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Direct comparison of kilohertz- and megahertz-repetitionrate femtosecond damage threshold
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We performed femtosecond laser-induced damage threshold (fs LIDT) measurements with substantially different repetition rate Ti:sapphire laser systems: a 1 kHz regenerative amplifier and a 4.3 MHz long-cavity oscillator. All other
pulse parameters are kept the same. Comparative measurements of a dielectric high reflector, a chirped mirror, and
metallic mirrors show at least a factor of 2.7 lower fs LIDT at megahertz repetition rates. We attribute this to thermally
assisted damage mechanisms supported by complex heat transfer simulations. © 2015 Optical Society of America
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In recent years, the research of femtosecond laserinduced damage threshold (fs LIDT) has grown fast as different types of femtosecond lasers have become widely
available. One can distinguish single-shot and multishot
LIDT measurements. Multishot studies are typically limited to repetition rates in the hertz–kilohertz (Hz–kHz)
domain with different samples [1–16], providing a huge
amount of useful data for femtosecond laser developers
up to kilohertz (kHz) repetition rates. Data on high reflectors (HRs) versus chirped mirrors (CMs) [8], round-robin
experiments with different facilities [9], and single measurements on different types of HRs and CMs [10] are
all available. Systematic repetition rate dependence comparisons are also abundant in the Hz–kHz range, showing
results either without any significant changes or trends
in fs LIDT [17,18] or with a slightly decreasing LIDT
trend toward a higher repetition rate [19]. However,
due to obvious reasons, in the past development of femtosecond laser technology, kilohertz–megahertz (kHz–
MHz) damage comparisons have not been targeted.
As a parallel development, MHz-repetition-rate femtosecond lasers with relatively high pulse energy have
emerged recently, e.g., passively mode-locked Yb thindisk lasers [20–22] and femtosecond fiber chirped pulse
amplification systems [23]. Therefore, it is important to
investigate the fs LIDT in this regime and directly compare it to standard kHz results. A measurement with a
100 MHz repetition rate oscillator on a HR mirror with
a very tightly focused beam [24] and a round-robin measurement comparing this result with kHz-repetition-rate
measurements have been reported, but the drawback is
that several parameters of the sample illumination differ
significantly [25]. Angelov et al. presented kHz–MHz
comparison with an unknown number of pulses using
a picosecond source, observing up to a factor of 2 difference depending on the material bandgap [26,27].
Therefore, it is of utmost importance to perform a direct
comparison fulfilling the following requirements: (i) it
studies the femtosecond damage on relevant optics
(ii) between kHz- and MHz-repetition-rate illumination
and (iii) has every other pulse parameter well controlled
and unchanged. To the best of our knowledge, our
current Letter presents such results for the first time.
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To this end, we performed such measurements with
kHz- and MHz-repetition-rate lasers under exactly the
same conditions and performed simulations to understand the underlying mechanisms of the observed difference. We took special care to provide exactly the same
conditions for damage, which includes fixing the sample,
wavelength, focal spot size, pulse length, and number
of interacting pulses and changing strictly only the
repetition rate.
For these tests, we used two laser systems. First, we
utilized a Ti:sapphire regenerative amplifier (RA) operating at 1 kHz repetition rate with 795 nm central wavelength, then we used a home-built long-cavity Ti:sapphire
oscillator (LCO) at 4.3 MHz repetition rate with 805 nm
central wavelength. Otherwise, the pulse parameters
used for the damage tests are the same for both cases.
The pulse length was 120  10 fs, which was the transform-limited output of the LCO. In the case of the RA,
this pulse length was achieved by chirping the 40 fs
amplifier output to 120 fs with the built-in compressor
grating pair. The 1∕e2 diameter of the beam focused to
the sample was 9.8  0.5 μm, achieved by an 18 mm focal
length aspheric lens in both cases [Fig. 1(a)]. When we
consider possible displacement of the sample with respect to the focus, we arrive at a spot size deviation of
0.2 μm, which leads to a smaller error than the precision of the diameter measurement.
Different power levels were set by a wheel density
filter. The number of pulses interacting with the sample
was adjusted with a shutter with a minimum opening
time of around 9 ms, which led to approximately 35,000
pulses of the LCO on the sample. Exactly the same number of pulses was applied on the sample with the shutter
in the case of the RA, too. The damage event was detected visually with a stereomicroscope with 3× magnification and a CCD camera as shown in Figs. 1(b)–1(e).
As the damage spot was very small and only visible on a
few pixels, the method used was not able to determine
in situ what kind of permanent alteration was caused.
An independent measurement with a white-light interferometric microscope confirmed that these spots were
ablations in all cases. We applied normal incidence and
the sample was placed on an xyz translation stage.
© 2015 Optical Society of America
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Table 1. Damage Threshold Fluence Values for kHz and
MHz Repetition Rates and their Ratios
Threshold Fluence (F) (J∕cm2 )
Sample
Prot. Ag mirror
Prot. Au mirror
HR800 mirror
Chirped mirror

Fig. 1. (a) Scheme of the experimental setup: a regenerative
Ti:sapphire amplifier (RA) and a long-cavity oscillator (LCO)
with around 800 nm wavelength, a shutter with a minimum
opening time of 9 ms, and a continuously variable neutral density filter wheel; the sample is on a 3D translation stage.
(b) CCD image before damage, (c) during irradiation with below-threshold fluence, and (d) after only a 0.01 J∕cm2 fluence
increase. Panel (e) shows the damaged spot on the HR mirror.
The damage is obviously indicated by the highly increased
scatter. The scale bar is 100 μm long.

We performed our measurements with both lasers as
follows: we irradiated one spot with a low-power train of
35,000 pulses. We then increased the power and irradiated the same spot again until we observed the damage
event, as illustrated in Figs. 1(b)–1(e). One step increase
in the power corresponded to 0.01 J∕cm2 in average. The
damage threshold for this particular spot is evaluated as
the mean of the last power applied without damage and
the first power value causing damage. This measurement
is then repeated at least five times on different parts of
the same sample. The final LIDT of the sample is calculated as the average of the thresholds of the individual
spots. The error is given by the standard deviation of
this set of LIDT values. We give the LIDT in units of peak
fluence (F), which can be calculated from the average
power (P), repetition rate (f ), and beam area at 1∕e2
(A) in the form F  2P∕f A. The prefactor of 2 emerges
due to the assumption of an approximately Gaussian
spatial distribution of the beam intensity in the waist.
We tested metal and dielectric mirrors, as well as CMs,
representing the most relevant cases for femtosecond
technology. The metal mirrors are protected gold and
protected silver mirror samples both with an approximately 100 nm SiO2 protective overcoat. The metal
layer of both mirrors has a thickness of around 1 μm
on a fused silica substrate. The dielectric mirror is a
HR centered at 800 nm. This mirror is a LH24 layer stack
with the TiO2 –SiO2 layer pair repeated 24 times. L denotes the SiO2 (n  1.44) low-index and H the TiO2
(n  2.3) high-index material. We will refer to this mirror
as HR800 henceforth.
The LIDT measurement results are summarized in
Table 1, with damage fluences given as F kHz and F MHz .
Most remarkably, we can observe a F kHz ∕F MHz of between 2.7 and 4.8 in all cases representing a substantially
decreasing LIDT trend for high repetition rates.
As the measurement procedure uses the same irradiated spot until the damage event, incubation effects
could occur. We estimate that this leads to only a few
percent deviation of the data as for high pulse numbers,
increasing the pulse number further does not influence
the LIDT significantly [28].

1 kHz

4.3 MHz

F kHz ∕F MHz

0.79  0.11
0.42  0.02
0.28  0.02
0.19  0.02

0.17  0.01
0.14  0.01
0.10  0.01
0.04  0.01

4.8
3.0
2.7
4.8

We also have to consider the effect caused by chirping
the pulse from the RA to achieve the same pulse length
as that of the LCO. The bandwidth of the RA is 60 nm
centered at 800 nm. As the bandgaps of the SiO2 and
TiO2 are 6.3 and 3.5 eV, respectively, five- and threephoton ionizations can occur at SiO2 and TiO2 , respectively. We introduced a negative chirp with the grating,
which leads to an increase of the photoionization rate
[29,30], decreasing the LIDT. It is known that a difference
of 20% in the fs LIDT can be caused by positively and negatively chirped pulses [31]. Even though this effect could
also play a role here, leading to some 20%–30% difference
in the LIDT values, the observed difference by a factor
of 2.7–4.8 (Table 1) definitely cannot be explained by
the slight chirp introduced in the RA case. In conclusion,
the measured differences remain valid.
We also note that the measured difference between the
metallic and HR mirrors is different from that in a previous
study [32]. Here, however, we tested protected metal
mirrors, which can explain the observation.
Therefore, we concluded that thermal accumulation
effects and thermally assisted femtosecond damage play
a role in the observed difference in the kHz- and MHzrepetition-rate damage thresholds. As the delay between
two consecutive pulses is substantially different in the
kHz and MHz cases, the thermal relaxation differs significantly. To give a theoretical background for this and to
confirm this assumption, we performed different simulations involving the most important underlying thermal
mechanisms.
In a first approach, the thermal relaxation between two
pulses was investigated. The objective was to evaluate
the heat accumulation that can occur as a function of
sample design (multilayer stack with and without metallic layers) and irradiation condition (kHz versus MHz repetition rates and the effect of the use of a tightly focused
beam in the experiments). For simulations, we used the
finite-element method with the COMSOL multiphysics
software [33], considering heat transfer by conduction
in solid materials. To solve the case of metal mirrors,
a two-temperature model (TTM) [34] was implemented
in the software, under two-dimensional (2D) axisymmetric conditions. It describes the energy transfer and the
temperatures of electrons and lattice in a multilayer
stack system exposed to laser irradiation at the femtosecond time scale, considering that energy is deposited
in the metal film. The experimental conditions are used
for the simulations (sample design and irradiation
conditions). The material parameters for the metal and
dielectric films that were used, and particularly their temperature dependence is described in Ref. [35]. The size of
the domain was chosen to be sufficiently large, typically,

June 1, 2015 / Vol. 40, No. 11 / OPTICS LETTERS

2527

Fig. 3. Thermal relaxation after an energy deposit at time
t  0 s in the protected metal mirrors and in the dielectric HR
mirror. In the first case, the temperature evolution (left scale) is
calculated using the 2D TTM with conditions representative of
the experiments (fluence, pulse length, spot size). In the HR
mirror case, we considered an energy deposit in the TiO2 layer
and calculated the normalized temperature evolution (right
scale).

Fig. 2. Two-temperature model (TTM) finite-element simulations of a protected gold mirror (fused silica substrate–
gold–SiO2 film–air) irradiated by a 1.2 J∕cm2 , 90 fs, 800 nm,
10 μm diameter laser pulse. (a) Electronic (Te) and lattice
(Tl) temperature at the center of the irradiated area (r  0)
and at the surface of the gold film (z  0). (b) Lattice temperature distribution at t  2.3 μs after irradiation.

millimeter dimensions, to not have a temperature increase
near the boundaries where insulation conditions were applied. An example of the simulation results for the case of
the gold mirror is presented in Fig. 2.
With this model, the case of metal–dielectric stacks can
be treated, provided that absorption of energy occurs in
the metal. We report in Fig. 3 the thermal relaxation
sequence on the metallic mirrors under study. For the
case of multidielectric stacks however, the energy deposition mechanism involves complex photoionization processes that are not described in the model developed in the
framework of this study. Nevertheless, qualitative simulations can be conducted in these structures. Indeed in
the case of ultrashort pulse irradiation, the energy is deposited in a very short time compared with the thermal
diffusion one. Therefore, we have considered thermal simulations in dielectric stacks where energy is deposited instantaneously in the material: the maximum temperature
T max is reached at time t  0 s at the location of energy
absorption (upper TiO2 layer in the case of the HR800
mirror). By setting an initial condition of T max , with a
Gaussian distribution of the initial temperature (with a
diameter of 10 μm, corresponding to the experiments), we
calculated the evolution of the temperature in the structure for times t > 0 s. The results are plotted in Fig. 3.
For the metallic mirrors, in the conditions of the experiments with a focused beam, it is clear that thermal
accumulation can occur for the 4.3 MHz pulse repetition
rate since the material has not enough time to cool down
between two pulses: the temperature increase of the gold
film is 3.5°C after one pulse at 0.14 J∕cm2 and for silver
these values are 1.5°C at 0.17 J∕cm2 . Thermal accumulation therefore plays a main role in the damage process

for metal/dielectrics since an increase of a few degrees
by a single pulse can lead to a dramatic increase after
thousands of pulses. In the case of dielectric designs,
the behavior is the same, as shown by the qualitative simulations, and thermal effects are expected to play a main
role at 4.3 MHz. The situation is very different at 1 kHz
because in the case of focused-beam irradiation, the
material can cool down (increase of temperature is less
than 0.01°C) because of radial heat transfer, and consequently, thermal accumulation is not expected to have a
significant effect in the laser damage process.
To go further in this analysis, we have evaluated the
theoretical LIDT in the metallic samples and its evolution
under repetitive pulses. However, because of the large
number of pulses that were applied, computations of
2D simulations were not possible and we changed here
to a simpler 1D model, the details of which are described
in Ref [35]. The 1D model does not take into account
the focused beam case and radial heat transfers, and
therefore, the LIDT is overestimated. The results of the
simulation are given in Fig. 4 for gold and silver.
In the case of 1 kHz irradiation, and as stated before,
no significant decrease of LIDT with pulse number is
expected as a consequence of thermal effects. For the
4.3 MHz pulse repetition rate, a severe thermal accumulation effect is expected. After 10,000 shots, the LIDT
drops to one-twentieth of the single-pulse value. This ratio has to be compared to the factor of 4.8 and 3.0 obtained for silver and gold, respectively, in the
experiments (Table 1). The values calculated with the
TTM model clearly overestimate the drop in LIDT
because in the experimental conditions there are heat
losses in the radial direction that are not taken into
account in these simulations; therefore, the decrease is
overestimated and should occur at a slower rate for a
focused beam. However, damage mechanisms leading
to substantially different observed LIDT values are well
explained by the thermally assisted femtosecond damage model.
In conclusion, we have performed several LIDT measurements on typical femtosecond optics with 1 kHz and
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Fig. 4. Calculation of the fluence needed to reach the melting
point of the metal film in the case of gold and silver mirrors
irradiated at 1 kHz and 4.3 MHz repetition rates.

4.3 MHz repetition rates. We measured a substantial LIDT
decrease for the MHz laser, reaching factors between
2.7 and 4.8. We identified that the huge LIDT drop at
higher repetition rates is caused by thermal relaxation
and heat transfer, as supported by thermal simulations
of different samples. These results are crucial for the design and development of state-of-the-art high-power,
high-repetition-rate femtosecond laser systems.
We thank F. Kárpát (Optilab Ltd.) for discussions and
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Hungarian Academy of Sciences (“Lendület”) and the
National R&D&I Office, Hungary (OTKA project
109257), as well as the Max Planck Society (Partner
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