
where 4(x) is the probability integral. We note that in 
case c) the mean depolarization rates a r e  not equal in 
the longitudinal and transverse directions: 

6. It turns out thus that the muon method can, in 
principle, yield information on the degree of magnetic 
anisotropy of the chromium. If application of a mag- 
netic field of given strength causes rotation of the mag- 
netic moments, then the muon polarization damping in 
the polycrystal will depend on the direction of the ex- 
ternal magnetic field relative to the initial muon mo- 
mentum-longitudinal or  transverse. At large values of 
the anisotropy, the average depolarization rate in a poly- 
crystal should not depend strongly on the orientation of 
the external magnetic field relative to the initial po- 
larization. This result can be explain in general form 
by the following arguments. 

According to (9) and (ll), the longitudinal and trans- 
verse depolarization rates a r e  given by 

where A' = ~ r  G,,. For the mean values we have 
A0 (G,) (A*>- -+-, tA,,)=AO-<G,>. 
2 2 

If (A,) = (A,,), then (G,) = A0/3, meaning that in a poly- 

crystal all  the directions of the internal magnetic fields 
a re  on a par. If ( ~ , 3 ( ~ ' / 3 ,  i. e . ,  the internal magnetic 
fields at the muon (and hence also the magnetic mo- 
ments) a re  directed predominantly in a plane perpen- 
dicular to the external magnetic field, then (A,,) < (AJ. 
On the other hand if (G,,) >A0/3, i. e., the internal mag- 
netic fields a re  directed predominantly along the ex- 
ternal field, then we should have (A,,) < (A,). 

The authors thank B. A. Nikol'skii for helpful dis- 
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The conditions for efficient second-harmonic generation in diffused LiNbO, waveguides are considered. 
The overlap integrals of the interacting modes are computed as functions of the waveguide parameters. It 
is shown that the highest second-harmonic generation efficiency is attained in the case when the El (1.06 
p) and H2 (0.53 p) modes interact. Second-harmonic generation is investigated experimentally in the 
10-~-10'-~ (A = 1.06~) pumppower range, and a comparison with the calculations is camed out. The 
highest nonlinear-conversion efficiency is 16% for a peak pump power of 1 kW. 

PACS numbus: 84.40.Sr, 84.40.W~ 

Integral optics opens up general possibilities for 
raising the effectiveness of nonlinear interactions. The 
use of optical waveguides allows us to obtain in a film 
of thickness of the order of the wavelength of high 
light intensities from relatively low-power sources, 
e.g., gas lasers.  In contrast to  the three-dimensional 
case, when the contraction of the luminous flux to small 
dimensions gives rise to its considerable diffraction 
divergence, in a waveguide the small cross  section of 

the flux (and, consequently, its high density) is  pre- 
served along its entire length. Another merit of thin- 
film waveguides is the possibility of obtaining in them 
phase matching of the interacting waves a s  a result of 
the dispersion of the modes. This allows the use of 
isotropic media possessing large nonlinear coefficients. 
As to anisotropic waveguides, they do not need tem- 
perature adjustment for  obtaining ninety-degree phase 
matching. The latter i s  achieved by a proper choice of 
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the refractive-index profile. 

However, in spite of the obvious advantages of the use 
of optical waveguides for nonlinear conversion, ad- 
vances in this field have been quite modest. In particu- 
l a r ,  the second-harmonic generation realized in the 
various materials has been characterized by an ef- 
ficiency 2-3 orders  of magnitude lower than the theo- 
retical estimates,'-, which is apparently explained by 
the low quality of the waveguides used. As is well 
known; to achieve efficient nonlinear conversion, the 
nonuniformity of the film in thickness should not exceed 
0.01 p per 1 mm. The nonfulfillment of this condition 
leads to the destruction of the phase synchronism and, 
consequently, to the lowering of the intensity of the 
second harmonic. The use by Uesugi and Kimura5 of a 
diffused waveguide in LiNbO, for nonlinear converSion 
allowed continuous-wave (A = 0.53 p ) second-harmonic 
generation with an efficiency that agreed in order of 
magnitude with the theoretical estimate (~0.01%). In 
this case, however, the sample was cooled to a tem- 
perature below 0 %, which naturally complicated the ap- 
paratus. Earlier we had achieved second-harmonic 
generation without temperature adjustment with a con- 
version efficiency =0.01%6 and ~ 1 6 % ~  under conditions 
of pumping respectively by a continuous-wave and a 
pulsed garnet laser. 

In the present paper we carry  out a theoretical and . 

an experimental analysis of the possibilities of realiz- 
ing efficient second-harmonic generation in diffused 
optical LiNbO, waveguides in a wide range of pump 
powers. The analysis is carried out for pumping at the 
wavelength A = 1.06 p . 

PHASE MATCHING IN  AN OPTICAL WAVEGUIDE 

As is well known, for efficient second-harmonic gen- 
eration it is  necessary to achieve phase matching of the 
interacting wgves. In anisotropic crystals the com- 
pensation of the dispersion a t  the frequencies of the 
fundamental and second harmonics is  achieved through 
the use of differently polarized interacting waves. The 
direction of phase matching in this case coincides with 
the direction of intersection of the indicatrices of their 
refractive indices n(cp,, w)=n(cp,, 2w), a direction which 
in the three-dimensional case is  determined by the bire- 
fringence and dispersive power of the crystal. If the 
direction of synchronism does not coincide with any of 
the crystallophyiscal axes, then the interaction range 
will be limited by the divergence of the fundamental- 
and second-harmonic waves a s  a result of double re- 
fraction. Therefore, to realize an effective nonlinear 
interaction, it is  preferable to use ninety-degree syn- 
chronism, which forbids double refraction, and which 
is realized in the three-dimensional case by means of 
temperature adjustment. 

The refractive indices a re  higher in the optical wave- 
guides than in the substrate. If their increments L W O  

and hne exceed the dispersion n, - n,, of the refractive 
indices a t  the fundamental- and second-harmonic fre- 
quencies, then a compensation for n, - n,, can be ob- 
tained on account of the dispersion of the modes. In 
this case isotropic media can well be used. In the case 

of "weak" waveguides, i.e., when the increment in the 
refractive index of the waveguide layer i s  much smaller 
than the refractive index of the substrate ( ~ n < < n , ) ,  
phase matching is achieved (as in the three-dimensional 
case) only because of double refraction, but the use of 
mode dispersion allows a significant broadening of the 
phase-matching region. 

It is not difficult to verify this by examining Fig. 1, 
which shows in outline the regions of possible location 
of the indicatrices of the modes a t  the fundamental- and 
second-harmonic frequencies in an anisotropic wave- 
guide with a negative crystal a s  the substrate. The 
regions in which the indicatrices of modes of ordinary 
and extraordinary polarizations can lie a re  hatched, and 
their overlap defines the region where phase matching 
is possible. For each pair of modes phase matching 
occurs a t  a definite angle, to wit, a t  the angle at which 
the indicatrices of the modes intersect. By varying the 
depth, the shape of the profile, or  the increment in the 
refractive index of the waveguide, we can vary the 
phase-matching angles for the modes selected for the 
nonlinear interaction. It should be noted that, in order 
to be able to effect this type of variations, it is neces- 
sary  to know well the dependence of the phase charac- 
teristics of the waveguide on its structure parameters 
and also know how to control the latter during the fab- 
rication of the waveguides. For  titanium-diffused wave- 
guides in LiNbO, the angles a t  which phase matching 
of the modes is possible lie within the limits cp ~75-90°, 
i.e., by suitably choosing the waveguide parameters 
we can realize ninety-degree phase matching without 
recourse to temperature adjustment. 

OVERLAP OF THE INTERACTING-MODE FIELDS 

The realization of phase matching (even ninety-degree 
phase matching) in an optical waveguide is not a suf- 
ficient condition for obtaining efficient nonlinear con- 
version. The decisive role is  played by the degree of 
overlap of the optical fields of the interacting modes, 
the degree of overlap being characterized by the over- 
lap integral: 

where Y,(y) and Y,,(y) a r e  the transverse distributions 
of the mode fields a t  the fundamental and second-har- 
monic frequencies. The overlap integral (for an overlap 
obtained for  the phase-matching case in the plane-wave 

no +An. (2w) 
fl, (2~1 

flu +An&) 
flu l a )  

fl,(.?uJ) ff,+Afl,(Zw) 

FIG. 1. Regions where the indicatrices of modes of ordinary 
and extraordinary polarizations in L i W 3  can lie. 
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approx imat i~n~ '~)  enters into the expression for the 
second-harmonic-generation efficiency: 

where d is the nonlinearity coefficient, P, is  the pump 
power, P, ,  is the second-harmonic power, L is the in- 
teraction range, i s  the pump wavelength, n is  the re- 
fractive index of the material, and W is the beam width 
in the plane of the waveguide. 

As can be seen from the expression (I), the overlap 
integral depends on the field distribution of the modes 
of the two harmonics, which a r e  quite difficult to de- 
termine for diffused waveguides, since their profiles 
a re  not known a priori; even if they a re  known, an 
analytical solution to the wave equation for them does 
not always exist. If LiNbO, is used, then the situation 
is further complicated by the fact that this anisotropic 
crystal and the waveguides in them have different pro- 
files for ordinary and extraordinary polarizations. 
Furthermore, in Ti-diffused waveguides in LMbO, 
the waveguide is formed not only a s  the result of the 
diffusion of T i  into the crystal, but also a s  the result 
of the back diffusion of Li,O. The two processes a re  
described by different kinetics; therefore, the profile 
of the waveguide for extraordinary polarization turns 
out to be complicated.1° 

In the present paper we determine Y,(y) and Y,,(y) by 
a previously d e ~ e l o p e d ' ~ ' ~ '  method, which allows the 
determination of the characteristics (including the mode 
fields and dispersion dependences) of diffused wave- 
guides with any refractive-index distribution profile. 
This method is based on the approximation of the sought 
waveguide profile by functions allowing the analytic 
solution of the wave equation. In Ti-diffused waveguides 
in (Y-cut) LiNbO,, for ordinary polarization of the 
waves, the transverse-distribution profile no(y) is de- 
termined by a combination consisting of a parabola and 
an exponential function smoothly joined together: 

where a and h a r e  respectively parameters of the para- 
bola and the exponential function, while c i s  the coordi- 
nate of the point where the functions a r e  matched. 

The waveguide profile for extraordinary waves is, 
a s  has already been noted, more complicated, and i s  
determined by a nonsmooth combination of a parabola, 
shifted in the direction of the upper medium, and an 
exponential function: 

Here b is a parameter characterizing the displacement 
of the paraboln toward the upper medium. 

The mode fields in the indicated waveguides a re  ob- 
tained from the solution of the wave equation for the 
ordinary waves (E-polarization), and have the form 

where ,F, i s  a confluent hypergeometric function, 
J,,(cY, 5 )  is  a Bessel function, 

a= (2n,An)  '"ka, q = ~ " ~ / a ,  
y,=(n;-n,)lAn, s , = a ( l - y , ) ,  

For  the extraordinary waves (H-polarization) 

Here 

The constants C,, C,, and C, a r e  determined from the 
condition that the wave function should vanish a t  the 
boundary with a i r  and be continuous a t  the matching 
point. 

Using the obtained mode-field distributions in a Ti- 
diffused waveguide in LiNbO,, we computed their over- 
lap integrals I,, (m =1,2,3 ,4)  for the interaction o +o  
=e. Figure 2 plots shows of I,, a s  a function of the di- 
mensionless thickness CY = ( 2 n : ~ n ~ ) " ~ k o ~  for  typical 
parameters of the Ti-diffused waveguide. lo In the cal- 
culations carried out we did not take into consideration 
the insignificant variations of the structure-parameter 
ratios c/a and h/a a s  CY is  varied, since they had prac- 
tically no effect on the nature of the dependences of the 
overlap integrals I,,(cY). We do not present here the 
results of the investigation of the overlap integrals I,, 
of the modes in thicker waveguides ( a  > 6), where n > 1, 
since phase matching in such waveguides a r e  attainable 
only for higher modes (tn 2 3), and therefore the over- 
lap integrals a re  small. 

The analysis performed shows that, for  the optimiza- 
tion of second-harmonic generation in Ti-diffused 
waveguides from the standpoint of the overlap integral 
for the interacting modes, it is necessary to choose 

FIG. 2. Dependence of the werlap integrals for different in- 
teractions on the dimensionless waveguide thickness (Y (the 
vertical dashed line corresponds to the thickness of the in- 
vertigated sample). 
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waveguides of small thickness ( 0 ~ 3 )  with the use of 
lower-mode interactions. 

EXPERIMENTAL INVESTIGATIONS AND ANALYSIS 
OF THE RESULTS 

For the realization and investigation of second-har- 
monic generation, we used a waveguide prepared by 
means of thermal diffusion of T i  into a Y-cut LiNbO, 
crystal during six hours a t  960°C. The mode spectrum 
(n,*) of the waveguide was determined with the aid of a 
goniometer by the method of extracting the radiation 
through a photoconductive grid (A =0.3462 p )  deposited 
on a surface." The appropriate diffusion regime was 
chosen on the basis of the results of the above-per- 
formed analysis; the obtained waveguide was polished 
a little with a view to optimizing the thickness. There 
were excited in it the modes HI - H,, El and E, at  the 
wavelength A =0.53 IJ. and the modes E l  and Hl a t  the 
wavelength A =1.06 p .  Figure 4 shows the indicatrices 
of the refractive indices for the modes of the obtained 
waveguide at the fundamental- and second-harmonic 
frequencies. It can be seen from the figure that the con- 
ditions for phase matching a r e  fulfilled only for  the fol- 
lowing o + o = e type interactions: 

E,(1.06) +H,(0.53) ; 
E1(1.06) +H,(0.53), 
E1(1.06) +H,(0.53). 

The indicatrix of the Hl mode does not intersect the 
indicatrices of the fundamental modes; therefore, it is 
impossible to obtain phase matching for HI. 

On the basis of the n,* spectra obtained for the wave- 
guide in question, we found the refractive-index dis- 
tribution profiles for  ordinary and extraordinary po- 
larizations. These profiles were characterized by the 
following parameters: 

n:-2.2335; An0=0.0035; 
a0=4 P ; (c/a)"=0.7; 

h"4.5 p ; 

With the aid of the obtained profiles we computed the 
mode fields of the waveguide in question (Fig. 3) and de- 

FIG. 4. The indicatrices of the effective refractive indices 
for the modes of the investigated diffused waveguide. 

termined the overlap integrals Z,,(m =2,3,4). The in- 
tegral I,, was the largest, and was close to the optimum 
value (see Fig. 2); therefore, we used the El(l  .06) - ~ ~ ( 0 . 5 3 )  conversion. The pumping was performed by 
Nd3+ :YAG lasers  operating in the continuous and pulsed 
regimes. The radiation was introduced (and led out) 
with the aid of a rutile prism in the phase-matching di- 
rection; the beam width in the waveguide was -100 p .  
The pumping by the cw lase r  was realized within the 
limits 2 - 13  mW (according to the power that could be 
fed into the waveguide), and the highest conversion ef- 
ficiency was 8x10-5. In the case of pumping by the 
pulsed laser  in the free-generation regime (50-300 mW), 
the fundamental- and second-harmonic pulses (of dura- 
tion =lo4 sec)  were observed on an oscillograph 
screen, which allowed us to determine their peak pow- 
e r s  and the corresponding conversion-efficiency values 
with allowance for  the temporal shape. In the case of 
pumping by the pulsed laser  in the Q-switched regime 
( ~ t a 1 0 - ~  sec), the pulses had roughly the shape of a 
Gaussian function, and their durations a t  the wave- 
lengths of the fundamental and second harmonics dif- 
fered by a factor of a, a fact which was taken into ac- 
count in the computation of the conversion efficiency. 

The dependence, obtained upon processing the ex- 
perimental data, of the second harmonic generation ef- 
ficiency on the pump power is shown in Fig. 5. The 
highest conversion efficiency was obtained for a pump 
power -1 kW, and was equal to 16%. For  the purpose of 

FIG. 3. Refractive-index and optical-field distributions for 
the ordinary (a) and extraordianry (b) waves of the investi- 
gated diffused waveguide: a) A=1.06 p; b) A=0.53 C( . 

FIG. 5. Theoretical (dashed line) and experimental (solid 
line) pump-power dependences of the second-harmonic- 
generation efficiency (the experimental points correspond 
to pumping by a cw laser (A), a pulsed laser operating in 
the free-generation regime (O), and a pulsed laser oper- 
ating in the Q-switched regime (a)). 
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comparing the theory with experiment, we computed the 
dependence of the conversion efficiency on the pump 
power with the aid of the formula (2) fo r  plane waves. 
The length of the path along which the EL and H& modes 
interacted was L = 8  mm, but s ince the synchronism was 
not a ninety-degree one, in the expression (2) the quan- 
tity L was replaced by the product (LL,~/*, where Lo 
is the aperture length ( L O z 4  mm). The overlap integral 
I,, = 0.1 1 'I, while the nonlinear-interaction coefficient 
d = d l ,  = 1.3 x lo-' esu.12 The divergence of the radiation 
in the plane of the waveguide was neglected in the com- 
putations, since i ts  magnitude (=lo1) was smal ler  than 
the angular phase-matching width (see Fig. 6). We a lso  
neglected the attenuation of the surface wave, in view 
of i t s  weakness (<I dB/cm). 

The computed pump-power dependence of the nonlinear 
conversion efficiency (see Fig. 5) turned out to be ap- 
preciably raised with respect  t o  the experimental de- 
pendence, which has  a limiting value already a t  values 
of 17 =16%. This discrepancy i s  explained, f i r s t ,  by the 
nonuniformity of the investigated waveguide in thick- 
ness ( ~ ~ ~ 0 . 1  p ) ,  a nonuniformity which appeared a s  a 
result of the polishing of the surface af te r  the T i  dif- 
fusion (this effect i s  confirmed by the broadening of the 
n,*-spectrum lines); second, by the refractive-index 
discontinuities, induced by the light of the second har -  
monic, and observed a t  pump powers =1 kW. Thus, the 
nonlinear-conversion efficiency can be increased fur- 
ther by improving the quality of the surface of the wave- 
guide, a s  well a s  by raising the threshold for  the ap- 
pearance of optical inhomogeneities. 

We a lso  investigated the dependence of the second- 
harmonic power on the angle between the direction of 
propagation of the pumping wave and the optical axis  of 
the crystal  (Fig. 6). It can be seen f rom the figure that 
this curve has  an  asymmetric character  with respect  
to the central  peak ( E l -  H,  interaction). This is ex- 
plained by the fact that the peaks corresponding to  the 
El - H,  and h, - H, interactions a r e  superimposed on the 
left wing of the curve. The relative heights of the peaks 
a r e  in satisfactory agreement with the values of the over- 
lap integrals. The width of the central  peak exceeded 
the corresponding theoretical value by a factor of four, 
which i s  a l so  explained by the inhomogeneity, of the 
waveguide. 

Thus, the above-presented method of computing the 
profiles of a waveguide and the t ransverse  fields of the 
modes allowed us to determine the optimal parameters  
of a diffused waveguide in LiNbO, fo r  second-harmonic 
generation and t o  fabricate a waveguide in which ef- 
ficient second-harmonic generation has  been realized 
a t  pump powers severa l  orders  of magnitude lower than 

FIG. 6. Angular dependence of the second-harmonic power. 

in the three-dimensional analogs. The possibility ex- 
i s t s  of raising further the effectiveness of the nonlinear 
interaction. 

In conclusion, the authors express  their  gratitude to 
V. A. Batanov, I. F .  Belyaletdinov, S. I.  Bozhevol'nyi, 
and E. A. Shcherbakov for  their  help in the performance 
of the investigation. 
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