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Distortion of Gaussian intensity profile
by passing through a tilted Fabry-Perot filter
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Abstract. As a lightwave having a Gaussian intensity profile passes
through a tilted Fabry-Perot filter, the profile is distorted severely depend-
ing on the conditions of the parameters. This distortion has not been
studied and reported in depth, though the propagation of a Gaussian
wave itself has been discussed well in the literature. We show our results
of quantitative calculation and discuss it, which we believe will help sig-
nificantly design waveguides containing gratings or filters. © 2005 Society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1886833]

Subject terms: Gaussian intensity profile; Gaussian wave propagation; Fabry-
Perot filter.

Paper 040461 received Jul. 13, 2004; revised manuscript received Oct. 27, 2004;
accepted for publication Oct. 30, 2004; published online Apr. 8, 2005.
s

e

i

n

r

,
-
d

d

ne
ss-
-

ip.
by
lot
an

ian
s a

-

is

otal
re
ela-
s.
l to
1 Introduction

The Gaussian intensity profile is the most frequent beam
shape in the field of lightwave technology. The lightwave
passing through a planar waveguide or an optical fiber i
often assumed to have a Gaussian intensity profile. A
Fabry-Perot filter is also one of most frequent elements in
any optics or optical communication experiments in which
multiwavelengths are involved.1–4 In the case where the
Fabry-Perot filter is tilted with respect to the incident light
artificially or accidentally, the transmitted wave has a sig-
nificant distortion of intensity profile, depending on the
conditions of related parameters.

The propagation of a Gaussian beam has been describ
well in any literature on lasers or articles.5,6 A lot of re-
search has also been done on Gaussian beams with spec
purposes, for example, to get a profile of a flattop,7 a phase
conjugation,8 or to study nonlinear light-material
interactions.9,10

No research except by Wu et al.11 has described a quan-
titative calculation of distortion of Gaussian intensity pro-
file induced by passing through tilted filters or gratings. In
2003, Wu et al. reported a calculation of a Gaussian beam
incidenting nonnormally on a Fabry-Perot etalon. Here, we
present a different approach from them and new results o
the transmitted beams. While the propagation of a whole
Gaussian beam was traced using an (x,y,z) coordinate
function in the work of Wu et al., the incident Gaussian
beam was sliced byN and each slice was traced and
summed using the etalon formula in our work. Although
this approach needs more parameters, the results are mo
flexible to show various graphs with changes of various
parameters. The numerical equations are presented in
form so that practical users can plot immediately using any
math programs. The calculations are validated by compa
ing incident and outgoing beams for three different condi-
tions, zero incident angle, sufficiently large incident angle
and double passes through the filter. Although the deriva
tion of the required equation is simple, the results presente
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will help to design optical experiments or integrate
circuits.

2 Calculation

In the case where a tilted Fabry-Perot filter is used to tu
a specific wavelength band of the light, which has a Gau
ian intensity profile, the profile is distorted by multiple re
flections and walk-offs from the center in each round tr
The quantitative amount of distortion can be obtained
slicing and collecting the transmitted light through each s
after a specific number of walk-offs. Figure 1 depicts
incident and outgoing wave that is sliced byN. The wave
passing through slot numbern is a collection of all the
waves that were walked off zero ton/s times, wheres is
the number of slots shifted by a single walk-off. Gauss
shapes of the input electric field may be expressed a
function of slot numbers,

E~x!5E0 exp@2x2/v2#, ~1!

Ei5E0 expF2S 12
i

N/2D
2

•

1

c2G , ~2!

with i 50¯N, wherec is a constant that decides the num
ber q of slots within the width of beam waistv by q
5cN/2. The width of a single slot isv/q mm.

As the Fabry-Perot filter is tilted by an angleu and if its
length isL, then the distance shifted by a single walk-off
given by 2L sinu. To decide the numbers of slots shifted
by a single walk-off, we use the ratio,

s

2L sinu
5

N

20v
, ~3!

where the number 20 was chosen arbitrarily to get the t
number of slots in the range of 500 to 1000, which a
reasonable numbers for a personal computer and for r
tively good accuracy, as shown in the following section
This ratio equation means that, as one slot width is equa
-1 April 2005/Vol. 44(4)
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Park, Ko, and Park: Distortion of Gaussian intensity profile . . .
one walk-off distance, the number of slots within the wid
v is one twentieth of the total number of slotsN. To get a
feel with Eq.~3!, let us supposeL510mm, v510 mm, and
N5500, then the angle,u51.146 deg makes one slot widt
equal to one walk-off distance. The input Gaussian fieldEi
has 25 slots within the widthv, and the constantc is 0.1.

Now the calculation is straightforward. The transmissi
of electric field is related to the reflectivity by,

t5~12r 22A!1/2, ~4!

where A is the absorption and loss of the Gaussian fie
intensity through the Fabry-Perot filter. The wave pass
through slot numbern is given by the collection of all the
waves walked off zero ton/s times in Fig. 1,

En5E0t2 exp~2aL/cosu!1E1t2r 2 exp~23aL/cosu!

1E2t2r 4 exp~25aL/cosu!

1E3t2r 6 exp~27aL/cosu!1¯, ~5!

where if s51, the first term on the right comes from th
n’th slot of input beam with no walk-off, the second ter
from the (n21)’th slot with 1 walk-off, the third term from
the (n22)’th slot with 2 walk-offs, etc. Equation~5! is
expressed numerically by,

En5F(
i 50

n

Ei t
2r 2•Int~ un2 i /su!

3expH 2aF2•IntS Un2 i

s U D11GL/cosuJ G• 1

s
, ~6!

where the whole summation is divided bys because a
single walk-off jumpss slots. The factor Int(u(n2 i )/su) is
also figured out by considering that ifi 50, the number of

Fig. 1 Incident and outgoing intensity profiles sliced by N.
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walk-offs by the first slot is an intervalue ofn/s. With
factors of intensity normalization to the total input inte
sity, the transmitted Gaussian intensity profile is given b

I n5
En

2
•P

Q
, ~7!

where,

P5(
i 50

N

Ei
2, ~8!

Q5 (
n50

N

En
2. ~9!

P andQ are the total intensities of input and output Gau
ian fields, respectively.

From Eq.~7!, it is a small modification to calculate th
profile of field that returns back through the same Fab
Perot filter after reflection from a mirror, which we assum
is located behind the filter. In this case, the walk-off will b
in the opposite direction and the transmitted wave can
predicted to be symmetric.

Em5F (
n50

m

EN2nt2r 2•Int~ um2n/su!

3expH 2aF2•IntS Um2nU D11GL/cosuJ G• 1
. ~10!

Fig. 2 (a) Small amount of shifts to distinguish each other, a input: b
transmission, and c returned curve. (b) All three curves are super-
imposed on top of each other.
s s
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The returned intensity profile is given by,

I m5
Em

2
•P

U
, ~11!

whereU is a total intensity of the returned field,

U5 (
m50

N

Em
2 . ~12!

The parameters may take not only integers but also an
positive noninteger values. As the tilted angle is sufficien
small, the parameters may take a noninteger value small
than 1, which means that multiple round trips take pla
within one slot width. The validness of the earlier equatio
can be checked by the calculation at the limitu50. As the
angleu approaches zero, the transmitted intensity profi
Eqs.~7! and ~11!, should approach the input intensity pr
file. Figure 2 shows input and transmission curves w
u50.01 deg, plotted in Fig. 2~a! with a small amount of
shifts to distinguish each other and in Fig. 2~b! superim-
posed on top of each other. The complete accordance
firms the validity of the calculation. The horizontal ax
represents the width of the curve with a unit of micromet
or millimeters, depending on the units ofL and v. The
input intensity curveE2 has full width at half maximum
~FWHM! of 11.8mm or mm. In the calculation before an

Fig. 3 Reflection curves of (a) five pairs of dielectric mirrors and (b)
a single-cavity filter, which have the structures shown in the figures.
048001Optical Engineering
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hereafter, absorption is assumed to vanishaL50, for sim-
plicity. The accordance in Fig. 2~b! was confirmed by any
values of parameters chosen arbitrarily except the an
which should be sufficiently small.

3 Discussion

Before plotting transmitted curves as a function of tilt
angle, let us describe an appropriate Fabry-Perot dielec
filter that has specific values of parameters. For simplic
the filter is assumed to have a single-cavity symme
structure, of which the calculation can be extended to a
complicated structures as far as mirror reflections and
cavity length are given. Figure 3~a! shows a typical reflec-
tion curve of a dielectric mirror consisting of five pairs o
SiO2 (n51.44) and Ta2O5 (n52.1), which has 91% of in-
tensity reflection at 1550 nm. Figure 3~b! shows a reflection

Fig. 4 Intensity profiles of (a) single transmission and (b) double
transmissions with round pass, for different angles from 0.01 to 44
deg with 1-deg step.

Fig. 5 Asymmetric FWHM as a function of tilted angle. The num-
bers show reflections with percent and finesses in parentheses.
-3 April 2005/Vol. 44(4)
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curve of a single-cavity symmetric filter that has a ba
cavity length of 9.23mm, mirror thickness of 2.27mm,
spectral width of transmission peakDl50.77 nm, the free
spectral range of 57 nm, and the effective cavity length
10.03mm calculated from the free spectral range.

With the filter conditions havingL510mm and R
591%, as described before, andv510 mm, Eq. ~7! was
plotted in Fig. 4~a! for different angles from 0.01 to 44 de
with 1-deg step. As expected, we can see a consis
change of distortions that the peak amplitude decreases
the asymmetric beam diameter increases. At only 10 d
for example, the asymmetric beam diameter increases m
than twice, from 11.8 to 24.7mm. As the beam diameter is
comparable to the filter length, we see that the distortion
significant, even at a relatively small angle. The figure
the inset shows the variation of peak amplitude as a fu
tion of the tilted angle. It is remarkable that the slope
small angles, for example, less than 10 deg, is much ste
than at large angles. Figure 4~b! shows intensity profiles of
the beam returned back to the input position plotted us
Eq. ~9!. As mentioned before, the profiles are symmetr
except for the large angles that should also be symmetri
the number of slots were large enough to take whole t
into account.

Figure 5 shows a quantitative calculation of distortio
represented by an asymmetric beam diameter, FWHM,
function of tilted angle for various mirror reflections. Th
input beam waist and the cavity length were assumed to
v510 mm and L510mm. The numbers in parenthese
represent finesses of the cavity. At high reflections, hig
than 95%, for example, we see that the distortion is
tremely sensitive to angles, even at small angles.

Figure 6 also shows a quantitative calculation of dist
tion for various ratios of the input beam width to the cavi
length v/L, where the mirror reflectivity was assumed
be 90%. Since the quantitiesv andL are the only variables
that have a length dimension in the previous calculati
the plots in Figs. 5 and 6 can be applied for any units
long as they have the same unit. The distortion is v
sensitive to the angle, as the ratio is smaller than one,
the distortion is negligible at the large values of ratio

Fig. 6 Distortions for various ratios of the input beam width to the
cavity length D/L, where the numbers show ratios.
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Downloaded from SPIE Digital Library on 28 Sep 20
t
d
,
e

r

f

a

t

larger than 25, for example. FWHM at 30 deg and ratio
25 is 13.3mm, a 13% increase with respect to the ang
0 deg.

In the case where the filters are located between co
mated beams of which diameters are on the order of m
meters, it is common to have the ratio larger than 25, a
the distortion of the Gaussian beam profile is negligib
Beam diameters, however, in a waveguide structure
comparable to the filter length. If the filter or a grating th
has an appreciable angle and sufficiently high reflectivity
involved in the waveguide circuit, then the circuit should
designed with great caution to avoid an unexpected
loss. We believe that Eqs.~6! and ~10! will be a valuable
guidance to estimate the distortion for arbitrary values
parameters.

4 Conclusion

The equations to calculate distortion of a Gaussian beam
passing through a tilted Fabry-Perot filter is derived a
plotted using simple math. Most significant factors are
mirror reflectivity and the ratio of the input beam diamet
to the effective cavity length. At high reflectivity, for ex
ample, 95%, the angle of only 5 deg changes the be
diameter asymmetrically from 11.8 to 24.7mm, more than
twice, with 10mm of v and L. To get a negligibly small
distortion, the ratio of input beam diameter to the effecti
cavity length should be high, at least higher than 25 at 9
reflectivity, for example.
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