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By pairing femtosecond laser pulses (duration �40 fs and central wavelength �810 nm) at an

appropriate time interval, a laser-induced periodic surface structure (LIPSS) is formed with much

less ablation than one formed with a single pulse. On a titanium plate, a pair of laser pulses with

fluences of 70 and 140 mJ/cm2 and a rather large time interval (>10 ps) creates a LIPSS with an

interspace of 600 nm, the same as that formed by a single pulse of 210 mJ/cm2, while the double

pulse ablates only 4 nm, a quarter of the ablation depth of a single pulse. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4955035]

Nanostructures produced by femtosecond laser irradia-

tion are being actively studied as a result of recent progress

in femtosecond laser technology. The formation of laser-

induced periodic surface structure (LIPSS) has been demon-

strated with femtosecond lasers for metals, semiconductors,

and insulators.1–3 A femtosecond LIPSS (hereinafter, simply

LIPSS) is characterized by a periodic structure interspace

shorter than the laser wavelength and a direction perpendicu-

lar to the laser polarization. It has been confirmed experi-

mentally that the laser fluence for LIPSS formation (FLIPSS)

is bounded (Fth<FLIPSS<FM) where the minimum is

around the ablation threshold (Fth) and FM is the maximum

fluence for which the periodic nanostructure is formed.4

However, the detailed physical mechanism of the LIPSS

phenomenon and this fluence range are still debated and a

systematic experimental database has not yet been com-

pleted. Interest in LIPSS is increasing from the viewpoint of

its applications to laser micro-processing, such as friction

reduction for metals,5,6 hydrophobicity enhancement of solid

surfaces,7 improvement of osteoblast biocompatibility,8 and

structural coloration of metals.9,10 It is desirable for such

applications that the interspace and the ablation depth of the

LIPSS can be controlled separately. Both LIPSS formation

and the ablation rate depend on the surface state,11,12 so if

the surface state can be changed by a laser pulse, the irradi-

ation of a double pulse with an appropriate interpulse inter-

val Dt would have an effect different from that of single-

pulse irradiation. For double-pulse irradiation, the ablation

rate in the fluence range above FM (for Dt intervals up to

3 ns)13 and LIPSS formation in the fluence range of

Fth�FM (for Dt intervals up to several hundred picosec-

onds)14–16 have been studied individually. However, the

relation between LIPSS formation and ablation rate has not

been studied systematically. To discuss the potential of

femtosecond laser nano-processing by double-pulse laser

irradiation, it is important to investigate the LIPSS and

ablation properties in detail, which is the purpose of this

study.

In the experiment of double-pulse irradiation on metal,

linearly polarized laser pulses are delivered from the T6 Ti-

sapphire laser system (ICR, Kyoto University; 810 nm cen-

tral wavelength, 40 fs pulse duration, 10 Hz repetition rate).

A single pulse is divided into two pulses by a beam splitter.

To control the interval between the first and second pulses,

a retroreflector on a translational stage (working length

300 mm) is placed in the optical path of the second pulse

beam. The two pulses are aligned collinearly so their polar-

izations are parallel. A titanium (Ti) plate of 99.5% purity is

used as a target. The roughness of the plate, as characterized

by the arithmetic mean value, is less than 2 nm. Before the

experiment, the polished titanium plate is cleaned with an ul-

trasonic cleaner (USK-2R, AS ONE, Inc.) in acetone of

99.5% purity for 20 min. The double pulse is focused on the

Ti surface with a quartz lens (focal length f¼ 300 mm). The

laser spot diameter (FWHM) on the target is 90 lm. The irra-

diation is performed in air at 1 bar pressure. Table I shows

the experimental irradiation parameters. The laser fluence is

obtained by measuring the laser energy with a pyroelectric

detector and the spot size with a CCD camera. The pulse

beam profile is Gaussian and the laser fluence is the maximal

fluence on the laser beam axis. The pulse energy is con-

trolled by an energy reducer in each beam path. The first

pulse fluence is set to F1¼ 70 mJ/cm2 or 140 mJ/cm2 while

keeping the second pulse fluence at F2¼ 140 mJ/cm2. The

ablation threshold fluence Fth for the Ti plate is observed to

be Fth� 100 mJ/cm2, and we set F1 below and above Fth,

respectively. For simplicity, hereafter, we denote the fluen-

ces of double pulses by pairs of numbers (F1 [mJ/cm2],

F2 [mJ/cm2]), such as (70, 140). To measure the LIPSS

TABLE I. Irradiation parameters.

Fluence (mJ/cm2) F1 70, 140

F2 140

Time interval (ps) Dt 0.16, 1, 4, 8, 10, 12, 14, 20, 40,

80, 160, 320, 640, 1280
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interspace and the ablation rate accurately, the number of

pulse pairs was 50 and 200, respectively. The accuracy of

intervals Dt between double pulses is 66.6 fs. Single-pulse

irradiation is also done with fluences of 140, 210, and

280 mJ/cm2.

The LIPSS and ablation rate are analyzed as follows.

Laser-produced craters on the titanium plate are imaged with

a scanning electron microscope (SEM; JSM-5560, JEOL),

and the periodicity of structures is evaluated from the 1D

Fourier transformation spectrum of each SEM image. We

observe only the center part of images (16.7� 16.7 lm), in

which the laser intensity is constant to within 5%. The abla-

tion rate is defined as crater depth per pulse (for a single

pulse) or per pair of pulses (for a double pulse). The crater

depth is measured with a confocal laser-scanning microscope

(VK-X250/260, Keyence) with a depth resolution of 0.5 nm.

Figures 1(a), 1(b), and 1(c) show examples of double-

pulse irradiated surfaces imaged with an SEM at a magnifica-

tion of 3000�. The fluences are (140, 140) and the pulse

intervals are 1 ps, 10 ps, and 1280 ps. The morphologies of

the nanostructures clearly change as the time interval is

increased. The structure in Fig. 1(b) shows the clearest perio-

dicity. To evaluate the clarity of periodicity quantitatively, we

apply a Fourier transform to each image (Fig. 1(d)). The

sharpness of the spectrum corresponds to the clarity of perio-

dicity. Here, we define the peak to be the grating “interspace.”

In Fig. 1(d), only the solid line shows a clear peak, indicating

the existence of a periodic structure with an interspace of

around 600 nm.

Figures 2(a) and 2(b) show how the Fourier spectra

change when the interval is varied (0.16–1280 ps), for the

fluences (140, 140) and (70, 140), respectively. In Fig. 2(a),

for intervals of less than 10 ps, the peak intensities of the

spectrum are relatively low. At around 10 ps the peak inten-

sity is a maximum, and above 10 ps the spectrum becomes

flat. This means that clear periodic structures are formed

only when the interval is about 10 ps. In contrast, the spec-

trum in Fig. 2(b) shows a clear peak for all intervals with a

maximum for intervals of several hundreds of picoseconds.

The interspaces are constant around 600 nm regardless of the

interval. The difference between Figs. 2(a) and 2(b) is due to

the choice of the first pulse’s fluence F1. For Fig. 2(a), F1 is

higher than the threshold fluence Fth, so the first pulse would

create surface plasma. For Fig. 2(b), in contrast, F1 is lower

than Fth, so the first pulse would not create surface plasma.

Therefore, the formation of clear periodic structures would

be disturbed by the pre-formed surface plasma for Fig. 2(a)

but would not be disturbed for Fig. 2(b). This suggests that

the first pulse irradiation certainly affects the structures

induced by the second pulse.

Figures 3(a) and 3(b) show the dependence of ablation

rate on interval Dt for the fluences (140, 140) and (70, 140),

respectively. The shape of the dependence is roughly inde-

pendent of fluence: the ablation rate decreases as the interval

FIG. 1. Examples of SEM images with intervals Dt of (a) 1 ps, (b) 10 ps, and (c) 1280 ps (fluences (140, 140), 50 pairs). (d) 1D Fourier spectra obtained from

(a), (b), and (c). Each graph shows spectrum intensity versus grating spaces. The direction of LIPSS growth is perpendicular to the laser polarization (E).
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increases for Dt< 20 ps, does not change much for

20 ps<Dt< 300 ps, and increases for Dt> 300 ps.

For the fluences (140,140), as shown in Fig. 3(a), the

maximum ablation rate is 19.5 nm for Dt¼ 0.16 ps, which is

almost as much as that (20.1 nm) for single-pulse irradiation

of 280 mJ/cm2. The minimum is 2.0 nm for Dt¼ 320 ps,

which is about a quarter of that (8.3 nm) for 140 mJ/cm2

single-pulse irradiation. This indicates that the first pulse

modifies the surface to some extent, reducing ablation by the

second pulse. A similar phenomenon has previously been

reported,13 but with only a 60% reduction in ablation rate by

double-pulse irradiation.

For the fluences (70, 140) (Fig. 3(b)), the maximum and

minimum ablation rates are 15.5 nm for Dt¼ 0.16 ps and

4.4 nm for Dt¼ 80 ps, respectively. The maximum is as

much as that (17.1 nm) for a single pulse of 210 mJ/cm2; the

minimum (4.4 nm) is half of that for a 140 mJ/cm2 single

pulse. Thus, the first pulse modifies the surface to suppress

ablation even if its fluence is below the ablation threshold.

By reducing the fluence of the first pulse from 140 to 70 mJ/

cm2, the ablation could be increased (from a quarter to a half

of that for single pulse), giving an ablation rate comparable

with that at the threshold fluence for LIPSS formation with a

single pulse.4 This demonstrates that double-pulse irradiation

can control both the ablation rate and LIPSS formation by

adjusting the fluence of the first pulse and the interval

between pulses.

Figure 3 shows that double-pulse irradiation holds

promise as an advanced fabrication technique beyond

single-pulse irradiation. For example, it may be possible to

ablate an area much smaller than the diffraction limit by

reducing the ablation rate with local double-pulse irradia-

tion. In addition, controlling the periodicity and depth of

LIPSS would be significant for improving biocompatibility

with various kinds of living cells.

The mechanism of the phenomena mentioned above is

under debate, and a plasma shielding model has been pro-

posed by Semerok and Dutouquet.17 In this model, the

plasma produced by the first pulse shields the second pulse

and prevents the energy of the second pulse from being trans-

mitted to the target after a delay of 1 ps. Our experimental

results show a reduction after several picoseconds, but two

results cannot be explained by this model. First, the ablation

rate for the fluences (70, 140) decreases even though the first

pulse would not produce a plasma sufficient to shield the sec-

ond pulse because the first pulse’s fluence is smaller than the

threshold fluence. This suggests that there is another mecha-

nism that decreases the ablation rate even in the absence of

an expanding laser-produced plasma. Second, the ablation

rate for a double pulse should be greater than or equal to that

of a single pulse. However, we obtain ablation rates lower

than those for a single pulse. These two points cannot be

understood with the plasma shielding model, and it is neces-

sary to understand these phenomena for double-pulse irradia-

tion to be applied in future laser nano-processing.

We have demonstrated that double-pulse irradiation is

useful for producing femtosecond LIPSS with a lower abla-

tion rate than that produced by single-pulse irradiation. The

experimental results suggest that the first pulse influences the

surface, suppressing ablation by the following pulse even

though no laser plasma is produced on the surface, and that

this influence continues for rather a long time (several hun-

dred picoseconds). More study is necessary to understand the

function of the first pulse, but double-pulse irradiation cer-

tainly has significant potential for future applications of laser

nano-processing.

FIG. 2. Time evolution of spectrum intensity for fluences (a) (140, 140) and (b) (70, 140). Intervals are shown on a logarithmic scale. Spectrum intensities in

the color maps are indicated by the color bars on the right-hand sides of the figures.

FIG. 3. Dependence of ablation rate on

time interval for fluences (a) (140,

140) and (b) (70,140).
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