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A B S T R A C T

The gold pulse compression gratings (PCG) used in the Bidirectional Grating Compressor (BGC) suffers a nano-
and femtosecond dual pulses irradiation. In the case that the ns pre-pulse comes 10 nanoseconds early before
the fs pulse, experiments were conducted to investigate damage behaviors under the dual pulse irradiation.
1-on-1 laser induced damage threshold (LIDT) of the ns–fs dual pulses and fs single pulse were tested and
compared. Scanning Electron Microscope (SEM) was employed to capture damage onset and exam the damage
macro- and micro-morphologies. The mono-shot method, comparison between the damage zone and spatial
distribution of laser pulses, was employed to analyze the difference of the damage onset fluences for the two
cases thoroughly. It was found that there is no degradation of laser damage resistance due to the ns pre-pulse.
Instead, a slightly increase (∼10%) of fs LIDT caused by the ns pre-pulse was found.

1. Introduction

Nano- (ns) and femtosecond (fs) dual beam processing are broadly
used in various regions, such as enhanced laser micro-machining [1–
3], material removal [4], laser filaments [5] and so on. In most of
these application scenarios, fs ablation/damage/removal of different
materials (dielectrics/metal/silica) is enhanced due to the ns pre-pulse
irradiation. Lin et al. has reported that when there is a nanosecond
pre-pulse 30 ns ahead, fused silica [1] and aluminum [4] sample are
ablated more by the fs pulse. Kerrigan et al. has also observed that
laser filaments on GaAs are enhanced with fs–ns pulse pairs [5]. The
ns laser can also help to increase the resolution of micro-lithology
via stimulated emission depletion (STED) [2,3]. Also, the Bidirectional
Grating Compressor (BGC) [6], designed for Shanghai Superintense
Ultrafast Laser Facility (SULF), provides a specific irradiation condition
of ns–fs dual laser pulse on the gold pulse compression grating (PCG).
Interestingly, the femtosecond damage of gold PCG was relieved instead
of being enhanced by the nanosecond pulse based on experiment and
analysis.

The gold PCG is prone to be damaged but necessary as a dispersion
element [7,8] in the CPA [9,10] for its broadband high efficiency.
And the laser damage resistance of gold PCG greatly limits the output
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power of the CPA system. In order to avoid its laser damage problem,
large-size gratings are commonly required to reduce the energy den-
sity irradiating on the surface. However, it challenges the fabrication
processing of large-size gratings and the quality of beam transmis-
sion [11,12]. Therefore, the BGC has been designed to avoid the
aforesaid problems by halving the energy density [6]. The schematic
diagram of the BGC is shown in Fig. 1. After splitting with a ratio of
1:1, two identical nanosecond laser pulses (a1 and a2) are delivered
into the BGC. After stretching and the compression in two opposite
directions, two compressed femtosecond pulses out of the BGC remain
accurate synchronization and reach the destination simultaneously.
Compared with traditional one-directional grating compressors, grat-
ings of the BCG (g1, g4) suffers only a half of the energy density
of compressed femtosecond pulse with the unaltered irradiated area.
Without changing the laser safe operation fluence of gold PCGs, the
BGC can theoretically double the output energy.

But for the gold PCG g1, it suffers not only a halved fs pulse (the
compressed a2) but also a ns pre-pulse (the uncompressed a1). The time
delay between the ns pre-pulse and the fs pulse is about 30 ns due to
the extra optical path of a1. The fluence ratio of the femtosecond to
nanosecond pulse is 3:4. It has been demonstrated that the LIDT of gold
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Fig. 1. The schematic diagram of the BGC. The gold grating g1 is the prototype of gold PCG we investigate in this paper. It suffers an uncompressed nanosecond laser pulse
∼30 ns prior to a compressed femtosecond pulse.

PCGs is around 0.2 J/cm2 to femtosecond pulse and above 0.4 J/cm2

to nanosecond pulse width [13–16]. Therefore, the ns–fs dual pulses
irradiation is a new condition for investigation of the laser damage
behavior of gold PCGs.

Generally, damage of gold gratings (films) caused by the pulsed
laser is considered to be associated with thermal process of its electron–
lattice system [14,17–20]. The process is often simulated by One-
and Two-Temperature Model (TTM) for the nano- and femtosecond
cases, respectively [21–26]. For the ns pre-pulse, without damaging
the PCG, the electron–lattice system could still be heated. The thermal
absorption and cooling take about tens of nanoseconds [21,25], which
is in the same magnitude of the interval between the ns pre-pulse and
fs pulse [6]. It is questionable whether the heat caused by ns pre-pulse
could relax completely before the fs post-pulse comes. A longer interval
(>100 ns) makes the ns pre-pulse and the fs post-pulse independent.
Whereas, the shorter interval (<50 ns), with residual heat caused by
the ns pre-pulse, will enhance the fs damage behavior theoretically.
For the fs pulse, electron gas of the gold layer absorbs laser energy
first; then the lattice is heated via electron–phonon coupling [22,23].
If the temperature does not return to the ambient value, the electron–
lattice system will obtain a higher initial temperature according to the
TTM of fs case; meanwhile, strength of electron–phonon coupling also
increases with the increasing electron temperature [26]. Both factors
will lead to a higher peak temperature of the lattice in hundreds of
picoseconds [14,24,25], which means an enhanced damage behavior
of the PCG.

Besides aforementioned possible pre-heated effects, it has been
reported that the femtosecond laser-material interaction could be en-
hanced by the nanosecond pre-pulse. Chen et al. has been reported
that the nanosecond pre-irradiation can reduce the femtosecond laser
damage resistance of Ta2O5/SiO2 high reflectors via the contribution of
electron defects [27]. Femtosecond ablation of fused silica/aluminum
/GaAs has been observed to be enhanced due to a ns pre-pulse ahead
of tens of nanosecond [1,4,5]. To our knowledge, no laser-induced
damage threshold (LIDT) investigation of gold PCGs under similar
conditions has been published yet. Considering these possible negative
effects caused by the nanosecond pre-pulse, it is instructive to measure
the LIDT of gold PCGs under the ns–fs dual pulses irradiation of the
BGC.

In this paper, we designed a dual pulses damage testing setup based
on a commercial Ti: Sapphire laser system. The dual pulses damage
resistance of the gold PCG was evaluated by the 1-on-1 method, and the
LIDT of fs single pulse was also tested for comparison. The experimental

method is described detailly in Section 2. Results of LIDTs are shown
in Section 3. It is found that there is no degradation of the femtosecond
LIDT due to the nanosecond pre-irradiation. Instead, laser damage
behavior of the fs pulse seems to be relieved slightly by the nanosecond
pre-pulse. Sizes of damage spots were measured to evaluate the relief
macroscopically. The mono-shot method, establishing a correspondence
between the damage morphology and local fluence, has been employed
to analyze differences of the damage onset fluences for the two cases
thoroughly, and the slightly increase due to the nanosecond pre-pulse
are shown in Section 4. In summary, the femtosecond laser safe opera-
tional limit of the gold PCG operating in BGC will not be reduced by the
nanosecond pre-pulse. Nanosecond pre-irradiation shows its potential
to protect the easily damaged elements operated in high power laser
systems.

2. Experimental method

2.1. Sample

The sample grating is a small version of the gold PCG g1 operating
in the BGC. The 1480 gr/mm gold grating is coated on a 40 × 60 mm
pyrex substrate with periodic micro-structures. The 1st diffraction effi-
ciency of the sample is higher than 90% in the measuring wavelength
range of 750–850 nm. Surface of the sample was rushed by airflow
before testing.

2.2. Experimental setup

Fig. 2 is the schematic diagram of the testing platform. The Ti:
Sapphire laser system (Spectra Physics Spitfire Ace, 10 Hz), based
on the CPA, contains three assemblies: a Stretcher, a Ti: Sapphire
Regenerative Amplifier and a Compressor. The seed pulse (35 fs, 550
mW, 80 MHz) was imported into the Stretcher and the Regenerative
Amplifier to obtain a 1-ns pulse with the energy of 3.2 mJ. Half of
the 1-ns pulse was taken out directly and focused on the sample. Then
the other half of the 1-ns pulse was delivered to the Compressor to
export a 120-fs pulse with the energy of 1.8 mJ. The 120-fs pulse was
delayed 10 ns to the sample by extra optical path with the two folding
mirrors M1 and M2. Considering of beam quality deterioration after
long-distance transportation (about 10 meters between M1 and M2 in
Fig. 2 for 30 ns delay), the actual time delay of 10 ns was chosen for
the test. The shortened time delay will not affect the aforementioned
mechanism. This time delay was measured by a photoelectric detector
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Fig. 2. LIDT testing setup. M1–M4 are the reflection mirrors.

and an oscilloscope. Pulse widths were measured by an autocorrelator
(Minioptic, Delta AC) before testing.

For the 120-fs pulse, its attenuation and p-polarization were realized
through half wave plates and reflective polarizers. The pulse energy
was measured and recorded by an energy meter (EnergyMax-USB,
Coherent) through a 4% beam splitter (BS). The beam was focused
onto the sample surface by a lens with the focal length of 75 cm
and produced a 0.045 mm2 effective focal spot perpendicular to the
propagation axis. The focused beam was split through another 4% BS,
and the focal spot was monitored by a beam profiler (BeamView-USB,
Coherent). The pixel of the beam profiler is 6.7 μm × 6.7 μm. The
fluence of the 120-fs pulse was diagnosed and recorded by the energy
meter and beam profiler in-situ. For the 1-ns pulse, the beam was
operated at the TEM00 mode and focused onto the sample by a lens with
the focal length of 210 cm. Effective area of its focal spot perpendicular
to the propagation axis was 0.17 mm2. Without in-situ diagnose, the
energy and focal spot of the 1-ns pulse were measured and fixed before
testing. The ns spot size is almost three times as large as the fs spot size,
so the fs spot could be located at the center of the ns spot conveniently.
So that we can bypass the effect of the distribution of the ns fluence as
much as possible. A CCD camera with suitable attenuation was placed
at the target plane to make sure this overlap of the two focal spots.

The sample grating was positioned on a motorized x–y translation
stage. The incident angles of the 1-ns and 120-fs laser beam were 49◦

and 52◦, respectively.

2.3. Test procedure

The LIDT test mode was ‘‘1-on-1’’ according to ISO21254-1 [28]. In
this paper, all the fluences are given by:

𝐹 = 𝐸
𝐴𝑒𝑓𝑓∕ cos 𝛼

(1)

where 𝐸 is the energy of the laser pulse. 𝐴𝑒𝑓𝑓 is the effective area of
the focal spot perpendicular to the propagation axis. 𝛼 is the incident
angle of the laser beam. 𝐹 is the fluence and 𝐹𝑡ℎ is the 0% probability
LIDT of the sample. The damage is defined to be a visible change in the
surface morphology under the off-line SEM.

Under the 1-on-1 mode, we devised three steps to investigate the
LIDT comparison between fs single pulse irradiation (120-fs pulse) and
ns–fs dual pulses irradiation (1-ns pulse 10 nanosecond prior to 120-fs
pulse). The durations followed the conditions in the BGC device [6,29].
The highest output fluence of the 120-fs pulse of the setup was 0.45
J/cm2. Considering the fluence ratio of the fs pulse to the ns pulse is
3:4 in the BGC, the fluence of the 1-ns pulse was adjusted to 0.62 J/cm2

by lens with a focal length of 210 cm. Firstly, we tested and found that
there was no damage on the sample after the 1-ns pulse irradiation with
the fluence of 0.62 J/cm2. The 1-ns pulse was considered as a pre-pulse

Fig. 3. LIDT of fs single pulse (square) and ns–fs dual pulses (circle). Each data point
represents 10 shots with a fluence error of ±0.01 J/cm2.

in the test of ns–fs dual pulses irradiation. Secondly, the LIDT of the fs
single pulse was tested. Finally, the LIDT of ns–fs dual pulses with an
interval of 10 nanosecond was tested for comparison.

3. LIDT results

First of all, there was no damage under the 1-ns pulse irradiation
with the fluence of 0.62 J/cm2. Fig. 3 depicts the different LIDT results
of fs single pulse and ns–fs dual pulses. The LIDT of the 120-fs pulse is
0.20 ± 0.01 J/cm2 and the LIDT of dual pulses irradiation is 0.22 ± 0.01
J/cm2. The fluences corresponding to the 0% and 100% probability are
close. It is common for the femtosecond pulse to have sharp damage
probability curves [13]. Each data point represents ten shots. The error
bar of ±0.01 J/cm2 is due to statistic. LIDTs of the two cases seem to
border error bars of each other. The increase of the fs LIDT due to the
ns pre-irradiation is supported by the following damage morphology
analysis.

4. Discussions

4.1. Typical damage morphologies of the two cases

Fig. 4 shows typical morphologies of the grating photographed
by SEM. The pristine surface morphology of the grating without any
laser irradiation is shown in Fig. 4(a). The original surface shows
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Fig. 4. SEM images of typical surface morphology of the grating under different
irradiation conditions. (a) Pristine surface morphology without laser irradiation. (b)
Undamaged morphology of 1-ns pulse (left) and dual pulses irradiation (right). (c) (d)
Damage morphology near the LIDT of 120-fs single pulse. (e) (f) and (g) (h) Damage
morphology under the two kinds of irradiation when the fluence of the 120-fs pulse is
0.45 J/cm2.

a clear boundary between the ridges and grooves. The undamaged
morphologies of the two kinds of irradiation are shown in Fig. 4(b).
After the 1-ns pulse irradiation with the fluence of 0.62 J/cm2, no
damage was observed under a 50,000× magnification (Fig. 4(b) left
side).

The damage morphology at the fluence very near to the LIDT was
examined carefully. Fig. 4(b) also shows that no damage occurs under
ns–fs dual pulses irradiation when the fluence of fs pulse is 0.22 J/cm2.
However, damage appears as discrete small sunk pits facing to the
incident laser appears on the right side of the ridges after fs single
pulse irradiation with the fluence of 0.21 J/cm2 (Fig. 4(c) and (d)).
The widths of these pits are from several nm to tens of nm. And the
pits connect together to form a line on the ridge. The occurrence of the
initial damage requires a higher fluence of the fs pulse in the case of
dual pulses irradiation.

The damage morphology at the highest fluence of the 100% LIDT
was also compared. Fig. 4(e) and (g) exhibit a conspicuous comparison
of damage areas between the two cases when the fluence of the fs
pulse is 0.45 J/cm2. The damage area of fs single pulse is larger than

Fig. 5. Difference of the vertical damage spot size between the two kinds of irradiation.
Each data point is with a fluence error of ±0.01 J/cm2 and a difference value error of
± 4.2 μm, respectively.

the one of ns–fs dual pulses. In Fig. 4(f), ridges of the grating melts
at the center of the damage area, and the molten gold spackles to
the grooves. For comparison, the whole gold coating at the center of
damage area appears as melting and resolidification on the substrate
under irradiation of fs single pulse with the fluence of 0.45 J/cm2

in Fig. 4(h). The 120-fs laser damage behavior of the gold grating
is relieved slightly by the 1-ns pre-pulse. The overall damage area is
elliptical due to oblique incidence.

Though the LIDT values of the two cases seems to be within the
error bars of each other, the comparison between the two cases indi-
cates that the 1-ns pre-pulse has relieved femtosecond laser damage
behaviors to some extent. Fig. 4(e) and (g) show that the damage spot is
larger without the 1-ns pre-pulse. To evaluate the relief due to the 1-ns
pre-pulse, the level of damage was quantified macroscopically based
on the vertical damage spot size. The vertical damage spot sizes of
the two cases were measured under the SEM with an error of ±3 μm.
Their difference is obtained via subtracting the vertical damage spot
size of the ns–fs case from the fs case. Considering of the propagation
of error, the error of the difference is ± 4.2 μm ((3^2+3^2)^0.5). Fig. 5
shows the difference when the fs fluence are the same. Differences
with various fs fluence are at the same level in general. The relatively
uniform difference indicates that the relief of fs LIDT due to the 1-ns
pre-pulse is independent of the fluence distribution of 1-ns pre-pulse.
This may attribute to the much larger focal spot of the ns pulse than
the fs pulse (Fig. 6(b)). Besides, based on the mono-shot method, the
relief is anatomized with more morphology details in the following.

4.2. Mono-shot analysis and discussion

Thanks to the near Gaussian profile of the focal spot, the planar
distribution of fluence on sample surface is a near Gaussian profile,
too. A correspondence between damage area and local fluence of the
focal spot can be obtained via recording the profile of the beam and
the energy of the pulse. The location just outside the edge of the
damaged area corresponds to the maximum fluence to avoid triggering
the damage, as the so-called 0% probability LIDT. The mono-shot
method has been successfully utilized in precise determination of LIDT
and analysis of laser-induce damage [30,31]. In this discussion, the
mono-shot method is applied to quantify the relationship between the
variation of damage behaviors and the increasing fluence of the fs
pulse. In the two cases, fs pulse and ns–fs dual pulses irradiation,
the relationship is established on 𝑦-axis. Differences of the damage
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Fig. 6. (a) Schematic diagram of the fluence distribution on the PCG surface. The details of damage discussed later are extracted from the dash rectangle, which is a relative
location in the Gaussian profile. (b) and (c) Fluence distributions of the 120-fs and 1-ns pulse on 𝑦-axis, respectively.

morphology of the two cases are analyzed thoroughly at the highest
fluence of the 100% LIDT for its apparent phenomenon.

For a certain pulse, the fluence distribution on the sample surface
is given by

𝐹 (𝑥, 𝑦) = 𝐹0 × exp(−2 𝑥2

𝜔𝑥
2
) × exp(−2

𝑦2

𝜔𝑦
2
) (2)

where 𝐹 (𝑥, 𝑦) is the fluence of the selected location, and (𝑥, 𝑦) is the
coordinate of it. 𝐹0 is the peak fluence at position (0, 0). 𝜔𝑥 and 𝜔𝑦 are
the radius of long axis and short axis due to the oblique incidence. To
simplify the analysis, damage region along 𝑦-axis (y > 0) is extracted
to analyze. Eq. (2) can be reduced to:

𝐹 (0, 𝑦) = 𝐹0 × exp(−2
𝑦2

𝜔𝑦
2
), 𝑥 = 0 (3)

Fig. 6(a) is a schematic diagram of the laser fluence distribution
on the PCG surface, and the dash rectangle is the region for analysis.
The fluence distributions of the 120-fs pulse with the peak fluence of
0.45 J/cm2 and the 1-ns pulse with the peak fluence of 0.62 J/cm2 are
shown in Fig. 6(b) and (c), respectively. In this paper, the 120-fs and
1-ns laser beams were both incident from the right side of Fig. 6(a).

The two strip images in Fig. 7 are the enlargement of the dash
rectangle damage region in Fig. 6(a). Typical damage morphologies of
gold grating under 120-fs pulse with the peak fluence of 0.45 J/cm2

are shown in Fig. 7(a). On the top of Fig. 7(a), initial damage appears
as discrete distribution of small sunk pits on the right side of grating
ridges, while the grooves and the other side of ridges keep unchanged
after irradiation (0.21–0.27 J/cm2). As the fluence increasing (0.27–
0.37 J/cm2) the ridges are ablated more, and the small sunk pits extend
laterally from the right to the left side of the ridges. The transformative
ridges gradually spread to the grooves on both sides. With a higher
fluence (0.37–0.40 J/cm2), the ridges show like melting, then resolidify
and fill into the grooves. When the fluence is above 0.40 J/cm2, there
are even some solidified beads with an about 0.5-μm diameter on the
PCG surface. The gold-coating is melted as a whole, and the period
micro-structures still exists under the melting coating. For comparison,
damage morphologies under ns–fs dual pulses irradiation are shown in
Fig. 7(b). Though the evolution of damage versus fluence increasing
is similar to the case of 120-fs single pulse, there are still some dif-
ferentiate: (1) The initial small sunk pits appears when the fluence of
the fs pulse reaches 0.23 J/cm2. (2) To reach an equivalent damage
morphology, it needs a fluence increment of ∼0.03 J/cm2 higher than
the case of fs single pulse. (3) Even the fluence of the fs pulse is above
0.40 J/cm2, there are very few small resolidified beads. And the gold
coating is not melted totally. In a way, the ns pre-pulse was proved to
relieve the damage behavior of the fs pulse.

4.3. Discussion for underlying reasons of the relief

Though the 1-ns pre-pulse could heat the gold surface of the grat-
ing. Thermal process existing in the surface may bring some positive
influences rather than damage it, such as the cleaning effect [32,33] or
annealing effect [34]. Both the two effects can make the gold surface
smoother.

As a period micro-structure element, surface of the grating can
absorb impurities (oxygen, oil and so on) during production, storage,
transportation and service [35,36]. Contaminants deposition on the
sample will lead to grating lines absences or added nodule, which are
known to cause electric-field enhancement in the shallow layer of the
gold layer and reduce the laser damage resistance [37,38].

The so-called laser cleaning effect could remove the oxygen via
laser assisted reduction reactions, and separate other contaminants via
thermal stress caused by the laser pulse. When the surface of the gold
layer absorbs energy of the laser pulse and heat up, the contaminants
could also heat up at the same time. A shockwave could propagate
from the surface to contaminants. When the thermal stress is higher
than their binding force between contaminants and the surface, the
contaminants will be separated from the surface [36,39]. The slight
difference between the LIDT results of two cases meets this effect in
a way. But the mechanism of nanosecond pre-irradiation still needs to
be studied in the future work.

5. Conclusion

In the region of ns–fs dual beam processing, most of the materials
are ablated/removed more due to the coupling of ns and fs pulse. In
BGC, however, the extra nanosecond pre-irradiation will not reduce
the femtosecond laser safe operational fluence of the gold PCG. With
the 1-ns pre-pulse irradiation, the fs LIDT of the gold PCG is slightly
increased from 0.20 ± 0.01 to 0.22 ± 0.01 J/cm2 (∼10%) via the 1-ns
pre-pulse, and the damage sizes become smaller. Underlying reasons
of the increase have been discussed. Though the mechanism of the
LIDT increase needs further work to be validated, nanosecond pre-
irradiation is expected to be a potential method to relieve the laser
damage behaviors of other optical elements operated in high power
laser systems.
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Fig. 7. Jigsaw of SEM images shows comparison of damage morphologies on 𝑦-axis (y
> 0) between the two cases. (a) and (b) are damage behaviors of 120-fs single pulse
and ns–fs dual pulse. The fluence of the 120-fs and 1-ns pulse was 0.45 J/cm2 and
0.62 J/cm2, respectively.
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