Analysis and design of compact, static
Fourier-transform spectrometers

Carole C. Montarou and Thomas K. Gaylord

A new, to our knowledge, analytical method is presented to characterize the performance of modified-
Wollaston-prism-based compact, static Fourier-transform spectrometers. With the aid of an exact ray-
tracing method for birefringent media, the interference of the two wave fronts produced by the beam

splitter is computed at an arbitrarily positioned detector array.

It is shown that a compact, static

Fourier-transform spectrometer employing a single modified Wollaston prism can be designed such that

the fringes are perpendicular to the incident beam. The effects of aperture size, coherence of the source,

and incidence angle on the resulting interferogram are quantified. © 2000 Optical Society of America
OCIS codes: 070.2590, 120.3180, 300.6190, 120.4570.

1. Introduction

Fourier-transform spectrometers (FTS’s) are used ex-
tensively as diagnostic instruments. They allow for
the accurate measurement of the absorption spectra
of gases, liquids, and solids.! FTS’s can be used as
laser wavemeters to determine accurately the wave-
length of tunable lasers.2 The Michelson inter-
ferometer format of the FTS is often used for laser
wavemeter applications. In these cases, a temporal
interferogram is formed when one of the mirrors is
scanned. An inverse Fourier transform of this in-
terferogram allows for the retrieval of the power spec-
trum.3 However, the scanning mechanism requires
high precision, and the moving parts are a potential
source of noise in the detected signal. This leads to
expensive designs and substantial bulk. These fac-
tors have provided motivation for the design of com-
pact, static FTS instruments with no moving parts.
In a compact, static FTS, a spatial interferogram is
formed and recorded with a detector array. The
most recent designs of compact, static FTS’s are
based on Wollaston prisms.-24-7

Conventional Wollaston prisms (CWP’s) and mod-
ified Wollaston prisms (MWP’s) are composed of two
triangular pieces of uniaxial birefringent crystal

The authors are with the School of Electrical and Computer
Engineering, Georgia Institute of Technology, Atlanta, Georgia
30332-0250.

Received 22 February 2000; revised manuscript received 30
June 2000.

0003-6935/00/315762-06$15.00/0

© 2000 Optical Society of America

5762 APPLIED OPTICS / Vol. 39, No. 31 / 1 November 2000

whose optic axes are perpendicular to each other as
shown in Fig. 1. This produces the splitting of an
incident linearly polarized beam into two orthogo-
nally polarized beams. Placed between crossed po-
larizers, they produce interference fringes at the
plane of apparent splitting (PAS). This is inside the
prism in the case of the CWP [Fig. 1(a)].26 A MWP,
on the other hand, forms the interference fringes out-
side the prism because the optic axis of one of the
triangular wedges is inclined relative to the external
faces of the prism as shown in Fig. 1(b). An instan-
taneous recording of the interferogram is therefore
possible when a detector array is placed in coinci-
dence with the interference fringes of the MWP.2.4.7
This leads to inexpensive, compact FTS designs with
no moving parts..24-7

Padgett and Harvey® designed a FTS based on a
single CWP whose interference fringes are projected
onto a detector array by use of a lens. The FTS can
also be designed with two CWP’s or one MWP. In
both of these cases, the lens used to project the fringes
on the CCD is eliminated because the interference
fringes are formed outside of the prism.1.2:45.7.8
More recently, Prunet et al.® developed an analytical
method to calculate the total optical path difference
as a function of the angle of incidence in a two-CWP-
based FTS. These Wollaston-prism-based FTS’s are
used in a wide range of applications including a fiber-
coupled laser wavemeter designed by Steers et al.2
and an ultraviolet spectrometer for gas detection de-
signed by Courtial et al.?

However, an accurate analysis method based on
the operational parameters of the compact, static
FTS is not available. There is a need to be able to
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Fig. 1. (a) CWP made from a positive uniaxial birefringent ma-
terial. Two triangular pieces of birefringent material are ce-
mented together with their optic axes (0.a.’s) orthogonal to each
other. In one piece, the optic axis is perpendicular to the plane of
incidence, whereas in the other piece the optic axis lies in the plane
of incidence and is parallel to the entrance and exit faces of the
prism. A linearly polarized beam is incident on the entrance face
and is split into two orthogonally polarized beams as shown. The
wedge angle between the normal to the exterior interfaces and the
middle interface is y. (b) MWP made from positive uniaxial bire-
fringent material. The two optic axes are again perpendicular to
each other. However, the optic axis that lies in the plane of inci-
dence is inclined with respect to the entrance and exit faces of the
prism. The inclination angle between the normal to the exterior
interfaces and the latter optical axis is 3.

characterize directly the resulting interferogram as
opposed to the indirect characterization in terms of
optical path differences.1-24-7.9 A direct simulation
of the interferogram would allow the evaluation of
the effects of the aperture size, angle of incidence,
coherence of the source, and other operational param-
eters.

In this paper an exact ray-tracing method?® is
adapted to predict the interferogram of an arbitrary
static FTS. Furthermore, it is shown that an im-
proved FTS can be designed based on one MWP in-
clined so that the resulting interference fringe plane
is perpendicular to the axis of the optical system
(AOS). The effects of overfilling the aperture, the
coherence of the source, the material dispersion, and
the angle of incidence are quantified.

2. Analysis

A. Fourier-Transform Spectrometer Design

The most recent designs of FTS’s are based on CWP’s
and MWP’s. A CWP is composed of two triangular
wedges of uniaxial birefringent material whose optic
axes are perpendicular to each other. These prisms
split an incident linearly polarized beam into two
orthogonally polarized transmitted beams.® With a
CWP, this splitting occurs inside the prism and pro-
duces interference fringes when the prism is placed
between crossed polarizers [Fig. 1(a)]. With a MWP,
this splitting occurs outside the prism because the
optic axis of one of the wedges is inclined relative to
the external faces of the prism® [Fig. 1(b)]. The in-
terference fringe plane can also be located outside
when two CWP’s are used.12459 When a detector

array is placed in coincidence with the fringes of the
MWP or of the two CWP’s, an instantaneous record-
ing of the interferogram is possible; and when an
inverse Fourier transform is performed, the power
spectrum can be retrieved. This is the basis of the
design of compact, static FTS’s.

The linear variation of the optical path difference
along the fringe plane produces the interferogram.
This optical path difference is a function of the split-
ting angle AB between the two orthogonally polarized
beams exiting the prism. Therefore, for a source of
free-space wavelength \, the fringe spacing A of the
interferogram is given by

A
A= 2 sin(AB/2) "

In Subsection 2.B., for the first time to our knowl-
edge, a new analytical method is described that al-
lows for the evaluation of compact, static FT'S’s by
fully characterizing the resulting interferogram.
The effects such as aperture size, beam waist, coher-
ence of the source, and angle of incidence can thus be
quantified. Furthermore, we show that it is possible
to design an improved compact, static FTS whose
fringe plane is perpendicular to the AOS.8

(D

B. Interferogram Characterization

To characterize fully the interferogram formation,
ray tracing of the two orthogonally polarized beams
inside the MWP must be performed. A detailed
analysis of the ray tracing can be found in Ref. 8.
Input light is incident upon the MWP as shown in
Fig. 2. For the analysis, the incident beam is di-
vided into a number of individual rays.

Uniaxial media split a single incident linearly po-
larized ray into two orthogonally polarized rays: an
ordinary ray whose electric field is perpendicular to
the optical axis of the birefringent medium and an
extraordinary ray whose magnetic field is perpendic-
ular to the optical axis of the birefringent medium.
The ray whose electric field is perpendicular to the
plane of incidence is the transverse-electric (TE) ray
and the ray whose magnetic field is perpendicular to
the plane of incidence is the transverse-magnetic
(TM) ray. The TE ray (dot) and the TM ray (double
arrow) are shown in Fig. 2 after exiting the MWP.
An important parameter of the MWP is the output
splitting angle between the two orthogonally polar-
ized beams. This is computed by an exact ray-
tracing analysis® in each wedge of the MWP. The
phase-matching condition is applied at the interface
between regions: when the allowed wave-vector
surface cross section is used, the component of the
wave vector along the interface must be equal in each
region.® The magnitude and direction of the wave
vector for each polarization is calculated. When the
allowed wave-vector surface cross section is two cir-
cles, e.g., as in Fig. 2 in the first region of the MWP,
the wave vector and the Poynting vector have the
same direction. However, in the second region of the
MWP, the allowed wave-vector surface cross section
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Fig. 2. Operation of a FTS based on a MWP. The MWP is tilted

so that the light is incident at an angle . The input light is
divided into TE- and TM-polarized beams after passing through
the prism. The TE- (dot) and TM- (double arrow) polarized beams
resulting from two incident beams are shown. The prism mate-
rial is a negative birefringent material such as calcite. Placed
between crossed polarizers, interference fringes are formed at the
PAS (dashed line). An x, y system is associated with the MWP.
The optic axis (0.a.) of the first wedge of the prism is perpendicular
to the plane of incidence whereas it lies in the plane of incidence in
the second wedge of the prism. The AOS is shown. The plane of
the detector array is assigned with a coordinate system w4, Uget-
Point B is the intersection point between the PAS and the AOS.
The angles between the TE-polarized beam and the AOS and the
TM-polarized beam and the AOS are, respectively, £,™® and &,™.

of the extraordinary ray (TM) is an ellipse, and the
direction of the Poynting vector is perpendicular to
the allowed wave-vector surface.® An x,y system of
axes is assigned to the MWP as shown in Fig. 2.
Knowing the direction angles for each wave vector in
each region, the equations of the rays are calculated
in the x, y system.8 The ray equations of the TE and
TM rays shown in Fig. 2 are

TE TE TE TE
ya o = (x, " —w)tan By t Y34

y4TM = (x4TM — w)tan B4TM + y3,4TM, (2)

where w is the total thickness of the MWP, 8, " is the
angle between the TE ray and the x axis of the x, y
system; B,™ is the angle between the TM ray and the
x axis of the x, y system; y3,4TE and y3,4TM are, respec-
tively, the y coordinates of the points of intersection of
the TE and TM rays with the last interface of the
MWP.

The point of intersection of the TE and TM
beams, respectively, with the detector array in the
X, y SyStem are Xget > Ydet " and xdetTMa ydetTM‘
The equation of the detector array shown in Fig. 2
is given by

Ydet = MgetXdet + bdet7 (3)

where mg,, and by, are calculated for a given FTS
configuration. Equations (2) allow for the computa-
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tion of the points of intersection of, respectively, TE
and TM rays with the detector array

TE TE
TE __ bdet —w tan B4 + Y34

Xdet - TE )
Mget — tan 84

™ ™
™ _ bdet —w tan B4 +y3,4

Xaget = T™ >
Mg — tan By

TE _ TE TE TE
Ydet - (xdet _LU)tan B4 + y3,4 )

™ ™ ™ ™
YVaet = = (Xger ~ —witan By +yz4 . (4)

We calculated the coordinates along the plane of the
detector array, v " and vy, ™, for TE and TM,
respectively, by computing the distances between
point B and the points of intersection with the detec-
tor array of, respectively, TE and TM polarized
beams. The normalized electric fields for TE and
TM polarized beams at the plane of the detector array
are given by

ETE = exp[j("ot - kvdeLTEvdetTE)L
Eqy = explj(ot =k, Mg D1 (5)

where o is the radian frequency, ¢ is the time, and
k, ™ and kvdetTM are given by

k TE — ko Sin §4TE, k ™ k() Sin €4TM, (6)

where £ is the wave-vector magnitude in free space,
g™ =8,"™ — aand §,™ = B,™ — @, with « the
angle of incidence upon the MWP (Fig. 2). The
above procedure is performed for each of the rays
comprising the input beam. The incident input light
is taken to have a Gaussian distribution in space of
its electric field. Therefore the intensities of the
split TE- and TM-polarized beams are weighted cor-
respondingly. The total electric field along the de-
tector array is given by the sum of all the electric
fields calculated as described above. We obtained
the intensity by multiplying the total electric field by
its complex conjugate. This therefore leads to the
computation of the interferogram observed in the
plane of the detector array.

Udet Udet

3. Plane of Apparent Splitting Perpendicular to the
Axis of the Optical System

The above procedure is applied to design a compact,
static FT'S with the PAS of the MWP perpendicular to
the AOS and the detector array placed along the PAS.
The MWP is rotated correspondingly, i.e., the angle of
incidence « (Fig. 2) upon the MWP is calculated with
the equations derived in Ref. 8 so that the PAS is
perpendicular to the AOS. The prism is chosen to be
made of calcite, with y = 88.4°and & = 80°. With the
procedure developed in Ref. 8, the angle of incidence
o, necessary to make the PAS perpendicular to the
AOS is calculated to be a, = 4.60792°.

A. Aperture Effect

The method presented in Section 2 is applied to a
compact, static FT'S with the design parameters de-
fined above. The wavelength of the source is equal
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Fig. 3. Interferogram produced by a source of wavelength A = 500
nm. The MWP is made of calcite and is tilted so that its PAS is
perpendicular to the AOS. The wedge angle between the x axis of
the prism and its middle interface is v = 88.4 deg, and the optic
axis inclination angle between the x axis of the prism and the optic
axis in the second wedge of the prism is 8 = 80 deg. The incident
beam waist is w, = 5 mm.

to 500 nm. The interferogram is calculated for three
different values of beam waist: o, = 5, 10, and 15
mm. In these three cases, the beam is incident on
the MWP shown in Fig. 2 fromy = —5mmtoy =5
mm. The three resulting interferograms are shown
in Figs. 3, 4, and 5. In each case, the number of
fringes in the interferograms is in good agreement
with Eq. (1). At 500 nm, the number of fringes per
millimeter is 19.5 mm ! according to Eq. (1). The
interferograms in Figs. 3, 4, and 5 produce nearly this
number of fringes per millimeter. The ideal inter-
ferogram for one wavelength is expected to be a
constant-amplitude sinusoid. However, Fig. 3
shows that this is not the case with a 10-mm entrance
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Fig. 4. Interferogram produced by a source of wavelength A equal
to 500 nm. The MWP is made of calcite and is tilted so that its
PAS is perpendicular to the AOS. The wedge angle between the
x axis of the prism and its middle interface is y = 88.4 deg, and the
optic axis inclination angle between the x axis of the prism and the
optic axis in the second wedge of the prism is 8 = 80 deg. The
incident beam waist is w, = 10 mm.
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Fig. 5. Interferogram produced by a source of wavelength \ equal
to 500 nm. The MWP is made of calcite and is tilted so that its
PAS is perpendicular to the AOS. The wedge angle between the
x axis of the prism and its middle interface is y = 88.4 deg, and the
optic axis inclination angle between the x axis of the prism and the
optic axis in the second wedge of the prism is 8 = 80 deg. The
incident beam waist is wy, = 15 mm.

aperture and a 5-mm input beam waist. The result-
ing interferogram has the appearance of an interfero-
gram that has a source containing two wavelengths.
Figure 5 shows that this effect is reduced when the
aperture is overfilled with an input beam waist of 15
mm.

Furthermore, it is known that the interferogram
produced by two spectral lines is composed of two
periods, i.e., fine fringes under a larger period enve-
lope. Therefore the resolution depends on the
length of the detector array. To resolve two wave-
lengths, the detector array must be long enough to
record the total length of the larger envelope. This
also depends on the width of the input beam. The
width of the envelope of the interferogram produced
by two spectral lines is a function of the phase-shift
difference between the beams across the plane of the
detector. The resolution of the compact, static FTS
could therefore be improved by optimizing the phase-
shift difference that, in turn, depends on the MWP
design parameters.

B. Coherence Effect

The same method is now applied with a source that
has a Gaussian spectral distribution from 495 to 505
nm and centered at 500 nm. The waist of this
Gaussian spectral distribution is chosen to be 3 nm.
The interferogram produced by such a source is cal-
culated for a compact, static FTS with the same de-
sign parameters as the ones above and with a beam
waist wy equal to 15 mm. The aperture length is 10
mm, i.e., the coordinate y of the incident beam goes
from —5to 5 mm. The interferogram for each wave-
length present in the source is calculated and
weighted with the corresponding coefficient. We ob-
tained the total interferogram by adding the individ-
ual interferograms for each wavelength. The result
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Fig. 6. Interferogram produced by a source with a Gaussian spec-
tral distribution centered at 500 nm and a waist of 3 nm. The
MWP is made of calcite and is tilted so that its PAS is perpendic-
ular to the AOS. The wedge angle between the x axis of the prism
and its middle interface is y = 88.4 deg, and the optic axis incli-
nation angle between the x axis of the prism and the optic axis in
the second wedge of the prism is 8 = 80 deg. The incident beam
waist is o, = 15 mm. The lower dashed curves show the inter-
ferogram when the material dispersion is not taken into account.
The upper dashed curves show the interferogram when a material
exhibiting anomalous dispersion is used.

of this procedure is shown in Fig. 6. When the co-
herence of the source is incorporated, the interfero-
gram is not a constant-amplitude sinusoid as would
be expected from a source containing only one spec-
tral line. The envelope has a shape of a Gaussian
function. Figure 6 also shows the shape of the en-
velope when the material dispersion is not taken into
account. A comparison of the two shows that mate-
rial normal dispersion somewhat degrades the per-
formance of compact, static FTS’s. A hypothetical
interferogram produced by a material exhibiting an
equivalent anomalous dispersion is also shown in
Fig. 6. The envelope is, in this case, broader than
those of the two previous cases. Therefore use of
material exhibiting anomalous dispersion would im-
prove the performance of static FT'S and tend to com-
pensate for the coherence effect because it is closer to
the ideal case of a constant-amplitude sinusoid.

C. Angle of Incidence Effect

The effect of the angle of incidence can be quantified
by use of the present method. The same prism de-
sign parameters as the ones in Subsections 3.A and
3.Bareused. The input beam waist w, is equal to 15
mm. The source spectral distribution is identical to
the one used in Subsection 3.B. The method was
applied for various angles of incidence. The inter-
ferograms obtained for an angle of incidence o = +5°
and —5° are virtually identical to the interferogram
shown in Fig. 6. This illustrates that the perfor-
mance of the FTS design presented is largely insen-
sitive to variations in the angle of incidence. The
only change observed is that the location of the in-
tensity maximum of the interferogram is shifted
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along the detector array. The positions of this max-
imum along the detector array for « = —5°, 0°, and
+5° are, respectively, v4,, = —0.1169, —0.1027, and
0.0304 mm. Atnormalincidence, a beam incident at
¥o = 0 mm upon the entrance face of the prism is
deviated down relative to the axis of the optical sys-
tem after passing through the prism. Therefore the
intensity maximum of the input beam is shifted down
at the output of the prism, and its position on the
detector array is slightly below the position of point B
shown in Fig. 2. Consequently, v4., is slightly neg-
ative. For a = +5°, the input beam is deviated up
relative to the axis of the optical system, and for o =
—5° the input beam is deviated down relative to the
axis of the optical system. Other than this slight
shift of the intensity maximum of the interferogram,
the angle of incidence largely does not affect the in-
terferogram produced by a Gaussian source.

4. Conclusion

A new modeling approach has been presented for
direct characterization of the interferogram produced
by a compact, static FTS based on a MWP. Applying
exact ray tracing through the MWP, we calculated
the normalized electric fields of the TE- and TM-
polarized beams in the plane of the detector array.
This leads to an accurate calculation of the intensity
distribution along the detector array. It has been
shown that a compact, static FTS can be designed by
use of a single MWP and configured such that its
fringe plane is perpendicular to the incident beam.

The effects of the aperture size, coherence of the
source, and angle of incidence have been quantified.
The interferogram is more accurate when the aper-
ture is overfilled as was shown in Figs. 3-5. A
smaller beam waist produces an interferogram with
less wavelength resolution. Furthermore, the reso-
lution depends on the width of the detector and the
width of the input beam incident on the prism. The
interferogram of a source with a Gaussian spectral
distribution has been calculated and compared to the
ideal case of a single spectral line. It has been
shown that material normal dispersion somewhat de-
grades the performance of a compact, static FTS.
The effect of the angle of incidence has been quanti-
fied in terms of the measured interferogram. It was
shown that the interferogram was insensitive to the
angle of incidence variations. It only shifts the in-
terferogram slightly relative to the interferogram ob-
tained at normal incidence. The improved compact,
static FTS design presented may be useful in a wide
variety of present and future applications.
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