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Advances in laser technology over the past 25 years have been impressive, in particular for the Ytterbium technology
where nowadays kW-class laser systems are available. This technology also led to the possibility to provide hundreds
of kilowatts of laser power by the use of enhancement cavities. We report here on the demonstration of a stable 500
kW average laser power in a high-finesse enhancement cavity. It paves the way towards systems providing laser power
in excess of 1 MW and opens the door to a breakthrough in a variety of new applications.

Enhancement Fabry-Perot cavities (EC) with high average
power, in the range of hundreds of kilowatts, are used or
planned to be used for many applications. For instance, the
Laser Interferometer Gravitational-Wave Observatory (LIGO)
at Hanford was recently operated at 380 kW average power
with continuous wave laser1. Plans for operation at 800 kW
have been made2. Operation with pulsed laser was demon-
strated up to 350 kW3. Beyond that, the demonstration of
Steady-State Microbunching in electron accelerator would al-
low to produce high peak and high average power of EUV
radiation provided that megawatt scale of laser power can
be obtained in EC4–6. Such progress would also be of in-
terest for photoneutralization of deuterium for fusion energy
experiments7,8. Production of intense quasi-monochromatic
X- and γ-ray beams by means of inverse Compton scatter-
ing has been enabled by the advent of laser technology and
still profiting from advances in the field9–14. Similar laser
systems can be used in hadronic accelerators to interact with
ultrarelativistic partially stripped ion beams instead which
would open-up a broader range of applications15,16. These
accelerator-based applications involve the use of EC with
pulsed lasers. In this regime, it has been shown that up to 670
kW can be reached with a cavity with Sapphire input mirror in
picosecond regime17. However no study of long-term stability
in the pulsed regime was published above 350 kW3,18. With
a fused-silica coupler up to 400 kW was obtained with 250 fs
laser pulses with mode deformations induced by the presence
of relatively low-order degenerate high-order modes. These
results were obtained with a moderate effective enhancement
factor, defined as the ratio of intracavity and input power, of
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about 1,270 at such high average power. The input power was
315 W in these experiments. A drop of the effective enhance-
ment factor with power was also observed in this work17. In
the present letter, we report on progress beyond these results
demonstrating in particular an effective enhancement factor
increased by a factor of six at four times lower input power.
We further demonstrate that stable power can be obtained at
such high power in an EC. This is particularly advantageous
for reducing the cost of these systems which is mainly driven
by the amplifier cost. Moreover, it suggests that by employing
a more powerful amplifier or further increasing the enhance-
ment factor of the cavity, the average power could reach 1
MW and beyond.

The setup, shown in Fig. 1, comprises a Ytterbium-doped
bulk mode-locked laser oscillator MENHIR-1030 from Men-
hir Photonics AG lightly instrumented by two piezo-electric
transducers (PZTs) for repetition rate adjustment. The input
of one of them is low-pass filtered with a few Hertz bandwidth
and thus dubbed slow PZT in the following. Pump current
can also be set with 1 mA precision by software setting to
optimize the carrier-envelope offset frequency19,20. The laser
oscillator generates 200 fs pulses of Fourier-transform lim-
ited bandwidth at 1030 nm with a pulse repetition rate of 160
MHz and 150 mW average power. The power spectral density
of phase noise was found better than an ultra-stable OEwaves
Inc. High-Q continuous wave laser at 1030 nm. The resid-
ual RMS frequency jitter of a comb line of the pulsed laser is
thus measured to be less than 1 kHz in the range [100 Hz,1
MHz]16,21,22. The laser pulses are then stretched by means
of a Chirped Volume Bragg Grating (CVBG), transported and
injected into a fibre. Before being injected into the ampli-
fier, the laser beam goes through an acousto-optic modulator
which is a part of the feedback loop, and also allows a coarse
tuning of the carrier-envelope offset frequency. It is followed
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FIG. 1. Schematic of the experimental setup used during the experiments described in this letter. EOM stands for Electro-Optic modulator;
AOM stands for Acousto-Optic modulator; PBS for polarizing beam splitter; CVBG for Chirped Volume Bragg Grating; PDH for Pound-
Drever-Hall; PD for photodiode; MM for motorized mount.

by an electro-optic modulator that allows to produce an 8.3
MHz frequency modulation employed to lock the laser repe-
tition rate and the free-spectral range (FSR) of the EC using
the Pound-Drever-Hall technique23. The laser light is then in-
jected in a three-stage fibre power amplifier. It is operated
in a saturated gain regime. Further details are documented
elsewhere22. It delivers up to 75 Watts. The pulse duration
is measured with a fast photodiode by carefully deconvolut-
ing the response function of the photodiode measured directly
with the sub-picosecond laser beam. It is estimated to be of
approximately 160 ps FWHM. We decide not to compress the
light pulses in order to avoid potential damage to the mirrors
and study the influence of thermal effects. Pulse compression
would involve a dedicated optimization of the cavity geome-
try to avoid working points close to the damage threshold of
the mirrors24. A telescope made of two fused-silica lenses
mounted each on a manual translation and x-y adjusters is
implemented to improve the mode matching to the EC. A
pair of motorized mounts from Newport are used to align
the laser beam to the EC. The EC is composed of four mir-
rors in a bow-tie configuration, typically tailored for Compton
backscattering25 and EUV applications26. The FSR of the EC
is set to 160 MHz. It is placed in a vacuum chamber pumped
to about 10−2 mbar of residual pressure. It is composed of
two planar mirrors, M1 and M2, and two plano-concave mir-
rors, M3 and M4, with radii of curvature of 500 mm. Mirrors
are mounted in thermal compensation mounts SU100TW-F2K
from Newport. Two of them, M1 and M3, are equipped with
translation stages to tune the free spectral range of the cavity
and the beam size on the mirrors. In between the two planar
mirrors (M1 and M2), D-shape mirrors are inserted to damp
high-order modes that appear to be degenerate with the fun-
damental Gaussian mode at high power18. The beam radius
at 1/e2 of intensity is measured to be about 1.0×1.2 mm be-
hind M2, at a low average power, when the distance between
the spherical mirrors is chosen to be about 505 mm. The in-
put coupling mirror M1 is made of fused-silica and the design
transmission in power of 115 parts per million (ppm). The

coating of the three other mirrors, made of Ultra-low Expan-
sion glass (ULE) substrate, is designed to maximize the re-
flectivity. One mirror from the same coating batch was mea-
sured to have a transmission of 1.75± 0.01 ppm. It has been
measured by directing the output of the amplifier to the mirror
and measuring the power in transmission carefully removing
the contribution of diffracted light. To that end, the calibrated
powermeter was placed at about a meter away from the mir-
ror. As shown in Fig. 2, an excellent linearity of transmitted
with respect to incident power is observed. This calibration
procedure has also been employed for a mirror from the same
batch of M1 and the transmission measured to be of 113± 1
ppm, consistent with the design value. During experiments,
the power has been measured in transmission of both M2 and
M4 and found consistent within one percent. It provides both
a sense of the accuracy with which the transmission power is
measured and with which mirror transmission remains homo-
geneous over a given coating batch.

The intensity reflected by the EC was measured by the pho-
todiode PD1 and the signal is demodulated to provide an er-
ror signal using the Pound-Drever-Hall technique23. It is then
processed by a PID corrector to drive the fast PZT of the laser
with a sensitivity of 4 Hz/V. The slow PZT voltage was ad-
justed manually in the range of 0-10 V though it could also
be part of the feedback loop. This was not found necessary
for the purpose of the demonstration reported in this letter. In
order to avoid the slow PZT to get out of its driving range, we
had to slowly adjust the linear translation of M1 with a speed
of 0.1 mm/s to preserve the locking for a long time. No loss of
lock was observed while doing this. Again this operation was
done manually without major difficulty and could be easily
implemented in a software control to ensure an automatized
procedure. In accelerator-based applications, this is of ma-
jor importance since the FSR must be tuned to a harmonic of
the revolution frequency of the particles in the accelerator27.
Once the laser oscillator is locked onto the EC, its coupling
must be optimized. This is made by improving the alignment,
polarization, position of the lenses of the telescope (set on
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FIG. 2. Measured transmission versus incident power of a high re-
flectivity mirror taken from the same batch as M2,3,4. The fitted trans-
mission is found to be of 1.75±0.01 ppm.

manual stages) and the pump current of the laser that allows
to optimize the carrier-envelope offset frequency19,20. Indeed
it has been shown that if not optimized it induces an effec-
tive reduction of the effective enhancement factor28. We have
then operated the EC for a couple of weeks increasing gradu-
ally the amplifier power. The measurement of the power be-
hind M2 combined with the knowledge of the transmission of
mirrors of this coating batch provides a measurement of the
average power in the EC. The effective enhancement factor is
thus measured to be 8,500. This quantity is the product of the
coupling efficiency and the enhancement factor of the cavity
determined by the losses in the optical cavity and the input
mirror transmission. The direct measurement of the linewidth
of the EC scanning the frequency of a sideband around 160
MHz of a continuous wave laser locked onto the EC provides
a precise measurement of the finesse of 35300±30029. With
the knowledge of the transmission of M1, it provides an esti-
mation of the enhancement factor of 14,000.

We decided to make runs of ten minutes at several injection
power Pi, see Fig. 3. It shows that we obtained more than 500
kW with excellent stability in the long term. This duration is
only limited by our choice to stop the experiment not by any
potential instability in the setup. Above 70 W of amplifier
power, the operation limit of the amplifier is being reached,
as seen by a significant rise of the pump diode temperatures.
In order to preserve the hardware, we decided to reduce the
run duration to five minutes. A very quick run at 75 W input
power allowed us to measure 550 kW. Obtaining longer runs is
only limited by the need to continue manually adjusting over
the long term the cavity length. This presents no difficulty and
is left for the next development stage towards automatization
of the procedures. The measured power is shown in Fig. 4,
where the standard deviation of the measured intensity rela-
tive to its average value (RSD) is shown. The fluctuations are
found to be 0.6%.

We also measured the transverse mode of the EC by placing
a beam profiler behind M2. The variation of the beam radius

FIG. 3. Experimental measurements of intracavity power as a func-
tion of time for various values of injection power Pi.

FIG. 4. Experimental measurements of the average intra-cavity
power and its standard deviation relative to its average (RSD) as a
function of injection power. Lines are drawn as a guide for the eye.

with intracavity power is demonstrated in Fig. 5. As expected,
we observe an increase in the ellipticity with increasing power.
In particular, the beam size is found to increase significantly in
the sagittal plane and not in the tangential plane. When chang-
ing the distance between the spherical mirrors, the slope of the
beam radius changes. This effect was already observed in the
past and is related to the sensitivity of the mode size close to
the instability region17. We do not intend to reproduce these
results in detail, but we simply looked at this sensitivity for
three different cavity settings, for which the distance between
the spherical mirrors has been changed. The results are shown
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FIG. 5. Increase in the sagittal (ws) and tangential (wt ) beam radius
on cavity mode versus the intracavity power. The straight lines are
linear fits. The beam profile snapshots taken at 102 kW and 520
kW are shown in the insets. From the simulation of the cavity, the
estimated waist of the laser beam in between the spherical mirrors is
92×71µm at low power.

FIG. 6. Increase in the sagittal beam radius on cavity mode with
respect to the intracavity power for three different cavity settings.
The straight lines are linear fits. The estimated waists of the laser
beam at low power in between the spherical mirrors are 74×46µm,
92× 71µm and 105× 80µm, respectively for the EC labelled 1, 2
and 3.

in Fig. 6. We also remark that the beam remains well modeled
by the lowest order Gaussian intensity profile as suggested by
the fit of the linecuts of the intensity profile at 102 kW and
520 kW, shown in Fig. 7.

Compared to the results at the state-of-the-art17, several
comments are in order. First of all, we provide a statement
of the excellent stability of the laser power in the EC. We im-
prove by a factor 2.5 our previous result of stable high average
power in an EC18. Furthermore, we show in this letter that
we extend the power enhancement beyond the 400 kW pre-
viously obtained with the similar setup of ULE mirrors with
a fused-silica input coupler17. We also did not observe the

FIG. 7. Linecuts of the cavity mode at 102 kW (left panel) and at
520 kW (right panel) with corresponding Gaussian fits (solid lines)
in the sagittal (top) and tangential (bottom) planes.

detrimental effect of inclusions observed in previous coating
series30. We also did not observe a large effective enhance-
ment factor degradation as found in Ref. 17. We attribute this
to our ability to effectively damp higher-order modes18. In
addition to the very high stability of the laser seeder, the good
damping of high-order modes is also a reason for the excellent
power stability observed. A slight degradation of the effective
enhancement factor of 8,500 by approximately 10-15% com-
paring low and high average power is however experienced.
This could be attributed to an inaccurate estimate of the cou-
pling factor between low and high power or an actual increase
of losses inside the EC related to the deformation of the op-
tical surfaces due to thermal effects. Finite-element simula-
tions coupled with a dedicated FFT code31 suggest that loss
increase can be expected at a higher coating absorption level
compared to that of the mirrors used for the experiments re-
ported in this letter, estimated below 0.6 ppm32. A quantitative
and conclusive statement on this aspect is outside of the scope
of this paper and kept for further studies.

The sensitivity of the beam profile due to a modification of
topology of the cavity in the presence of residual thermal ef-
fects in the EC is unfortunately difficult to compare with those
shown in Ref. 17. Indeed it is firstly sensitive to the cavity set-
ting. We in particular show that the reported slopes of beam
radius versus power obtained in this letter can be significantly
smaller than that reported in the past, likely owing to a smaller
absorption of the coatings. Compared to the results reported in
the literature, the observed beam profile reported in this letter
does not exhibit contributions from higher-order modes.

Last but not least, it must be noted that the results from Ref.
17 are obtained with an EC with an effective enhancement
factor of 2,000 (cold cavity, low power) and 1,270 (400 kW
hot cavity), which is a factor four to six smaller than that re-
ported in this letter. We observed that the performance of our
setup is now restricted by the limited average power delivered
by the amplifier that we are using. This limitation could be
overcome by increasing the product of the cavity enhancement
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factor, the coupling efficiency and the input power. This could
be done by (i) procuring a higher average-power amplifier, as
nowadays available on the market; (ii) increasing the enhance-
ment factor of the EC which would consist in finding a better
optimum of the input mirror transmission and reducing overall
losses of the EC. This could be possible owing to the very high
stability of the laser seeder; (iii) further improving the mode
matching to the EC. The first requires ensuring that amplifica-
tion at higher power does not affect the phase noise properties
of the laser significantly, which remains to be demonstrated
to the best of our knowledge. The second involves a reduc-
tion of overall losses in the EC, which likely implies further
reducing the scattering losses of the mirror and thus improv-
ing the related surface quality. The last point might be slightly
improved by a better optimization of the actual telescope, or
by using for instance a more complicated telescope made of
cylindrical lenses21,22. It could also be better optimized by
choosing a different working point where the beam spot size
is less elliptical and less sensitive to the high average power.
Overall the current results set a new stage towards scalability
towards 1 MW.

We have demonstrated that stable 500 kW power can be
obtained in an enhancement Fabry-Perot cavity with a finesse
of 35,000 and an effective enhancement factor of 8,500. We
observed small but not limiting thermal effects at this level of
power induced by the residual absorption in the coatings, at a
level below one per million. The setup is mainly limited by
(i) the enhancement factor that could be further increased (ii)
the average power delivered by the amplifier. Commercially
available industrial amplifier systems nowadays provide av-
erage power a factor of at least five larger than that used for
this paper. It provides a clear path towards 1 MW and more
average power in an enhancement cavity for applications as
high-peak and high-average power sources of EUV radiation,
X and γ rays. It also sets a stage for new applications such as
photoneutralization.
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