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Abstract.  A two-crystal fibre-pigtailed acousto-optic frequency 
shifter has been developed and investigated. An optimal configura-
tion of acousto-optic cells is chosen. A two-crystal acousto-optic 
frequency shifter of 785-nm laser radiation in the range from 156 to 
196 MHz, with single-mode polarisation maintaining fibres at the 
input and output, is described. Some recommendations are given 
how to improve the shifter transmission coefficient and increase the 
frequency shift range.

Keywords: laser frequency shift, acousto-optic interaction, fibre 
beam input, anisotropic diffraction.

1. Introduction 

Acousto-optic frequency shifters (AOFS’s) are widely used in 
fountain  frequency  standards.  In  addition, AOFS’s  (highly 
diverse  in  frequency  range  and  diffraction)  are  applied  to 
design  light  frequency  stabilisation  systems,  light  frequency 
references, and light frequency measurement systems [1 – 4]. 

Currently,  fibre-pigtailed  acousto-optic  modulators 
(AOMs) are produced by a number of companies: Brimrose 
Corporation of America (United States), Gooch & Housego 
PLC  (United  Kingdom),  IPG  Photonics  (Russia),  etc. 
However,  these AOMs,  being  used  as AOFS’s,  have  a  fre-
quency shift tuning range of 2 – 5 MHz. Modern AOFS’s can 
operate  in  a  wide  frequency  range,  which  is  provided  by 
mechanical adjustment or using a scheme with several addi-
tional optical elements, including cat’s eye (objective), quar-
ter-wave phase plate, and polarisation separator [5]. 

In this paper, we report the results of studying a new-type 
AOFS:  a  two-crystal  acousto-optic  frequency  shifter 
(TCAOFS), which extends significantly the range of laser fre-
quency shift with a fibre-pigtailed output and input. 

2. Choice of frequency shifter configuration

The  frequency  range of  fibre-pigtailed AOFS  is determined 
by  the minimum among  three  frequency  ranges  [6]:  the  fre-
quency range of ultrasonic cell matching with the RF chan-
nel, Dfmatch; the frequency range of acousto-optic interaction 
synchronism, Dfsyn;  and  the  frequency  range  beyond which 

the  transmission  coefficient  decreases  due  to  the  light  spot 
displacement from the fibre end face, Dfshift. With a  lithium 
niobate crystal used as an ultrasonic converter and optimal 
choice  of  an  adhesive  layer  between  the  converter  and 
acousto-optic  cell  (AOC),  the Dfmatch  value may amount  to 
one and a half octaves of the converter centre frequency [7]. 
The  frequency  range  of  acousto-optic  interaction  synchro-
nism,  Dfsyn,  depends  strongly  on  the  configuration  of  this 
interaction and exceeds an octave for a deflector with aniso-
tropic  diffraction  [8].  The  limitation  of  the  range Dfshift  for 
AOFS’s with a fibre-pigtailed output is as follows: a change in 
frequency makes the  light beam at the AOC output deviate 
from its initial direction by an angle dependent of the ultra-
sonic frequency. The beam waist displacement at the collima-
tor output with respect to the fibre cable core is proportional 
to the variation in frequency. At a level of – 4 dB [6] we have 
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where D  is the fibre core diameter, V  is the ultrasonic wave 
velocity, F  is  the  collimator  focal  length,  and  l  is  the  light 
wavelength. 

In the case of a TCAOFS, the light beam at the second-
AOC output  retains  its  initial  propagation direction with  a 
high  accuracy  in  the  entire  frequency  tuning  range  [9]. 
However, the beam is displaced when the ultrasonic frequency 
is adjusted due to the angular deviation  in  the gap between 
two AOCs. Since the parallel beam shift is proportional to the 
change in frequency, the frequency range Dfshift becomes lim-
ited. Obviously, the Dfshift value can be increased by locating 
AOCs maximally close to each other (thus reducing the light 
beam displacement) and choosing an output collimator mini-
mally sensitive to the parallel beam displacement relative to 
the collimator axis. 

For  an AOFS with  fibre-pigtailed  inputs,  an  important 
factor is the preservation of the angular and spatial positions 
of the output beam when tuning ultrasonic frequency rather 
than  the  directions  of  the  entering  and  emerging  beams. A 
wide  range of variation  in  the  laser  frequency  shift without 
changing the beam propagation direction can be ensured by 
applying  successive  beam  diffraction  from  two  identical 
AOCs [10]. 

Note that this AOFS configuration maintains the output 
beam  propagation  direction  when  the  ultrasonic  frequency 
changes. 

It is convenient to use an anisotropic deflector to imple-
ment  a  TCAOFS  AOC.  The  configuration  of  a  nonaxial 
anisotropic deflector in a uniaxial crystal can be provided in 
two ways [8]. In one of these versions the wave vector of the 
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input optical beam makes a smaller angle with the optical axis 
than the wave vector of the output ordinary wave. The situa-
tion with the other version is vice versa. For the configuration 
of an anisotropic deflector based on an optically positive crys-
tal, for example, TeO2, the input beam must be extraordinary. 
Figure  1  shows  the  vector  diagram  of  these  versions  of 
acousto-optic interaction for ultrasonic waves propagating in 
the same direction. 

Both  interaction versions  can be  applied  to  a TCAOFS 
based  on  a  paratellurite  crystal.  However,  if  the  laser  fre-
quency shift must be small, the angle g should also be small, 
and the light waves propagating in the cell make a small angle 
with  the  [001]  axis. Hence,  one must  take  into  account  the 
ellipticity of these waves because of the crystal gyrotropy. It 
was shown in [11] that for a TCAOFS based on a TeO2 AOC 
with an  interaction diagram corresponding  to an extraordi-
nary  input wave with a wave vector Ki2  (Fig. 1),  the spatial 
shift of a doubly diffracted beam, measured on a base of 3400 
mm at a laser frequency shift from 170 to 256 MHz, was less 
than 0.5 mm. Hence, the light beam angular displacement in 
a  TCAOFS  is  below  0.5',  and  one  can  conclude  that  this 
TCAOFS can also be used to design a wide-range fibre fre-
quency shifter. 

A  TCAOFS  breadboard  with  fibre  collimators  at  the 
input and output was fabricated based on a TeO2 AOC with 
the  interaction  geometry  corresponding  to  the  incident 
extraordinary wave with a wave vector Ki1. The cells were cal-
culated and made antireflective for 785-nm radiation. 

The optical scheme of a wide-range laser TCAOFS with 
fibre inputs is presented in Fig. 2. Ultrasonic converters ( 3 ) 
were 3 mm long and 2 mm high. To simplify the fabrication 
technology,  the  ultrasonic  converters/shifters,  made  of  a 
LiNbO3 crystal  (the Y+163° cut) were attached  to acousto-
optic  waveguides  via  cyanoacrylate  glue  without  any  addi-
tional acoustic-matching layer, which limited the ultrasound 
excitation  frequency band Dfmatch. The dotted  lines  indicate 
the ultrasonic-wave propagation region. The ultrasonic prop-
agation direction  is determined by  the wave vector qs1,  and 
the angle g in the fabricated AOCs is 9.5°. 

The light beam displacement Dx  in the gap between two 
AOCs, with the refractive indices of the AOC and polarisa-
tion divider disregarded, can be described by the expression 

Dx » 
V
L f

s1

lD
,  (2)

where L is the distance between the regions of AO interaction 
in the AOC, Vs1 is the velocity of a shear wave with a wave 
vector  qs1,  and  Df  is  the  RF  signal  tuning  range.  For  the 
TCAOFS under study, L » 2 cm and Vs1 = 6.64 ´ 104 cm s–1; 
thus, at l = 0.785 mm and Df = 20 MHz, Dx » 0.5 mm. 

When using the version with introduction of an extraordi-
nary wave corresponding  to  the wave vector Ki1,  the centre 
phase-matching frequency is about 90 MHz. The AOC opti-
cal faces were inclined so as to make the radiation diffracted 
in  the  first AOC propagate parallel  to  the  incident beam at 
this frequency. 

3. Measurement results and analysis 

A fibre laser LP785-SAV50, generating unpolarised light, was 
used as an emitter. To make the radiation polarised, a polari-
sation  beam  splitter  was  installed  on  a U-shaped  assembly 
platform FBP-B-FC, equipped with fibre ports. The radiation 
was supplied (through a single-mode polarisation-maintain-
ing fibre) to the TCAOFS input connector and transformed 
(by  a  PAF2-7B  collimator,  6 )  into  a  quasi-parallel  beam, 
which was successively diffracted in two AOCs ( 1 and 2 ) and 
then introduced (through output collimator 6 ) into a single-
mode polarisation-maintaining fibre. 

The  results  of  measuring  the  diffraction  efficiency  h  in 
each AOC and the transmission coefficient T of doubly dif-
fracted radiation, with allowance for the loss in the polarisa-
tion beam splitter, are shown in Fig. 3. With AOC installed in 
the TCAOFS housing, the maximum diffraction efficiency in 
the  cells  (curves  1,  2 )  did  not  exceed  80 % – 84 %,  which  is 
apparently related to the error in aligning the ultrasonic and 
light beams in height, because,  in the case of AOC location 
beyond the housing, the diffraction efficiency reached 96 % at 
an RF signal power of about 100 mW. Curve 3 corresponds 
to the  transmission coefficient  for  light passing through the 
input  collimator,  two AOCs,  and  polariser.  Curve  4  corre-
sponds to the light power transmission coefficient with allow-
ance  for  the  losses  in  the  input  collimator,  two AOCs,  and 
polarisation beam splitter and the loss at the radiation inlet 
into the fibre using an output collimator. For the TCAOFS 
with  the  chosen  symmetric  AOC  arrangement,  the  tuning 
range of 20-MHz RF signal corresponds to a laser frequency 
shift by 40 MHz.  It  follows  from  these  results  that,  for  the 
TCAOFS under consideration, at the midpoint of the afore-
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Figure 1. Vector diagram of acousto-optic interaction for two configu-
rations of acousto-optic deflector: Ki1 and Ki2 are the wave vectors of 
incident extraordinary  light wave; Kd  is  the wave vector of diffracted 
ordinary light wave; qs1 and qs2 are the wave vectors of sound waves; g 
is the angle characterizing the sound wave propagation direction; [001] 
and [110] are the crystallophysical directions; and no and ne are, respec-
tively, the refractive indices of TeO2 crystal for ordinary and extraordi-
nary light waves. 
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Figure 2. Optical  scheme  of  TCAOFS:  ( 1,  2 )  AOCs;  ( 3 )  ultrasonic 
converters; ( 4 ) ultrasonic wave absorbers; ( 5 ) polariser; ( 6 ) input and 
output collimators; the signs   and   denote the light polarisation state. 
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mentioned range, the losses in the two cells and polariser are 
about 2 dB; additionally, about 2 dB are lost when extracting 
radiation  through  the  output  collimator.  Moreover,  losses 
increase even more (by 2 dB) at the range boundaries with a 
change  in  the RF signal  frequency by ±10 MHz relative  to 
the range midpoint, which corresponds to a frequency shift by 
±20 MHz. 

A  reasonable  question  arises:  is  there  any  possibility  of 
increasing  the  TCAOFS  transmission  coefficient?  As  was 
mentioned above, improving the alignment of light and sound 
beams,  one  can  reduce  losses  during  acousto-optic  diffrac-
tion, apparently, to a value no more than 1 dB during trans-
mission through two AOCs. At the same time, the choice of 
appropriate  collimators  and  their  correct  alignment  should 
also  reduce  losses  to  a  level  below  1  dB when  transmitting 
light  through a collimator  to a  fibre at  the midpoint of  the 
aforementioned range. Additional studies must be performed 
to find out how the losses will change at the range boundaries 
and determine the maximum increase in the tuning range that 
can be achieved in this case. 

4. Conclusions

A new type of a fibre-pigtailed acousto-optic frequency shifter 
– TCAOFS based on successive anisotropic diffraction in two 
AOCs – was developed and fabricated. The correctness of cal-
culation prerequisites was demonstrated,  and  the TCAOFS 
operating capacity was confirmed. 

A band of laser frequency shift of 40 MHz was achieved 
without mechanical adjustment and using additional optical 
elements  (phase  plate  and  cat’s  eye)  with  a  fibre-pigtailed 
radiation input and output.
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Figure 3. Dependences  of  the  transmission  characteristics  of  a 
TCAOFS and its combined parts on the RF signal frequency f.


