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Abstract: Broadband 2-D multicolored arrays with more than ten periodic
columns and more than ten rows were generated in a sapphire plate using
two crossed femtosecond laser beams overlapping in time and space. These
multicolored 2-D arrays were sensitive to rotation of the sapphire plate in
the plane normal to the incident beams. The broadband spectrum, pulse
duration less than 40fs, and less than 1%RMS power stability of the array
signals make them well suited for various applications, for example
multicolor pump-probe experiments.
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1. Introduction

When an ultrashort pulse propagates in a nonlinear bulk medium, various nonlinear optical
phenomena such as supercontinuum light generation [1], optical solitons [2], optical
parametric generation [3], and X-wave generation [4] have been observed. When two
ultrashort pulses that overlap in space and time propagate in a nonlinear bulk medium, much
more interesting nonlinear optical phenomena have appeared. Optical parametric
amplification based on a nonlinear crystal is well established, and has been used for many
scientific experiments [5]. A 1-D broadband multicolored sideband array was observed when
two crossed femtosecond beams were synchronized in BK7 glass [6], fused silica glass [7-8],
sapphire [9] and certain crystals, for example PbWO, [10], LiNbO; [11], KNbO; [12], TiO,
[13], KTaO; [14], and BBO [15]. However, all these phenomena occurred in one dimension
only. There were only few experiments based on 2-D nonlinear optical phenomena. 2-D
arrays of transverse patterns were experimentally observed in the multifilament interactions
[16, 17], and 2-D solitons were the subject of considerable research over the last decade. Two-
dimensional discrete solitons [18] and surface solitons [19] were observed in nonlinear
photonic lattices. Regular 2-D multicolored transverse arrays were also observed when two
crossed femtosecond laser beams were synchronized in a quadratic nonlinear crystal [20]. We
recently reported the observation of 2-D multicolored arrays in a sapphire plate [9], while only
5 rows of arrays were generated and only the spectrum property is studied in that paper. The
data are not enough to understand this new phenomenon and to make use of the 2-D
multicolored sidebands.

In this letter, we reported the generation of stable broadband 2-D multicolored arrays with
more than ten periodic columns and more than ten rows in a sapphire plate using two crossed
femtosecond laser beams overlapping in time and space. The properties of the spectrum,
spatial mode, power stability, polarization, pulse duration and crossing angle between two
neighbor sidebands of the 2-D muliticolored arrays were studied in detail. These researches
will help people to understand the process and explain the phenomenon in the future. These
data also clarify the possibility of the many kinds of applications of the generated sidebands.
Moreover, we found that these stable 2-D multicolored arrays were sensitive to the orientation
of the optical axis of the sapphire plate with respect to the plane of polarization of the incident
beams. This is an interesting phenomenon that makes it possible to control the 2-D multicolor
arrays using polarizer optics or rotating the sapphire plate.
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2. Experiment setup

A 1kHz Ti:sapphire regenerative amplifier fs laser system (Micra+Legend-USP, Coherent)
with 40 fs pulse duration and 2.5 W average output power was used as a pump source. The
laser pulse after the regenerative amplifier system was split into three beams using beam
splitters. One of the beams (beam_1) was spectrally broadened in a hollow fiber with a 250
pm inner-diameter and 60 cm in length that was filled with krypton gas. The broadband
spectrum after the hollow fiber was dispersion compensated with a pair of chirped mirrors and
a pair of glass wedges. The pulse duration after the hollow fiber compressor was about 10 fs.
After passing through a bandpass filter at 720 nm, beam_1 was focused into a 2-mm-thick
sapphire plate by a concave mirror with 60cm focal length. Another beam (beam_2) passed
through a delay stage with less than 3 fs resolution. Beam_2 was first attenuated by a variable
neutral density (VND) filter and was then focused into the sapphire plate by a lens with 1m
focal length. The third beam (beam_3) was used to generate correlation signals with the input
beams and the generated sidebands in a 10-pum-thick BBO crystal, which was used to measure
pulse durations.
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Fig. 1. (a) Schematics of the experimental setup for multicolored array generation. o is the
crossing angle between the two input beams, beam_1 and beam_2 in the air. 0 is the rotation
angle of the sapphire plate. (b) A photograph of the 2-D multicolored array on a UV light
sensitive plate. (c) Definition of 2-D multicolored arrays, where By o and B ( refer to two
incident beams, beam_1 and beam_2, respectively.

Schematics of the experimental setup for multicolored array generation are shown in Fig.
1(a). The sapphire plate was a-cut and there were two orthogonal optical axes in the plane of
the sapphire plate. The plane formed by the two orthogonal crystal axes was set normal to the
two input beams. The two input beams had perpendicular polarizations and coincided with
one of the crystal axes. The diameters of both incident beams on the surface of sapphire plate
were 300 pm, as initially measured by a CCD camera (BeamStar FX 33, Ophir Optronics).
The crossing angle o between the two input beams was 1.8° £ 0.02° in the air. When beam_1
and beam_2 were synchronously focused on the sapphire plate in both time and space, stable
separate 2-D transverse multicolored array signals at different wavelengths were generated.
The polarizations of the multicolored arrays were the same as those of the input beams as
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tested using a film polarizer. Figure 1(b) shows a photograph of the 2-D multicolored arrays
on a UV light sensitive plate placed about 20 cm after the sapphire plate. More than ten quasi-
periodic columns and more than ten rows of multicolor signals can be seen, well separated
from each other in space. The columns approximately normal to the center row and the rows
adjacent to the center row were not parallel to the center row. For convenience, the 2-D
multicolored array signals were defined to be By, ,, as shown in Fig. 1(c), where By o and B,
refer to two incident beams, beam_1 and beam_2, respectively. There were also two
sidebands, B, | and B, _;, beside the first-order Stokes sideband B, (. The divergence angle
of the sidebands was measured using a paper 50 cm after the sapphire plate to mark the
position of each sideband. Neighboring spots on the same column have nearly the same
crossing angle. However, the angle between two neighboring signals was decreased from 2.2°
to 0.7° in the x direction (row direction, Fig. 1(c)) and from 1.7° to 1.0° in the y direction
(column direction, Fig. 1(c)) as the sidebands changed from column B, , to the B; , column.

3. Experimental results and discussion
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Fig. 2. (a) The spectra of array signals on the center row B, o, where beam_1 and beam_2 are
two incident beams. (b) The spectra of array signals on the second column B, .

The spectra of array signals on the center row B,, ( were measured using a multichannel
spectrometer (USB4000, Ocean Optics), as shown in Fig. 2(a). For clarity, not all sideband
spectra are shown. A broadband spectrum from 400 nm to 1.2 pm with more than 1.5 octaves
was generated [9]. These generated sidebands were explained to be the result of a cascaded
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FWM process, which was recently reported in detail [6-9]. The spectra were tunable by
changing the crossing angle a between the two input beams, and also by changing the center
wavelength of the bandpass filter. The maximum difference between peak wavelengths of the
side spots and the center spot on the same column was about 20 nm, as shown in Fig. 2 (b).
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Fig. 3. (a) The spatial profiles of By o, B1, 0, and By ; in one dimension. The inset patterns are
spatial modals of By, ¢, By, 0, and By ; from bottom to top, measured by a CCD camera. (b) The
spatial profiles of By o, B o, and B4 ; in one dimension with logarithmic scale in the intensity.
The cyan dashed line is the Gaussian fit of By o. The magenta dash-dotted line is the Lorentzian
fit of B4, 1. (c) The retrieved XFROG pulse trace and phase of the B, o with a retrieved error of
0.01022. The retrieved pulse duration is 35 + 3fs. The inset pattern is the measured XFROG
trace.

The spatial profiles of different signals in the arrays were measured using a CCD camera.
Figure 3(a) shows spatial profiles of B, ¢, By ¢, and B, ; in two dimensions and one
dimension. Figure 3(b) shows one-dimensional spatial profiles of By ¢, By ¢, and B4 ; with
logarithmic scale in the intensity. The spatial profile changed from Gaussian (B () to a
Lorentzian profiles (B4, ;). The cyan dashed line in Fig. 3(b) is the Gaussian fit of By . The
magenta dash-dotted line in Fig. 3(b) is the Lorentzian fit of By ; The pulse duration of the
sidebands were measured by cross-correlation with beam_3. Figure 3(c) shows the retrieved
XFROG pulse trace and the phase of B ( with a retrieved error of 0.01022 from the
commercial software from Femtosoft Technologies. The retrieved pulse duration was 35 + 3
fs. The retrieved phase shows that there was some chirp in the pulse due to the positive
chirped input pulses and the dispersion of the glass. The pulse duration of B; o was even
shorter than the two incident pulses, the cross-correlation width of which with beam_3 were
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82 £ 5 fs and 84 + 5 fs for beam_1 and beam_2 due to the dispersion of the filter and lens,

respectively.
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Fig. 4. (a) The output power of array signals on the 0, £1, and £2 rows when the power of the
two incident beams, beam_1 and beam_2, were 0.ImW and 25mW, respectively. Only the
signals in the center row are marked with star symbols and dashed line, as shown on the left.
The inset figure shows the dependence of the output power of different sidebands on the input
power of beam_2. (b) The power stabilities of By o, B3 1, and B ¢ monitored for 200 seconds,
which were 1.25%RMS, 0.63%RMS, and 1.84% RMS, respectively.

We measured the powers of some array signals when the power of the two incident beams,
beam_1 and beam_2, were 0.1 mW and 25 mW, respectively, as shown in Fig. 4(a). The
signal power decreased rapidly with increasing column order for signals on the center row B,
0, as shown by the star symbols in Fig. 4(a). The difference in output power between the side
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spots and the center spot on the same column decreased continuously as the row order
increased. For signals on column 5 (Bs ,), signal power on the center row Bs o was even
smaller than that on rows =1 and £2. The dependence of the different sideband output power
on the input power of beam_2 is shown in the inset of Fig. 4(a). The increase in signal power
with higher column or row order was delayed, but more rapid than that of lower order
columns or rows. In this case, the power of beam_1 was very low, and saturation did not take
place. In fact, the output power of beam_1 was amplified from 0.1 mW to 0.17 mW in the
experiment. The power stabilities of different array signals were monitored by a Si power
sensor, as shown in Fig. 4(b). The stability of B, ( was about 1.84% RMS over 200 seconds.
Interestingly, the stabilities of the high order sidebands were much better than that of the first-
order, especially for the sidebands beside the beam on the center row. The stabilities of By g,
B; 1, and By ; were 1.25%RMS, 0.63% RMS, and 0.97% RMS over 200 seconds,
respectively.

Fig. 5. Photographs of 2-D multicolored arrays on a sheet of white paper when (a) the plane of
polarization of the two input beams coincided with one of the crystal axes; (b) the sapphire
plate rotated for 45° (c) noise pattern; (d) and (e) show photographs with the sapphire plate
rotated by -16° and 14°, respectively. (f) A photograph of the 2-D multicolored arrays on a UV
light sensitive plate when the input power of beam_2 was increased to 27mW.

We observed the multicolored arrays to be sensitive to the rotation of the sapphire plate in
the plane normal to the input beams. The brightest and largest number of array signals
appeared when the plane of the polarization of the two input beams coincided with one of the
crystal axes, as shown in Fig. 5(a). It need to clarify that the white color of the two input
beams due to the over exposure of camera. There is no white light generation in the two input
beams. It was found that there were four angles 0°, 90°, 180°, and 270° at which the sidebands
were brightest, and four angles 45°, 135°, 225°, and 315° at which the sidebands were weakest,
as shown in Fig. 5(b). The periodic array did not appear continuously but appeared
aperiodically i.e. when the angle was rotated 6°, 14°, 0°, -6°, -11°, -13°, -16°, and -19° and
further. At other angles, these regular arrays were replaced by a noise pattern, as shown in
Fig. 5(c). The rotation angle of the sapphire plate also affected the position of the array
signals. Figures 5(d) and 5(e) showed photographs when the sapphire plate was rotated by -
16° and 14°, respectively. It can be seen that the column line was tilted a different direction
when the sapphire plate was rotated. The spectrum of the tilted signal was slightly narrower in
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the shorter wavelength region when the signal was tilted in the high order direction, and vice
versa. If the power of beam_2 was increased to 27 mW, bright stable “fish-like”” multicolor
arrays were observed, as shown in Fig. 5(f).
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Fig. 6. The dependence of B, o output power (square symbols) and ly®\(0)| (dashed line)of the
sapphire plate on the rotation angle 0 of the sapphire plate.

The dependence of the B, o output power on the rotation angle 0 of the sapphire plate was
measured, as shown in Fig. 6. Here we only show the evolution in the rotation angle region
from 0° to 210°. Clearly, the output power changed periodically with rotation of the sapphire
plate. This periodic evolution was because of the periodic dependence of 3x®(0)ec cos?(20)
+1of the sapphire plate on the rotation angle 0, as shown by the dashed line in Fig. 6. The
peak wavelength of the sidebands shifted continuously to a shorter wavelength by about 20
nm when the sapphire plate was rotated from 0° to 45° due to a phase matching condition. The
polarization of the sidebands also changed with rotation of the sapphire plate. To detect the
polarization rotation of the sidebands, a thin film polarizer was located normal to the sideband
beams and placed 50 cm after the sapphire plate. The polarizations of the multicolored arrays
were the same as those of the input beams when the plane of polarization of the input beams
coincided with one of the crystal axes. Very little orthogonally polarized light was detected.
As the sapphire plate was rotated from 0° to 90°, the orthogonally polarized light continuously
increased from 0° to 45° and decreased from 45° to 90°, and light with parallel polarization
showed the opposite effect. At 45° the sidebands were the weakest, and the orthogonally
polarized light had power equal to the parallel polarized light. We rotated the thin film
polarizer to minimize the intensity of light passing through the film polarizer. The rotation
angle of the thin film polarizer B was in accordance with the rotation angle of the sapphire
plate 0, and had the same angle when the sapphire plate was rotated from 0° to 45° and was
90° - 0 when the sapphire plate was rotated from 45° to 90°. This rotation angle dependence
phenomenon was also recently observed in supercontinuum generation process [21]. The
physical explanation of the phenomenon is complex because it included combined effects of
the cascaded third-order nonlinear processes of FWM, coherent anti-Stokes Raman scattering
(CARS), cross-phase modulation (XPM), and self-phase modulation (SPM) [22-23]. Much
detail physical explanation of this phenomenon will be explored in the future.

A half-wave plate or a quartz-wave plate can also be used in the path of one of the input
beams to safely control the multicolored arrays. The polarization, intensity, and position of the
multicolored arrays can be controlled by rotating the sapphire plate. Note that this
phenomenon did not appear when a fused silica glass was used as the medium, due to its
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symmetric structure. This phenomenon was very easily repeated in the experiment, and the
sapphire plate was not damaged over the course of the experiment.

4. Conclusion

In conclusion, an interesting 2-D nonlinear optical phenomenon was observed. Broadband
femtosecond 2-D multicolored arrays with more than ten periodic columns and more than ten
rows were generated in a sapphire plate. These stable 2-D multicolored arrays can be
controlled by rotating the sapphire plate, a half-wave plate, or a quarter wave plate. The
properties of the spectrum, spatial modal, power stability, and pulse duration of the 2-D
multicolored arrays show they could be used in various applications, for example 2-D all-
optical switching devices or multicolor pump-probe experiments.
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