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Optimized Second Harmonic Generation of Femtosecond Pulse by
Phase-Blanking Effect in Aperiodically Optical Superlattice *
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In order to minimize the effect of the unconsidered frequency components on the generated compression pulse,
phasing-blanking effect is taken into account of designing the one-dimension aperiodic domain reversal structure.
Hierarchic genetic algorithm for the design of a domain reversal grating to modulate the spectrum and phase of
the generated SH pulse simultaneously are presented. Our simulation shows that the quality of an output pulse

is fairly improved.
PACS: 42.65. Ky, 42.65. Re

Optical parametric processes are of importance for
creating laser sources at new frequencies and have
been widely applied to nonlinear optics.[!l Due to the
restriction of the birefringence of a nonlinear crys-
tal, a quasi-phase-matching (QPM) was introduced in
nonlinear optics as an alternative technique to bire-
fringence phase matching.!?l With the development
of room-temperature poling technology, it is possi-
ble to achieve domain-inverting structures in ferro-
electric crystals such as LiNbOg, LiTaO3, KTiOPOy4
and so on. Recently, these microstructured QPM ma-
terials have been used in ultrafast frequency conver-
sion. QPM provides extra degrees of freedom in en-
gineering the amplitude and phase responses for ul-
trafast application, a function not available with con-
ventional birefringent phase matching. More impor-
tantly, QPM SHG devices have been used to com-
bine such ultrafast techniques as pulse shaping and
compression.[*=¢ The initial progress towards arbi-
trary pulse shaping using QPM second-harmonic gen-
eration (SHG) crystals was in work by Arbore et al.,[”]
who theoretically demonstrated that by using a QPM
crystal containing a linearly-chirped gating, it is possi-
ble to generate a compressed SHG output pulse from a
chirped input fundamental pulse (FP). Subsequently,
many researches about the pulse shaping and pulse
compression during SHG by the linearly and non-
linearly one-dimensional aperiodic QPM gratings are
reported.[6:3-191 A procedure of designing aperiodic
QPM gratings for compression optical ultrashort pulse
during second-harmonic generation is provided.'!] In
this method, the length of domain block is fixed and
can be selected artificially, so the difficulty of poling
can be alleviated compared with that of chirped do-
main inversion gratings. Furthermore, this method
can be employed when the input fundamental pulse
with arbitrary amplitude and phase. In the simula-

tions, only some limited frequency components were
considered, their phases almost have the same value,
but the phase of other frequency components is irregu-
lar. Because only phases of being given frequencies are
optimized in calculations, the arbitrary distributions
of SHG phases in the whole wavelength region may
cause the output pulses to be distorted and accompa-
nied by pedestal. Although great progress has been
made in producing of ultrashort pulse recently, the
ultrashort pulse by compression sometimes has very
wide pedestals. In addition, not only the width of ul-
trashort laser pulse but also the shape of laser pulse
are requested in many applications.[*?] Thus the qual-
ity of the compression pulse is also important.

In this Letter, phasing-blanking method is em-
ployed to minimize the influence of the unconsidered
frequency components during that SHG, so that the
performance of compressed SHG pulse can be well im-
proved.

QPM gratings generally use sign reversal of the
nonlinear coefficient d(z) along the crystal length in a
periodic or aperiodic fashion. Generally, as an exam-
ple, a lithium niobate grating with aperiodic optical
superlattice (AOS) structure is shown in Fig. 1. The
AOS device consists of nonlinear crystal blocks, each
with a length of I. Adjacent crystal blocks have the
same or the opposite nonlinear polarization direction.
The choices of polarization directions are determined
by the genetic algorithms.

We begin the analysis with the coupled wave equa-
tions expressed in the frequency domain by consider-
ing an aperiodic QPM grating of length L with lon-
gitudinally optionally modulated nonlinear coefficient
d(z). The frequency-domain envelops A, (z,{,,) are
defined by[6]

~

Bun(2,0) = Ay (2, Q) exp[—ik(wm + Q) 2],
(1)
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where the wave vector k is a function of frequency,
Q= w — Wiy i the frequency detuning from the op-
tical carrier angular frequency w,,. This definition ex-
plicitly accounts for the effect on each frequency com-
ponent of the interacting waves.
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Fig.1l. Schematic of the pulse compression by SHG in

aperiodically poled lithium niobate.

By the assumption of the slowly varying amplitude
approximation, an undepleted pump, and a plane-
wave interaction, we can obtain the solution of the
coupled wave equations, as

Ai(2,Q) = A1(2 = 0,9), (2)

~ +Oo ~ ~ o~
Ay(L,Q) = / A (Q)A(Q - Q)d

— 00

[Ak(Q, Q)]dS, (3)

where A;(z,Q) and Ay(z,Q) is the FH envelope and
SH envelope, respectively (hereafter we use the sub-
script 1 to denote the FH and the subscript 2 to denote
the SH); and d(Ak) = —iy fj;o d(z) exp(—iAkz)dz,
we extend the limits of integration from [0, L] to [-o0,
+00] by the reason that d(z) = 0 outside the grating,
v = 271/ A1ng, A1 is the free-space FH wavelength, and
ng is the refractive index at the SH frequency. The
k-vector mismatch Ak(Q, Q') is defined as

Ak(Q, Q) =k(w + Q)
+k(w +Q— Q) — k(w + Q).
(4)

It is noted that Egs. (2) and (3) are valid for mate-
rials with arbitrary dispersion. It is difficult to calcu-
late Ao(L, Q) for arbitrary input pulse and arbitrary
material dispersion. Assuming that GVD and higher-
order dispersion terms at the FH and SH wave-pulse
can be ignored, the grating can act as a transfer func-
tion.

Considering second harmonic generation_interac-
tion wy + Q/2 + wy + Q/2 — 2w + Q to A3(Q) in
Eq. (3), then Eq. (3) is simplified to

Q

A (L, Q) = _WE(;) /_ :O d(z)

. exp {—i(Qk(wl + %)
— k(21 +Q')>z} dz.

(5)
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Fig. 2. Intensity and phase of the pulse in different cases:
(a) without phase blanking (b) with phase blanking.

It is well known that the phase is meaningless when
the amplitude of light-wave in frequency domain is ap-
proximates zero. This effect is called the phase blank-
ing. Figure 2 shows the cases without phase-blanking
and with the phase blanking. In the simulations of the
referencehe, '] the selected frequency components are
discrete, that is to say, only some limited frequency
components were considered, and their phase almost
have the same value (circle), but the other phases
are irregular (line). The spectral phase of all the fre-
quency components is shown in Fig.3. Because only
phases of being selected frequencies are optimized in
calculations, the arbitrary distributions of SHG am-
plitudes in the whole wavelength region may cause
the output pulses to be distorted and accompanied
by pedestal. In order to minimize the effect of the
unconsidered frequency components on the generated
compression pulse, we will design a spectrum. In the
spectrum, when the amplitudes are large, their phase
values are almost the same; when the amplitudes are
very small (approximating zero), their phase values
are irregular. Such a kind of generated spectrum of
laser pulse by SHG is carried out in the engineered
aperiodic optical superlattice (AOS).
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Fig. 3. Spectral phase of the unconsidered frequency com-
ponents (line) and the being selected frequency compo-
nents (circles).

In our simulations, we adopt the length of the grat-
ing L is 16 mm, the length of each block [ is 5 um. Cer-
tainly you can choose the length of L and [ arbitrarily
as long as you want. Moreover, the refractive indices
of the fundamental and second harmonic depend on
the Sellmerier equation!!3l and the operation temper-
ature of the lithium niobate sample is assigned to be
25°C. We take the case of SHG pumped by a linearly
chirped Gaussian FH pulse with optical carrier fre-
quency wq (the central wavelength of FH is 1560 nm).

The frequency-domain enveloped of the electric
field the corresponds to this pulse is

1
- 5 (1 +iC1)Q?|,  (6)

A1) = D)

\/%E()To exp
where the parameters of the input FH pulse are taken
as 7o = 42.0fs (FWHM is 70.0fs), C; = 207¢, and real
(temporal peak) amplitude Ey is a relatively arbitrary
value.

In our simulations, the crystal length L and the
block numbers n is fixed, so A5(Q2) is determined by
the modulated nonlinear coefficient d(z) according to
Eq. (5). If the amplitude and phase of the input Gaus-
sian pulse are known, we will seek for the optimal dis-
tribution of the nonlinear coeflicient of the grating.
In this simulation, we make the phase response same
for the frequency components of SH waves that we
assigned and the corresponding amplitude is as high
as possible. At the same time, the amplitude should
be as low as possible in the other frequency regions.
It will not only lead the output SH pulse to be com-
pressed but also can eliminate the influence of the un-
wanted amplitude and phase involved in synthesizing
pulse.

Our goal is to obtain the best distribution of the
modulated nonlinear coefficient by genetic algorithm
(GA) with prescribed SH target pulse. In the simula-
tions, not only the amplitude but also the phase of SH
pulse in frequency domain has the special request, so
an improved genetic algorithm—Hierarchic genetic al-

gorithm (HGA) is proposed. We summarize the main
lines of the HGA as follows:

(1) Randomly generate two initial populations.

(2) One runs of GA independently with object-
amplitude as fitness function, and the other runs of
GA independently with object-phase as fitness func-
tion.

(3) After running several genetions (genetions need
to be pre-determined), the two ending-populations are
combined into one new population. The new popula-
tion’s evaluation function is a synthetical fitness in-
cluding amplitude and phase.

(4) Selection, crossover and mutation are operated
in the new population, the elitist model is adopted at
the same time.

(5) Regenerate two populations from the outcome
population, repeat steps 2-5 until the satisfying is ob-
tained.
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Fig. 4. (a) Spectral amplitude and spectral phase of SHG
pulse in frequency domain, and (b) intensity of the output
SHG pulse in time domain.

After optimization of the domain inversion struc-
ture, the amplitude of SHG at the wavelength we as-
signed are large, whereas the others is relatively low,
and the phase of being assigned frequency components
becomes relative uniform for the wavelengths from
749nm to 814nm, as shown in Fig.4(a). The syn-
thesized SH pulses intensity are plotted in Fig. 4(b),
the calculated SH pulse duration (FWHM) is 65.69 fs.

In order to certify the advantage of the method we
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proposed above, we compare the quality of the output
SH pulses by using the primary method™ and the
current method. The grating structure is optimized by
the two methods with the same initialized data, such
as the spectral width, the input FH and the number
of being assigned frequency dots. In order to investi-
gate the influence of phase-blanking effect, the gener-
ated SH pulse intensity are reconstructed by adding
as much as 15 times frequency components between
two adjacent assigned wavelengths. For example, we
choose 30 frequency dots from 749nm to 814nm in
searching the best distribution of the sign of the non-
linear coefficient, but we will choose 480 frequency
dots in synthesizing SHG pulse, as shown in Fig.5.
We find that the generated SH pulse profiles by the
current method is almost unchanged, as those synthe-
sis SHG pulse with the being assigned frequency dots
as shown in Fig. 4(b). We also find that the generated
pulse has no obvious pedestals and asymmetrical pulse
wing, whereas by the primary method, the pulse has
pedestals and becomes asymmetric, which show that
if there is no phase-blanking effect, the real pulse will
be distorted apart from the original theoretical calcu-
lations.
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Fig. 5. Reconstructed intensity of the output SHG pulse
from the end of the crystal: (a) the simulation result by
the new method, and (b) the simulation result by the pri-
mary method.

In the fabrication process, the ideal boundary po-
sition of the crystal block may depart from the origi-
nal position, which is due to some typical but uncon-
trollable factors in the fabrication process. The pol-
ing error is inevitable and is only introduced into the
boundaries between the original and the invert domain
block. In our simulation when an error domain length
is added to the boundary of an invert domain block,
an equal amount of the length is subtracted from its
adjacent original domain block. Figure 6 shows the
simulation result for a grating that has a overpoled
domain error of Al =1-10% and Al = [-20% with the
block length [ = 5 ym. The error we set is reasonable
by the current room temperature poling technology.

It can be seen from the figure that the spectral am-
plitude and phase of the generated second harmonic
pulse is highly insensitive to the fabrication errors.
This characteristic makes our proposed method more
practical for applications in frequency conversion of
femtosecond laser.
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Fig.6. Simulation results for the grating with over-

poled domain errors: (a) ideal, (b) Al = [-10%, and
(c) Al =1-20%. The block length of grating is I = 5 um.

In summary, we investigate the practical approach
to achieve SH waves compression pumped by a chirped
femtosecond laser based on phase-blanking effect in
aperiodic QPM grating. This method is attractive
because of its ability to eliminate the pedestals and
to reduce the influence of unwanted frequency com-
ponents. We have also simulated the effect of typical
fabrication errors on a grating and found that com-
pressed pulse is fairly insensitive to the errors. This
method can fairly improve the quality of the compres-
sion pulse, and can also be applied for pulse shaping
with arbitrary object pulse.
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