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Abstract We present a comprehensive numerical model
that accounts for non-uniform pumping and a related ther-
mal and electronic lensing effects in Q-switched unstable
laser cavities. We study the influence of these effects on the
output beam profile in Nd:YAG and ruby laser systems with
side-pumped crystal rods. We also constructed both lasers to
experimentally validate the numerical results and found very
good agreement. The results show that both types of lensing
effects are particularly detrimental in ruby, while they are
insignificant in Nd:YAG.

1 Introduction

Q-switched unstable laser cavities provide certain advan-
tages over the more common stable laser cavity types [1].
They allow for near diffraction-limited beams from cavities
with large Fresnel numbers and at the same time preserve
the energy extraction efficiency comparable to stable cav-
ities [2]. Flashlamps or laser diodes can be used as pump
sources, but specially the former are still considered to be
the best in providing with high energy and good quality
output beams that are needed e.g. for the LIDAR [3] and
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frequency conversion [4, 5]. Some applications (e.g. med-
ical) require homogeneous (top-hat) beam profile. This can
be best realized by employing a variable reflectivity mirror
(VRM), i.e. a mirror with a super-Gaussian reflectivity pro-
file, as an output coupler in an unstable cavity [2, 6, 7].

In high power lasers there is always present thermal lens-
ing which was thoroughly studied for stable cavities, e.g. in
[8]. On the contrary the studies were very rare for unstable
laser cavities. The venerable formula of Koechner [9] was
recently revised in [10], but it only accounts for the spheri-
cal lens effects assuming an azimuthal symmetry. The spher-
ical lens can be successfully compensated for [11, 12], but
such simplification may not always be justified because of
the non-uniform pumping. The resulting cylindrical aberra-
tions were studied in stable cavities with Nd:YAG laser rod
[13–15]. A general description of the thermal effects is a
three-dimensional problem and in order to solve for the tem-
perature field one needs to know the absorbed pump power
density. The pump absorption can be modeled effectively by
ray-tracing and then considered as the heat source, which
was done e.g. for the Nd:YAG [16, 17], Ti:sapphire [18] in
stable cavities, and also for Yb:YAG slab lasers [19].

In certain laser materials, however, in addition to the ther-
mal lensing there is also present an electronic population
lensing effect. How the latter affects the laser beam gener-
ation was first studied in [24] for the Gaussian beam in a
plano-concave stable cavity using a numerical model. Our
recent study in [25] has revealed how the electronic popula-
tion lensing affects the beam generation in unstable cavities.
We have found that the influence of the population lens is
much greater in unstable cavity compared to the stable cav-
ity, i.e. the beam profile is greatly distorted and the energy
fluctuates substantially from pulse to pulse.

While we have investigated only a single-shot regime in
the previous work, we focus here on the thermal effects in
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addition to the population lensing effect. We simulate the
beam generation in the laser cavity using a FFT-based nu-
merical model of the electromagnetic (EM) field evolution
inside the Q-switched laser cavity. We incorporate in this
model both the thermal astigmatic and electronic popula-
tion lenses. To approximate the thermal lens we first model
the process of the pump absorption by ray-tracing and use
it in the heat equation as a heat source. Then we solve the
heat equation and determine the parameters of the effective
thermal astigmatic lens from the temperature field. The elec-
tronic population lens is on the other hand incorporated di-
rectly in the numerical model of the laser cavity.

We model the performance of two unstable laser cavities
with two distinctly different laser media: Nd:YAG and ruby
(Cr:Al2O3). By investigating the combination of both lens-
ing effects we found that ruby possesses pronounced thermal
and also population lensing effects [20, 22], while they are
much less significant in the Nd:YAG [23]. We have exper-
imentally validated the numerical models by measurements
on both Nd:YAG and ruby laser systems and found a very
good agreement in both cases.

2 Description of the model

2.1 Laser cavity

The model of Q-switched laser cavity combines the EM field
propagation with the laser amplification inside the crystal
rod. The propagation is based on diffraction and is com-
puted in Fourier space using the FFT algorithm, while the
amplification is described by the common rate-equations.

A transversal profile of the EM field inside the cavity is
represented by n × n = 256 × 256 mesh points lying in the
x–y plane, which is perpendicular to the cavity axis z. The
EM field propagates between 5 effective cavity planes as de-
picted in Fig. 1 and the field profile is calculated in each
plane. We have used two counter-propagating EM fields to
obtain better temporal resolution. The first plane represents
an out-coupling mirror, the second and the fourth planes de-
scribe laser rod ends, the third is the center of the laser rod
associated with optical amplification and the fifth plane is
the back mirror with a Q-switch element.

The propagation of EM field between consecutive planes
is calculated in the Fourier space. The spatial spectrum of
the EM field in a selected plane, which is computed with
the 2D FFT algorithm, is transformed to the next plane by
multiplication with the transfer function of the free space.
The 2D inverse FFT is then used to transform the propagated
spatial spectrum back to the EM field in the real space.

The first plane represents the super-Gaussian mirror that
partially reflects light back into the cavity, while the remain-
ing part represents the laser output. The amplitude is mod-
ified according to the radial-dependent reflectance profile

Fig. 1 Schematic drawing of the five computational planes in the laser
cavity model. Plane 1 represents the out-coupling mirror, planes 2–4
describe the laser rod, and plane 5 describes the Q-switch element and
the back cavity mirror. Two counter-propagating EM field wavefronts
are drawn by dashed lines

R(r) = R0e
−2(r2/w2)m , where r = √

x2 + y2. The R0 is the
central reflectance, w is the width of the profile, and m is
the super-Gaussian order. The phase of the reflected field is
modified by the factor e−ikr2/R , where R is the radius of cur-
vature of the mirror and k is the wave-number of the laser
light.

In the second and the fourth plane, a spherical aperture
describes the diffractive losses caused by the finite diameter
of the laser rod. The edge of the aperture is smoothed in
order to prevent the artificial diffraction.

Optical amplification occurs in the third plane and is de-
scribed by the rate equations [8]. They couple the photon
density Φ with the population inversion density N in the
laser medium:

∂Φ

∂t
=

(
σcN

l

lc
− Λ

t0

)
Φ, (1)

∂N

∂t
= −σcΦγN, (2)

where σ is the stimulated emission cross-section, c is the
speed of light in the laser rod, l is the length of the laser rod,
lc is the length of the cavity, Λ denotes the internal cavity
losses and t0 = 2lc/c is the round-trip time of the EM field
inside the cavity. The factor γ is equal to 1 + g2/g1 with
g2/g1 being the ratio between the upper and the lower laser
level degeneracies.1 Because the stimulated emission affects
only the amplitude of the EM field |E|, but preserves its
phase, the value of |E| is transformed into Φ before solving
the rate equations. Both quantities are related as |E| ∝ √

Φ .
After the amplification Φ is transformed back to |E|. New
values of the EM field amplitude |E| and inversion density
N for each mesh point are calculated from (1) and (2) us-
ing the fourth-order Runge–Kutta method with the time-step
of t0/2, which corresponds to the half of the cavity round-
trip time. To account for the spontaneous emission the phase

1In a four-level laser system γ = 1 and in a three-level laser system
γ > 1.
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of the incident field is slightly modified by addition of a
phase noise to the EM field. The effects of the thermal and
the electronic population lenses are taken into account in
this plane by multiplying the EM field by the phase factors
which will be given later.

In the fifth plane the phase of the EM field is altered
by the curvature of the back mirror. The electro-optical
Q-switch element is modeled with the conventional time-
dependent transmission function taken from [8], which mod-
ifies the amplitude of the EM field. After the reflection at the
back mirror, the EM field goes back through all the cavity
planes in the reversed order.

The computation of the EM field starts in the central
plane of the laser rod by generating matrix elements with
unity amplitude and randomly distributed phases, while the
initial population inversion density N(t = 0) is the model
input parameter. Such initialization simulates a real laser
system in which the lasing process starts from the sponta-
neous emission. The major advantage of this approach is that
no preferred symmetry is imposed on the generating laser
beam.

2.2 Pump absorption

To calculate the absorption profile in the laser rod we con-
structed a model with a commercial ray-tracing software
(Zemax-EE). The absorption spectra of the laser crystals
were taken from [8] and the flashlamp emission spectra were
taken from manufacturer’s guide (Heraeus). We divided the
absorption spectrum into eight sections to cover the full ab-
sorption dynamics. In this way we have taken into account
that the low absorption sections result in a more uniform
pumping, while the high absorption sections result in pump-
ing of only the outer rim of the rod.

We took into consideration the detailed pumping geome-
try of the experimental setup: the Nd:YAG rod was 0.9% at.
doped and had a diameter of 10 mm and a length of 100 mm,
while the ruby rod was 0.03% wt. doped and had a diameter
of 8 mm and a length of 114 mm. The laser crystal rods were
enclosed in a close-coupled reflector made of diffuse ce-
ramics together with two xenon-filled flashlamps in a plane
arrangement as depicted in Fig. 2. We assumed a Lambertian
scattering profile of the pump reflector with 99% reflectiv-
ity. We found out that it is also very important to include a
proper scattering function of the matted laser rods as well as
to take into account the surrounding water having an index
of refraction of 1.33. In order to obtain the scattering func-
tion we have performed a separate experiment by directing
a collimated He–Ne beam on one side of the laser rod per-
pendicular to its optical axis and we observed the scattered
beam profile on the adjacent screen on the other side of the
rod. We did not measure the function explicitly, but we in-
stead replicated the experiment in the ray-tracing computer

Fig. 2 Laser head cross-section of Nd:YAG and ruby lasers that was
used in the pump absorption model

model, and thus we determined that a Gaussian scattering
function with a variance of 0.1 produces the closest match
with the experiment.

The ray-trace calculations were performed in 3D to also
account for the skewed rays, but the resulting pump absorp-
tion profile was found to be essentially 2D with a small ex-
ception on both ends of the rod. Because of this we were
using only the 2D absorption profile from the center of the
rod to determine the phase factor of the thermal lens. The
pump absorption profile looks almost identical to the tem-
perature profile immediately after the first pump pulse, and
the latter is shown in Fig. 3b.

2.3 Temperature profile

The calculated profile of the absorbed pump power was
taken into account as an internal heat source in a 2D heat
equation

D∇2T = ∂T

∂t
− q

ρcp

, (3)

where D is the thermal diffusivity constant defined as D ≡
κ/ρcp , with κ being the thermal conductivity, ρ the density
and cp the specific heat capacity of the laser material, and q

is the power density of the heat source. We determined the
latter using the calculated pump absorption profile and the
estimated 20% efficiency of conversion of the applied elec-
trical to absorbed pump energy. We measured the electrical
energy using the experimental setup from Sect. 4; the pulse
energies were 400 J and 60 J, and the pulse durations were
2.1 ms and 160 µs for the ruby and the Nd:YAG laser sys-
tem, respectively. The boundary condition is applied along
the rim of the rod as

κ(n · ∇T ) = h(T − Tw), (4)

where h is the heat transfer coefficient, Tw is the surrounding
water temperature, and n is the normal to the rod’s surface.
The values of the optical and thermal constants that we used
in our calculations are given in Table 1.
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Table 1 Values of the optical and thermal constants were taken from
[8]

Constant Unit Nd:YAG Ruby

n 1 1.82 1.76

dn/dT 10−6 K−1 7.6 12.6

D 10−6 m2 s−1 4.8 14

κ W m−1 K−1 13 42

ρ kg m−3 4560 3980

cp J kg−1 K−1 590 753

h W m−2 K−1 5000 5000

τ s 2.9 1.1

Fig. 3 Calculated temperature profiles in the laser rods pumped at the
repetition rate of 5 Hz. (a) Time-dependent average temperature over
the whole profile. (b) Temperature profile after the first pulse looks
identical in both systems. (c) Temperature profile in Nd:YAG at t = 3 s.
(d) Temperature profile in ruby at t = 3 s

We obtained the time-dependent solution of (3) and (4)
using the finite element method (FEM). The time-dependent
average temperature of the laser rod is shown in Fig. 3a at
the repetition rate 5 Hz. It takes some time to reach the quasi
steady-state when the incoming pump power equals the out-
going heat flow to the surrounding coolant. This time can be
estimated from the laser rod’s radius r0 and its thermal dif-
fusivity constant D by the thermal time constant τ ≡ r2

0 /D,
and its values are given in Table 1 for both laser rods. The
temperature rises steeply after each pump pulse followed by
a partial relaxation until the next pulse, and these oscillations
remain in the quasi steady-state regime. The large difference
in the quasi steady-state temperature of both laser media is
associated with much more powerful pumping of the ruby,
which is needed due to its three-level nature.

The temperature profile after the first pump pulse in
Nd:YAG is shown in Fig. 3b and it completely reflects the
absorbed pump power profile obtained from the ray-tracing
(not shown). At initial stages there is no notable difference
between the temperature profiles of the two laser media, ex-
cept for the much higher average temperatures established
in ruby. The single-shot profile is mainly determined by the
pump absorption conditions as the thermal relaxation effects
take much longer to arise. Since the pump conditions in
both lasers are similar, i.e. the pump reflector design and the
rod’s surface scattering function, this also translates in very
similar single-shot temperature profiles. However, the differ-
ence becomes apparent in the quasi steady-state regime. The
steady-state temperature profile of the Nd:YAG rod pumped
at 5 Hz is shown in Fig. 3c. Its shape exhibits almost a com-
plete azimuthal angular symmetry and a parabolic radial de-
pendence. In contrast, the steady-state temperature profile
of the ruby rod pumped at 5 Hz has a considerable broken
angular symmetry (Fig. 3d). The isotherms take an ellipti-
cal shape, which consequentially gives rise to the thermal
astigmatic lensing effect. The eccentricity of the elliptical
temperature profile is significant in ruby at 5 Hz and quite
insignificant in Nd:YAG at 5 Hz, where the former better
preserves the shape of the pump absorption profile. The ba-
sic reason for this difference lies in the difference between
the thermal time constants of the two rods.

2.4 Thermal and electronic population lensing

The thermal lensing effect arises due to the changes in the
index of refraction n induced by the temperature increase in
the laser rod [8], denoted as dn/dT . We did not use the cal-
culated temperature profile directly, but we have employed
the fact that the actual profiles take elliptical shapes. Thus
we have modeled the thermal astigmatic lens by superposi-
tion of the spherical part and inclusion of an additional re-
fractory power in y-direction. The resulting phase factor for
the propagation of EM field through such a lens is given as

ϕt.l. = e
ik

x2+y2

2fs e
ik

y2

2fa , (5)

where k is the wave vector, and fs and fa are the spheri-
cal and additional astigmatic focal lengths. We have applied
(5) in the laser cavity model and it has proved to be very
good for both laser media. Such description, however, only
applies in the repetitive regimes and is not the best for the
single-shot regime, but it can still provide a general repre-
sentation of the astigmatism.

The dioptric power of both the spherical and the aspher-
ical parts increases linearly with increasing average pump
power. But the amount of astigmatism, i.e. the ellipticity of
the isotherms on the temperature profile after the pumping
pulse, is also a function of the pump repetition frequency
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νrep. Our calculations show that some ellipticity is present
at low repetition rate (νrep � 1/τ ) where most of the pump-
ing heat is driven away so that the temperature profile af-
ter each pulse is reminiscent of the single-shot regime. At
mid repetition rate (νrep ∼ 1/τ ) there is enough buildup of
the parabolic temperature profile that the elliptic shape be-
comes obscured, and at high repetition rate (νrep � 1/τ ) the
ellipticity emerges again due to the consecutive pulses com-
ing too fast to allow for enough relaxation to the parabolic
shape.

Electronic population lensing effect is most notable in
the crystals doped with the ions of transition-metals as such
ions lack the electronic shielding of the upper laser level.
In this kind of materials the excitation of the higher energy
levels causes applied internal strain that induces changes in
the index of refraction [8]. Population lens distorts the phase
of the evolving EM field in the laser cavity and vice versa.
The amplification of the EM field depletes the gain medium
which results in modified phase factor of the population lens.
The population lens influences back the evolving EM field
and therefore the population inversion. The effect of the pop-
ulation lens on the EM propagation is described by the phase
factor

ϕp.l. = e
ikC N

N0
l
, (6)

where N is density of the inverted population, N0 is number
density of the active ions and l is the length of the rod. The
population lensing effect of a laser medium is quantified by
the coupling constant C.

The influence of the population lens on the laser pulse
depends both on the value of the coupling constant and also
on the type of the laser cavity. We recently analyzed the role
of the population lens in an unstable super-Gaussian cavity
[25] in the single-shot regime. The results showed distor-
tions of the output laser beam in the near-field (NF) as well
as in the far-field (FF). In addition, we showed that the out-
put energy fluctuates from pulse to pulse and the efficiency
of the laser is decreased because of the population lens-
ing effect. We also included in the analysis a stable multi-
mode plano-concave cavity and found that the distortions
of the profile and energy fluctuations are much less signif-
icant there. The extent of the population lens’ influence on
the output laser pulse depends on the magnitude of the cou-
pling constant C. The measured values of the constant in
ruby range from 3.6 · 10−6 to 2 · 10−5 and there was no
agreement about its sign in [20–22]. We have determined
the constant to have a value between 7 · 10−6 and 9 · 10−6

and a positive sign [25].

3 Numerical results

We modeled both Nd:YAG and ruby laser media in Q-
switched unstable cavity with super-Gaussian mirror. It

turns out that ruby is a far more complicated system than
Nd:YAG, so the majority of the results are for the former,
while the latter serves more or less as a reference.

The Nd:YAG cavity was comprised of HR back mirror
and a super-Gaussian output coupler set 500 mm apart and
with radii of curvature R1 = 7 m and R2 = −3.2 m, respec-
tively. The super-Gaussian mirror for Nd:YAG had the width
of the reflectance profile w = 3.0 mm, the order m = 4, and
the central reflectance R0 = 0.2. The ruby cavity was also
comprised of HR back mirror and a super-Gaussian output
coupler. In this case the cavity length optical was 440 mm
and the radii of curvature of the mirrors were R1 = 8 m
and R2 = −2.8 m, respectively. The super-Gaussian mir-
ror parameters for the ruby were: w = 3.2 mm, m = 3, and
R0 = 0.53.

The Nd:YAG rod had a doping concentration of 0.9%
at., which translates to the number density of Nd ions N0 =
1.24 · 1020 cm−3. The stimulated emission cross-section is
σ = 2.8 · 10−19 cm2 at the emission wavelength of 1064
nm and γ = 1. The ruby rod had a doping concentration
of 0.03% wt., which translates to the number density of Cr
ions N0 = 9.46 · 1018 cm−3. The stimulated emission cross-
section is σ = 2.5 · 10−20 cm2 at the emission wavelength
of 694 nm, and the value of γ is 2 because of the three-level
operation of the ruby system. All other material constants
were taken from Table 1.

The initial population inversion was set to N = 0.01 · N0

for Nd:YAG and N = 0.66 · N0 for ruby. The calculated
pulse energies resulting from these initial excitations are
1000 mJ and 300 mJ for Nd:YAG and ruby, respectively.
Both values are in good agreement with the pulse ener-
gies obtained from the experiments. The much larger initial
population inversion in the ruby which nevertheless gives a
much lower output energy is due to the three-level nature.
The obtained beam caustics are depicted in Fig. 4 for ruby
laser, where the effects of the astigmatic thermal lens can be
observed.

3.1 Thermal lens

The ellipticity of the thermal profile in Nd:YAG operating at
the repetition rate of 5 Hz is relatively low as can be seen in
Fig. 3c. Consequently in our calculations we set the astig-
matic part of the focal length fa → ∞. The spherical part of
the focal length fs is a function of the time-averaged pump
power and thus also of the repetition rate. The magnification
of the Nd:YAG cavity is about 1.8 and the coordinates in g-
space are (1.17, 0.92) and both were found to be pretty much
insensitive to the pumping power, i.e. the value of fs . The
calculated NF and FF beam profiles for single-shot regime
(fs = ∞) and at the repetition rate of 5 Hz (fs = 22 m)
are shown in Fig. 5. The NF profile remains largely unaf-
fected, while in the FF profile a central dent is present in
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Fig. 4 Schematic representation of the beam caustics of ruby laser in
two regimes of operation. The numbers designate the positions of the
cavity elements that are shown in Fig. 1

Fig. 5 Calculated beam profiles for Nd:YAG considering the ther-
mal lens effect. (a) Near-field in the single-shot regime. (b) Near-field
at the repetition rate of 5 Hz. (c) Far-field in the single-shot regime.
(d) Far-field at 5 Hz

the single-shot regime (Fig. 5c). With increasing repetition
rate the profile is becoming increasingly squeezed due to the
positive thermal lens. Finally this leads to the profile shown
in Fig. 5d.

The magnification of the ruby cavity is about 1.3 and the
coordinates in g-space are (1.16, 0.94), and both are again
insensitive to the pumping power. But in contrast to Nd:YAG
the astigmatism of thermal lensing in ruby rod operated at
1–5 Hz is very profound. The calculated beam is shown
in Fig. 6 for a single shot and for two repetitive regimes.
The thermal lens again predominantly affects the FF profile,
but now not only the beam size, but also the beam shape
is changing. In the single-shot regime with fs = ∞ and

Fig. 6 Calculated beam profiles for ruby considering the thermal lens
effect. (a) Near-field in the single-shot regime. (b) Near-field at the
repetition rate of 1 Hz. (c) Near-field at 3 Hz. (d) Far-field in the sin-
gle-shot regime. (e) Far-field at 1 Hz. (f) Far-field at 3 Hz

fa = 15 m the FF profile is first stretched in the ξ -direction,
then it becomes circular at fs = 40 m and fa = 12 m, and
finally it becomes stretched in the ψ -direction at fs = 30 m
and fa = 9 m.

We can explain this as follows: in the absence of any ther-
mal lensing the design of the cavity produces a divergent
output beam. The dioptric power of the astigmatic thermal
lens increases faster in ψ -direction than in ξ -direction which
at first causes beam collimation in the ψ -direction and so
the beam is elongated in the ξ -direction. In the mid repeti-
tion rate regime this effect overcompensates the divergence
in ψ -direction produced by the cavity design and a beam fo-
cal point emerges in ψ -direction. Because of this focal point
further increase in repetition rate will now result in increas-
ing the divergence in ψ -direction, while in the ξ -direction
the divergence is still decreasing. At this point the beam has
almost symmetric FF pattern in both directions. At very high
repetition rates the astigmatic lens then starts spreading the
beam further in both directions. Because the divergence is
still increasing faster in the ψ -direction this now results in
an elongated beam in the ψ -direction. The NF profile is first
unaffected, but becomes squeezed a bit in the y-direction at
shorter focal lengths.

3.2 Population lens

In the ruby crystal there is also present a strong electronic
population lensing effect. In the calculations we include
both the population lens and the thermal lens, and for the lat-
ter we used the same set of values for fs and fa as in the pre-
vious section. The result of the combined thermal and popu-
lation lensing effects is shown in Fig. 7. By comparing it to
Fig. 6 one can see that the population lens distorts both the
NF and the FF profiles, however the elongated shape of the
FF profiles can be assigned solely to the effects of the astig-
matic thermal lens. Generally, the population lensing causes
an occurrence of a central dent and a distorted rim in both
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Fig. 7 Calculated beam profiles for ruby with taking into account
both the thermal and the population lensing effects. (a) Near-field
in the single-shot regime. (b) Near-field at the repetition rate of
1 Hz. (c) Near-field at 3 Hz. (d) Far-field in the single-shot regime.
(e) Far-field at 1 Hz. (f) Far-field at 3 Hz

the NF and the FF profiles. At fs = 40 m and fa = 12 m
it splits the FF profile into two peaks in ξ -direction and at
fs = 30 m and fa = 9 m it splits the FF into several peaks
in ψ -direction. Due to the initial random seed the detailed
structures of the NF and FF profiles slightly vary when re-
peating the calculation, but the main characteristics are well
preserved. If we set the values of fs and fa below 30 m and
9 m, respectively, the laser operation does not start at all in
the simulation.

In order to provide additional quantitative comparison
between our numerical results and the measurements we
also calculated the beam divergencies θcalc

ξ and θcalc
ψ in or-

thogonal directions. The results are presented in Table 2.
The values for the divergencies were obtained from the cal-
culated FF beam shapes using the second-order momen-
tum definition. Because the population lens in ruby causes
slightly different results in each run we have taken an aver-
age of ten simulation runs for each set of parameters. In ad-
dition there is always an error caused by the finite sampling
of the EM field. The sampling error was about 0.1 mrad and
the calculated standard deviation was smaller than that.

4 Experimental results

We constructed two experimental setups using the two laser
crystal rods as described in the previous sections. The flash-
lamps were powered by a custom-made electric power sup-
ply, which provided square-wave pulses of electric power.
The Q-switch element was comprised of a polarizer, electro-
optic modulator and quarter-wave plate. The polarizer was
oriented perpendicularly to the plane defined by the cylin-
der axis and the crystal axis of the birefringent ruby rod.
The beam profiles were measured with a silicon CCD cam-
era having 512 × 512 pixels. To match the detector size the
NF profiles were shrank for a factor of 2 with a spherical

Fig. 8 Measured beam profiles for ruby laser. (a) Near-field in the
single-shot regime. (b) Near-field at the repetition rate of 1 Hz.
(c) Near-field at 3 Hz. (d) Far-field in the single-shot regime.
(e) Far-field at 1 Hz. (f) Far-field at 3 Hz

lens, while the FF profiles were measured in the focal plane
of a lens with a focal length of 1228 mm to obtain the re-
quired resolution. The beams were appropriately attenuated
using a neutral density filter. The divergencies of the beams
were determined with a moving knife-edge method and are
given in Table 2.

4.1 Ruby

The measured NF and FF profiles for the ruby laser beam
are shown in Fig. 8. All the measured profiles agree very
well with the calculated profiles from Sect. 3.2. There is
a chaotic-type distortion present in the NF profile, i.e. dif-
ferent pattern appears in every single pulse. The FF profile
in the single-shot regime is stretched in the ξ -direction, it
becomes almost round but split into two peaks at the repe-
tition rate of 1 Hz, and finally it becomes stretched in the
ψ -direction at 3 Hz. At higher repetition rates no lasing was
observed, which confirms the predictions of our model that
strong enough distortions can completely collapse the emer-
gent EM field in the cavity. The measured output beam di-
vergencies are given in Table 2. At repetition rates higher
than about 0.9 Hz the quantitative agreement with the nu-
merical results is very good. In the single-shot regime there
is a difference of a factor of 2, which is supposed to be due to
the rough approximation of the phase factor of the thermal
lens in this regime in our model.

4.2 Nd:YAG

The measured NF and FF profiles of the Nd:YAG laser beam
are shown in Fig. 9. The NF profile remained constant from
single shot up to the 5 Hz repetition of the pump, while the
FF profile in single shot showed a central dent that disap-
peared at 5 Hz, exactly as in the calculated profile (Fig. 5).
This confirms our assumption that in Nd:YAG laser systems
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Table 2 Calculated and measured divergencies of the output laser beams

Laser fs [m] fa [m] Regime θcalc
ξ [mrad] θcalc

ψ [mrad] θmeas
ξ [mrad] θmeas

ψ [mrad]

Nd:YAG ∞ ∞ single 1.3 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 1.2 ± 0.1

Nd:YAG 22 ∞ 5 Hz 0.9 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 0.7 ± 0.1

ruby 15 ∞ single 2.0 ± 0.1 1.0 ± 0.1 1.41 ± 0.06 0.5 ± 0.1

ruby 40 12 1 Hz 1.2 ± 0.1 0.8 ± 0.1 0.95 ± 0.03 0.9 ± 0.2

ruby 30 9 3 Hz 0.5 ± 0.1 1.4 ± 0.1 0.5 ± 0.1 1.7 ± 0.3

Fig. 9 Measured beam profiles for Nd:YAG laser. (a) Near-field in the
single-shot regime and at the repetition rate of 5 Hz give practically the
same result. (b) Far-field in the single-shot regime. (c) Far-field at 5 Hz

with unstable cavity design the astigmatic thermal and elec-
tronic population lensing effects are negligible. The beam
quality is thus limited only by the common spherical ther-
mal lensing effect even though that optical pumping is asym-
metric. The measured and the calculated divergencies of the
output beam well agree in all operational regimes.

5 Conclusion

In this study we used our numerical model of the laser
beam generation to investigate the astigmatism of the ther-
mal lensing effect. This effect was also combined with the
electronic population lensing effect in positive-branch un-
stable laser cavities. By investigating two distinctly differ-
ent laser media, namely Nd:YAG and ruby crystals, we were
able to clearly separate between the contributions related to
different origins.

The results show that the astigmatic thermal lensing ef-
fect mostly affects the far-field beam profile, while the pop-
ulation lensing effect influences the near-field and the far-
field profiles by distorting them in a chaotic manner. In ruby
both lensing effects are very expressive, which makes it a
very intricate laser medium. On the contrary, in Nd:YAG
they are practically negligible, and due to this difference the
ruby laser performs much worse than Nd:YAG even when
using an optimized cavity.

The numerical results were experimentally validated and
were shown to be in excellent agreement for both laser me-
dia. Our results demonstrate that such approach can be a
powerful tool in the design of some special laser cavities, as
for instance in our case the unstable cavity with the super-
Gaussian mirror. Our modeling approach can also be easily

adapted to other pump and cavity geometries and additional
cavity elements can be easily incorporated. We also believe
that some of our findings can be further generalized. The
astigmatic thermal lensing effects are expected to be impor-
tant in non-uniformly pumped crystal rods in certain regimes
of operation, and the electronic population lensing effects
are expected to limit the performance of some transition-
metal-ion lasers, e.g. chromium and titanium.
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