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Abstract: Acousto-optic  devices  based on isotropic  and  anisotropic  acoustic Bragg diffraction  will be discussed in terms of their 
efficiency and  bandwidth.  The  conflicting  requirements on the width W of the acoustic  column  with  regard to efficiency and bandwidth 
determine  the  basic  limitations of the devices. A scheme  using the  acousto-optic devices  within a flat-field  conjugate (FFC) angularIy 
degenerate  laser  cavity  has  been  experimentally  demonstrated.  The  bandwidth of the new  scheme is limited by the field  angle of the 
FFC cavity  instead of by W-1. The width W can be made as large as possible to increase the diffraction  efficiency  without  decreasing 
the  bandwidth.  The new  scheme provides means for high  efficiency and large bandwidth in optical  deflection and signal processing 
systems. 

Introduction 
Acousto-optic devices have become increasingly important 
for laser beam  control  in  such  applications  as display, 
beam deflection and optical signal processing. For ex- 
ample, Korpel  et al.' reported a television display scheme 
with a 200-spot-diameter resolution using Bragg diffraction 
of light from a Fteerable 30-MHz sound  column  in water. 
Lean  et al.' demonstrated a scheme for continuously 
deflecting a laser beam through  an angle of 4" by acoustic 
Bragg diffraction from a shear wave column in a bire- 
fringent crystal of sapphire. The scheme was capable of 
deflecting an optical beam through 1000 resolvable spots 
by tuning the shear wave column from 1.28 to 1.83 GHz. 
Optical pulse compression and signal processing techniques 
using Bragg diffraction of light from acoustic microwaves 
have also been reported by Collins et al.; Schulz et 
and Whitman  et aL5 The success of these acousto-optic 
devices is due to improvement  in the fabrication tech- 
niques for  broadband efficient microwave acoustic  trans- 
ducers6 and also to the discovery of materials that have 
excellent acoustic and optical  properties and  that have 
large photoelastic  constant^.^ Broadband, efficient ZnO 
thin film transducers: which have 10-dB coupling loss 
over a 600-MHz bandwidth, provide a very large absolute 
bandwidth for acoustic devices. Materials with large 
photoelastic  constants have improved efficiency. 
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The essential requirements of acousto-optic devices 
either for deflection or for signal processing applications 
are a large bandwidth, a high efficiency and a high speed. 
These properties are discussed in the next section. We 
point out  that  the bandwidth of an isotropic acoustic 
device acting on a collimated incident light beam is in- 
versely proportional to the width W of the acoustic 
column while the diffraction efficiency is directly pro- 
portional to w. This gives conflicting requirements on 
W with  regard to  the bandwidth and  to  the efficiency. 
In addition, discussions of the efficiency and bandwidth 
of anisotropic  acousto-optic devices are included and 
similar conflicting requirements are shown to exist. 

The conflicting requirements with regard to W occur 
only for  the case in which both  the incident light beam and 
the acoustic  beam are collimated. By using a series of 
acoustic  transducers to steer the acoustic  beam, it has 
been shown that  the Bragg condition  can be satisfied over 
a large bandwidth  without decreasing the  acoustic beam 

Techniques for fabricating  the  transducer array, 
however, may limit a practical acoustic  beam steering 
deflector to the lower end of the UHF region. In the third 
section of this  paper a scheme using intracavity acousto- 
optic devices within an angularly degenerate laser cavity 
is described. This scheme provides another means for 
overcoming the conflict in the requirements on W and 
permits large efficiencies together  with large bandwidths. 
The results of an experiment demonstrating  these principles 
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and  the advantages of using such acousto-optic devices 
for deflection and signal processing applications are dis- 
cussed in the final section. 

Properties of acousto-optic  devices 
In this section the efficiency and  spot resolution potential 
of acousto-optic devices will be discussed. A collimated 
incident light beam and a collimated acoustic  column will 
always be assumed. 

Eficiency 
At microwave acousuc frequencies the interaction of light 
and acoustic waves can be described as acoustic Bragg 
diffraction? Under the assumption that  the intensity Zl 
of the incident light is not decreased substantially  in the 
process of diffraction, as  is  true in  most existing devices, 
the diffraction efficiency p = Zz/Z,, where Zz is the intensity 
of the first-order diffracted light, can be shown" to be 
given  by 

P = P p a c  W / H ,  ( 1) 

where Pa, is the acoustic power, W is the width of the 
acoutic beam, H is the height of the acoustic  beam and 

p = (7r2n6p2)/(2X;pu3) (2)  

is a constant of the  acoustic medium. In  the expression 
for 0, n is the index of refraction, X, is  the wavelength 
of the incident beam in vacuum, p is the density of the 
medium, u is the acoustic wave velocity, and p is the 
photoelastic  constant. The proportionality of the diffrac- 
tion efficiency to  the column width W, referred to above, 
is seen from Eq. (1). This expression holds for  both 
isotropic and anisotropic diffraction (see the next section). 

Materials with a large value of such as  lithium  niobate 
(LiNbO,) and lithium tantalate (LiTaO,) have been 
studied extensively." LiNbO, has been found  to have a 
value of P of the  order of lo-' at optical  frequencies; 
in  this crystal, for  an acoustic beam  in which W = H, 
one  watt of acoustic power is required for a diffraction 
efficiency  of one percent. The available acoustic power 
is limited by the electrical breakdown  threshold of the 
transducer. CdS wide-band thin film transducers having a 
16-dB electrical-to-acoustic power conversion efficiency 
over a 1400-MHz bandwidth and capable of handling a 
46-W peak acoustic power have been reported.12 Tech- 
niques for fabricating efficient wide-band transducers have 
improved rapidly so that suitably high cw acoustic power 
should become possible. 

Bandwidth 
Bragg diffraction of light by acoustic microwaves is a 
parametric  interaction process in which "phase matching" 
(momentum conservation) is a basic requirement." Phase 
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Figure 1 Isotropic  acoustic Bragg diffraction: (a )  k-vector 
relationship for phase  matching in isotropic crystals and 
(b) schematic diagram showing isotropic  diffraction of light 
by an acoustic column; A &  is the angular  bandwith  and 
Aa is the spot size of the diffracted light. 

matching requires that  the vector sum of the three wave 
vectors be zero, i.e., k:, = k, =t K, where K is  the wave 
vector for  the acoustic wave and k, and k, are  the wave 
vectors for  the incident and diffracted light waves, re- 
spectively. There are two types of acoustic Bragg diffrac- 
tion of light, isotropic' and  ani~otropic.'~  For isotropic 
diffraction both the incident light and diffracted light 
encounter the same index of refraction  in the medium and 
there is no polarization change between the incident and 
diffracted light; in  this process Ik, I = [kz[. For anisotropic 
diffraction the indices of refraction are different for  the 
incident and diffracted light (different polarization) and 
lkll # Ikzl. We shall briefly discuss bandwidths and  the 
number of resolvable spots expected for  the two types 
of diffraction. 

Zsotropic diffraction 
To  treat  the case of isotropic diffraction we first assume 
that  an incident light beam of intensity Z ,  is deflected 
by an isotropic Bragg cell with an acoustic  column of 
width W and wavelength A (see Fig. 1). The diffracted 
intensity Zz  will be maximum when the phase  matching 
condition  holds and when the angle 0 / 2  that  the incident 
beam makes with the acoustic wave front is the same as 
the angle the diffracted beam makes with the wave front. 

~~ ~ ~~ ~ 
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This (Bragg) condition is given  by 

sin +,e = +,Xf/u, i 3) 

where the angle $ 0  is measured in the Bragg cell and 
where f is the frequency of the acoustic wave; X = x , / n  
is the wavelength of the incident  light  in the medium 
with an index of refraction n. The  angular bandwidth 
for  an isotropic Bragg cell has been derived from  the 
momentum  conservation requirement.” The result is that 
it is possible to deflect a collimated laser beam  entering 
a Bragg cell at the Bragg angle given by Eq. (3) over an 
angular  bandwidth (measured outside the Bragg cell) 

A8, = 2nA/ W (4) 

by correspondingly adjusting the acoustic frequency over 
a bandwidth 

Afl = 2n(u/X,)A/ W .  i 5)  

For  both Eqs. (4) and (5) bandwidth is defined between 
the -4-dB points of the intensity distribution. The finite 
angular and frequency bandwidths occur as a result 
of the finite width of the acoustic column. 

The bandwidth for isotropic diffraction can be under- 
stood easily using simple diffraction theory (see Pig. 1). 
Each  spatial period of the acoustic wave diffracts part 
of the incident light. An acoustic wavefront can  be thought 
of as a “reflector” with an effective aperture 

d = W sin + e  (6) 

equal to the width of the incident  light  beam section 
(e.g., that between the  dotted lines in Fig. 1) intercepted 
by one such wavefront. Reflection from a single wavefront 
would produce a far-field diffraction pattern containing a 
central maximum of angular  bandwidth 

Ae, = nX/d = 2nA/ W .  (7) 

The incident  light  beam (of diameter 0) covers many 
acoustic wave periods and  the light waves diffracted from 
different periods interfere with each  other. 

This interference leads to a series of diffraction maxima 
of width 

A a  = Xo/D ( 8) 

separated by the angle Xo/A. From Eq. (7) this inter- 
ference spacing is much larger than AO, so that only one 
diffracted spot lies within the central peak of the diffraction 
envelope for a single acoustic wavefront. At  the acoustic 
frequency for which the Bragg condition holds, the de- 
flected beam is centered in this peak and  has maximum 
intensity. As the frequency is varied the peak is scanned 
within the envelope. The number N of resolvable spots, 
a primary  property of acousto-optic devices used in de- 
flection applications, is given by the  ratio of the envelope 

1 a6 width AO, to the  spot width Aa or, using Eqs. (7) and (S), 

N = 2n( D/X,)X/ W .  (9) 

By using Eq. ( 3 ,  Eq. (9) can  be reduced to  the well- 
known form 

N = r A f ,  (10) 

where 

r = D/v  (1 1) 

is  the transit time of the  acoustic wave across the laser 
beam of diameter D. We note  that r is the minimum 
switching time for  random access deflection. The time- 
bandwidth  product N as given by Eq. (10) is also the 
compression-ratio criterion for optical pulse compression 
 technique^.^ 

It can  be seen from Eq. (9) that  the number of resolvable 
spots  for  an isotropic deflector is inversely proportional 
to the width of the acoustic  column and we noted  earlier 
that  the diffraction efficiency was directly proportional 
to this width. Thus there are conflicting requirements on 
W with  regard to the  important properties of number 
of resolvable spots  and efficiency of an isotropic  acousto- 
optic deflector. 

Anisotropic diffraction 
For  the case of anisotropic Bragg diffraction the incident 
and diffracted light  beams see different refractive indices. 
It can be shown that by properly adjusting the acoustic 
wave vector K in  an optically uniaxial crystal it  is possible 
to diffract a  light  beam that is incident on  the Bragg 
cell at  an angle 0 and is traversing the cell with  extra- 
ordinary polarization into a  beam  with ordinary polariza- 
tion  that is propagating  along a direction parallel to 
the acoustic wave fronts.  Figure 2 shows a typical con- 
figuration for  such anisotropic diffraction. The Bragg 
condition for this  anisotropic diffraction is different from 
that of the isotropic case and is given by l4 

sin e = Xfo/u, (12) 
where 0 is the angle between the incident and diffracted 
beams in the crystal and 

f o  = u/Ao = d2nB (u/X,) (1 3) 

is the central  acoustic  frequency; at this  frequency, which 
is determined by the optical wavelength A,, and by  prop- 
erties of the acoustic  medium including its birefringence 
B (we assume a uniaxial medium), the diffracted light is 
traveling in a  direction  parallel to  the acoustic wave 
front. 

The angular  bandwidth and  the number of resolvable 
spots of the anisotropic deflector can be calculated 
easily. As the acoustic frequency is changed from f o  to 
f,, f Af, the diffracted light has to leave the acoustic 
column at an angle O2 (not zero) with respect to the 
acoustic wave fronts to satisfy the phase-matching con- 
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Diffracted beam 

Figure 2 Anisotropic  acoustic  Bragg  diffraction of an 
obliquely  incident  light  beam: (a )  k-vector relationship for 
phase  matching in an  optically  uniaxial crystal and (b) 
schematic  diagram  showing  anisotropic  diffraction of an 
obliquely  incident  light beam by an  acoustic  column; A &  
is the angular bandwidth and 40r is the  spot size of the dif- 
fracted light. 

dition. From Fig. 2 the condition for the maximum value 
of O2 before destructive interference from  the acoustic 
grating reduces the diffracted light to  an intensity 4 dB 
below the intensity at O2 = 0 is given by 

k ,  w cos e - k ,  w COS e2 = 2.rr,  (14) 

where k = Ik[. 
Expanding  cos O2 for small 8, and using the phase-matching 
condition for anisotropic Bragg diffraction, i.e., 

k ,  cos 8 - k2 = 0 ,  (1 5 )  

which can be shown using Fig. 2a to be  equivalent to 
Eq. (12), we obtain  the following relation for 0, at  the 
- 4-dB point: 

e 2  = q w .  (16) 

Because the variation in intensity with 0, is approximately 
symmetric about  the value O2 = 0, the  total angular 
bandwidth (measured outside  the crystal) for the  aniso- 
tropic deflector is 

Ae, = 2ne2 = 2d-w. (17) 

The  spot size Aa of the diffracted light for  an incident 
beam having a  diameter D that covers a large number 

of acoustic wavelengths is given by Eq. (8). The number 
of resolvable spots N ,  which is given by the  ratio of A &  
to Aa, can be written as 

N = 2 D J e  2n 

and can again be reduced to N = rAf if 

is the corresponding frequency bandwidth for the  aniso- 
tropic deflector. We recall from  the beginning of this 
section that  the efficiency for anisotropic diffraction is 
linearly proportional  to  the width of the  acoustic  column 
for constant  acoustic power input. The number of resolv- 
able spots [Eq. (18)] is inversely proportional  to dF. 
The conflicting requirements on W therefore hold  true 
for this  anisotropic case. 

There  is a second type of anisotropic Bragg diffraction in 
which the incident light beam is parallel to  the acoustic 
wave front  and the diffracted light exits at  an angle 0 given 
by the Bragg condition 

tan 0 = X/& = X f , / i J ,  (20)  

where fo is the central  acoustic frequency as given in 
Eq. (13). The typical configuration for such  anisotropic 
diffraction with a normally incident light beam is shown 
in Fig. 3. The effective aperture d for  the single wave 
front having width W is 

d = WsinO. (21) 

For small % the angular  bandwidth of the device is given  by 

As, = nX/d = nA0/ W (22 )  

and  the frequency bandwidth is  given by 

A f S  = n(o/kJ&/ W. (23) 

Notice that there is a difference of a factor of two between 
Eqs. (4) and (22) and between Eqs. ( 5 )  and (23). 

The number of resolvable spots  can be shown from 
Eqs. (8) and (22) to be inversely proportional  to W, 
while the diffraction t:fficiency is directly proportional 
to W. Thus we see that the conflicting requirements on 
W hold for anisotropic diffraction as well as  for isotropic 
diffraction. 

Acousto-optic diffraction within angularly 
degenerate laser cavities 
In this section we describe a scheme for acousto-optic 
signal processing that .is potentially highly efficient and 
has large  bandwidth. The scheme involves placing an 
acoustic Bragg cell in an. angularly degenerate laser cavity. 
We use an isotropic cell and a flat-field conjugate (FFC) 
laser cavity15 in this  description since these were used to 187 
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(b)  
Figure 3 Anisotropic  acoustic  Bragg  diffraction  with a nor- 
mally  incident  light  beam: (a) k-vector  relationship for 
phase matching in an  optically  uniaxial crystal and (b) 
schematic  diagram  showing  anisotropic  diffraction of a nor- 
mally  incident  light  beam by an  acoustic  column; A &  is 
the angular bandwidth and ACY is the spot  size of the dif- 
fracted light. 

demonstrate the principles involved. The  FFC cavity 
(Fig. 4) consists of two lenses separated by the  sum of 
their focal distances, an active laser medium, an acoustic 
Bragg cell at  the common  focal  plane of the lenses and 
two flat end-mirrors  located in  the noncommon focal 
planes of the lenses. Such a cavity can support a degenerate 
set of transverse modes;  each mode of this set is focused on 
a different spot on  one  end mirror and  on  the correspond- 
ing conjugate spot  on  the  other  end mirror. At  the acoustic 
cell each of the transverse modes is collimated, but is 
incident at  a different  angle (Y - &I with respect to the 
acoustic wave front.  Here CY is the angle between the 
acoustic wave front  and  the axis of the FFC cavity and 
$4 is the angle between the chief ray of the  mode  and 
this axis. The maximum value c $ ~ ~ ~  of q5 can be determined 
by the dimensions of the active medium if the lenses are 
assumed to be perfect. 

We first consider the use of such a scheme for deflection 
applications. A small  number of transverse modes in 
the FFC cavity that satisfy (or nearly satisfy) the Bragg 
condition will be selectively diffracted upon creating 
acoustic waves with the proper frequency in  the Bragg 
cell. The diffracted beam  can  be coupled out  to  form  the 
laser output beam  without passing through  the end  mirrors, 
which can be of ultra-high reflectivity. Then, as the 
acoustic frequency is varied, different transverse modes 
will be selected and  the laser output will, in effect, be 
scanned. The angular  bandwidth of the  output is now 
approximately equal  to  the maximum field angle of 
the FFC cavity and is no longer limited by W. However, 
W now determines the selectivity A0 = nh/ W of the 
Bragg cell since A0  is the  angular  spread  over which 

Figure 4 Acousto-optic  cell  within a flat-field  conjugate  laser  cavity (schematic diagram). 

Bragg cell 
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transverse modes will be diffracted. The number of re- 
solvable spots in the present deflection scheme is given 
by N = &.,/A0 or by 

N = (&lmax/n>( W / N  . (24) 

Thus W has to be increased to increase the number of 
resolvable spots and improve the selectivity. At the same 
time the efficiency  of Bragg diffraction will increase and 
the  required  acoustic driving power consequently will 
decrease. There are  no conflicting requirements in this case. 

If the system is used for optical pulse compression: 
all of the transverse modes inside the laser cavity con- 
tribute to  the diffracted signal. In this case the increase 
in frequency bandwidth Af due to  the  FFC cavity con- 
figuration helps in  obtaining a shorter compressed pulse 
(the pulse width is At = l/Af) and consequently a better 
resolution. At the  same  time a large W can be used to 
enhance the diffraction efficiency and reduce the required 
acoustic driving power. 

It should be noted that in the case of deflection the 
diffracted output of the laser decreases as N increases if 
each of the transverse modes is stimulated to emit  in- 
dependently. However, the  output could be increased if 
there were coupling of power from  the high-Q recirculating 
modes into  the  output modes to produce, for example, 
so-called “super  mode” operation.16 

Experimental results and implications 
The first experiment demonstrated the angular and fre- 
quency bandwidths of isotropic and anisotropic  acoustic 
Bragg cells operated  with a collimated incident light 
beam. For the anisotropic cell, measurements were made 
only for  the case in which the incident beam was parallel to 
the acoustic wavefront. The second experiment demon- 
strated the increase in  bandwidth of an isotropic Bragg cell 
operated within a FFC cavity and  the optimum  coupling 
condition for  the Bragg cell within a FFC Cavity. 

Measurement of angular and frequency bandwidths 
In  the measurement of the bandwidths of an isotropic 
Bragg cell and of an anisotropic Bragg cell having the 
incident beam  normal to  the cell we used a LiTaO, crystal” 
operating  in the shear wave mode S4; in  this  mode, the 
acoustic wave propagates  along the y axis of the crystal 
with the particle motion parallel to  the z axis. LiTaO, is a 
positive uniaxial crystal having non-zero  photoelastic con- 
stants pZ4 and p44. We could conveniently use the same 
acoustic  mode S4 for both  isotropic and anisotropic 
diffraction. For isotropic diffraction the photoelastic  con- 
stant pz4 is involved, while for anisotropic diffraction the 
constant p44 is in~olved.’~ 

The bandwidths of the Bragg cell were determined by 
measuring the intensity and propagation direction of the 
diffracted beam as a function of  the acoustic frequency 

I 
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Figure 5 Plot of the measured  relative  intensity of the 
diffracted  light  beam vs. acoustic  frequency in a LiTaOI 
Bragg  cell for isotropic  diffraction. 

with the collimated incident  beam fixed in  direction with 
respect to  the Bragg cell. A He-Ne gas laser emitting 
at 6328 A was used as a source. The acoustic mode 
S,, for which the acoustic velocity u = 5.53 X lo6 cm/sec, 
had a width of 0.15 cm. Figure 5 shows the relative dif- 
fracted intensities plotted vs. the acoustic frequency for 
the isotropic diffraction case; the frequency for maximum 
diffracted intensity was 1.15 GHz in this case, in agreement 
with the value calculated from Eq. (3) for  the 7.8” angle of 
incidence used. The measured bandwidth was 128 MHz 
while the value calculated from Eq. (5 )  is 123 MHz. 
Figure 6 shows a plot of the measured relative diffracted 
intensity vs. the  acoustic frequency for the  anisotropic 
difrraction case; again the  acoustic frequency for maxi- 
mum diffracted wave intensity was 1.15 GHz.  This is 
in agreement with the value of 1.15 GHz calculated from 
Eq. (13) with the values no = 2.176, B = 0.0042, and 
X. = 6328 A. The measured bandwidth  in  this case was 
64 MHz while the value calculated from Eq. (23) is 
62 MHz. It should  be  noted that  the  factor of two pre- 
dicted by Eqs. ( 5 )  and (23) for isotropic diffraction and 
anisotropic diffraction with  normally  incident  beam is 
verified experimentally. 

The bandwidth of the anisotropic diffraction with the 
incident beam oblique with respect to  the acoustic wave 
front  has also been verified experimentally. Using a slow 
shear wave column of 0.175-cm width in an anisotropic 
sapphire Bragg cell, Lean et al.’ measured a bandwidth of 
550 MHz, which agrees with the value calculated from 
Eq. (19). 

MARCH 1969 . 



- 

D -  

5 -  

0 
" 

1 

I 

LiTaO, crystal 

't, 

'requency in megahertz 

Figure 6 Plot of the measured  relative  intensity of the 
diffracted  light  beam vs. acoustic  frequency  in a LiTaOa 
Bragg  cell for anisotropic diffraction at normal  incidence. 

Bandwidth enhancement for isotropic difraction  in an 
angularly degenerate laser cavity 
In the second experiment a LiNb0, Bragg cell was used 
within a Nd:YAG laser cavity. The cell was  operated  in 
the shear wave isotropic diffraction mode and utilized 
the  photoelastic  constant at  an acoustic frequency of 
approximately 1.1 GHz.  The acoustic  column  width W 
was 0.45 cm. The bandwidth of this  isotropic LiNbO, 
Bragg cell was first measured within a Nd:YAG laser 
cavity having one  or few transverse modes; this was a 
flat-field cavity stabilized by the thermally induced lens 
in a 3-in. long by &in. diameter YAG active medium 
(see the upper left sketch  in Fig. 7). The experimental 
results are shown by the solid curve (a) in Fig. 7. The 
measured frequency bandwidth for  the diffraction (be- 
tween -4-dB points) was 20 MHz, while the value cal- 
culated from  Eq. ( 5 )  is 16 MHz. The measured angular 
bandwidth was 16  min, while that calculated from Eq. 
(7)  is 13 min. The discrepancy is probably due to the 
oscillation of more than  one transverse mode in  the cavity. 
For  the experimental laser beam  diameter (0.26 cm) the 
number N of resolvable spots calculated from  the measured 
bandwidth and  spot size is 8, while Eq. (24) indicates 10. 
The  same  LiNbOs Bragg cell was also used within the 
Nd : YAG laser in the  FFC cavity configuration" as 
shown  in Figs. 4 and 7b. The maximum field angle 
of the FFC cavity was measured as 1.5". The angle 
a of Fig. 4 is 9.0" and  the central  acoustic frequency is 
1.15 GHz. Figure  7 shows the measured dependence of 

190 relative diffracted intensities on the acoustic frequency of 

the LiNbO, Bragg cell within this FFC cavity (the dashed 
curve). The measured  bandwidth was 2.1 X 102 MHz, 
which is equal to the value calculated from Eqs. (3) 
and (5) for a field angle of 1.5". This  represents an 
enhancement of bandwidth of more than a factor of 10. 
For deflection applications  the  number of resolvable 
spots N of the system is 11. With a  proper active laser 
medium and with proper lenses it is possible to increase 

in the FFC cavity to lo", causing the bandwidth 
of the system to be  1400 MHz. Together with the increase 
of W to 2.5 cm, the N of the system can exceed 500 
when the operating acoustic frequency range is approxi- 
mately 0.5 to 2 GHz. Anisotropic Bragg cells are expected 
to yield similar increases in efficiency and bandwidth when 
used within a FFC cavity. Since the Bragg cell provides 
the  output coupling of the laser, the transverse mode 
that most nearly satisfies the Bragg condition will have 
the largest "loss" among  all the transverse modes within 
the laser cavity. As the coupling is increased by increasing 
either the acoustic power or  the column width,  this 
"matched" mode will reach an optimal state; thereafter 
the  output of the laser decreases with a further increase of 
the coupling. For  other less well-matched modes, however, 
the energy coupled out will continue to increase. Thus the 
resolution of the system used in a deflection application will 
decrease when the  output coupling exceeds the optimal 
value. To determine the optimum coupling condition, the 
LiNbO, Bragg cell was put within a FFC cavity having 
2% excess gain. A few transverse modes were diffracted 
by the acoustic  column of width 0.45 cm. By scanning 

Figure 7 Plot of the  measured  relative  intensity of the 
diffracted  light  beam vs. acoustic  frequency for the case of 
an isotropic  acousto-optic  deflector in (a)  a non-degenerate 
laser  cavity and (b) a flat-field  conjugate laser cavity. The 
inserts  schematically  indicate the experimental arrangements. 

- 
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Summary 
We have demonstrated  a scheme for acousto-optic diffrac- 
tion within an angularly degenerate cavity that yields 
increases in both the  absolute  bandwidth and  the efficiency 
over those in techniques involving diffraction of collimated 
laser beams. The large absolute  bandwidth and high 
efficiency  of devices using this scheme provide excellent 
potential for these devices in  optical deflection and signal 
processing applications. 
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Figure 8 Intensity  and  spot size  of the  diffracted  light  beam 
output of an acousto-optic  deflector  in a flat-field  conjugate 
laser  cavity  as a function of acoustic  power input. 

across the deflected beam with a  photomultiplier  aper- 
tured with a pinhole, we measured the spatial  distribution 
of intensity in  the deflected spot  as a function of the 
coupling efficiency  of the Bragg cell. Figure 8 shows the 
relative peak intensity and  the spot size (between half- 
power points) as functions of input acoustic power or, 
equivalently, as  functions of output coupling. Satura- 
tion effects are clearly seen. The  optimal  output coupling 
of the Bragg cell for this  particular FFC cavity is 
1.4% and  the corresponding input acoustic power is 
600 mW. The  output power at optimum coupling can 
be increased by decreasing non-useful laser losses. The 
required  acoustic power input can be decreased by using 
a wider acoustic column. For example, only 100 mW 
of acoustic power are required to diffract 1% of the laser 
intensity within the cavity if the acoustic  width W is 
increased to 2.0  cm. The 100 mW of acoustic power 
required over the bandwidth of 210 MHz can be  obtained 
easily using presently available thin film transducers 
driven by a transistorized rf power source. 
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