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Abstract

Multi-beam-pumped optical parametric chirped-pulse amplification (OPCPA) systems suffer from parasitic parametric
diffraction caused by nonlinear cross-coupling among intense laser beams, which severely degrades conversion
efficiency. Although quasi-parametric amplification has been proposed to suppress cascaded nonlinear effects, its
quantitative effectiveness in mitigating multi-beam parametric diffraction has remained experimentally unexplored.
In this work, we experimentally demonstrate a quasi-parametric chirped-pulse amplification (QPCPA) scheme that
actively depletes idler waves in a Sm-doped yttrium calcium oxyborate crystal to suppress parametric diffraction.
We characterize the dependence of parametric diffraction on the pump beam angle and intensity, and evaluate the
suppression performance provided by idler dissipation. Experimental results in a two-beam-pumped configuration
show that the QPCPA scheme reduces pump-to-diffraction conversion by more than 60% compared to conventional
OPCPA. Robust cross-coupling suppression is maintained across a range of operating conditions. By establishing a
clear experimental link between idler dissipation and diffraction suppression, this work provides a practical pathway for
scalable energy enhancement in multi-beam nonlinear combining systems, supporting the advancement of high-energy
OPCPA architectures.
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1. Introduction

Optical parametric chirped-pulse amplification (OPCPA) is
a cornerstone technology for high-power femtosecond pulse
generation, driving progress in attosecond science!?!, laser-
driven particle acceleration’®™! and high-field physics®1,
However, energy scaling of OPCPA systems is fundamen-
tally limited by the available pump energy in a single beam.
To overcome this constraint, multi-beam pumping schemes
have been developed to combine energy from multiple pump
sources into a single signal beam via parametric gainl®~'?!.
An incoherent five-beam scheme has demonstrated exper-
imental feasibility, achieving a pump-to-signal conversion
efficiency exceeding 27%!'3.
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Beyond facilitating energy scaling, multi-beam pumping
offers enhanced spectral control. For example, strategic two-
beam pumping can amplify adjacent spectral regions!'*!3.
Theoretical studies have predicted that wide-angle non-
collinear OPCPA architectures may enable the generation of
single-cycle petawatt-level pulsest'® !,

Despite these advantages, multi-beam-pumped OPCPA
systems face a critical challenge from cascaded parasitic
mixing processes. These are initiated by difference-
frequency generation between idler waves and pump
beams, followed by higher-order sum- and difference-
frequency interactions''®?'!. Consider a two-beam pumping
configuration: pump beams P; and P, amplify the primary
signal Sy, generating corresponding idler waves I; and L.
Subsequent parasitic nonlinear interactions, such as P; —
L - Spp and P, — I} — S5;, generate secondary signal
components S, and S,;. These components are spectrally
coincident with the original seed signal but propagate
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along distinct angles determined by the noncollinear phase-
matching conditions. This phenomenon, termed parametric
diffraction, deflects a portion of the pump laser energy away
from the intended beam path, thereby reducing conversion
efficiency and degrading beam quality.

To address this limitation, we previously proposed a multi-
beam-pumped quasi-parametric chirped-pulse amplification
(QPCPA) scheme. Unlike conventional OPCPA, QPCPA
actively dissipates the idler wave during the nonlinear
amplification process'”?!. Although idler dissipation slightly
reduces the three-wave coupling strength and thus the signal
gain relative to the ideal case, it significantly improves pump-
to-signal conversion efficiency and renders the process
insensitive to phase mismatch, supporting a large gain
bandwidth!?*?*. Such spectral-selective idler dissipation
can be implemented through multiple approaches, including
rare-earth ion doping”®!, frequency conversion'”~>’! and
spatial walk-offl>*!. By suppressing idler-mediated energy
transfer between adjacent pump channels at its source,
QPCPA fundamentally prevents the cascade of parasitic
processes, offering a more effective solution than methods
relying solely on high seed injection!'*"1,

In this work, we go beyond the previous theoretical
proposal by providing the first experimental demonstration
and quantitative characterization of parametric-diffraction
suppression via QPCPA. Specifically, we elucidate the
physical mechanisms underlying parametric diffraction
through phase-matching analysis, and experimentally
quantify its dependence on two critical scaling parameters
— pump beam angular separation and pump intensity —
which directly constrain the achievable energy in multi-
beam-pumped systems. A direct comparative study between
conventional two-beam-pumped OPCPA and QPCPA shows
a reduction in pump-to-diffraction conversion exceeding
60%. These results establish a quantitative experimental
link between controlled idler dissipation and parametric-
diffraction suppression, providing validated guidelines for
designing scalable, high-energy ultrafast laser systems based
on nonlinear beam combining.

2. Theoretical analysis

2.1. Mechanism of parametric diffraction

Multi-beam-pumped OPCPA enables energy scaling by
coherently transferring energy from multiple pump beams
to a single signal via parametric amplification. This
approach necessitates the precise optimization of the pump
beam configuration to simultaneously satisfy noncollinear
geometric constraints and the phase-matching conditions
across all amplification channels.

For theoretical clarity, we utilize a two-beam-pumped
system as a representative case. The dynamics of this system
are modeled by extending the standard three-wave coupling
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equations under the slowly varying envelope approximation.
The evolution for both conventional OPCPA (with idler dis-
sipation coefficient @ = 0) and QPCPA (o # 0) is governed
by the following:

dA; . ,
= —iksAp1Af e AT e A AT e I8k (1a)
z

dApl . iAk
_dZ = —lelAsAi]E |z7 (lb)
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where As, Api» and Ajj represent the complex amplitudes
of the signal (Sp), two pump beams (P; and P,) and their
corresponding idlers (I} and L), respectively. The nonlinear
coupling coefficient is defined as k = wd.g/nc, where dggr is
the effective nonlinear coefficient, n is the refractive index,
w is the angular frequency and c is the speed of light in
vacuum. The phase mismatch terms for the two parametric
amplification channels are Ak = ky; — ks — ki) and Aky =
kpo — ks — kip, respectively.

To account for first-order parametric diffraction (P; — I, —
Si2 and P, — I} — S;1), we introduce two additional coupled-
wave equations:

dAle

e —ikAp Afe k2T (2a)
dA, :
d—‘zl = —ikApAl e MR, (2b)
Z

where Agp and Ag; represent the complex amplitudes of
the first-order diffracted signal. The phase mismatch terms
of cross-coupling processes are defined as Akjp = k1 —
ksio — kip and Akyy = kpy— koi— kij. In this analysis, the
theoretical model is restricted to a two-beam-pumped geom-
etry, and only first-order parametric diffraction is considered.
This dual simplification isolates the primary cross-coupling
channel and allows us to clearly identify and quantify the
key physical relationships. Including higher-order processes
would introduce additional idler absorption for multiple
diffracted beams, complicating the direct attribution of sup-
pression to the idler dissipation coefficient. As such, the
first-order model provides the most transparent physical
picture for the mechanism of interest. The experimentally
observed higher-order diffraction is addressed separately via
quantitative measurements.

This work employs a theoretical analysis based on
published Sellmeier equations for yttrium calcium oxyborate
(YCOB) crystals, selected for their suitability in QPCPA
implementation via rare-earth doping to facilitate idler
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Figure 1. Phase-matching and parametric diffraction in two-beam-pumped OPCPA. (a) Angular relations in the dielectric frame (X, Y, Z). (b) Phase
mismatch Ak versus pump incidence angles, showing the range of allowed pump directions. (c) Parametric gain (red curve) and normalized phase mismatch
AK/2T" (blue curve) as functions of noncollinear angle deviation. (d) Wave-mixing diagram in the z—y plane of the laboratory frame (x, y, z) illustrating
parametric-diffraction processes P, —Ij — Sp; and P; — I, — Sj;. () Phase-matching tolerance analysis in the x—y plane of the laboratory frame (x, y, z):
red and blue regions denote the angular tolerance ranges for the signal (Sp) and first idler (I}), respectively. Parametric diffraction occurs when the second

pump beam (P») lies within the overlap of these two tolerance cones.

absorption'”’!. We consider a noncollinear Type-I phase-
matching geometry with two pump beams. Figure 1(a)
illustrates angular relations within the dielectric frame
X, Y, Z) for a 515 nm pump and an 800 nm signal.
Broadband phase-matching is achieved at 6, = 24.55°
relative to the optic axis, with a noncollinear angle
app = 2.92° between the pump and signal. The signal
propagates in the XZ plane (0, = 21.63°, ¢ 0°).
Figure 1(b) displays the phase mismatch Ak as a function
of pump incidence angles. Multiple pump beams can
simultaneously satisfy phase-matching conditions with a
single signal, forming a conical geometry of permissible
pump directions (6, ¢,) around the signal axis!*!.

In practice, the angular tolerance Acj, is defined as the
permissible deviation of the pump wave vector from the
optimal noncollinear angle . We quantify this tolerance
by Taylor-expanding the phase mismatch Ak around aypy:

Ak

o 3)

Ak (orp) = Ak (0tp0) + (ot — tp0)

In the small-signal regime (where pump depletion is neg-
ligible), the signal parametric gain follows G =~ exp(2gz)/4,
where the gain coefficient g is as follows:

g=+/T2—(Ak/2)%

“
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Here, I is nonlinear drive strength T2 = Za)Swideflep/
nsninpeocg)m] and ¢ is the permittivity of vacuum. Phase
matching Ak dictates two distinct regimes. Here, |Ak| < 2T
yields exponential amplification, while |Ak| > 2I" results
in oscillatory behavior without net gain. This transition at
|Ak| = 2I' defines the angular tolerance Aa;, as follows:

4r
ANk *
dap

&)

Aap =

Figure 1(c) presents the calculated parametric gain profile
as a function of noncollinear angle deviation (o, — apo) at a
pump intensity of , = 10 GW/cm?, a crystal length of z =
3 mm and de¢r = 1.39 pm/V. The gain spectrum exhibits peak
gain at Ao, = 0 (perfect phase matching) and an angular
tolerance of 2.6 mrad defined by |Ak| = 2T".

Building upon the angular tolerance analysis, we now
examine parametric diffraction in a two-beam-pumped
OPCPA system. The laboratory frame (x, y, z) is defined
with the z-axis aligned along the signal wave vector. The
first-order diffraction processes involve pump-—idler cross-
coupling (P; — I, = Sy and P, — I} — S;)) in the laboratory
frame, as shown in Figure 1(d). Here, 6pp, represents the
angular separation between the two pump beams. Figure 1(e)
illustrates the phase-matching geometry in the x—y plane of
this frame. With Sy and P; fixed, the idler I; is determined
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Figure 2. Numerical analysis of pump-to-diffraction conversion efficiency (ngifr) in a two-beam-pumped OPCPA system. (a) Calculated ng;sr as a function
of interaction length for different pump beam angular separations. (b) Calculated ngir versus incident pump intensity.

by the phase matching. Parametric diffraction occurs when
P, falls within the overlapping angular tolerance regions
(Aayp) centered on Sy and I, corresponding to the red and
blue regions in Figure 1(e). This spatial overlap leads to

undesired cross-coupling processes.

2.2. Numerical simulation parameters and results

We simulate a two-beam-pumped OPCPA system amplifying
an 800 nm chirped signal pulse (2 ps duration, 150 nm
full width at half maximum (FWHM) bandwidth) with two
515 nm pump beams (3 ps duration). To quantify parametric
diffraction, we fix the position of P; and vary the angle of
P, to maintain phase matching. Two efficiency metrics are
defined: the pump-to-signal conversion efficiency 7, and the
parasitic pump-to-diffraction efficiency ngifr, which accounts
for the first-order parasitic signals Si, and S;; as a direct
energy loss mechanism. The simulations are performed with
a single pump intensity /,= 20 GW/cm? (I' = 1384 m™!) and
a pump-to-signal intensity ratio I, /Iy = 10°. In the following
two-beam-pumping configuration, the pump intensity refers
to that of a single pump beam, and the two pump beams are

assumed to have identical intensities.

As illustrated in Figure 2(a), ngigr reaches 20.5% at
Op1p2 = 1 mrad, but decreases to 5.6% at 0,1, = 15 mrad,
demonstrating geometric control over parametric diffraction.
For each configuration, the optimal crystal length is deter-
mined by maximizing the signal conversion efficiency 7.
A smaller pump angular separation increases the probability
of cross-coupling, leading to accelerated pump depletion and

a commensurate reduction in 7.

Parametric diffraction also exhibits a characteristic pump-
intensity scaling behavior, as shown in Figure 2(b). At large
angular separations (e.g., Opip2 = 15 mrad), the diffraction
efficiency ngirr scales nearly linearly with pump intensity,
rising from less than 0.1% at I, = 1 GW/cm® to 8.3% at I, =
30 GW/cn?’. This dependence reflects the I'* o I, scaling of

nonlinear coupling strength.
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In contrast, at small angular separations (e.g., Opip2 =
1 mrad), ngifr saturates near 20%. This saturation originates
from the coherent superposition of parametric interactions
within the two-beam-pumping architecture. The signal com-
plex amplitude A can be expressed as A; = As1 + As,
where Aq; and Ay, represent the complex amplitudes arising
from interactions with P; and P,, respectively. Under ideal
conditions of small angular separation (perfect phase match-
ing) and weak signal injection, the intrinsic amplification
and the parametric-diffraction channels contribute equally,
yielding As; = Ay = Asip = Ag. Consequently, the signal
conversion efficiency scales as 7, o |A]> = Ay + Apl?,
while the diffraction efficiency scales as ngif |AS12|2 +
|As21 2. The total efficiency saturates at the quantum limit
ws/wp, = 64.4%, with ngisr reaching a theoretical maximum
of 21.5% — one third of this limit.

Subsequently, we examine the influence of idler dis-
sipation on parametric diffraction by simulating a two-
beam-pumped QPCPA system. To evaluate the QPCPA
performance, the dispersion parameters of pure YCOB
without rare-earth ion doping are likewise employed, with
the idler dissipation coefficient o treated as a numerically
adjustable parameter. This approach isolates the specific
contribution of idler absorption to the amplification process.
For the following analysis, an idler dissipation coefficient of
o =40 cm! and a crystal length of z = 20 mm are assumed.

Figure 3(a) illustrates that, in contrast to conventional
OPCPA, the diffraction efficiency ng in a two-beam-
pumped QPCPA exhibits distinct dynamics across gain
regimes: while ngir increases rapidly during the small-
signal amplification region, it stabilizes at a minimal
added value upon reaching saturation. This trend indicates
the effective suppression of cross-coupling through idler
dissipation. Quantitatively, at 61> = 15 mrad, nggr drops
from 5.6% in the OPCPA case (Figure 2(a)) to 0.6% in the
QPCPA configuration (Figure 3(a)) under identical pumping
conditions.

The diffraction efficiency remains dependent on pump
angular separation 0p1,, revealing an important design


https://doi.org/10.1017/hpl.2026.10200

Experimental study of parametric-diffraction suppression via idler dissipation

(a) 0.3 : (b) 0.8
_ep]pz =1 mrad éplpz =10 mrad Gplpz =20 mrad é‘
—f =8mrad ——60 =15 mrad 15} - -
plp2 plp2 =2
206 /
0.2 o ’ ~ I,=5GW/cm?
i g s P
é z 0.4 [p =10 GW/cm?
(5]
0.1 % 1,=20 GW/em?
o
=
g
=
0 a '
0 5 10 15 20 2 a0
Crystal length (mm)
© o6 . . d o2 -
; o5 5 o 5o 55— Op1pp = 10 mrad
15 M = o = = o = a o -
;f:j " 8—8—8—F—58—68—1 0.15 —O— Op1pp = 15 mrad
B 0.4
@ —8—a =40 cm! é 0.1
[
>
2 |
o
53 O e = =
a. P N N VTN SO B 1 N I 11 e
E 1= T ©r r 1= L= L= iy — =
= B T —
Ay —~O— s
0 - - 0 o0
102 10 10° 0 10 20 30 40
IJI a (em™)

Figure 3. Parametric-diffraction characteristics in two-beam-pumped QPCPA systems. (a) Evolution of pump-to-diffraction conversion efficiency (naitr)
with crystal length for different pump beam separations (6p1p2), at fixed pump intensity 7, = 20 GW/cm? and idler dissipation & = 40 cm™'. (b) Angular
dependence of pump conversion efficiency under the same dissipation condition (a« = 40 cm™), demonstrating critical angle thresholds for parametric-
diffraction suppression. (c) Comparative analysis of pump conversion efficiencies versus pump-to-signal injection ratio (Ip/Is) for conventional OPCPA
(o = 0) and QPCPA (a = 40 cm™) configurations. (d) Systematic suppression of ngir with increasing idler dissipation strength at I, = 20 GW/en?,

revealing an inverse scaling relation between ngifr and o.

trade-off. To effectively suppress parametric diffraction
while maximizing signal conversion efficiency, a sufficient
angular separation is required. The critical angular
separation exhibits a scaling dependence on pump intensity:
approximately 0,1, = 14 mrad at I, = 20 GW/cm?, versus
Op1p2 = 8 mrad at I, = 5 GW/cn??, as shown in Figure 3(b).
This demonstrates the inherent trade-off between pump
beam density (number of beams) and pump intensity.
Stronger pump intensity requires larger angular separations,
thereby reducing maximum beam packing density.

The injection ratio I/l significantly influences system
performance, as illustrated in Figure 3(c). In the I,
20 GW/cm? and Op1p2 = 10 mrad case, while strong seed
injection (/I < 10?) facilitates the suppression of paramet-
ric diffraction, the diffraction-induced energy loss becomes
relatively insensitive to the injection ratio when I/l > 107,

Parametric diffraction can be directly suppressed by
increasing the idler dissipation coefficient o. As shown
in Figure 3(d), the steady-state diffraction efficiency ngs
is inversely correlated with the dissipation coefficient «.
Compared to conventional OPCPA (a¢ = 0), at Oy =
15 mrad, ngs; is reduced by 55.4% for o = 20 cm™' and
by 89.3% for « = 40 cm™' in the QPCPA case. These
findings confirm that enhanced idler dissipation effectively
suppresses parasitic diffraction.
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It is worth noting that the nonlinear phase shift of the
signal induced by inter-channel crosstalk in the two-beam-
pumped QPCPA configuration has been analyzed in our
previous work!??!. In the present experiment, the angular sep-
aration between the two pump beams is small (7-15 mrad),
leading to a negligible phase mismatch. Consequently, the
associated nonlinear phase shift is minimal, and its impact
on the signal’s spectral phase (e.g., group delay disper-
sion) is expected to be insignificant under the conditions
studied here.

3. Experimental comparison of two-beam-pumped opti-
cal parametric chirped-pulse amplification and quasi-
parametric chirped-pulse amplification

3.1. Experimental setup

The experimental setup for the two-beam-pumped OPCPA/
QPCPA system is shown in Figure 4. A single home-
built ytterbium-doped yttrium aluminum garnet (Yb:YAG)
laser (3 ps, 4 mJ, 100 Hz) provides both the primary
pump and the seed via supercontinuum generation (SCG),
ensuring passive synchronization and eliminating active
timing control®'*?!. The pump laser chain consists of a
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Figure 4. Experimental characterization of two-beam-pumped OPCPA/QPCPA. (a) Experimental setup. A/2, half-wave plate; TFP, thin-film polarizer; SHG,
second-harmonic generation; AP, iris aperture; SCG, supercontinuum generation; AC lens, achromatic lens. The diagnostic path includes CCD cameras
for spatial profile monitoring at key positions (CCD-1 for pump characterization, CCD-2 for amplified signal analysis). (b) Measured beam profiles: the
first column shows input pump beam interference patterns at CCD-1, confirming spatiotemporal overlap; the second and third columns display output
signal profiles from CCD-2 for single-beam (P; or P, only) and two-beam (P;+P,) pumping configurations, respectively. (c) Spectral characteristics: input
signal spectrum (orange curve, OPCPA-1), single-pump outputs (green and blue curves) and two-beam-pumped output (red curve). (d) Energy conversion

characteristics plotting output signal energy versus total pump energy.

mode-locked fiber oscillator, a regenerative amplifier and a
double-pass amplifier.

To prepare the seed, a small energy fraction (~14 pJ)
from a ps pump source is utilized for SCG. This setup
employs a beam conditioning system comprising thin-film
polarizers (TFPs), half-wave plates (A/2) and an adjustable
iris (AP) to enable precise control over the pulse energy and
numerical aperture. Subsequently, a 300 mm plano-convex
lens loosely focuses the beam into a 130 mm undoped YAG
crystal. By optimizing the incident energy (considering both
SCG threshold and crystal damage limits), focal position
and beam parameters, we obtained a stable SCG spectrum
spanning 540-950 nm with good spectral uniformity. The
SCG seed is filtered via a short-pass dielectric filter with
a 950 nm cutoff (Thorlabs FESH950) and collimated by a
150 mm achromatic lens (AC lens, f = 150 mm). Spec-
tral characterization was performed using an Ocean Optics
USB2000 spectrometer, and pulse energy was measured with
a J-10MB-HE detector and a LabMax-TOP meter.

Regarding pump preparation, 515 nm pulses are gener-
ated via second-harmonic generation (SHG) in a 2.5 mm
Type-1 barium borate (BBO) crystal (8, = 23.4°). This
process achieves a conversion efficiency of 42.8%, yielding
a pump energy of 1.2 mJ. The residual 1030 nm funda-
mental light is further frequency-doubled to give 0.2 mlJ
(515 nm) for the first OPCPA stage. This initial stage utilizes
a 3 mm Type-I BBO crystal (6, = 24.6°) in a noncollinear
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configuration (¢, = 2.6°), amplifying the seed pulse energy
from approximately 50 nJ to 10 pJ. In the theoretical study,
we used YCOB for the OPCPA baseline and Sm:YCOB
for QPCPA, where these two crystals differ essentially only
in the idler absorption coefficient — constituting a clean
comparison. In the experiment, however, we adopted BBO
for the OPCPA reference despite these differences. The
primary reason is that BBO, under a walk-off-compensated
noncollinear Type-I phase-matching configuration, generates
strong parasitic SHG from both the signal and idler*’],
making the parametric-diffraction pattern directly visible to
the naked eye. This visualization capability was essential
for unambiguously demonstrating the underlying cascaded
nonlinear processes.

The pre-amplified pulse is then injected into the main
amplifier; this stage employs two-beam pumping with inde-
pendent control of each pump arm. Pump energy is balanced
and adjusted using a half-wave plate and a TFP in each path.
The first pump beam (P;) and the signal (Sy) are precisely
positioned within the crystal principal plane in a walk-off
compensating geometry. The second pump beam (P,) is
injected with an initial angular separation 6,1, = 15 mrad
relative to P;. Temporal overlap better than 100 fs is achieved
using adjustable delay lines in both pump paths. The pump
beams are collimated to 0.95 mm diameter using a telescope
system, while the signal beam is slightly larger than the
pump beams, acting as a soft aperture.
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3.2. Characterization of the amplified signal

The performance of the two-beam-pumped OPCPA was
evaluated through the spatial beam profiles, spectrum and
energy measurements of the amplified signal. As shown in
Figure 4(b), spatial beam profiles of both pump and signal
beams were captured using a high-resolution charge-coupled
device (CCD) camera (BeamOn U3). Distinct interference
fringes were observed at the crystal plane for the two pump
beams, confirming their precise spatial and temporal overlap.
Nevertheless, the amplified signal retained a near-Gaussian
profile in both the near- and far-field under both single-
and two-beam pumping conditions. This indicates that the
scheme avoids the spatial interference modulation effects
commonly encountered in coherent beam combining, ensur-
ing robust beam quality.

As illustrated in Figure 4(c), the pre-amplified signal
exhibited a smooth broadband spectrum (700-950 nm,
110.8 nm bandwidth FWHM), and single-pump con-
figurations (P; or P, alone) produced nearly identical
output spectra. In the two-beam pumping architecture, the
signal spectrum was amplified uniformly across the entire
bandwidth without the introduction of perceptible spectral
distortion.

Energy conversion efficiency was comparable (~28.7%)
across the two configurations at low pump energies
(E, < 300 pJ), verifying proper system alignment. However,
at higher pump energy (E, = 700 wJ), the two-beam
pumping configuration exhibited a 36.5% reduction in
efficiency. This observation is consistent with the predicted
onset of parametric diffraction, which redirects pump
energy away from the primary signal. These results
quantitatively match our theoretical predictions (Section
2.2) regarding nonlinear wave-mixing at high intensities.
These experimental results provide definitive evidence of
parametric diffraction’s role in impairing energy extraction
efficiency for multi-beam-pumped OPCPA systems.

3.3. Experimental observation of cascaded cross-couplings

The cascaded cross-coupling in two-beam-pumped OPCPA
is directly visualized in Figure 5(a), which shows the beam
pattern on a diffusing screen. The image includes the two
pump beams (P;, P»), the amplified signal (Sp) and their
corresponding idler waves (I;, L), along with multiple
higher-order diffraction spots — a signature of cascaded
wave-mixing.

To enable visual detection, the two-beam-pumped OPCPA
employs a noncollinear walk-off compensating Type-I phase-
matching geometry in BBO. Here, the signal is injected
along the plane defined by the pump wave vector and
the optic axis, on the same side of the Poynting vector
walk-off of the e-polarized pump. This configuration pro-
motes parasitic SHG for both the signal and idler beams,
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a phenomenon previously observed in BBO-based OPCPA
systems'**!. The amplified signal (~820 nm) appears violet
(~410 nm) due to SHG, consistent with the spectral dip in
Figure 4(c). Similarly, the idler (~1445 nm) generates visible
SHG components that exhibit angular dispersion across the
beam profile, producing a color gradient from green to red.
The underlying process begins with conventional paramet-
ric amplification:
P1 —So—) Il, Pz—SO—> 12. (6)
Cross-coupling between idlers and pumps then generates
first-order diffracted waves:
Pi—L —Sp, Py—I} = Sy 7
These diffracted waves then drive the second-order para-
metric diffraction via the following:

Py — Sy — o1,
S +1; = Py,

Py —Si2 — Lo, (8a)
So1+1 — Popo. (8b)

The cascaded nonlinear interactions further produce the
third-order diffraction as described by the following:

Pioi—I = S22,  Poio—11 = Sapa1, (9a)
Pioi —So1 = Lizio1,  Paiz —Si2 = Lo, (9b)
Si2+ 121 = Piaiar,  Sor +1ai2 = Popoga. (9¢)

Figure 5(d) shows the calculated angular distribution of
these diffraction orders based on phase-matching conditions.
The excellent agreement between the measured spot posi-
tions in Figure 5(a) and the simulated angles in Figure 5(d)
confirms that the observed pattern arises from phase-
matched parametric diffraction rather than scattering light.

Furthermore, we characterize the dependence of paramet-
ric diffraction on key pump parameters. As the pump inten-
sity increases from 7.5 to 13 GW/cm? (Figures 5(a) and 5(b)),
higher-order diffraction becomes markedly more discernible,
and the pump-to-diffraction conversion efficiency increases
approximately twofold, from 19.8% to 35% (Figure 6(a)).
This strong nonlinear scaling reflects the enhanced efficiency
of parametric diffraction at elevated intensities, driven by
strengthened nonlinear coupling.

Similarly, the angular separation is a critical determinant
of diffraction behavior. Reducing the pump beam angular
separation from 15 to 7 mrad at a constant pump inten-
sity of 13 GW/cm? (Figures 5(b) and 5(c)) yields more
prominent diffraction patterns and additional higher-order
spots, accompanied by a 25.1% increase in diffraction effi-
ciency (Figure 6(b)). This pronounced angular sensitiv-
ity stems from the phase-matching conditions that govern
energy transfer between the interacting beams.
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(¢) Two-beam-pumped OPCPA
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Figure 5. Experimental observation of parametric diffraction. (a)-(c) Diffraction patterns in two-beam-pumped OPCPA under different conditions: (a) at
7.5 GW/cm? pump intensity and 15 mrad pump beam separation; (b) at 13 GW/cm?® (15 mrad) showing stronger diffraction; (c) at 13 GW/cm? with tighter
7 mrad spacing, displaying more diffraction orders. (d) Calculated angular positions of first- to third-order diffraction spots. (¢) QPCPA at 13 GW/cm?
(15 mrad) showing effective diffraction suppression. No artificial enhancement was applied to the QPCPA image; the lack of visible spots is due to the

suppression of parasitic SHG.
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Figure 6. Experimental results of parametric-diffraction efficiency ngifr. (a) Measured ngifr versus pump intensity at 15 mrad beam angular separation.
(b) Experimental angular dependence of diffraction efficiency at fixed 13 GW/cm? pump intensity.

3.4. Suppression of parametric diffraction via idler

dissipation

For the two-beam-pumped OPCPA scheme, a 3 mm BBO
crystal is used as the nonlinear medium. To implement the
QPCPA configuration, we employ a 3.9-cm-long Sm:YCOB
crystal with 30% Sm** doping, providing an average idler
absorption coefficient of approximately 1.5 cm 'l It is
important to note that the relevant physical parameter for
the suppression mechanism is the absorption coefficient
(~1.5 cm™') rather than the Sm** doping concentration
(30%) itself, as the absorption depends on the specific
material context. Given the peak pump intensity of
approximately 13 GW/cm? and the nonlinear refractive index
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of Sm:YCOB (m, ~ 3.2 x 107'® ¢cm?/W), the calculated
B-integral is approximately 1 rad, well below the typical
threshold for small-scale self-focusing (3 rad). Hence, no
B-integral-related degradation or crystal damage was
observed under our experimental conditions.

Unlike the BBO-based OPCPA, parasitic SHG in
Sm:YCOB is too weak for direct visual observation of the
diffracted idler and signal beams. To detect the diffracted
light, we therefore used laser viewing cards to record the
spatial distribution of the emitted beams. As shown in
Figure 5(e), the QPCPA configuration exhibits negligible
diffraction. Both the number of observable diffraction orders
and their intensities are drastically reduced compared to the
conventional OPCPA scheme. This suppression results from
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strong absorption of idler waves (1200-1600 nm) by Sm**
ions, which interrupts the cascaded nonlinear processes that
generate higher-order diffraction.

Quantitative analysis of the pump-to-diffraction con-
version efficiency (ngg) further reveals the perfor-
mance improvement achieved by QPCPA. As shown in
Figure 6(a), at a fixed angular separation of 15 mrad and
pump intensities ranging from 2.6 to 13 GW/cm?, the
conventional OPCPA exhibits a sharp increase in ngj,
reaching 35% at 13 GW/cm?. In contrast, g for QPCPA
remains stable near 7%. The angular dependence at I, =
13 GW/cm? further elucidates this suppression effect (Figure
6(b)): the OPCPA shows a dramatic escalation in ng;er as the
separation decreases, reaching 42.8% at a 7 mrad spacing,
whereas the QPCPA mitigates this loss to only 17.2% under
the same conditions. At larger pump angular separations
(e.g., 22 mrad), the QPCPA achieves a 67.2% reduction in
naise relative to the OPCPA configuration.

It should be noted that the idler dissipation coefficient in
the currently available Sm:YCOB crystal is approximately
1.5 cm™!, limited by the Sm doping concentration of approx-
imately 30%. This value is significantly lower than the ideal
case considered in the numerical simulations (¢ = 40 cm™).
Nevertheless, even at this modest dissipation level, the idler
absorption mechanism is expected to effectively disrupt the
cascaded nonlinear processes that drive parametric diffrac-
tion, enabling observable suppression in the subsequent
experimental results.

It is also worth emphasizing that pump beam interference
does not degrade the main signal beam quality due to
the spatial-filtering effect of phase matching. Instead,
beam-quality degradation arises primarily from the
parametric-diffraction beams, which are suppressed by idler
dissipation. Hence, QPCPA inherently protects both the
conversion efficiency and beam profile. These results
demonstrate that idler dissipation not only suppresses
parametric diffraction but also provides significantly greater
flexibility in system design. By maintaining low parametric-
diffraction losses across a broad range of pump intensities
and angular separations, the QPCPA can achieve both high
efficiency and a compact geometry, effectively overcoming
the fundamental trade-offs inherent in parametric diffraction
in conventional multi-beam OPCPA systems.

4. Conclusion

This work presents the first experimental demonstration
and quantitative characterization of parametric-diffraction
suppression via controlled idler dissipation in multi-beam-
pumped OPCPA systems. By systematically investigating
the scaling with pump intensity and beam angular separa-
tion, we show that QPCPA reduces the pump-to-diffraction
conversion efficiency from 42.8% (at a pump intensity of
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13 GW/cm?) to as low as 17.2% at a beam angular separation
of 7 mrad and 8.8% at 15 mrad, corresponding to 60% and
79.4% suppression, respectively. These results validate that
idler dissipation provides tunable and robust suppression
of parametric diffraction, despite the modest absorption
coefficient (~1.5 cm™') of the currently available Sm:YCOB
crystal — far lower than the ideal 40 cm™' used in simulations.
The observed suppression is consistent with the scaling
trend in Figure 3(d), and further improvement is expected
with higher Sm doping. The amplified signal in the two-
beam-pumped QPCPA configuration retains a near-Gaussian
near-field profile, indicating a well-behaved spatial mode.
However, the beam quality in this study was not quantified
via an M? factor or Strehl ratio measurement; a quantitative
characterization of the beam quality remains a subject for
future work.

The wunderlying mechanism is that selective idler
absorption interrupts the cascaded wave-mixing processes
driving parametric diffraction, enabling stable operation at
higher pump intensities and denser beam configurations. By
bridging theory and experiment, this work advances QPCPA
from a concept to a validated technique, offering a concrete
pathway for energy scaling in multi-beam nonlinear com-
bining architectures. Although the current study is based on
a low-average-power platform, the established suppression
mechanism is general and paves the way for high-repetition-
rate implementations, where thermal management can
be addressed through non-absorptive dissipation schemes
currently under development.
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