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A second harmonic generation system with two type II KDP crystals in quadrature is optimized for the
nanosecond chirp pulse. The acceptance bandwidth of this optimizing scheme is close to 10 nm by using
two crystals with slightly opposite angular detuning from phase matching and the conversion efficiency
can reach 70% for top-hat chirp pulse at ∼2 GW/cm2 in theory. The preliminary experimental results are
obtained on the 9th beam of Shen Guang II SGII laser system, and the performance of optimization is
partially verified.
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The Nd: glass laser system has been used for inertial
confinement fusion (ICF) studies over 30 years. The
typical system is the National Ignition Facility (NIF),
the third harmonic (351 nm) energy can reach 1.8 MJ,
over 500 TW. However some difficulties arise from laser
plasma instability (LPI) in the experiments, the energy
loss is higher than expected and damage to the fused
silica optics in 3ω is very severe. As described in a
recent publication, the possibility of using the second
harmonic (SH) has been a research hotspot for some
time[1−3]. This plan has two merits. First, the damage
threshold of fused silica optics increases with increas-
ing wavelength, and the SH energy can be increased to
approximately twice the third ones. Second, the SH
bandwidth can reach terahertz magnitude, which is very
useful for the suppression stimulated Brillouin scatter-
ing, stimulated Raman scattering, and filament in plasma
(requires a ∼1000-GHz spectrum)[4]. Bandwidths of up
to 1 THz are readily achievable in Nd: glass laser sys-
tems in the spectral region near 1 μm with the optical
parametric chirped pulse amplification (OPCPA). For
instance, the bandwidth of the nanosecond chirp pulse
of 1053 nm on Shen Guang II (SGII) No. 9 is about 950
GHz (ΔλFWHM ∼3.5 nm), the Gaussian pulse duration
τFWHM is around 1.5 ns, and the output energy can up
to ∼2000 J with Φ310-mm aperture. Recently, physi-
cists have suggested using the SH of this chirp pulse to
investigate LPI. Accordingly, the SH generation (SHG)
system with two type-II KDP crystals in quadrature
(Fig.1) is optimized. This scheme was firstly presented
by Eimerl[5], and demonstrated by Pronko et al.[6] In con-
trast with other complexity and costly approaches, such
as achromatic phase-matching (APM)[7,8], titled quasi-
phase matched gratings[9], partially deuterated KDP[10],
which have been tried to broaden the effective spectral
acceptance bandwidth of SHG, the quadrature scheme is

compatible with the high power Nd: glass laser system,
and has been used for SHG with the beam of many lon-
gitudinal modes in Ref. [6].

In conventional single type-II KDP doubler, birefrin-
gence limits the intensity conversion to ∼50% at band-
widths of 2−3 nm for the large group velocity mismatch
(GVM) between the two orthogonal components of the
fundamental harmonic (FH) in ∼1-cm KDP[6,11]. The
quadrature configuration compensates for this mismatch,
because the transverse projections of the two crystal’s
principal axes are orthogonal, as shown in Fig. 1. So the
fundamental component polarized along the slow axis in
the first crystal was polarized along the fast axis in the
second crystal as detailed in Ref. [6], when the thickness
of the second crystal was twice of the first crystal, this
compensation of GVM was obvious, it was helpful for
SHG of a beam with a short coherence time (τ ∼1 ps),
and energy conversion efficiencies ∼55% was obtained
with an initial bandwidth for the fundamental of ∼2-
nm full-width of half-maximum (FWHM). In this paper,
the performance of this scheme was farther optimized
with the detuned angle of the two crystal, and the accep-
tance bandwidth can be increased using two crystals with
slightly opposite angular detuning from phase matching
and suitable thicknesses, which is a customary method
for the large bandwidth pulse, such as in Refs. [12,13].
A simple physical explanation exists for the increased
bandwidth converted with this optimization. The first
crystal more efficiently converts positive frequencies (fall
edge of the chirp pulse in this article) than negative
frequencies (rise edge of the chirp pulse), as measured
from the central frequency at which perfect type-II phase
matching exists. Conversely, the second crystal, that is
angle detuned in the opposite orientation, does the op-
posite. The two crystals in quadrature then convert
a broad range of both positive and negative frequen-
cies. Harmonic back-conversion for phase mismatching is
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Fig. 1. Scheme of second harmonic generation with Type II
KDP crystals in quadrature.

minimized because the SH generated in the first crys-
tal is not at the correct polarization for interaction in
the second crystal, different from the multi-crystal de-
sign in Refs. [11,12], where the distance between crys-
tals should be carefully controlled to avoid the harmonic
back-conversion.

This improvement is very helpful for the long chirp
pulse, because the effect of temporal walking-off between
the “o” and “e” beam is small for nanosecond chirp
pulses, and the main reasons for the decreased conver-
sion efficiency are non-uniformity profiles and phase mis-
matching caused by the broad bandwidth, beam diver-
gence and so on. Its performance has been verified with
the numerical simulation and experiments.

With the following definitions for the three fields[14]:

Ei =
Ai(z, t)
2√nj

exp[−i(ωjt − kjz)] + c.c, j = 1, 2, 3, (1)

where A1, A2, and A3 are the complex amplitudes of
the fundamental “o” and “e” waves and the “e” po-
larized second harmonic wave, respectively. The rela-
tionship between intensity and electric field amplitude
is Ij(z,t)=(njε0c/2) |Ej(z,t)|2 =(ε0c/2) |Aj(z,t)|2, where
nj is the refractive index of the involved waves in the
phase-matching direction, and ε0 are the free space values
of permittivity, and c is velocity of the light in vacuum.

The three-wave nonlinear-coupled, which neglected the
transverse effects, was used to simulate SHG with the
quadrature scheme and has the form[6,11,15,16]:
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where vgn = ∂ωj/∂kn is the group velocity of the
nth wave, αj is the linear the absorption coefficients,
gj = ∂2kn/∂ω2

j accounts for the group velocity disper-
sion, Δk = k1+k2–k3 is the wave vector mismatch, k is
the field coupling coefficient and is expressed as

k =
ω

c

d36

∈0

1√
n1n2n2

sin(2θm). (3)

For a type-II SHG in KDP at the Nd:glass wavelength
of λ=1053 nm , θm =58.9◦, and d36/∈0=0.39 pv/m[7,8].

The key parameters of Eq. (2) are illustrated in Table
1.

Temporal profiles were assumed to be supper-Gaussian
(exponent = 40) at the entry of the first crystal, and the
fields are expressed as follow

A1 = A2 =
√
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)20

exp(ip t2), (4a)

A3 = 0, (4b)

where τ= 1.5 ns is the pulse duration and p=6000 rad/ns2
is the parameter of chirp pulse; Iω is the full intensity of
the input field of 1053 nm, and the electromagnetic po-
larized at an angle of 45◦ to the o-direction is incident on
the first crystal, and the ratio of “A1” to “A2” is 1:1. The
loss of the surface reflectivity is about 2 percent/surface
at FH and SH, it also has been taken into account in
calculation process. The phase φ(t) of input pulse has a
quadratic form in Eq. (4a), and the spectrum profile has
a top-hat form, and the bandwidth is 2700 GHz (10 nm)
in theoretical calculations. It is convenience to observe
the altering of spectrum in the SHG process with this
hypothesis. Notably the output fields of the “o” and
“e” from the first crystal will be the “e” and “o” in the
second crystal.

Table 1. Key Parameters of Eq. (2)

N vgj (×108m/s) gj (×10−6ps2/cm) αj (cm−1)

ω(o) 1.494 1.967 −2.4 0.058

ω(e) 1.469 2.02 2.2 0.02

2ω(e) 1.482 1.989 13.6 −

Fig. 2. (a) Intensity temporal and (b) spectral profiles of FH
(red dotted curve) incident upon the first KDP, together with
the SH emerging from the first (green dashed curve) and the
second KDPs (green solid curve).
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According to the simulation, the optimized scheme
chose for the chirp pulse is as follows. The thickness
of the first crystal is 10 mm, and the thickness of the
second crystal is 14 mm. The first crystal is detuned by
350 μrad (to phase match at 1050.5 nm), and the second
was detuned by −350μ rad (to phase match at 1055.5
nm).

Figure 2 shows the temporal and spectrum profiles of
SH emerging from the first and the second KDP crystals.
The back of the chirp pulse is found to be efficiently con-
verted to the SH in the first KDP, and the leaving part is
efficiently converted to the SH in the second KDP. The
conversion efficiency is ∼55% in the first crystal, and
the total conversion efficiency of two crystals is about
∼72%. And the SH emerging from the second KDP is
the random polarization, it is helpful to reduce the beam
coherence for beam smoothing[16].

The performance of this optimized quadrature scheme
is compared with the conventional 14-mm type II KDP
with compensation of the GVM by the first KDP. In the
calculation, the first KDP is detuned 30 mrad, and the
conversion efficiency can be neglected, but it can partially
compensate the GVM in the second KDP as discussed
in Refs. [5]. The second KDP is detuned 0◦, and the SH
temporal profiles and spectrum of 14-mm type II KDP
are shown in Fig. 3. The temporal profile of SH with the
14-mm KDP is in a considerably distorted form, and the
bandwidth of the SH is ∼4000 GHz (4 nm). By contrast,
scarcely distortion of the quadrature scheme is observed,
and the output bandwidth is ∼5400 GHz (5 nm) in
Fig. 3.

Figure 4 shows the conversion efficiencies for different
incident intensities of these two schemes. According to
the simulation, it is found that the highest conversion

Fig. 3. (Color online) (a) Temporal and (b) spectral profile
of the SH (green solid curve) emerging from 14-mm type II
KDP, together with the FH (red dashed curve). The first
KDP is detuned 30 mrad, and the second KDP keeps phase
matched.

Fig. 4. Conversion efficiencies of the optimized scheme (blue
solid curve) and 14-mm type II KDP (green dashed curve)
versus incident intensity of FH.

efficiency of 14-mm KDP is only ∼55%. The conversion
efficiency of the optimized scheme is obviously higher
than the 14-mm crystal and increases by ∼15% when the
average intensity approaches ∼2 GW/cm2.

The main factor affecting the increase in conversion
efficiency of this nanosecond pulse with the broad band-
width is the larger acceptance bandwidth of the quadra-
ture scheme. This phenomenon can be observed from
the temporal shape and spectrum of the SH in Figs. 2
and 3. The spectrum of SH is nearly twice of the FH
in the optimized scheme, and the time profile shows no
distinct changes of this chirp pulse. This finding implies
that the acceptance bandwidth of this optimized scheme
is close to 10 nm at the Nd:glass wavelength of λ=1053
nm. With the numerical simulation, it is also found that
the small angular misalignments, ∼ ±30 μrad, can be
tolerated for this optimized scheme, and the incident in-
tensity has a small effect on the spectrum profile of SH.
These advantages are very helpful to increasing conver-
sion efficiencies and the stability in the operation.

The performance of the quadrature scheme was also
experimentally verified on the 9th beam of the SGII laser
system. With the optical parameter chirp-pulse amplifi-
cation front-end and Nd:glass amplifiers, the large energy
and broad bandwidth laser on the 9th beam of the SGII
laser system was easily obtained. The output energy of
the broad pulse from the optical parametric chirped pulse
amplification (OPCPA) front-end is about ∼ 1−2 mJ, and
the bandwidth is about 1800 GHz (6.8 nm). The gain of
the Nd:glass amplifiers is close to 106 times, and the out-
put energy of the chirp pulse approaches 2000 J with an
aperture of Φ310 mm. Given the gain-narrowing effect
in amplifiers, the output-pulse bandwidth is about 950
GHz (3.5 nm). The typically temporal pulse shapes and
spectra of the chirp pulse emerging from the OPCPA
front-end and Nd:glass amplifiers are illustrated in
Fig. 5.

The near field of the FH shows non-uniformity, the
average intensity within Φ 310-mm apertures is about
65 percent of the peak intensity, and it is one of the
reasons for the low conversion efficiencies in the experi-
ment. The maximum average intensity across the beam
is about 1.5 GW/cm2. Measurements of the focal diam-
eter indicated that 80% energy was within 8 times the
diffraction limit. It was of adequate quality to perform
the conversion efficiency measurements.
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Fig. 5. Temporal shape and spectrum of the output pulse of
OPCPA front-end and Nd:glass amplifiers. (a, c) OPCPA and
(b, d) Nd:glass amplifiers.

Fig. 6. (Color online) Typical temporal profiles of (a) input
FH (red curve) and (b) output SH (blue curve) in the exper-
iments.

The SHG system is composed of two type II KDP with
an aperture of Φ380 mm. The first crystal is 11 mm
with a detuned angle of approximately ∼ −350 μrad and
the second crystal is 13 mm with a detuned angle of ap-
proximately ∼350 μrad. The detuned angle is controlled
by step motor with an accuracy of ∼ 30 μrad, including
the alignment error. This scheme is admittedly not the
best, but is readily available in our laboratory. Its total
conversion efficiency is nearly closed to the optimization
scheme in Fig. 4, but the spectrum of SH is slightly

asymmetric for the relatively higher conversion efficiency
in the first crystal and the relatively lower conversion
efficiency in the second crystal.

The typical temporal profiles of the FH and corre-
sponding SH in the experiments are shown in Fig. 6.
The pulse duration (FWHM) of FH is ∼1.35 ns, and
the pulse duration of SH is ∼1.16 ns. Figure 9 shows
the simulation of the temporal and spectral profile for
this chirp Gaussian pulse, the pulse duration of the SH
shortens to 1.2 ns, which is caused by the Gaussian en-
velop, because the conversion efficiency is falling with
decreasing the intensity. It is also found that the central
frequency of the output pulse has a slight fluctuation in
the experiment, which may be caused by the instability
of the central frequency in OPA frontend, but the central
frequency shifting of the output pulse is not obvious, it
is within 0.5 nm. The optimized quadrature scheme has
a larger acceptance bandwidth of ∼10 nm, which can be
seen in Fig. 2, so this fluctuation can be tolerant, and
has no obvious effect on the performance of the conver-
sion in the experiments.

Fig. 7. (Color online) (a) Simulation temporal and (b) spec-
tral profiles of the SH (green curve) with Gaussian chirp pulse
(red dashed curve) emerging from the quadratic scheme.

Fig. 8. Temporal and spectral characterizations of SH taken
by spectral-resolved streak camera.
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Fig. 9. Conversion efficiency measured for the quadrature
scheme in the experiments.

The spectral characteristics of SH taken with spectral-
resolve streak camera[18−20] has been illustrated in Fig.
8. It is found that the majority of the FH is converted
to the SH in the first KDP, and the front of the pulse
is efficiently converted to the SH in the second KDP
as theoretical calculation. It indicates that the detuned
angle play an effect on the conversion process as expec-
tation, and the optimized scheme can be implemented in
actually operation.

The data of the conversion efficiency as a function of
the peak intensity at the FH is shown in Fig. 9, and
it partially coincides with the theoretical result. The
largest output energy of the SH is 827 J with a conver-
sion efficiency of 55%. Despite the conversion efficiencies
are limited by the Gaussian temporal envelope in the ex-
periments, the preliminary experimental results indicate
that the optimization of quadrature can be implemented
on the facility to increase the acceptance bandwidth and
conversion efficiencies of the process of SHG as the the-
oretical predication, and it can be used for SHG of the
larger bandwidth chirp pulse with the theoretical calcu-
lation.

Although the performance of optimized quadrature
scheme needs to be farther investigated, we believe that
it is a well approach for SHG of broad bandwidth on high
power laser facility with the numerical simulation and
preliminary experimental results. The acceptance band-
width of this optimal scheme is close to 10 nm by using
two crystals with slightly opposite angular detuning from
phase matching, and the conversion efficiency can reach
70 % for top-hat pulse at high intensity in theory. The
preliminary experimental results is obtained on the SGII
No.9 facility, the largest SH energy is up to ∼827 J with
the conversion efficiency of 55 % for the Gaussian chirp
pulse.

This work was supported by the National Science and
Technology Major Project of the Ministry of Science and
Technology of China under Grant No.1229241A00.
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