
Volume 20, number 3 OPTICS COMMUNICATIONS March 1977 

OF'TIMUMLASERCAVITYANDINTERNALCELLPLACE 
FORTHERMALLENSEFFECTMEASUREMENTSBYTHEPHOTOMIXINGMETHOD 

A. BURGOS*, H. MANCINI, E. QUEL and J. WESFREID** 
Grupo Laser, CITEFA - Zufriategui y Varela, Villa Martelli, Ph. de Buenos Aires, Argentina 

Received 9 December 19 76 

The photomixing method for the measurement of small absorption coefficients of liquids placed in a Brewster-angle 
celI inside a He-Ne laser cavity is optimized, and criteria are given for the location of the cell inside the cavity, as well as 
for the cavity selection. These criteria allow for a maximum sensitivity and accuracy of the method. This improved tech- 
nique has been used to determine the absorption coefficients of some organic liquids. 

1. Introduction 

The thermal lensing effect due to the localized ab- 
sorption of laser radiation by a liquid produces a fo- 
cussing or defocussing of the laser beam [ 11. The meas- 
urement of the focal length of the thermal lens allows 
the determination of the absorption coefficient b of 
the liquid [2,3]. For an intracavity Brewster-angle cell, 
b is given by [ 1,8]. 

rrKw2 nn 
b = 2(dnJdT)k’ (1) 

where w is the beam waist, dn/dT is the rate of change 
of the refractive index with temperature, P is the laser 
power, K is the thermal conductivity, F is the focal 
length of the thermal lens, n, is the refractive index 
of the liquid and 1 is the cell length. 

In 1970 Kohanzadeh and Auston [4] used the photo- 
mixing method for the determination of the focus of a 
thermal lens formed in a cell inside the cavity of a 
He-Ne laser containing a transparant liquid with a low 
absorption coefficient (1O-4-1O-5 cm-l). The meth- 
od consists of the measurement of the shift of the beat 
frequencies between an intense TEMoo4 mode that 
forms the thermal lens, and a first transversal TEMOlq 
mode which is excited 25 db below the fundamental 
one during the lens formation. It is possible to find a 
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relation between the shift and the focus of the inner 
lens in the cavity, because the lensing effect modifies 
the mode configuration [5], and thus to determine 
the absorption coefficient. This method was also used 
to measure the absorption coefficient in liquids [7]. 

One of the advantages of this technique is its high 
sensitivity relative to other thermo-optical methods 
[3&l. 

In this paper we establish a criterion for the selec- 
tion of the cavity and for the location of the inner cell, 
maximizing the sensitivity and resolution of the meas- 
urements. This improved technique is used to deter- 
mine the absorption coefficients of nine organic li- 
quids in an optimized cavity of a He-Ne laser built in 
our laboratory. 

2. The method 

2.1. Botomixing 

The beat frequency between a fundamental mode 
and its first transverse TEM,,, mode is: [4] 

VO v_ = VOlq - VOQ 7 cos -’ d%(F)%(F) 7 (2) 

where v. = c/2d is the frequency difference between 
two consecutive longitudinal modes; c is the velocity 
of light and d is the distance between mirrors in the 
cavity. The parameters Cl(F) and G2(F) are given by 
PI: 
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G2(F) = 1 - dlP - (UR2) Cd - dld2/F), 
where F is the focal length of the inner thermal lens, 
R, and R2 are the curvature radii of the mirrors 1 and 
2, respectively, and d, and d2 are the distances be- 
tween the thin cell and the mirrors. This is true if the 
diameter of the cell is large in comparison with the 
openings of the empty cavity. 

The thermal lens focus changes with the time. At 
t = 0 the focal length is infinite, and then f 3 t, it at- 
tains a stationary value given by (1). The typical time 
duration of the transient period is given by fc = 
pw2cP/4K [l] where p is the density and c the spe- 
cific heat at contant pressure. As a result o f this pro- 
cess, the beat frequency shifts due to the dependence 
of the parameters Gi(F) on the focal length. This shift 
can be measured with a spectrum analyzer.‘Then: 

6v_ =v_(t>&-v_(t=O)=v_(F)-u_(m), 

where v_(F) is given by (2) and v_(m) = (vo/rr) 
X COS-l *because G,(w) =gi which are the pa- 
rameters of the empty cavity. 

2.2. Sensitivity 

The shift of the beat frequency occurs as a response 
to a perturbation in the cavity (formation of a lens of 
focal length F). Thus the cavity with maximum re- 
sponse will be the one which gives a greater I&_ I for 
a fixed focal length. We define the value S’ as the ab- 
solute merit factor for the cavity sensitivity: 

a(sv_) -- 
” - a(l/F) 

and then I A(&u_)l = S’ AF/F2. To calculate S’ we 
have assumed that the focal distance of the inner lens 
is large in comparison with the distance d between the 
mirrors, since we are interested in liquids with small 
losses and with absorption coefficients which are im- 
possible to be measured by conventional methods. Al- 
so, a small value of I F( (large absorption), which in 
liquids usually corresponds to a negative lens 
(dn/dT < 0), will produce a strong defocusing and the 
cavity will loose stability. Thus, for small values of 
d/F, we can write: 

6v =“o gldl(l--d2/R2)+g2d2(1--dl/Rl) 
- 2nF------- -- (1 -w2hQg2 

(3) 

and the absolute merit factor for the sensitivity-is: 

c gldl(l -dz&)+g2d2 ‘J -dl/Rl) s’ =G---_ .____ 

d(l -QQ) g1g2 
’ (4) 

which is independent of the value of F and depends 
only on the parameters of the empty cavity and the 
location of the inner cell. The sensitivity as a function 
of d, corresponds to a vertical parabola (see fig. l), 
defined in the interval 0 < d, Q d. The minimum of 
the parabola is at 

d; = d(R2 - d)/(R, + R, - 2d), 

which may be outside the interval considered. In this 
case the maximum and the minimum value of S’ = 
S’(dl) will be given by S’(O) and S’(d), respectively. 
Consider a cavity with concave or flat mirrors and let 
us call R, the one with the smaller radius of curvature, 
RI < R2. The d; value will give a maximum when 
RI + R2 < 2d, if the stability condition 0 <g1g2 < 1 
is fulfilled. 

We will restrict our analysis to typical cavities 
where R, t R2 > 2d. We get a minimum sensitivity 
for d, = d; or dl = 0 or d, = d in the cases where 
d; < 0 or d; > 0, respectively. Since the sensitivity is 
a quadratic function of d,, its maximum value will be 
reached at the furthest interval limit from di. Thus, 
the maximum sensitivity corresponds to a cell stand- 
ing at a distance dl = 0 from the mirror 1 with the 
smallest radius of curvature. The most practical crite- 
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Fig. 1. Sensitivity as a function of dl for a cavity oflength 
d=1.80m. 
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rion for the location of the cell is putting it as close as 
possible to the most concave mirror. That is to say, in 
the opposite position used by other authors [4,7]. In 
the case of symmetric cavities R, = R,, the maximum 
sensitivity is reached at either extreme. The value of 
the absolute merit factor of the sensitivity for the op- 
timum cell location is S’ = S’ (dl = 0, d2 = d) or ex- 
plicitly: 

s’ = k7 1/ g2 
(1 -g1g2)g1’ (5) 

for cavities with R, t R2 > 2d. S’ reaches the maxi- 
mum for g2 + 1 and gl -+ 0 or 1. We can see that it is 
not enough that glg2 --f 0 or 1; it is also necessary 
thatgz-, 1. 

In this way the most adequate marginal cavities are 
the plane-parallel and the hemisferic ones. This anal- 
ysis completes the description given in ref. [3]. A use- 
ful graph to choose optimum cavities, considering the 
stock of mirrors in the laboratory and the possibilities 
of cavity dimensions, is shown in fig. 2. The top value 
that the sensitivity can reach is limited by the cavity 
stability through the condition [5] 

OGG,(F)G2(F)G 1, 

where F goes from 00, at I = 0 when the thermal lens 
is built, up to the value shown in (1) for t 3 t,, being 
I F( 3 d for weak absorbent liquids. With the cell in 
its optimum location GI (F) = gl -d/F and G2(F) 
= g2 ; on the other hand, laser action will occur when 
0 4 glg2 4 1. Usually in liquids dn/dT < 0, then F 
is negative and F = - IFI, so considering both condi- 
tions we arrive at: 

Fig. 2. Sensitivity as a function of g2 for different values of 
kw2 ’ 

0 Gg1g2 G 1 -g2d/lFI. (6) 
This means that in the case where g1g2 + 1 there is an 
upper bound to the sensitivity value, which corresponds 
to 

2.3. Accuracy 

Assuming a negligible error in the measurements of 
lengths, the uncertainty in the focus calculation for a 
fixed dispersion is given by AF = F2A(6v_)/S’, where 
A(sv_) is the uncertainty in the shift of the beat fre- 
quency. This means that the absolute error in the 
focus is smaller for cavities with a higher sensitivity. 
The dependence on F2 in the above expression shows 
that the relative error is directly proportional to F 
and inversely proportional to the absolute merit factor 
of the sensitivity. 

One way to decrease the focus length for a given 
liquid is to increase the absorbed power by increasing 
the laser power. This has the disadvantage of the ap- 
pearance of other thermal effects such as natural con- 
vection, lens in windows, etc. This fact points out the 
importance of working with highly sensitive cavities 
in order to increase the accuracy. 

2.4. Resolution 

The maximum value of the focus that can be meas- 
ured (lowest absorption), is given by the minimum re- 
solution (GV_)min of the spectrum analyzer and/or 
the natural fluctuations of the frequency. From ex- 
pression (1) we can see which is the minimum value 
of the absorption coefficient that corresponds to the 
maximum value of the measurable focal length: 

b 
nKw2no 

min = 2PZ(dn/dT) F,,,’ 
(7) 

This allows us to estimate the lower limit of the dy- 
namic range of measurement of the absorption coef- 
ficient. An approximation of this value is given by: 

bmin = P(dn/dT) Id 
n2Kw2n0 $5$% (!S)min, (8) 

that means that the marginal cavities with more sensi- 
tivity allow us to detect the lowest absorption coeffi- 
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cient, because b is minimum when g2 -+ 1 and gl + 0 
or 1. 

3. Experimental results 

The experiniental arrangement is shown in fig. 3. 
Considering [8] it is necessary to take the values of P 
and w from the mirror closest to the cell. The gaus- 
Sian beam waist was measured with a photomultiplier 
with a pinhole that sweeps the beam in each deter- 
mination. 

The parameters of the optimum cavity were chosen 
with the criteria explained before, on the basis of the 
mirrors available to us and of the possible cavity 
length determined by the dimensions of the discharge 
tube and the optical bench. The parameters used were: 
d = 180.5 cm, d, = 9.0 cm, d2 = 171.5 cm, R, = 2 m 
and r1 =99,9%, R2 = 10 m and r2 = 98.8% and 1=0.3 
cm. The physical constants have been obtained from 
the compilation by Solimini [9 ,l 11. 

Results for nine liquids are shown in table 1. The 
values obtained are of the same magnitude as the ones 
obtained by other authors [4,7] and with those ob- 
tained by other thermo-optical methods [2,3,9-l 11. 
For comparison, the values obtained with inner cells 
[2,4,7,9,1 l] must be corrected considering ref. [8]. 
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Fig. 3. Experimental arrangement. 1. Photomultiplier with 
pinhole for gaussian profile measurement. 2. Radiometer; 
3. Spectrum analyzer; I, Shutter; Ml and Mz mirrors, R1= 2m 
and R2 = 10m. 

4. Conclusions 

The results obtained by different authors are great- 

Table 1 

Liquid 6v_ Focus w Power 104b 
(MHz) (cm) (cm) (watt) (cm-‘) 

Carbon tetra- 
chloride 0.17 

Benzene 0.27 
Toluene 0.34 
Acetone 0.26 
Hexane 0.52 
Piridine o-.40 
Cyclohexane 0.95 
Etilic ether 1.00 
Methanol 0.30 

37.360 0.030 0.013 0.3 
23.615 0.032 0.014 0.6 
19.024 0.035 0.015 1.0 
25.001 0.034 0.006 2.2 
12.310 0.034 0.007 3.2 
15.953 0.036 0.007 3.5 
6.582 0.042 0.014 4.0 
6.236 0.031 0.009 4.1 

21.614 0.037 0.005 5.4 
_ _.._~. 

ly spread out mainly due to the difference in the 
grade of purity of the liquids. The low order of magni- 
tude of the absorption coefficients makes too sensible 
to the liquid compound. We have used grade AR liq 
uids for commercial use with no additional treatments. 

It can be noticed that in our measurements we 
have used lower power levels than in other papers, and 
in our results most of the liquids show values below 
the ones mentioned in other papers. 
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