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Analysis of ultra-broadband high-energy optical parametric
chirped pulse amplifier based on YCOB crystal
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A new type of optical parametric chirped pulse amplifier is designed and analyzed for the amplification
of pulse centered at 808 nm. A novel crystal, yttrium calcium oxyborate YCa4O(BO3)3 (YCOB), is
utilized in the power amplification stage of optical parametric amplification (OPA). Noncollinear phase
matching parameters in the xoz principle plane of YCOB, compared with those in BBO and DKDP, are
analyzed by numerical simulation. The results show that YCOB rather than DKDP can be used in the
power amplification stage of OPA to realize the amplification of chirped pulse to several joules with a
gain bandwidth exceeding 100 nm. This can be used to gain a high intensity pulse of ∼10 fs after the
compressor.
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The amplification of the femtosecond pulse is an im-
portant branch of ultra-intense laser technology, with
Ti: sapphire as the medium for its large gain band-
width. From the perspective of technical features and
applications, such femtosecond pulses are used to study
high field physics and other related areas in ultra-
short time[1,2]; however, the pursuit of higher energy
femtosecond pulse should not be abandoned. Optical
parametric chirped pulse amplification (OPCPA) has
been successfully used in the front end of high inten-
sity lasers[3−8], indicating the possibility of femtosecond
pulse amplification. This has been verified by an in-
creasing number of fine crystals being invented, such as
YCa4O(BO3)3 (YCOB)[9−12].

In contrast with the nonlinear crystals commonly uti-
lized in high energy OPCPA systems, YCOB crystal
possesses several prominent properties, including high
fracture strength, moderate thermal conductivity and
nonlinear coupling, and damage threshold of as high as 1
GW/cm2 at 532 nm[12,13]. Refractive indexes and trans-
mission spectra of YCOB crystal have been reported in
Ref. [12]. In particular, the growth of YCOB to 7.5 (di-
ameter) ×25 (length) (cm) boule has been scaled[14,15],
that is, the available YCOB aperture is much larger than
those of LiB3O5 (LBO) and Ba(BO2)2 (BBO), which are
currently limited to 2 cm. Most studies on the nonlin-
earity of YCOB crystal during the 1990s focused on the
second and the third harmonic generation[11]. In recent
years, it has been successfully employed in the power
amplification stage of OPCPA as pre-amplification of
some PW lasers centered around 1 058 nm[15]. In 2006,
Chekhlov et al. reported their OPCPA system, in which
the output energy of the signal pulse is centered at 1 050
nm and up to 35 J and pulse bandwidth of 84 fs are
achieved with pump pulse of 190 J from the second har-
monic of the Vulcan laser; in addition, the large aperture
crystal in the power amplification is KH2PO4 (KDP)[16].

To the best of our knowledge, YCOB has not been used
in OPCPA systems centered at 808 nm to achieve output
energy of up to several joules and pulse width of ∼10 fs.

In the current study, a new type of OPCPA to am-
plify pulse of ∼10 fs up to several joules is analyzed, and
YCOB rather than KDP or KD2DO4 (DKDP) crystal is
applied as the gain medium of power amplification stage.
This is because YCOB with nonlinear coefficient that
is four times larger than those of KDP and DKDP can
provide a broad enough gain bandwidth. The system
consisted of five parts: the signal pulse laser, Öffner
stretcher, optical parametric amplifier, compressor, and
the pump pulse lasers (Fig. 1). The oscillator provided
signal pulses of 10-fs time duration and 2 nJ in energy.
The signal pulses are chirped to 15 ps/nm by an eight-
pass Öffner stretcher with 10% transmission efficiency,
and chirped signal pulse energy injected into the opti-
cal parametric amplification (OPA) chain is 0.2 nJ. The
OPA consisted of two stages. The first stage was the
pre-amplification, including 3 pieces of BBO crystals
that offer the majority of the system gain. The pump
pulses at 532 nm with 300 mJ of energy for the first 2
pieces of BBO crystals were provided by a commercial
single longitudinal mode Nd: YAG pump laser. For the
third piece of the BBO crystal, 5% second harmonic
generation of uncompressed output pulse of upgraded
subpicosecond laser system (SPS) was utilized as the
pump pulse[17]. In the second stage, a piece of YCOB
crystal with a large aperture (∼50 mm) was employed
as the gain medium, and the SPS provided the pulse at
526.5 nm with the desired special-temporal shape and
energy exceeding 50 J. The signal was amplified in the
xoz principle plane of YCOB because the effective non-
linear coefficient (deff) in the xoz principle plane was
much larger than those in the xoz and yoz principle
planes[18,19].

Noncollinear geometric configuration with type-1
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Fig. 1. Optical schematic layout of the OPCPA.

Fig. 2. Noncollinear phase matching vectors in biaxial crys-
tals.

phase matching o+o→e is generally adopted in all
OPA stages. Compared with the collinear geometric
configuration, the noncollinear geometric configuration
can achieve larger parametric bandwidth and obtain
higher conversion efficiency by compensating for the
walk-off effects of the pump pulse with non-collinear an-
gle. The wave vectors and parameters of the noncollinear
phase matching in biaxial crystals are shown in Fig. 2.
The refractive indexes along the principal axis are or-
dered as follows: nz > ny > nx. Moreover, c1 and c2 are
optical axises, Ω is the optic axial angle, Φ is the azimuth
of kp in xoz principle plane, and ks, ki, and kp are the
wave vectors of the signal, idle, and pump, respectively.
The symbol α refers to the noncollinear angle, θ is the
phase matching angle, ρ is the walk-off angle, sp is the
Poynting vector of pump pulse, and β is the angle be-
tween ki and kp. Momentum conservation and energy
conservation during OPA can be expressed as

kp = ki + ks, (1)

ωp = ωi + ωs. (2)
The wave vector mismatch is expressed as

∆k = kp − ks cos α− ki cos β. (3)

The optimized noncollinear configuration can realize
the highest parametric bandwidth (∆λp) for the ultra-
broadband optical parametric amplifier. Generally, the
noncollinear angle in such a configuration is set to real-
ize group velocity matching (GVM) between the signal
and pump pulses[20]. However, according to numerical
analysis, there is a small difference between the GVM
noncollinear angle and the one realizing the highest para-
metric bandwidth[21]. In the present paper, parametric
bandwidths as well as gain bandwidths (∆λg) and ac-
ceptance angles (∆θ) were calculated according to the

definitions but not the approximation of Taylor series.
In addition, an identical analytic method was adopted
from Ref. [19].

Parametric bandwidth is defined as the interval of the
signal wave length, which restricts the phase mismatch-
ing smaller than ±π, under the condition that perfect
phase matching is achieved at the center wavelength of
OPA. It can be expressed as |∆kL| 6 π, where L is the
crystal length. Figure 3 (a) shows the curves of the para-
metric bandwidths against noncollinear angles in 15-mm
BBO, 15-mm YCOB, and 35-mm DKDP crystals. Para-
metric bandwidths of 149.6 and 108 nm were achieved
in YCOB and BBO when the noncollinear angles were
2.763◦and 2.358◦, respectively (Fig. 3(a)). However, the
value was 46 nm in DKDP when the noncollinear angle
was 3.821◦. Parametric bandwidth is consistent with the
gain bandwidth to a large extent. Gain bandwidth is
defined as the interval of the signal wave length, which
restricts the gain that is bigger than half of that achieved
at the center wavelength of the signal pulse. However,
numerical analysis indicated a little difference (Fig. 3);
specifically, the largest gain bandwidth of 133.6 nm was
achieved at a noncollinear angle of 2.775◦ in YCOB,
112.4 nm at 2.345◦ in BBO, and 46.6 nm at 3.819◦ in
DKDP. As a conclusion, the gain bandwidths of YCOB
and BBO were broad enough for the amplification of
chirped pulses in the system, while DKDP was restricted
to the amplification of chirped pulses with original pulse
duration exceeding 21 fs at 808 nm.

The walk-off effect results from the separation of
the Poynting and wave vectors of light transmitting in

Fig. 3. (a) Parametric bandwidth and (b) gain bandwidth
versus noncollinear angles in BBO (dotted line), in the xoz
principle plane of YCOB (solid line), and in DKDP (dashed
line).
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Table 1. Noncollinear Phase Matching Parameters of BBO, YCOB, and DKDP

α (deg.) θpm (deg.) ∆λp (nm) deff (pm/V) ρ (deg.) ∆θ (deg.) ∆λg (nm) Ip (GW/cm2) L (m)

BBO-1/2 2.345 23.78 108 2.096 –3.288 0.0214 112.4 0.4 0.015

BBO-3 2.4 23.86 132 2.095 –3.295 0.0214 127 0.4 0.015

YCOB 2.775 (26.4,180) 149.6 0.935 1.134 0.0599 133.6 0.5 0.015

DKDP 3.819 52.76 46 0.295 –2.913 0.0113 46.6 2 0.035

nonlinear crystals (inhomogeneous medium). This leads
to spatial displacement between the signal and pump
pulses as well as the degradation of conversion efficiency
in OPA. Furthermore, the walk-off effect plays an im-
portant role in the impact of wavefront phase distortion
of pump on the beam quality of signal in OPA[22,23]. The
acceptance angle is defined as the interval of θ, which
restricts the wave vector mismatch that is smaller than
±π/L around the perfect phase matching angle θpm at
808 nm. A large acceptance angle means a stable OPA.
The walk-off, acceptance, and phase matching angles
versus non-collinear angles are shown in Fig. 4. Corre-
sponding to the optimal noncollinear angle, the walk-off
angle in YCOB crystal was 1.134◦, the acceptance angle
was ∼0.06◦, and the phase matching angle was 26.4◦.
The values of BBO and DKDP are enumerated in Ta-
ble 1. Based on the results, YCOB possessed a larger
acceptance angle and smaller walk-off angle than BBO
and DKDP.

For chirped signal pulse pumped by 532-nm Gaussian
shaped pulse at intensity (Ip) of 0.4 GW/cm2 in 15-mm
BBO crystal, a gain of 2 372 is realized (Fig. 5(a)). In the
initial two pieces of BBO crystal in the pre-amplification
stage, the unsaturated gain of 1 000 for each piece was
achieved by pumping with 532-nm pulse of 300 mJ at an
intensity of 0.4 GW/cm2, and the signal pulse energy was
0.2 mJ. In the third piece of BBO crystal, the injected
signal pulse was amplified by 526.5-nm 10 th order super-
Gaussian shaped pump pulse, of which the energy was
2.5 J at an intensity of 0.4 GW/cm2. The phase matching
parameters listed in Table 1 are calculated with the same
method. The results were not very different from those
pumped by pulse at 532 nm. The BBO crystal employed
in this stage had a 13 (aperture)×15 (length) (mm) in
realizing the saturated gain of ∼2 000 so that energy of
signal pulse was amplified up to ∼0.4 J. The majority
of energy was provided by the second stage. Figure 5(b)
shows the gain curve in the xoz principle plane of YCOB
with a 526.5-nm pump pulse. For the YCOB crystal
with a 15-mm length, saturated gain of ∼20 was realized
with pump pulse at an intensity of 0.5 GW/cm2 and
energy of 50 J. In the power amplification stage, signal
pulse of ∼8 J was achieved with broad spectrum band-
width. Furthermore, saturated amplification in both
stages greatly improved the stability of the system[24].
In contrast, normalized gain curve in 35-mm DKDP is
shown in Fig. 5(a) when pumped by 526.5-nm pulse at
intensity of 2 GW/cm2. DKDP is an excellent choice for
amplification of pulse centered at 808 nm with original
time duration exceeding 20 fs.

The compressor consisted of a pair of gratings and a
piece of reflector. They were arranged in tandem in a
four-pass configuration with a Littrow incident angle of
36.3◦ to match the stretcher; this was ensured so as to

 

Fig. 4. Acceptance angle (solid line), walk-off angle (dashed
line), and phase matching angle (dotted line) versus non-
collinear angle in (a)(b) BBO, (c)(d) the xoz principle plane
of YCOB, and (e)(f) DKDP.

 

 

Fig. 5. Normalized gain curves in (a) BBO (dotted line) and
DKDP (dashed line); (b) xoz principle plane of YCOB crystal
(solid line).

101901-3



COL 9(10), 101901(2011) CHINESE OPTICS LETTERS October 10, 2011

compress the chirped pulse to Fourier transform limita-
tion. The transmission efficiency of the compressor was
∼75%, and the energy of output ultra-short pulse was
∼6 J.

In conclusion, a new type of OPCPA system to re-
alize the amplification of pulse centered at 808 nm is
analyzed. The noncollinear phase matching parameters
of YCOB are compared with those of BBO and DKDP
in detail. Numerical analysis shows that YCOB, rather
than DKDP, can be utilized to amplify ultra-broadband
chirped pulse so as to compress the signal pulse to ∼10 fs
after the compressor. With YCOB as the gain medium
of power amplification stage of OPCPA, a total gain of
∼4×1010 is achieved, with the energy of the amplified
signal pulse up to several joules.

This work was supported by the National “863” Pro-
gram of China under Grant No. 2009AA8044010.
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