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The periodic transmission spectrum of a solid etalon for wide-band capability is analyzed both
theoretically and experimentally. In the transmission spectrum with an incident area of a
photodetector, the peak wavelength and transmittance are deeply dependent on the incident angle
and the divergence angle of the input laser beam. A thermal adjustment for a solid etalon is an
optional way to control the transmission spectrum instead of the inefficient fine-angle alignment.
In the result, we present the deviations of free spectral range (FSR) by the change in angle and

temperature over wide wavelength range.
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I. INTRODUCTION

In the dense wavelength division multiplexing (DWDM)
system, the channel spacing becomes narrower for a
higher capacity of transmission, and widely tunable
semiconductor lasers [1,2] are emerging as the attractive
light sources for the next generation of optical networks.
With the recent trends, the wavelength stabilization is
very important to maintain the channel spacing without
crosstalk between channels and to fix the wavelengths
to ITU-grid during the long-term aging. For the
compact and simple application in the DWDM system,
a wavelength locker has been integrated in a wide
tunable laser module [1], or a single mode laser module
[3,4], and a solid etalon is used to monitor the wave-
length channels with a free spectral range (FSR), such
as 100 GHz, 50 GHz, or 25 GHz. The etalon-based
technology for the wavelength monitor and control is
the most attractive one among various methods as
explained in [4], and it is also used for various DWDM
applications, such as channel monitor, dispersion com-
pensator, and wavelength interleaver, as well as wave-
length locker. However, in spite of its broad appli-
cations, the practical spectral behaviors of the solid
etalon for the multi-channel capability have not been
well reported yet.

In this letter, we present the theoretical and experi-
mental analyses about the spectral characteristics of
the solid etalon to investigate the optimized assembly
conditions for wide-band DWDM application, especially
as a function of arbitrary incident angle for a diverged

laser beam into a 250 um incident area of photodetector
(PD) for practical analysis.

II. THEORETICAL ANALYSIS

Fig. 1 shows a simple schematic view for our analysis
including an angle-tilted etalon and an incident area of
PD in the optical path of a diverged Gaussian laser
beam, on a thermo-electric cooler (TEC) for the tem-
perature control, as in the practical applications for the
optical component.

The optical intensity of Gaussian beam with the
waist diameter 2W, is obtained from the complex
amplitude to satisfy the Helmholtz equation, as a
function of the axial distance and the radial distance
o =(d*+1/)""*, as well summarized in [5]. With the beam
width W(z) and the wavefront curvature radius R(z)
for a circular Gaussian beam, if we define §=p /R(z)
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FIG. 1. A solid etalon and a photodetector in an incident
Gaussian beam.
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and @.=W(2)/R(z), the optical intensity is given as a
function of the divergence angle and the axial distance z,
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where I,(2) is the intensity on axis z. About 86% of the
Gaussian beam power is confined within a cone with
the angle @, of beam width, which is converged to the
constant divergence angle 6 .,= A/ z W, at far from the
Rayleigh range z, z> >z,

The spherical wave in Gaussian beam is locally like
a plane wave with wavefront normal that is a paraxial
ray. Thus, we can consider the separate transmittance
of etalon for each wavefront normal as a spectral
response of etalon for the perfect plane wave,
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where v=c/ A, vr=c/2n( A)l cos( 6 ,), and F is finesse
which characterizes the resonance bandwidth with the
free spectral range (FSR.) vr. The refractive index n( 1)
of the fused silica etalon is taken from the dispersion
equation by J.H.Wray and J.T.Neu [6], and the inci-
dent angle 6 ; of the each plane wave for the normal
axis of the etalon has a relation of Snell’s law with the
refracted angle into the etalon of @, [7]. For an
arbitrary tilted angle & of the normal axis of the
etalon about the Gaussian beam axis, we can easily
consider the effect of the incident angle by the coor-
dinate transformation with R(z), 6, ¢, parameters in
a spherical coordinate, so that (2) can be written in the
form of Tis(A, 6, ¢) as a function of §.

The total transmitted beam intensity of a solid
etalon for a Gaussian beam is the superposition of
locally transmitted waves with each angular vector.
Since, for the practical application in a laser module,
we are interested in detection of the intensity by an
incident area of the PD rather than for the whole
Gaussian beam, the total transmittance for full angle
2 @ p corresponding to the PD located on the Gaussian
beam axis is given by

Fp
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which pde df=R(z) §d¢ d6 and all common factors
for are erased from denominator and numerator.
The shift of the resonance peak following the
incident angle of the laser beam is one of the interested
parameters for the alignment of spectrum to a specific
target wavelength like ITU channel in DWDM appli-
cation. For a non-diverged beam, 2 §,=°, the wave-

length shift of the resonance peak for normal incident
beam is introduced from (2) as a function of the
incident angle and refractive index,

AL, =—(4, /28 /n*) (4)

However, the resonance peak shift for a diverged
beam doesn’t follow the formula (4}, and it is smaller
with larger divergence angle by the superposition of the
diffraction effect at the PD side, as presented in the
next section.

III. RESULTS AND DISCUSSION

In our analysis, the solid etalon consists of a fused
silica glass with 2076 um of cavity length, and the front
and rear facets have been coated with multi-thin film
layers for reflectance of 0.4. The refractive index of the
fused silica is n=1.4440 at 25C and 1550 nm of wave-
length, and the temperature coefficient of the refractive
index is 11.5x10°/°C [6]. For simulation and measure-
ment, a photodetector (PD) with an active area of 250
um is located on the optical axis at 0.5 mm distance
after the etalon, and the laser source is located on the
optical axis of 1.0 mm distance in the front of the
etalon.

Fig. 2 shows the calculated transmission spectrum
for a slightly diverged angle, 26 =0.5°, and a largely
diverged angle, 28 =13°, of a Gaussian beam for the
etalon at 25°C. In the case of 20 =0.5", the peak
transmittance rapidly decreases with the increasing
incident angle & of the Gaussian beam for the normal
axis of the etalon, and the transmittance ratio between
peak and bottom levels is already less than 1 dB at
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FIG. 2. Simulated transmission spectra of a solid etalon
for several incident angles of a diverged Gaussian beam
with 26 =0.5° and 24 _=13".
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FIG. 3. Measured transmission spectra of a solid etalon
for several incident angles of a diverged Gaussian beam
with 20 _=0.5" and 24 =13".

8 =8°. The FSR and the bandwidth of the etalon
increases with the incident angle, and the resonance
peak wavelength A, is quickly shifted to shorter wave-
length for § >1°.

For a greatly diverged angle, 26 _=13°, the trans-
mittance ratio for a wavelength change is very poor,
so that it is already almost flat at & =4°. The peak
wavelength shift for the incident angle is much smaller
than for the slightly diverged beam, so there is even
a positive shift for § <8° in the wavelength domain.

Fig. 3 shows the measured transmission spectrum of
the solid etalon for the both diverged laser beams,
evaluated as having 24 =0.5° with a fiber pigtailed
collimator and 26 =13° with an as-cleaved single mode
fiber (SMF). A tunable laser source having the wide
wavelength range from 1492 nm to 1640 nm is used.
All trends of the measured resonance curves is agree
very well with the calculated results shown in Fig. 2,
although there are some different wavelength positions
of the resonance peaks in the case of 24 _=0.5° and
the slightly noisy transmittances in the case of 26 =13",
because of the extreme angle sensitivity at larger
incident angle and the back reflection effect into the
laser source from the etalon surface at greatly diverged
laser beam.

For a diverged laser beam, the divergence angle of
the incident laser beam is also a factor to induce the
change of FSR with the incident angle. Fig. 4 shows
the deviation of FSR as a function of the increased
incident angle for each divergence angle, 26 =0°, 2°,
6°, 13°, for which the deviations of the FSR are
compared with the FSR at §=0° and 26 _=0° by
subtracting that FSR as a base level. The FSR has
been searched with the transmission spectrum for the
wavelength range near 1520 nm, and the deviations of
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FIG. 4. Deviation of FSR as a function of incident
angle and divergence angle compared with the FSR at 6
=0"and 264 =0°.

the FSR are obtained by difference from the FSR at
8 =0° and 28 _=0° to the FSR for arbitrary angles.
The simulated curve for 26 =0° is almost the same
as the measured result for 26 =0.25°, for a nearly
collimated beam, although it is not compared in the
graph. As the result, the larger divergence angle of the
laser beam for the etalon makes a smaller deviation of
the FSR than for the slightly diverged beam, but it
would be limited by the poor wavelength discrimina-
tion of the etalon at larger divergence angle as shown
in Fig. 2 and Fig. 3, in spite of the benefit in relatively
small deviation of the FSR. Otherwise, for a finely
collimated laser beam, the larger incident angle for the
etalon can make a larger deviation in the FSR, which
creates a difficulty in the angle control for the exact
period of the FSR.

With the angle effects, the temperature dependency
of the FSR also is of interest, since the solid etalon
with long cavity for a narrower FSR should be used
with a temperature control system, such as a TEC or
heater. Fig. 5 shows the calculated and measured
temperature dependency for transmission spectrum
from 25T to 55C. The deviation of the FSR and the
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FIG. 5. Deviation of FSR and shift of resonance peak
as a function of etalon temperature for 25C. The diver-
gence angle of Gaussian beam is 24 _=0.5°.
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shift of the transmission peak are calculated from (4),
which can be easily expressed as a function of the FSR
and the resonance order for transmission peaks. The
temperature change of 30°C for the etalon makes about
40 GHz of frequency shift for the resonance peak in the
transmission spectrum, and it generates about -0.012
GHz of deviation compared with the FSR at 25TC.
Above all, the increased temperature induces a negative
change in the FSR, while the increased incident angle
induces a positive change of the FSR for a slightly
diverged beam. The results confirm that the tempera-
ture tuning for the etalon is useful to minimize the
deviation of the FSR as an optional way to compensate
the undesirable errors generated in angle alignment of
the etalon, and also to rearrange the periodic trans-
mission spectrum for multi-channel ITU grid.

IV. CONCLUSION

The detail spectral characteristics of a solid etalon
with 50 GHz spacing were investigated with variable
incident angle for the diverged laser beam and with the
temperature change of the etalon. With the theoretical
and experimental analyses, the spectra for the incident
angle of the diverged laser beam were well understood
to predict the proper wavelength discrimination in a
laser module packaged with an etalon and a normal
size of PD. The results also confirmed that the FSR
of the etalon could be adjusted by the direct tempera-
ture control for the etalon to compensate the misa-
ligned incident angles. This is very useful for creating
the full channel coverage for the wide-band DWDM
application, as presented in (8].
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