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Balancing of thermal lenses in enhancement cavities
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Thermal lensing poses a serious challenge for the power scaling of enhancement cavities, in particular when these
contain transmissive elements. We demonstrate the compensation of the lensing induced by thermal deformations
of the cavity mirrors with the thermal lensing in a thin Brewster plate. Using forced convection to fine-tune the
lensing in the plate, we achieve average powers of up to 160 kW for 250-MHz-repetition-rate picosecond pulses
with a power-independent mode size. Furthermore, we show that the susceptibility of the cavity mode size to
thermal lensing allows highly sensitive absorption measurements. © 2015 Optical Society of America
OCIS codes: (140.4780) Optical resonators; (140.7240) UV, EUV, and X-ray lasers.
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In high-finesse passive optical resonators, the pulses of a
mode-locked laser can be coherently stacked to achieve
a power enhancement of several orders of magnitude.
Such enhancement cavities (ECs) are powerful tools
for driving frequency conversion processes exhibiting
low single-pass efficiencies such as high-order harmonic
generation (HHG) in gaseous media [1,2] or inverse
Compton scattering from relativistic electrons [3,4] at
high repetition rates. Another promising application of
this generic concept has been the “stack and dump” approach, where a stretched femtosecond pulse circulating
in the EC is periodically dumped after having built up to
allow for high pulse energies while almost maintaining
the high input average power [5,6]. In the resonant state,
high-finesse ECs exhibit an enhanced sensitivity towards
changes of their longitudinal and transverse field distributions, making them uniquely sensitive measurement
tools for application fields ranging from gravitationalwave detection [7] over molecular spectroscopy [8], to
the measurement of linear [9] and nonlinear [10] polarization response of materials.
Together with intensity-related damages, thermal effects in the cavity optics ultimately limit the achievable
intracavity peak and average power. In a previous work
[11], we demonstrated the enhancement of ultrashort
pulses to average powers of several hundreds of kilowatts. To avoid intensity-induced damage, large spot
sizes on the mirrors are necessary. This can be conveniently achieved at an alignment-insensitive edge of the
resonator stability zone [12]. Even though the dielectric
mirrors employed in [11] were carefully chosen to minimize susceptibility to thermal lensing, at hundreds of
kilowatts of average power, the transverse cavity mode
was significantly affected by thermally induced changes.
Many high-power applications require transmissive elements in the beam path of the EC, rendering thermal
lensing an even more serious challenge. For instance,
in cavity-enhanced HHG Brewster plates [13] or antireflection-coated plates placed at grazing incidence
[14] can be used to couple out the generated radiation.
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Another example are nonlinear conversion processes
in intracavity crystals, such as terahertz generation [15],
intrapulse difference-frequency generation [16], or spectral broadening via self-phase modulation [17,18].
In this Letter, we experimentally and theoretically
investigate thermally-induced changes in the size of the
modes of high-finesse cavities containing transmissive
elements. We show that the optics of an EC can be
chosen such that the thermally-induced phase-front distortions largely compensate for each other. To precisely
balance the contribution of a thin plate with those of the
mirrors, we demonstrate a technique to fine-tune its thermal lensing characteristics. With this method, we achieve
an intracavity average power of 160 kW in an EC containing a fused silica Brewster plate (BP), while drastically
reducing thermally induced changes of the mode size.
The susceptibility of the mode size to thermal lenses
allows for measurements of total absorptions of thin
transmissive plates in the range of 0.1 ppm.
The concept of combining optics with different
dependencies of dioptric power on temperature to athermalize imaging systems has been used since the 1940s
[19]. Later, this approach was used to mitigate selfinduced thermal lensing of the gain medium in laser resonators [20–22], focusing optics for laser machining [23],
and other high-power laser optics [24,25]. In ECs, such
compensation has to be achieved at average powers of
hundreds of kilowatts, which is orders of magnitude
higher than in previous applications of the concept.
Thermal lensing of mirrors is caused by absorption of
the incident power P in the coatings. The resulting thermal expansion of the substrate deforms the mirror surface, causing it to act as a defocusing optical element
upon reflection. The thermally-induced radius of curvature Rref1 scales as [26]
αA
· P;
(1)
κw2
with the absorption coefficient of the coating A, the thermal conductivity κ and thermal expansion coefficient α of
R−1
ref1 ∝ −
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the substrate, and the 1∕e2 intensity radius w of the incident beam. By using coatings with an absorption of
a few ppm and low-expansion glass substrates, thermal
deformations can be alleviated [11]. However, the high
bulk absorption of low-expansion glasses prevents their
use as substrates for input couplers of ECs [11]. Thus,
thermal lensing in state-of-the-art all-reflective ECs is dominated by the surface deformation of the input coupler.
In transmissive elements, thermal lensing effects are
caused by absorption in the bulk material as well as in
coatings. The resulting temperature distribution also
leads to surface deformations, but usually their effect is
negligible compared to the phase front distortions caused
by the temperature-dependence of the refractive index
dn∕dT. The lensing effect scales as [27]
R−1
trans ∝

al dn
· P;
κw2 dT

(2)

with l being the thickness and a the absorption coefficient of the element. In most materials the temperature
coefficient of the refractive index is positive, resulting in
focusing thermal lenses. Because of the low temperatures and thermal gradients seen in the experiments,
we neglect the dependence of the thermal conductivity
on temperature, and stress-induced effects.
To understand how focusing and defocusing thermal
phase front distortions affect a resonator, it is useful
to distinguish between their parabolic and higher-order
content. Purely parabolic phase front distortions act as
perfect lenses altering the focusing geometry of the cavity and, thus, its position in the stability zone. This
changes the mode size and can lead to configurations
where higher order transverse modes are degenerate
with the fundamental mode [28]. The dependence of the
mode size on the focusing geometry diverges at the edges
of the stability zone. To avoid mirror damage, the EC can
be operated close to the inner edge of stability, where the
illuminated areas on the mirrors are increased [12]. Here,
a defocusing thermal lens pushes the cavity further
towards the edge. Additionally, all transverse modes with
even orders converge at this edge of stability [28]. The
higher order content of thermal phase front distortions
facilitates coupling of the fundamental transverse mode
to higher order modes, causing losses [11]. These effects
make a precise compensation of both thermal lensing
and aberrations desirable. Conversely, the susceptibility
of high-finesse cavities to thermal effects can be
exploited to measure small absorptions with a high
sensitivity [29,30].
We simulated the deformation of the input coupler
caused by the absorption of a Gaussian beam using the
finite-element solver COMSOL. Figure 1 shows the phase
front distortion produced by a beam of 100 kW on a mirror with a coating of 5 ppm absorption and a fused-silica
substrate. Heat exchange with the ambience is assumed
to take place only via radiation, with the emissivity of the
mirror being 0.95. A parabolic fit to this profile, weighted
with the incident intensity profile, yields its dioptric
power. The residuals of this fit represent aberrations.
We find that a thin fused-silica plate placed in a collimated arm of the cavity is well suited to compensate for
the thermal aberrations of the input coupler (Fig. 1). The

Fig. 1. Simulated thermal phase distortion profiles induced by
an elliptical Gaussian beam. Profiles are plotted for a mirror, a
Brewster plate, and their sum in both the sagittal (s, solid lines)
and tangential planes (t, dotted lines).

plate is placed at Brewster’s angle to minimize losses and
to avoid additional absorption in anti-reflection coatings
[Fig. 2(a)]. The projection of a round beam on the plate is
then an ellipse, with the ratio of its major to its minor axis
being about 1.76. This leads to astigmatism of the thermal
lens, with the shorter focal length in the plane of the tilt.
Because of the different shapes of the heating patterns
on the input coupler and on the BP, their thermal lenses
cannot be perfectly matched in the sagittal and tangential
planes simultaneously [Fig. 1]. Thus, the ellipticity of the
cavity mode will change with intracavity power. For a
cavity close to the inner edge of the stability zone with
non-zero angles of incidence on the curved mirrors,
the mode is elliptical in the cold state. Its major axis lies
in the sagittal plane of the mirrors. By placing the BP
such that the tilt angle is within this plane, its astigmatic
thermal lensing behavior can be exploited to compensate
for the initial ellipticity at a given intracavity power.
To model the thermal sensitivity of a specific cavity
design, we use the metric introduced in [11], given by
the slope of the beam radius on a curved mirror as a function of the intracavity average power. Close to the inner
edge of the stability zone the mode change evolves nearly
linear with the intracavity power, making this metric a
useful tool to estimate the behavior of the cavity even
for high powers [11]. First, we calculate the mode size
in both planes for the cold, i.e., low-power cavity. Next,
we simulate the heating of the input coupler and of the
BP by this beam for a small power in 3D using COMSOL

Fig. 2. (a) Sketch of the compensation scheme. The Brewster
plate (BP) is tilted in the sagittal plane. The minimal angle of
incidence (AOI) depends on the distance between input coupler
(IC) and BP, and the mode size. The plate can be cooled with
nitrogen gas. (b) Schematic of the experimental setup.
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and extract the resulting phase distortion profiles (Fig. 1).
From these we obtain the sagittal and tangential focusing
powers of the thermal lenses by a parabolic fit, weighted
with the incident intensity profile. By plugging the resulting thermal lenses into the cavity model, we calculate the
mode size of the warm cavity and its thermal sensitivity.
In Fig. 3, a the thermal sensitivity of a symmetric 2.4-m
bow-tie cavity is plotted against the initial mode size. The
simulations were performed for cavity configurations
close to the inner stability edge, with the positions in
the stability zone corresponding to the initial mode size
[Fig. 3(a)].
In the experiment, we use a four-mirror cavity seeded
by the Yb:fiber-based chirped-pulse-amplification laser
system published in [31]. It delivers 250-fs pulses centered at 1040 nm with a repetition rate of 250 MHz and
up to 420 W of average power. The pulses were stretched
to about ten picoseconds for the experiments to exclude
nonlinear effects. The laser is locked to the EC using the
Pound-Drever-Hall scheme. The cavity comprises three
high-reflectance mirrors with ultra-low-expansion glass
substrates and an input coupler with a reflectivity of
99.85% on a fused-silica substrate, and is placed in a vacuum chamber [Fig. 2(b)]. It is set up in a symmetric bowtie geometry [12] with two 600-mm radius-of-curvature
mirrors. The distance between the curved mirrors can
be varied to adjust the position in the stability zone.
We use a round BP made of fused silica (Suprasil 311,
Heraeus), with a diameter of 25 mm and a thickness of
100 μm. To avoid clipping the cavity beam while minimizing the angles of incidence on the mirrors, the BP is
placed as indicated in Fig. 2. To determine the thermal
sensitivity of the cavity, the mode profile on one of the
curved mirrors was measured for a range of intra-cavity
powers using the same diagnostics as described in [11].
The obtained data was fitted by a linear function. The
thermal sensitivity is given by the slope of the fit function,
and the initial mode size corresponds to its value at zero
power [Fig. 3(b)]. Measurement series were performed

Fig. 3. (a) Thermal sensitivity plotted versus the initial mode
size in both the sagittal (s, squares) and tangential (t, triangles)
plane. The model (solid lines) agrees well with the experimental
results (symbols). The points marked by red circles are derived
from the data shown in (b). (b) Beam radius versus intracavity
power with and without a Brewster plate (BP) (symbols) and
linear fits (dashed lines). Beam profiles are shown for both
cases at an intracavity power of 61 kW.
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with and without the BP for different cavity configurations close to the inner stability edge [Fig. 3(a)].
The model can be fitted to the experimental results by
using the absorptions of the input coupler and of the BP
as free parameters. For absorption values of 3.2 ppm in
the mirror and 0.28 ppm in the plate, theory and experiment show excellent agreement [Fig. 3(a)]. The measurements allow distinguishing absorptions with a resolution
of about 0.5 ppm in mirrors and 0.02 ppm in BPs. With the
Brewster plate, a clean, round mode is achieved at 62 kW
with a power enhancement factor of 1300. The experiments demonstrate that the astigmatism of the thermal
lens from the BP can be used to eliminate the initial mode
ellipticity. Still, the thermal sensitivity differs significantly from zero, meaning that the balancing of thermal
lenses is not perfect [Fig. 3(b)].
In principle, a good compensation is achievable by
precisely choosing the thickness of the BP. However,
the manufacturing tolerance and availability of plates,
as well as small changes in the surface absorption of
individual plates in between experiments, make this
approach impractical. To overcome this problem, we exploit the high surface-to-volume ratio of the thin BP. It
allows for an efficient manipulation of the amount of heat
emitted within the illuminated area, and thus of the
strength of the thermal lens. This can be achieved by
changing the ambient temperature apparent to the plate,
or by facilitating heat transport through a gas. Here, we
expose a BP of 200 μm thickness to forced convection
by directing a steady flow of nitrogen along its surface
[Fig. 2(a)]. This method offers a broad range of tunability
[Fig. 4(a)]. With this scheme, we achieve an intracavity
average power of 160 kW, i.e., with an enhancement factor of 1035, and a nearly constant mode size [Fig. 4(a)]. At
this power, losses from thermally induced aberrations
prevent further scaling [Fig. 4(b)]. These aberrations
seem to stem primarily from the inhomogeneous cooling
of the BP [Fig. 4(c)–4(e)], resulting in a significant tilt of

Fig. 4. (a) Mode area versus intracavity power for the same
cavity without a Brewster plate, with an uncooled and with a
cooled Brewster plate. The inset shows a mode profile achieved
with the cooled BP at 160 kW. (b) Standard deviation of the
Gaussian fit to the mode profile in the sagittal plane, indicating
increasing aberrations. (c),(d) Images of the temperature distribution on the cooled Brewster plate for two powers. The arrow
indicates the direction of the cooling gas flow. (e) Temperature
profiles on the Brewster plate along the arrows exhibit a significant asymmetry of the thermal lens.
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the temperature profile in the sagittal plane, which
becomes more severe with increasing power. This technological limitation can in principle be overcome by
improving the cooling of the BP. A promising alternative
to forced convection could be radiative cooling [32].
In conclusion, we have investigated the enhancement
of ultrashort pulses in a high-finesse EC containing a
transmissive element. We have demonstrated that the
thermal lenses induced in the cavity mirrors and in a thin
plate placed at Brewster’s angle in the beam path can be
balanced with high precision by controlling forced convection of the plate. We have also shown that thermal
lensing in BPs can be exploited to compensate for astigmatism in cavities operated close to the edge of stability.
With this scheme, we obtained a constant mode size up to
160 kW of average power, which exceeds the performance of state-of-the-art ECs with transmissive elements
by more than one order of magnitude. Furthermore, we
show that the sensitivity of the cavity mode change with
respect to the thermal lens induced in thin plates allows
for the detection of absorption values in the range of
∼0.1 ppm. The methodology applied in this work will
benefit the power scaling of ECs, in particular for applications requiring the inclusion of transmissive elements
like nonlinear crystals or output couplers for radiation
generated via intracavity conversion processes.
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