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Abstract—For more than a century, optical resonators (e.g.,
Fabry-Pérot, FP) have been used as interferometers, highresolution spectrum analyzers, and fast displacement sensors
in both fundamental research and metrology. The ability to
measure a given quantity simultaneously at two orthogonal
polarizations led to new applications that are still being
investigated. Later research has shown that FP can be easily
employed in modern quantum optics (atom-light strength
coupling tests) and in high-energy physics experiments (resonant enhancement of the conversion probability). We present
a dichroic FP resonator that is simultaneously resonant for
two wavelengths: 1064 nm and 532 nm, its properties and
possible applications.
Keywords—optical sensing; dichroic resonator; precision
metrology; optics; laser physics

I. I NTRODUCTION
At the end of the 19th century, Charles Fabry and
Alfred Pérot introduced one of the first instruments for
high-resolution measurement of small distances between
parallel surfaces [1] which is also capable of analysing
the spectral content of light [2], [3]. This interferometric device is commonly referred to as the Fabry-Pérot
interferometer (FPI) and was one of the first "tools" for
experimental studies of atomic structure. Similar instruments, often embedded in various devices of different
sizes, are still used today in a wide variety of fields. Some
of today’s applications include: MEMS pressure sensor
[4], holographic FP spectrometer [5], optical filtering
in wavelength-division multiplexing applications [6], and
spectral filtering in QKD [7]. They are also widely used
in fundamental research, such as in gravitational wave
observatories [8], axion-like dark matter detectors [9],
quantum vacuum properties investigation [10], and optical
mode conversion [11].
II. O PTICAL RESONATOR
Optical resonators, like their low-frequency counterparts
RF and microwave resonators, are used primarily for
building up large field amplitudes at moderate power
input. The simplest is the linear resonator - Fabry-Pérot
resonator, which consists of two semi-transparent curved
mirrors whose function is to capture an optical beam by
repeated reflection and refocusing which corresponds to
a mode of the resonator. The main difference between
an optical (λ ≃ 10−7 m) and a microwave resonator
(λ ≃ 10−2 m) is that in the latter case it is possible to
build the resonator with typical dimensions comparable to
the wavelength, λ. This leads to the presence of one or only
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a few resonances, while in the optical range the resonator
typically has dimensions that are very large compared to
λ, so it is possible to obtain thousands of resonant modes
[12].
The behavior of the ideal cavity is determined by the
length of the cavity, L, the wavelength of the laser, λ1 , and
the reflectance and transmittance of the mirrors. Since the
latter two are properties of the mirrors, the ideal dynamical
behavior of FPI is usually described for the cases when the
length of the cavity changes or the frequency of the input
laser beam, i.e. the driving frequency, varies [13]. This
limits the number of parameters required to characterize
FPI to finesse F and free spectral range F SR as the
two most important quantities for characterizing optical
cavities [14].
A. Ideal cavity parameters
Each resonator has an analytical measure of quality
called the Q- factor. In terms of energy, it is defined as:
def

Q = 2π

energy stored
,
energy dissipated per cycle

(1)

while in textbooks of classical physics the Q-factor of a
driven system that can oscillate is defined as the number
of radians the damped system oscillates before its energy
falls to 1e . Generally, for optical resonators it depends on
the driving frequency ν0 , fractional power loss per round
trip lloss (%), and the round-trip time τ0 :
Q=

2 π ν0 τ0
.
lloss

(2)

For an optical resonator consisting of two mirrors, the Qfactor can be increased either by increasing the resonator
length, which in turn decreases the energy loss per optical
cycle or by greatly decreasing the energy loss per round
trip. Very often the Q- factor is defined as the ratio
between a nominal resonant frequency and the FWHM
of the transmittance peaks [15]:
ν
ν
=F
.
(3)
Q=
F W HM
F SR
Finesse F , is often used in addition to the Q-factor because
it can be measured directly. The relationship between F
and Q is given in eq. (3). The same equation shows that
the finesse can be calculated from F SR and F W HM :
1 often the laser frequency, ν, is used instead of the wavelength because
the frequency is characteristic of the light source and they are related by
the following formula: ν = c/λ
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π
F SR
.

=
F =
F W HM
√ 1 r2
2 arcsin 21−r
r1 r2

(4)

For high finesse cavities this equation can be approximated
with:
√
π r1 r2
F ≈
.
(5)
1 − r1 r2
The parameters r1 , r2 are the field amplitude reflection
coefficients for both mirrors. Usually, equations for the
transmitted and reflected intensities of an optical resonator
It and Ir , are derived starting from the fields [12], [15],
so the products r1 r2 and t1 t2 occur repeatedly. Modern
optical resonators are built with highly reflective mirrors
R1 = r12 > 0.99, R2 = r12 > 0.99, so the product r1 r2
is close to 1 (and t1 t2 ≪ 1). It is then common to use
one intensity reflectance and transmittance: R = r1 r2 and
T = t1 t2 , which also implies R = R1 = R2 and T =
T1 = T2 . This simplifies the equations (4) and (5):
√
π R
π


≈
.
(6)
F =
1−R
√
2 arcsin 21−R
R
The field transmitted through the cavity is given by:
Et (t) =

1−R
Ei (t),
1 − R exp(−iωτ )

(7)

where τ = 2nL/c is the round trip time of the cavity.
Sometimes the exponent in the denominator is written
in the spatial form 2nkL or 4nπL/λ, rather than in the
temporal form using the following substitutions:
ωτ = kc

2nL
2π
πL
≡ 2nkL = 2n L ≡ 4n
.
c
λ
λ

(8)

The intensity can be obtained from It (t) = Et (t)Et∗ (t).
F SR in eq. (4) denotes the distance between two adjacent longitudinal modes, νq , that the cavity can support
due to its length (see Fig. 1):
c
F SR =
.
(9)
2nL

Fig. 1: The frequency of the 1 W driving laser is detuned
by ±1 GHz around one of the longitudinal modes,
denoted as νq = 0 Hz. F SR, F W HM , reflected,
transmitted and circulating power is shown (generated
with P YKAT [16]).
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These longitudinal modes are eigenmodes of the cavity
in the direction of its optical axis (normal modes of the
cavity). FP will be resonant at wavelengths λ, where the
round trip in the cavity of length L causes a phase shift
φ = kL that is an integer multiple of 2π. Therefore using
resonance condition:
L=q

c
λ
=q
,
2
2nν

q∈N

(10)

it is possible to calculate for which wavelengths of incident
light the cavity can confine this light and form a standing
wave with the corresponding longitudinal mode frequency.
If one can somehow change (modulate) the driving wavelength, it is possible to excite the cavity to resonate with
different longitudinal modes. From now on, the refractive
index n will be omitted from the equations, since we
consider optical resonators with no medium between the
cavity mirrors.
FWHM in eq. (4) denotes the width of the resonance
line measured at half the maximum value (see Fig. 1).
Since the electric field stored in the cavity decays exponentially due to the losses it experiences at each turn, it is
possible to define a corresponding time constant known as
the cavity decay time τc . Usually, it is defined as the time
during which the stored energy is reduced by a factor e
after the input is turned off. It is related to the finesse and
the length of the cavity by the expression:
FL
.
(11)
πc
The shape of the resonant line for the ideal FPI in transmission, called the Airy linewidth, can be calculated from the
field given in eq. (7). However, when measuring mentioned
resonant linewidth for FPI with highly reflective mirrors,
it typically has a Lorentz profile [17]. This particular
behavior of the cavity will be discussed in more detail later
in the text. In general, if you increase the reflectance of the
mirror R, the F W HM decreases, which also means that
F is larger, which in turn means that the field circulating
in the cavity is larger. This, in turn, leads to greater
intensity and consequently F/π times greater power [14].
Of course, the above statement is valid only if the laser
is tuned to one of the longitudinal resonant modes and
the cavity is impedance matched (i.e. both mirrors have
the same transmittance T ). Only in this case is all of the
incoming power transmitted through the cavity and none
reflected, since the field that seeps back out of the cavity
through the input mirror completely cancels the directly
reflected field. For an ideal cavity, the longer the cavity,
the narrower the peaks, as can be seen from the exponent
in eq. (7), whose shape you can see in eq. (8). For highly
reflective mirrors F W HM can be calculated [14]:
√
2(1 − R) F SR
√
F W HM =
.
(12)
4
π
R
Since only certain distributions of the EM field can
resonate in the cavity, there are also different eigenmodes
in the plane perpendicular to the optical axis of the
cavity. These transverse distributions of the field are called
τc =
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TEMmn modes, where the number m refers to the number
of intensity minima in the direction of the electric field
oscillation and n to the number of minima in the direction
of the magnetic field oscillation. The frequency of a
transverse mode is:


1
c
√
q + (m + n + 1) arccos g1 g2 , (13)
νqmn =
2L
π
where gi = 1 − L/Ri depends on the cavity length L
and the mirror radii of curvature Ri . The fundamental
cavity mode is TEM00 also known as longitudinal mode,
with the well-known Gaussian intensity distribution in the
plane orthogonal to the propagation direction. Its intensity
is:
∗
I00 (x, y, z) ∝ E00 (x, y, z)E00
(x, y, z)
"
#
2

2
(14)
−2 x + y 2
w0
exp
,
= I0
2
w(z)
w (z)

Typically, a CW laser beam with Gaussian intensity
distribution is used to load the cavity and match the
fundamental TEM mode. Either transmitted or reflected
intensity can be monitored. In optical interferometry, the
transmitted intensity is monitored, and it is common to
record the change in FPI transmittance with the change in
round-trip phase difference δ = 2kL. It has the familiar
form of the Airy function, T (δ). For scanning FPI, its
transmittance is plotted as a function of the change in
cavity length, T (∆L), and for variable input frequency
FPI, its transmittance is plotted as a function of the
normalized laser frequency, ν, with respect to a chosen
cavity resonant frequency, νq [15].

which means that the optical axis is in z-direction, w0 is
the radius of the beam waist (focal point size) and w(z)
is the spot size at the position z along the optical axis.
Essentially, the intensity distribution of the transverse
mode depends on the symmetry of the cavity. In the case
of rotational symmetry, Laguerre-Gaussian (LG) TEM
modes will resonate in the cavity, while in the case
of rectangular symmetry, Hermitte-Gaussian (HG) TEM
modes will resonate. The intensities for LG TEM modes
are given by [18]:
2

w0
LG
[FLG (r, w)]2 ,
(15)
Imn
(x, y, z) = I0
w(z)
where FLG (r, w) denotes the scaled associated Laguerre
polynomial modulated by an exponential function in the
following way:
√ !ℓ




2r2
r2
2r
Lℓn
exp
−
.
FLG (r) =
w(z)
w2 (z)
w2 (z)
(16)
The intensities for HG TEM modes are given by:
HG
Imn
(x, y, z) = I0

 w 2
0

2

Fig. 2: Intensities plotted for LG TEM modes from (15).

2

[FHG (x, w)] [FHG (y, w)] ,
(17)
where FHG (x) denotes a Hermite polynomial modulated
by an exponential function in the following way:
√ !
 2
2x
−x
FHG (x, w) = Hm
exp
, (18)
w
w2
√ !
 2
2y
−y
FHG (y, w) = Hn
exp
.
(19)
w
w2
w

Both intensity distributions are shown in Fig. 2 and 3. For
m = n = 0 we obtain a transverse mode with Gaussian
LG
HG
distribution (I00
= I00
), which is also given in eq. (14),
the so-called fundamental cavity mode. It can be clearly
seen that transverse modes manifest themselves as spatial
intensity distributions in the cross section of the beam.
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Fig. 3: Intensities plotted for HG TEM modes from (17).
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B. Cavity design
A properly designed cavity should be both optically
and mechanically stable. The optical stability of a simple
cavity with two mirrors of length L and mirror radii of
curvature R1 , R2 , is determined solely by its g- factor:

g = g1 g2 =

1−

L
R1



L
1−
,
R2

(20)

which should be in range 0 ≤ g ≤ 1. For our spherical
cavity design R1 = R2 = 1 m, and L = 0.216 m, we
obtain: g ≈ 0.615, which is in the required range.

designed aluminum radius adapters on the other. The
radius adapters and the ring bumper are required to ensure
planar contact with two damper surfaces, which is crucial
for efficient mechanical vibration isolation in a specified
range.
III. D ICHROIC RESONATOR
We present a dichroic optical resonator capable of
resonating at two different wavelengths: 532 nm and 1064
nm. The infrared beam (1064 nm) is used to lock the
FP cavity using the standard Pound-Drever-Hall (PDH)
method [19] as shown in Fig. 5, while the green beam
(532 nm) can be used to study various properties inside or
outside the resonant cavity. The PDH method is a widely
used method for active laser frequency stabilization, where
the goal of the servo controller in the feedback loop is to
compensate for the difference between the instantaneous
laser frequency and the cavity resonant frequency by
actively adjusting the laser frequency to the frequency of
the zero-crossing in the error signal ε(ω), as shown in the
inset in Fig. 5.

Fig. 4: Our dichroic cavity design with updated
mechanical isolation for high vacuum-compatible setup.
Mechanical stability, on the other hand, requires more
attention, since the position of the mirrors and their relative
spacing should generally be as fixed as possible for the
operation of the optical resonator. We have developed a
vacuum-compatible mechanical system that supports the
mirrors and is located in the vacuum chamber (Fig. 4).
Each dichroic2 mirror is contained in a mount and a
specially designed balcony that allows it to move along
the optical axis of the cavity. The movement is guided by
rods so that the spacing of the mirrors can be adjusted
even after installation in the vacuum chamber. To avoid
vibrations of the mirrors, an isolation stage consisting of
a ring bumper was developed to mechanically decouple
the vacuum chamber from the mirrors. The decoupling
is realized by four 18 mm Sorbothane® passive dampers
from Thorlabs, shown as dark cylinders in Fig. 4. These
are inserted into the ring on one side and into the specially
2 In classical electromagnetic theory, the term dichroism is often
associated with a dichroic medium, meaning that its absorption index
(Im part of the complex index of refraction: ñ = n + iκ) depends
on polarization, while in photonics and laser physics it refers to a
wavelength-selective optical element, usually a mirror or a filter, designed
for two different wavelengths.
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Fig. 5: PDH locking - simplified schematic with
characteristic error signal showed in the inset.
The IR beam is generated by stimulated emission from
the Nd:YAG crystal, while a green beam is generated from
the IR beam by second harmonic generation (SHG) in a
nonlinear crystal. As a result, the frequency of the green
beam follows the frequency of the IR, a property that
would eventually allow simultaneous resonance of both
beams in a resonant cavity.
Utilization of a multilayer interference mirrors in our
experimental setup results in the cavity lengths not being
equal for both wavelengths (Fig. 6), which prevents simultaneous resonance of both beams. As a result of locking
the laser frequency of one beam to the instantaneous
resonant frequency using the PDH method, either the other
beam must be adjusted using the PDH method or its
frequency must be adjusted by an amount corresponding
to the difference in length. To achieve this, assuming
that IR is used for locking, the frequency of the green
beam is adjusted to the FP resonance by an acousto-optic
modulator (AOM).
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If the length of our dichroic cavity is exactly 21.6 cm,
according to eq. (10), it will resonate on νq=1 longitudinal
mode when 432 mm driving wavelength is used. The
corresponding EM sources are in the RF regime, not the
optical regime we are interested in. Similarly, by using
1064 nm wavelength, the cavity will resonate on νq=406015
( 406015-th muliple of νq=1 longitudinal mode ); and when
532 nm wavelength is used for driving cavity, νq=812030
longitudinal mode will resonate. This is, of course, an
idealized case if the mirrors are absolutely fixed or their
relative spacing does not change over time. Since the
driving laser has a limited spectral linewidth, it is also
possible that only a few adjacent modes are resonant. This,
of course, depends on the relationship between the spectral
linewidth of the driving laser and the FWHM of the cavity.
Fig. 7: Lorenzian fit on measured cavity transmission
data gives F W HM = 9.32 kHz for green beam.

Fig. 6: Different wavelengths have different reflection
and transmission properties in a dielectric mirror. The use
of such mirrors in the FP resonator leads to the fact that
the cavity length for IR and green light is not the same.
Considering all the above conditions and constraints, we
have achieved the simultaneous resonance of the cavity
for both beams, which resonated in TEM00 .
IV. C HARACTERIZATION

in the AOM when a cavity lock was achieved for both
beams (Fig. 7).
With eq. (9) we obtain F SR ≈ 694.45 MHz. The calculated F SR is also shown in Fig. 1, using our geometry for
the plots. Using eq. (12) we obtained the ideal F W HM ≈
5.53 kHz. The measurements gave F W HM ≈ 9.32 kHz,
determined by fitting our data as shown in Fig. 7. Such a
large discrepancy between measurement and calculation is
the result of the absorption not being taken into account in
the calculation and the temperature in the cavity varying
during subsequent measurements. The latter problem can
be solved by controlling the temperature in the vacuum
chamber where the cavity is installed.
B. Finesse and ringing
If the length of the optical cavity is varied too rapidly, it
will not respond as if it was continuously excited, leading
to inconsistency with respect to the expected Airy peaks,
i.e., ringing effects [20]. We achieved the same effect by
frequency modulating the green input beam with AOM, as
shown in Fig. 8.

As a figure of merit, we calculated FP resonator finesse
using eq. (6) and mirror reflectances provided by the manufacturer (R532 nm = 0.99995 and R1064 nm = 0.99996),
giving rise to F1064 nm ≈ 100 000 and F532 nm ≈ 70 000.
A. Cavity linewidth
The first characteristic parameter of the cavity is usually
its linewidth, which corresponds to the spectral shape of
the cavity transmitted intensity. In work [17] it has been
showed that for optical resonators with high reflectivity
mirrors, there is almost perfect agreement between the
spectral shape of the Airy distribution and its underlying
Lorentzian lines. Therefore, the Airy linewidth of a FP
resonator is similar to the linewidth of its underlying
Lorentzian lines, both defined as FWHM.
The peak width was measured by observing the voltage
across the photo-diode around the frequency of the sound
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Fig. 8: Experimental setup with first dichroic cavity
design is used for measurement.
A slight variation in the frequency of the incident green
light with respect to the fixed length of the cavity resulted
in the same behavior of the cavity. The ringing of the
cavity is shown in Fig. 9. For cavities with medium or
large finesse, it is possible to measure the finesse using
this cavity ringing.
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By rearranging eq. (21) from [20]:
πc
1
1 I1
∆t ≈
,
L
F
e I2

C. Optical frequency response function
(21)

and doing linear fit on subsequent intensity rations, we can
determine finesse graphically for the I1 /I2 = e.

When observing the transmitted beam, we can clearly
see the low-pass shape of this response, which contains
notches at frequencies that are multiples of the interferometer F SR [21]. These notches are caused by the periodicity of the optical frequency responses. Therefore, when
the laser frequency is locked to the resonant frequency, the
FPI operates as a low-pass filter rather than a band-pass
filter [22].
As a result of the finite decay time of the optical cavity,
high-frequency fluctuations in the incoming electric field
are attenuated, which is also characteristic of the low-pass
filter response. Consequently, it is possible to calculate
3 dB cutoff frequency, f cutoff , which is given by
f cutoff =

Fig. 9: Time evolution of the intensity transmitted from
the FP cavity for different driving frequencies of the
AOM. Parameters I1 , I2 and ∆t required to determine
finesse are marked.

F SR
1
=
,
2πτc
2F

(22)

what makes our cavity "transparent" only for fields with
frequencies lower than f cutoff = 4.5 kHz. Of course, this
behavior is valid only for regime: f ≪ F SR.
D. Cavity spatial modes
A well designed optical cavity can act as a resonator
for a particular order of Gaussian modes, depending on
its longitudinal tuning. In our experimental setup, we
achieved transverse electric field distributions TEM00 for
both beams. Various TEM modes for green beam are
shown in Fig. 11. If we compare the HG modes recorded
by camera with the ideal intensity distributions plotted in
HG
HG
Fig. 3, we can distinguish, for example I0HG
1 , I3 3 , I9 6 ,
HG
HG
HG
I2 4 , I4 6 and I13 12 modes.

Fig. 11: Camera captured HG modes for 532 nm light
generated in cavity transmission, while it is locked for
1064 nm TEM00 mode.

Fig. 10: Graphical method for determining finesse, F ,
using ringing setup. Linear fit on measured data showed
with 2σ uncertainty band. Top graph showing 532 nm
and bottom graph showing 1064 nm measured data.
Following the above mentioned interpretation of the plots
in Fig. 10 we get: F1064 nm = 77000±8000 and F532 nm =
44000 ± 7000.
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In some modern interferometers, such cavities, which work
as resonators for the fundamental mode, are used to filter
out unwanted spatial components of the beam - so-called
mode-cleaner cavities. They are used, for example, for the
input and output light of gravitational wave detectors.
Due to the dichroic super-mirrors used in our setup,
the resonance for both wavelengths was maintained over
a period of several minutes. This means that our dichroic
cavity can be used, for example, as a spatial filter for mode
cleaning at two wavelengths within the same device.
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V. C ONCLUSION
Nowadays, optical cavities are most commonly used
for the CW laser design, since a gain medium in the
optical cavity of such a laser can amplify one or more
cavity modes, resulting in one (single-mode) or more
(multimode) standing waves. However, optical cavities
without a gain medium also have various applications in
optical sensing, both in fundamental research and metrology. Here we have shown how our dichroic optical cavity
can be used as a frequency discriminator and spatial mode
filter for two wavelengths simultaneously. Further update
is certainly needed on temperature stabilization of the
setup, with the aim for longer time TEM00 resonance for
both wavelengths. This could seemingly lead to precise
temperature measurement applications. Ongoing research
is being done on shifting to the ultra-low light intensities
for driving cavity, which will place our setup in novel
quantum optical devices.
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