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Numerical simulations of the impact of wavefront phase
distortions of pump on the beam quality of OPA
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A numerical model of optical parametric amplification (OPA) is introduced to investigate the impact
of wavefront phase distortion of pump on the beam quality of signal. Numerical results show that the
unidentical walk-off directions of the pump and the idler waves are the main factors leading to the transfer
of wavefront phase distortions of the pump to the signal, and by reducing the angle between the two
directions, the beam quality factor (M2) can be greatly decreased and hence the good beam quality of the
signal can be maintained.
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Optical parametric chirped pulse amplification (OPCPA)
is a new technique that combines optical parametric
amplification (OPA) with chirped pulse amplification
(CPA), and it has become a common technique to achieve
ultrashort and ultrahigh intensity laser pulses in re-
cent years[1]. In many laser facilities, the utilization of
OPCPA to amplify the stretched laser pulse has become
the hot topic, and has been extensively investigated the-
oretically and experimentally. Most of the researches on
OPA were focused on the stability, temporal pulse con-
trast, and parametric conversion efficiency[2−6]. How-
ever, the researches on the beam quality of OPA, such as
pump-phase-to-signal-amplitude coupling, the wavefront
distortions transfer among signal, idler, and pump pulses,
were paid less attention to. It might not be a problem for
most low-energy OPCPA systems where the pump laser
sources were diffraction-limited[7]. The signal beam qual-
ity, however, will be degraded for high-energy OPCPA
systems, when the wavefront phases of the pump laser
sources are distorted seriously. In fact, several papers did
consider the beam quality in OPCPA systems[8,9], which
mainly focused on the pump-to-signal phase transfer in
OPA system with collinear configuration. Their numer-
ical simulations have shown that the transfer of phase
distortions from the pump beam to the signal is due to
the walk-off effect, and the walk-off-compensated crystal
pair is capable of reducing the phase transfer. But in
noncollinear OPA process, such as the front-end OPCPA
systems of large, petawatt (PW) Nd:glass laser systems,
the scheme of walk-off-compensated crystal pair to re-
duce the phase transfer cannot work effectively because
of the noncollinear propagation of pump, idler, and sig-
nal. In this letter, we focus on the spatial beam quality
of OPCPA, and thus we do not make an explicit differ-
ence between OPA and OPCPA in the following sections.
We simulate a noncollinear OPA process to study the
impact of spatial walk-off and the noncollinear configu-
ration on the spatial beam quality of signal, when the

wavefront phase of pump laser sources is distorted seri-
ously. Our study is motivated by the current requirement
of the OPCPA front end with high conversion efficiency,
high stability, and good beam quality for SG-II PW sys-
tem. Our numerical studies may be helpful for the design
of the OPCPA front end.

It is important to consider the case of noncollinear ge-
ometry, which leads to the separation of the signal from
the idler and the pump. The coupled-wave equations
for OPA[10,11], taking into account the full spatial and
temporal dependence, with type-I phase matching and
nonlinear geometry configuration, can be written as
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where the subscripts i, s, and p refer to the idler, signal,
and pump waves, respectively. n is the linear refractive
index coefficient of the crystal, k is the wave vector in
vacuum, ρs, ρi are the noncollinear angles among the
wave vectors, and ρp is the walk-off angle of pump pulse
in the y direction. The coefficient deff is the effective
nonlinear mixing coefficient, and ∆k is the crystal phase
mismatch per unit length.

We can obtain the phases in a three-wave mixing pro-
cess by solving the imaginary parts of Eq. (1), and the
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impact of the diffraction effects on the wavefront distor-
tion is very little and can be neglected as
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where φs, φi, φp are the phases of signal, idler, and pump
wave-fronts, respectively. And θ is defined by

θ = ∆kz + φp − φs − φi. (3)

The initial phases of pump and signal waves are deter-
mined by the input waves, and if there is no input idler
intensity, the initial idler phase φi(0) will self-adjust to
ensure the maximum initial signal gain, in which case
φi(0) = φp(0) − φs(0) − π/2. If there is no walk-off ef-
fect, the spatial distribution of angle θ is uniform, the
spatial phase of the amplified signal is independent of
the initial phase of the pump, and it is possible to main-
tain the beam quality of the original signal, although
we use a pump with spatial phase aberrations[3]. In the
initial stage of amplification process, there exists phase
distortion in the wavefronts of pump and idler, and the
wavefront of initial signal can be assumed as plane. If
the walk-off directions of the pump and signal are in the
same side, as shown in Fig. 1(a), where sp is the Poynt-
ing vector of the pump, the wavefront phases between
the pump and the idler waves will undergo spatial rela-
tive displacement, and the spatial distribution of angle
θ is not uniform any more. Thus, the wavefront phase
distortion of the pump will transfer to that of the signal,
which results in the degradation of the beam quality of
the signal. If the walk-off directions of the pump and
the idler are nearly identical, as shown in Fig. 1(b), the
wavefront phases between the pump and the idler waves
will not undergo spatial relative displacement, and the
spatial distribution of angle θ is uniform. The wavefront
distortion of pump will mainly be transferred to the idler
instead of the signal, and hence the good beam quality
of the signal can be maintained.

An OPA system was simulated with parameters simi-
lar to those of the OPCPA front-end system of the SG-
II PW upgrade facility[12,13]. In the numerical model,
the seed pulse characteristics provided by a commercial
mode-locked, Nd:glass laser system with a pulse width
of 220 fs were used. Since the stretched pulse width is in
the nanosecond regime, the effects of the group-velocity
mismatch between the pump, the signal, and the idler
pulses are small and can be neglected in the analysis.
Moreover, group-velocity dispersion is also negligible.
A split-step algorithm based on the fast Fourier trans-
form is employed to solve the coupled-wave equations in
the space-time domain, and spatial walk-off effect and
noncollinear propagation were performed in the spatial-
frequency domain. The pump at 532 nm has a tenth-
order super-Gaussian temporal and spatial shape and an
intensity of 1 GW/cm2 with full-width at half-maximum
(FWHM) of 4 ns and 2 mm. The seed at 1053 nm is
Gaussian in time and space with FWHM of 3 ns and

2 mm. The seed input energy is 500 pJ. The length of
the LiB3O5 (LBO) crystals is 60 mm. The pump walk-off
angle is 0.41◦.

To characterize the wavefront distortions at an instant
of time, we calculate the two values of Siegman’s M2 of
the output signal wave[14−16]. One, M2

y , is calculated in
the walk-off plane, and the other, M2

x , is calculated in
the plane perpendicular to walk-off. The quantities of
M2

x and M2
y are defined by

M2
x(t) = 4πσ0x(t)σfx(t), (4)

M2
y (t) = 4πσ0y(t)σfy(t). (5)

They are the products of the real-space variance and the
spatial-frequency-space variance of intensity for a real
beam normalized to that for an ideal Gaussian beam.
M2 of 1 corresponds to a Gaussian beam with no phase
distortions. Any amplitude or phase distortion makes
M2 larger than unity.

The transmitted wavefront distortion for a laser rod
was about 0.5−4λ[17]. We assume the peak-to-valley
(PV) value of the wavefront distortion of the initial pump
is 0.6λ, as shown in Fig. 2, and the wavefront of initial

Fig. 1. Phase-matching k-vector triangle for noncollinear
OPA.

Fig. 2. Wavefront distortion of pump laser pulse.

Fig. 3. Pump and signal intensity conversion versus crystal
length.
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Fig. 4. (a), (c) Wavefront distribution and (b), (d) temporally
integrated, normalized output beam shapes of the amplified
signals, corresponding to the cases of Figs. 1(a) and (b).

Fig. 5. M2 at the temporal center of signal pulse versus crys-
tal length.

signal is plane. Figure 3 plots the normalized pump
and signal intensity conversion versus crystal length, and
energy transferring from the pump to signal begins to
reverse as the interaction length reaches 55 mm in the
crystal, with the largest gain of about 108. Figures
4(a), (b), (c), and (d) show the wavefront distributions
of the amplified signal corresponding to the cases of Figs.
1(a) and (b), respectively. Figures 1(a) and (b) show the
noncollinear beam angle of 0.5◦ and –0.41◦, respectively.
For Fig. 4(a), the PV value of wavefront distortion of am-
plified signal is 0.59λ, which is almost equal to that of the
pump (0.6λ), but the corresponding value for Fig. 4(c) is
very little (0.005λ). The reason why the value of wave-
front distortion in Fig. 4 can be sharply reduced is that
the wavefront phases between the pump and idler waves
do not undergo spatial relative displacement. So the
quality of the wavefront of the signal can be maintained
by tuning the noncollinear angle ρs appropriately to re-
duce the angle between the walk-off direction of pump
and the direction of ki. Spatial variations in saturation
and reconversion can produce intensity modulation and
beam asymmetry in the walk-off direction. So the signal
beam is asymmetry in the walk-off direction (y) but is
symmetrical in the perpendicular direction (x), as shown
in Figs. 4(b) and (d).

Figure 5 illustrates M2 at the temporal center of the
signal beam versus crystal length. It shows that the

value of M2 decreases greatly by reducing the angle be-
tween the walk-off direction of pump and the direction of
idler. It also can be seen that the declining trend of the
beam quality is gentle at the point about 53 mm, and it
becomes sharp in the following interaction length. This
is because, at this point, the optical parameter process
runs in saturation and the intensity coupling between
the interaction beams abates the declining trend, and
with increasing the interaction length, the center-sunken
spatial beam shapes induced by the supersaturation of
OPA result in the sharp increase of M2. Figure 5 also
shows that the value of M2

y is larger than M2
x for the

two cases, which is because the near-field modulation
and wavefront distortion are more serious in the walk-off
direction than those in the perpendicular direction.

In conclusion, we simulate the impact of wavefront
phase distortions of pump on the beam quality of signal
by using a numerical model of OPA. Numerical results
show that, if the walk-off directions of the pump and
idler waves are not identical, the walk-off effect is the
main factor leading to degradation of the beam quality
of the signal as OPA runs in unsaturation regime. When
OPA runs in supersaturation regime, the center-sunken
spatial beam shapes induced by deep saturation of OPA
plays a dominant role in the degradation of beam qual-
ity. We can also draw the conclusion that the unidentical
walk-off directions of the pump and idler waves, which
cause the spatial relative displacement of the wavefront
phases between the pump and idler waves, are the main
factors leading to the transfer of phase distortions of the
pump beam to the signal. So, when the wavefront phase
of the pump is distorted seriously, in order to maintain
the beam quality of OPA, we should reduce the angle
between the walk-off direction of pump and the direction
of idler and thus reduce the transfer of phase distortion
of the pump beam to the signal by optimizing the non-
collinear angle in OPA appropriately.
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