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We report the use of binary phase shaping to mitigate pulse
degradation and self-focusing in fused silica. The results
of simulation and estimated mitigation efficiency are sup-
ported by experimental results using both chirped and
binary phase-shaped pulses. Possible applications are
considered. © 2015 Optical Society of America
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Self-action effects in optical beam propagation occur when an
electromagnetic field is sufficiently high to induce index of re-
fraction changes in the medium. An intensity-dependent refrac-
tive index causes self-focusing and self-phase modulation (SPM)
where the one relates to the spatial and the other to the temporal
domain. SPM leads to spectral changes [1], and it is found to be
useful in such applications as soliton mode-locked laser [2], semi-
conductor optical amplifiers [3], additive pulse mode-locking
systems [4], generation of broadband laser pulses [5,6], and fem-
tosecond fiber oscillators [7]. Self-focusing is found to be useful
in Kerr-lens mode-locked lasers [8]. For many other applications,
SPM, combined with chromatic dispersion of material and often
aggravated by self-focusing, deteriorates pulse quality, causing
unwanted spectral and temporal changes and even damage of
the medium where the pulse propagates [9,10].

We use a binary phase mask composed of either zeros or 7 at
the Fourier plane of a 4-f shaper [11-13]. The idea of using
binary phase shaping (BPS) comes from experiments where it
was shown that BPS provides a robust mitigation of nonlinear
optical processes [14], and the symmetry of the phase can be
used to cause selective nonlinear excitation [15,16]. BPS has
been used to control multiphoton excitation-induced chemical
reactions [17] and for achieving vibrational mode selectivity in
coherent anti-Stokes Raman scattering (CARS) spectroscopy
[18]. BPS causes a femtosecond pulse to break into a train
of pulses with overall longer duration and lower peak power.
It has been shown to increase the transmission distance of laser
pulses in an optical fiber [19].
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DPastirk ez al. showed that a binary phase introduced prior to
amplification can be compensated for afterward [20]. This con-
cept and its possible applications are illustrated in Fig. 1. We
show (a) that a pulse can be stretched in the time domain by a
binary phase, then amplified and recompressed by addition of
the same binary phase [20]. This fact makes BPS attractive for
(b) optical amplification and (c) laser endoscopy.

Self-action mitigation requires a decrease in the laser peak
power to a level where induced nonlinearities have no “visible”
effect. Such methods include temporal stretching of pulses as in
chirp pulse amplification (CPA) systems [21], splitting the
pulse into a train of pulses as in divided-pulse amplification
[22], and increasing mode area [23]. In general, Ti:Sapphire
pulsed laser systems, such as CPA-based systems, stretch the
pulses up to 4 orders of magnitude by introducing chirp. An
alternative method is to introduce cascaded nonlinearities in a
cavity for the compensation of laser-induced phase shift in a
medium [24,25]. The difficulty of this method is that it de-
pends on the nonlinearity of the nonlinear crystal, and the am-
plification gain is orders of magnitude less than in CPA systems
[25]. Divided pulse amplification and mode area increases can
reduce peak intensity by at most 2 orders of magnitude.

We conducted experiments and numerical simulations on
how BPS affects temporal pulse shape. For both experiments
and simulations we used the fundamental laser spectrum of
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Fig. 1. (a) The concept of using BPS in (b) application to optical
amplification systems, and (c) application to fiber lasers.
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a Ti:Sapphire amplifier with 40 fs pulse duration FWHM (7))
[see Fig. 2(a)]. The spectrum is spread over 600 pixels of spatial
light modulator (SLM), as it is in our experiment (explained
further). We introduce the term “bit,” which stands for the
partition number. Since the spectrum covers 600 pixels, it cor-
responds to the maximum number of 1-pixel bits. In Fig. 2(a)
we show the fundamental spectrum and the optimum 14-bit
(600/14 = 42 pixels per bit) binary phase out of 16,384 phases
to achieve more than an order of magnitude peak intensity
reduction in the time domain. To calculate the pulse shape
in the time domain we used the Fourier transform:

I(r) = ‘/\/[(a) 9@ g0t 4y 2, (1)

where /(®) is the pulse spectrum [red curve in Fig. 2(a)], and
@(®) is the binary spectral phase [black curve in Fig. 2(a)].
Figure 2(b) compares the time profiles of a transform-limited
(TL) pulse, periodic zero/7 and the optimal phase [shown in
Fig. 2(a)].

In Fig. 2(c) we show the 128 x 128 matrix of inversed peak-
power ratio values corresponding to all possible 14-bit binary
phases. The search space corresponds to the peak-power reduc-
tion for each of the different BPS possible. The row and column
index of each element is defined by the first and second half of
its binary number representation, respectively. In this represen-
tation coordinates (0,0) and (128,128) correspond to TL
pulses. The global optimum phase with coordinates (65,86)
creates 12 times peak power reduction in this case. We find
a pattern for the location of the best phases. The pattern is con-
served when increasing the number of bits and becomes more
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Fig. 2. Effect of BPS for 14-bit binary phases. (a) The red curve
corresponds to the laser spectrum; the black line corresponds to
the optimum 14-bit phase mask. (b) Comparison between simulated
pulse profiles in time domain for TL (black), 0/7 sequence (green),
and optimal (red) 14-bit binary phases. Note the break in the vertical
axis. (c) Binary phase matrix 128 x 128 showing inverse peak-power
ratio for 14-bit phases. The row and column index of each element is
defined by the first and second half of its binary number representa-
tion, respectively. Red is best; black is no peak-power reduction.
(d) Peak-power ratio values from (c) sorted in ascending order. The
green dots correspond to the pulses shown in (b). The red arrow points

to the optimal phase.
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detailed. Figure 2(d) shows the peak-power ratio values for the
14-bit binary phases sorted in ascending order.

The number of bits needed to decrease the peak power of an
ultrafast laser was first explored through numerical simulation.
The plot is presented in double logarithmic scale (Fig. 3). All
the possible phase combinations were evaluated up to 25 bits;
see the region between arrows, fitted with a red dashed line, and
smallest peak power normalized on TL peak power is plotted
against the corresponding bit number. The smallest peak power
was the condition in our algorithm to choose the optimal
phase. The slope of the linear fit is -0.95. The deviation from
the linear behavior for the bit number >25 arises from the fact
that we did not use the optimal binary phase due to computa-
tional resources limit; instead of analyzing all possible phase
combinations, only 10° of them were analyzed. From the pre-
diction line (red dashed line), it follows that with 1400 bits, one
can achieve 1000 times peak-power reduction, which is
comparable with stretching applied in CPA systems [26].

For experimental measurements we used a laser system com-
prising of a Ti:Sapphire oscillator (KM labs), regenerative am-
plifier (Spitfire, Spectra-Physics, USA) and a pulse shaper
(MIIPS HD, BioPhotonic solutions, Inc., USA) with a 2D
SLM (792 x 600 pixels, LCOS-SLM, Hamamatsu, Japan). The
laser produces pulses with 40 fs duration with the spectrum
shown in Fig. 2(a) centered at 800 nm. After the shaper, the
laser beam was focused on a 1 mm fused silica slab placed on a
controllable stage, see Fig. 4(a). The laser light was collected by
spectrometer (USB 4000, Ocean Optics, USA) through a dif-
fusive surface. We measured self-focusing as a function of chirp
(quadratic phase) and for selected binary phases.

Before the measurements, the laser pulses were compressed
to TL duration using multiphoton intrapulse interference
phase-scan (MIIPS) [27]. The best binary phase for a particular
bit number was found out of 10° random phase combinations
and applied by SLM on top of the compression mask. The
fused silica plate was placed on the stage, and a z-scan [28] mea-
surement was performed in order to detect self-focusing. In or-
der to find the chirp-to-bit correspondence, the BPS mask was
switched off and the same scan was run at the same average
power with different chirp phases to find the chirp value that
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Fig. 3. Simulation of binary phase peak-power reduction for 40 fs
pulses. The dependence of normalized peak power versus binary phase
in double logarithmic scale. Triangles connected with black line cor-
respond to calculated values. Red line is a fit based on the linear region.



Letter

matched the amount of self-focusing for the binary phase. Two
such scans are illustrated for chirp (29.3 x 73 ~ 47,000 fs?)
and binary phase (150-bit phase); see Fig. 4(b) red and black
points, respectively. During the experiment we ensured there
was no change in the laser spectrum caused by the shaper.
The dispersion length of the sample is much greater than
the thickness of the slab used; therefore, all the effects relate
to nonlinearities.

The same measurements were performed for 25, 50, 100,
and 200-bit phases. Figure 4(c), black squares, illustrates the
experimental binary phase to chirp correspondence. The red
dashed line is the theoretical prediction of binary phase and
its chirp equivalent for 40 fs duration pulse. Figure 4(c) shows
that the experimental curve follows the behavior of the theo-
retical curve with deviation as expected, due to the limited
number of phases being evaluated.

(a) L Sample D
Pulse |- H ‘
Shaper v !
fe - Iris
’ Amplifier —( Oscillator }
(b) 20 T T T T T T T T T
= for binary phase
« for chirp
S 1.5- :
&
= Hay |
= : ..-.
S 10 -mnl'llil“'llq' ] Blamagioonned
£ Yo,
he] Hge®
)
S 05- 1
o)
=
0.0 T T T T T
-20 -10 0 10 20

Position of sample in the vicinity of focal spot (mm)
© 1x10° —>mm——"——————

8x10° ]

(2]
>
-
o
S
n

I
=
-
o
=
N

Chirp (fs?)

2x10%1

0 50 100 150 200
Number of bits

Fig. 4. Experimental results. (a) Experimental setup. L, lens; D, dif-
fuser; (b) integrated signal at different positions of the fused silica win-
dow from the focal spot for 150-bit phase, black squares, and chirp
value of ~29.3 x T% £s2, red circles; () experimental bit-to-chirp cor-
respondence (black squares). Red dashed line is a theoretical prediction
assuming optimum binary phases.
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A significant difficulty involved finding optimum BPS for
large number of bits. Optimization algorithms depend on
the search space and on knowledge about the optimum solu-
tion. Problems such as optimization of the second harmonic
signal can be solved quickly because the global optimum is sur-
rounded by promising nearby solutions, i.e., the search space is
convex. The other extreme is known as a “needle-in-a-
haystack,” for which no method is superior to random search
[29,30]. The synthesis of « priori-defined temporal pulses has
been solved through the combination of genetic algorithms and
Fourier-based algorithms [31,32]. However, these approaches
require knowledge of the optimum solution. For example, if
the optimum pulse should have a flat top temporal profile,
the spectral phase required can be directly written without
the need for optimization algorithms [33].

In conclusion, we have demonstrated that BPS can be
used for self-action processes mitigation. For CPA systems, a
large number of bits would be needed; however, SLMs with
12,288 pixels exist (Meadowlark Optics, Colorado). Binary
phase modulation could be suitable for laser endoscopy applica-
tions, where a fiber-Bragg grating or special multilayer dielectric
mirror would accomplish the final compression, for example. We
provide the means to estimate how many bits are needed to
reduce the peak power for a particular application.
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