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Abstract

We present a comprehensive modeling framework for predicting the spectral output of pulsed,
narrow-linewidth lasers based on dispersive optical resonators. Our approach integrates
polarization-dependent losses, mode steering, and dispersive effects within a unified round-trip
matrix formalism, enabling the calculation of a wavelength-dependent resonator feedback func-
tion. By combining this feedback function with transient gain dynamics, the model provides
estimates of the energy distribution among longitudinal modes and resulting laser linewidths for
lasers in transient regime. The linewidths predictable by our model spans from a few hundreds
MHz, limited by spectral phase noise, and up to tens of GHz, limited by temporal resolution of
the gain dynamics simulation. We compare the simulation results with experimental measure-
ments of Ti:Sapphire laser configurations with intra-cavity etalons, birefringent filters, and dif-
fraction gratings. The agreement with experimental results demonstrates that this framework
offers a practical tool for resonator design and optimization, bridging the gap between traditional
element-wise analysis and holistic spectral prediction. Our method supports the development of
tunable, narrow-linewidth lasers for applications such as resonance-ionization and high-resolution
spectroscopy.

1. Introduction

Widely tunable and narrow-linewidth lasers are of paramount importance for the precise control and
measurement of light-matter interactions, particularly with atoms and molecules [1]. Fine- or hyperfine-
splitting arising from magnetic moments or spin—orbit coupling in atoms can be studied by spectrally
resolving the transition-of-interest linewidth, typically in the order of several tens of MHz to a few GHz
[2, 3]. Geometric arrangements to reduce the Doppler broadening are required for precise measure-
ment, as well as laser linewidth comparable to, or lower than, the transition linewidth itself. Here, single
longitudinal mode lasers with linewidth ranging from a few Hz to several hundred MHz are necessary
[4-6].

Narrow-linewidth lasers can also be employed to selectively ionize isotopes in a gas mixture through
sequential resonant excitation, this method is known as resonance-ionization spectroscopy (RIS). For
this purpose, the lasers must not only be precisely wavelength tuned to the relevant transitions but also
their linewidth must match each Doppler broadened transition width to increase ionization efficiency
[7]. This broadening can be up to several tens of GHz for ions produced in hot cavity environments
(8, 9].

In RIS, efficient ionization typically requires ns-pulsed lasers with kW peak power to saturate the
atomic transitions. For this purpose, Gain- or Q-switched lasers are utilized as they readily fulfill these
peak power requirements exploiting high single-pass optical gain and can provide a suitable spectral
width. Most importantly, wavelength coverage is a fundamental aspect to be taken into account, as

© 2026 The Author(s). Published by IOP Publishing Ltd
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some of the transitions-of-interest are in hard to reach spectral regions, like the visible or deep ultra-
violet (DUV) region, where there are very few suitable solid-state gain media [10]. To extend the spectral
coverage, non-linear effects can be employed, such as second x) or third order x® nonlinear effects,
including harmonic generation, frequency mixing [11] or stimulated Raman scattering [9] among others.
To achieve broad spectral coverage, dispersive and spectrally selective elements are routinely
employed in gain-switched laser oscillators [12]. Here, the accumulated round-trip spatio-temporal dis-
persion and diffraction govern the output central wavelength and spectral linewidth by imposing mode-
dependent losses that limit the number of longitudinal modes able to oscillate simultaneously. As the
pulse formation in ns-pulsed lasers occurs inherently in a transient regime, an accurate and direct pre-
diction of the number of modes, and hence the output linewidth, can be challenging.
To date, numerous models and formalisms have been developed to describe the interaction between
light and the dispersive components. However, these approaches generally treat the individual effects
of isolated elements within the laser cavity. This paper proposes a holistic methodology to calculate
the laser spectral output by employing analytical and numerical methods describing the laser gain—loss
dynamics that govern the spectral characteristic in the transient regime.

2. Theoretical model

The output spectrum of a multi-axial-mode pulse is governed by the number of oscillating longitud-
inal modes and their energy distribution. In the absence of spatial or spectral hole burning, direct gain—
loss dynamics dictate the output multi-mode spectrum energy distribution. Adopting these approxim-
ations, we propose a general model that includes different coupling and loss mechanisms that conform
the spectral resonator feedback function ©(\). Together with the resonator time-dependent gain func-
tion I'(#,\), we are ready to calculate the energy spectrum and resulting linewidth.

The resonator feedback function depends on the choice of laser cavity elements. Since the early 70s,
matrix formalisms have been used to characterize the response of optical elements and resonators [13,
14]. The addition of dispersive optical elements in cavities was first described by F. J. Duarte and J. Piper
in the early 80s, when they proposed mathematical methods to calculate multi-prism optical system
response. The results supported the optimization of narrow-linewidth dye lasers [12, 15-17]. By the late
80s, O. E. Martinez already introduced a 3 x 3 matrix formalism to study laser cavities with dispersive
elements such as gratings or prisms [18].

Most of the work considering dispersion aims to compensate it for mode-locking and ultrashort
pulses. Duarte and Martinez have made efforts to predict the behavior of a laser resonator with a band-
width limited by diffraction [17, 18]. Duarte uses the resolving power of the diffractive element in the
resonator to estimate the resulting laser linewidth. Martinez considers the spatial mode in the resonator
and introduces a Gaussian aperture to approximate mode-coupling. All these models are not fully taking
into account the mode-coupling after each pass for individual wavelengths or considering polarization
effects and gain dynamics.

Shortly after, A. G. Kostenbauder offered an extended formalism including spatio-temporal coupling
by introducing additional terms in a 4 x 4 matrix, widely used for the calculation of dispersion com-
pensation in broad-band oscillators, pulse stretchers and compressors [19]. Following this work, O. E.
Martinez and J. L. A. Chilla used a similar method to calculate dispersion management in mode-locked
lasers [20]. More recently, these techniques were further developed and found use in increasingly com-
plex systems [21-23].

In these methods, a broad range of systems can be modeled already, however, several effects were
neglected. Among them, the coupling between polarization and diffractive effects or the mode resonator
coupling factors after a cavity round-trip. Note that the proposed model, described in the following is
equivalent to existing ones for resonator configurations where these effects are not dominant, like planar
resonator configuration without polarizing elements. Moreover, our model includes temporal domain
calculations of gain media, predicting accurately the output spectrum.

2.1. Resonator feedback function

Here, we build on the previous knowledge utilizing a round-trip matrix (RTM) formalism and expand
it specifically for pulsed ns narrow-linewidth lasers used in RIS. We will attempt to predict longitud-
inal multi-mode behavior, and provide an entry point for subsequent time resolved simulation of gain
dynamics by modeling ©()\). To do this, we propose a specific RTM formalism that includes the gen-
eral resonator mode design, as well as the description of dispersive effects and polarization. This uni-
fied approach further enables us to take into account the interaction between different effects, which was
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Figure 1. Flow diagram of the modeling approach [24]. Reprinted with permission from [24] © The optical Society. The compos-
ite round-trip matrix (RTM) combines the direct and polarization influenced losses with a description of beam-steering effects
from dispersive and diffractive effects. The resulting resonator feedback function ©()\) and the gain function I'(z, \) are used to
calculate the intra-cavity energy dynamics, which allows for calculation of different performance parameters of the laser, like the
linewidth AX.

usually neglected in previous works. Once ©(\) is calculated, gain dynamics (mainly pulse build-up and
gain depletion) will ultimately determine the distribution of energy among the axial modes, as depicted
in figure 1. The final estimated spectrum can be obtained through a time and spectrally resolved laser
rate-equation analysis.

Figure 1 summarizes the various effects co-existing in the laser resonator captured by our model. We
focus on two main classes of effects that determine the resonator feedback: (i) direct and polarization-
dependent attenuation of a mode, and (ii) mode steering and resulting coupling losses arising from
diffractive effects. Direct losses include coating imperfections, interfaces, Fresnel reflections or material
absorption, to name a few. Generally these contributions depend on the polarization state P, and their
composite effect is included in the transmission function ap. Effects that steer a particular axial mode
away from the resonator spatial eigenmode give rise to the effective coupling function 7.

For the calculation of ©()), different contributions from each cavity element ¢; are taken into
account. The resulting axial mode feedback function is the conjunction of described effects and can be
written as:

O\ =ap(X) xn(X) (1)

Filtering can be provided by Lyot-filters, acting on the polarization state of the light, and one or several
etalons filters which limit the lasing bandwidth. Different models and formalisms have been proposed
to describe the effect of these components and their interaction with light separately [12, 19, 25, 26].
Polarization effects can be calculated by using the well-known Jones calculus, in which matrices provide
a method to estimate the resulting polarization states of a beam traveling through homogeneous iso-
tropic media and optical devices [25]. In combination with Fresnel reflection formulas, they can be used
to calculate the attenuation of polarization-based filters or Brewster-angled interfaces.

2.1.1. Transmission function ap(\)

For calculating the spectral attenuation function we analyze the spectral transmission function of each
cavity element e;, denoted as ap(e;, A). We include the polarization dependent reflectivities of mirror and
polarizer coatings as losses ap(e;, A\) = R(P, \). The absorption loss Ap(e;, \) = fOLa(P, A)dz of utilized
optical media in cavity elements, can be measured or obtained directly from manufacturers.

The power loss on uncoated elements is calculated by the Fresnel reflection coefficients or manufac-
turer datasheets. For birefringent filters (BRFs) such as Lyot-filters this can also be addressed by carefully
propagating a test beam through all parts of the filter and collecting all individual losses. For etalons and
other interference filters the total spectral transmission function ap(e;, A) can be calculated from sur-
face reflectivities, material absorption and optical thickness. The spectral functions of these elements can
readily give insights to the achievable linewidth of the laser [26].

To obtain the total round-trip transmission function for an axial mode we take the product of the
transmission through all optical elements within the resonator.

apor(N) =[] 11— Ap (e, V)] = Hap (eis P! (2)

i
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Here p; denotes the number of passes through element ¢; during a single round-trip.

2.1.2. Mode coupling

Dispersive and diffractive elements within the laser cavity, depending on the wavelength, may alter the
mode direction away from the cavity resonant mode. This steering is equivalent to a loss due to the
lack of efficient coupling of the mode after one round trip. As the steering can be evaluated per spec-
tral mode, the feedback contribution cannot be written as function of an individual element, but rather
as a function of all the cavity elements together as:

77()‘):77(Q()\)761a"'7emp) (3)

Where Q is the complex beam parameter for a generalized 2D Gaussian beam spatial representation
of an axial resonator mode [27]. To find Q we can utilize an expanded ray-transfer-matrix formalism
similar to the ABCD-Matrix [26]. This method is very versatile since while it describes light as a ray, the
results can be extrapolated to first order Gaussian modes. To describe the effects of gratings or prisms in
a ray-transfer-matrix fashion, the formalism can be further expanded by introducing matrices similar to
those proposed by Kostenbauder [19].

To address the beam steering we use a perturbative approach around the center wavelength A. for a
known stable resonator mode Q. This is executed by altering the wavelength of this resonator mode to
A=A+ 0\ (Qy— Qp), and propagating it through the resonator. After one roundtrip we obtain a shif-
ted or altered spatial mode o)) # Q) = Qp. This equation is equivalent to the stability condition for the
resonator at A.. As stated before, the mode mismatch after a round-trip arises from the beam steering of
dispersive or diffractive elements, which consequently alter the beam angle and waist impinging on the
cavity optical elements. To find an equivalent associated loss (for relatively small steering) we calculate
the overlap integral between Q, and Q. The efficiency parameter 7()\) is equivalent to the first-order
wavefunction coupling between the perturbed mode and the resonator mode. This coupling efficiency
can be calculated as:

2

[[r@wye@ e
n(A) = - - :
JJ1r@onaa [f @)l

2.2. Transient gain response I'(#, \)

In this section we provide an overview of the gain dynamics in nanosecond pulsed laser systems oper-
ating in gain- or Q-switched mode. These lasers operate with optical gain well above the losses, either
by intense pumping or by accumulating a large inversion of population AN in an otherwise low qual-
ity factor resonator [26]. The small-signal gain can be easily calculated using the emission- (o) and
absorption- (o,) cross-sections at the wavelength A, and the population inversion AN as:

g(HA) =AN(1) - (0 (N) —aa (M) — Anp (5 N). (5)

Effects like excited state absorption (ESA) or upconversion usually introduce additional time-
dependent losses Ay (#,\), although this depends heavily on the choice of laser gain media. Under the
assumption that An. (¢, A) is only weakly dependent on wavelength, the net round-trip gain I'(#,\) can
be directly calculated taking into account g(#,\), the output coupler reflectivity Roc, and general losses
A as:

T (1, \) = 2l s@Nd Roc (1 - A(N)). (6)

where L denotes the length of the laser active medium. For a mode to build up in a laser the gain has
to overcome the losses, resulting in the condition I'(A) > 1. This can be given for multiple modes,
rising from vacuum fluctuations or thermal/electronic noise during the build-up phase of a laser pulse.
Modes above lasing threshold will grow in intensity with their respective net gain, resulting in faster
growth for modes with higher gain. Assuming homogeneous broadening, the mode competition and
subsequent gain depletion are governed by the function I'(\). For gain media with spectrally broad
stimulated emission cross section, the gain function can further be assumed to be spectrally flat in the
vicinity of the central wavelength A.. This way the mode competition close to A is mainly influenced by
AN =1-6(N).

In the following sections we provide a methodology to calculate ap(\), (), and show an example
of its application including gain dynamics.

4
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Figure 2. Composite ray transfer matrix formalism, showing the state of a ray in the input and output plane of an optical system.
The state is a direct sum of the ray space R, containing transverse position and angle (red), polarization P (blue) and time and
frequency (green). The transfer-matrix is similarly constructed as the direct sum of 2D-ABCD- and Jones-Matrix and the spatio-
temporal extension of Kostenbauder [19]. Analogously to the dispersion and chirp terms (orange) included by Kostenbauder we
introduce possible cross-talk terms between polarization and ray space 7;, &; and ¢; (purple and cyan).

3. Mathematical implementation

As mentioned, most of the existing tools used to describe optical systems are based on ray-transfer mat-
rix formalisms. In this work, we extend these approaches into a unified formalism that incorporates
beam propagation, polarization, and dispersion.

A description of such matrix and their relation to the components of the laser resonator is shown
in figure 2. The matrix elements, apart from the newly introduced spatio-polarization interaction terms,
can be found by applying the usual methods from 2D-ABCD (in red), Jones (in blue) and Kostenbauder
(in orange and green) matrices [19]. This way we can describe many types of cavity elements, includ-
ing mirrors, lenses, prisms, gratings, filters and polarization optics in one single model. Furthermore,
the complex behavior like polarization dependent diffraction efficiencies of gratings can be included. We
include possible interactions between polarization and ray position-angle v; (purple), and polarization
and frequency-time &; (cyan). The matrix elements v, to s describe the change of the output ray pos-
ition and angle as a function of input polarization. Even though there are optical elements capable of
polarization dependent steering without beam splitting [28], 1 to s are zero for most common optical
elements used in laser resonators. The elements 9 to 16 could in principle describe anisotropic phase
retardation arising from stress induced birefringence, leading to depolarization losses and a decrease in
Strehl ratio below 1. In this scenario the transfer matrix formalism is limited to ray tracking, since it
is not possible to calculate an associated complex beam parameter (q). The polarization-time coupling
elements in the matrix (£;) enable the modeling of polarization rotation as a function of time, such as
when slow (compared to the cavity round-trip time) electro-optic modulators are employed. Due to the
approach of a transfer matrix as linear theory, the description of the mentioned effects is limited to the
linear contribution with respect to spatial and polarization coordinates. In our calculations we have neg-
lected the spatio-polarization and polarization-time-frequency contributions in the components of our
existing laser cavities described in section 4, as they do not induce any of the aforementioned optical
effects.

Each single element in the laser resonator, as well as the space between them, is described by one of
these transfer matrices M. Subsequent propagation through optical elements can be achieved by mul-
tiplying the transfer matrices in order of appearance. In this way the construction of more complex ele-
ments can be broken down into smaller pieces, and a composite RTM for the entire resonator can be
found.

3.1. Power retention in an arbitrary polarization state

The Jones part of our RTM acts on the electric—field components of each axial mode, determining the
polarization state and carrying information about the field amplitude. In our model, we also include any
losses from optical components or material absorption in the Jones matrix J.

5
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For an arbitrary (not necessarily normalized) polarization state P, the quantity of interest is the
power that remains in the same polarization state after a round trip. This is obtained by projecting the
output field Jrrm(A)P onto the direction of P and taking the modulus squared. The resulting round—trip
power retention factor is:

[P Jrrn (A P|

7
(PTP) 7

ap (/\) =

Here, the symbol { denotes the Hermitian (conjugate) transpose, i.e. complex conjugation fol-
lowed by matrix transposition, as required for inner products between Jones vectors. The expression
remains valid even when P is not an eigenvector of J, and provides a direct measure of the polarization-
dependent feedback of the resonator. If no mode-steering elements are present, the analysis of ap is suf-
ficient to determine the output polarization of the laser.

3.2. Resonator stability

For A = A, the stability criteria for a resonator mode can be checked and a stable Gaussian beam can be
found from the 2D-ABCD part of the RTM [26]. In other words, to find a stable resonator configura-
tion, we ensure that the roundtrip complex beam parameter Q; is identical to the input beam parameter
Qp at A..

The Kostenbauder formalism defines the dispersion terms (E and F) at each wavelength of the light,
yielding a wavelength dependent spatial displacement. Here, we set E}(Ac) = E;(Ac) = Fi(Ac) = F(Ac) =
0 to fulfil the resonance condition at the central wavelength A.. Therefore, we modify the dispersion
terms (E and F in the Kostenbauder matrix) to represent only relative dispersion with respect to the
central wavelength. We can define Ex(\) = Ex(A) — Ex(Ac) and similarly E}, Fyand Fy, so that the res-
onance of a beam in the oscillator occur at the central wavelength.

This Gaussian beam, represented by the complex beam parameters g, will be used to describe the
fundamental spatial mode of the resonator Q, following the notation of Alda eral [27]. With mode
steering elements within the resonator a stable mode for A # A. cannot exist geometrically. However,
that does not imply that the feedback provided by the resonator is 0, but rather would become a leaky
or lossy resonator mode.

3.3. Implementation of the coupling losses
Now, to mathematically quantify the feedback contribution from mode steering, we consider the
propagation of a TEM, mode. According to Bayer-Helms [29], in a mismatched or misaligned system,
the incident field does not coincide with the eigenmodes of the optical resonator. In this general situ-
ation, the incident wave can be expressed as a sum of eigenfunctions of a fictitious resonator whose con-
figuration (mismatch) and orientation (misalignment) differ from those of the actual resonator.
Following this approach, each round trip is treated as an incoming beam with its own phase—space
coordinates. For every pass, we evaluate the coupling between this incoming beam and the cavity’s fun-
damental mode using the Bayer-Helms coupling parameters k,gfjﬁ,'). Figure 3 shows a schematic depiction
of the influence of cavity mismatch after a round trip on the coupling loss. Mathematically, combining
equation (7) and the mode coupling parameters for each axis, the total resonator feedback function can
be written as:

‘ (x) ’ ‘P Jeot (A | 8)

(pTP)’

3.4. Optical gain estimation

At the center lasing wavelength A and a convenient polarization state P, the feedback function ©(\.)
has a local maximum. The width of that maximum will give a first upper limit for the laser linewidth
as spectral modes far away from the maximum will be below lasing threshold. To get a more accur-

ate estimate, the time resolved laser rate equations simulation has to be carried out. A model presen-
ted by M. Eichhorn can be slightly modified to account for multiple axial modes lasing independently
[30]. The spectral sampling points j at ); described in [30] are chosen to coincide with the longitudinal
modes of the resonator to get the power distribution among the respective modes, hence, the linewidth.
On the high reflectivity mirror (HR) side of the resonator we apply I =0p(N) I j to account for the
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Figure 3. Schematic illustrating the feedback contribution from mode steering: a TEMy incident beam, when mismatched or
misaligned with the resonator due to a shift in wavelength, is decomposed into eigenmodes of a fictitious resonator. Each round
trip is treated as an incoming beam with updated phase-space coordinates, and the overlap with the cavity’s fundamental mode is
evaluated using the Bayer—Helms formalism to compute the total resonator feedback in the spectral domain.

resonator feedback instead of solely using the HR mirror reflectivity. To keep computing times reason-
able only longitudinal modes at wavelengths close to A are used. Tests with a first crude implement-
ation of a time resolved simulation show it is usually enough to include modes with a feedback of

O > 0.9 - max(0).

4. Benchmarking with experimental results

To evaluate the performance of the proposed model, we simulated several existing Ti:Sapphire laser con-
figurations, each based on a z-folded resonator geometry with an optical cavity length of L~ 510 mm
and a folding angle of ajq = 17.5°. Two concave folding mirrors with a radius of curvature of
ROC=75mm result in a mode diameter of 56 um in the crystal and two collimated regions with a
diameter of ~ 750 pm. The laser active medium is a Brewster-cut Titanium doped Sapphire crystal of
Lcrystal = 20 mm length.

For the gain-loss simulation a doping concentration of ~0.04 at% was assumed, an absorption
cross-section of o,(\ = 532nm) = 5- 1072 cm? and an emission cross-section o.()\) were taken from
[31]. Further, ESA and residual ground state absorption around the laser wavelength o,(A ~ 775nm)
are considered to be negligible. The lasers are pumped from one side using a commercial ns Q-switched
laser at 532nm, producing 15W of average power at 10 kHz repetition rate and 200 ns pulse duration.
Optical coatings and dispersive element parameters were taken directly from datasheets. Material data
such as refractive indices for all optics the beam passes through were calculated using their respective
Sellmeier equations.

An overview of the modeled setups is shown in figure 4. Two different arrangements were con-
sidered: Littrow-Grating and Lyot Filter. In the Lyot Filter configuration, we considered two different
setups (A and C), and are comprised of a BRF combined with etalons. In the Littrow-Grating a single
setup (B) is considered. These setups resemble the main types of Ti:Sapphire lasers used in the ISOLDE
facility at CERN and the RISIKO mass-seperator at JGU in Mainz, Germany. The input parameters for
our simulation were taken from [11], and the simulation results were compared to the experimental res-
ults found in [1, 7, 11, 32, 33].

For setups A and C, the BRF consists of 3 quartz plates, with thicknesses of 0.3 mm, 1.2 mm and
4.8 mm. In test-setup A, a single glass etalon with a thickness of 0.3 mm and 40 % reflectivity n both
sides is added to the BRE. The setup C extends the setup A by introducing a second uncoated etalon

7
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Figure 4. Schematic of the simulated Ti:Sapphire laser configurations. The general z-fold cavity layout interchangeable sections
for implementation of spectral filtering schemes and wavelength dependent coatings and material properties. One scheme is
employing a four-prism beam expander with a Littrow-mounted diffraction grating introducing angular dispersion. The other
scheme is using a birefringent filter (BRF), one or two solid etalons, and a high-reflective end mirror.
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Figure 5. Feedback function of the described test setups around the central wavelength of 775 nm. The functions are vertically
offset by 1, 0.5 and 0 for the setups A, B and C, respectively. For setup C with the 6.35 mm YAG etalon, the ~ 13 GHz free spectral
range of the etalon is visible as additional modulation.

made of YAG with thickness 6.35 mm. Setup B selects the wavelength with a ruled diffraction grat-
ing in Littrow configuration and a fourfold prism beam expander. The grating has a line density of
2000 lines/mm and a diffraction efficiency of ~ 85 %.

For each test setup, the resonator feedback function ©(\) was computed at a central wavelength
Ac = 775 nm. The feedback functions around A. are shown in figure 5. The calculated feedback has
been taken as input for a time and spatially resolved rate-equation modeling in the axial direction.
Transverse dimensions have been neglected for simplicity in the simulation. The temporal profile of the
pump pulse has been taken from experimental data, while the intensities have been scaled to the incid-
ent pulse energy and focal spot size in the laser crystal. The simulation has been performed similarly to
the method described by Eichhorn et al [30].

Figure 6 presents the model results regarding the spectral shape for each case. Table 1 summarizes
the main results, including the linewidths extracted from the initial feedback function O(f), the nar-
rowed function ©% (f), the linewidth calculated from the simulation and from the experimentally meas-
ured laser spectrum for each configuration. The ratio of cavity lifetime 7. and the cavity roundtrip time
t;x has been used to showcase the narrowing effect of the multiple passes through the cavity, as a photon
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Figure 6. Simulated spectra of the three Ti:Sapphire laser configurations described in section 4. Setup A combines a three-plate
quartz BRF (0.3/1.2/4.8 mm) with a 0.3 mm glass etalon (40% R), yielding a linewidth of 5.88 GHz. Setup B uses a Littrow grat-
ing (2000 lines/mm) with a 4 X prism expander, giving 3.42 GHz. Setup C adds a 6.35 mm YAG etalon to Setup A, achieving a
linewidth of 0.78 GHz and a side-mode suppression of 49.6 dB.

Table 1. FWHM linewidths of ©(f), © « (f) and spectral intensity distribution after time resolved
simulation for the different setups. The time resolved energetic simulations have been carried out with
different pump flucences, ranging from half to double the experimentally present fluence. The displayed
values are the mean and standard deviation of the obtained linewidths.

FWHM ©(f) FWHM O(f) 7+ simulated Af
Setup [GHz] [GHz] [GHz] measured Af[GHz]
A 63.8 27.6 5.48+0.51 51[1, 32, 33], 5.6 [7], 4-8 [11]
B 38 17.9 3.4240.48 3.6 [7],1-5[32]
C 12.1 3.8 0.78 £0.07 0.8 [1],1,0.9,0.6 [11]

will on average see this many filtering passes through ©. The measured values are taken from previously
published work [1, 7, 11, 32, 33].

5. Discussion and conclusion

We have presented a modeling approach for widely tunable narrow-linewidth laser resonator design that
addresses key limitations in existing models. The technique is particularly valuable for constructing laser
systems with linewidths in the MHz and GHz ranges. The model is rooted in the combination of well-
known methods of ray propagation and mode-coupling in resonators. Together they are able to describe
precisely the effect of intra-cavity dispersion and diffraction, and get realistic estimates for the resulting
laser linewidth and optical power. Moreover, the agreement of simulation and experimental values for all
setups showcases the capability of our model to estimate laser linewidth accurately. Its simplicity enables
us to compare and optimize resonator designs with respect to achievable linewidth efficiently.

Even though this formalism provides a useful tool in understanding the effects of dispersion inside
a laser resonator for gain switched lasers, its expansion towards ultrafast resonators is not trivial. The
Kostenbauder / ABCD formalism, while often used to describe assemblies for ultrafast pulse compressors
lacks of a precise wavelength resolved optical path length, necessary to calculate the true phase (or wave-
front) of each spectral mode as well as non-linear effects. Likewise, sub-cavities and complex multi-
cavity arrangements are beyond the scope of this model.

Further, some dispersive effects are not described in their full extent. For example the chromatic
aberration of lenses in the cavity will change the original mode Qy depending on the wavelength [34].
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This however, violates the assumption that Q, is unchanged from A = A to A = A\ + d\ for the cal-
culation of the mode coupling losses. In the realm of a linear theory this can probably assumed to be
a small perturbation and will not harm the overall validity of the model. Similar limitations will be
present for spatial gain mode pulling effects inside the active medium.

An extension of the presented formalism to include transverse multi-mode behavior of lasers seems
to be feasible. The coupling theory by Bayer-Helms supports coupling into higher order modes and the
propagation of those modes using ray transfer matrices has also been demonstrated [35]. However, find-
ing the stability condition of higher order modes with their respective center frequencies is necessary.

Future work involves the investigation of several potential extensions of the model. For example,
including v; and &; in M could enable the inclusion of interactions and effects where space and polar-
ization are coupled. Optical elements like spatially varying waveplates and phase-plates, or thermally
induced birefringence in crystals could be included at the cost of losing the ability to propagate Gaussian
beams with the complex g-parameter, and so only pure ray tracing will be possible.

In terms of net gain—loss calculations, an upgrade of the rate-equation modeling is necessary to
account for effects typically occurring in the DUV spectral range. These include ESA, color centers and
two photon absorption. This will be crucial to get a more precise estimate for the linewidth achievable
utilizing our Ce**:LiCAF laser, which aims to produce high-power tunable narrow-line in this hard to
access spectral region.
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