(CO 2 have the same order of magnitude. Hence, for calculation of the
CO02 laser output power the expression (14) can be used.

5. Experimental arrangement and results

Ti e experimental investigations were carried out using the cw CO02laser of the
following structure :

The discharge laser tube 60 cm long and 1.4 cm in diameter was operated
with nonflowing gas at the discharge current of 20 mA and the voltage drop
tcross the tube of 7750 Y. In order to reduce the output power fluctuations
ahe discharge current stabilizer was used. The gas mixture of C02:H2:He
gases of partial pressures given at 1:1: 4, respectively, was applied at the total
pressure of 10 Torr. Each end of the discharge tube was closed with a ISTad
window places at Brewster’s angle and covered with antihygroscopic CaF2
layer. The laser radiation was coupled out through the hole in the centre of
the gold-coated concave mirror of the radius curvature R = 10 m. The coupling-
out hole in the glass mirror was made by ultrasonic machining method. The op-
posite side of the laser cavity was terminated by the diffraction grating placed
at the distance L —1.07 m from the output mirror. The plane diffraction grat-
ing was used to select laser lines. All the measurements were performed at
P20 line of 10.4 pm band. The output laser power was measured by noncooling
CdHgTe detectors [13], scaled by a bolometer. The experimental investigations
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were performed on coupling-out holes of the radii 0.50, 0.75, 1.00, 1.25 and
1.50 mm.

The output laser power P(r, R) and the transmittance t(r, R) of the concave
output mirror (R —10 m) with hole vs. the coupling-out hole of the radius
r are plotted in Fig. 5 from the formulae (11) and (14), respectively. In this
figure the experimental results are also shown [14]. The experimental data are
in satisfactory agreement with the theoretical results.

Fig. 5. Theoretical plots of transmittance t(r, B) and output power P (r, B) vs. the coupling-
out hole radiuB r at the radius of the output mirror curvature B = 10 m. The experimental
results are also marked

6. Conclusions

All the above considerations are valid only at a single-transverse-mode laser
operation. At the upper order transverse modes and at noncorrect adjustment
of the optical cavity the expressions (11) and (14) become not valid. Some
aspects of these cases are published in another paper [15].
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TeopeTnyecKne W 3KCMNePUMEHTaNHblE WCCMef0BaHUS BbIBOAHbLIX 3epKasl C OTBEPCTUEM
B COr nasepax

B pa6oTe MpeAcTaB/eHbl MCCNeoBaHMA NPOMYCKaHMA BbIXOAHBIX 3epKan U BbIX0A4HOM MouiHocTM C 02
nasepa B 3aBUCMMOCTY OT AMameTpa BBOA-BbIBOAHOTO OTBEPCTBUS. Ha 0CHOBE MaKCMasbHOM BbIXOAHOM
MOLL{HOCTM /1a3epa TEOPETUYECKU BbIUMC/IEHbI ONTUMAa/IbHOE MPOMyCKaHVe 3epKasia U oNTUManbHbIi Ana-

MeTp

BBOJ-BbIBOAHOI0 0TBEPCTUSA. [lonyyeHHble pe3ynbTaTbl MPOBEPEHbl 3KCMEPUMEHTA/TLHO.



