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This paper studies the type-I phase-matched second harmonic generation using 25-fs input laser pulses in a thick

BBO crystal. The harmonic signal exhibits a narrow spectrum bandwidth, even though the input pulse has a broad

bandwidth. The energy transfer efficiency and modulation of the fundamental spectrum are investigated.
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1. Introduction

One of the most typical quadratic nonlinear opti-
cal processes is second harmonic generation (SHG).
Improving the conversion efficiency and acceptance
bandwidth in SHG has attracted considerable atten-
tion in recent years.!=® An interesting phenomenon
during SHG is that the fundamental spectrum can
be significantly affected. This fundamental modula-
tion is a Kerr-like effect and can be explained through
cascaded quadratic nonlinearities:[%7 In type-I phase-
mismatched SHG, the fundamental pulses experience
a phase shift caused by cascaded second-order pro-
cesses when the phase-matching is not well satis-
fied (Ak # 0).[8*9] In type-II phase-matched SHG,
there is a similar phase shift when the phase-matching
condition is satisfied with a pre-delay of input or-
dinary and extraordinary fundamentals.  Group-
velocity mismatching has also been shown to be very
important.[1% However, cascaded processes under
type-1 phase-matching conditions have not yet been
discussed in depth.

The effect of two second-order nonlinear polar-
izations on the fundamental spectrum is similar to
one third order nonlinear polarization: they all induce
phase modulation. This phase modulation leads to
spectral broadening of the fundamental pulses.['2~16]
Because the Kerr-like effect induced by cascaded pro-
cesses is based on phase modulation, it is interesting
to determine how the output fundamental spectrum

is affected by introducing an initial chirp modulation.

In this article, we use 25-fs laser pulses with a
broad bandwidth as the fundamental light.
vious studies, broad-band fundamental pulses were

In pre-

usually used to generate broad-band second harmonic
(SH) pulses. In our experiment, type-I phase-matched
narrow-band SH pulses are generated. We investigate
the energy transfer from the broad-band fundamental
light to the narrow-band SH signal, as well as the spec-
trum change of the fundamental light. It is found that
the initial frequency chirp can modulate the SHG con-
version efficiency and output fundamental spectrum
significantly. The simulation result is consistent with
the experimental result.

2. Experimental setup and re-

sults

In our experiment, laser pulses with durations of
25 fs are used as the fundamental light. The repetition
rate of the laser is 3 kHz, and the highest energy is
800 pJ per pulse. The laser pulses propagate through
a BBO crystal. The crystal (5 mm X 5 mm X 5 mm,
cut at § = 29°, © = 0° for type-I SHG) is placed on a
rotational stage T to control the incident angle. A dif-
fuse reflection screen is placed just after the crystal to
direct the light into a fibre spectroscopy device, which
records the exit spectrum. The experimental setup is
shown in Fig. 1.
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Fig. 1. Experimental setup.

The pump laser has a central wavelength of 791 nm, and the phase-matching wavelength of the BBO crystal
can be adjusted by changing the incident angle. Figure 2(a) shows the contrast between the spectra of the pump
laser and fundamental output signal when the wavelength of the SH signal is set to 395.85 nm. Figure 2(b)
shows the corresponding spectrum of the SH pulses. We can see that the fundamental output pulse experienced
modulation over a wide range. Wavelengths around the phase-matching point experienced energy loss while
others experienced a gain. The full width at half maximum (FWHM) bandwidth of the main fundamental
energy reduction is found to be 42 nm and that of the SH spectrum is 0.7 nm. It is obvious that the energy
reduction of the fundamental signal occurs over a much broader range than the gain in the SH signal. This
means that the broad-band fundamental modulation can induce a broad-band energy transfer to the SH signal.
We found that 87.8% of the energy reduction from 763 nm to 832 nm is transferred to the SH signal, and the
remaining 12.2% is transferred to the edge wavelengths of the fundamental pulse. The energy transfer efficiency
from the input pulse to SHG is measured as 25%. We also find the ratio of energy in the SH signal from
394.5 nm to 397.5 nm to that in the initial fundamental signal from 789 nm to 795 nm to be 2.3. This result

implies an essential effect of this energy transfer process to increase the SH/fundamental ratio.
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Fig. 2. (a) Contrast between the spectra of the pump laser (solid line) and output fundamental signal with
SHG at 395.85 nm (dashed line); (b) SH spectrum at 395.85 nm.

When we change the wavelength of the phase-matching SHG by adjusting the incident angle, the SHG
efficiency also changes. However, the process of energy transfer from the broad-band fundamental spectrum to
narrow-band SHG and from middle wavelengths to the edge wavelengths remains unchanged. Figure 3 shows
the exit spectra at different phase-matching wavelengths. The intensity decreased area and increased area are

shifted with the shift of the phase-matching wavelength.
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Fig. 3. Output fundamental spectra with different phase-
matching wavelengths.

As is well known, ultra-short laser pulses expe-
rience self-phase modulation during propagation due
to the Kerr effect. The pulses can also be modulated
by cascaded second-order nonlinear polarization dur-
ing phase-mismatched type-I SHG or phase-matched
type-II SHG, where a portion of the energy is trans-

(13,14] Similar

ferred from middle to edge wavelengths.
effects were observed in our experiment. We can see
that the wavelength range does not broaden in our ex-
periment, while the Kerr effect would lead to obvious

wavelength range broadening. Therefore, we postu-
late that the fundamental modulation is caused by

only the cascaded second-order nonlinear processes.

3. Numerical simulation

To wunderstand this broad-band fundamental
modulation we simulated the propagation of a fem-
tosecond laser pulse in a BBO crystal. For simplicity,
we used the plane-wave approximation. The electric

fields of the pulses are expressed as:
1
Eq(z,t) = §A1(z,t) exp(—iwit +ik1z) +cc., (la)

L4,

E2(27t) = 2

(z,t) exp(—iwat +ikoz) + c.c., (1b)

where wo = 2wy, k1 = (w1 X no(w1))/c, and ke =
(wo X ne(we))/c are the central frequencies and cor-
responding wave-vectors of the SH and fundamen-
tal pulses, respectively, and the subscripts 1 and
2 indicate the fundamental and SH pulses, respec-
tively. We can then apply the slowly-varying ampli-
tude approximation!718] to Maxwell’s equations to
simulate SHG. The equations for the coupled fun-
damental and SH pulses propagating in the moving

frame 7 = ¢t — k' (wp)z are given by

04, / 041 . //aQAl . WIX(Z) * .

B + (kl k2) ot +0.51k1 o2 1 nic A2A1 eXp(1AkZ), (2&)
0A 0?A )

8722 +0.51kY 81522 =i w;;;c A% exp(—iAkz), (2b)

where Ak = ko — 2k; is the wave vector mismatch. The central frequency of the fundamental and SH pulses

are wy (corresponding to 800 nm) and ws (corresponding

The initial pump pulse is set as

to 400 nm), respectively.

' 2 . t?
A1(0,t) = Agexp [ —i(wo —w1)t — W] +0.15A0 exp { —i(ws —wi )t — (65><tp)2}
2 t?
+ 03A0 exp |: — 1((,U4 — wl)t — (5><tp)2:| + 045A0 exp |: — I(WE) - (UI)t - (4><tp)2:| ’

where t, = 21.63 fs and wy, w3, w4, ws correspond to 791, 765, 775, and 806 nm, respectively, in order to fit

the experimental input pulses. The Ay is set as 0.6175x10% V/m (corresponding to an intensity of 0.5x10!

W /cm?) and the propagation distance is 4.5 mm. The BBO refractive index is calculated by using the Sellmeier

equations!?!
A, Ae . .
ng = A, + )\2_7?403 — Ao, ng =Aa + )\2_7?4'33 — A2, (X in micrometers)
Ay = 2.7405,  Agp = 0.1839, Agz = 0.0179, Aoy = 0.0155,
Aer =2.373, A2 =0.156, Aq3 =0.044, Aq = 0.027405.
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The second-order nonlinear optical coefficient is set to
x? =2x10""2 m/V.

The simulated spectrograms of the fundamental
pulses are shown in Fig. 4. We can see from the simu-
lation spectrum that the fundamental output pulse is
modulated and the energy reduction bandwidth of the
fundamental signal is much broader than that of SH
signal. In our simulation, only second-order nonlin-
ear polarization is considered, so the spectrum change
is caused by P(2w) and P(w). The P(2w) includes
SHG and sum frequency generation (SFG) and P(w)
includes difference frequency generation. These two
cascaded second-order nonlinear polarizations couple
energy at different wavelengths of the fundamental
and harmonic signals and induce the transfer of en-
ergy between different wavelengths. For example, fig-
ure 5 shows all the phase-matching SFG wavelengths
at the incident angle for type-1 phase-matching SHG
at 400 nm. Fundamental wavelengths from 760 nm
to 850 nm contribute to phase-matched SFG from
399.5 nm to 400 nm. This explains the broad-band
range of energy reduction in the fundamental signal
and the narrow-band range of gain in the harmonic

signal.
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Fig. 4. Simulation results for contrast between the spec-
tra of the pump laser pulse (solid line) and the fundamen-

tal output pulse with SHG at 390 nm (black triangle),
394 nm (dashed line) and 400 nm (star).

It is worth while pointing out that the modula-
tion of the fundamental spectrum in the simulated re-
sults is smaller than the experimental results. This
is because the pump laser in our experiment is not

Fourier-transform limited, i.e., there is some chirping

in the input pulse. The pulse duration is already min-
imized by adjusting the compressed coupling prism of

the laser, so the chirp is of a high order.
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Fig. 5. Phase-matched SFG wavelength.

To determine how the chirp influences the fun-
damental output spectrum, we compared numerical
results with different chirps as shown in Fig. 6. In
this simulation, we added an initial phase modula-
tion A%(0,t) = A1(0,t) exp[£i-7 - k(w — w1)?], where
k= 0.86 x 10728,
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Fig. 6. Fundamental output spectrum with initial chirps.

The result shows that both the fundamental spec-
trum and the harmonic conversion efficiency are af-
fected by initial chirp. In Fig. 6, the correspond-
ing SHG efficiencies are 12.7% (with negative chirp),
25.15% (with positive chirp) and 43.94% (without
chirp) respectively. The conversion efficiency change
is due to the decrease of the fundamental peak inten-
sity, which is caused by the chirp-induced duration

broadening. From Fig. 6 we also see that initial chirp
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would enhance modulation in the output fundamental
spectrum and that positive and negative chirps lead
to an increase in longer and shorter wavelengths, re-
spectively. It is reasonable that the high-order chirp
in our experiments causes both the shorter and longer
wavelengths to experience enhanced modulation.
After including the initial chirp in our simulation,
Both the
experimental and numerical results prove that the ini-

the results match the experiment better.

tial chirp can modulate the fundamental pulse and the
harmonic conversion efficiency significantly.

4. Conclusions

In conclusion, we find that when a broad-band
fundamental pulse is used to generate narrow-band
phase-matched SHG, the fundamental pulse experi-
ences a broad-band modulation, which transfers en-
ergy from the broad-band fundamental to the narrow-
band SH signal. In addition, we find that the ini-
tial laser chirp can modulate the SHG conversion ef-
ficiency and the fundamental output spectrum signif-
icantly.
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