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Abstract

The properties of a laser based on stimulated Brillouin scattering (SBS) in
optical fibers were studied and a number of applications were explored, particularly
the creation of an SBS fiber ring laser gyroscope.

The study of solitary SBS laser properties resulted in the demonstration of
a narrow 2 kHz laser linewidth, determined primarily by external environmental
perturbations. SBS lasing thresholds as low as 35 pW were observed, along with
slope efficiencies of up to 88%. Higher order SBS lasers, up to third order, were
also demonstrated, and a number of SBS laser problems, including spontaneous
modelocking and backscatter-induced threshold variations, were investigated.

The unique properties of common cavity SBS lasers, i.e., SBS lasers generated
in the same fiber cavity using independent pumps, were demonstrated. The beat
between two such lasers was shown to be as small as 2 Hz, limited by thermally-
driven backscatter-induced dispersion effects. In addition, common cavity SBS
lasers were also demonstrated with frequency separations up to 550 MHz. A number
of applications for such lasers were proposed, including the generation of microwave
or even millimeter wave sources, high resolution two-photon spectroscopy, atomic
clocks, and high precision magnetic field sensors.

Finally, the first solid-state fiber ring laser gyroscope (RLG) was demonstrated
using SBS as the gain medium. The SBS fiber RLG relies on the Sagnac effect for
the measurement of inertial rotation in a fiber ring cavity. The directionality of
the SBS gain medium prevents the gain competition that is normally observed in a
conventional solid-state gain medium when generating simultaneous, counterprop-
agating lasers in the same ring cavity. Optical techniques for the elimination of the
backscatter-induced lock-in effect, common to all RLGs, were demonstrated. The
fundamental bias variation caused by the optical Kerr effect was also measured and
a method for eliminating it proposed.
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Chapter One

Introduction

Stimulated Brillouin scattering is a nonlinear optical process in which an
intense beam of light generates gain for a counterpropagating, frequency
downshifted beam. Stimulated Brillouin scattering (SBS) was first predicted
by L. Brillouin in 1922,! however, it was not experimentally observed until
1964 when Chiao, Townes and Stoicheff generated SBS in a solid using a
pulsed ruby laser focused to a small spot inside a quartz or sapphire sample.?

Optical fibers, however, can greatly reduce the power required to gen-
erate nonlinear optical effects such as SBS. The tight transverse mode con-
finement in a single mode optical fiber creates very high pump intensities
even for modest pump powers, and the low loss of the fiber makes very long
interaction lengths possible. SBS was first observed in optical fibers in 1972
by Ippen and Stolen using a pulsed xenon laser.?

One important use of SBS in optical fibers is as the gain medium for
fiber ring lasers. The first continuous SBS fiber laser was demonstrated by
Hill, Kawasaki and Johnson in 1976 using a hybrid cavity made from both
fiber-optic and bulk-optic components.? The SBS laser was pumped using an
argon laser and had a linewidth of about 20 MHz and a 250 mW threshold.
A more careful study of the properties of the SBS laser was then made by

13
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Overview 1.1

Ponikvar and Ezekiel in 1981 by actively stabilizing the hybrid cavity.® In
this way, an SBS laser linewidth of less than 100 kHz was achieved with
a 77 mW SBS lasing threshold using an argon pump laser. In addition,
they demonstrated the homogeneous-like behavior of the SBS gain medium.
The advent of high finesse all-fiber cavities dramatically reduced the pump
threshold for SBS to 0.5 mW as achieved by Stokes, Chodorow and Shaw in
1982,° using a low power He-Ne pump laser.

In addition to the creation of SBS fiber lasers, SBS in optical fibers
has also been exploited for a number of applications, such as short pulse
generation,” optical amplification,®? distributed temperature sensing,'® non-

destructive measurement of fiber properties,!!-!? Brillouin enhanced four-

13,14 S

wave mixing, and microwave generation.!

In our laboratory, we have been exploring optical inertial rotation sen-
sors, i.e., gyroscopes, including fiber interferometers,'® and passive resonator
gyroscopes using bulk-optic and fiber cavities.!”+1%:1% One particularly impor-
tant application of SBS lasers is for the development of a solid-state analog of
the bulk-optic He-Ne ring laser gyroscope.?’ The availability of high finesse
all-fiber cavities renewed interest in the SBS-based, ring laser gyroscope,?!:22
after many unsuccessful attempts with hybrid cavities.2®

In 1989, we succeeded in demonstrating the first solid-state, SBS fiber
ring laser gyroscope using a low power He-Ne pump laser.?®:?* In addition,
we demonstrated a number of applications of solitary SBS lasers and common
cavity SBS lasers, i.e., two or more SBS lasers sharing the same cavity.2® The

lowest SBS lasing threshold we observed was 35 uW. Since that time, a num-

ber of other groups have also begun active research on the SBS RLG.26:27.28

1.1 Overview

In this thesis, the properties and applications of SBS fiber ring lasers will be
studied. In Chapter 2, the unique properties of solitary SBS lasers will be



1.1 Overview

examined, such as the directionality, tunability, and linewidth of the laser.
Applications, based on the unique properties of such lasers, are then pre-
sented, and some of the potential problems with the laser are discussed.
Chapter 3 examines the generation of multiple SBS lasers in the same ring
cavity, i.e., common cavity SBS lasers. The properties of such lasers are
explored, and some applications suggested.

In Chapter 4, the first solid-state ring laser gyroscope is demonstrated,
and the problems for the gyroscope are examined. Further, two methods for
eliminating an important problem in the gyroscope, the lock-in effect, are
demonstrated. Chapter 5 presents a summary of the thesis, and Chapter 6

suggests several extensions of this work.

15



Chapter Two

Solitary Fiber-Optic SBS Lasers

In this chapter, stimulated Brillouin scattering (SBS) for the generation of
optical gain in a fiber will be explained using a simplified physical model, and
also using a more exact nonlinear optics treatment. The operation of a fiber
ring laser based on SBS will then be demonstrated and the properties of this
laser, including pump power threshold, broadening, linewidth, and efficiency
will be examined. Applications for SBS lasers will then be proposed and
demonstrated. Finally, some of the important experimental considerations
in the development of SBS fiber lasers will be discussed, as well as their

problems and limitations.

2.1 Stimulated Brillouin Scattering

Stimulated Brillouin scattering in a dielectric medium is a nonlinear optical
process in which an intense beam of light, the pump, generates optical gain
for a counterpropagating, frequency downshifted optical beam, the Brillouin

beam.

16



2.1.1 Simplified Physical Model for SBS Gain

2.1.1 Simplified Physical Model for SBS Gain

In a simplified explanation of SBS, the pump beam is initially scattered by
thermally generated acoustic waves in the dielectric medium, in this case,
the core of an optical fiber. Forward scattering from these acoustic waves
does not change the frequency of the pump and hence, is of no interest here.
Backward scattering, as shown in Fig. 2.1, results in a Doppler shift of the
frequency of the backscattered beam, f;, with respect to the pump given by,

Af:fp—fb=fp—-(1——2v“).fp=_2v“fp (2.1)

c (o

where v, is the speed of sound in the medium, c is the speed of light in the
medium, and f, is the pump frequency. Of interest here is the backscattering

from copropagating acoustic waves, which will be downshifted in frequency.

Pump

f » <=
Backscatter

Acoustic Waves Va

Figure 2.1 Scattering from thermal acoustic waves in the medium generates

backscattering that is Doppler-shifted down in frequency.

The strongest backscattering, i.e., Brillouin scattering, will be from

acoustic waves which satisfy the Bragg condition, i.e.,

20a ®Ap (2.2)

17
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Simplified Physical Model for SBS Gain 2.1.1

where A, and ), are the acoustic and pump wavelengths, respectively. The

frequency of such acoustic waves, fo = v4/Aq, can be rewritten using Eq. (2.2),

fa= NN, —h (2.3)

which is the same as the frequency downshift of the Brillouin scattering from
the pump beam in Eq. (2.1).

The pump and the Brillouin beams interfere to produce a weak intensity
grating with a period of approximately 2\, ~ A, shown schematically in
Fig. 2.2. Due to the frequency difference between the beams, this grating
copropagates with the pump at velocity v, given by,

oot @ueldfe,_, (2.4)

" hth 2fy
which is the same as the speed of sound in the fiber. Through the electrostric-

Vg

tion effect in the medium, this intensity grating drives the ), acoustic wave,
thus increasing the amount of Brillouin scattering. Hence, the initial back-
scattering from the ), acoustic wave is amplified, much like spontaneous

emission is amplified in a conventional gain medium.

Intensity
Grating

o e

Figure 2.2 A weak intensity grating, formed by the Doppler-shifted backscat-

tering and the pump, drives the acoustic wave through the electrostriction effect
in the fiber.



2.1.2 Classical Derivation of SBS Gain

Two important characteristics of SBS gain are its directionality and
tunability, which serve as the basis for many of the applications of SBS ring
lasers. In contrast to a conventional gain medium, the SBS gain is only along
a direction opposite to that of the pump. Further, the center of the SBS gain
is tied to the frequency of the pump, thus, the tunability of the SBS gain
medium is determined by the tunability of the pump laser.

2.1.2 Classical Derivation of SBS Gain

While the simplified model for SBS scattering in the previous section gives
good physical insight into SBS, it does not allow a quantitative evaluation
of the SBS gain coefficient. In order to calculate the SBS gain coeflicient, a
classical nonlinear optics treatment of SBS will be presented.2®

Since energy and momentum must be conserved by SBS, we can write a
conservation of energy equation and a conservation of momentum equation.

The conservation of energy equation can be written as,
Wp = W, + Wa (2.5)

where wy, w, and w, are the pump, SBS and acoustic frequencies, respec-

tively. Conservation of momentum is given by,
k, =k, +k, (2.6)

where k,, k,, and k, are the pump, SBS and acoustic wave-vectors, respec-

tively. Equation (2.6) implies that,

B = k2 + k2 — 2k, -k,

~ 1.2
~k,y(1+1—2cos)

= 4k sin’ (g) (2.7)

19
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Classical Derivation of SBS Gain 2.1.2

where 6 is the angle between k, and k,, i.e., the scattering angle, and using
kp =~ k;. For maximum interaction length, k, and k, must be collinear, so 6
must be equal to 0 or 7. However, § = 0 corresponds to forward scattering
and yields k, = 0, and hence, is of no interest. On the other hand, 6 = ,
corresponds to backscattering and yields k, ~ 2k,, which is equivalent to
Eq. (2.2).

In order to derive an expression for the gain experienced by the SBS
beam, we will start with the equations for both the optical and the acoustic
waves. Recall that in a nonlinear lossless medium, the optical wave equation

is given by:
2 -
V°E — poe—— 52 = —aglloPNL (2.8)

where E is the electric field vector, Py is the nonlinear polarization, p.
is the permeability of free space and € is the permittivity of the medium.

Similarly, the equation for the acoustic wave in a lossy medium is given by:

o _ %

v2V2p + V2 5 B VipnL (2.9)

where p is the mass density of the medium, v, is the acoustic velocity, 7 is
the viscosity coefficient, and V2pyy is the nonlinear optical driving term.
The equations for the two optical beams, the pump and SBS, and the
acoustic beam are coupled through Py, which is the nonlinear polarization
caused by the variation in p, and through pnr, which is the electrostrictive
pressure caused by the intensity, |[E|2.
The nonlinear polarizability, Pnz, can be written as a change in ¢E as

a function of density variation, i.e.,

PnL = pg—;E (2.10)



2.1.2 Classical Derivation of SBS Gain

and in a similar fashion, py1 can be written as a pressure variation due to

the electric field intensity ¢|/E|? given by:

Po

s}
PNL = ?3_peE2 (2.11)

where p, is the average density.

We assume solutions for the forward propagating pump field, E,, the
backward propagating SBS field, E,, and the forward propagating acoustic

wave p, are of the form,

E, = Eyeilkpz=wpt) (2.12)
E, = E,el(7ksz-wit) (2.13)
p= paej(kuz_wat) (2.14)

where E, and E, are the complex field amplitudes, k, and k, the wave
numbers, and w, and w, the frequencies of the pump and SBS respectively.
Also, p, is the complex field amplitude, k, is the wavenumber, and w, is
the frequency of the density wave. In addition, we will assume that all three

waves are linearly polarized in the same direction.

Substituting Eq. (2.12) and (2.13) into Eq. (2.8) yields,

52
(VZ + w;poe)Ep = Mo &EPNL(“’P) (2.15)
(V2 + wpoe)E, = a—zp 2.16

ho€)E, = Ho 5 NL(ws) (2.16)

and substituting Eq. (2.14) into Eq. (2.9) yields,

(v2V? + nkiw, + wl)p = VN1 (2.17)

21
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Classical Derivation of SBS Gain 2.1.2

The optical wave equations, Eq. (2.15) and (2.16), can be further simplified
by substituting Eq. (2.10) into each of the equations, yielding,

2 o 3 82
(V2 + wlpo)E, = £27 7 (PEs) (2.18)
Po
and,
2 O
(V2 + wlpo€)E, = “p” 2 (PE») (2.19)

where 7. = p.0¢/Jp is the electrostriction coefficient.

In order to solve for E, and E,, we will first solve for p, and then
substitute into the above equations. To solve for p, first we will find an
expression for V2E2. Expanding E?, and ignoring terms on the order of 2w,
gives,

E*=EE*

1 iy . ,
= 5 (1Bl + B, + By Bieient=he) 4 B, Breft=vat+hes)) (2.20)
where w, = wp — w, from Eq. (2.5), and k, = k, + k, from Eq. (2.6). Thus,
VZE? = %[—kiEpE;‘e*"%i‘k"" — K EpE i moettha?)] (2.21)

which can be combined with the acoustic wave equation, Eq. (2.17), to find

an expression for p,, which after simplifying is given by,

_ 37eEpE:
Pe = 2(k2v2 — w? — 2T pw,)

(2.22)

where I'p = k27/2 is the half width of the SBS gain curve.
This solution for p can then be used to solve for E, and E, by substi-
tuting into Equations (2.18) and (2.19), and using the assumption that E,

and E, are slowly varying, to give,

2
(_k2 — %k __a_ +ﬂoe“)§)E - ﬂ07ewp

3 — 2iky o =2 paE, (2.23)



2.1.2 Classical Derivation of SBS Gain
(—k2 — 2ik 9 | peew?)E, = Hoewy poE (2.24)
8 aaz oW, 8 Po aldp .
which can be simplified to a pair of coupled wave equations,
OE,
—2 = _K|E,|’E .
~2 = —K|E,'E, (2:25)
and,
OFE,
5 = —K|E,|*E, (2.26)
with
— Wy Coftoy k>
K P ea (2.27)

" Bnpo (k202 — (wp — w,)? — 120 p(wp — w,))

Evaluating K exactly on resonance and simplifying using k,v, = 2w,v,n/c.,
we get,

Wiy
- 8—;’0’:—;; (2.28)
Hence, the pump, E,, traveling in the 4z direction experiences attenuation
and the SBS beam, E,, in the —z direction experiences gain.

Thus, the equation for the intensity of the SBS beam, I,, after propa-
gating some distance L, assuming negligible pump depletion, can be written

as,

s = Left ~ I,(1 + gL) (2.29)
for gL < 1, where I, is the initial SBS intensity, and g, the small signal
intensity gain with w, — w, = w,, is given by,

2.2
T Ve

2.30
2npov4Co I‘b/\f, P ( )

g =golp =

where ), is the free space wavelength of the pump.
For example, with a pump at 632 nm in an optical fiber having v, =

6 x 10 m/s, po = 2.2 x 10* kg/m3®, n = 1.48, ¢co = 3 x 10* m/s, [, =

23



24

Properties of SBS Fiber Ring Lasers 2.2

(27)5 x 107 radians/s and an electrostriction coefficient of 7. = 0.3¢,, yields
g6 = 5 x 107 m/W.3® Thus for a 1 mW laser in a single-mode optical
fiber with an effective core diameter of 5 pm, the SBS gain is approximately
2.5 x 1073 /m.

The half width of the SBS gain curve, I'y, is primarily determined by
the acoustic damping in the material and has been observed to vary with
the inverse of the square of the pump wavelength.?! At 632.8 nm, the width
of the gain curve in bulk silica is approximately 100 MHz, and at 1.3 um,
approximately 25 MHz. This linewidth narrowing offsets the explicit \~2
dependence of the SBS gain in Eq. (2.30), causing the SBS gain to be almost
constant with respect to wavelength.3?

At a given a wavelength, the net gain due to SBS, Eq. (2.29), can be in-
creased by increasing the pump intensity or increasing the interaction length.
The small core of optical fibers creates very high pump intensities for modest

input pump powers, while their low loss allows very long interaction lengths.

2.2 Properties of SBS Fiber Ring Lasers

In this section the SBS gain will be used to generate a fiber ring laser.
First, the requirements for SBS lasing will be reviewed, and an expression
for the minimum pump power required for lasing will be derived. Second,
fiber-optic cavities, which provide the optical feedback for the laser, will be
described, and third, an SBS fiber ring laser and its various properties will

be demonstrated.

2.2.1 SBS Laser Threshold Pump Power

There are two basic requirements for generating a laser: a source of opti-
cal feedback, in this case an optical resonator, and optical gain sufficient
to overcome the losses in the resonator. In this section, the pump power

requirements for SBS lasing will be examined.



2.2.1 SBS Laser Threshold Pump Power

In addition to providing the optical feedback for the SBS laser, the
optical cavity also greatly reduces the pump power requirements for SBS
lasing. With the pump tuned near the center of a cavity resonance, the
pump power inside the cavity is resonantly enhanced. This enhanced pump
generates an SBS gain curve inside the resonator in a direction opposite to
that of the pump, as shown in Fig. 2.3. As seen in the figure, several cavity
resonances may fall under the SBS gain curve, and the round trip gain for

one of these resonances must exceed the round trip losses to achieve lasing.

SBS Gain

Loss Line Cavity
N~ Resonances

_/L/\/\/\,/\/\/\,f
| |

SBS Laser Pump

Figure 2.3 Illustration of the pump and SBS gain inside the fiber resonator.

Thus, the threshold gain for lasing is simply equal to the round trip loss
in the cavity. For a matched cavity, i.e., a cavity where the internal losses
are equal to the coupling loss, the round trip loss is equal to 7/ F, where F is
the cavity finesse. Further, for such a cavity on resonance, the pump power
inside the cavity is enhanced by F/w. Thus, using the gain expression from

Eq. (2.29), and setting the gain equal to the loss we get,

C)n@-G e

25



26

Fiber Ring Cavities 2.2.2

where Py, is the pump threshold power. Solving for the threshold power
yields,

Ar?

P = FagL

(2.32)

where L is the round trip length of the cavity. Thus, for low threshold SBS
lasers, long, high finesse resonators are required. For example, at 632.8 nm
with L =20 m, A = 7 (2.5 x107® m)?, F = 70 and g ~ 5 x 101! m/W,

Pyp =40 pW, which can easily be achieved using a low power He-Ne laser.

2.2.2 Fiber Ring Cavities

The fiber ring cavities are constructed from a continuous loop of single-mode
optical fiber and a polished, evanescent wave coupler,?? as shown in Fig. 2.4.
In this configuration, no splice is required in the cavity, but the coupler must
strongly couple the light between the two fibers. For example, to achieve a
finesse of 300, 99% of the power entering the coupler in one fiber must be

coupled into the other fiber.

Coupler

Figure 2.4 Schematic diagram of a continuous loop, fiber ring cavity using an

evanescent wave coupler.



2.2.2 Fiber Ring Cavities

Several fiber cavities at 633 nm, 1150 nm, and 1300 nm were used
throughout this research. The cavities ranged in length from 20 m to 2 m,
with finesses ranging from 400 to 25. Table 2.1 lists the cavities along with

some of their important characteristics.

Fiber Cavity Summary
Label A (pm) L (m) F FSR (MHz) Pip (uW)
A 0.63 5 160 41 340
B 0.63 20 70 9.6 120
C 0.63 20 70 9.6 120
D 0.63 2 170 100 ~ 225
E 0.63 3 200 65 ~ 120
F 0.63 20 25 10 N/A
G 1.15/1.3 20 250 10 60
H 1.15/1.3 10 500 22 ~ 50
Table 2.1

All cavities were used as multi-turn resonators, with most of the fiber
wound in a coil, approximately 10 cm in diameter. In order to reduce the
temperature perturbations to the cavity and protect it from physical dam-
age, the cavity was kept inside a covered box, from which only the fiber arms
and electrical connections emerged. This box, along with the fiber coupling
stages, was then enclosed in a larger box, to further thermally and acousti-
cally isolate the cavity. More details on the physical layout of the cavity can
be found in Section 2.4.1.

The operation of a fiber resonator can be demonstrated using the setup
shown in Fig. 2.5. In the simplified schematic diagram, a laser, in the di-
rection labeled P, is coupled into a 20 m long fiber ring cavity, cavity F in
Table 2.1. The cavity is viewed in reflection using detector D. As the laser
frequency is scanned over a complete free spectral range (FSR) of the fiber

cavity, the corresponding output of the cavity, as measured by detector D,
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28 Fiber Ring Cavities 2.2.2

is shown in Fig. 2.6(a). With the laser well off resonance, the full intensity
of the laser is observed, while with the laser on resonance, an intensity min-
imum is observed. A close-up of the resonance is shown in Fig. 2.6(b), with

a linewidth of 400 kHz for a cavity finesse of 25.

Fiber
Resonator

P
-

LASER

DI

P P

Figure 2.5 Simplified schematic diagram for a fiber ring cavity observed in

reflection.

10 MHz
le— FSR —*

—.\';mr 7400 kHz}}F
i | .

(@) (b)

Figure 2.6 Fiber ring cavity observed in reflection as the pump laser fre-
quency is tuned, showing (a) an entire cavity FSR, and (b) a close-up of a cavity

resonance. Cavity F.



2.2.3 Demonstration of SBS Lasing

2.2.3 Demonstration of SBS Lasing

Figure 2.7 shows a simplified schematic diagram for an SBS laser. The pump
laser, in the direction labeled P, first passes through directional coupler C2
and then is coupled into the fiber cavity via coupler C1, and the reflected
pump from the cavity falls on detector D1. With sufficient pump power
inside the resonator, an SBS laser, in the direction labeled B, is generated
and coupled out of the cavity by C1. In order to monitor the SBS, directional
coupler C2 is used to couple a fraction of the SBS output onto detector D2.

Fiber
B Resonator

PUMP C2 C1

D2

Figure 2.7 Simplified schematic diagram for an SBS laser.

In this case, the pump is a single longitudinal mode obtained from a
randomly polarized, two-mode, 3 mW He-Ne laser at 632.8 nm. Since the
longitudinal modes of this laser are orthogonally polarized, a single mode
of the laser is selected using a simple polarizer. This pump laser was also
frequency stabilized to its gain curve, as described in Section 2.4.3. The

fiber cavity used to demonstrate SBS lasing, cavity D in Table 2.1, is 2 m
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long with a finesse of 170, a linewidth of 600 kHz, and is constructed from
nonpolarization preserving, single mode fiber.

In Fig. 2.8, the pump laser is scanned over a cavity resonance while
simultaneously monitoring the outputs of detectors D1 (top) and D2 (bot-
tom) on an oscilloscope. Figure 2.8(a) shows a cavity resonance in reflection,
as measured by detector D1, but only a small signal, due to stray reflections
external to the cavity, from detector D2. If the pump power is increased
slightly above the 225 uW SBS threshold for this cavity, a dramatic increase
in backscattering, shown in Fig. 2.8(b), is observed when the pump is very
close to the center of the resonance, i.e., when the pump power inside the
cavity is close to its maximum value. Finally, with the pump well above
threshold, as in Fig. 2.8(c), very strong backscattering which follows the
pump power inside the cavity, is observed.

It should be noted that the stable, unidirectional lasing observed here
is in marked coatrast to the behavior of a typical solid-state gain medium
using a ring cavity. In a conventional solid-state ring laser, mode competi-
tion between lasers in the opposiie directions of the cavity leads to unstable
lasing in either direction. In contrast, the SBS laser demonstrates stable
lasing in only one predictable direction of the cavity, without the use of any
unidirectional devices inside the cavity.

In order to generate a continuous SBS laser, the pump laser must be
held near the center of a cavity resonance using a servo loop. Although a
simple DC servo can be used to lock the pump laser to the side of a cavity
resonance, for maximum SBS power, the pump must be locked to the center
of a cavity resonance using an AC servo, described in Section 2.4.2. In
addition to locking the pump to the center of a cavity resonance, tc achieve
maximum pump power inside the resonator, the polarization of the pump
must be matched to one of the two eigenpolarizations of the cavity, which

are, in general, elliptical states of polarization.
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X2

(c)

Figure 2.8 Simultaneous monitoring of the pump (top) and the SBS (bottom)
with the pump power (a) below, (b) slightly above, and (c) well above SBS
threshold. Cavity D.

2.2.4 SBS Laser Frequency

With the pump locked to the center of a cavity resonance, a more detailed
study of the SBS laser can be performed. As seen in Fig. 2.9, a short, plane-
parallel, scanning Fabry-Perot with a 70 GHz FSR is inserted at the SBS
laser output. Though the Fabry-Perot in the figure is schematically shown
with a fiber input and output, in practice, the light was coupled out of the
fiber and collimated before passing through the Fabry-Perot and falling onto
detector D2. Scanning of the Fabry-Perot was accomplished by mounting
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one of its mirrors on a cylindrical piezoelectric transducer (PZT). When a
high voltage is applied to the PZT, its length changes, thus changing the
length of the Fabry-Perot by a few wavelengths. Hence, for scanning, a high

voltage triangle wave was applied to the PZT, as shown in the figure.

B

YV

PUMP PZT

B
Short = P B

Fabry-Perot FE——@
abry-Pero Lo |
D7 | SERVO

Figure 2.9 Setup for analyzing the SBS laser using a 70 GHz plane-parallel,

scanming Fabry-Perot.

With the pump laser well below the SBS laser threshold, only a single
peak is observed in the output of the Fabry-Perot, shown in Fig. 2.10(a),
which is due to back reflections of the pump and is used here as a frequency
marker. However, with the pump above SBS threshold, in Fig. 2.10(b), a sec-
ond peak, due to the SBS laser, is seen downshifted by approximately 30 GHz
from the pump. This is in good agreement with the expected frequency shift
at this wavelength, and confirms that the observed backscattering was in fact

SBS.

2.2.5 SBS Laser Longitudinal Modes

Further study of SBS laser behavior is possible by replacing the short, low

resolution Fabry-Perot with a longer, confocal Fabry-Perot with an effective
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70 GHz
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Figure 2.10 Scans of the SBS laser output on a 70 GHz FSR Fabry-Perot
with the pump (a) below threshold, and (b) above threshold. Cavity B.

Fl

FSR of 250 MHz and a linewidth of 7 MHz, as shown in Fig. 2.11. With the
pump laser well above threshold, two peaks are again observed, as shown in
Fig. 2.12(a), a small peak due to pump back reflections, labeled P, and a
much larger peak due to the SBS laser, labeled B.

Closer examination of the SBS peak in Fig. 2.12(b), shows that the SBS
laser is only oscillating in a single longitudinal mode of its 10 MHz FSR
cavity, despite the fact that the SBS gain is approximately 100 MHz wide
and several longitudinal modes should be above the loss line. Thus, the SBS
gain is behaving like a homogeneously broadened gain medium, confirming
the earlier observations carried out in our laboratory.® It is also important

to recognize that the observed linewidth of the SBS laser in Fig. 2.12(b)
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Figure 2.11  Setup for analyzing the SBS laser output using a 250 MHz FSR,
confocal Fabry-Perot.
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Figure 2.12 Scans of the output of the SBS laser on a 250 MHz FSR confocal
Fabry-Perot showing (a) a complete FSR of the cavity with P and B marking the

pump and SBS resonances respectively, and (b) a close-up of the SBS resonance.
Cavity B.

is limited by the instrumental linewidth of the Fabry-Perot, and not the
intrinsic linewidth of the SBS laser.
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2.2.6 SBS Laser Linewidth

Better estimates of the actual linewidth of the SBS laser can be made by
using a higher resolution Fabry-Perot. The low loss of optical fibers allows
very long, narrow linewidth fiber cavities to be constructed, even though

such cavities have relatively low finesses.

For example, when the confocal resonator shown in Fig. 2.11 is replaced
with a higher resolution fiber cavity (Cavity F), which has a linewidth of only
400 kHz, a narrower linewidth for the SBS laser is obtained. Figure 2.13(a)
shows a scan of a complete FSR of the fiber cavity. The larger peak, B,
is due to the SBS lasing and the much smaller peak, P, is due to pump
backscattering. Figure 2.13(b) shows a close-up of the SBS resonance and
demonstrates, by the lack of noise on the side of the resonance, that the
linewidth of the SBS laser is much narrower than the 400 kHz linewidth of
the analyzer.

[— FSR —

N Y

m - 0T

400 kHz —\ [«

(@) (b)

Figure 2.13 Scans of the SBS laser on a high resolution fiber cavity, which
has a linewidth of 400 kHz, showing (a) a complete FSR of the cavity, and (b)
a close-up of the SBS resonance. The SBS laser uses cavity B, and the passive

cavity is cavity F.
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Figure 2.14 Setup for the measurement of the width of the beat between
independent SBS lasers.

Due to the extremely narrow linewidth of the SBS laser, it is difficult
to construct a Fabry-Perot which has a sufficiently narrow linewidth and is
stable enough to directly measure the laser’s linewidth. Instead, the SBS
laser linewidth can be more easily measured by interfering the outputs of
two independent SBS lasers, and then measuring the width of the resulting
beatnote, using the setup shown in Fig. 2.14. In this figure, separate pump
lasers, P1 and P2, are each locked to their respective cavities using servos
(not shown in the figure) and generate two independent SBS lasers, B1 and
B2, respectively. These SBS lasers are combined using a directional coupler
and fall on detector D, whose output is fed to a spectrum analyzer.

Figure 2.15(a) shows a 3 kHz wide beatnote between the independent
SBS lasers, centered on 101 MHz. This narrow beatnote, implies that the
short-term linewidth of each laser is less than 2 kHz. It is important to
note that this 2 kHz linewidth is not the result of using narrow linewidth

pump lasers. In fact, the beat between the intentionally jittered pump lasers,
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shown in 2.15(b), is more than an order of magnitude broader than the SBS

laser beat.

10 kHz

Figure 2.15 Spectrum of (a) the beat between two independent SBS lasers,
and (b) the beat between the corresponding pump lasers which were inteationally
jittered, both centered on 101 MHz. Cavities B and C.

This insensitivity of the SBS laser linewidth to pump frequency jitter is
due to the bandwidth of the SBS gain being much greater than the fiber cav-
ity linewidth, so that the frequency of the SBS laser is primarily determined
by the cavity resonance. However, if the pump laser linewidth is larger than
the cavity linewidth, the amplitude of the SBS gain will be modulated, thus

broadening the spectrum of the SBS laser.3?



38

SBS Laser Threshold and Efficiency 2.2.7

The 2 kHz SBS laser linewidth in Fig. 2.15(a) is determined primarily
by the residual acoustic and thermal drifts of the fiber cavities, and does
not represent the intrinsic linewidth of the laser. For example, a relative
change in average cavity temperature of only 10~ degrees Celsius results in
a 10 kHz change in the beat frequency. Clearly, further reduction to this

free-running laser linewidth would require extremely precise control of the

laser’s environment.

2.2.7 SBS Laser Threshold and Efficiency

The generation efficiency of the SBS laser is measured by monitoring the
SBS laser power at the output of the cavity as a function of the pump laser

power. The SBS threshold can then be found by extrapolating the measured

SBS power curve to zero.
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Figure 2.16 SBS laser power versus pump power demonstrating very low las-

ing threshold. Cavity G.



2.2.8 SBS Gain Thermal Tuning

Figure 2.16 shows the SBS power versus pump power for a low threshold
SBS cavity. In this case, the threshold is only 35 uW, and the slope efficiency
of the laser is approximately 25%.

In addition, by using a cavity with an adjustable coupler, it is also pos-
sible to measure the efficiency as a function of output coupling. Figure 2.17
shows the SBS power versus pump power for several settings of the fiber
coupler. At setting (a), the coupler was adjusted so that the cavity was well
matched, i.e., the resonance depth was close to 100%, with the pump laser
below SBS threshold. In this case, the SBS laser slope efficiency was mea-
sured at 28%. At setting (b), the output coupling of the cavity was increased,
which lowered the cavity finesse, increased the SBS threshold and increased
the slope efficiency to 55%. Finally, in (c), the output coupling was further
increased, so that the cavity was well matched with the pump laser near its
moaximum value. The slope efficiency in this case increased to 88%.

Qualitatively, by increasing the output coupling of the cavity, the ratio
of power coupled out of the cavity to power dissipated internally in the
cavity increases, which increases the slope efficiency. In addition, if at low
pump powers the cavity is undercoupled, i.e., the internal losses are less
than the output coupling, then the resonance depth of the cavity is muck
less than 100%, and the power coupling into the cavity is poor. However, for
larger pump powers, the additional internal loss due to SBS will increase the
resonance depth and the power coupling into the cavity. Thus, for severely
undercoupled cavities, low internal losses combined with increasing resonance

depths can lead to slope efficiencies for the SBS laser in excess of 100%.

2.2.8 SBS Gain Thermal Tuning

Since both the speed of sound and the index of refraction of the fiber are
temperature dependent, the frequency shift of the SBS gain curve is also

temperature dependent. In addition, the difference in the thermal expansion
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Figure 2.17 SBS laser power as a function of pump power for several cavity

coupler settings. Cavity D.

coefficients between the optical fiber and iis protective jacket can cause stress
in the fiber, enhancing the apparent thermal coefficient of the SBS gain
curve.3?

The temperature dependence of the SBS gain curve can be found by
measuring the frequency separation between the SBS laser and the pump as
a function of cavity temperature. However, in order to accurately measure
the thermal tuning of the SBS gain, the applied temperature perturbation
must be large enough so that the center of the SBS gain is shifted by several
cavity FSRs, since the SBS laser does not tune continuously with the center
of the SBS gain.

In this case, changes in the frequency separation of the pump and the

SBS laser were measured using a confocal Fabry-Perot with an effective FSR
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of 250 MHz, in a setup similar to that previously shown in Fig. 2.11. With
the pump laser locked to a fiber cavity resonance, the fiber cavity was slowly
heated by several degrees Celsius, and the resulting change in the frequency
separation of the pump and the SBS laser was measured using the confo-
cal Fabry-Perot. In this way, the tuning of the SBS gain was measured to
be 7 MHz/°C using a pump at 633 nm. Due to the size of the thermal
perturbation, the thermal tuning of the fiber cavity greatly exceeded the
tuning range of the pump laser, which required the pump to be periodically
re-locked throughout the course of the measurement.

Since the FSR of the Fabry-Perot, 250 MHz, is small compared to the
frequency separation of the pump and the SBS, 30 GHz, the longitudinal
mode number, i.e., the ¢, of the pump and SBS Fabry-Perot resonances
differed by over 100. Thus, changes in the FSR of the Fabry-Perot would
also lead to an apparent change in the frequency separation between the
pump and the SBS. However, the frequency “hops” of the SBS laser as it
changed longitudinal modes were easily observed, and the drift of the Fabry-

Perot was negligible over the time span of the thermal perturbation.

Further, the thermal perturbation of the fiber cavity also changed the
fiber cavity FSR, thus changing the frequency separation between the pump
and SBS laser’s cavity modes. This tuning, however, was only about 600 kHz
per degree Celsius, which was much smaller than the observed SBS gain

tuning.

2.3 SBS Fiber Ring Lasers Applications

There are a number of applications which can take advantage of the proper-
ties of SBS lasers. In this section, we will propose and demonstrate several

such applications.
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2.3.1 Laser Linewidth Reduction

One application of an SBS laser is for the reduction of frequency jitter in a
single-frequency laser, such as a dye laser, without the use of fast feedback
loops. As previously demonstrated in Fig. 2.15, even if a jittery laser is used
as the pump for an SBS laser, the linewidth of the SBS laser is still very
narrow. Thus, the jittery pump laser is downshifted by the SBS shift, e.g.,
30 GHz for a visible pump laser, and converted into a narrow linewidth SBS
laser. In addition, the directionality of the SBS gain also makes the SBS
laser very resistant to the effects of optical feedback. Backscattering or back
reflections into the SBS laser propagate in the direction opposite to that of
the laser, thus do not perturb the lasing field, or the laser gain medium, due
to the directionality of the SBS gain.

However, if the linewidth of the pump laser is greater than the linewidth
of the fiber cavity, the resulting amplitude modulation of the SBS gain will
broaden the linewidth of the SBS laser. As a concrete example, consider the
problem of reducing the short-term linewidth of a single-frequency dye laser
(A ~ 600 nm) with an initial dye laser linewidth that has been reduced to
2 MHz using simple servo loops. The fiber cavity linewidth can be chosen
to be 10 MHz, a little wider than the width of the dye laser pump. For a
desired SBS laser output power of 10 mW, the pump threshold for the SBS
laser is also selected to be 10 mW, for efficient pump power conversion. To
find the required cavity length, or equivalently, the cavity finesse, Eq. (2.32)
can rewritten using F' = FSR/T = ¢/LT to give,

An? _ An? L2 _ Am?I?

FigL ~ g L gc? L (2.33)

P =

which in this case yields L = 1 m, for an FSR of 250 MHz and F = 20.
With this large cavity FSR, thermal tuning of the SBS gain curve will be

required to center the gain curve over a cavity resonance. The linewidth
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of the resulting SBS laser is expected to be a few kilohertz, based on the
observed SBS linewidth in Fig. 2.15.

If a lower threshold with the same linewidth is desired, the cavity length
can be shortened, and the cavity finesse increased by the same factor. In
this way, the cavity linewidth is unchanged, but the threshold, which is
proportional to 1/(F2L), is reduced. Similarly, to increase the threshold,

the cavity length is increased, and the finesse reduced.

2.3.2 Wideband Frequency Shifter

Another possible application of solitary SBS lasers is as a wideband frequency
shifter that requires neither high speed electronics nor high speed modula-
tors. As previously demonstrated in Fig. 2.10, with a pump at 630 nm, the
first SBS laser is shifted by 30 GHz. In addition, just as the pump laser gen-
erates gain for a counterpropagating SBS laser, with sufficient pump power,
the SBS laser itself can become strong enough to generate a second SBS
laser.

The generation of higher order SBS lasers can be demonstrated using
the setup in Fig. 2.18, in which a strong pump laser, P, is coupled into the
counterclockwise (CCW) direction of a ring resonator. With the pump well
above SBS threshold, an SBS laser, B, is generated in the clockwise (CW)
direction. With sufficient pump power, the first SBS laser, B, can become
strong enough to act as the pump for a second SBS laser, Bz, which will be
generated in the CCW direction of the cavity.

After being coupled out of the cavity, the pump and both SBS lasers
are then combined using a directional coupler and pass through a scanning
Fabry-Perot before falling on detector D. Figure 2.19(a) shows the output
of D with only the first SBS laser above threshold, where the largest peak is
due to the pump laser, P, and the smaller peak is due to the SBS laser, B,is
downshifted by 30 GHz. With increasing pump power, shown in Fig. 2.19(b),
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Figure 2.18 Setup for the observation of a higher order SBS laser.

the second SBS laser, Bz, is observed, downshifted by 60 GHz, or twice the

Brillouin shift, from the original pump.

Using a higher finesse cavity at 1.15 um, we have also demonstrated
tertiary SBS lasers, using the setup shown in Fig. 2.18. As before, for low
pump powers, only a single SBS laser, labeled B is observed in Fig. 2.20(a),
shifted by 15 GHz from the 1.15 pm pump, as expected for this wavelength.
As the pump power is increased, in Fig. 2.20(b), a secondary SBS laser, B2,
is also observed, and for the maximum available pump power, in Fig. 2.20(c),

primary, B, secondary, B2, and tertiary, B3, SBS lasers are all observed.

Thus, the SBS laser can be used as a wideband frequency shifter which,
using a pump around 600 nm, will provide shifted beams at multiples of
30 GHz, without the use of high speed electronics or modulators. Pumps at
longer wavelengths will give smaller shifts.
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70 GHz
— FSR —

Figure 2.19  Scans of the output of the SBS laser (a) with the pump lzser below
secondary SBS threshold, and (b) above secordary SBS threshold. Cavity B.

2.3.3 Sensor Applications

Finally, there are 2 number of interesting sensor applications for the SBS
laser. For example, in Fig. 2.21, two independent SBS lasers are used as
a sensor. One of the lasers, labeled Sense, is perturbed, for example, by
temperature or pressure and the second laser, labeled Reference, is usedasa
reference. Thee output of the sensor is the beat frequency between the lasers.
Such a configuration can be used as a very sensitive thermometer since, as
mentioned in Section 2.2.6, the output frequency changes by approximately
10 GHz/°C. In addition, various coatings can be applied to the Sense cavity
fiber to allow the sensing of a wide range of phenomena, such as electric fields,

magnetic fields, and acoustics.
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Figure 2.20 Demonstration of higher order SBS laziug as a function of in-

creasing pump power. Cavity G.

2.4 Experimental Considerations

In this section, some of the important experimental considerations in the

development of SBS fiber ring lasers will be discussed.

2.4.1 Optical Layout

Figure 2.22 shows a more detailed layout of a solitary SBS laser. As seen
in the figure, the actual optical setup used in the previous experiments is a
hybrid, using both fiber-optic and bulk-optic components. The pump laser,

a 3 mW He-Ne laser, described in more detail in Section 2.4.3, is passed
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Figure 2.21 Schematic diagram for an independent SBS laser sensor with a

reference cavity and a sensing cavity.

through an acousto-optic modulator (A/O), reflected by several steering mir-
rors, and then passed through a quarter-wave plate and a half-wave plate,
and coupled into the fiber arm of the cavity. The A/O, typically driven at
40 MHz, is used to isolate the pump laser from intensity backscattering by
the cavity, and also provides a convenient pump intensity control by adjust-
ing the drive to the A/O.

The steering mirrors, in conjunction with the fiber coupling stage, are
used to align the pump into the optical fiber. Due to the very small core of
the optical fiber, this alignment is particularly sensitive, and the use of very
high quality mirror mounts, securely fastened to the optical table, is strongly

recommended. In addition, to minimize the sensitivity of the coupling to
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Figure 2.22 Detailed diagram of the optical setup.

thermal perturbations, it is important to minimize the length of the path
between the pump laser and the fiber coupling stages.

Coupling into, and out of, the fiber arms was done using commercial fiber
stages with either a high quality 20x microscope objectives or ball coupling
lenses. In both cases, coupling efficiencies of 50% were routinely obtained.
To minimize end reflections from the fiber, the fiber ends were mounted in
glass sleeves and polished ai a 7° angle. Despite this safeguard, intensity
reflections from the fiber arms of approximately 0.1% were still observed.
These reflections were apparently caused by either microbends of the fiber
mounted in the glass sleeve, or from microfractures near the polished end
of the fiber. One advantage of the ball coupling lenses, in addition to their
low cost, is that index matching oil can be used between the end of the fiber
and the lens, due to their very short working distances. This is the preferred
configuration.

Since the eigenpolarizations of the fiber cavity are not linear, wave plates
are used to match the pump’s state of polarization to a cavity eigenpolariza-
tion. However, many high quality waveplates are manufactured with a small

angle between the faces of the plates, typically 30 minutes of arc, in order
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to eliminate any Fabry-Perot effect between the faces of the plate. Unfortu-
nately, this angle also causes a small amount of beam steering as the plate
is rotated, which misaligns the fiber coupling. The use of wave plates can be
eliminated altogether by using a fiber polarization rotator on the input arm
to the cavity, if there is enough fiber arm available. This has the obvious ad-
vantage cf eliminating two components in the optical path, but is somewhat
less convenient to align.

All of the cavities used in this chapter were made from nonpolariza-
tion maintaining fiber. Thus, with any perturbation to the cavity fiber, the
birefringence of the fiber changes, thus changing the eigenpclarizations of
the cavity. While this can be a problem in practical applications, in the
laboratory environment, very little drift was observed in the cavity eigen-
polarizations over the course of a day, or even the course of several days.
Polarization adjustments were typically only needed when the cavity was
significantly disturbed, e.g., if a PZT was added to the fiber or if the cav-
ity was moved. On the other hand, the eigenpolarizations of cavities made
from polarization maintaining (PM) fiber were studied in our laboratory and
found to be quite sensitive to thermal perturbations, due to the large amount
of birefringence between the two fiber axes.?*:3® Thus, polarization matching
into PM cavities required much more care and adjustment than comparable
non-PM cavities.

It is hard to overemphasize the sensitivity of the fiber cavity to thermal
perturbations. Even the light from a 20 Watt light bulb focused on a single
strand of optical fiber will cause significant changes in the optical length of
the fiber, and this technique was frequently used to perturb the cavity. In a
typical configuration, the fiber cavity is covered in a small box which is then
enclosed in a larger box. Both enclosures are designed to minimize air flow

around the cavity, since convective heating and cooling can produce large and
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relatively abrupt thermal perturbations. In addition, the enclosures protect

the cavity from physical damage and acoustic perturbations.

2.4.2 AC Servo

An AC servo was used to lock the pump laser to the center of a cavity reso-
nance. This servo employed a frequency modulation technique to generate a
discriminant with a zero crossing at the center of the cavity resonance which

can can be used to lock the pump to the center of a cavity resonance.13:36

PSD
Output

Figure 2.23 Intensity response of a frequency modulated laser at various de-

tunings from the center of a resonance.

The generation of such a discriminant can be understood from a simple
quasi-static model, shown in Fig. 2.23. As seen in the figure, the pump fre-

quency is modulated at f,,, shown in part (a), which after passing through
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the cavity resonance, (b), generates an intensity signal shown in (c). If the
pump is exactly at the center of the resonance, the top waveform in (c), an
amplitude modulation is observed, primarily at twice the modulation fre-
quency, 2f,,, with no component at f,,. However, if the pump is slightly
below resonance, shown in the middle waveform in (c), a small intensity
modulation at f,, is observed which is 180° out-of-phase with the applied
modulation. Finally, the bottom waveform in (c) shows that if the pump is
above the center of the resonance, a large amount of intensity modulation
is observed which is in-phase with the applied modulation. If the intensity
signal is demodulated at f,, using a phase sensitive detector (PSD), a dis-
criminant can be formed, as shown in Fig. 2.23(d), which has a zero crossing
at the center of the resonance and, as mentioned above, can be used as the
error signal in a servo.

Figure 2.24(a) shows a scan of a cavity resonance without any applied
modulation, and Fig. 2.24(b) shows the same resonance with frequency mod-
ulation applied. Note that the resulting intensity modulation is strongest on
the sides of the resonance, is smali in the center of the resonance, and goes
to zero off resonance. Finally, Fig. 2.24(c) shows the modulated resonance
(top) and the corresponding output from a PSD, the discriminant, (bottom)
which goes through zero at the center of the cavity resonance as needed by
the servo.

Figure 2.25 shows an example of an SBS laser using an AC serve in
which the modulation is applied to the cavity. The intensity signal from
detector D is demodulated by a PSD to generate an error signal which is
then integrated to form the correction signal. The correction signai is then
combined with the cavity modulation and then both signals are amplified
and applied to a PZT that is used to tune the cavity. The PZT has several

strands of cavity fiber mounted on it and, as a function of the applied voltage,
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Figure 2.24 Cavity resonance scans (a) without modulation, (b) with modu-

lation, and (c) with modulation and the corresponding discriminant. Cavity H.

the PZT changes dimension and therefore stresses the fiber, which in turn
changes the optical length of the fiber and hence, the resonance frequency of
the cavity.

The PZT can be either a radial mode cylinder with the fiber wrapped
around it or a shear mode plate with the fiber mounted to the face of the
plate. The optical fiber is usually mounted to the PZT using beeswax to
allow the easy removal of the fiber without the use of solvents which can
damage the fiber’s protective jacket.

The servos were implemented with a combination of commercial and

custom-built electronics. Commercial lock-in amplifiers, model 124a from
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PUMP

D

Figure 2.25 Example of a CW SBS laser using an AC servo.

Princeton Applied Research, were used as the PSDs and had a 3 dB band-
width of 1.6 kHz, which typically limited the servo bandwidth. The high
voltage amplifiers were designed and built in our laboratory and had a band-
width of 3 kHz when driving a high capacitance PZT load.

Although the PZTs provided a good high speed response, they had
a dynamic range of only a few cavity FSRs, which frequently limited the
length of data runs. In order to achieve longer runs, two techniques were
used that took advantage of the wide dynamic range possible with thermal
perturbations of either the fiber cavity or the laser. In the first technique,
shown in Fig. 2.26, the correction signal to the PZT is either integrated, as
in the figure, or simply amplified, and used to drive a small (<1/4 Watt)
heater in close proximity to the cavity. Thus, the PZT compensates for the
fast fluctuations of the cavity while the heater takes care of the slower, large
amplitude drifts. In the second technique, shown in Fig. 2.27, instead of
heating the fiber cavity, the laser itself is heated. Thus, the fiber cavity is
allowed to drift, while the laser follows it.
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——
PUMP ——/

Heater

Heater
Driver

Figure 2.26 Extended dynamic range servo using a fiber cavity heater.

It should also be noted that in all the setups, except that in Fig. 2.27,
the fiber cavity is locked to a stabilized laser. This configuration has the
advantage of stabilizing the average temperature of the fiber cavity, but also
results in a number of localized perturbations to the fiber cavity due to
the PZT and the cavity heater. It is also possible to lock the laser to the
cavity. The advantage of this technique is that the cavity is left unperturbed,
however, the disadvantage is that the laser power will vary as the frequency
of the laser tracks the cavity, and the length of the data runs will therefore

be limited by the tuning range of the pump laser.

2.4.3 Pump Laser Stabilization

The He-Ne pump lasers used in this thesis were stabilized to their gain curve
using a simple, home-built servo system. The lasers, as mentioned in Sec-

tion 2.2.3, are nominally 2 mW, two-mode (FSR ~ 680 MHz), randomly
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PUMP

Figure 2.27 Extended dynamic range servo using a laser heater.

polarized lasers in which the modes are both linearly polarized, and mutu-
ally orthogonal. Thus, as seen in Fig. 2.28, a single mode of the laser can
easily be selected using a simple polarizer at the output of the laser.

In addition, using the optical output from the back of the laser, the
intensities of the two laser modes can be measured using two detectors, two
polarizers, and a beamsplitter, as shown in the figure. By subtracting the
intensities of the modes, an intensity independent discriminant can be gen-
erated to lock the average frequency of the laser modes to the center of the
laser gain curve. Alternatively, since only one of the laser modes is used in
this application, intensity independence can be sacrificed, and an adjustable
gain stage, as shown in the figure, or an external bias, can be used to adjust
the lock point of the laser in order to increase the amount of power in the

laser mode of interest.
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Figure 2.28 Schematic for a two-mode laser stabilization system.

Similar to the fiber cavity servo, this servo uses a PZT mounted to the
laser for fast tuning, and a heater for large dynamic range. The beat between
independently stabilized lasers indicates that the short-term stability of the
servo is on the order 1 MHz, while the long-term drift is on the order of
10 MHz. This long-term drift is mainly due to dark current variations in the
detectors, which were strongly driven by temperature. Further, the servo
has also demonstrated a significant sensitivity to intensity backscattering
into the laser, even when an A/O is used at the output of the laser. Even
though backscattering from beyond the A/O is frequency shifted, a small
amount of the backscattering still passes through the laser cavity and affects

the stabilization servo.

2.5 SBS Laser Problems

There are several issues which must be addressed for proper operation of the

SBS laser, and this section will explore some of the problems with this type
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of laser, including the generation of higher order SBS lasers, spontaneous

modelocking, and the effects of cavity backscattering.

2.5.1 Higher Order SBS

As mentioned in Section 2.3.2, it is possible to use the SBS laser itself as the
pump for a second SBS laser which will copropagate with the pump, and be
downshifted by twice the SBS frequency shift, or 60 GHz for a visible pump.

However, there a number of effects caused by the generation of higher or-
der SBS lasers. One of these effects can be observed using the setup shown in
Fig. 2.29. Figure 2.30(a) shows the output of D1 (top) and D2 (bottom) for
modest pump powers, with the SBS laser showing its characteristic thresh-
old behavior, followed by a smooth increase in power as the pump laser ap-
proaches the center of the cavity resonance. With an increase in pump power,
in Fig. 2.30(b), a flattening is observed near the peak SBS laser power, and
the flattening becomes more pronounced at even higher pump power levels,
shown in Fig. 2.30(c). Finally with the maximum available pump power,
Fig. 2.30(d), the peak of the first SBS laser trace is dramatically flattened

and there are also significant distortions in the pump.

P B
>

PUMP C2 C1

D2

Figure 2.20 SBS laser setup for the demonstration of the effects of higher
order SBS lasing.
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(@) (b)

—— ——
N

(©) (d

Figure 2.30 Scans of the pump over the fiber cavity resonance showing the
pump (top) and the SBS (bottom) with the pump (a) below secondary SBS
threshold, (b) slightly above secondary SBS threshold, (c) ahbove secondary thresh-

old, and (d) maximum pump power. Cavity B.

This behavior of the primary SBS laser can be also be demonstrated
by plotting the primary SBS laser output power versus the pump power, as
shown in Fig. 2.31. In the figure, the SBS laser power steadily increases as
the pump power is increased above threshold, until the SBS power reached

approximately 14 uW. At this point, secondary SBS lasing was observed,
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and the primary SBS laser power remains approximately constant until the
pump power reached 200 pW. At this point, the tertiary SBS laser was

observed, and the primary SBS laser power once again began to increase

with increasing pump power.
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Figure 2.31 Primary SBS laser power as a function of increasing pump power.

Cavity G.

This limiting of the primary SBS laser is caused by the generation of
the secondary SBS laser. Recall that above the SBS threshold, the round
trip gain is equal to the round trip loss in the cavity. However, the round
trip gain for the secondary SBS laser is proportional to the power of the
primary SBS laser. Thus, the threshold for the secondary SBS laser limits
the amount of power that can be efficiently generated in the primary SBS

laser.
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2.5.2 Spontaneous Modelocking

The SBS laser discussed here has several modes under the SBS gain curve
and, due to the interaction between the SBS laser and its gain medium, is
able to, on occasion, spontaneously modelock.3”

Figure 2.33 shows the beat between two independent SBS lasers, us-
ing the setup shown in Fig. 2.32. In this case, the pump power for one of
the SBS lasers, P1, is increased so that it is very close to the threshold for
secondary SBS, allowing the B1 SBS laser to partially spontaneously mod-
elock. Meanwhile, the second SBS laser, B2, continued to lase in only a
single longitudinal mode. As seen in Fig. 2.33, seven beat notes, spaced by
approximately 10 MHz, can be observed above the noise floor of the spectrum
analyzer, which corresponds to seven longitudinal modes of the modelocked

laser (FSR = 10 MHz).

P1 Bl
P
UMP 1 ——j P1 B1
To B1, B2 B1
Spectrum <«—D
Analyzer B2
2 B
PUMP 2 ——f—; 2
P2 B2

Figure 2.32 Setup for measuring independent SBS laser beatnote demonstrat-

ing partial spontaneous modelocking.



2.5.3 Backscattering

10 MHz

]
110 MHz

Figure 2.33 Spectrum of the beat between a single frequency SBS laser and
a partially, spontaneously modelocked SBS laser. Cavities B and C.

While spontaneous modelocking can be a desirable characteristic in some
laser systems, the relatively narrow linewidth of the SBS gain medium limits
the length of the pulses that can be generated to only about 10 ns for a pump
laser at 633 nm. Clearly for stable, single mode operation of the SBS laser,
spontaneous modelocking must be prevented. One method of preventing
spontaneous modelocking is to choose the cavity FSR to be greater than the

half-width of the SBS gain.

2.5.3 Backscattering

The backscattering inside the fiber cavity can be from “hot spots”, i.e., de-
fects in the fiber or coupler that cause weak reflections, or from distributed
Rayleigh scattering from the entire fiber. Since the total intensity backscat-
tering is a function of the coherent addition of all the individual scatters,
the amount of backscattering observed can vary dramatically as a function
of the environment of the cavity.

In solitary SBS lasers, the main effect of these backscatter variations

is to change the internal cavity loss, and hence the finesse and the SBS
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threshold. To illustrate this, again we consider the simple SBS laser setup,
shown in Fig. 2.34, where the fiber cavity is tuned by applying a triangle

wave to a PZT mounted on the cavity.

LASER PZT N

D2

Figure 2.34 Simple SBS laser setup with scanned fiber cavity.

Figure 2.35 shows the pump laser, as measured by detector D1, in the
top trace, and the resulting SBS laser , as measured by D2, in the lower
trace, as the cavity is scanned through several FSRs. As seen in the figure,
the amount of SBS generated varies widely from mode-to-mode of the cavity.
In this case, the pump laser is at 140% of the SBS threshold for the mode

on the right, but still generates very little, if any, SBS in the center mode.

By quickly reducing the pump power, the intensity backscattering for
the three modes in Fig. 2.35 can also be examined. Figure 2.36 shows the
reduced pump in the top trace, using an expanded scale, and the intensity
backscattering in the bottom trace, also using an expanded scale. Note that
the mode in Fig. 2.35 with the least SBS (center mode), i.e., the highest
threshold, also has the highest backscattering in Fig. 2.36, i.e., the highest
loss or lowest finesse. Similarly, the mode with the least backscattering

(right) also has the smallest threshold.
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Figure 2.35 Fiber cavity scans showing the pump (top) and the SBS (bottom)

for several longitudinal modes of the cavity. Cavity D.
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Figure 2.36 Fiber cavity scans showing the pump (top) and the intensity

backscattering (bottom) for several longitudinal modes of the cavity. Cavity D.

The amount of internal backscattering in a fiber cavity is a complex
function of the pump frequency and external perturbations tc the fiber and
coupler. For a given cavity, there is relatively little that car. be done to

reduce or even reliably perturb the amount of backscattering. However, it
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is possible to increase the average amount of backscatter by perturbing the
fiber, for example, tight bends in the fiber, or glues and adhesives on the
fiber, can significantly increase the amount of backscattering. In general,
since a component of the backscattering is due to Rayleigh scattering, which
is proportional to A~*, moving to longer wavelengths, for example 1.3 or

1.5 pm, results in significantly lower backscattering than at 632 nm.



Chapter Three

Common Cavity SBS Fiber Lasers

Lasers generated in the same optical cavity, i.e., common cavity lasers, have a
number of interesting properties. Most importantly, the lasers have very little
relative frequency jitter, which makes them useful in many applications. The
tunability and directionality of the SBS gain medium allows common cavity
SBS lasers to be generated with great flexibility in the choice of frequency

separation and configuration.

In this chapter, the operation of common cavity SBS lasers will be
demonstrated, their properties examined, and applications suggested, rang-
ing from optical clocks to microwave sources. The experimental considera-

tions are then described along with some of the problems with these lasers.

3.1 Generation of Common Cavity Fiber Ring
Lasers

In this section, the use of SBS as the gain medium for common cavity ring

lasers will be described, and common cavity SBS lasers will be demonstrated.
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3.1.1 Common Cavity SBS Fiber Ring Lasers

The directionality, tunability, and low threshold of SBS lasers make them
nearly ideal for generating common cavity, fiber ring lasers. Recall that for
a solitary SBS fiber laser, the directionality of the SBS gain medium allows
laser operation in a single, predictable direction of a fiber ring cavity. As seen
i Fig. 3.1, with the pump in the CCW direction of the cavity, the SBS gain
is only in the CW direction, and with sufficient gain, unidirectional lasing in

the CW direction is observed, as demonstrated in Section 2.2.3.

Cavity
Resonances

AN A A AN,

SBS
Gain I
Curve

Figure 3.1 SBS gain curve and cavity resonances showing unidirectional SBS

lasing.

By using an additional pump laser in the CW direction of the cavity, as

shown in the setup in F ig. 3.2, it is possible to generate a second independent
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SBS gain curve in the same cavity, illustrated in Fig. 3.3. The additional
pump laser, P2, is in the CW direction and generates a second SBS gain
curve, and a corresponding laser, B2, in the CCW direction of the cavity.
Since the two pumps are separated by one FSR of the cavity, i.e., Ag =1,
their gain curves, and the resulting SBS lasers, are also separated by Ag = 1.
The directionality of the SBS gain prevents gain competition between the
counterpropagating SBS lasers, so simultaneous stable bidirectional lasing is

observed.

P1 B1
PUMP 11— P2__ B2
Blf—\

)
PUMP 2 >

P2 | B2

P1 Bl

Figure 3.2 Two independent pump lasers are used to gencrate two SBS lasers

in the same fiber ring cavity.

In addition, since the SBS gain curves are tied to the frequencies of their
respective pump lasers, it is possible to generate SBS lasers with very large
frequency separations by using widely tunable pump lasers, limited only by

the tuning range of the pumps and the characteristics of the optical cavity.

Further, the pump lasers can also be used in the same direction of the
cavity to generate copropagating SBS lasers. In this case, the pump laser
separation should be large enough to prevent overlapping of the SBS gain

curves.
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P1
I » CCW

P2

i»CW

Figure 3.3 Two independent pumps, P1 and P2, generate SBS gain for two

simultaneous SBS lasers, B1 and B2, which are separated by one cavity FSR.

3.1.2 Demonstration of Common Cavity SBS Fiber
Ring Lasers

Figure 3.4 shows a common cavity SBS laser setup. Two independent, sin-
gle frequency He-Ne pump lasers, in the directions labeled P1 and P2, are
coupled into the CCW and CW directions, respectively, of the same ring
resonator, and their polarizations are adjusted to match the same eigenpo-
larization of the ring cavity. In this configuration, the fiber cavity is locked
to PUMP 1, using the output of detector D1 and an AC servo as previously
described in Section 2.4.2. The second pump laser, PUMP 2, is locked to
another longitudinal cavity resonance separated by approximately 92 MHz,
or Ag =9, using the output of detector D2 and a second AC servo.

With both pumps, P1 and P2, above SBS threshold, two SBS lasers,
B1 in the CW direction, and B2 in the CCW direction, are generated. After
leaving the cavity, a portion of each of the SBS lasers are combined using a

directional coupler, and fall onto detector D3, whose output is observed on a
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Figure 3.4 Independent pump lasers, in the directions labeled P1 and P2,

are coupled into opposite directions of the same ring cavity and generate two
SBS lasers, B1 and B2, respectively.

spectrum analyzer. Figure 3.5(a) shows the beat between the two SBS lasers,
centered on 92 MHz, with a width of only 30 Hz. This linewidth, however,
is approximately the same as the instrumental linewidth of the spectrum
analyzer, i.e., 30 Hz, as shown in Fig. 3.6. Hence the actual linewidth of the
beat between the common cavity SBS lasers could be much less than 30 Hz.

Since the SBS lasers are generated in the same cavity, fluctuations in
the optical length of the cavity are, to a large degree, common to both lasers
and thus, do not affect the width of the beat.

It is important to realize that this very narrow beat is not the resuit
of using narrow pump lasers. The spectrum of the beat between the pump
lasers, which were intentionally jittered, is shown in Fig. 3.5(b), demonstrat-
ing that the width of the pump laser beat, approximately 100 kHz, is over 3
orders of magnitude broader than the beat between the corresponding SBS

lasers.
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200 Hz

Figure 8.5 Spectrum analyzer scans of (a) the beat between independent SBS

lasers and (b) their corresponding pump lasers. Both beats are centered on 92
MHz. Cavity B.

In order to measure the beat between two common cavity SBS lasers
with greater precision, the beat was digitized and Fourier analyzed. The
resulting spectrum, in Fig. 3.7, shows a 2 Hz wide beat note between the
lasers, with the instrumental linewidth being less than 1 Hz, determined by
the length of the sample.

This 2 Hz relative linewidth between the free-running SBS lasers was
limited by slow drifts in the difference frequency between the SBS lasers

caused by variations in the fiber cavity environment, which will be discussed
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Figure 3.6 Spectrum analyzer scan of the output of a narrow linewidth oscil-

lator demonstrating the 30 Hz instrumental linewidth of the analyzer.
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Figure 3.7 High resolution spectrum of a common cavity SBS laser beatnote
at 1150 nm. Cavity G.

in Section 3.4. Thus, further narrowing of this linewidth would require either
precise control of the fiber cavity environment, or the locking of the beat

frequency to an external frequency reference.

3.1.3 Large Frequency Difference, Common Cavity
SBS Lasers

Since the frequency of the SBS gain, and hence the SBS laser, is tied to the

pump frequency, it is also possible to generate common cavity SBS lasers
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with very large frequency separations, limited only by the tuning range of
the pump lasers and the wavelength dependence of the cavity finesse. For
example, in Fig. 3.8, the He-Ne pump lasers are locked to cavity resonances
separated by 557 MHz, or Ag = 55. The linewidth of the resulting SBS
beat, shown in Fig. 3.8, is again close to the 30 Hz instrumental linewidth
of the spectrum analyzer, shown in Fig. 3.6. Thus, even with a large fre-
quency difference between the SBS lasers, very little relative frequency jitter

is observed.

In this case, the frequency separation between the common cavity SBS
lasers, 557 MHz, was limited by the bandwidth of the available detection
circuitry. However, even without this detector limitation, the limited tuning
range of the He-Ne pump lasers would have only allowed frequency differences
of up to approximately 1 GHz. Generation of SBS lasers with very large
frequency differences requires the use of widely tunable pump lasers, such as

dye lasers or semiconductor lasers.

Figure 3.8 Spectrum analyzer scan of the beat between independent SBS

lasers with a large frequency difference of 557 MHz. Cavity B.
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Though we have only shown two SBS lasers in the same ring cavity, this
common cavity setup can also accommodate additional SBS lasers simply by

introducing additional pump lasers at other cavity resonance frequencies.

Further, the SBS lasers do not all have to be generated using the same
cavity eigenpolarization. Since the polarization of the SBS laser is deter-
mined by the eigenpolarization of the cavity with the greatest gain, i.e., the
pump eigenpolarization, by matching different the pump lasers into different
cavity eigenpolaﬁzations, the corresponding SBS lasers will be generated in

different cavity eigenpolarizations.

3.1.4 Fundamental Limit on Laser Linewidth

The very narrow observed linewidth, less than 2 Hz, of the common cavity
SBS laser beat in Fig. 3.7 is still much larger than the expected fundamental
linewidth, Av,:, as predicted by Schawlow-Townes.?® This limit is due to
spontaneous emission induced phase noise in the laser, and can be written
as,

2rhv(Av,)?

= (3.1)

AV‘qt ~

where h is Planck’s constant, v is the frequency of the laser, Av. is the passive
cavity linewidth, and Py, is the output power from the laser. Thus, with all
other sources of frequency drift and noise removed, the laser linewidth would
not decrease below this limit. Evaluating Av,, for a 100 uW laser output at
633 nm, using a cavity with a linewidth of 300 kHz, yields a laser linewidth
of only 2 x 1073 Hz. It should be noted, however, that thermally driven
fluctuations in the optical length of the cavity could prevent the Schawlow-

Townes limit from being achieved without the use of external servos.
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3.2 Applications of Common Cavity SBS Lasers

There are a number of applications that require two laser beams with very
little relative frequency jitter. Before discussing these applications, we will
consider the various ways to generate such laser beams. One way is by
frequency shifting one of the beams, for example using an electro-optic (E/O)
or an acousto-optic (A/O) modulator. However, in order to generate large
frequency differences, high speed modulators and high frequency drives are
required. Another approach is the use of independent, tunable lasers, so that
large frequency differences can be easily generated. However, correlating the
frequency jitter in the two independent lasers is difficult, and may require

wide bandwidth servo loops.

Since much of the frequency jitter of a typical laser is due to optical
cavity fluctuations, lasers generated in the same optical cavity, i.e., common
cavity lasers, can exhibit very little relative frequency jitter. However, using
a homogeneously broadened gain medium, such as a typical dye or solid-state
amplifier, lasing will be observed in only a single mode of the cavity. On the
other hand, with an inhomogeneously broadened gain medium, such as a
Doppler broadened gas, lasing in several adjacent longitudinal modes of a
cavity can easily be achieved. If lasers are required in arbitrary longitudinal
modes, however, an independent, tunable gain mediuin ior cach of the lasers

is needed.

In contrast, SBS allows the generation of multiple, independent lasers
in arbitrary longitudinal modes of the same ring cavity, with the frequency
separation limited only by the tunability of the pump lasers and the wave-
length dependence of the fiber cavity finesse. In the following sections, some

applications of common cavity SBS lasers will be suggested.
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3.2.1 SBS Fiber Ring Laser Gyroscope

A very important application of common cavity SBS lasers is as an optical
inertial rotation sensor, i.e., “gyroscope”, which will be discussed in detail
in Chapter 4.

Briefly, in a ring laser gyroscope, two counterpropagating lasers are gen-
erated in the same longitudinal mode of a ring cavity, and the frequency dif-
ference between these lasers is proportional to the inertial rotation normal to
the plane of the ring cavity. SBS is the only solid-state gain medium which
can generate simultaneous, continuous, stable lasers in opposite directions of
the same longitudinal mode of a ring cavity. This has led to our demonstra-

tion of the first fiber ring laser gyroscope, as discussed in Chapter 4.

3.2.2 Microwave and Millimeter-wave Sources

One application of common cavity SBS lasers is as a narrow linewidth, mi-
crowave or even millimeter-wave source. By combining the outputs of two
common cavity SBS lasers with a large frequency separation, a narrow band,
amplitude-modulated optical beam can be generated. This beam can then
be detected and amplified for use as a microwave or even mm-wave source,
as shown in Fig. 3.9, limited only by the bandwidth of the detection circuitry
and the tuning range of the pump lasers. In addition, as previously shown in
Fig. 3.8, the linewidth of the 557 MHz beat between the SBS lasers is very
narrow, Av < 30 Hz, even with a large frequency separation between the
lasers.

Since the frequency of the SBS laser beatnote can only be tuned in
increments of the cavity FSR, a frequency shifter with a tuning range equal
to a cavity FSR, as seen in the figure, can be used to fine tune the beat
frequency. Thus, to generate an arbitrary beat frequency, the difference
frequency between the SBS lasers is first tuned to within a cavity FSR of
the desired frequency by selecting the pump laser separation, and then the

frequency shifter is used to tune the beat frequency to the desired frequency.
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Figure 3.9 The use of SBS lasers as a narrow band, very high frequency source.

3.2.3 Two-Photon Spectroscopy

Another use of common cavity SBS lasers is for high resolution, two-photon
spectroscopy based on the stimulated resonance Raman effect, as illustrated
in Fig. 3.10. In stimulated Raman, the observed linewidth of a two-photon
transition between closely spaced ground-state atomic levels 1 and 3, as
shown in Fig. 3.10, is independent of the linewidth of both the 1-2, and
2-3 transitions. Thus, the linewidth of the two-photon transition can be ex-

tremely narrow, and the observed linewidth is usually transit time limited.3?

However, if such a transition is excited using lasers B1 and B2, any
uncorrelated jitter between the lasers will broaden the observed linewidth.
Thus, for very high resolution spectroscopy, very narrow linewidth lasers
are needed. By using tunable pumps, SBS lasers with a large frequency
separation and correlated frequency jitter can be generated at the required

frequencies for the stimulated resonance Raman effect.
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Figure 3.10 Example of the use of SBS lasers for two-photon spectroscopy

using stimulated Raman effect.

3.2.4 Simple Atomic Clock

One practical application of two-photon spectroscopy using common cavity
SBS lasers is a very simple atomic clock. Here, the frequency difference
between the SBS lasers is locked to a stimulated Raman transition between
the two closely spaced levels in the ground state, for example hyperfine levels
in cesium, and this frequency difference becomes the frequency output of the
clock.

Figure 3.11 shows a simple atomic clock setup, using a Raman transition
in an atomic vapor cell with a buffer gas. The pump lasers are locked to
different longitudinal modes with approximately the correct spacing for the
desired stimulated Raman transition. The fiber cavity is then tuned, using
SERVO 1, to bring SBS laser B2, on resonance with one of the atomic

transitions, in this case the 2-3 transition. A second servo, SERVO 2, is
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Figure 3.11 A simple optical clock using common cavity SBS lasers.

then used to fine tune the difference frequency between the SBS lasers, using
a frequency shifter, F.S., to exactly match the splitting between levels 1 and
3. Thus, the output of the clock is the difference frequency between the SBS
lasers which can easily be detected, as shown in the figure.

The buffer gas is used to increase the effective transit time, thus reducing
the observed linewidths. For example, using sodium vapor with helium as
the buffer gas, a 1 kHz linewidth was observed in our laboratory. Otherwise,

a Ramsey separated field excitation can be used in an atomic beam.3®

3.2.5 Magnetic Field Sensor

Another application of two-photon spectroscopy and common cavity SBS
fiber lasers is for precision magnetic field measurements. In this case, the
Zeeman splitting of the lower levels of the stimulated Raman transition is

used to measure the magnetic field, using an apparatus similar to that in



3.2.6 Laser Doppler Velocimetry

Fig. 3.11. Thus, the magnetic field strength is measured as a frequency
change of the output frequency, Aw. This technique may have applications
for high precision measurements of both very strong, and very weak magnetic

fields.

3.2.6 Laser Doppler Velocimetry

Another simple application of common cavity SBS lasers is for very high flow
rate laser Doppler velocimetry (LDV), as illustrated in Fig. 3.12. In LDV,
the difference frequency between a reference beam and the Doppler-shifted
scaitering from seed particles in a flow is used to measure the velocity of
the flow. By introducing a frequency difference between the reference and
the scattered beams, the direction of the flow can also be determined. In
such a scheme, however, the maximum velocity that can be unambiguously
measured is limited by the frequency shift between the reference and the
scattered beams, thus for very high flow rates, very large frequency differ-
ences are needed. Therefore, by using common cavity SBS lasers, very large

frequency differences can be easily generated between the beams.

Bl Pl

B2 P2

Figure 3.12 The use of common cavity SBS lasers for high rate laser Doppler

velocimetry.
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3.2.7 Absolute Interferometric Position Sensing

In many interferometric position sensing devices, an amplitude modulated
optical beam is used to measure the distance to a target. Here, the ampli-
tude modulated beam is generated by interfering the outputs of a pair of
SBS lasers, as shown in Fig. 3.13. This beam is then reflected from a target,
detected, and the phase of the modulation on the reflected light is measured
using a phase sensitive detector (PSD). This phase, ¢, is the phase, at the
modulation frequency, of the round trip distance to the target. Thus, with
only a single modulation frequéncy, the measured distance, d, is ambiguous,
i.e., d = (¢/2r £ n) A, and to resolve this ambiguity, multiple modulation
frequencies can be used. In addition, the resolution of the distance mea-
surement increases with the modulation frequency for a given signal-to-noise
level.

It should be noted that the use of an amplitude modulated optical beam
has several advantages over directly using RF radiation. The optical beam,
due to its much shorter wavelength, can be collimated and focused much
more easily than the RF beam and can effectively be used with target sizes
much smaller than the RF wavelength.

As mentioned in Section 3.2.2, common cavity SBS lasers using tunable
pumps allow the generation of several lasers at different frequencies in the
same cavity that can be combined to generate an optical beam which is
amplitude modulated at a particular frequency, or at several frequencies. In
addition, using SBS, very high rate amplitude modulations can be generated

for high resolution applications.

3.2.8 Direct Readout Sensors

We will now mention another application of SBS lasers in the area of sensors.
There are a variety of perturbations that affect the optical path length of

a fiber cavity, which in turn changes the resonant frequencies and FSR of
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Figure 3.13 Application of common cavity SBS lasers to absolute interfero-

metric position sensing.

the cavity. Thus, a passive fiber cavity can be used to sense any of these
perturbations, for example, temperature. In addition, special coatings can
be applied to the fiber to allow sensing of a wide range of phenomena, such

as electric fields, magnetic fields and pH.

However, with a passive cavity, the change in the resonant frequency
or FSR of the cavity must be measured externally. For example, servos,
similar to those described in Section 2.4.2, could be used to lock lasers to
adjacent cavity resonances, and the difference frequency between the lasers
could then be used to measure changes in the cavity FSR. Thus, any errors
in these servos will result in errors in the measurement of the perturbation.

On the other hand, the SBS lasers automatically lase at the center of
their respective cavity resonances, so any change in the cavity FSR can be
measured by simply measuring the change in the beat frequency between the

lasers.*® In addition, only a simple servc is required to lock the pumps to
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their respective cavity resonances, and servo offsets will not easily affect the

measured beat frequency.

3.3 Experimental Details

There were a number of considerations which had to be addressed in the
design and implementation of the various experiments in this chapter. In

this section, some of the more important details will be discussed.

3.3.1 Detailed Optical Layout

The optical setups used for this chapter were a hybrid of bulk-optic and fiber-
optic components, as shown in Fig. 3.14. Each pump laser is isolated from
external backscatter using an A/O, and is matched into the same polarization
of the fiber cavity using bulk-optic waveplates. The resulting SBS lasers, B1
and B2, are coupled out of the input arms using the unshifted beams from
the A/O modulators which, with the A/Os optimized, are typically 10% of
the shifted beams.

The use of the unshifted A/O beam has several advantages: it does
not introduce any additional loss for the pump, the frequency of the SBS
laser is not affected by the A/O frequency, and the coupling ratio is tunable
by changing the alignment or drive to the A/O. However, there are also
disadvantages: the SBS laser is not isolated from external optical feedback
by the A/O, the unshifted A/O beam has poor spatial quality, and the
exact coupling can vary with changes in room temperature. In this case,
the unshifted beams were primarily used to maximize pump power into the
cavity.

As shown in Fig. 3.14, to combine the SBS lasers, a directional fiber
coupler was used, and bulk-optic waveplates were used to match the polar-
izations of the two SBS lasers for maximum beat amplitude. Though the poor

spatial quality of the unshifted beam from the A /O significantly reduced the
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Figure 3.14 Detailed optical setup for independently pumped, common cavity
SBS lasers.

amount of light that could be coupled into the fiber, typical coupling was
only about 20%, the use of the fiber coupler allowed the deco::~ling of the
alignment of the pump lasers into the cavity and the alignment of the SBS
lasers. In addition, the fiber coupler guaranteed good spatial mode match-
ing between the SBS lasers, despite the poor optical quality of the unshifted
A/O beams.

While the A/Os isolated the pump lasers from backscattering, they did
not protect the lasers from optical feedback from each other. For example, as
the pump lasers are being locked to their respective resonances, the difference
frequency between the pumps needed to be continuously varied. So, when
the difference frequency was exactly the same as the sum of the A/O shifts,
the pumps fed into one another and erratic pump laser operation resulted.
Thus, care must be taken when locking the pump lasers to their respective

cavity resonances.
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3.3.2 Pump Filtering

Unlike the solitary SBS lasers, no optical filtering was used for the common
cavity SBS lasers for two reasons. First, although both of the pump lasers
were combined by the fiber directional coupler along with the SBS lasers,
the beat between the pump lasers was much broader than the beat between
the SBS lasers. Thus, when using a high resolution frequency scale on the
electronic spectrum analyzer, the pump lasers’ beat made a negligible con-
tribution to the background noise. Second, since most of the cavities had
good resonance depths, typically around 90%, only a small amount of the

pump was reflected from the cavity.

3.3.3 AC Servo Modulation

With multiple pump lasers, the choice of moduiations becomes more compli-
cated. If the cavity is modulated, the same medulation frequency is applied
to both pump lasers, and crosstalk between the pumps, caused by intensity
backscattering from the cavities, can lead to servo instability. In the exper-
imenis of this chapter, a different modulation frequency was used for each
pump, and the meodulation frequencies were chosen to minimize interactions.
As a rule of thumb, modulation frequencies, and their first harmonics, were

separated by at least 5 kHz.

The separate modulation frequencies carn be: applied directly to the
pump lasers, used to modulate the frequency of the A/Q drives, applied to
PZT-mounted mirrors in the input arm of the cavity, or appiied to PZTs
on the fiber input arms to the cavity. However, if the modulation is applied
between the SBS pick-off and the fiber cavity, the SBS beat will also be

frequency modulated, which in most cases is undesirable.
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3.4 Common Cavity SBS Laser Problems

There are a number of problems with common cavity SBS lasers, in addition
to those already discussed for solitary SBS lasers. The most important ad-
ditional problem is the change in the difference frequency between the lasers
due to thermal effects, dispersion pulls, nonlinear optical effects and mode
hopping. These errors are also very important in the operation of an optical
gyroscope. Only thermal effects and mode hopping will be examined here,

and the remaining errors will be discussed in detail in Section 4.5.

3.4.1 Thermal Effects

One cause of drift in the difference frequency is the thermal expansion of
the cavity. With the lasers separated by several cavity FSRs, any change
in temperature changes the optical length of the cavity, the cavity FSR and
hence, the beat frequency. In a typical physical layout, the fractional change
in the optical length of the cavity with temperature has been measured to
pe 2 x 1075, Thus, with a frequency separation of 500 MHz, the thermal
tuning of the beat frequency is approximately 10 kHz/ °C.

For applications where a very stable beat frequency is required, several
methods are available to stabilize this beat frequency including the use of
an atomic resonances, as discussed in Section 3.2.4, locking the difference
frequency to an external frequency reference, stabilizing the pump laser fre-

quency, or stabilizing the temperature of ihe fiber cavity.

3.4.2 Longitudinal Mode Hopping

Another, more dramatic change in beat frequency can be caused by longi-
tudinal mode hopping. If the center of the SBS gain curve is in the middle
of two cavity resonances, the gains for the two resonances will aimost be ex-

actly the same. Thus, very small changes in cavity loss, for example due to
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changes in backscattering, can cause the laser to change longitudinal modes,
i.e., mode hop.

During this mode hopping, solitary SBS lasers will exhibit an increased
amplitude noise. However in common cavity SBS lasers, when one of the
SBS lasers mode hops, a large change in the difference frequency is observed.
In order to avoid such mode hopping, the center of the SBS gain curve can

be thermally tuned to the center of a cavity resonance.



Chapter Four

SBS Fiber Ring Laser Gyroscope

Inertial rotation sensors, i.e., gyroscopes, play an important role in mod-
ern inertial navigation systems for use in airplanes, spacecraft, submarines,
and even automobiles. For many years, mechanical gyroscopes were used in
such navigation systems, however, in the last few years, they have been re-
placed, in some applications, by optical gyroscopes based on bulk-optic ring
lasers. The bulk-optic ring laser gyroscopes are attractive because of their
better reliability, lower maintenance, and strapped-down operation. More
recently, fiber interferometer gyroscopes have been developed which have
the additional benefits of reduced mass, low cost, very high shock resistance,
and long lifetimes.

In this chapter, we will demonstrate the first solid-state ring laser gyro-
scope, based on SBS in optical fibers. This is the fiber-optic analog of the
bulk-optic ring laser gyroscope. The Sagnac effect, which is the basis for
all optical gyroscopes will be discussed first, along with several methods for
measuring this effect. An SBS fiber ring laser gyroscope will then be demon-
strated, and techniques for eliminating important error sources, for example
lock-in and the optical Kerr effect, will be examined. Two optical techniques

for eliminating the effects of lock-in are then demonstrated.
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4.1 Optical Gyroscope Theory

All optical gyroscopes are based on the Sagnac effect which states that there
is an optical path length difference for light traveling along opposite direc-
tions around a rotating frame.! In this section, a simple physical model for
the Sagnac effect in a vacuum will be presented, along with a derivation for
the Sagnac effect in a dielectric medium. Methods for measuring the Sagnac
effect will then be presented, including the use of interferometers, passive

ring cavities, and ring lasers.

4.1.1 A Physical Model for the Sagnac Effect

The Sagnac effect in a vacuum can be explained by considering the simple
physical model of a circular optical path around the edge of a disk. With the
disk initially at rest, shown in Fig. 4.1, two photons, one in CW direction
and the other in the CCW direction, are introduced into the optical path at
the position labeled S. They will propagate around the ring and return to
their starting position in times, ¢.,, and t.., for the CW and CCW photons

respectively, given by,

(4.1)

and,
Lccw

ccw

(4.2)

tecw =

where L = Ley = Leew = 27R is the circumference of the disk, and ceo =
Cccw = Co is the speed of light in a vacuum.

H the disk is rotating about an axis perpendicular to the plane of the
disk, as shown in Fig. 4.2, the starting point S will move as the photons
propagate around the ring, lengthening the effective perimeter of the ring
for the photon in the CW direction and shortening the effective perimeter

for the photon in the CCW direction.
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Figure 4.2 Circular optical path experiencing rotation in the plane of the ring.

Thus, the time it takes the photon in the CCW direction to return to
the starting position, which has moved to the position marked S', is given

by,

Co Co

L+QRtccw L (1 _ QR) (4.3)

Co
where (2 is the angular velocity of the disk, and QR is the tangential velocity
of the edge of the disk. Similarly, the time it takes the photon in the CW

direction to return to the starting point, which is this case will have moved
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to position S", is given by,

tew = L -QRtey = .c{’- (1 + QR) (4.4)

Thus, the difference in the round trip propagation time in the CW and CCW

directions is given by,

2
Aq = tcw _tccw = £ (2QR) = 47|'R Q = ﬂﬂ (4.5)

Co \ Co c? c?

where A = nR? is the area enclosed by the ring. This will generate an optical
path length difference, AL, given by,

Co

This simple expression for the inertial rotation induced path length difference

in a vacuum is identical to that obtained from the exact calculation.%243

4.1.2 Sagnac Effect in a Medium

To find an expression for the Sagnac effect in a medium, relativistic correc-
tions to the addition of velocities must be incorporated into the previous

calculation for the Sagnac effect in a vacuum.

The correct expression for c.,, in a medium is given by,

_(co/n)+RQ _ ¢c/n+RQ oo 2
Cow =7 + Lee/m)RO T 1+ RQ/nc, n +ROY1-1/n%) + (47)

and similarly,

_(co/n)—RQ  co/n—RQ ¢ 2
Ceew = 1— (cozcn)Rﬂ " 1-RQ/nc,  n RO1-1/n%)+ .- (48)
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Thus, in a medium, the round trip propagation time difference in Eq. (4.5)

becomes,
At = 2R (ﬂm G c“"’)) (4.9)
ccwcccw
and using Eq. (4.7) and (4.8) gives,
_ —1/n2
At = 27R 2RO 21:0(1 1/n?)
cz/n
=27R 2Rzﬂ
cO
4A
=50 (4.10)
Hence, in a medium the expression for AL becomes,
AL = coat =34 (4.11)
o

which is identical to the expression for AL in a vacuum, given by Eq. (4.6).

4.1.3 Magnitude of the Sagnac Effect

To appreciate the small size of AL, consider the length change of a circular
path with an area of 102 m? on the north pole, experiencing only the
rotation of the earth, i.e., Q¢ & 7 x 10~°rad/s. For this rotation, the path
length difference, AL, is only about 107!* m, or about 10™* of the width
of a hydrogen atom. Further, for navigation grade performance the rotation
sensitivity needs to be about 107* 2., so the fractional change in optical

path length, AL/L, needs to be measured to a few parts in 102,
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4.1.4 Fiber Interferometer Gyroscopes

Any area enclosing interferometer or resonator can be used to measure the
Sagnac effect due to inertial rotation. In this section, we will discuss the use
of an interferometer for the measurement of the Sagnac effect, and in the
next section, a ring cavity will be discussed.

The interferometer method is based on the so called Sagnac interfer-
ometer and a fiber-optic implementation of this interferometer is shown in
Fig. 4.3(a).** Light from the optical source, S, is coupled into both directions
of a circular optical path, in this case formed using an optical fiber and a
fiber-optic directional coupler C1. After traversing the path, the light from
each direction is combined using coupler C1, and monitored using coupler
C2. In the absence of inertial rotation, the light from each direction of the
interferometer constructively interferes producing an intensity maximum, as
measured by D. In the presence of an inertial rotation, the length difference,

AL from Eq. (4.11), causes a phase difference between the beams given by,

2T 8wA
Ad = —X:AL = Yo

Q (4.12)

where X, is the free space wavelength of the source. As shown in Fig. 4.3(b),
this phase shift causes a displacement along the interference fringe formed
by light from the counterpropagating directions of the ring.

Figure 4.3 A fiber-optic implementation of a Sagnac interferometer, (a), and

its intensity output, (b), as measured by D, as a function of rotation rate.
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The measurement of earth’s rotation using a Sagnac interferometer was
first demonstrated by Michelson and Gale in 1925 using a bulk-optic interfer-
ometer sealed inside evacuated tubes with an enclosed area of 2 x 10° square

meters to generate a quarter of a fringe of phase shift for .4

Of course for a practical interferometer, such a large size is not feasible.
For a more reasonable size, 107 m?, the phase shift due to Q. is just A¢ ~
1077 radians, thus for navigation grade performance, i.e., errors of less than

10~* Q., the fringe shift must be measured to approximately 101! radians.

Instead of measuring such a small phase shift, the Sagnac effect can be
enhanced by allowing the light to propagate around the ring many times
using a multiple fiber turns. The resulting phase shift is then simply propor-
tional to the number of times, N, that the light propagates around the ring,
i.e.,

erA

AoCo

A¢,=N—=Q (4.13)

The low loss of optical fibers allow path lengths of more than 10* m, thus for a
realistic ring size, the enhancement of the phase shift can be several thousand.
For example, for a 10° m long interferometer wrapped around a cylinder of
area 1072 m?, the phase shift is increased by a factor of approximately 3000,

so the phase shift due to earth rate becomes A¢ ~ 3 x 10~* radians.

While this is an improvement, nevertheless measurement of such small
phase shifts requires the use of precision techniques. Further, error sources
must be carefully controlled to achieve navigation grade performance. Fiber
interferometer gyroscopes are under serious development in several labora-

tories and are beginning to make inroads in some specialty applications.%6
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4.1.5 Fiber Ring Cavity Gyroscopes

The Sagnac effect can also be measured using a fiber ring cavity, as illustrated
in Fig. 4.4.1718 In this case, the path length difference, AL, causes a shift in
the frequencies of the longitudinal modes of the cavity in the CW and CCW
directions. Since a phase shift of 2 corresponds to a change in resonance
frequency of a cavity FSR, the relative frequency shift due to the Sagnac
effect, A¢ given by Eq. (4.12), can be written as,

44

Af: =A°_f’-

%%A«ﬁ Q (4.14)
where c is the speed of light in the medium and P is the perimeter of the
cavity. Thus for a circular fiber cavity with an area of 10~2 m?, a perimeter
of 3.5 x 107! m, and a refractive index of 1.5, with an applied rotation rate
of 2., the frequency shift, Af, is 8 Hz and, for comparison, the cavity FSR
is 600 MHz. Thus for navigation grade performance, i.e., 10~% ., Af needs
to be measured to 800 pHz.

In contrast to the fiber interferometer gyroscope, adding more turns
to the resonator gyroscope does not increase the frequency shift, Af, for a
given rotation rate. As turns are added to the resonator, the phase shift,
given by Eq. (4.13), increases with the number of turns. However, adding

turns lengthens the cavity, and since the FSR is proportional to the inverse

of caviiy length, the frequency shift for an N-turn cavity is given by,

c_ly.ag=24g (4.15)

AfN:N-P21r

which is identical to the expression for a single-turn cavity in Eq. (4.14).
However, if the N-turns can be added without increasing cavity losses, the
cavity linewidth, FSR/F, will decrease with N thus, allowing a more accurate

measurement of the frequency shifts due to the Sagnac effect.
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Figure 4.4 Measurement of inertial rotation using a ring resonator.

In addition, in applications where the size of the cavity is not con-
strained, for example, in geophysics applications, such a long fiber cavity
need not be kept in a multi-turn ring, but can be used as a single large loop.
For example, a fiber cavity with an area of 102 m?, a perimeter of 3.5 m,

a refractive index of 1.5, and an applied rotation rate of )., the frequency

shift is 800 Hz.

Similar to the interferometer gyroscope, the frequency shift between the
resonances along opposite directions of the ring cavity must be measured
using precision modulation techniques. Due to the very small size of this
frequency difference and the high precision with which it must be measured,

such a measurement becomes challenging.®
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4.1.6 The Ring Laser Gyroscope

Rather than externally measuring the frequency shift due to the Sagnac effect
in a passive resonator, a ring laser gyroscope (RLG) performs this measure-
ment automatically. In an RLG, two lasers are generated along opposite
directions of the same cavity longitudinal mode. Since these lasers both
oscillate at the centers of their respective cavity resonances, the frequency
difference between the lasers is simply Af. Thus, Af can be measured by
simply counting the beat frequency between the lasers.4”

However, in order to create an RLG, simultaneous lasing along opposite
directions of the same ring cavity must be achieved. If the two lasers use
the same gain, such as in a conventional solid-state gain medium, mode
competition between the counterpropagating lasers will lead to lasing in only
one direction of the cavity at a time.

A Doppler broadened gaseous gain medium, on the other hand, is able to
support simultaneous, bi-directional lasing. In Fig. 4.5(a), a Doppler broad-
ened gaseous gain medium is shown schematically in a bulk-optic ring cavity.
In this gain medium, as illustrated in the figure, the homogeneous linewidth
of the lasing tramsition, I'p, is much smaller than the Doppler broadening
induced by the thermal motion of the gain atoms, for example neon atoms.
Thus, with the center of the cavity resonance below the frequency of the
lasing transition, as shown in Fig. 4.5(b), the lasers will use atoms moving
at some velocity v, along the direction opposite to that of the lasing field. In
this way, in the atoms’ reference frame, the laser field is Doppler-shifted to
a higher frequency and is on resonance with the atom.

By plotting the distribution of atoms as a function of velocity, as shown
in Fig. 4.5(c), we can show that, in this case, the CW laser will use atoms
traveling at velocity —v, and the CCW laser will use atoms at velocity -+v.

Thus, even though both lasers are using the same cavity resonance and are
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Figure 4.5 The gain curve and cavity resonances for a Doppler broadened
gain medium in a ring resonator. The directionality of the Doppler shift allows
counterpropagating lasers to use different velocity groups of atoms for gain, thus

preventing gain competition.

at the same frequency, they are using different groups of atoms for gain and

do not compete, so, simultaneous bi-directional lasing is observed.

The first RLG was demonstrated using a Doppler broadened, He-Ne
gain medium and this type of RLG has been commercially successful and is
now widely used in commezcial and military aviation.*®4?:3 However, due
to errors caused by dispersion, the cavity resonance in the RLG needs to
be locked to the center of the gain curve. At this position, as illustrated
in Fig. 4.6, both lasers have to use the same atomic velocity group, i.e.,
atoms with zero velocity component along the direction of laser propagation,
and therefore, gain competition takes place between the counterpropagating

lasers.
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Gain

A Cavity

Figure 4.8 Gain competition between counterpropagating lasers when the cav-

ity mode is at the center of the gain curve.

Obviously, for proper RLG operation such gain competition must be
avoided. In the He-Ne RLG, this problem was solved by the fortuitous
availability of two isotopes of neon with slightly displaced gain curves. Thus,
by using a 1:1 mixture of these neon isotopes, the cavity resonance can be
locked to the center of this composite gain curve, but still be far away from

the center of either of the atomic resonances.*®

4.2 SBS Fiber Ring Laser Gyroscope

As discussed in Section 3.1.2, the directionality of the SBS gain medium pre-
vents gain competition between counterpropagating lasers and, as shown in
Fig. 4.7, allows the generation of simultaneous, stable lasers in counterprop-
agating directions of the same longitudinal mode of a ring cavity.

A simplified schematic diagram for a fiber RLG based on SBS is shown
in Fig. 4.8. A diode pumped, single-frequency, non-planar ring, Nd:YAG
pump laser at 1.3 pm is split into two beams, in the directions labeled P1
and P2, respectively, which are coupled into counterpropagating directions
of the same ring cavity (Cavity G, A = 4.5 x 10~® m?, and P = 0.25 m).
The ring cavity is mounted on a rotation stage so that a sinusoidal rotation,
with a peak rotation rate equal to several thousand Q., can be applied to

the cavity.
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Figure 4.7 Two pump lasers P1 and P2, generate independent gain curves
for two SBS lasers, B1 and B2.

With the pump beams locked to the center of a cavity resonance using
an AC servo, not shown in the figure, two SBS lasers, labeled B1 and B2,
are generated by P1 and P2, respectively. Afier leaving the cavity, the
SBS lasers are combined using directional coupler C, pass through a short

Fabry-Perot, used to filter out the residual pump laser, and fall onto detector
D.

To demonstrate the sensitivity of the gyroscope to rotation, a rotation
of approximately 7 x 1072 r/s, or ~ 1000 (), is applied to the cavity, and a
sinusoidal beat frequency of 3 kHz is observed at the output of detector D,
as shown in Fig. 4.9(a). As the rotation rate is decreased to 4 x 102 r/s, the
beat frequency decreases to 1.7 kHz, in Fig. 4.9(b), as predicted by Eq. (4.14).
These beats clearly demonstrate that the SBS lasers are simultaneously oscil-
lating and that there is no gain competition between the counterpropagating

lasers.
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Figure 4.8 Simplified schematic diagram for an SBS ring laser gyroscope.
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Figure 4.9 Beat between the SBS lasers for (a) large rotation rate, and (b)

moderate rotation. Cavity G.

Another way of observing the rotation response of the RLG is by mea-
suring the SBS laser beat frequency as a function of time using a frequency
counter, as shown in Fig. 4.10. The digital output of the counter was con-
verted into an analog signal and then recorded on a stripchart recorder. In

addition, in order to measure the sign of the rotation, a frequency offset, f;,
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was introduced between the SBS lasers, using frequency shifters, § f; and é f»,
in the arms of the resonator, as shown in Fig. 4.10. Thus, with no applied
rotation, a beat frequency equal to the applied bias frequency, f,, was ob-
served, and with rotation, this beat frequency either increased or decreased,

depending on the direction of the applied rotation.
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Figure 4.10 Simplified schematic diagram for an SBS ring laser gyroscope

using a frequency offset to recover the sign of the rotation.

Figure 4.11(a) shows the output of the counter as a function of time
in response to the applied sinusoidal rotation angle, shown in Fig. 4.11(b),
which has a period of 17 seconds. As seen in the figure, the measured beat
frequency, A f, is proportional to the applied rotation rate, and hence, is 90°
out-of-phase with the applied rotation angle shown in the figure. The wobble
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observed in the rotation angle is an artifact of the angular measurement, and

does not represent variations in angular velocity.
Afp
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>

Figure 4.11 Simultaneous recording of (a) the difference frequency between

the SBS lasers and (b) the angle of the applied rotation. Cavity H.

Also visible in Fig. 4.11(a) is a range of small rotation rates for which the
frequency difference between the SBS lasers is zero, called the lock-in zone,
which appears at f;, the applied bias frequency. Lock-in is caused by the
coupling of the counterpropagating lasers through backscattering inside the
cavity and is an important error source in RLGs. Lock-in will be discussed
in detail in the next section.

The response of Af for different applied rotation rates is shown in

Fig. 4.12, where the period of the rotation is abruptly changed between
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three values. The peak-to-peak Af, shown in Fig. 4.12(a), is 3.9 kHz for the
first rotation rate, 5.9 kHz for the second, and 2.15 kHz for the third, in good
agreement with the measured rotation periods of 20, 13.5 and 35 seconds, as
predicted by Eq. (4.14). Also, the effect of the approximately 300 Hz wide
lock-in zone on Af can be seen for the three rotation rates, with Af for the

slower rotations being much more seriously distorted.
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Figure 4.12 Simultaneous recording of (a) the beat frequency between the
SBS lasers and (b) the angle of the applied rotation for three rotation rates.
Cavity H.

4.3 Backscatter Induced Lock-in Effect

The lock-in effect is caused by the coupling of the counterpropagating lasers
through optical backscattering inside the cavity, and has been observed and
extensively studied in the He-Ne bulk-optic RLG.31:52%3 It should be noted
that lock-in, or frequency locking, has been studied for many years in a wide

range of systems with lightly coupled, driven oscillators, such as pendulum
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clocks, electrical oscillators, or driven mass-spring systems.5* Also, in con-
trast to mode competition where only a single direction of the cavity lases
at any one time, lasing occurs in both directions of the cavity under lock-in,

but the frequencies of the counterpropagating lasers are the same.

To illustrate the effects of backscattering inside the cavity, we will con-
sider the analytically simple case of weak, single direction scattering, for
example, scattering from the CW electric field, E.,,, into the CCW field,
E.c.*® As seen in Fig. 4.13, the phase pull caused by the scattering of E.,,
into E.cyp, Av, is given by,

Ecw
where o is the magnitude of the scattering, 1 in the phase between the
fields, and 6 is the angle associated with the scattering process. Thus, the

maximum phase pull occurs when 6 + ¢ = 90° and is given by,

Ecw

A¢maz = ta Ecc-w

(4.17)

Figure 4.13 Phase pull due to scattering.
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This phase pull can be related to a frequency pull by recalling that a
phase pull of 27 results in a cavity resonance frequency shift of one FSR.
Thus, the maximum frequency pull, assuming equal field strengths, E.,, =
E.cw, is given by,

AtYmaez Co _a & Qy,

Afmas = or nP 2rnP 2n

(4.18)

where Q; is the width of the lock-in zone and represents the maximum fre-
quency difference between the counterpropagating lasers for which frequency
locking will occur.

To find the exact behavior of the system, we will derive a differential
equation for the phase difference between the counterpropagating lasers. In
the absence of lock-in, a constant rotation rate will generate a constant
frequency difference, or equivalently a linearly increasing phase difference,

1), between the two lasers, given by,
P = Qt (4.19)
where Q is the difference frequency caused by the rotation, or equivalently,
=0 (4.20)

The perturbation due to the backscattering can be included using Eq. (4.16)

and assuming equal amplitudes for the counterpropagating lasers, yielding,
¥ = Q4 Q sin(s + 8) (4.21)

This differential equation has two types of steady state solutions, i.e., solu-
tions for constant applied rotation rates, ignoring the dynamics of lock-in.
One solution is for © < Q; where the frequencies are locked, and the other

for © > 0, where a beat frequency is observed between the lasers.
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First consider the case where 2 < ;. Since 9 = 0, the phase difference

can easily be shown to vary from —7/2 to w/2 as Q varies from —Q, to Q.
In the case where 2 > €r, the solution is more complicated, and is

given by,

tan (¢+_62—L/3) = (%-“_L—i) : tan (%QL(Kz - 1)%t) (4.22)

where K = Q/Qf > 1. For large input rates, K > 1 the equation simplifies

tan (ifizfl/g) — tan (%m) (4.23)

which can be further simplified to give

to,

p=Qt+7w/2-6 (4.24)

which generates the same beat frequency as in the case without backscatter,
only with a phase shift.

For gyroscope operation, the frequency difference between the lasers is
usually the desired output. Equation (4.22) can be used to find an apparent
frequency, defined as 2,,, = 1/7 where 7 is the amount of time required for

% to increase by 2m and is given by,
Q, = (22— Q2)2 (4.25)

Figure 4.14 shows a plot of theoretical frequency, Af = Q,,/2=, versus
the applied rotation rate, (2, for several values of {); ranging from zero to
eight. As seen in the figure, for a range of low rotation rates, 2 < 2, the
measured frequency is zero, and for ¢ > (21, the measured frequency asymp-

totically approaches the lock-in free value as the magnitude of € increases.
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Figure 4.14 The theoretical output frequency as a function of applied rotation
for (a) no lock-in, and a lock-in zone of (b) 2, (c) 4, (d) 6, and (e) 8.

However, instead of a constant rotation rate, in our experiments a si-
nusoidal rotation is applied to the RLG. Figure 4.15 shows the theoretical
frequency output, A f, for a sinusoidally varying rotation rate with a peak
value of 10, for several values of 2z, from zero to eight. Similar to the ob-
served data, the rotation signal is most severely distorted for L close to the

peak Q induced by rotation.

4.3.1 Size of the Lock-in Zone

The lock-in zone can be accurately measured by fitting digitized rotation
data. In this case, the SBS beatnote is digitized, and a series of 2048 point
FFTs are used to find the corresponding spectra, and A f is then obtained
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Figure 4.15 Theoretical output frequency with a sinusoidal applied rotation

for various lock-in zone sizes, (a) zero, (b) 2. (c) 4, (d) 6, and (e) 8.

from these spectra. The frequency measurement from each FFT is shown as
a single point in Fig. 4.16, and an approximate fit of the data is shown as a

solid line. The lock-in zone of the fitted curve is 150 Hz.

In Fig. 4.17, the observed Af is shown for several rotation cycles with
the cavity only subject to random thermal perturbations. As seen in the
figure, the width of the lock-in zone varies from a maximum of approximately
500 Hz, to a minimum of lock-in that is barely detectable. These variations in

the size of the lock-in zone are due to variations in the cavity backscattering.

For this cavity, lock-in zones as wide as 2 kHz and as small as 100 Hz or
less have been observed, corresponding to a maximum field backscattering

ratio of a = 107%.
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> ¢

Figure 4.16 Rotation signal as a function of time with a fit of the data.
Cavity H.

4.3.2 Backscattering Variations

The backscattering in a fiber cavity is the coherent sum of backscattering
from several sources, including scattering from defects and inhomogeneities in
the fiber or coupler, and Rayleigh scattering from the entire fiber. Due to the
many sources of scattering, the observed variations of the net backscattering
in a fiber cavity are a complex function of the pump frequency and external

perturbations to the fiber cavity and coupler.

The setup in Fig. 4.18 was used to demonstrate the sensitivity of the
backscatter to perturbations. In the figure, the pump laser is locked to
the center of a cavity resonance and, with the laser well below the SBS
threshold for this cavity, the intensity backscattering at the pump frequency
is measured using detector D2. In addition, a slow triangle wave is also
applied to the fiber cavity PZT to demonstrate the effect of local changes in
the optical length of the fiber cavity on the backscattering. Since the laser is
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Figure 4.17 Measured frequency difference with a constant applied rotation

demonstrating variations in size of lock-in zone. Cavity H.

locked to the fiber cavity, this slow triangle wave also causes the frequency

of the laser to be tuned.

Figure 4.19 shows the variations in intensity backscattering, as measured
by detector D2, as the cavity drifts with changes in the room temperature.
The faster variations of the backscattering, with approximately a 10 second
period, are caused by the triangle wave applied to the cavity PZT. Initially,
this perturbation caused a 10% change in the observed backscattering, and,
over the course of several minutes, this increased to approximately 30%. At
the same time, the average intensity of the backscattering, which is initially
approximately 20% of the input intensity, slowly drops to approximately 6%
by the end of the 10 minute run.
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Figure 4.18 Fiber cavity setup to study the effects of cavity perturbations on

backscattering.
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Figure 4.19 Intensity backscattering changes with cavity drift and cavity PZT
perturbations. Cavity A.

Much more dramatic variations in the backscattering can be observed
if the cavity is intentionally perturbed, in this case by very gently heating a
small section of cavity fiber by shining a weak light it. Figure 4.20(a) shows
the variations in the backscattering as the small light is turned on and off.
As seen in the figure, this perturbation immediately causes large changes in
the size of the backscattering which varies from almost zero to about 25%.
In addition, this perturbation also causes variations in the effect of the cavity
PZT.

In Fig. 4.20(b), the variation in the effect of the cavity PZT can more
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easily be seen. Initially, the cavity is perturbed by shining a very weak light
on it, and as the average level of the backscattering changes, the variation

of the backscattering caused by the cavity PZT varies from almost zero to

30%.
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Figure 4.20 Variation in backscattering for (a) for several cycles of perturba-

tions, and (b) for a single, weak cavity perturbation. Cavity A.

Changes in the cavity longitudinal modes also affect the backscattering,
as shown in Fig. 4.21. Figure 4.21(a) shows the intensity backscattering,
and Fig. 4.21(b) shows the laser PZT voltage, which is a measure of laser
frequency. As the laser is sequentially locked to a series of adjacent cavity
longitudinal modes, large changes in backscattering can be observed. Also
notice that the variations are not due to other perturbations to the cavity,
since the backscattering for a given longitudinal mode, e.g., the four marked

modes in the figure, is almost constant throughout the run.
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Figure 4.21 Backscatter variations with cavity longitudinal mode. Cavity A.

4.4 Techniques for Lock-in Elimination

Lock-in has been observed in both bulk-optic and fiber-optic RLGs and for
precision navigation applications, it must be greatly suppressed or elimi-
nated. Since the lock-in is caused by backscattering, the most obvious
method for reducing or eliminating it is to reduce or eliminate the back-
scattering. In a bulk-optic RLG, the dominant source of backscattering is
the mirrors and extraordinary care is taken during the manufacture of the
mirrors to minimize the amount of backscattering, nevertheless, some small
scattering still remains, around a ~ 1078,

In an SBS fiber RLG, on the other hand, there is Rayleigh backscattering
along the entire length of the cavity, in addition to scattering from defects
and inhomogeneities in the fiber and in the coupler. Thus, the observed
levels of backscatter in the fiber RLG are typically much larger than those
observed in the bulk-optic RLG, and they are also much more variable, as

discussed in Section 4.3.2. One method to reduce the scattering is to move to
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longer wavelengths to take advantage of the \™* dependence of the Rayleigh
scattering.

It is clear, however, that backscattering cannot be completely elimi-
nated. Therefore, techniques for the elimination of the effects of backscatter-
induced lock-in are required. There are two basic classes of techniques that
are applicable to the SBS RLG. The first approach introduces an alternat-
ing bias that minimizes the amount of time that the gyro spends in the
lock-in zone, thus while lock-in is still present, its effects are greatly dimin-
ished. The second approach prevents or suppresses the coupling between the
counterpropagating lasers caused by the backscatter. Thus, even though the
backscattering is present it does not lead to coupling between the lasers and

hence, no lock-in.

4.4.1 Alternating Bias for Lock-in Removal

One conceptually simple technique for eliminating the effects of lock-in is to
introduce a large constant nonreciprocal phase shift (NRPS), i.e., a phase
shift that is different for the two directions of the cavity, like the Sagnac
effect, between the counterpropagating lasers. If the size of the NRPS is
such that the resulting frequency difference is much greater than the width
of the lock-in zone, this NRPS will prevent frequency locking even when the
gyroscope is at rest. In practice, however, this technique is not used due to
the stability requirements on the bias and the lack of a suitable method for
generating such a large, constant NRPS.

One way to reduce the requirements on the stability of the bias is to
periodically reverse the sign of the bias, i.e., apply an alternating bias. In
this way, by averaging over several bias reversal cycles, no net bias would be
observed.

For the He-Ne RLG, lock-in was completely eliminated by mechanical

dither.3® In this case, the bulk-optic cavity is mounted on a piezoelectric
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torsion spring which is sinusoidally driven at the mechanical resonance of the
system. In addition, pseudo-random rotation noise is added to the sinusoidal
dither to randomize the errors due to any residual lock-in.*® Mechanical
dither is very successful for several reasons: no additional components are
introduced into the optical cavity, it is difficult for the dither to introduce a
bias, it is relatively easy to implement, and the suppression is not dependent
on the precise amplitude or frequency of the dither. Mechanical dither could
also be used with the SBS RLG, where the small mass of the fiber cavity
would allow such a dither to be more easily accomplished.

A number of other methods for introducing an alternating bias have
been suggested and demonstrated for the bulk-optic RLG, including those
based on the Faraday effect.®”

4.4.2 Coupling Suppression

Three techniques for the suppression of coupling between the lasers will be
discussed here. The first technique generates the SBS lasers in different
longitudinal modes of the cavity, i.e., Ag # 0, and the second technique uses
a time dependent NRPS to “wash out” the coupling between the lasers. The
third method uses modelocked lasers so that only backscattering from a very
limited area of cavity will contribute to lock-in.

The directionality and tunability of the SBS gain medium allows the
counterpropagating lasers of the RLG to be generated in different longitu-
dinal modes of the same cavity, as demonstrated in Section 3.1. The large
frequency difference between such lasers prevents frequency locking, how-
ever, the zero rotation beat frequency between the lasers is now centered on
an offset of Ag- FSR. Thus, the measurement and stability of the bias is an
important issue for the performance of such a gyroscope. However, there are
also additional problems with this technique which will be explored in detail

in Section 4.5.
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Another method to decouple the lasers is through the use of a time
dependent, NRPS, i.e., time-dependent nonreciprocal suppression, TD-NRS.
TD-NRS uses the time delay between phase modulations in the fiber cavity
to generate a direction dependent optical phase shift, similar to that caused
by rotation. By carefully adjusting the amplitude and frequency of this
dither, the coupling between the counterpropagating lasers can be completely
washed out. This technique will be discussed in Section 4.6.

Yet another method to decouple the lasers is through the use of mode-
locked lasers.’®9:60 A modelocked laser simultaneously oscillates in several
modes of the cavity, with a fixed phase relationship between the modes.
Thus, instead of a continuous output, the modelocked laser output is a pe-
riodic series of pulses. Two such modelocked lasers can be generated in
opposite directions of the same cavity for use as an RLG and, in this case,
only scattering from the region where the laser pulses overlap will contribute
to lock-in. Thus, with very short pulses that cross in free space, lock-in can
be virtually eliminated. However, the application of this technique in the

SBS RLG is not clear and needs to be investigated.

4.5 Performance of the Aqg Gyroscope

The tunability and directionality of the SBS gain curve allows the genera-
tion of counterpropagating lasers in different longitudinal modes of the same
cavity, as demonstrated in Section 3.1.2. In such a configuration, backscat-
tering will not lead to frequency locking, due to the large frequency difference
between the lasers.

The operation of a Aq gyroscope will be demonstrated using the setup
shown in Fig. 4.22. In this case, a single pump laser is used, and frequency
shifters in the arms of the cavity generate the frequency difference between
the pumps, P1 and P2, which is §f; — §f, = FSR = 96 MHz, i.e., Ag = 1.
In this configuration, the SBS lasers, B1 and B2, initially have a frequency
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difference of approximately 96 MHz as they leave the resonator. However,
they experience an additional shift due to the frequency shifters, and thus
their beat frequency is centered on approximately 2 - FSR or 192 MHz.
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Figure 4.22 Simplified schematic diagram for an SBS ring laser gyroscope.

The response of Af to the applied rotation is shown in Fig. 4.23(a)
with the corresponding rotation angle in Fig. 4.23(b). In the center of the
figure, the time scale is expanded to demonstrate that A f is 90° out-of-phase
with the rotation angle in Fig. 4.23(b), and that no lock-in is observed, as
expected.

Figure 4.24 only shows the difference frequency, A f, between the SBS
lasers, first with applied rotation, and then as the cavity is brought to rest. As
expected, with the cavity at rest, A f is approximately at the midpoint of the
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Figure 4.23 Simultaneous recording of (a) the difference frequency between

the SBS lasers, as a function of (b) the applied rotation. Cavity E.

sinusoidal variations caused by the rotation. However, even on this relatively
short time scale, variations in the RLG bias of 200 Hz can be observed.
In this configuration, bias variations of 1 kHz were typically observed at
1.15 pym, and variations of 10 kHz were observed at 633 nm. In both cases,
the variations were driven by cavity perturbations.

Thus, while the Aq gyroscope eliminates lock-in, it exhibits other sources
of drift and bias variations. In the following sections, several sources of drift
for the Ag gyroscope will be examined, including thermal perturbations,

dispersion pulls, and backscattering variations.



4.5.1 Thermal Drifts

— 30 sec
]lkl-lz

>t

Figure 4.24 The difference frequency between the SBS lasers with and without

rotation. Cavity D.

4.5.1 Thermal Drifts

One cause of bias drift in the Ag fiber RLG is the thermal expansion of
the cavity, as discussed for common cavity SBS lasers in Section 3.4.1. As
expected, with the SBS lasers separated by several FSRs of the cavity, any
change in temperature changes the cavity FSR and hence the frequency bias.
In a typical physical layout, the fractional change in optical length of the
fiber cavity with temperature has been measured to be 2 x 10~°, thus with
frequency separation of 100 MHz, the thermal tuning of the beat frequency is
~ 2kHz/°C, or about 400 - Q./°C. Clearly, stabilizing the cavity will reduce
this error, but for navigation grade performance, the cavity temperature
would have to be held constant to within several microdegrees Celsius. In
our case, the changes in temperature of the fiber cavity were only on the

order of millidegrees Celsius, thus they were much too small to account for

the observed drifts.

One possible method to eliminate or reduce this error is to use more
than one pair of SBS lasers, or to periodically switch the directions of the
lasers. These technique will be discussed further in Section 6.1.2.
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4.5.2 Dispersion Pulls

An important additional source of drift is due to dispersion pulling of the
SBS laser frequencies resulting from intensity backscattering of the pump
lasers.

Consider a single pump laser, P1, in the CCW direction and the result-
ing SBS gain curve and SBS laser, B1, in the CW direction, as shown in
Fig. 4.25. If there is any pump backscattering, a small amount of pump will
also be present in the CW direction of the cavity, labeled P1'. Though this
pump will be below the SBS lasing threshold, it will still generate a small
SBS gain curve, labeled B1'. In a single direction SBS laser, this extra gain

curve has no effect since it is in the opposite direction as the SBS laser.

J\/\/\/\;\,/\/\/\_.f
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Figure 4.25 Generation of an extra SBS gain curve due to pump backscatter-

ing.

However, as shown in Fig. 4.26, if two counterpropagating SBS lasers,
B1 and B2, are generated in the same cavity, this extra SBS gain curve, B1’,
due to its dispersion, will pull the frequency of the B2 SBS laser. Thus, as
the intensity of P1 changes, or as the backscattering at the pump frequency
changes, the size of the dispersion pull will also change and cause a bias drift

in the gyroscope.
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Figure 4.26 Extra SBS gain curve due to pump scattering.

4.5.3 Measurement of Dispersion Pulling

The size of the dispersion pull can be directly measured using the setup
shown in Fig. 4.27. A single pump laser, Pump, is used for the pump
beams labeled P1 and P2, which generate a pair of SBS lasers, B1 and B2,
separated by several cavity FSRs through the use of frequency shifters. With

the cavity locked to this pump laser, an additional pump laser, PUMP 3,

in the direction labeled P3, is introduced into the cavity. This pump is
asymmetrically coupled into the cavity so that there is much more coupled
into the CCW direction of the cavity than the CW direction, as described
in Section 4.9.1. Due to this imbalance in P3, a much larger SBS gain curve
is generated in CW direction of the cavity than in the CCW direction, so
the net dispersion pull is directly proportional to the intensity difference.
Thus, in the figure, P3 is only shown in the CCW direction of the cavity,
representing the net effect of this additional pump.

To measure the dispersion pull as a function of power, PUMP 3 is
locked to a cavity resonance at a known separation from the original pumps,

in this case about 30 MHz less than pump P1, as shown schematically in
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Figure 4.27 Experimental setup to measure the dispersion pull of an extra

SBS gain curve.

Figure 4.28 Effect of second pump laser on SBS lasers B1 and B2.

Fig. 4.28. Figure 4.29(a) shows the difference frequency between the lasers,
and Fig. 4.29(b), power in the perturbation laser. With Pump 3 unlocked,
the unperturbed Af between SBS lasers B1 and B2 is measured, and, as
the power is increased in increments, obvious changes in the SBS difference

frequency is observed. The variation near the peak of the dispersion curve
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was measured to be 680 Hz/uW of net input power. This is in good agree-
ment with the predicted value of 700 Hz/uW for this cavity using the results

of the derivation in Section 2.1.2.
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Figure 4.29 Dispersion pull versus perturbing pump power. Note the satura-
tion for higher pump powers is a result of the generation of a third SBS laser.
Cavity B.

The flattening and subsequent change in sign of the frequency pull as a
function of power observed near the maximum power in Fig. 4.29 is caused
by the P3 laser power in the CCW direction of the cavity exceeding the SBS
threshold. At this point, the pump power due to PUMP 3 in the CCW
direction becomes fixed, but the pump power in the CW direction continues
to rise, since it is still well below threshold, and the net dispersion pull is

reduced.
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4.5.4 Frequency Dependence of Dispersion Pull

In addition, the frequency dependence of the dispersion pull can be mea-
sured by changing the frequency separation between the perturbation laser,
PUMP 3, and the pump lasers. For a constant power in PUMP 3, the
dispersion pull as a function of frequency was measured by locking PUMP 3

to consecutive longitudinal modes of the fiber cavity.
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Figure 4.30 Dispersion pull as a function of perturbation laser tuning. Cav-

ity B.

Figure 4.30 shows the plot of the dispersion pull, § f, as a function of
frequency separation between P1 and P3, Af, demonstrating the change
in sign of the dispersion pull around zero difference frequency. The peak
dispersion pull occurs with a frequency difference of approximately 70 MHz,
indicating the width of the SBS gain curve is approximately 140 MHz. This
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is somewhat wider than the measured width for bulk silica and needs further
study. It should also be noted that the dispersion curve is unusually flat
near its peak. There are several possible explanations for this flattening,
including fiber inhomogeneities, and stress variations in different parts of
the fiber cavity.

To reduce the size of the dispersion pulls, SBS laser frequency spacings
comparable to the half-wicdth of the SBS gain should be avoided, since the
dispersion pull is at a maximum at that separation. Thus, either a large
frequency difference, or a very small frequency difference, i.e., Aq = 0, should
be used between the SBS lasers.

4.5.5 Self Dispersion Pulls

Backscattering at the SBS frequency also can lead to frequency pulls on
the SBS lasers themselves. In this case, the frequency pull is the result of
backscatter-induced changes in cavity loss at the SBS frequency which cause
a change in the self dispersion pull due to the SBS laser’s gain curve.

Normally, the internal losses of the cavity at the SBS frequency are
considered to be constant. However, variations in backscattering can lead
to significant variations in the cavity loss as a function of the cavity en-
vironment, as demonstrated in Fig. 2.35. This loss variation will cause a
corresponding change in the SBS gain, since the gain always equals the loss
while the SBS laser is lasing. Thus, if the cavity mode is not exactly at
the center of the SBS gain curve, this variation in the SBS gain will cause
a variation in the dispersion pull of the SBS gain curve. For example, for a
cavity mode 70 MHz from the center of the SBS gain curve with a 100 uW
threshold, a 1% variation in the cavity loss will result in a 680 Hz offset
change.

This source of drift can be eliminated by thermally tuning the SBS gain
curve so that the cavity resonance is in the center of the gain curve, since

the dispersion is zero there.
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4.5.6 Other Possible Error Sources for the Ag Gyro-

scope

Though thermally and dispersively driven drifts appear to limit the present
performance of the Ag SBS fiber RLG, there are a number of other error
sources which may become important as the performance improves. These er-
rors include eigenpolarization mismatch between the SBS lasers which would
reduce reciprocity between the SBS lasers, eigenpolarization mismatch be-
tween the pump and the SBS laser which could lead to polarization pulling,
frequency pulls due to frequency dependent backscattering, and excess phase
noise due to finite common mode suppression of cavity jitter. In Section 6.1,

other techniques will be suggested for the implementation of a Ag gyroscope.

4.6 Demonstration of TD-NRS

Another method to reduce or eliminate the backscattering-induced coupling
between the counterpropagating lasers in an RLG is through the introduction

of a time dependent NRPS.

To understand the time dependent NRPS, first we will consider a single
phase modulator attached to a straight piece of fiber, as shown in Fig. 4.31(a).
Initially, the net phase through the fiber is ¢,, and at time ¢ = 0, a linear

phase sweep is applied to the fiber by the modulator so the phase becomes,

B(t) = ¢o + kt (4.26)

where k is the magnitude of the phase sweep.
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Figure 4.31 Demonstration of time dependent, nonreciprocal phase shift.

If a second modulator is added some distance L away and driven with the
same magnitude phase shift, but opposite in sign, as shown in Fig. 4.31(b),
the total observed phase shift, ¢*(¢) becomes,

dt(t)=do +kt—k (t + é) =¢o—k (%—) (4.27)
where c is the speed of light in the medium, and L/c is the time delay between
the modulators. Hence, the residual phase shift is due to the time delay
experienced by the light as it travels between the modulators. However, if
the phase shift is observed along the opposite direction, the measured phase
shift ¢~ (¢) is given by,

¢ (t) = o —kt+k (t + %) =¢o+k (%) (4.28)
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Thus, the sign of the residual phase shift changes with direction of propaga-
tion.

Therefore, by placing two such modulators on the fiber of a fiber ring
cavity, as shown in Fig. 4.32, a NRPS can be generated which is similar to
that generated by an applied rotation. Thus, these phase modulators can be

used to dither the cavity by optical, rather than mechanical means.

PM1

PM 2

Figure 4.32 Ring cavity with attached phase modulator for TD-NRS.

Unlike mechanical dither, where very large peak phase differences can
be easily generated between the paths, on the order of 6000 radian, this time
dependent dither can only generate a NRPS of about 6 radians with the PZT
phase modulators that are available to us. Thus, in its present form, it is
not very suitable for generating the large alternating bias needed for lock-in

elimination in our present setup.
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4.8.1 Sinusoidal Suppression

One method for eliminating the coupling between the lasers is to sinusoidally
modulate the difference frequency between the lasers, i.e, the creation of a
time dependent, nonreciprocal suppression, TD-NRS. Recall that if the dif-
ference frequency between two lasers is sinusoidally modulated, the spectrum
of the beatnote between the lasers has components at harmonics of the mod-
ulation frequency, with the amplitude of the m** harmonic given by J,,.(¢),
where J,, is the mt* order Bessel function of the first kind, and ¢ is the
phase excursion of the modulation. Figure 4.33 shows the magnitude of the
spectrum between such sinusoidally modulated lasers for a variety of phase
excursions. As seen in Fig. 4.33(c), by carefully adjusting the depth of mod-
ulation, the component at f;, the unmodulated difference frequency between
the beams, given by Jy(¢), can be made to go to zero, at ¢ =~ 2.41. Thus, all
the coupling between the lasers occurs at harmonics of the modulation fre-
quency, and there is no coupling between the lasers at the original difference
frequency.

This suppression technique can be used in any RLG. In our case, a sinu-
soidal NRPS may be applied to the RLG, to generate a sinusoidal frequency
modulation of the beat frequency between the lasers. By adjusting the depth
of this modulation, ¢, to be approximately 2.41, the low frequency coupling
between the lasers will be eliminated. Further, by choosing the modulation
frequency to be much greater than the width of the lcck-in zone, the lock-in
zone can be completely eliminated for low rotation rates. However, there
is still coupling between the lasers at the harmonics of the modulation fre-
quency, thus, smaller lock-in zones will be observed for A fs that are around
these harmonics.

This technique was first suggested and demonstrated for a bulk-optic

RLG,%! and a similar technique is used to prevent spatial hole burning in
g

129



130

Sinusoidal Suppression 4.6.1

t o=10 t o=20

(@) £ (b) f,

0.=2.41 ¢.=3.0

— ] > f — 1 — f
(©) fa (d) fa

Figure 4.33 Magnitude of the spectrum of the a sinusoidally modulated laser

beatnote.

solid-state lasers.’?> The technique is well suited to a fiber RLG since the
phase modulators can be implemented using PZTs attached to the optical
fiber, thus no additional components need to be added to the fiber cavity.2?

One concern with TD-NRS is the placement of the phase modulators.
For the elimination of lock-in, the coupling between the lasers must be pre-
vented over the entire length of the cavity, however, until now, we have only
considered suppression of the coupling at the output of the cavity. The NRPS
induced by the phase modulators is proportional to the time delay, hence the
separation, between the modulators. In this way, as viewed from the coupler

labeled 1 in Fig. 4.34, the NRPS is proportional to Ly. Similarly, as viewed
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from the coupler labeled 2, the NRPS is proportional to L,. Thus, for com-
plete suppression, Ly = L, = L/2. If the spacing between the modulators is
not correct, then simultaneous suppression of lock-in due to the backscatter

from both halves of the cavity will not be possible.

PM 1

PM 2

Figure 4.34 Fiber ring cavity with phase modulators attached for TD-NRS.

4.6.2 Generation of a TD-NRS

In order to generate a NRPS of the required size, as discussed above, two very
well matched, large phase modulations must be applied to the fiber cavity
at the correct spacing. In our case, the phase modulations were applied to
the cavity using PZTs which drove a mechanical resonance in a small length
of the optical fiber. Figure 4.35 demonstrates our ability to generate large,
well matched phase modulations at a 35 kHz rate. A close-up of the cavity

resonance (F =~ 170) in Fig. 4.35(a), shows the cavity without modulation,



132

Generation of a TD-NRS 4.6.2

demonstrating only the effects of laser noise and room acoustics on the cav-
ity resonance. With a drive applied to only one of the PZT modulators,
in Fig. 4.35(b), the cavity resonance frequency is swept by almost an entire
FSR, indicating a phase modulation of almost +7 is being applied, which
is significantly larger than the required +2.41 radians. In Fig. 4.35(c), both
modulators are driven and they are adjusted to minimize the residual mod-
ulation of the resonance. As seen in the figure, the modulators can be well
matched even for this large reciprocal phase modulation, and only a small

amount of residual amplitude or frequency modulation is observed.

(a) (®) (c)

Figure 4.35 The cavity resonance scans (a) without phase modulation, (b)

with a single phase modulator and (c) with both phase modulators. Cavity D.

To demonstrate that this cavity modulation is producing a NRPS and
not simply modulating the frequency of the cavity, the beatnote between the
SBS lasers can be directly observed, using the setup in Fig. 4.36. Note that
simply modulating the cavity with a single phase modulator, i.e., applying
a NRPS, would put the same frequency modulation on both of the lasers,

and would leave the beatnote unchanged. To more easily observe the SBS
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Figure 4.36 Schematic diagram of an SBS fiber RLG with phase shifters for
TD-NRS.

beatnote in the absence of rotation, a small frequency difference, around
100 Hz, is introduced using the frequency shifters in the cavity arms, shown
in Fig. 4.36. In the absence of NRPS, shown in Fig. 4.37(a), a beat frequency
is observed at the applied frequency difference. When a small NRPS is
then applied to the cavity, Fig. 4.37(b), frequency modulation of the beat
is observed, and as the depth of the NRPS is increased, Fig. 4.37(c), the

observed frequency modulation also increases.

4.6.3 TD-NRS for Lock-in Suppression

Lock-in suppression using TD-NRS can be demonstrated using an SBS fiber
RLG operated around 633 nm. Similar to the gyroscope at 1.3 um, a fre-
quency bias of 10 kHz is introduced between the SBS lasers using frequency
shifters in the output arms of the cavity, as shown in Fig. 4.36. The rotation
signal is recovered by digitizing the output of detector D, using a FFT to
find the spectrum of the signal, and measuring the frequency of the beat
between the SBS lasers from this spectrum. Note that with the TD-NRS
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(@)

(b) ()

Figure 4.37 Beatnote between SBS lasers with a small frequency bias (a) in
the absence of a NRPS, (b) with light NRPS, and (c¢) with moderate NRPS.
Cavity H.

applied, the beatnote at the bias frequency, i.e., 10 kHz, will be suppressed,
so the beatnote at one of the sidebands of the suppression frequency, in this

case at f = 10 kHz + 35 kHz, must be used.

The effect of TD-NRS will be demonstrated by applying a large rota-
tion to the cavity, which should produce a rotation signal of +£10 kHz. In
the absence of the TD-NRS, no rotation signal is observed from the cavity,
indicating that the lock-in zone is greater than 10 kHz. However, when the
TD-NRS at 33 kHz is quickly turned on, a rotation signal is observed, cen-
tered on 43 kHz, as shown in Fig. 4.38(b). The fitted curve over the rotation
data demonstrates a ~ 1 kHz residual lock-in zone, thus a reduction of the

lock-in zone by at least a factor of 10.
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The effect of misadjustment in the depth of the TD-NRS is shown in
Fig. 4.38(a) and 4.38(c), which were taken immediately before Fig. 4.38(b).
In Fig. 4.38(a), the TD-NRS is initially too small, and a larger residual lock-
in range, about 3 kHz, is observed, as compared to Fig. 4.38(b). Similarly,
with the modulation depth too large, shown in Fig. 4.38(c), again a larger
residual lock-in zone, in this case about 4 kHz, is also observed. Thus, for
best suppression, the depth of the TD-NRS modulation must b: carefully
adjusted.

TD-NRS has also been demonstrated using the lower scattering cavi-
ties at 1.3 pm, using a setup similar to Fig. 4.36. In this case, due to the
smaller lock-in zone and the narrower linewidth of the cavity, a suppression
frequency, fq, of 10 kHz is used with an external frequency bias, f;, of 7 kHz.
Figure 4.39(b) shows the measured Af for a cavity mode without TD-NRS,
with a lock-in zone of approximately 1.3 kHz. With the TD-NRS applied to
the cavity, Fig. 4.39(a), the size of the lock-in zone drops to approximately
350 Hz, a reduction by a factor of almost 4.

It is also important to note that the phase and amplitude of the PZTs
must be very precisely aligned. Since the PZTs generate such large phase
excursions, even a very small misadjustment in the relative amplitudes of
the PZT drives will result in a large, reciprocal modulation of the cavity
resonance. For example, with the PZTs driven for complete lock-in suppres-
sion, a 1% misadjustment in the amplitude to one of the PZTs results in a
peak-to-peak frequency modulation cavity of 150 kHz, twice the linewidth
of the cavity. Figure 4.40 shows the result of a slight misadjustment of the
PZT drives on the observed SBS beat, using the same setup as Fig. 4.37.
In Fig. 4.40(a), a small NRPS is applied to the cavity and the PZT drives
are adjusted for best performance, thus, a clean frequency modulation is
observed. In Fig. 4.40(b), a small misadjustment is made in the drive ampli-

tude to one of the PZTs, and significant amounts of amplitude modulation
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Figure 4.38 Measured rotation from an SBS RLG with (a) too little NRPS,

(b) adjusted NRPS, and (c) too much NRPS. Cavity E.
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Figure 4.39 IR SBS fiber RLG (a) without TD-NRS and (b) with TD-NRS.
Cavity H.

are immediately observed. Thus, the correct adjustment of the drives to the

PZTs is very important.

4.6.4 Limitations of Lock-in Suppression

There are several factors which limit the observed lock-in suppression at
both 633 nm and 1.3 pym. They include the mislocation of the PZTs, back-

scattering from within the modulators, distortions of the modulation drives,
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(a) (®)

Figure 4.40 Beat note between SBS lasers with a small frequency bias (a)
with light dither, and (b) with misadjusted dither. Cavity H.

modulator nonlinearities, residual amplitude modulation from the modula-
tors, and modulation leakage.

As mentioned in Section 4.6.1, for complete suppression of lock-in from
backscattering from both sections of the fiber, the modulators must be lo-
cated exactly L/2 apart, where L is the length of the cavity. For example,
assuming the backscattering is evenly distributed, a misplacement of 0.15 m
in the location of a modulator at 633 nm, or 0.50 m at 1.3 pm, will result
in only 90% lock-in zone suppression. In our present setup, the separation
between the modulators could only be determined to within +0.1 m. How-
ever, at 633 nm, we adjusted separation between the modulators +0.08 m
without improving the suppression performance, indicating that there are
other factors limiting the suppression.

Even with perfect modulator placement, lock-in due to backscattering
from within the modulators will not be completely suppressed. Qualitatively,
the amount of NRPS within the modulators varies from a maximum at the
ends, to zero in the middle. Thus, depending of the exact position of the
scattering within the modulator, its effect on the lock-in will vary. Further,
the addition of the phase modulators to the cavity caused a noticeable in-

crease in the observed backscattering, both at 633 nm and 1.3 pm. Thus,
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depending on the exact location of this increased scattering, its effect on the

observed residual lock-in could be large.

Modulator nonlinearities, modulator drive distortions, and residual am-
plitude modulation from the phase shifters can all limit the suppression that

can be obtained, by preventing complete elimination of the carrier.

Though the modulation was applied directly to the cavity fiber, some
of the modulation could also be coupled, either through the fiber cavity
base or through the air, into other parts of the cavity or input arms. Such
additional modulations would have the effect of changing the modulation
depth in different parts of the fiber cavity. Thus, the backscatter suppression
could vary throughout the cavity.

We believe that the suppression performance at 633 nm was limited
by modulator placement accuracy, and scattering from within the modula-
tors. The suppression performance at 1.3 pm was limited by the scattering
from withir the modulators, modulation leakage, and distortions due to the

modulators.

In addition, the required NRPS for best suppression of lock-in was ob-
served to vary from mode to mode, and with time for the same mode. Such
variations were larger than what could be attributed to modulator varia-
tions. These vuriations have been attributed to changes in the size of the
lock-in zone due to backscatter variations. If the size of the lock-in zone is
comparable to the TD-NRS frequency, the lock-in causes a reduction in the
observed frequency difference between the lasers for a given NRPS, as shown
in Eq. (4.25). In this case, this causes a reduction in the frequency excursion
for a given modulation depth, thus changing the required modulation depth

for complete Jy suppression.
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4.6.5 Suppression Requirements for Navigation Grade

Performance

For a practical gyroscope, there are several issues with TD-NRS that must
be addressed. First, for navigation grade performance the lock-in zone must
be suppressed by a factor of about 10%, and with TD-NRS, this would re-
quire the modulation depths remain constant to within a part in 10° of their
optimum value. Second, the tolerable distortions, either due to the drive sig-
nal asymmetries or modulator nonlinearities would have to be on the same
order. Third, the modulator separation would also have to be adjusted to
similar accuracy, e.g., on a 10 m cavity to within 10 gm.

Even if the modulators and their drives are stable to within a part in
10°, variations in the lock-in zone will also cause variations in the apparent
depth of the modulation, as previously discussed in Section 4.6.4. For the
variation in the apparent modulation depth to be less than the part in 10°
limit, the separation between the dither frequency and the maximum lock-in
range would have to be a factor of 1000, which is impractical for a fiber RLG.

One method to reduce the requirements on the TD-NRS is to use more
than one pair of modulators. Since the suppression of the lock-in is multi-
plicative, by using two, or more, pairs of modulators at different frequencies,
the requirements on each individual dither can be greatly reduced. For ex-
ample, with two TD-NRSs, suppression of only 10° is required for each. In
addition, residual lock-in due to scattering from within one set of modula-
tors is suppressed by the second pair of modulators. Also, both suppressions

would not have to be generated using TD-NRS, but could be a hybrid of TD-

63

NRS and, for example, an optical Kerr effect suppression®® or a mechanical

dither.
The use of multiple frequency modulations, either all using TD-NRS or a

hybrid of suppression schemes, however, would require careful consideration
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of signal-to-noise issues. With a single suppression, the optical power that
used to be in a single sideband is now spread essentially equally among four
sidebands. If two dithers are used, sixteen sidebands of approximately equal

amplitude are now generated.

4.7 Preliminary SBS RLG Drift Performance

Since bias and bias variations are important errors for the RLG, some prelim-
inary data on bias performance for the Ag = 0 SBS fiber RLG is presented
in this section, even though we have lock-in.

One method for measuring the bias and its variation is to apply a fixed
rotation to the RLG, using a precision rotation table, and measuring the
corresponding difference frequency, A f, and the variation in Af. Although
this method is suitable for an RLG with lock-in, unfortunately, we do not
have access to such a precision table.

A more accessible method to us is to apply a sinusoidal mechanical ro-
tation to the RLG similar to that used in Fig. 4.11, and examine the peak
frequency excursions above and below lock-in. Asymmetry in these excur-
sions would indicate a bias, and symmetric changes would indicate either a
scale factor variation or a change in the size of the lock-in zone.

Using the setup previously shown in Fig. 4.10, Af was observed as a
function of time. Figure 4.41 shows Af for a 12 minute period with the
cavity only perturbed by fluctuations in room temperature. As seen in the
figure, the measured asymmetry throughout the run was within the 50 Hz
observed fluctuations on A f, which were in part due to noise in the applied
rotation. The symmetric changes in Af were approximately 100 Hz, and
were probably due to lock-in variations which have been shown to be very
sensitive to cavity perturbations, as discussed in Section 4.3.2.

These preliminary test show that for the Ag = 0 gyroscope, the bias

is not very large, but clearly, more careful measurements need to be carried
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out to determine the magnitude and variations of the bias, as well as the
sources of such a bias. In the Aq = 0 configuration, the bias is expected to
be very small, primarily influenced by the optical Kerr effect, discussed in
Section 4.8.1.
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Figure 4.41 SBS RLG output with applied rotation over a 12 minute period.
Cavity H.

4.8 Other Error Sources for the SBS RLG

In addition to lock-in, there are a number of other error sources for the

Ag = 0 RLG which must be avoided for proper operation. In this sec-
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tion, some of these error sources will be discussed, and possible solutions
suggested.®¢
4.8.1 Optical Kerr Effect

One source of offset and drift in the RLG is due to the third order nonlinear
optical process, the optical Kerr effect.55:56 The optical Kerr effect causes an
intensity dependent index change for counterpropagating beams. The index

change for the CW beam can be written as,
Angy, = ﬂo(Icw + 2Iccw) (429)

where I.,, and I,.,, are the intensities in the CW and CCW directions, and

48735 (3)
Bo = — g, (4.30)
Similarly, for the COW direction, the index change is given by,
Angey = Bo(Iccw + 2I.) (431)

Thus, the change in the resonant frequency in the CW direction, §f,,,, is
given by,

An,
§fow = —fr 20ew

cw

gc Ang,
Newl New

= ac Ancw

-
nZ, L

C
= _T'qu_z.Bo(Icw + 2Iccw) (432)

where f7 is optical frequency, q is the longitudinal mode number, and L is
the length of the cavity. Similarly, the change in resonant frequency for the
CCW direction is given by,
8fecwr = = Bo(Leew + 2U,up) (4.33)
nl ., L

ccw
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Thus, the resulting frequency difference between resonances in the counter-

propagating direction of the cavity, A ferr, is given by,
gc
Afkerr = 6fcw - 6fccw = mﬂo(Icw - Iccw) (434)

The circulating intensities inside the cavity on resonance can be simply re-
lated to the output power, W,,, and W, in the CW and CCW directions,

respectively, given by,

I, = P (4.35)
and
F Wecw
Iecw = P (4.36)

where S is the effective core area of the fiber. Combining Eq. (4.35) and
(4.36) with Eq. (4.34) yields,

qcF F

A fkerr = }E??EmAW =fi ™S

B AW (4.37)

where AW = W,., — Wccw. Evaluating this offset for a cavity with F =
70, n = 1.5, § = 7 (2.5 x 107 m)?, and B, = 7.4 x 1072° m/W, yields
approximately 28 Hz/uW.

The optical Kerr effect is most easily observed using either a Ag # 0
gyroscope, or a passive resonator gyroscope. In this case, the Kerr effect was
measured using both a Aq SBS fiber RLG and a passive resonator gyroscope
operated at Ag # 0.

In the Ag SBS fiber RLG, the optical Kerr effect can be measured by
alternately reducing the pump powers in the two directions of the cavity,
which in turn reduces the corresponding SBS laser powers. Figure 4.42(a)
shows amplitude of the beat between two SBS lasers which was used to

measure the SBS laser intensity, and Fig. 4.42(b) shows the beat frequency,
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Af. Initially, the intensity of the SBS lasers are approximately matched,
and the unperturbed beat frequency is measured. In the second section, the
pump laser in the CW direction is attenuated, which reduces the intensity of
the SBS laser in the CW direction, causing an increase in A f. Similarly, the
intensity of the SBS laser in the CCW direction is then attenuated, resulting
in a reduction in Af. Finally, when the SBS lasers in the CW and CCW
directions are both attenuated, no change in A f is observed. In this case, the
frequency offset was measured to be approximately 7 Hz/uW, which is close

to the value predicted by Eq. (4.37) for this cavity, which was overcoupled.
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Figure 4.42 Measurement of the optical Kerr effect using a separated mode
SBS fiber RLG. Cavity G.

The optical Kerr effect can also be measured in a passive resonator
gyroscope. In the passive gyroscope, servos are used to lock both beams
to the center of their respective resonances, and the difference frequency
between the lasers is used as the gyroscope output. As shown in Fig. 4.43, as

the intensity of the beams in the cavity are misbalanced, first by attenuating
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the beam in the CW direction, labeled 1, and then the CCW direction,
labeled 2. As the intensities in the opposite directions of the cavity are
attenuated, the frequency difference between the beams also changes. In
this case, the optical Kerr effect caused a 25 Hz/uW of input power change
in the frequency of the cavity resonance, in good agreement with the value
predicted by Eq. (4.37). Further, the sign of the measured Kerr effect is
consistent with the observed Sagnac effect in this cavity. In addition, the
measurement of the optical Kerr effect using SBS lasers yields the same

frequency sensitivity to intensity misbalance.
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Figure 4.43 Demonstration of the optical Kerr effect in 2 passive resonator

gyroscope. Cavity B.

One method for the elimination of the optical Kerr effect is to use a
servo to adjust the relative intensities of the SBS lasers by adjusting their
respective pump intensities. Since the absolute intensity of each of the lasers
does not have to be controlled, instead of directly measuring the intensity of
each SBS laser, the intensities of both the pumps are modulated by the same

amount. If there is a difference in the power in the SBS lasers, this power
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difference will also be modulated, and the beat frequency between the lasers
will have a component at the modulation frequency. The modulation of the
beat fraquency can be detected using a PSD and used to adjust the relative
intensities of the pump lasers. It should be noted that this servo would also
have to be fast enough to compensate for intensity changes caused by an

applied rotation.

4.8.2 Additional Error Sources

There are a number of smaller error sources for the SBS RLG that may
become important as the performance improves. For example, magnetic
fields can cause an NRPS, and may require magnetic shielding of the fiber,
similar to that used in fiber interferometer gyroscopes. Also, similar to errors
observed in interferometer gyroscopes, special winding techniques for the
fiber cavity may have to be used to avoid errors due to thermal and stress

t68 ,67

gradients, i.e., the Shupe effec , especially for longer cavities. Finally,

backscattering can also lead to significant scale factor nonlinearities.?

4.9 Experimental Considerations

In this section, some of the details of the various setups and procedures used

in this chapter will be presented.

4.9.1 Optical Layout

As with the solitary SBS laser and the common cavity SBS lasers, the optical
setup for the SBS fiber RLGs was also a hybrid of bulk-optic and fiber-
optic components, as shown schematically in Fig. 4.44, and in the photo in
Fig. 4.45. The A/O frequency shifters were driven from very stable frequency
synthesizers so that the frequency differen-e between them, used to bias
the SBS beat frequency, was stable to be.ier than 1 Hz, and thus did not

significantly contribute to the observed drifts. For Aq operation with a small
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frequency difference between the lasers, e.g., 0 to 30 MHz, the difference in
the frequencies of the A/O drives can simply be adjusted by this amount,
which will require realignment of the A/Os. For large frequency differences,
the sign of the frequency shift in one of the two A/Os can be changed by
realigning it. In this way, frequency differences between 60 MHz and 120 MHz
were reachable with nominally 40 MHz A /Os.

-

Pl Bl p2_ B2

Bl

Figure 4.44 Detailed optical setup for an SBS fiber RLG.

Since both pump beams were derived from a single pump laser, only a
single servo was needed to lock both beams to cavity resonances, as shown in
Fig. 4.46. As previously described, a combination PZT and heater servo was
used, as shown in the figure, to extend the length of the data runs. A second
servo configuration was used at 1.3 pm, with the “fast” servo feedback to
the laser, and the slow feedback to the cavity heater. This arrangement was
primarily used to reduce the number of PZTs mounted to the fiber cavity,
since there was a noticeable increase in the cavity backscattering with the

addition of each PZT.
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Figure 4.45 Photograph of a typical SBS fiber RLG setup with the pump

laser at the bottom and the cavity enclosure at the top.

The choice of modulation frequencies for the RLG is difficult, particu-
larly when optical dither is used. Between the bias frequency, the harmonics
of the dither frequency, and the changes in these frequencies as a function
of rotation, there are few good choices for the servo modulation frequency.

At both 633 nm and 1.3 pum, the servo modulation was changed to be com-
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Figure 4.46 Detailed optical setup for SBS RLG with servo.

parable with the cavity linewidth, i.e., 100 kHz for 633 nm and 40 kHz for

1.3 pm, in order to minimize interference.

The rotation table that the fiber cavity was mounted on consisted of
a small plate mounted on a precision bearing. The table was driven with
a variable speed, DC electric motor which had a disk mounted to its drive
shaft. A pin was mounted off-center in this disk, and was connected to the
rotation stage with a long copper wire. The restoring force for the table was
provided by a stiff spring.

Though this apparatus was used for all the rotation data in this thesis,
there were some practical problems with it. First, as the motor made the
transition from pulling the rotation table, to being pulled by the table, gear
lash in the motor caused a glitch in the rotation. To avoid the glitch, a
makeshift brake was installed on the motor, so the motor was continually

loaded. While this avoided the gear lash, it also forced the motor to drive
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a much larger load than strictly necessary. In addition, the brake tension

required frequent readjustment.

Several alternate schemes could be used for the rotation. First, a weak
torsion spring can be used to generate a slow sinusoidal rotation, which has
the advantage of simplicity and, if driven on resonance, only a very weak
drive is required. A second alternative is the use of a high resolution stepper
motor, and mounting the cavity directly on the motor shaft. This technique
has the advantage of being aile to produce a very flexible rotation pattern,
however, steps may hiave to be taken to smooth out any residual “stcps” in

the rotation. Third, a rotation table could also be used.

In Section 4.5.2, the pump laser Pump 3 was asymmetrically coupled
in to the fiber cavity. One method for achieving this asymmetry was to use a
beam splitter that was not exactly 50/50, for example a 60/40 beamsplitter.
In this way, the primary pump power in the cavity could be equalized by
misadjusting one of the fiber inputs, for example the coupling could be 40%
and 60% for the two fiber input couplings for a net coupling of 24% in both
arms. Pump 3, however, since it is using the beamsplitter from the opposite
side, would see a beamsplitter coupling of 40/60, and fiber couplings of 40%
and 60% for a net coupling of 16% and 36% for the two arms.

It should also be noted that the extra pump laser, Pump 3, does not
have to be coupled into the same eigenpolarization as the main pump laser.
In this way, the cross coupling between the SBS gain in the two eigenpo-
larizations can be measured. The dispersion pull with the B3 SBS gain
in the same eigenpolarization as the B1 and B2 SBS lasers had a peak of
680 Hz/uW and for the orthogonal eigenpolarization, 150 Hz/uW. This

crosstalk was primarily caused by the nonorthogonality of the fiber cavity

eigenpolarizations caused by anisotropic loss in the cavity.3%
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4.9.2 Signal Processing

Several details of the signal processing used for counting the SBS beatnote
will be discussed here, including processing for Aq = 0, Aq # 0, and digiti-
zation techniques.

Direct counting of the SBS beatnote, both at Ag = 0 and Ag # 0 was
not usually possible, since noise on the beatnote caused the counter to over-
count the beat frequency. For Ag = 0, a large gain stage with very heavy
filtering, i.e., an eighth-order low-pass filter, was used to remove most of the
noise. In addition, a Schmidt trigger was also used to prevent extra counts
from any remaining noise.

A second technique that was used, particularly at Ag # 0, was to lock
a phase locked loop (PLL) to the SBS beat. The phase locked loop acted as
a very selective narrow band filter, eliminating spurious frequencies due to
both pick up and backscattering, and allowing the counter to only see the
very clean output of the voltage controlled oscillator (VCO) used in the PLL,
or if the VCO was sufficiently stable, the control voltage to the VCO could
be directly recorded. This technique was also considered for use at Ag = 0
when a frequency bias is introduced between the SBS lasers, though it was
not implemented.

Digitization of the SBS beats was done with a 12-bit, 100 kHz analog-
to-digital converter board, used in an IBM PC type computer. In this case,
the maximum throughput for continuous sampling, 85 kHz, was limited by
the overhead associated with writing the data to a RAM disk. The length of
the run was limited to approximately 1 MB of data, 500 ksamples or about
6 sec at full speed, due to memory limitations. The spectrum of the time
domain samples was found using an unwindowed, 2048 point fast Fourier
transform, thus about 240 non-overlapping spectra were generated from each

data run. The SBS beat frequency was recovered from the spectra using
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a very simple peak finding algorithm, and some simple rules for rejecting

stationary frequencies, for example, due to pick up or modulations.

4.9.3 TD-NRS

There are several details of the TD-NRS which will be explained in this
section, including adjustment of the phase modulations, PZT tuning, and
the effects of fast TD-NRS.

The relative phase and amplitude of the phase modulation applied to
the cavity had to be extremely well matched for proper gyro operation.
For example, a 1% mismatch in the relative phase of the modulations at
633 nm, would result in a 400 kHz residual frequency modulation. Esti-
mates of the residual modulation observed on the resonances indicate the

modulation phases were matched to within a few parts in 10%.

The main effect of a mismatch in amplitude or phase of the modulations
was to dramatically increase the residual frequency modulation at the NRPS
frequency. Mismatches of over a part in 10° would completely extinguish the

SBS lasers, thus the modulation pha- e adjustment was constantly monitored.

The large phase modulations required for TD-NRS were generated using
a mechanical resonance of optical fiber driven with a PZT. The fiber was
mounted at a single point to a small disk PZT using a very small amount
of beeswax, and then a second point on the fiber, a few centimeters away,
depending on the frequency required, was mounted to a small weight. Several
such modulators are shown in the photograph in Fig. 4.47. Also visible in

the photo is the small resistor used as the cavity heater.
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Figure 4.47 Photograph showing several resonant PZT fiber modulators.

The resonance of the fiber was adjusted by changing the length of fiber
between the PZT and the weight, and by adjusting the curvature of the fiber
between the PZT and the weight. In this way, a mechanical resonance with
a Q of up to 10 was generated, allowing PZT drives as low as 20 V peak-to-
peak to be used. It should be noted that the choice of PZT material has a

significant effect on the Q that can be obtained, as does any foreign material
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on the fiber jacket. The exact resonance frequency of the modulator was also
quite sensitive to environmental perturbations, and the modulators had to
be allowed to “warm-up”, by applying the appropriate size modulation for
several minutes, before any fine tuning could be done. This technique was
demonstrated on at least four different types of fiber and appears to be a
convenient method to generate large phase modulations.

One effect of a high modulation rate for TD-NRS is that the effective
pump power coupled into the cavity is reduced, due to the frequency mod-
ulation of the cavity resonance. Further, since the phase of the modulation
is different in opposite directions of the cavity, to eliminate this effect, the
pump cannot simply be modulated in phase with cavity modulation. Thus,
the maximum TD-NRS rate is limited by the linewidth of the cavity. How-
ever, if the effect of the TD-NRS is “.: 1done” by applying a phase modulation
in the output arm of the cavity that is 180° out-of-phase with the TD-NRS,
this not only increases the beat signal at the detector, but also correctly

modulates the pump laser to be matched to the cavity modulation.
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Chapter Five

Summary

The goal of this thesis was to study the properties of stimulated Brillouin
scattering in optical fibers, and to explore a number of applications, partic-
ularly the SBS ring laser gyroscope.

The properties of a solitary SBS laser were first studied. This included
measurement of the longitudinal mode structure of the lasers, confirming the
homogeneous-like behavior of the SBS gain medium. We also demonstrated
the narrow 2 kHz linewidth of the SBS laser by measuring the linewidth of
the beatnote between two independent SBS lasers. This linewidth was more
than an order of magnitude narrower than the corresponding pump lasers.
A number of applications for SBS lasers were also suggested including laser
linewidth narrowing, wideband frequency shifting, and sensing of physical
phenomena such as temperature and pressure. Several problems of the SBS
laser were also studied, including spontaneous modelocking, and backscatter-
induced threshold changes.

Using very low threshold cavities, higher order SBS lasers were also
observed. Higher order lasing occurs when the primary SBS laser becomes
strong enough to act as a pump for a second SBS laser. In our case, primary,

secondary and even tertiary SBS lasers were observed. These higher order
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SBS lasers have applications for wideband frequency shifting, but they also
limit the amount of power that can be efficiently generated by the primary
SBS laser.

We have also demonstrated the ability to generate two or more SBS
lasers in the same fiber ring cavity, i.e., common cavity SBS lasers. Since
these lasers are generated in the same cavity, they have correlated jitters, so
the beat between them is very narrow. The short-term linewidth between
two such lasers was measured to be approximately 2 Hz, limited primarily
by slow, thermally driven dispersion pulls. Further, common cavity lasers
have been generated with frequency differences of over 550 MHz, and even
at this large spacing, the linewidth was still very narrow.

A number of applications for common cavity SBS fiber lasers have been
suggested. For example, since the tuning range of SBS lasers is limited
only by the tuning range of the pump lasers and the characteristics of the
fiber cavity, common cavity SBS lasers can easily be generated with large
frequency differences. The outputs of two such lasers can be combined and
detected for use as a microwave, or even millimeter-wave source. In addition,
these lasers could also be used for the development of atomic clocks or high
precision magnetic field sensors.

One important application of common cavity SBS fiber lasers is for the
development of the fiber-optic analog of the He-Ne bulk-optic ring laser gyro-
scope. Here, we demonstrated the first solid-state fiber ring laser gyroscope
based on SBS in optical fibers. The directionality of the SBS gain medium
prevents the gain competition that is normally observed in a conventional
solid-state gain medium when generating simultaneous, counterpropagating
lasers in the same ring cavity.

An important problem for both the bulk-optic and the fiber-optic RLG
is the lock-in effect. Lock-in is caused by the coupling of the counterprop-

agating lasers through backscattering within the cavity. In the bulk-optic
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RLG, the effects of lock-in are virtually eliminated by the use of mechanical
dither. Mechanical dither is also recommended for the SBS fiber RLG, where
the reduced mass of the fiber cavity could simplify the dithering mechanism.

Two optical methods for eliminating, or reducing the effects of lock-in
were also demonstrated. In the first technique, the tunability of the SBS
gain medium is used to generate the counterpropagating lasers in different
longitudinal modes of the cavity, i.e., a Ag gyroscope. In this way, the large
frequency bias between the lasers completely eliminates lock-in. However,
there are a number of sources of error in this configuration, the largest of
which is due to dispersion pulls resulting from pump backscattering. In
Section 6.1, two configurations for reducing or eliminating drift in the Agq
gyroscope are proposed.

The second method for reducing the effect of lock-in is the use of a
time-dependent nonreciprocal phase shift to suppress the coupling between
the lasers, i.e., time-dependent nonreciprocal suppression (TD-NRS). With
the depth of the TD-NRS properly adjusted, the size of the lock-in effect can
be greatly reduced or eliminated. We have demonstrated the reduction of
the lock-in zone, in two different fiber cavities, however, there are a number
of practical issues with such a scheme which still must be addressed.

In addition to lock-in, there are a number of other problems in the SBS
fiber RLG. An additional error source is the nonlinear optical Kerr effect,
which causes an index difference between the twe directions in the cavity
that is proportional to the intensity difference between the two SBS lasers.
The frequency offset caused by this effect was measured both for an SBS
fiber RLG and a passive resonator gyroscope to be 7 and 25 Hz/uW of input
power difference, respectively, in good agreement with the expected values
for these resonators. In order to eliminate the errors due to the optical Kerr
effect, the intensities in the two directions of the cavity must be kept equal

at all times using a servo loop.
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There are also a number of smaller potential problems for the fiber RLG
including the Faraday effect, and the effects of thermal and stress gradients
along the cavity, i.e., the Shupe effect, which may become important as the
performance of this RLG improves.

In Chapter 6, several suggestions for extensions to this work will be

presented.
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Chapter Six

Future Work

In this chapter, several promising extensions of the work presented in this
thesis will be outlined for future study. These extensions fall into three
general categories, ring laser gyroscope studies, common cavity SBS laser

applications, and basic cavity studies.

6.1 Ring Laser Gyroscope Studies

There are several techniques for the elimination of lock-in that need to be

investigated, including the use of mechanical dither.

6.1.1 A Mechanically Dithered SBS RLG

Mechanical dither has been very successful in the bulk-optic RLG, and it
also is well suited for use with the SBS fiber RLG. Though the size of the
backscattering, hence the lock-in zone, in a typical fiber cavity is larger than
that of a bulk-optic cavity, the lower mass of the fiber cavity should aliow
a similar dither technology to be used. Such a mechanically dithered cavity
would allow the careful study of biases, offsets, and scale factor nonlinearities

in the gyroscope.
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6.1.2 Multi-Frequency RLG

One method for avoiding the effects of lock-in is to generate the counterprop-
agating lasers in different longitudinal modes of the fiber cavity, as demon-
strated in Section 4.5. However, there were a number of additional error
sources for such a configuration, most importantly, large bias variations due
to dispersion pulls and thermal drifts, that would prevent its use as a navi-
gation grade gyroscope.

However, the directionality and tunability of the SBS gain medium allow
more than two SBS lasers to be generated in the same ring cavity. By using
additional SBS lasers, it may be possible to remove most, if not all, of these
bias variations. One possible configuration is shown in Fig. 6.1, using four
SBS lasers, two in the CW direction, and two in the CCW direction (the

corresponding pump lasers are not shown in the figure).
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Figure 6.1 An example of an SBS multi-frequency gyroscope using four lasers.

In this configuration, two beatnotes are present at a frequency equal to

the cavity FSR, one due to the beat between B1 and B2, and the other due
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to the beat between B3 and B4. However, in the presence of rotation, the
sign of the Sagnac effect is different for the B1-B2 and the B3-B4 beats, so
the difference frequency between these beats is simply twice the Af due to
the Sagnac effect. Hence, by measuring the frequency difference between the
beatnotes, the frequency bias between the lasers does not have to be explicitly
measured and removed. This technique also has the important property that
drifts due to temperature are completely eliminated, and drifts due to pump
backscattering may also be reduced or eliminated.

Finally, it may also be possible to generate each pair of copropagating
lasers in a different cavity eigenpolarization. In this way, if the eigenpolariza-
tions are orthogonal, or nearly orthogonal, the dispersion pulls due to pump

backscattering will be greatly reduced, or eliminated.
6.1.3 Switched Mode RLG

In the Ag = 0 RLG, both the counterpropagating lasers are generated in
the same longitudinal mode of the cavity. In this case, the offset and drifts
are good, but lock-in is a problem. QOn the other hand, in the Agq # 0 RLG,
the lasers are generated in different longitudinal modes of the cavity. In this
case, lock-in is completely eliminated but large bias variations are observed.

One technique for avoiding lock-in while still using the same longitudinal
modes of the cavity is to generate the SBS lasers at Ag = 1, for example,
and to periodically switch their directions, as shown in Fig. 6.2. Initially, B1
is generated i the CCW direction of the cavity and B2 is generated in CW
direction, but after some time, the directions of the two lasers are switched,
by switching the directions of their respective pump lasers (not shown in
the figure). Thus, B1' will be in the CW direction and B2’ in the CCW
direction. In this way, the difference between the beat frequency in the two
modes of operation is simply twice A f due to the Sagnac effect, and, as long
as the bias variations are slow compared with the switching time, they are

automatically subtracted out.
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Figure 6.2 An example of a switched mode SBS fiber RLG.

However, there are 2 number of issues with this technique which must

be addressed, including the choice of switching speeds and the effect of the

phase discontinuities due to switching.

6.2 Common Cavity Applications

Several common cavity SBS fiber ring lasers applications were suggested in

Section 3.2, and in this section, three of these applications are highlighted

as future research topics.

6.2.1 Atomic Clock

A very interesting application of common cavity SBS lasers is for the devel-

opment of simple atomic clocks based on the stimulated Raman effect, as

discussed Section 3.2.4. Both the fiber cavities and tunable diode lasers for

such a clock are available if rubidium, at 780 nm, or cesium, at 852 nm are

used. Such a clock would have a number of important advantages including

small size, low weight, long lifetime, low power, and low cost.



164

Magnetic Field Sensors 6.2.2

Another area of interest to our group is the possibility of a mm-wave
clock. Since the observed linewidths in a typical atomic clock are transit-
time limited, the use of a mm-wave transition could yield better fractional
stability. In addition, by using a stimulated Raman transition, the need for

a mm-wave cavity would be eliminated.

6.2.2 Magnetic Field Sensors

Another potential application of two-photon spectroscopy is for magnetic
field sensing. In this case, the magnetic field is measured using the Zeeman
splitting of the lower levels of the stimulated Raman transition. This tech-
nique has applications for measuring both very strong magnetic fields, and

also for measuring very weak fields with high precision.

6.2.3 Spectroscopic Sensors

Yet another potential application of two-photon spectroscopy is for quasi-
distributed, evanescent wave sensors. By using cladding stripped fibers, the
evanescent field of the light inside the fiber can be allowed to interact with
the surrounding environment, for example, for use as a gas sensor. Such
sensors have a number of advantages including low cost, the ability to have

long separations between sensors, and high sensitivity.

6.3 Basic Cavity Studies

In this section, two important properties of the fiber cavity are proposed for
future study. The first is a detailed study of the sources of backscattering in

a fiber cavity, and the second is a study of the cavity eigenpolarizations.
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6.3.1 Backscatter Studies

Backscattering from within the fiber cavity has been shown to cause problems
in the SBS fiber RLG, in common cavity SBS laser applications, and even in
solitary SBS lasers. In addition, since the specific contributions to the total
backscattering have not been individually measured, it is difficult to predict
the effects of different perturbations to the cavity.

Therefore, a careful measurement of the size and location of the back-
scattering inside a fiber cavity could provide valuable information about the
choice of optical fiber, the construction of the coupler, and the effects of
perturbations to the optical fiber. For example, if a significant amount of
the backscattering is due to fiber inhomogeneities, prescreening of the fiber
before manufacture of the coupler may be able to significantly improve cav-
ity backscattering. Similarly, if a significant portion of the backscattering
is due to external perturbations, such as PZTs mounted on the fiber, these

perturbations could be studied further and minimized.

6.3.2 Fiber Cavity Eigenpolarizations

The orthogonality of the cavity eigenpolarization has a significant impact on
many SBS laser applications. Thus, a careful evaluation of eigenpolarization
orthogonality and the variations in the orthogonality with perturbations for
non-polarization maintaining, polarization maintaining, and also polarizing
fiber cavities could provide valuable information about the choice of fiber for

SBS applications and the effects of cavity perturbations.
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