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Frequency detuning effects in photorefractive oscillators are used in a new type of (passive)
interferometry which converts optical path length changes to frequency shifts. Such an
interferometer is potentially more accurate than conventional interferometers which convert
optical path length changes to phase or intensity changes.

In traditional interferometry, changes in optical path
length {OPL) cause changes in fringe position at the output
of an interferometer. This change in fringe position 1s in-
ferred by intensity measuring detectors. The precision of
these devices might thus be limited by the precision with
which intensity measurements can be made.

Frequency can often be measured with much higher
precision than intensity. Therefore, an interferometer whose
output can be measured by a frequency counter will benefit
from this improved precision. In this letter we report a new
class of passive interferometers which can convert OPL to
frequency. These devices were suggested by a new theory'
which explains recently observed frequency detuning effects
in certain photorefractive oscillators including the ring re-
sonators> and the double phase conjugate resonator.*’

In the following, we develop the theory for the frequen-
cy shift of the oscillation beam, relative to that of the pump
beam, in a photorefractively pumped ring resonator.® We
then describe the interferometric experiment which demon-
strates the theoretical results.

Let us consider the coupled waves theory in a ring oscil-
lator. We use the configuration shown in Fig. 1. We assume
that the pumping wave E, and the oscillating wave E, are
plane waves and can be written as

E; = A;(Pexplitk;* 7 —w;t)] +cc. j=1,2. (1)

The interference of these two beams in a photorefractive
crystal creates a phase grating inside the crystal. In general
there is a nonzero phase shift between the light interference
pattern and the phase grating, which will induce energy cou-
pling from one beam to another.” Using the standard slowly
varying field approximation and the scalar wave equation,
we can obtain the following coupled wave equations:
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where
I = Ajv2 and 4; = A4;lexpli;] j=1,2, (3)

IL=1I+1,

I' =2Re — (iwgy/2¢c cos ), I'' = Im — (iw,y/2c cos 8),
(4)

and the coupling constant ¥ is equal to®

vy =1iyy/[1 + ilw — wo)r}, (5)
where we write the pump beam frequency w, as w, and the
oscillating beam frequency w, as w. The constant y, depends
on the crystal parameters and the crystal orientation with
respect to the two beams, and 7 is the photorefractive time
constant. a is the intensity absorption coefficient and 8 is the
angle between the beams and the z axis. Since, as we will
show in what follows (@ — @g)/w, 107", » can be accur-
ately replaced by o, except in Eq. (5) so that the magnitudes
of coupling strength I" and I"’ are the same for E, and E,.
This approximation will be justified later. We then apply
boundary conditions appropriate to a ring oscillator.

L,(0) = RL{/), (6)
where R is the combined reflectivity for one round trip.
From Eqgs. (2) and (6), we can solve for I,(0) and
[a(/) — b:(0)]-
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Equation (7) gives the intensity of oscillation, and Eq. (8}

gives the phase shift of 4, due to the nonlinear interaction.
From Eqgs. (4} and (5), we rewrite Eq. {8) as

Ua(l) — ¥(0) = lw — wp)rial —In R). {9)
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FIG. 1. Schematic diagram of photorefractively pumped unidirectional
ring oscillator.
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FIG. 2. Experimental configuration for measuring frequency detuning § vs
displacement of mirror M. Using a Cartesian coordinate system with the
laser beam traveling along the abscissa and the coordinate in inches, the
elements are the Ar laser (0, 0); beamsplitters BS, (1, 0), BS, (1, — 3.5); mir-
rors M, (9, 1), M, (7, — 3),and M, (3, — 1); crystal C {6, 0); 0.6-mm-diam
pinhole PH (7.5, 0.5); detector D, (1, — 4.5).

The round trip phase condition for mode a is
w,L /c =wL /c + ,(l) — ,0), (10)

where w, is the ath mode frequency of resonator with no
photorefractive interaction and L is the length of the resona-
tor. We substitute Eq. (9) into (10) and we get

&
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where ¢, is the decay time constant of the photon density in
the ath mode. In the limit 7, €7, we can approximate Eq. (18)
by

(0 — wo)=(21, /1)@, — w,). {12}

Since for most photorefractive crystals, 7 is order of one sec-
ond and #, (w, — @) is roughly equal to 1, so that w — @, is
order of a few hertz. Therefore, the approximation in Eq. (2),
@ == ,, is well justified. Equation (12) determines the oscilla-
tion frequency, and it is identical to an expression derived
using a general oscillator theory {Eq. {17) of Ref. 1]. If we
choose the zero detuning, w, — @, = 0, as the origin, we can
rewrite the frequency detuning § =(w — w,) in Eq. (12) as

8221, /1) (wo/L)AL (— A /4<AL<A /4), (13)

where AL is the mirror displacement from the origin. Equa-
tion (13) predicts a linear relationship between the frequency
detuning & to the mirror displacement AL.

The experimental arrangement of the OPL to frequency
converting interferometer is shown in Fig. 2. The output
from a single longitudinal mode argon ion laser (A = 514.5
nm, P = 0.2 W, beam diameter = 2 mm) was directed to the
BaTiO, crystal. The crystal was poled into single domain
before the experiment and its ¢ axis was in the plane of the
ring oscillator. Mirrors M|, M,, and M, were aligned to form
aring resonator (38 cm). Mirror M, was set on a piezoelectric
mount. A 0.6-mm-diam pinhole was inserted inside the os-
cillating cavity in order to force a stable single mode oscilla-
tion (without the pinhole, the oscillation pattern varied er-
ratically in time).® A fraction of the oscillating beam
reflected from the front surface of the crystal was combined
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FIG. 3. (a} Experimental data of frequency detuning & vs displacement of
mirror M,, (@) TEM,, mode, (A) TEM,,, mode. (b) Oscillating beam power
of TEM,,, mode vs displacement of mirror M,.

with the pumping laser beam to form interference fringes.
Detector D, monitored the speed of moving fringes, from
which the frequency offset § was inferred.

Figure 3(a) shows the frequency detuning & against the
displacement of mirror M,. We notice that the oscillator can
support two transverse modes, TEM,, and TEM,,. The fre-
quency detuning varied almost linearly with the mirror dis-
placement within each period A /2, of mirror displacement.
The slight departure from linearity is at least partly due to
the fact that 7, appearing in Eq. (13), is inversely proportion-
al to the sum of the pumping and oscillation beam intensities.
Since the oscillation intensity is a function of § and 7 {Eqs.
(4), (5), and {7), and Fig. 3(b}}, the slope of the detuning in Fig.
3(a) is also a function of §. We also note that the gain
linewidth is, according to Eq. (5), ~ 7~ ' Hz which in BaTiO,
is a few hertz so that the maximum detuning & observed is a
few hertz. From Fig. 3(a), the slopes of frequency detuning
versus the mirror displacement curves give, according to Eq.
(13), an estimate of the ratio ¢, /7 which is 1.89 X 107 * and
0.88 x 107® for the TEM,, and the TEM,,, modes respec-
tively. This ratio, ¢, /7, is larger for the TEM,,, mode than the
TEM,, mode since the latter, suffering higher diffraction
losses, has a smaller z,. At each region of discontinuity in &,
for example, at 0.184, 0.64, 1.14, and 1.654, the oscillation
was unstable, and rapid mode hopping between the TEM,,
and TEM,,; modes was observed. At other points, transitions
between TEM,,, and TEM,,, could be induced by disturbing
the system, for example, by vibrating one of the ring cavity
mirrors. The longitudinal mode spacing was 7.9 X 10® Hz
and the transverse mode spacing between TEM,, and
TEM,, mode was 2.13 X 10* Hz. The power of the oscillat-
ing beam for the TEM,, mode was also plotted in Fig. 3(b).
The oscillation power was near maximum at zero frequency
detuning, 8 = 0, which is due to the fact that at this point the
coupling constant ¥ as given by Eq. (5) is maximum.

In summary, we have reported an optical path length to
frequency converting interferometer which is based on the
frequency pulling effects in photorefractive oscillators. A
theory was developed to determine the frequency detuning
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and oscillation intensity in a ring oscillator. The theory was
verified experimentally. Other types of oscillators, such as
the linear oscillator and the double phase conjugate resona-
tor,** can also be used as OPL to frequency converting inter-
ferometer.
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