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Quasi-parametric chirped-pulse amplification (QPCPA) can improve the signal amplification efficiency and sta-
bility by inhibiting the back-conversion, in which the idler absorption plays a critical role. This Letter theoreti-
cally studies the impacts of idler absorption on the QPCPA performance in both the small-signal and saturation
regimes. We demonstrate that there exists an optimal idler absorption that enables the achievement of maximum
pump depletion within a minimum crystal length. To overcome the reduction in small-signal gain induced by idler
absorption, the configuration of gradient idler absorption is proposed and demonstrated as a superior alternative
to constant idler absorption. The results provide guidelines to the design of state-of-the-art QPCPA lasers.
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Optical parametric chirped-pulse amplification (OPCPA)
has been widely applied for generating ultrashort and
ultra-intense lasers at devisable wavelengths:2. Recently,
quasi-parametric chirped-pulse amplification (QPCPA)
is proposed as a promising alternative and has been dem-
onstrated to be more efficient and more robust than
OPCPAEZ, OPCPA is implemented with a nonlinear
crystal transparent to all of the interacting waves, which
is generally subject to the back-conversion effect that is
detrimental to signal amplification efficiency and stability
in the saturated regime. QPCPA, by introducing selective
absorption at the idler wavelength, enables a unidirec-
tional energy transfer from the pump to the signal, which
can fully deplete the pump. As a result, QPCPA possesses
the combined advantages of a high gain like OPCPA and
a non-parametric saturation behavior like classical laser
amplifiers. Besides, QPCPA allows efficient signal ampli-
fication regardless of a large phase mismatch, thus opening
a gateway to build nonlinear amplifiers with unconven-
tional media (e.g., semiconductor chips), where the perfect
phase-matching condition is difficult to satisfy'?.

To push QPCPA for wider applications in state-of-the-
art ultra-intense lasers, it is necessary to establish the de-
sign method to ensure the best performance. As a quite
mature technique, the design of conventional OPCPA
has been extensively studied, including the optimiza-
tion of the broadband phase-matching configurationZ?
and spatiotemporal shaping of the pump and signalZ22,
These design considerations have contributed to the suc-
cess of petawatt-level lasers®, as well as intense few-cycle
pulses®? nowadays. As to QPCPA, the amplification
behavior additionally depends on the configuration of
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idler absorption, which has not been addressed so far.
A weak absorption might not sufficiently deplete the idler
wave and thus cannot inhibit back-conversion, while a
strong absorption will cause a considerable reduction in
the small-signal gain. Either case would prolong the reach-
ing of the ultimate efficient amplification; hence, high ef-
ficiency and stability are achieved by QPCPA at the
expense of a longer crystal. In terms of ultrashort intense
lasers, a longer crystal might cause the detrimental effects
of dispersion, gain narrowing, and Kerr nonlinearity. In
this Letter, we focus on the optimization of idler absorp-
tion for the purpose of minimizing the QPCPA crystal
length. Based on analytical derivations and numerical
simulation, the impacts of idler absorption on both the
small-signal gain and saturated conversion efficiency are
quantified. Additionally, to overcome the gain reduction
in current QPCPA systems with constant idler absorp-
tion, QPCPA with gradient absorption along the crystal
is proposed and studied for the first time to the best of our
knowledge.

Similar to conventional OPCPA, QPCPA is a three-
wave-mixing process that can be described by coupled-
wave equations, and all the three interacting waves are
quasi-monochromatic at each temporal slice. Under the
condition of group-velocity matching, the local approxi-
mation remains satisfied?2, and thus QPCPA can be
temporally sliced into a group of independent narrowband
amplifiers with their own instantaneous frequencies
of the signal and idler. An integration of these narrow-
band calculations gives the performance of a broadband
QPCPA. Consequently, the broadband coupled-wave
equations can be reduced to the equations only in the
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spatial domain, in which the dispersion effects are implic-
itly considered in the phase-mismatch term:
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where A,, (m = p, s, ) represents the complex amplitude
of the pump, signal, and idler waves, respectively, with w,,
and n,, denoting their angular frequencies and refractive
indexes. z is the propagation direction. d.g is the effective
nonlinear coefficient, and c is the speed of light in vacuum.
Ak =k, — k, — k; with k,, = n,,,/ c refers to the phase
mismatch between three waves. «;(z) denotes the
position-dependent absorption coefficient at the idler
wavelength. Table 1 presents the parameters used in
numerical calculations throughout this work. A spatio-
temporal top-hat pump laser is first assumed, so it pro-
vides a uniform gain within the pulse duration and
beam width. The seeding ratio 7,(0)/1,(0) is assumed
to be 1070 unless specified. We adopt the Sm**-doped
yttrium calcium oxyborate (SmCOB) crystal for QPCPA,
which exhibits a strong absorption in the spectral range of
1050 to 1600 nm2Y. This crystal absorbs the idler wave (at
1544 nm) in our simulated case, but does not absorb the
pump (527 nm) and signal (800 nm). Except for the ion of
Sm?**, YCOB is also chemically compatible with other
rare-earth ions, such as Tm?* and Th?*, which have differ-
ent absorption spectra and thus support QPCPAs at vari-
ous signal wavelengths.

In the case of constant idler absorption [i.e., ;(z) = a]
and phase matching (i.e., Ak = 0), the intensity growths
of the signal and idler in the small-signal amplification re-
gime have analytical solutions as

1,(2) = 1,(0) |:cosh2 (g2) + (4—“9) ’sinh?( gz)i| exp (— %‘ z) :
(2a)

Table 1. Default Simulation Parameters in This Letter

Parameter Value
Seed Central wavelength 800 nm
Bandwidth 30 nm
Stretched pulse duration 1 ns
Pump Wavelength 527 nm
Duration 1 ns
Intensity 4 GW /cm?
SmCOB  Effective nonlinear coefficient 0.9 pm/V

I(2) = 21,0 x (i;)Qsth(gz) exp (—gz) (2b)

Wy

where I, and I, refer to the signal and idler intensities that
are related to the complex amplitude A, and A; in Eq. (1)
as I,, = 1/2gycn,,| A,,|?, with the vacuum permittivity &.
The growth of the signal and idler is determined by the
parametric gain coefficient g defined by
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Note that, with a =0 (i.e., no idler absorption), this
coefficient reduces to the small-signal gain coefficient of
conventional OPCPA known as
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In our case (Table 1), the crystal SmCOB provides a
gain coefficient of gy =4 cm™' at the pump intensity
of I, =4 GW /cm?. In practice, to obtain a reasonably
high gain, we generally design a QPCPA with a <« 4g,.
Under this condition, Egs. (2a) and (2b) can be further
simplified to

I,(2) = 1,(0)cosh?(gyz) exp(—gz), (5a)

Ii(z) = % 1,(0)sinh?(gy2) exp (— g z) (5b)

s

Compared to the solution of signal gain in OPCPAYY, it
is apparent that an effective absorption with a coefficient
of a/2 is imposed onto the signal [Eq. (5a)] in QPCPA.
Owing to this effective signal absorption, the dynamic ab-
sorption coefficient of the idler wave, during the nonlinear
interaction, is accordingly reduced from a (without ampli-
fication) to «/2 (with amplification), as indicated by
Eq. (5b). Figure 1 illustrates the evolution of signal and
idler intensities versus the crystal length (z), as well as
the pump depletion ratio 7, that is defined as

B JI,(zt)dt
%_1_f5@:Qﬂdf (©)

calculated for QPCPA with the idler-absorption
coefficient @ =2 cm™! (the left column) and that with
a =5 cm™! (the right column), respectively. The results
highlight that the above analytical solutions (dotted lines)
match well with rigorous numerical solutions (solid lines)
prior to significant pump depletion (i.e., 7, < 50%). This
agreement provides confidence in the use of Egs. (2) and
(5) to estimate the small-signal gain of QPCPA.

Next, we characterize the impact of idler absorption
on the saturation behavior of QPCPA based on numerical
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Fig. 1. Numerical solutions of signal gain ,(z)/1,(0) (green solid
lines) and idler intensity I;(z)/I,(0) (red solid lines) and pump
depletion ratio i, (blue lines) versus crystal length z for QPCPA
with (a) @ =2 ecm™! and (b) @ = 5 cm ™, respectively. The cor-
responding analytical solutions calculated with Egs. (2) and (5)
are plotted as dashed and dotted lines, respectively, for
comparison.

calculations. Figure 2 gives the pump depletion versus
crystal length calculated for QPCPA running with
fixed pump intensity I, and varied idler-absorption coef-
ficient a. Here, the crystal length (z axis) is normalized
to the characteristic length 2, at which the OPCPA
(i.e., @ =0) reaches its first maximum pump depletion
(29 = 20.21 mm in our case). For conventional OPCPA,
the pump depletion presents periodical oscillations
between the parametric down-conversion and back-
conversion, as shown in Fig. 2(a). However, such an
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Fig. 2. Pump depletion curves (blue lines) for (a) OPCPA with
a=0and QPCPAs with (b) a=1.6 em™!, (¢c) a =6 cm™! and
(d) @ = 10 em™!, respectively. The red lines plot the evolution of
idler energy (normalized to the initial pump energy).

oscillation behavior can be dramatically altered in the
presence of idler absorption. For example, the conversion
process in QPCPA with a = 1.6 cm™' can be classified
into three phases. Initially, the parametric down-
conversion dominates (termed as Phase I), wherein the
signal increases monotonically. When reaching the maxi-
mum pump depletion, back-conversion occurs, and the
process is then characterized by damped oscillations be-
tween down-conversion and back-conversion (termed as
Phase II) due to idler absorption. During the damped os-
cillations, the oscillation period is gradually shortened,
and the extent of back conversion shrinks until pump
depletion approaches 100%. At the same time, the idler
wave becomes fully dissipated by idler absorption, as de-
picted by the red line in Fig. 2(b). Since only the signal
wave is left in the crystal, back-conversion will no longer
occur, and the conversion process falls into the final phase
(Phase IIT). To practically achieve high efficiency and sta-
bility, we generally design QPCPA in Phase IIIZ. Appa-
rently, Phase II is an undesired phase induced by the
insufficient removal of the idler wave. It can be signifi-
cantly shortened by adopting a stronger idler absorption.
As in our case, Phase II is reduced to only one period of
back-conversion by increasing a to 6 cm™!' [Fig. 2(c)].
Consequently, QPCPA falls into Phase III with a crystal
length shortened by ~1/3 compared to that in QPCPA
with @ = 1.6cm™! [Fig. 2(b)]. The strengthening of idler
absorption, on the other hand, inevitably prolongs the
length of Phase I due to the reduction of small-signal gain
[Fig. 2(d)]. Therefore, an optimal a that enables the
QPCPA to fall into Phase III with a minimum crystal
length shall exist.

Let us first study the optimal absorption coefficient for
QPCPA with constant idler absorption. Figures 3(a)-3(c)
illustrate the contour of pump depletion against the
crystal length (z/z;) and idler-absorption coefficient
(a/gy) calculated for different parameter configurations.
These contour maps highlight the existence of a critical
value of a, termed a,. For a < a,, back conversion still
occurs. While with a > a,, the pump energy flows into
the signal unidirectionally. It is obvious that only with
the optimal absorption a = a., QPCPA can reach the
ideal saturation of full pump depletion within a minimum
crystal length. Despite the different QPCPA parameters
in Figs. 3(a)-3(c), the ratio of the critical idler-absorption
coefficient to the gain coefficient g, is found to be consis-
tently approximated to

R
S
[SVRIN

(7)

In Figs. 3(e)-3(f), we extend the comparison of a.
predicted by Eq. (7) (red circles) with the numerical
result (blue circles) extracted from the pump depletion
contour for a wider range of QPCPA parameters beyond
those listed in Figs. 3(a)-3(c). These results illustrate
that Eq. (7) generally holds true for QPCPA with weak
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Fig. 3. (a), (b), (c) Contour maps of pump depletion 7, versus
the crystal length z/z, and idler-absorption coefficient a/ g, for
QPCPAs pumped by a spatiotemporal top-hat pulse. The con-
tour lines for 77, are plotted with a resolution of ~0.08. (d), (e),
(f) The critical idler-absorption coefficients versus pump inten-
sity I,, seeding ratio I,(0)/1,(0), and phase mismatch Ak,
respectively. The blue solid circles and red open circles plot
the results from numerical simulations and the empirical formula
of Eq. (7), respectively.

seeding [I4(0)/1,(0) < 107?] and small phase mismatch
(Ak < 0.1gp).

For an actual QPCPA system, the idler-absorption co-
efficient a is fixed, given a specific crystal, while the pump
intensity (I,) or the related gain coefficient (g;) can be
adjusted as a variable design parameter. According to
Eq. (7), the optimal pump intensity can be deduced as

3
_ 9ggngnin,c

=5 VP gl 8
Plopt 320w, d% * )

Such optimal pump intensity enables the suppression
of back-conversion with a minimum crystal length.
Nevertheless, in the QPCPA case with non-optimal pump
intensity, the conversion efficiency will not be degraded
considerably when the crystal is relatively long. As an ex-
ample, Fig. 4(a) presents the pump depletion contour-map
for QPCPA with a = 5.3 cm™!, which corresponds to the
optimal idler absorption for pump intensity at
4 GW/cm?. Apparently, although the pump intensity
varies from 2 to 5 GW/cm?, QPCPA maintains a unidi-
rectional conversion that eventually approaches full pump
depletion. By contrast, the pump depletion and signal
conversion efficiency change with the pump intensity

1,(GW/em?)
W
1,(GW/em?)

~

w

20 40 60 80
z (mm)

Fig. 4. Pump depletion contour map versus the crystal length z
and initial pump intensity I, for (a) QPCPA with a;(z) =
5.3 cm~! and (b) OPCPA with @;(2) = 0, respectively.

dramatically in the case of conventional OPCPA, as indi-
cated by Fig. 4(b).

In particular, if the pump has a spatiotemporal profile in
a Gaussian shape rather than a top-hat one, the gain co-
efficient g, varies across the pulse duration and beam
width. In this case, optimal @ should be the weighted aver-
age of the critical idler-absorption coefficient at each spa-
tiotemporal coordinate. Numerical simulations indicate
[Fig. 5(a)] that the optimal a for a Gaussian-pumped
QPCPA is 0.4gy, where g, refers to the peak gain coeffi-
cient governed by the peak pump intensity. By contrast,
for the case of nonuniform absorption spectrum, Eq. (7)
will still be valid if a, is substituted with the averaged ab-
sorption coefficient. To illustrate this, Fig. 5(c) presents
the efficiency curves for QPCPAs with uniform (blue line)
and nonuniform (red line) absorption across the idler spec-
tral range of 1490 to 1600 nm [Fig. 5(b)] in comparison.
The results show a good agreement in terms of the crystal
length required to achieve the non-parametric saturated
amplification.

The configuration of a constant idler absorption
inevitably induces a reduction of small-signal gain. To
overcome this drawback, we propose and study the con-
figuration of a gradient idler absorption along the crystal,
in which the idler absorption is very weak in the initial
amplification stage and gradually becomes strong in the
saturated amplification regime. As an example, let us con-
sider the QPCPA with a gradient idler absorption in form
of a step function [Fig. 6(a)]:

EENTO) idler

algy
S Wik WIN = WA WL

600 800 1000 1200 1400 1600
wavelength (nm)

— 60 80 100 0.0

z (mm)

Fig. 5. (a) Contour map of the pump depletion ratio versus the
crystal length z and idler-absorption coefficient a/ g, calculated
for QPCPA pumped by a spatiotemporal Gaussian pulse. For
other parameters, see Table 1. (b) Two different idler-absorption
spectra and (c) their corresponding efficiency curves. The pump
is assumed to be spatiotemporally top-hat in (b) and (c).
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Fig. 6. Comparison of (a) idler-absorption coefficient, (b) signal
gain, (c) pump depletion, and (d) idler intensity in OPCPA
(solid lines) and QPCPAs with a constant absorption (dash
dot lines), a step absorption function (dashed lines), and an

exponential gradient absorption function (dotted lines),
respectively.
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Since there is no idler absorption in the initial stage
of amplification, the small-signal gain of this QPCPA is
exactly equal to that in OPCPA [Fig. 6(b)]. Correspond-
ingly, QPCPA under this case reaches its maximum pump
depletion at a crystal length similar to that in OPCPA
[Fig. 6(c)]. To suppress back-conversion, an idler absorp-
tion of a=6g, is introduced into the latter part of
the crystal. Such a strong absorption depletes the idler
wave quickly [Fig. 6(d)], thereby enabling stable QPCPA
right at the first maximum pump depletion [Fig. 6(c)].
Such a QPCPA performance is most desired, because
the idler absorption eliminates the back-conversion with-
out any reduction in small-signal gain.

Besides the strict step function, QPCPA with other
kinds of gradient idler absorption, such as an idler absorp-
tion that grows exponentially along the crystal, can
achieve similarly favorable performance. The green dotted
lines in Figs. 6(a)-6(d) characterize the QPCPA perfor-
mance with a gradient idler-absorption function given by

exp(350z) — 1, whenz < 1.1z,
ai(2) = {690,( ) when z > 1.1z " (10)

In this case, the reduction in small-signal gain is also
negligible [Fig. 6(b)], while the back-conversion effect is
completely suppressed. As indicated by Fig. 6(c), it is ap-
parent that QPCPA with such a gradient idler-absorption
configuration reaches the stable non-parametric satura-
tion amplification much faster than the QPCPA with con-
stant absorption.

In conclusion, we have demonstrated that in the pres-
ence of idler absorption, a QPCPA process can be divided
into three amplification phases: initially a monotonic
parametric down-conversion, intermediately damped

oscillations  between down-conversion and back-
conversion, and finally a stable non-parametric saturation
amplification with the full depletion of both pump and
idler. The optimal idler absorption that eliminates the in-
termediate oscillations and lets the QPCPA reach the
stable non-parametric saturation amplification with a
minimum crystal length has been obtained based on
numerical simulation and fitting. We further demonstrate
that the reduction in small-signal gain by idler absorption
in QPCPA systems nowadays can be well circumvented
by adopting the configuration of gradient absorption.
The results presented in this work can be readily applied
to the design of state-of-the-art QPCPA-based ultra-
intense lasers.
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