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Abstract 

Niobium compounds, mainly mixed oxides, have found wide application in 
ultrasonics, acoustooptics, electrooptics, and nonlinear optics. IJltrasonic 
applications include transducers, wideband microwave delay lines, filters, 
and a variety of surface acoustic wave (SAW) signal processing devices, 
largely based on single crystal lithium niobate. The acoustooptic (AO) 
applications of niobates include beam scanners and deflectors, modulators, Q- 
switches for lasers, tuneable optical filters, and a number of more exotic 
signal processing devices. Electrooptic (EO) applications of niobates 
include optical polarization and phase modulators for communications, Q- 
switches for lasers, holographic storage, and integrated optical circuits. 
Niobates are used in nonlinear optics for optical frequency doubling, optical 
mixing, and parametric oscillation. ?or virtually all of these applications, 
the niobium compounds are prepared as large, high quality single crystals, 
and are then appropriately processed by orienting, cutting, and polishing. 
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Introduction 

Niobium compounds, primarily mixed oxide single crystals, have found 
very wide application in the areas of ultrasonics, surface acoustic wave 
devices, acoustooptics, electrooptics, and nonlinear optics. The most useful 
material is predominantly lithium niobate, although the list of niobium 
compounds used in these applications is impressive for a single element. In  
Table I is listed a number of niobium compounds and their applications 
obtained from the literature over the last twenty years. While many niobium 
coumpounds have been prepared and studied on an experimental basis, lithium 
niobate has been utilized on a large scale in both commercial and military 
systems. Therefore, this paper will deal mainly with the uses of lithium 
niobate. Applications of other, but less widely utilized, niobium compounds 
in electrooptics will be described. 

Lithium niobate is one of those rare materials, such as silicon, that 
has a multitude of useful properties and yet can be readily grown, processed, 
and used in devices. It is a transparent, moderately hard, and relatively 
dense material that physically resembles clear glass. The physical, acous- 
tic, electrooptic, and nonlinear properties of lithium niobate are summarized 
in Table 11. 

Preparation o-f Crystals 

Lithium niobate single crystals are grown by the Czochralski process 
from a high temperature melt contained in a platinum crucible heated by radio 
frequency induction or by platinum resistive heater elements. Figure 1 shows 
a schematic diagram of a typical Czochralski crystal growth station that is 
used to grow niobate single crystals. The melt is prepared from the ap- 
propriate reagents, an oriented single crystal seed is dipped into the melt, 
and then withdrawn very slowly. The furnace is designed to control tempera- 
ture gradients in the space over the melt to avoid strain and cracking in the 
crystal boule. 

The niobate crystals used in many applications are ferroelectric in the 
temperature range of interest. That is, they exhibit a spontaneous dielec- 
tric polarization in a similar way as a ferromagnetic material exhibits a 
magnetic polarization. A ferroelectric such as lithium niobate undergoes a 
phase transition from the paraelectric to the ferroelectric state as the 
temperature is reduced below the Curie point. TJpon cooling through the Curie 
point from the growth temperature, the crystal becomes polarized in a mosaic 
pattern of oppositely polarized domains so that the average polarization is 
zero and the net free energy is minimized. 

Unfortunately, the performance of virtually all the devices depends 
critically upon having single domain, single crystal specimens. The crystals 
must, therefore, be "poled" in a furnace similar to the one shown in Figure 
2. The crystal is polished on the polar faces, usually the faces normal to 
the c-axis, and conducting platinum paste electrodes applied. The crystal 
is heated to a temperature above the Curie point and sufficient voltage is 

applied to produce a current density of the order of lmA/cm in the crystal. 
The crystal is then cooled slowly through the Curie temperature to produce a 
single domain specimen. After poling is finished, the crystal can then be 
cut and polished to fabricate samples of the desired size and shape. 

2 
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Table I. Niobates Used as Piezoelectric Transducers. 

DIELECTRIC CONSTANT ELECTROMECHANICAL COUPLING FACTOR 
LOW FREQUENCY LONGITUDINAL SHEAR 

Material ‘IF0 ‘ 2 F O  ‘3FO - k ORIENTATION - k ORIENTATION 

LiNb03 43 45 29 ‘ 0.49 36” rotated X-cut 0.67 X-CUT 

Ba2NaNb 0 225 225 32 0.54 2-Cut 0.25 X-, Y-CUT 

PbNb206 760 90 130 0.48 2-cut 0.74 Y-CUT 
5 15 

Table 11. Acoustooptic Properties of Niobates. 

ACOUSTIC WAVE V r OPTICAL WAVE FIGURE OF MERIT 

MATERIAL - MODE DIRECTION (105cm/s) (dB/cm/GHz2) DIRECTION POLARIZATION (10-18s3/g> 

LiNb03 L I1001 6.57 0.15 [OlOI [OOlI 2.20 7.00 
L lo011 7.33 0.15 I1001 [OlO], [OOl] 2.29 4.50 
S [OOlI 2.59 2.6 [lo01 lo101 2.29 2.29 

[OOlI 5.50 4 [ 1001 [OOlI 2.30 38.6 

[lo01 [OOl I 2.27 8.6 
Sr0.75Ba0.25Nb206 

Sr0.5Ba0.5Nb206 
Ba2NaNb5015 4 [OOlI 6.25 15 [ 1001 [OlO], [OOl] 2.25 1.2, 4.2 

L [OOlI 5.50 4 

s [loll 3.68 20 [OlOl [OOlI 2.25 9.2, 49.5 

18 s3 X = 0.633 m, M2 (Fused Silica) = 1.5 x 10 .g 



Figure 1. Crystal Growth Furnace. 
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Figure 2. Poling Furnace. 
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Acoust ics  

Acoust ic  devices f a l l  i n t o  one of two bas i c  ca t egor i e s ,  namely, bulk 
wave o r  su r face  wave devices.  Bulk a c o u s t i c  waves are e i t h e r  l o n g i t u d i n a l  
waves, s i m i l a r  t o  sound waves i n  a i r ,  o r  shear  waves, f o r  which the  medium 
motion is normal t o  the d i r e c t i o n  of wave propagation. Figure  3 i l l u s t r a t e s  
t h e  two types of bulk a c o u s t i c  wave motions. Seve ra l  parameters c h a r a c t e r i z e  
an  a c o u s t i c  medium such a s  a niobate  s i n g l e  c r y s t a l .  These include the  
v e l o c i t y  of propagation f o r  each wave type,  t he  p o l a r i z a t i o n  of the  shear  
waves, t he  acous t i c  impedance, and the  a c o u s t i c  a t t enua t ion .  The e las t ic  
wave v e l o c i t i e s  were repor ted  by Spencer (1) f o r  l i t h ium niobate .  

The generat ion of bulk a c o u s t i c  waves is accomplished by a device c a l l e d  
a t ransducer .  The most common ve r s ion  c o n s i s t s  of a t h i n  p l a t e  of piezo- 
electric material with e l ec t rodes  bonded t o  both su r faces  of the  a c o u s t i c  
medium. The t ransducer  p l a t e  is cut  t o  a th i ckness  of one half  of an acous- 
t i c  wavelength at  the  design cen te r  frequency. I n  opera t ion,  r ad io  frequency 
vo l t age  is appl ied  t o  the  e l ec t rodes  through an appropr i a t e  matching network, 
and t h e  p l a t e  expands and c o n t r a c t s  through t h e  p i e z o e l e c t r i c  e f f e c t ,  launch- 
i n g  an a c o u s t i c  wave i n t o  the  medium. A bulk wave t ransducer  is shown 
schemat ica l ly  on each end of a delay medium i n  Figure  4 ,  f o r  which a c o u s t i c  
pu l ses  r ep resen t ing  binary da ta  are depic ted.  The t ransducer  acts as a 
source  of a c o u s t i c  waves on the  t r a n s m i t t i n g  s i d e  and as a r ece ive r  on the  
oppos i t e  end. Delay l i n e s ,  which form the  bases of major a p p l i c a t i o n s  f o r  
a c o u s t i c  device technology, are used f o r  temporary da ta  s to rage  i n  var ious  
s i g n a l  process ing app l i ca t ions .  

Transducers are an important a p p l i c a t i o n  f o r  n iobates  because these  
materials e x h i b i t  l a r g e  e lec t romechanical  coupling f a c t o r s ,  k,  which is a 
measure of the  degree t o  which an app l i ed  electric f i e l d  induces mechanical 
s t r a i n  i n  a p i e z o e l e c t r i c  material. I€ t h i s  f a c t o r  i s  l a r g e ,  a t ransducer  
can conver t  electrical  energy t o  mechanical energy with good e f f i c i e n c y  over 
a wide frequency range. Acoust ic  t r ansduce r  des ign is a complex sub jec t  i n  
i t s  own r i g h t  and w i l l  not be t r e a t e d  i n  d e t a i l  here.  It s u f f i c e s  t o  say 
t h a t  a des igner  can select a t ransducer  material based on i ts  k value ,  
d i e l e c t r i c  cons tan t ,  a c o u s t i c  impedance, and a c o u s t i c  d i s s i p a t i o n ,  then 
c o n t r o l  t h e  th ickness  of t he  t ransducer  p l a t e ,  t he  area of the  e l e c t r o d e ,  and 
t h e  na tu re  of t he  bonding l a y e r s  t o  t a i l o r  t h e  response of the  t ransducer  f o r  
a s p e c i f i c  requirement. General ly ,  t h e  c e n t e r  frequency, bandwidth, and 
conversion l o s s  are the  des ign parameters of concern. To i l l u s t r a t e  these  
cons ide ra t ions ,  i n  Figure  5 is shown t h e  normalized electrical  inpu t  conduc- 
tance of a l i t h i u m  n ioba te  t ransducer  bonded t o  fused s i l i ca  designed f o r  a 
mechanical resonant frequency of 185 MHz (2). The computer generated curves 
were computed f o r  a range of k values .  Transducers have been operated a t  
MDAC wi th  resonant f requencies  as high as 2 GHz. In Table I, are l i s t e d  some 
of the  n iobates  t h a t  have been used f o r  t ransducer  app l i ca t ion .  

Because s i n g l e  c r y s t a l  n ioba te s  are a n i s o t r o p i c  materials, the  c r y s t a l-  
lograph ic  o r i e n t a t i o n  of t h e  t ransducer  p l a t e  s t rong ly  a f f e c t s  i t s  perform- 
ance. The reasons f o r  t h i s  behavior are complex, but have been analyzed ( 3 ) .  
Figure  6 ,  shows the  computed v a r i a t i o n  of e lec t romechanical  coupling f a c t o r  
with t ransducer  o r i e n t a t i o n  f o r  s e v e r a l  n ioba te  c r y s t a l s  along with experi-  
mental values  where ava i l ab le .  A s  can be seen from the  d i s s i m i l a r  behavior 
f o r  shea r  and l o n g i t u d i n a l  waves, o r i e n t a t i o n s  t h a t  produce pure shear  o r  
pure l o n g i t u d i n a l  waves can be found. 
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Figure 3. Particle Motions for Bulk Waves. 
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Figure 4. Acoustic Delay Line. 

An important appl icat ion f o r  s i n g l e  c r y s t a l  niobate compounds is a s  
s u b s t r a t e s  f o r  surface acous t i c  wave (SAW) devices,  such as  delay l i n e s  and 
f i l t e r s ,  which a r e  u t i l i z e d  in radar ,  communication systems, and even t e le-  
v i s i o n  receivers  and video games. Single  c r y s t a l  n iobates ,  p a r t i c u l a r l y  
l i th ium niobate ,  a r e  a t t r a c t i v e  f o r  SAW subs t ra tes  because of t h e i r  l a rge  
electromechanical coupling f a c t o r s  and low high frequency losses  f o r  su r face  
acous t i c  waves. Surface acous t i c  waves a r e  acous t i c  waves tha t  a re  physi- 
c a l l y  bound t o  the  i n t e r f a c e  between the  s u b s t r a t e  and a i r ,  much as  the  
r ipp les  on a.pond. Surface acous t i c  waves a r e  usual ly  generated using 
i n t e r d i g i t a t e d  e lectrode p a i r s  l i k e  those shown in Figure 7. A radio f re-  
quency voltage applied between the  e lec t rodes  causes the  surface of a piezo- 
e l e c t r i c  subs t ra te  material l i k e  l i th ium niobate t o  d i s t o r t  pe r iod ica l ly  and 
launch a bound surface wave a s  shown. A SAW transducer is designed so t h a t  
the  f inger  spacing is one half  of a su r face  acous t i c  wavelength a t  the  center  
frequency. Transducer e f f i c i ency  drops off on e i t h e r  s i d e  of the  resonant 
frequency, but the  p rec i se  response depends upon the  transducer design and 
coupling f a c t o r  of the  subs t ra te .  A t ransducer  can a c t  a s  a receiver  a s  wel l  
a s  a t r ansmi t t e r ,  SO tha t  SAW delay l i n e s  can be fabr ica ted  on a common 
subs t ra te .  I f  the  frequency response of the  transducers in t h i s  configura- 
t i o n  is properly engineered, a f i l t e r  can be fabr ica ted  with impressive 
performance charac te r i s t i c s .  SAW devices have operated t o  frequencies in 
excess of IGHz, but a re  l imi ted  a t  higher f requencies  by s c a t t e r i n g  from 
sur face  imperfections. 

Acoustooptics 

Several niobate s i n g l e  c r y s t a l s  a r e  used a s  acoustoopt ic  (AO) mate r i a l s  
in a va r ie ty  of devices,  again with l i th ium niobate  being t h e  most useful .  
In an A 0  device, a l i g h t  wave i n t e r a c t s  wi th  an acous t i c  wave through the 
pho toe las t i c  e f f e c t  and is sca t t e red .  The pho toe las t i c  e f f e c t  is an o p t i c a l  
phenomenon wherein the  ve loc i ty  of l i g h t  in the  A0 medium is l i n e a r l y  propor- 
t i o n a l  t o  appl ied s t r a i n  (4).  The change in r e f r a c t i v e  index n, which is the  
r a t i o  of the  speed of l i g h t  in vacuum t o  t h a t  in the  medium, is given by: 
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Figure  7. Saw Delay Line. 

where p is t h e  p h o t o e l a s t i c  c o e f f i c i e n t  and S is t he  app l i ed  s t r a i n .  The 
pho toe la s t i c  c o e f f i c i e n t ,  app l i ed  s t r a i n ,  and r e f r a c t i v e  index are a l l  tensor  
q u a n t i t i e s ,  and must be manipulated by tensor  a n a l y s i s ;  however, t he  rela- 
t ionsh ip  expressed by Equation (1) is conceptual ly  va l id .  
wave i n  a s o l i d  medium c o n s i s t s  of a l t e r n a t i n g  regions  of p o s i t i v e  and 
negative s t r a i n ,  whether shear  o r  l ong i tud ina l ,  moving a long a t  the  phase 
ve loc i ty  of the  wave. The s t r a i n  i n  an a c o u s t i c  wave is r e l a t e d  t o  the  
acous t i c  power P by: 

A p l ana r  a c o u s t i c  

2P 

where p , u ,  L,  and H are the  dens i ty ,  a c o u s t i c  v e l o c i t y ,  beam width and beam 
height ,  r e spec t ive ly .  
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Through the photoelastic effect, a refractive index variation is associ- 
ated with the regions of varying strain in the acoustic wave that propagates 
along at the phase velocity. Such a pattern represents a moving optical 
phase grating that can diffract and doppler shift a laser beam incident at 
the proper angle. In Figure 8, is shown an acoustooptic device operating in 
the Bragg regime which occurs for relatively long interaction regions and 
results in a single diffracted beam. The propagation vector % of the dif- 
fracted light (k = 21 / x )  is the vector sum of the incident wave vector and 
the acoustic wave vector. When the angle of incidence between the incident 
beam and the acoustic wave is equal to the Bragg angle, the diffracted beam 
intensity is maximum. The Bragg angle is given by: 

sin 9 = K/2k 
( 3 )  B 

where K is the acoustic wave propagation constant. When the intensity of the 

diffracted beam is measured as a function of angle of incidence, a sinc 
(9-0 ) dependence is observed. 

2 

B 

The intensity of the diffracted beam depends upon the acoustic power, 
the dimensions of the acoustic beam, the wavelength of the light, and the 
properties of the A 0  medium itself. The intensity of the Bragg diffracted 
beam is given by: 

112 
2 n  M P L  

= sin [ x ( -2--) I 
2n ( 4 )  

6 2  2 where M2 is called the figure of merit (M2 = n p /pu ) and depends only on 

the A0 material parameters. Because of the tensor nature of the material 
parameters, the value of M depends on the direction of propagation of the 

acoustic wave, the polarization of the light wave, and the nature of the 
acoustic wave, i.e. its type and polarization. The orientational variation 
in M for a given crystal can be very substantial, so that M is not quoted 2 2 
for a material without specifying the experimental configuration. 

2 

The acoustooptic properties of several niobate single crystals are shown 
in Table I1 along with reported applications (5). The common generic appli- 
cations for A 0  devices include modulators, beam deflectors, and optical fre- 
quency translators. Modulators operate by diffracting light out of the 
incident beam when radio frequency is applied to the acoustic transducer 
attached to the crystal, and the mode of operation can either be analog or 
digital. The parameters of interest are the rise time or bandwidth, extinc- 
tion ratio or modulation depth, and the drive power required. A 0  modulators 
are used in many diverse applications such as data transmission, laser 
recording, acoustooptic multiplexing, and cavity dumping of lasers. Lithium 
niobate has a moderate value for M for acoustic waves propagating in the 2 
(001) direction, an acoustic propagation direction for which M2 is essen- 

tially the same for light polarized parallel or perpendicular to the (001) 
direction; therefore, this crystal cut can be used for polarization insensi- 
tive Bragg cells. 

Lithium niobate is used as an A 0  medium for applications that require 
very high acoustic frequencies and large fractional bandwidths. This is 
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Figure 8. Acoustooptic Bragg Device. 
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-18 because, while lithium niobate has only a moderate value of M2 (7.0 x 10 

s /g), the acoustic losses are very low and a polarization insensitive device 
can be built. Wideband modulators have been built with center frequencies 
between 1 GHz and 2GHz using lithium niobate with fractional bandwidths as 
great as 1 GHz. Another niobate crystal used for A 0  modulators is Sr Ba 

3 

x 1-x 
Nb206, with a value of x equal to 0.75, for which the value of M 

ably high (38 x 10-18s3/g). 
is reason- 2 

The angle between the incident and diffracted beams depends upon the 
acoustic frequency, and therefore an A 0  beam scanner can be constructed. The 
wave vector of the diffracted light is always equal to the vector sum of the 
wave vector of the incident light and the acoustic wave vector. The maximum 
diffracted intensity occurs when the Bragg condition, Equation ( 3 ) ,  is 
satisfied, but significant diffraction occurs over a band of frequencies. 
Figure 9 shows the situation that occurs for frequencies above, at, and below 
that which satisfies the Bragg condition for a fixed angle between the 
incident beam and the acoustic beam. The bandwidth of the device is defined 
as the frequency interval over which the diffracted beam intensity is within 
50 percent (3 dB) of the peak value. It is given for small peak diffraction 
efficiencies by: 

Af = 1.8 nv 2 /XfoL 

(5) 

where f is the frequency for which the Bragg condition is satisfied. To 
achieve even wider Bragg bandwidths, multiple acoustic beams are utilized. 

Ream scanning is a major application for A 0  deflectors, and lithium 
niobate is used in some of these instances where large values of f 

required. 
dominated by lithium niobate is for wideband A 0  signal processors for ad- 
vanced military applications. Two such applications include the radio 
frequency spectrum analyzer and the A 0  time integrating correlator. 

are 

One very important application for Bragg cells that is virtually 

Since the diffracted beam intensity is proportional to acoustic power in 
the small signal limit, and the angle of diffraction is proportional to the 
acoustic frequency, diffraction of a laser beam by an acoustic beam produces 
a diffracted beam that accurately represents the spectrum of the acoustic 
signal. In Figure 10, is shown a schematic diagram of a radio frequency 
spectrum analyzer and an A0 time integrating correlator. 
signal to be analyzed is mixed with a local oscillator, and an IF signal is 
generated within the bandwidth of the A0 Bragg cell; thus, the acoustic beam 
generated has the same spectrum as the initial radio frequency signal. The 
distribution of diffracted power with respect to angle is linearly propor- 
tional to the radio frequency power as a function of frequency, i.e. the 
radio frequency spectrum, for the input signal. The Fourier transform lens 
collects the diffracted light and brings it to focus at the back focal plane, 
where intensity versus transverse position is linearly proportional to radio 
frequency power versus frequency. 

The radio frequency 

The time integrating correlator, also shown in Figure 10, is somewhat 
more complicated. 
signal S,(t), and the input signal S2(t) is impressed on a radio frequency 
carrier and applied to the A0 device. 
array of detectors by the Fourier transform lens. 

The laser beam intensity is modulated with a reference 

The acoustic beam is imaged on an 
The intensity of the light 
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Figure 9. A0 Beam Deflector. 
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Figure 10. Acoustooptic RF Spectrum Analyzer (above) 
and Time Integrating Correlator (below). 
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a t  a posi t ion x i n  the transform plane i s  proportional t o  S l ( t )  
d ( t  - --), where i is  position within the acoust ic  beam and v is  the acous- 

t i c  velocity. The value of x and i are  re la ted  by the system magnification 
m, (x = W ). which can readily be adjusted t o  unity. I f  the detectors  i n  
the array are allowed t o  in tegra te  the received s igna l  f o r  a t i m e  T,  the 
output of the detector  a t  position x is 

S2 

where K is a proport ional i ty  constant. 

t i o n  between the two signals  with the delay parameter T being z. 
S2 is iden t ica l  t o  S1 within a delay range of D/v, where D is the opt ical  

beam aperture,  a strong correlat ion peak is detected by the appropriate 
detector. 
l i thium niobate A0 Bragg c e l l  and a modulated GaAlAs laser diode as  an 
op t ica l  source has been produced. 

The i n t e g r a l  is simply the correla-  

I f  s igna l  
V 

A laboratory breadboard t i m e  in tegra t ing  cor re la to r  t h a t  used a 

Electroopt ics  

A few niobate c rys ta l s ,  notably l i thium niobate, have been u t i l i z e d  as  
e lec t roopt ic  modulator mater ials  fo r  use i n  the v i s i b l e  and near infrared 
(6) .  The e lec t roopt ic  e f f e c t ,  a l so  cal led the Pockels e f f e c t ,  is  an op t ica l  
phenomenon i n  which the re f rac t ive  index of a medium var ies  l inear ly  with an 
applied e l e c t r i c  f i e l d ,  much as the re f rac t ive  index var ies  with s t r a i n  in 
the photoelast ic  e f fec t .  The re f rac t ive  index change i s  given by: 

A n  = - 1 n 3  r E  2 
( 7 )  

where r is the pert inent  e lec t roopt ic  coef f ic ien t  and E is  the applied elec- 
t r i c  f i e ld .  Again, the e lec t roopt ic  coef f ic ien t  is  a tensor quantity and the 
observed e f f e c t s  a re  o r ien ta t ion  dependent. The Pockels e f fec t  can be used 
t o  operate e i t h e r  a phase or amplitude modulator, but the most common appli-  
cation is amplitude or polar izat ion modulation s ince coherent detect ion is  
required f o r  a phase modulated system. Figure 11 shows a typ ica l  e lectro-  
op t ic  in tens i ty  modulator, which a l so  functions as a polar izat ion modulator 
i f  the analyzer is removed. 

The incident  beam is  polarized a t  45' t o  the f a s t  and slow birefr ingent  
axes of the crystal ,  so tha t  the beam is resolved i n t o  two components of  
equal amplitude polarized i n  these direct ions.  The two beams propagate with 
different  phase ve loc i t i es  so that  a d i f f e r e n t i a l  phase re ta rda t ion  r accumu- 
l a t e s  upon t ransversing the c rys ta l .  The value of r i s  given by: 

art r =-(n 
s - "f) 

xO 

where n and nf are the slow and f a s t  r e f r a c t i v e  indices  respect ively and 

11 is the crystal  length. When an e l e c t r i c  f i e l d  is  applied, the f a s t  and 
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Figure 1 1 .  Pockels Cell Modulator. 
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slow refractive 
is proportional 

indicies change by different 
to the field as given by: 

2n 9. A r  = - (An - 
xO 

amounts, so that the retardation 

Thus, from Equation (7), we have a retardation change that is given by: 

n9. 3 Ar = - (n r - n rs)E xo f f  s 

The polarization of the beam emerging from the crystal is unchanged for 
an even number of half waves of retardation, but it is rotated by 90" for an 
odd number of half waves since the sign of one of the optical electric field 
components is reversed. 
given by: 

The transmission through the crossed analyzer is 

n 3 r  n 3 r  
1 +- VI 2 f f - s s  

(11) 
2 I = I  sin [+- ( 

where d is the cross section of the crystal and V is the applied voltage. 
The switching voltage for the modulator is the voltage required to induce a 
half wave retardation and turn the transmission on by rotating the polariza- 
tion of the beam by 90'. The half wave voltage Vn for the material, defined 

as the voltage that must be applied to a cube shape sample (d = 9. )  to induce 
a half wave retardation, is given by: 

xo 
3 v =  n 3  nf rf - n r 
s s  

The lower V the lower will be the switching voltage for a given modu- 
n' 

lator configuration. Table 111 lists the value of V for several niobate 
crystals that have been used in EO modulators. 

Electrooptic modulators are used for modulating or encoding information 
on laser beams for laser communication systems, for modulation of the writing 
beams in laser recorders, and for a variety of other specialized applica- 
tions. Optic axis cut lithium niobate crystals are supplied in a standard 9 
x 9 x 25mm configuration for use as an intracavity polarization modulator for 
Q-switching Nd:YAG lasers used in military range finding applications. The 
Q-switch application is the largest single use for electrooptic modulators, 
and lithium niobate is the most widely used EO material for this application. 
Lithium niobate has been used in EO modulators with bandwidths exceeding 1 
GHz for experimental wideband communication systems. Most applications of EO 
modulators has been in experimental or laboratory systems, so that the 
quantity of material grown and utilized for this purpose has been relatively 
small, the Q-switch application being the exception. 
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T a b l e  111. E l e c t r o o p t i c  P r o p e r t i e s  of N i o b a t e s .  

APPLIED FIELD DIELECTRIC LIGHT BEAM HALF WAVE VOLTAGE 
MATERIAL DIRECTION CONSTANT DETECTION (a, VOLTS) 

L i N b 0 3  l o 0 1 1  29 [lo01 or [ O l O ]  2 9 5 0 V  
[ O l O I  45 [OOlI 4000V 

Sr0 .75Ba0 ,25Nb206  [0011 - 1 0  [ loo]  or [ O l O ]  50V 

l o 0 1 1  500 [lo01 or [ O l O ]  4 0 0 V  S r  0.58a0. SNbZ06 

Ba2NaNb 0 [ O O l I  30 [lo01 or [ O l O ]  1850V 

4 

5 1 5  

X = 0.633um T = 25OC f = lKHz 



Nonlinear Opt ics  

Three niobate  c r y s t a l s ,  LiNbOg, Ba2NaNb 0 and KNbO,,, have been widely 

used in nonl inear  o p t i c s  i n  recent  years.  There a r e  two bas i c  a p p l i c a t i o n s  of 
t h e s e  c r y s t a l s ,  namely, harmonic generat ion and parametr ic  o s c i l l a t i o n .  In 
harmonic generat ion,  t he  output  of a near i n f r a r e d  laser, p r imar i ly  Nd:YAG 
opera t ing  at 1.06um, is frequency doubled t o  the  v i s i b l e ,  which is highly  
d e s i r a b l e  f o r  many app l i ca t ions .  In  parametr ic  o s c i l l a t i o n ,  a v i s i b l e  
source ,  usual ly  a dye laser o r  even a frequency doubled Nd:YAG laser, is used 
t o  generate  tuneable output in t he  near in f r a red .  To a considerable  ex ten t  
tuneable  dye lasers have supplanted o p t i c a l  parametr ic  o s c i l l a t o r s ,  but 
l i m i t e d  work is s t i l l  repor ted  i n  t h i s  area. Considerable need e x i s t s  f o r  
e f f i c i e n t  s o l i d  state sources  ope ra t ing  pulsed and continuously i n  the  
v i s i b l e ,  so a considerable  amount of e f f o r t  is presen t ly  devoted to  the 
development of frequency doubled Nd:YAG and Nd:Glass lasers. The advantages 
of such sources when compared t o  a l t e r n a t i v e s  include high o v e r a l l  e f f i c i e n-  
cy,  high output l e v e l s ,  high r e l i a b i l i t y  and low cost.  

5 15’ 

In Figure  12 is shown a t y p i c a l  experimental  conf igu ra t ion  f o r  frequency 
doubling a Nd:YAG laser w i t h  a non l inea r  n iobate  c r y s t a l .  
beam at  t h e  fundamental f r equencyo  which is  presumed t o  be Gaussian in 
p r o f i l e  f o r  s i m p l i c i t y ,  and t h e  b e a m  is focussed i n t o  the  c r y s t a l  u s ing  an 
appropr i a t e  lens.  
v a r i e s  quadra t i ca l ly  wi th  inpu t  fundamental power and is given by: 

The laser emits  a 

The power generated a t  t h e  second harmonic wavelength 

where the fol lowing d e f i n i t i o n s  apply: 

w = fundamental wave frequency C = L ch ) 

u = permeabi l i ty  of f r e e  space  (41 x mks u n i t s )  

E~ = p e r m i t t i v i t y  of f r e e  space  (8.85 x 10-l’ mks u n i t s )  

n = r e f r a c t i v e  index of nonl inear  c r y s t a l  

w = r ad ius  of Gaussian beam waist 

d = nonl inear  o p t i c a l  c o e f f i c i e n t  

1 = length  of non l inea r  c r y s t a l  

Ak = wave vector  mismatch between fundamental and second harmonic 

This conf igu ra t ion  is appropr i a t e  f o r  frequency doubling a Q-switched 
l a s e r  with the  c r y s t a l  o u t s i d e  t h e  l a s e r  resonator .  
continuous Nd:YAG laser, the  nonl inear  c r y s t a l  is usua l ly  coated f o r  low 
r e f l e c t i v i t y  and placed wi th in  the  cav i ty  of the  laser t o  i n c r e a s e  the  
inc iden t  power. In Table I V  w e  p re sen t  the  nonl inear  o p t i c a l  p r o p e r t i e s  of 
t h e  th ree  niobate  c r y s t a l s  normally used f o r  harmonic generat ion or  para- 
metric o s c i l l a t i o n .  

For frequency doubling a 
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1.06 pm El 0.53 r m  

OUTPUT INPUT 
1.06 m BEAM 

--- 

1.06 rrn BLOCKING FILTER NONLINEAR CRYSTAL 

OUTPUT SH 
BEAM 

--- 
NdYAG MIRROR 

RESONATOR NONLINEAR LENS USER ROD HR Q 1.06 rrn 
EN0 MIRROR CRYSTAL 

HR Q 1.06 pm 
AR @0.53 rm 

r 
CRYSTAL TEMPERATURE 

Figure 12. External and Internal Frequency Doubling 
of Nd:YAG Using Niobate Crystals. 
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Table IV. Nonlinear Properties of Niobates. 

FUNDAMENTAL WAVE SECOND HARMONIC WAVE NONLINEAR COEFFICIENT PMT 
MATERIAL DIRECTION POLARIZATION DIRECTION POLARIZATION d(RELAT1VE TO QUARTZ) (“c) 

14 15OOC 
14 15OoC 

PMT - Phase Matching Temperature for SHG with 1.06pm Nd:YAG 



The nonlinear output coefficient and the refractive indices for the 
fundamental and harmonic wavelengths are tensor properties, so therefore the 
crystal must be crystallographically oriented prior to fabrication. The 
crystal is then cut and polished on the faces normal to the input laser beam. 
The surfaces are polished toa/10 surface flatness and a 1Q rms surface, and 
are then antireflection coated for the fundamental and second harmonic 
wavelengths. 
that the 1.06um beam propagates down the x1 or x2 direction. By controlling 

the temperature of the crystal, the phase mismatch A k can be adjusted to zero 

and the sine' hk/2) factor can be maximized for peak conversion efficiency. 
When operated within the cavity of a Nd:YAG continuous laser, high quality 
Ba2NaNb5015 crystals can produce sufficient nonlinear loss to optimum couple 
the laser at the harmonic wavelength (7). Under these conditions, as much 
harmonic power at 0.5320 u m  is obtained as could be obtained at the funda- 
mental wavelength at optimum output coupling. Similar results have been 
reported for KNb03 crystals. 

externally doubled using LiNbO 

ficiency (8). Second harmonic power levels as high as 1W have been obtained 
from intracavity frequency doubled Nd:YAG lasers, using Ba2NaNb5015 and 

average powers as high as 30W have been achieved using LiNb03 to externally 
double a repetitively Q-switched Nd:YAG laser. 

The niobate crystals listed in Table IV are all oriented so 

Repetitively Q-switched Nd:YAG lasers have been 

3 crystals with a 40 percent conversion ef- 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
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