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Abstract

This thesis investigates the realization of achromatic resonance in a Fabry—Pérot
cavity, addressing the limitation of conventional resonators that restricts resonance
to discrete wavelengths. We implement an approach using a transmission grat-
ing and convex lens to generate angular dispersion, allowing each wavelength in a
broadband beam to enter the cavity at a specific angle. This configuration com-
pensates the chromatic dependence of the resonance condition, enabling multiple
wavelengths to simultaneously satisfy the phase-matching requirement. Theoretical
analysis identifies a target angular dispersion, which is approximated experimen-
tally. Spectral transmission measurements confirm the wavelength independence of
the resonance features over a 15 nm bandwidth, demonstrating achromatic reso-
nance across nearly three free spectral ranges. The results validate the feasibility of
angular-dispersion-based resonance broadening and offer a practical alternative to
lossy dispersion-engineered systems.
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1 Introduction

Resonators, such as Fabry-Pérot cavities, are widely used in photonics for their ability
to enhance light fields based on the interference conditions within a cavity. This en-
hancement occurs only for discrete wavelengths whose round-trip phase satisfies a strict
integer-multiple condition [1]. This inherently wavelength-dependent behavior limits the
resonator’s applicability in broadband systems, where consistent resonance across a wider
spectrum is required.

Several approaches have been explored that aim to overcome this limitation and achieve
achromatic resonance. The most common strategy is the use of negatively dispersive
materials inside the cavity [2-6]. The refractive index n changes in a way that cancels
the natural phase dispersion occurring in the cavity. As a result, the group delay becomes
flatter, and the phase accumulation varies more linearly with frequency, allowing multiple
wavelengths to fulfill the cavity’s resonance condition simultaneously, making it a white-
light-cavity. |7]

Naturally, negative dispersion is typically observed only in narrow spectral regions near
atomic resonances, but it is accompanied by strong absorption, making it unsuitable
for practical applications [8]. To overcome these limitations, a number of approaches
have been used, such as electromagnetically induced transparency (EIT) with population
inversion [2], coherent Raman scattering [5, 6] or the use of nonlinear Kerr-dispersion |3,
4.

Although effective, these approaches often suffer from narrow resonance bandwidths [2],
environmental sensitivity |3, 5] and experimental complexity. Systems based on atomic
coherence or nonlinear effects require precise control over parameters like temperature,
pump power, and atomic density |4, 5|.

In this work, we demonstrate an alternative method for achieving achromatic resonance
in a Fabry-Pérot cavity by using a transmission grating and a convex lens to produce
inverted angular dispersion. This approach offers a simple and broadband-compatible
alternative to traditional intracavity dispersion techniques. By directing each wavelength
of a broadband beam into the cavity at a specific angle, the setup compensates for phase
shifts and enables multiple wavelengths to resonate simultaneously.

2 Achromatic Resonance Theory

For a resonator consisting of two planar, opposing and parallel mirrors at a distance L,
only discrete wavelengths resonate: those whose round trip phase ¢ in the cavity is an
integer multiple of 27 [1],

@ = 2nkoL + ¢, = 2mm (1)
Here, n is the refractive index inside the cavity , kg = 27/)q is the modulus of the wave-
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vector (related to the vacuum wavelength A\g) ¢, is the phase-shift due to the reflection
at the mirrors and m is an integer. In the idealized model used here, the phase shifts
upon reflection at the two mirrors contribute a constant offset to the resonance condition,
which we neglect [1].

When light enters the cavity at an angle 6, the resonances blue-shift because only the
axial component of the wave-vector k, = kycos@ contributes to the phase ¢. Omitting
©r, the phase-matching condition becomes [1]:

© = 2nkoLcosf = 2mm (2)

Due to 6 changing k. inside the cavity, we can find an angle (k) for every wavelength
that enables resonance by modifying &, to fit the condition equation 2 [9]:

©o(ko,0) = 2nkoL cos (6(ko)) = 2mm (3)

Assigning a specific incidence angle 6 to each wavelength in a broadband beam, such
that shorter wavelengths enter at larger angles, can keep the axial component of the
wave-vector k, constant across the spectrum. Then, all wavelengths satisfy the resonance
condition simultaneously, effectively removing the wavelength dependence of the phase,
and achieving a flat, achromatic resonance |9]. This is illustrated in figure 1. Conventional
dispersive elements like prisms and planar surface gratings are not suitable for achieving
achromatic resonance in a cavity. Prisms don’t produce enough angular dispersion, and
gratings generate the wrong angle to wavelength relationship — longer wavelengths are
refracted at larger angles, which conflicts with the resonance requirements. The system
must instead generate an inverted, or "anomalous," angular dispersion, where shorter
wavelengths are deflected more. We address this issue in section 3.

To better understand how resonance de-slanting works, we analyze how the axial com-
ponent of the wave-vector k, varies with wavelength and angle in a layer of a medium
with refractive index n. We consider a broadband beam with a spectral bandwidth A\
centered at ., where each wavelength )y enters the layer at a different angle (o) with
regard to the incidence angle of the central wavelength ¢ and an angular dispersion de-
fined as 8 = 9 ’\0 ,[8] = °/nm. The axial wave-vector k, for a wavelength \g at angle ¢
is then given by [9]

EO s B) = Syt —sin( — 5+ (ho — ) (4)

0

2.1 Experiment Design

To design a suitable experiment demonstrating achromatic resonance, some calculations
have to be carried out. We first find the necessary angular dispersion. For this, we
simulate the angular and spectral dependence of the axial wave-vector component k,
according to equation 4. Propagation takes place in air (refractive index n = 1) and our
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Figure 1: Broadbang light incident on the Fabry-Pérot cavity (top) comes in either
normally, at an angle 6 or at different angles depending the wavelength 6(kg). For normal
incidence, only certain wavelengths’ axial wave-vector components k, correspond to k =
ZT (dashed lines in the bottom). When the light is incident at an angle 6, the resonances
blue-shift. By assigning each wavelength )y a corresponding angle of incidence 0(ky), all
wavelengths can simultaneously satisfy the resonance condition, resulting in achromatic
transmission. Adapted from [9].

laser has a bandwith of AX = 60 nm around a central wavelength of A\, = 1030 nm. We
neglect the spectral dependence of n.

Figure 2 shows the k, (Ao, ¢; 3) for external angles of incidence v, from —60° to 60°.

The contour lines indicate constant values of k,. The resonances of the cavity run parallel
to these lines. The plot displays the behaviour for three different angular dispersions .
The first one, with § = 0 °/nm, represents the case in which the light is collimated and
enters the cavity at different 1. Increasing f slants the contours of constant k.. The fact
that this happens only for positive values of ¢ is due to the need for anomalous angular
dispersion, which appears for positive 1, see 2.

Now, the angular dispersion can be adjusted until the desired behavior can be observed.
We search for a value of 8 that de-slants the contour lines of constant k.. This shows an
independence of k., from \g over a certain spectral width, thus allowing for achromatic
resonance to occur. Increasing [ further causes the contours to slant so heavily that the
dependence is over-corrected, and k, varies with wavelength again.
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Figure 2: Contour plot of the Axial wave-vector component k, as a function of tilt angle
1 and wavelength )\ for different angular dispersions 3, normalized to k. = ni—” Contour
lines show constant k, values. ‘

The blue box in the second plot marks an area with achromatic resonance in the cavity,
i.e., where the value of k. is independent of )\ for a range of wavelengths. The third plot
shows over-correction caused by setting [ too high.

We find that 5 = 0.07 °/nm is a suitable angular dispersion to enable achromatic res-
onance in the cavity. However, experimental limitations (see section 3), aggravated a
measurement using this target (.

The rotation of the cavity introduces a lateral shift of the transmitted ray, which compli-
cates the measurement of transmission through the cavity at tilt angles larger than 30°.
Past this angle, the measured intensities drop and measurement resolution is reduced
significantly. The transmitted bandwidth also decreases at angles of incidence away from
0°. Measured intensities outside of the wavelength range 1020 — 1040 nm are too small for
proper depiction and interpretation (see figure 11). This bandwidth also further decreases
when approaching higher ¢ values.

These constraints require finding another target dispersion than the ideal case of 8 =
0.07 °/nm depicted in figure 2. Increasing 5 should allow reaching independence from A,
at lower 1, at least for the measured bandwidth. A plot of £, in the relevant wavelength
and tilt angle range is depicted in figure 3.
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Figure 3: Contour plot of the axial wave-vector component k, as a function of wavelength
A and tilt angle ¢ for the wavelength range defined by the experimental setup. For a
larger 5 the contours can be tilted such that, around ¢ = 25°, k, becomes independent
of Ao, enabling achromatic resonance in the cavity. (marked by the blue box.)

As figure 3 shows, achromatic resonance can be achieved by choosing the angular dis-
persion $ = 0.14 °/nm for ¢ = 25°. This cannot be carried out with the same success
for arbitrary v because the contours display a stronger curvature at smaller angles of
incidence. This suggests that the bandwidth, over which achromatic resonance can be
achieved, shrinks for small tilt angles. Choosing bigger  helps to "straighten" the con-
tours, but at low angles their curvature predominates.

2.2 Reaching the Target Dispersion

In order to reach the angular dispersion required to see resonance independent of wave-
length, two components have to be implemented into the experimental setup (see section
3). First, the laser beam is dispersed by a Thorlabs GTI25-03A transmission grating
(d = 300 grooves per millimeter [10]). Using

d(sinf. — sina,) = m, (5)

with the vacuum central wavelength A., the incidence angle «. (for A\., measured from
the surface normal, set to 0° in the experiment and calculations), the diffracted angle 6.
(for A., measured from the surface normal) and the diffraction order m, yields an angular
dispersion Bg,qting = % = 0.0181 °/nm [11], around the central wavelength A. = 1030 nm
for the first diffraction order. This is smaller than the target angular dispersion 3 required
by section 2.1.
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Using equation 5, the angle of the first diffraction order at the central wavelength A. is
17°.

In order to reach the required 3, we use a convex lens to modify the light’s angular
dispersion before entering the cavity. It is important to note that this use of the lens
is not based on the angular dispersion caused by the dispersive properties of the lens
material, but by the lens” influence on the angular spread of incoming light rays: In the
case of an existing angular dispersion, light of different wavelengths has a set angular
spread per unit wavelength. This angular relation is then modified by the lens. The
change can be calculated using the magnification M of the convex lens

_ b f
M__a_f—a’ (6)

with the object distance a, image distance b and the focal length f [11]. Assuming normal
incidence on the lens by the central wavelength and using the small angle approximation
for the angular separation between two different wavelengths, the following relationship

can be found:
tan(ﬁf) & . ﬁ

~
~ =

b
tan(5;) Bi a h

= —M.

b
a

Here, h is the transverse separation of the wavelengths in the lens plane, f; is the initial
angular dispersion and 3y is the angular dispersion after passing through the lens.

This determines the change in angular dispersion due to a convex lens with a magnification
M as
1 a—f

8= =37 b= A ™

The negative sign is due to the image being flipped by the lens. For f = 35 mm and a
target dispersion of § = 0.14 °/nm, the required distance a between the grating and the
lens is:

azf-( b +1):30.6cm (8)

ﬁgrating

Figure 4 shows a schematic of the change in angular separation through the lens.
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grating cavity

Figure 4: Schematic of the angular separation modification by the lens L. The incident
ray I passes through the grating and gets diffracted. The angular separation between
wavelengths after the grating, [;, changes to an angular separation [; after passing
through the lens according to equation 7. The angle 1) marks the tilt of the cavity relative
to the optical axis, that is defined along the diffracted ray of the central wavelength. The
transverse separation between the two rays in the lens plane is denoted as h.

The distance from the lens to the cavity has no effect on the angular dispersion and was
chosen such that the cavity does not coincide with lens focus.

3 Experimental Setup

The objective of the experiment is to confirm the theoretical calculations presented in sec-
tion 2 and demonstrate omniresonance. As derived in section 2.1, achromatic resonance
can be achieved in a Fabry-Pérot cavity by tailoring the angular dispersion such that the
axial wave-vector component k, becomes wavelength-independent. This is achieved by
employing a setup that measures the spectral transmission at various angles of incidence
1 for a specific angular dispersion 3 of the incoming light beam.

Figures 5, 6 & 7 depict the experimental setup.
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Figure 5: Top-down view of the experimental setup. The beam path is traced in red and
components are marked with their respective numbers (see table 1).

Figure 6: Side view of filters, lens, cavity and collimation. The cavity is rotated by 45°
on the stage.
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Figure 7: View of beam path through the whole setup. Starting at the laser and ending
at the collimator.

The optical axis was chosen parallel to and 6.7 cm above the optical table’s surface. Two
mirrors, mounted on kinematic mirror mounts, are used to align the beam into the setup.

The laser used in the setup is a Light Conversion PHAROS femtosecond laser system.
Its output was attenuated, with the spectrum centered at 1030 nm. The laser’s broad
spectral bandwidth allows for the simultaneous excitation of multiple cavity resonances
(see figure 8). The pulse duration is not relevant to the measurements, as they focus on
the cavity’s spectral transmission.

The beam is aligned through an iris and then hits the grating at normal incidence. The
first diffraction order appears rotated by 17° from the incidence angle. Three filters
attenuate the intensity to prevent saturation of the spectrometer. A lens modifies the
angular dispersion of the beam. After that, it enters the cavity, which is positioned behind
the lens’ focal length and aligned to the center of the rotation stage, to avoid clipping
the beam upon rotation. A collimator then collects the transmitted light and couples it
to a fiber, which delivers the light to the spectrometer.

The issue of anomalous diffraction is addressed by rotating the cavity relative to the
incoming beam over a full angular range of 90°, starting from a tilt of —45° with respect
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to normal incidence. This approach guarantees that, within the scanned range, either the
positive or negative angular sector will produce the required anomalous angular dispersion
relative to the cavity plane.

3.1 Components and Equipment

Table 1 provides an overview of the components and materials used in the experimental

setup.

Table 1: List of components and materials used in the experiment, with their model,
specifications and purpose. The column No. gives every component a number, by which
it can be identified in the pictures.

Component  Model Specifications and Purpose No.
Cavity Planar Fabry-Perot- Consisting of 2 beam splitters and 1
Cavity a spacer. (see section 3.2)
Rotation stage Thorlabs ELL18(/M) Used to control the angle of inci- 2
dence on the cavity (see ref. [12]).
Spectrometer  Avenir Aris Wide NIR  Measures the wavelength distri- 3
bution of the light.
Range: 300-1100 nm
Resolution: 1.40 nm [13]
Lens Thorlabs LB1811-ML Focuses light and modifies the an- 4
Bi-convex lens gular dispersion of the grating
Grating Thorlabs GTI25-03A 300 lines/mm. 5
Transmission Grating
Mirrors - Mirrors used to align the incom- 6
ing beam.
Laser Light Conversion  1000-1060 nm light source [14] 7
PHAROS Femtosec-
ond Laser
Optical fiber - Connects the optical output to 8
the spectrometer.
Collimator - couples light to the optical fiber. 9
Filters Thorlabs NDUV-A ND filters reduce the light inten- 10

sity before entering the cavity.
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3.2 Construction and Characterization of the Cavity

The design of the cavity consists of two EKSMA Optics 032-7490S beam splitters
and a spacer, sandwiched between the two beams splitters. The beam splitters are
mounted with their reflective sides facing each other, so that the length L of the cavity
is determined solely by the thickness of the spacer.

The spacer underwent multiple iterations in order to design a cavity with a suitable
free spectral range (FSR). Initial constructions of the spacer ring had a thickness of 0.5
and 0.7 mm, resulting in an extremely small FSR, which made it difficult to resolve the
interference pattern of the cavity with the spectrometer. As an alternative, the spacer
ring was cut out of a 80 um thick polyimide-film. Due to the inverse proportionality
of the cavity length L and the FSR, this yielded a larger FSR, which made it easier to
capture the interference pattern with the spectrometer.

The free spectral range v, at normal incidence, can be calculated using

Z’ (9)

with the speed of light in the cavity layer ¢ and the length of the cavity L = 80 um
(spacer thickness) [1]. Using the speed of light in vacuum ¢ and the refractive index
of air mng;, (assumed as wavelength-independent across the A\ spectral range), yields
vp = % —1.875 THz.

2ngird

Vp =

To confirm our cavity design, we measured the transitted intensity for multiple angles
of incidence using the spectrometer. Figure 8 visualizes the cavity transmission at an
incidence angle of ¢ = 0°.
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o
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Wavelength ¢ (nm)

Figure 8: Transmission spectrum of the cavity for a tilt angle of ¢y = 0°. Measured data
points are marked with circles. 1) = 0° corresponds to normal incidence on the cavity.
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This measurement yields a cavity wavelength free spectral range Ar (the distance between
the first and last clearly identifiable peak divided by the number of peaks in between) of
Ar = 5.71 nm. Conversion of this wavelength spacing A\ into a frequency spacing Av
then allows a comparison to the predicted FSR of the cavity:

Av ~ %m — 1.613 THz.

Using a central wavelength of A, = 1030 nm and the speed of light in vacuum ¢y. The
result differs from the calculated FSR by 14%, possibly due to the mirror phase or a
deviation of the spacer thickness.

3.3 Beam Splitter Characterization

The mirrors used are two EKSMA Optics 032-7490S Femtoline beam splitters designed
for a target wavelength of 1030 nm. According to the manufacturer, they reflect 90+3%
and transmit 104+3% of S-polarized light incident at an angle of 45+ 3°. As the intended
use of the cavity is to examine transmission over multiple angles of incidence, we charac-
terized the angle-dependent transmission of the beam splitters. This measurement is also
used to normalize the cavity transmission: one beam splitter is mounted on the rotation
stage instead of the cavity. Figure 9 shows the transmission through the beam splitter,
measured with the spectrometer for incidence angles of —45° to +45°. An angle of 0°
corresponds to normal incidence.

T T T T T T T T T
1 L -
-
+ L PN 4
Zos8 — L
5 S o~
- :
= 4 g Nom
—~ SV v
.- 0 6 L > \‘\ -
i . P '~
T ”. :
-,

5 / B
g 0 4 r _,',-/ \-—\ 7
= - N
o /
Z

0.2 q

O 1 1 Il 1 Il 1 Il 1 1
-40 -30 -20 -10 0 10 20 30 40

Angle of incidence v (°)

Figure 9: Transmission of the 032-7490S beam splitter versus incidence angle. Each data
point represents the mean transmission in the 1000 — 1060 nm range at the angle of
incidence 1. The values are normalized the maximum mean transmission.
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This does not give a completely accurate characterization for the transmission behavior
of the beam splitter but a rough description of the transmission away from the intended
angle of incidence.

4 Achromatic Resonance Demonstration

The goal of the measurement is to take the spectrum of the light transmitted through
the cavity for a range of tilt angles ¢ at a fixed angular dispersion 3. The intensity is
measured using an Avenir Aris spectrometer (see table 1). For this, we tilt the cavity
over a range of ¢'s in increments of Av. Each A, a spectrometer measures the complete
spectrum of the transmitted light intensity (similar to figure 8). The exposure time is set
to 55 ms.

First, when using no angular dispersion (5 = 0°), the intensity transmitted through the
cavity was measured for the relevant range of angles from 1) = 0° to ¥ = 45° in steps
of A = 0.25° (see figure 10). This is the range in which anomalous angular diffraction
is expected. Figure 10 plots the spectra as a heatmap depending on ¢ and \g. High
intensities correspond to a fulfilled resonance condition.

40

o
o

)

w

o
o
o

o
»

Tilt angle ¥ (°
N
o

Normalized intensity

-
o

o

N

0
1000 1010 1020 1030 1040 1050 1060

Wavelength Ay (nm)

Figure 10: Intensity transmitted through the cavity for § = 0° versus ¥ and Ay for a
range of ¢ from 0° to 45°. The blue horizontal lines provide a reference for the slant of
the resonances.

The next measurement covers 1 = —45° to 1) = 45° with a step size of Ay = 0.25° for the
target angular dispersion of § = 0.14°. Figure 11 shows that the spectral transmission
through the cavity has an overall narrower spectral width when introducing angular
dispersion 8 (comp. figure 10). The resolution of the measurement is worse at larger
angles of incidence and only the positive angular range causes anomalous diffraction,
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so the negative range can be neglected when looking for de-slanting of the resonances.
Therefore, we made another measurement with a smaller spectral and angular range but
a higher angular resolution of Ay = 0.125°.

10.8
> 06 £
) oot
A =
20 -
= S
< =
+ 0.4 5
= Z,

0.2
0

1015 1020 1025 1030 1035 1040 1045
Wavelength A\ (nm)

Figure 11: Measured spectral transmission through the cavity versus ¢ and Ag. The
intensity is normalized and horizontal lines provide a reference for the slant of the reso-

nances.
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Figure 12: Measured spectral transmission through the cavity versus ¥ = 0° — 25° and
Ao- The intensity is normalized. Horizontal lines give a reference for the slant of the
resonances. In the range of 15° to 20°, the slant of the resonant features is reduced. This
shows that the resonance condition becomes less wavelength dependent in this region
when applying the target angular dispersion of § = 0.14 °/nm

The Measurement in figure 12 shows the de-slanting of the resonances in the marked
angular range. This differs significantly from the angular range expected by figure 3.
Nonetheless, the intensity stays independent of the wavelength over an extended spec-
trum spanning approximately 15 nm (about 3 times the FSR of the cavity). With this,
achromatic resonance in the Fabry-Pérot cavity is achieved. To further illustrate this,
figure 13 shows the spectrum of this measurement for selected 1 values.

18 / 24



22.07.2025 Lorenz Weifs Omniresonance in the Near-Infrared

-
(&)
/

-
£

o
(&)
{

Normalized Intensity

N
oo

Wavelength A\¢ (nm)

Tilt angle v (°)

Figure 13: Spectrum of the transmission through the cavity for selected angles of inci-
dence 1. The intensities are normalized by the expected transmission through two beam
splitters at the respective angle according to the measurement depicted in figure 9. The
effect of achromatic resonance can be seen, with transmission of resonant wavelengths
over multiple free spectral ranges.

This shows the effect of achromatic resonance in the cavity. At an incidence angle of
1 = 20° the intensity does not show peaks at specific resonant wavelengths but over
a broader spectrum ranging over multiple free spectral ranges of the cavity. Here, the
wavelength dependence of the axial wave-vector component has been removed.

5 Discussion and Conclusion

The experimental results confirm key aspects of the theoretical model (see section 2.1)
predicting achromatic resonance in a Fabry-Pérot cavity. By introducing a controlled
angular dispersion of § = 0.14 ° /nm, the wavelength dependence of the cavity’s resonance
condition was considerably reduced over a spectral range of 15 nm. This covers close to
three spectral ranges of the Fabry-Pérot cavity used in the experiment.

Figure 12 shows this effect being at incidence angles ranging from 1 = 15° to ¢» = 20°.
However, this differs from the angular range expected by the theoretical design of the
experiment.

A number of possible sources for errors in the experimental setup could explain the
behavior and need to be discussed:

The first possible error in the design arises from the distances between optical components,
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especially the distance a between the grating and the lens (see equation 8). The modified
angular dispersion [ linearly depends on the distance a. Thus, an alignment error of
5 mm changes § by +0.008 °/nm. The actual angular dispersion after the lens was
not measured during the experiment. As seen, when comparing figure 2 and figure 3, a
change in  influences the angular and spectral range in which achromatic resonance can
be achieved.

The lateral beam-shift caused by the rotation of the cavity with respect to the beam also
presented a challenge during the measurement: The beam shifted at higher tilt angles.
Thus, not the complete transmitted intensity reached the collimator, reducing the signal
at higher tilt angles. The beam width at the collimator plane, assuming the target angular
dispersion of § = 0.14 °/nm, measures 5.2 mm when the collimator lies 35 mm outside of
the focal distance behind the lens. This narrows the measured spectra at high ¢ because
parts of the beam shift outside of the collimator lens. This could be circumvented by a
piece of glass at the opposite rotation of the cavity that cancels the shift.

This experiment successfully demonstrates achromatic resonance in a Fabry-Pérot cavity
using angular dispersion. The experimental design and measurement approach are based
on the experiment by Soroush et al. [9], which explored the same effect for a different
spectral range in the visible, requiring larger angular dispersion. In contrast to that work,
the present experiment employs a transmission grating instead of a reflection grating and
focuses on a spectral range from 1000 to 1060 nm. While the overall methodology remains
similar, the setup had to be adapted to account for the different dispersive behavior and
alignment requirements introduced by the new optical components. Despite deviations
from the ideal theoretical predictions, the observed de-slanting of the resonance features
confirms the feasibility of the method and validates the underlying model. Misalignment
and optical losses, while non-negligible, did not prevent the appearance of the expected
resonance-flattening.

A conceptually similar result has been achieved through entirely different means, such as
in the work by Wicht et al. [7], where a white-light cavity is realized using atomic media
to induce strong negative dispersion. While their approach modifies the material response
inside the cavity, the method presented here achieves a similar achromatic effect through
a geometric manipulation of the angular dispersion. Both techniques aim to cancel the
wavelength dependence of the resonance condition and expand the usable spectral range
of the cavity, showcasing different routes to the same fundamental goal.
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