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Distortion of Gaussian intensity profile
by passing through a tilted Fabry-Perot filter
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1 Introduction will help to design optical experiments or integrated

The Gaussian intensity profile is the most frequent beam CIrCUits.
shape in the field of lightwave technology. The lightwave

passing through a planar waveguide or an optical fiber is 2 Calculation
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:? In the case where the
Fabry-Perot filter is tilted with respect to the incident light

In the case where a tilted Fabry-Perot filter is used to tune
a specific wavelength band of the light, which has a Gauss-
ian intensity profile, the profile is distorted by multiple re-
flections and walk-offs from the center in each round trip.
oD . ; . The quantitative amount of distortion can be obtained by
artificially or accidentally, the transmitted wave has a sig- gicing and collecting the transmitted light through each slot
mﬂca_n_t distortion of intensity profile, depending on the afer g specific number of walk-offs. Figure 1 depicts an
conditions of related parameters. . incident and outgoing wave that is sliced By The wave
The propagation of a Gaussian beam has been descr'be‘ﬂ)assing through slot number is a collection of all the
well in any literature on lasers or article§.A lot of re- waves that were walked off zero f's times. wheres is
search has also been done on Gaussian beams with specifi§,o humber of slots shifted by a single walli-off. Gaussian

purposes, for example, to get a profile of a flattapphase shapes of the input electric field may be expressed as a
conjugatiorf or to study nonlinear light-material function of slot numbers

interactions'?

No research except by Wu et'dlhas described a quan- E(x)=Eq ex —x¥ »?], (1)
titative calculation of distortion of Gaussian intensity pro-
file induced by passing through tilted filters or gratings. In 121
2003, Wu et al. reported a calculation of a Gaussian beamg, =g ex _(1_ _) =, )
incidenting nonnormally on a Fabry-Perot etalon. Here, we ' N/2]  ¢2

present a different approach from them and new results on
the transmitted beams. While the propagation of a whole with i =0---N, wherec is a constant that decides the num-
Gaussian beam was traced using any(z) coordinate ber q of slots within the width of beam waisb by g
function in the work of Wu et al., the incident Gaussian =cN/2. The width of a single slot is/q um.

beam was sliced byN and each slice was traced and  As the Fabry-Perot filter is tilted by an angleand if its
summed using the etalon formula in our work. Although length isL, then the distance shifted by a single walk-off is
this approach needs more parameters, the results are morgiven by 2 siné. To decide the numbes of slots shifted
flexible to show various graphs with changes of various py a single walk-off, we use the ratio,
parameters. The numerical equations are presented in a

form so that practical users can plot immediately using any g N

math programs. The calculations are validated by compar-5 o5 = 200

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 presented

©)

where the number 20 was chosen arbitrarily to get the total
number of slots in the range of 500 to 1000, which are
reasonable numbers for a personal computer and for rela-
tively good accuracy, as shown in the following sections.
0091-3286/2005/$22.00 © 2005 SPIE This ratio equation means that, as one slot width is equal to
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Fig. 1 Incident and outgoing intensity profiles sliced by N.

one walk-off distance, the number of slots within the width
w is one twentieth of the total number of sldts To get a
feel with Eq.(3), let us suppose=10um, =10 um, and
N =500, then the anglé#g=1.146 deg makes one slot width
equal to one walk-off distance. The input Gaussian field
has 25 slots within the widtw, and the constart is 0.1.
Now the calculation is straightforward. The transmission
of electric field is related to the reflectivity by,

t=(1-r?-A)"2 (4)

where A is the absorption and loss of the Gaussian field

intensity through the Fabry-Perot filter. The wave passing

through slot numben is given by the collection of all the
waves walked off zero to/s times in Fig. 1,

E,=Eot? exp(— aL/cosh) + E t?r? exp(— 3al/cosh)
+ E,t%r* exp( — 5aL/cosh)

+Et?rbexp(— 7al/cosd) +- -, (5)

where if s=1, the first term on the right comes from the
n'th slot of input beam with no walk-off, the second term
from the (n— 1)’th slot with 1 walk-off, the third term from
the (n—2)'th slot with 2 walk-offs, etc. Equationt5) is
expressed numerically by,

n

E,= 2 Eit2r2-lnt(\n7i/sl)
=0
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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.

walk-offs by the first slot is an intervalue aof/s. With
factors of intensity normalization to the total input inten-
sity, the transmitted Gaussian intensity profile is given by,

&P
Ih= ) (7)
where,
N
P=2, E, ®
N
Q=> EZ 9)

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

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

Xexp[—a 2-Int(’ED+1 L/cose} E (6)
S S m
E= z ENintZrzlnt(\mfn/sD
where the whole summation is divided lsybecause a n=0
single walk-off jumpss slots. The factor Inf(n—i)/s|) is men
also figured out by considering thatiif 0, the number of ><exp[ —al2- Int( ’T +1 L/cose] -—. (10
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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.

The returned intensity profile is given by,

E2-P
== (1D
whereU is a total intensity of the returned field,
N
U= > E2. (12)
m=0

The parametes may take not only integers but also any
positive noninteger values. As the tilted angle is sufficiently
small, the parametesymay take a noninteger value smaller
than 1, which means that multiple round trips take place
within one slot width. The validness of the earlier equations
can be checked by the calculation at the li%t0. As the
angle # approaches zero, the transmitted intensity profiles,
Egs.(7) and(11), should approach the input intensity pro-
file. Figure 2 shows input and transmission curves with
0=0.01 deg, plotted in Fig. (2 with a small amount of
shifts to distinguish each other and in FigbR superim-

posed on top of each other. The complete accordance con-

firms the validity of the calculation. The horizontal axis
represents the width of the curve with a unit of micrometers
or millimeters, depending on the units &f and w. The
input intensity curveE? has full width at half maximum
(FWHM) of 11.8 um or mm. In the calculation before and
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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.

hereafter, absorption is assumed to vanigéh=0, for sim-
plicity. The accordance in Fig.(B) was confirmed by any
values of parameters chosen arbitrarily except the angle,
which should be sufficiently small.

3 Discussion

Before plotting transmitted curves as a function of tilted
angle, let us describe an appropriate Fabry-Perot dielectric
filter that has specific values of parameters. For simplicity,
the filter is assumed to have a single-cavity symmetric
structure, of which the calculation can be extended to any
complicated structures as far as mirror reflections and the
cavity length are given. Figure(® shows a typical reflec-
tion curve of a dielectric mirror consisting of five pairs of
SiO, (n=1.44) and TgO5 (n=2.1), which has 91% of in-
tensity reflection at 1550 nm. Figurél3 shows a reflection
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Fig. 5 Asymmetric FWHM as a function of tilted angle. The num-
bers show reflections with percent and finesses in parentheses.
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Fig. 6 Distortions for various ratios of the input beam width to the
cavity length D/L, where the numbers show ratios.

curve of a single-cavity symmetric filter that has a bare
cavity length of 9.23um, mirror thickness of 2.27um,
spectral width of transmission pe@dA=0.77 nm, the free
spectral range of 57 nm, and the effective cavity length of
10.03 um calculated from the free spectral range.

With the filter conditions havingL=10um and R
=91%, as described before, aag=10 um, Eq. (7) was
plotted in Fig. 4a) for different angles from 0.01 to 44 deg

aussian intensity profile . . .

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

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

4 Conclusion

The equations to calculate distortion of a Gaussian beam by
passing through a tilted Fabry-Perot filter is derived and
plotted using simple math. Most significant factors are the
mirror reflectivity and the ratio of the input beam diameter
to the effective cavity length. At high reflectivity, for ex-
ample, 95%, the angle of only 5 deg changes the beam
diameter asymmetrically from 11.8 to 24wm, more than
twice, with 10 um of w andL. To get a negligibly small
distortion, the ratio of input beam diameter to the effective
cavity length should be high, at least higher than 25 at 90%
reflectivity, for example.

with 1-deg step. As expected, we can see a consistent
change of distortions that the peak amplitude decreases andhcknowledgment

the asymmetric beam diameter increases. At only 10 deg,

for example, the asymmetric beam diameter increases morel his work was supported by the Ministry of Information

than twice, from 11.8 to 24.4m. As the beam diameter is
comparable to the filter length, we see that the distortion is
significant, even at a relatively small angle. The figure in
the inset shows the variation of peak amplitude as a func-
tion of the tilted angle. It is remarkable that the slope at
small angles, for example, less than 10 deg, is much steepe
than at large angles. Figuréb4 shows intensity profiles of
the beam returned back to the input position plotted using
Eqg. (9). As mentioned before, the profiles are symmetric,
except for the large angles that should also be symmetric, if
the number of slots were large enough to take whole tails
into account.

Figure 5 shows a quantitative calculation of distortion

represented by an asymmetric beam diameter, FWHM, as a 4.

function of tilted angle for various mirror reflections. The
input beam waist and the cavity length were assumed to be
w=10 um and L=10um. The numbers in parentheses
represent finesses of the cavity. At high reflections, higher
than 95%, for example, we see that the distortion is ex-
tremely sensitive to angles, even at small angles.

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