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Analysis of a low-finesse Fabry–Perot sensing
interferometer illuminated by a multimode optical fiber

Frédéric Pérennès, Paul C. Beard, and Tim N. Mills

A model of the reflected fringe system for an ideal plane-parallel, low-finesse Fabry–Perot ~FP! cavity
illuminated by a multimode optical fiber has been developed and experimentally validated. This showed
that the phase dispersion within the cavity arising from the divergent nature of the incident illumination
significantly degrades the visibility of the reflected fringes. Departures from the ideal FP cavity are also
examined. The effect on fringe visibility when the plane of the FP cavity is tilted with respect to the fiber
axis and when the cavity surfaces are no longer perfectly parallel to each other has been explored. The
analysis described is relevant to the design and the optimization of multimode optical-fiber sensors that
use FP sensing cavities. © 1999 Optical Society of America
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1. Introduction

Extrinsic Fabry–Perot ~FP! interferometer ~EFPI!
ptical-fiber sensors have been reported in the liter-
ture for their high sensitivity to temperature, strain,
ibration and acoustic waves.1,2 Many of these
FPI sensors use a single-mode fiber in association
ith a FP interferometer ~FPI! fabricated when a

eflector is placed at a distance ~typically less than a
ew hundred micrometers! from the fiber end face.
he reflections at the fiber–air boundary and at the
eflector interfere, and the light reflected back into
he fiber is modulated when the thickness of the cav-
ty is changed by one of the above parameters. For
n intensity-based low-finesse FPI sensor, the sensi-
ivity to a measurand-induced change in cavity thick-
ess is proportional to the visibility of the

nterference fringes reflected back into the fiber.
he fringe visibility of a low-finesse cavity illumi-
ated by a single-mode optical fiber can be analyzed
y modeling of the output of the fiber as a point
ource3 or, more accurately, as a Gaussian beam.4

These analyses show that the aperturing effect of the
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fiber ~because of its small core diameter of a few
icrometers! reduces the effective reflection coeffi-

ient of the second surface of the cavity and is the
ominant mechanism for degrading fringe visibility.
In this paper we are interested in an EFPI illumi-

ated by a multimode optical fiber. Such a configu-
ation has been previously explored with thin
olymer films as FP sensing interferometers for the
etection of acoustic and thermal signals.5–9 Multi-

mode EFPI sensors have also been investigated for
strain measurement in engineering materials.10

The analyses used to model single-mode EF-
PI’s3,4,11 are no longer applicable, as the output of a
multimode optical fiber approximates that of an ex-
tended source rather than a point source or a Gauss-
ian beam. Additionally, the relatively large core
diameters of multimode fibers mean that the aper-
turing effect of the fiber is generally of much less
significance. As we describe in this paper, it is the
effect of phase dispersion within the interferometer
caused by the divergence of the incident illumination
and nonuniformities in cavity thickness that are
mainly responsible for limiting fringe visibility when
a multimode optical fiber is used. This is in contrast
to single-mode EFPI’s, in which phase-dispersion ef-
fects tend to be small because of the small area of the
illuminated region.

We present a theoretical description of the transfer
function and visibility of an ideal plane-parallel FPI
illuminated by a multimode optical fiber in Section 2.
This model is validated experimentally in Section 3
and used as a basis for studying departures from the
ideal FPI in Section 4. Two typical imperfections
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are studied. First we consider the case in which the
FPI is not perfectly perpendicular to the fiber axis.
Second, we consider the case in which the cavity sur-
faces are not perfectly parallel to each other, result-
ing in variations in cavity thickness over the
illuminated region.

2. Transfer Function of an Ideal Low-Finesse
Fabry–Perot Interferometer Illuminated by a
Multimode Fiber

In this section we derive the relationship between the
reflected intensity output and the phase difference for
an ideal low-finesse FPI illuminated by a multimode
optical fiber. This relationship, termed the transfer
function, is then used to obtain the visibility of the
reflected fringes.

A schematic of a FPI, illuminated by the output of
a multimode optical fiber, is shown in Fig. 1. In
practice, such a FP cavity could be formed either by a
solid plane-parallel transparent plate ~e.g., glass or a
polymer! or an air gap between two parallel optical
flats perpendicular to the fiber axis. The FPI is lo-
cated at a distance z0 from the fiber end face. The
medium between the fiber and the FPI has a refrac-
tive index n1, and the medium on the external side of
the FPI has a refractive index n2. The refractive
index inside the FPI is n, and nf is the refractive index
of the fiber core. The reflection coefficients of the
mirrors of the interferometer are defined by the weak
Fresnel reflections arising from the refractive-index
mismatches at the two surfaces of the interferometer
and are therefore small.

It is assumed that all the propagation modes in the
optical fiber are equally excited. Thus the output
light distribution at the distal end of the fiber is of
uniform intensity and conforms to that of a top-hat
profile. Under these conditions, the maximum an-
gle of divergence um depends on the numerical aper-
ture ~NA! of the fiber and, in air, is given by um 5
arcsin~NA!. The light emerging from the fiber can
be represented by the sum of wave fronts of equal

Fig. 1. Schematic of a plane-parallel low-finesse FPI illuminated
by a multimode optical fiber. ud1 and ud are the angles of the most
diverging rays in the media between the fiber and the FPI and in
the FP cavity, respectively. u1 and u are the angles of a particular
ay in the media between the fiber and the FPI and in the FP
avity, respectively.
amplitude, leaving the fiber at different angles dis-
tributed between 0 and ud1. Angles ud1 and ud are
the angles of the most diverging wave fronts in the
medium between the fiber and the FPI and inside the
FPI, respectively. They obey Snell’s law:

sin ud1 5
n
n1

sin ud. (1)

Two parallel incident rays, corresponding to an inter-
nal angle u within the FPI, are reflected on both sides
of the cavity and interfere, as shown in Fig. 1. Be-
cause of the low spatial coherence of the output of a
multimode fiber ~which is due to the different phases
of individual modes!, it is necessary that both the FPI
thickness and the maximum angle of divergence be
be small. This ensures that the two interfering rays
originate from nearly the same point on the optical-
fiber end face and are therefore located within a re-
gion of spatial coherence and are correlated in phase.
Under these conditions, uncorrelated random varia-
tions in the absolute phase across the fiber output
that are due to external perturbations of the fiber do
not affect the interference process. The net phase
difference between the two reflections is given by12

f~u! 5
4pnl

l
cos u, (2)

where n is the refractive index in the FP cavity, l is
he cavity thickness, and l is the light-source wave-
ength. The weak Fresnel reflections at the inter-
erometer surfaces allow us to neglect the effect of
ultiple reflections inside the cavity.13 Thus the

cavity acts as a low-finesse FPI, and the intensity of
the reflected light is simply due to the coherent su-
perposition of the two Fresnel reflections. The re-
flected intensity resulting from the interference of
two parallel rays for an internal angle u is given by

IRi
~u! 5

I0

Df
@R1 1 ~1 2 R1!

2R2 1 2~R1 R2!
1y2

3 ~1 2 R1!cos f~u!#, (3)

here I0 is the total intensity of the light incident
upon the FPI. R1 and R2 are the Fresnel reflection
coefficients on each side of the interferometer. Df is
the total phase dispersion and is a measure of the
range of optical path lengths taken by interfering
rays at different angles u within the interferometer,
as discussed below. When observed in a plane per-
pendicular to the fiber axis, the reflected light forms
a pattern of concentric circular fringes of equal incli-
nation. Dark fringes correspond to the interference
of rays propagating at an angle of u 5 arccos$@~2m 1
1!l#y4nl% inside the FP cavity and bright fringes to
rays propagating at an angle u 5 arccos~2mly4nl !,
where m is an integer. The maximum phase differ-
ence occurs for a ray propagating along the fiber axis
with u 5 0, and the minimum phase difference occurs
for the most divergent ray u 5 ud in the cavity. Thus
the effect of divergence is to introduce dispersion into
1 December 1999 y Vol. 38, No. 34 y APPLIED OPTICS 7027
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the phase difference. This phase dispersion can be
expressed as

Df 5 fmax 2 fmin 5
4pnl

l
~1 2 cos ud!

5 f0~1 2 cos ud!, (4)

where f0 is the phase difference for a normally inci-
dent beam. The top-hat incident intensity profile
yields a uniform distribution of phase difference in
the interval defined by

HD~f! 5 1 for f0 2 Df , f , f0

D~f! 5 0 elsewhere . (5)

To calculate the total reflected light IR it is necessary
to integrate the expression in Eq. ~3! over the range of

hase dispersion introduced by the divergence of
ight at the fiber output:

IR 5 *
Df

D~f!IRi
~f!df 5 FR1 1 ~1 2 R1!

2R2

1
2~R1 R2!

1y2~1 2 R1!

Df *
f02Df

f0

cos fdfGI0. (6)

This expression can be evaluated analytically and
gives

IR 5 FR1 1 ~1 2 R1!
2R2 1 2~R1 R2!

1y2~1 2 R1!

3
sin~Dfy2!

Dfy2
cosSf0 2

Df

2 DGI0, (7)

where I0 is the total incident light intensity in the FP
plane. From Eq. ~7! the maximum and the mini-
mum values of the reflected intensity, Imax and Imin,
occur when f0 2 Dfy2 5 2kp and f0 2 Dfy2 5 ~2k 1
1!p, respectively, where k is an integer. The analyt-
cal solution for the fringe visibility ~Imax 2 Imin!y

~Imax 1 Imin! is simply expressed as

g 5
2~R1 R2!

1y2~1 2 R1!

R1 1 ~1 2 R1!
2R2

usin Dfy2u
Dfy2

5 g0

usin Dfy2u
Dfy2

,

(8)

where g0 is the visibility for a collimated incident
eam. g is zero for Df 5 2kp ~k is an integer!.
Equation ~8! describes the visibility of the fringes

eflected from the interferometer before they enter
he optical fiber. We have already made the as-
umption that the cavity thickness and the internal
ivergence are sufficiently small that near-complete
verlap occurs between the reflections on the two
ides of the cavity—reasonable for cavities a few hun-
red micrometers thick illuminated with output of a
ypical multimode optical fiber of NA ; 0.2. If we

are to use Eq. ~8! to model the visibility of the fringes
hat would be observed at the other end of the fiber,
028 APPLIED OPTICS y Vol. 38, No. 34 y 1 December 1999
we now need to make the additional assumptions
that z0 is small and that the fiber core diameter is
sufficiently large that the degradation in visibility
arising from the modification of R1 and R2 that is due
to the aperturing effect of the fiber is small. These
assumptions are reasonable, given the relatively
large core diameters of multimode optical fibers and
that in most practical multimode EFPI configura-
tions the cavity is situated close to or in contact with
the fiber end.

Equation ~8! is now used to model the visibility of a
low-finesse FP cavity for a range of divergence angles
and cavity thicknesses. The case in which a solid
FPI is placed in optical contact with the tip of a mul-
timode optical fiber is considered ~i.e., z0 5 0!. Such
a configuration represents a physically useful case.
It could, for example, be used to realize a sensing
probe of the type described in Ref. 9, in which a
transparent polymer film acts as an acoustically and
thermally sensitive FP cavity. We consider the par-
ticular case in which a FP cavity of refractive index
n 5 1.64 is in optical contact with the end of the fiber
~n1 5 nf 5 1.47! and immersed in water ~n2 5 1.33!.

Figure 2 shows the visibility versus the maximum
beam divergence angle ud inside the FPI for typical
values of the cavity thickness. These curves can be
used to predict the maximum theoretical value of the
visibility for a given FPI thickness and divergence.
Note that for all cavity thicknesses the maximum
visibility is 0.83 rather than 1 because the Fresnel
reflection coefficients, because of the refractive-index
mismatches on the two sides of the FPI in this con-
figuration, are not the same. The analysis of Fig. 2
reveals that the phase dispersion that is due to an
internal divergence of more than a couple of degrees
begins to significantly degrade visibility for cavity
thicknesses as small as even 50 mm. This means
hat low-NA fibers must be used to maintain the
isibility of a FPI multimode fiber sensor close to its
aximum.
Fig. 2. Visibility versus maximum internal beam divergence ud

for different values of the cavity thickness l, z0 5 0, n 5 1.64, n1 5
nf 5 1.47, n2 5 1.33, and l 5 850 nm.
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3. Experimental Validation of the Transfer Function

To validate the expression calculated in Eq. ~8! it is
necessary to measure the fringe visibility as a func-
tion of phase dispersion. We achieved this by vary-
ing the separation of two optical flats that formed a
FP cavity and by measuring visibility as a function of
thickness for a fixed ud.

The experimental setup is shown in Fig. 3. Light
rom a tunable laser diode ~850–853 nm! is launched
nto a multimode fiber ~380-mm core diameter, NA 5
.12! that is bent several times along its 10-m length
n order to excite all the propagation modes so as to
roduce a divergent beam with a quasi-top-hat inten-
ity profile at the distal end of the fiber. Two optical
ats facing each other are placed in the path of the

ight beam perpendicular to the fiber axis. The air
ap between the flats creates a FPI whose thickness
an be changed by adjusting the position of the right-
and flat, which is mounted on a translation stage,
ith a 20-mm step graduated vernier. To avoid the
arasitic reflections from the front and the back faces
f the optical flats, angled cover slips were attached
ith index-matching gel, as shown in Fig. 3.
A beam splitter is inserted between the fiber and

he FPI to deflect the reflected light onto an aperture.
he light traveling through the aperture is collected
y a lens and focused onto a photodetector. The
easured intensity is thus equivalent to the intensity

f the light that would be reflected back into the fiber
f the FP cavity were close to the fiber. We obtain
he parallelism between the two flats by ensuring
hat the observed fringe pattern in a plane perpen-
icular to the optical path is a succession of concen-
ric bright and dark centered rings. The diameter D
f the aperture limits the maximum divergence of the
eam to an angle ud 5 arctan@~Dy2!yz#, where z is the

optical path length of the light between the fiber tip
and the aperture plane. D is set in order to have
ud , um so that only the light with a divergence of less
than ud contributes to the detected intensity. The
aperture therefore provides a convenient way to con-
trol the divergence. The maximum divergence was
set to ud 5 3.7°, and the thickness of the cavity was
uned from 20 to 400 mm to be able to vary the phase
ispersion from 0 to approximately 4p. Once the
ernier is set to a particular thickness, a small
hange in thickness is applied to produce a p phase
hift so that a maximum and a minimum can be
bserved to measure the visibility.
The micrometer enabled only changes in the thick-

ess of the cavity to be made with high accuracy. To
btain absolute cavity thickness measurements, it
as therefore necessary to calibrate the micrometer

or a particular cavity thickness and reference all
ther measurements to this. We achieved the cali-
ration by tuning the wavelength of the laser source
nd measuring the reflected light intensity versus the
avelength for one particular position of the vernier.
hen the gap Dl separating a minimum and a maxi-
um of the reflected fringes is measured, the thick-
ess of the cavity can be deduced from Eqs. ~4! and ~7!:

l 5
l2

2n~1 1 cos ud!Dl
, (9)

where l is the wavelength halfway between the con-
ecutive minimum and maximum. Figure 4 shows
he variation of the normalized reflected intensity as

function of wavelength obtained when the laser
iode is tuned over 2.5 nm for a particular vernier
etting. From the experimental data in Fig. 4 we
easure Dl 5 1.46 nm with an error of 60.05 nm.
he thickness for this particular position of the ver-
ier is obtained with Eq. ~9! and gives l 5 124 mm
ith an error of 64 mm resulting from the error on the
easurement of Dl. Theoretical transfer functions

or cavity thicknesses within the error interval ~i.e., l 5
20, 124, and 128 mm! obtained with Eq. ~7! are plotted
n Fig. 4 and fit well to the experimental data.

The experimental data for the visibility as a func-
ion of phase dispersion are plotted and compared
ith the theory in Fig. 5. The error on the thickness

alibration yields to an error of 60.12 rad on the
hase-dispersion determination. Good agreement is
ound for phase dispersion below ;5 rad, and the
easured visibility exhibits, as expected, a minimum

Fig. 4. Transfer function of FP obtained by wavelength tuning.
Fig. 3. Experimental setup for the validation of FP transfer func-
tion and visibility, R1 5 R2 5 0.04, ud 5 3.7°, z0 5 22 cm, step-index
fiber with 380-mm core diameter and NA 5 0.12, n 5 n1 5 n2 5 1.
1 December 1999 y Vol. 38, No. 34 y APPLIED OPTICS 7029
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at a phase dispersion close to 2p. Note that the
visibility measured at Df 5 3.8 rad corresponding to
l 5 124 mm is ;0.5, which also agrees with the value
obtained in Fig. 4 by wavelength tuning. The fact
that the experimentally measured visibility departs
from theory at approximately Df 5 2p can be attrib-

ted to experimental misalignments such as a tilt
ngle between the fiber axis and the plane of the
nterferometer or an angle between the surfaces of
he interferometer. The effect of these on visibility
re examined in the subsections below.

4. Departures from the Ideal Fabry–Perot
Interferometer

A. Effect of a Tilt

A tilt angle between the FPI and the fiber end face
breaks the radial symmetry centered on the fiber axis
and changes the distribution of angles inside the FPI.
The geometry for a tilt between the FPI and the fiber
end face is shown in Fig. 6. The tilt angle εt is rep-
resented by a rotation of the fiber around the Ox axis

erpendicular to the fiber axis. For mathematical
onvenience this rotation is centered at the origin of
light cone positioned at a distance zi from the FP

film given by the relation

zi 5 z0 1
a

tan ud1
, (10)

where z0 is the distance between the center of the
untilted fiber end face and the FPI and a is the fiber
core radius.

This new distribution of phase differences is depen-
dent on the radial direction in the plane perpendicu-
lar to the fiber axis. The beam footprint on the front
side of the FPI is no longer a disk but an ellipse
centered at point O9, defined by the equation

~x 2 x0!
2

b2 1
y2

c2 5 1, (11)
030 APPLIED OPTICS y Vol. 38, No. 34 y 1 December 1999
with

x0 5
zi

2
@tan~ud1 1 εt! 2 tan~ud1 2 εt!#, (12)

b 5
zi

2
@tan~ud1 1 εt! 1 tan~ud1 2 εt!#, (13)

c 5 zi tan ud1. (14)

Equation ~11! can be expressed in polar coordinates
with x 5 r cos a and y 5 r sin a, where r is the

istance OP and a is the angle between the OP and
he Ox axes. The radius r can be expressed versus
ngle a by solving second-degree equation ~11!, and
he exact result is given by

r~a! 5
x0 c2 cos a 1 @c2 cos2 a 1 ~b2 2 x0

2!sin2 a#1y2

c2 cos2 a 1 b2 sin2 a
.

(15)

For optical fibers with NA’s less than 0.2, the maxi-
mum angle of divergence ud1 remains below 12° in
air. This allows Eqs. ~12! and ~13!, and thus Eq.
15!, to be simplified as

x0 5 zi tan εt, b 5 zi tan ud1, giving

r~a! 5 zi tan ud1H εt

ud1
cos a 1 F1 2 S εt

ud1
sin aD2G1y2J .

(16)

Fig. 6. Geometry describing a tilt between the fiber end face and
the FPI. εt is the tilt angle, z0 is the distance between the untilted
fiber end face and the FPI, and zi is the distance between the
virtual origin of the light cone of angle ud1 and the FPI. The
llipse centered on O9 represents the beam footprint on the front

side of the FPI.
Fig. 5. Comparison between theory and experiment of visibility
versus phase dispersion.
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The distribution of incidence angles u~a! in the FPI
can be obtained for each radial direction with

u1~a! 5 arctan
r~a!

zi

5 ud1H εt

ud1
cos a 1 F1 2 S εt

ud1
sin aD2GJ , (17)

u~a! 5 arcsinSn1

n
sin u1~a!D . (18)

his is an interesting result as it shows that the
eparture from the perfect case that is due to a tilt of
he FPI along the fiber axis depends on only the ratio
f the tilt angle over the divergence of the beam.
In each direction a, the distribution of phase dif-

ference is uniform between that of the most diverging
beam u~a! and that of the on-axis beam ~u 5 0!:

HD~f! 5 1 for f0 2 Df~a! , f , f0

with Df~a! 5 f0@1 2 cos u~a!#
D~f! 5 0 elsewhere

. (19)

The ellipse is symmetrical around the plane OxOz,
o the reflected light intensity can be obtained by
ntegration over the range of angles a between 0 and
:

IR 5
1
p *

0

p

*
f02Df~a!

f0

D~f!IRi
~f!dfda, (20)

IR 5 HR1 1 ~1 2 R1!
2R2 1 2~R1 R2!

1y2~1 2 R1!

3
1
p *

0

p sin@Df~a!y2#

Df~a!y2
cosFf0 2

Df~a!

2 GdaJI0. (21)

The above integral is numerically evaluated and the
reflected fringe visibility is then calculated for differ-
ent thicknesses of the FP cavity. The visibility ver-

Fig. 7. Visibility versus phase dispersion for different values of
the tilt angle εt to beam divergence ud1 ratio. R1 5 R2 5 0.04,
ud1 5 ud 5 4°, z0 5 22 cm, n 5 n1 5 n2 5 1.
sus the average phase dispersion Df 5 f0~1 2 cos ud!
is plotted in Fig. 7 for realistically small values of the
ratio εtyud1. The results show that for low phase
dispersion ~i.e., corresponding to low FP thickness!,
the effect of a tilt on the fringe visibility is very small.
For a FP thickness corresponding to a phase disper-
sion of 2p, the visibility is not zero because the fiber
axis is no longer an axis of symmetry for the FPI,
causing the real phase dispersion not to be equally
distributed between 0 and 2p. This could be an ex-

lanation for the difference observed between the ex-
erimental result and the theory for phase dispersion
lose to 2p in Fig. 5.

We now examine the effect of a tilt angle on the
ractical configuration in which the FP cavity is in
ptical contact with the tip of the fiber. In this con-
guration, a tilt angle occurs if the fiber end face is
ot perfectly orthogonal to the fiber axis, perhaps
ecause of imperfections in the polishing or cleaving
f the fiber end. We consider a 50-mm-thick cavity
n 5 1.64! directly bonded onto a 380-mm core diam-
ter fiber tip. It is assumed that the tilt angle, cav-
ty thickness, and beam divergence are all sufficiently
mall that all the light reflected by the FP polymer
lm cavity goes back into the fiber. We perform the
alculation by using Eq. ~21! but we set z0 5 0, n1 5

nf, ud1 5 ud, and n2 5 1. The visibility versus tilt
angle is calculated for ud equal to 2.43° and 3.65°,
corresponding to fiber output divergences in air of 4°
and 6°. The results are shown in Fig. 8 and indicate
that a 1° tilt yields a 5% drop in visibility for ud 5
2.43° and 16% for ud 5 3.65°. Therefore we can
deduce that tilt angles should not significantly exceed
1° in order to maintain a visibility close to the max-
imum. Such a tolerance can readily be achieved
with standard polishing or cleaving methods to pre-
pare the end of a fiber. Note that this example is for
low-NA fibers ~NA , 0.1!; for larger NA’s, the toler-
nce on the fiber end angle will be correspondingly
maller.

Fig. 8. Visibility versus tilt angle for a 50-mm-thick polymer cav-
ity in optical contact with the fiber tip for two different values of the
divergence ud ~z0 5 0, n 5 1.64, n1 5 nf 5 1.47, n2 5 1.33, l 5 50

m, and l 5 850 nm!.
1 December 1999 y Vol. 38, No. 34 y APPLIED OPTICS 7031
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B. Effect of a Wedge

We now consider the case in which the two surfaces of
the interferometer are not perfectly parallel to each
other. The cavity geometry therefore becomes that
of a wedge, introducing variations in the thickness of
the interferometer across the illuminated region.

The geometry of the wedge structure is shown in
Fig. 9. For calculation purposes the internal side of
the FPI is chosen perpendicular to the fiber axis and
the external face with a wedge angle εw to the direc-
ion perpendicular to the fiber axis. The wedge is
mall enough for us to assume that the reflections
rom both sides of the FP still overlap and interfer-
nce occurs. As in the case of a tilt the axial sym-
etry of the structure is broken. A new distribution

f FP thickness appears along the different directions
f the divergent beam. In the cylindrical coordinate
ystem centered on the fiber axis in the plane OxOy,
he new distribution of phase difference will be ex-
ressed along each radial direction. The beam foot-
rint on the wedged side of the FPI projected onto the
xOy plane describes an ellipse centered on O9, as
efined by

~x 2 x0!
2

b2 1
y2

c2 5 1, (22)

Fig. 9. Geometry showing a FP cavity with a wedge between the
two surfaces. εw is the wedge angle, l0 is the equivalent ideal FP
avity thickness ~i.e., with no wedge!, r0 is the radius of the beam

circular footprint on the front side of the FPI, and Dl0 and Dlp are
the changes in thickness of the FP cavity for a 5 0 and a 5 p,
espectively. The ellipse centered in O9 represents the projection
f the beam footprint on the back side of the FPI into the OxOy

plane.
032 APPLIED OPTICS y Vol. 38, No. 34 y 1 December 1999
with

x0 5 2~r0 1 l0 tan ud!
tan ud tan εw

1 2 tan2 ud tan2 εw
, (23)

b 5 ~r0 1 l0 tan ud!
1

1 2 tan2 ud tan2 εw
, (24)

c 5 r0 1 l0 tan ud, (25)

where r0 is given by

r0 5 zi tan ud1 5 a 1 z0 tan ud1. (26)

The distance r~a!, similar to the tilt case, can be
calculated with Eq. ~15!. The exact solution is given
by

r~a! 5 ~r0 1 l0 tan ud!

2tan ud tan εw cos a 1 F1 2 ~tan ud tan εw cos a!2

1 2 tan2 ud tan2 εw
G1y2

1 2 ~tan ud tan εw cos a!2 .

(27)

For values of angle εw below 0.1° and ud below 10°, we
can safely use the approximation tan εw tan ud ,, 1
o finally obtain an expression of r~a! independent of

angle a:

r 5 r0 1 l0 tan ud. (28)

This result means that the ellipse described by r~a!
nearly coincides with the original circle of the beam
footprint in the plane OxOy when there is no wedge.
However, because of the wedge angle, the thickness
of the FP cavity is no longer constant. It varies
along each radial direction a between l0 and l0 2

l~a!, where Dl~a! is given by the relation

Dl~a! 5 r tan εw cos a. (29)

This term directly affects the phase dispersion Df~a!
that becomes a function of a as well as the distribu-
tion of phase differences:

5
D~fa! 5 1 for fa [ @f0; f0 2 Df~a!#

with Df~a! 5 f0H1 2 F1 2
Dl~a!

l0
Gcos udJ

D~fa! 5 0 elsewhere

. (30)

We obtain the total reflected intensity by integrating
the phase differences over angle a between 0 and p,
repeating the double integration of Eq. ~20!.

Because r is a function of z0, the reflected light
intensity is now dependent on the distance separat-
ing the fiber from the FPI. In practice this means
that the visibility of the fringe is much more sensitive
to a wedge when the FPI is moved away from the
fiber. However, we are mainly interested in the case
in which the FPI is close to the fiber end face.

The visibility versus the average phase dispersion
is plotted in Fig. 10 for different values of the wedge
angle. Unlike the tilt case, a wedge in the FPI sig-
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nificantly affects the visibility for very small phase
dispersion. A comparison of Figs. 10 and 7 shows
that, under the same experimental condition, wedge
angles that are 2 orders of magnitude smaller are
enough to begin to start reducing the visibility sig-
nificantly. The secondary maxima are shifted and
smoothed as in the tilt case but they always are ac-
companied by a reduction of the initial visibility.
The experimental data in Fig. 5 show that there is
only a very small discrepancy between the theoretical
visibility curve for an ideal interferometer and that
obtained experimentally for small values of phase
dispersion ~Df , 5 rad!. Therefore we can attribute
the discrepancy for values of phase dispersion close to
2p to the presence of a tilt angle rather than a wedge
in the experimental setup.

By using the configuration described in Subsection
4.A, in which a 50-mm-thick cavity is in optical con-
tact with the fiber, we calculate the fringe visibility
for increasing values of the wedge angle. The calcu-

Fig. 10. Visibility versus phase dispersion for different values of
the wedge angle εw. R1 5 R2 5 0.04, ud1 5 ud 5 4°, z0 5 22 cm,

5 n1 5 n2 5 1.

Fig. 11. Visibility versus wedge angle for a 50-mm-thick cavity in
optical contact with the fiber tip for two different values of the
divergence ud ~z0 5 0, n 5 1.64, n1 5 nf 5 1.47, n2 5 1.33, l 5 50

m, and l 5 850 nm!.
lation is performed for z0 5 0, n1 5 nf 5 1.47, ud1 5
ud, and n2 5 1.33, and the results are plotted in Fig.
11 for two different values of the divergence. It
clearly shows that a wedge angle above a threshold
value of 1022 deg affects the visibility significantly.
In terms of the uniformity of cavity thickness, this
means that the variations in thickness should not
exceed 60 nm over the whole fiber cross section in
order to retain maximum visibility.

5. Conclusions

A simple analytical model of an ideal multimode FPI
has been developed and experimentally validated.
This showed that, if significant reductions in fringe
visibility that are due to phase dispersion are to be
avoided, the divergence of the incident illumination
must be minimized. In practice, the use of low-NA
~,0.1! optical fibers to illuminate FPI’s with thick-
nesses of less than 100 mm will allow a visibility close
o the optimum to be achieved. The model has been
xtended to describe the effect of imperfections on
erformance. The effect of a tilt angle between the
ber axis and the FPI is of minimal significance,
roviding it can be kept below approximately 1° for
ensing configurations in which the cavity is in opti-
al contact with the fiber end face: A 1° end angle
an be readily achieved with standard fiber end-face
reparation techniques such as cleaving or polishing.
hen the FPI geometry resembles that of a wedge,

he thickness across the illuminated region is no
onger constant and phase dispersion is modified, re-
ulting in a reduction in visibility. This sets tight
imits on the acceptable tolerance for nonuniformities
n thickness. For example, for a 50-mm-thick cavity
ositioned close to a 380-mm fiber core cross section,
he thickness tolerance over this area needs to be of
he order of several tens of nanometers. It is con-
idered that the models reported in this paper pro-
ide a useful tool for the design and optimization of
ultimode FP sensors.

This research was supported by the British Heart
oundation and the Engineering and Physical Sci-
nces Research Council ~U.K.!.
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