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Abstract: Midinfrared (MIR) is an attractive spectral region for many applications ranging from vibrational spec-
troscopy to attosecond physics. However, in this spectral region, the dispersion management techniques are not as
mature as the ones in the near-infrared (NIR) or visible, which is a key ingredient of ultrafast laser technology. In this
manuscript, the transfer of dispersion management schemes for optical parametric (chirped pulse) amplifiers (OP(CP)As)
from NIR to MIR is discussed. Among those, a scheme based on Martinez-type grating stretcher and a bulk compressor
is proposed and numerically analyzed. As a case study, the proposed scheme is applied numerically to a 2-µm pumped
two-stage optical parametric amplifier (OPA) system at 4.06 µm. In the model OPA system, the seed pulses are generated
by white-continuum in bulk crystal and then amplified via zinc germanium phosphide (ZGP)-based OPAs. Parametric
gain bandwidth of the ZGP nonlinear crystal is numerically studied. According to the numerical simulations, 3-mm
crystal supports pulses with 26.5 fs pulse duration (FWHM) at 4.06 µm. With the proposed dispersion management
scheme, the seed pulses are first stretched inside a Martinez grating stretcher to 1.4–1.6 ps for efficient amplification in
OPA stages and then compressed down to the transform-limit inside CaF2 bulk material.

Key words: Ultrafast optics, ultrafast amplifiers, nonlinear optics, midinfrared lasers, ultrafast pulse shaping, optical
parametric amplifiers

1. Introduction
In recent years, there has been a high demand for high-energy, high-repetition-rate, ultrafast midinfrared (MIR)
laser sources in the spectral range between 2.5 and 10 µm for complex experiments in attosecond science and
strong-field physics [1–5]. Few solid-state laser systems can generate ultrafast laser pulses directly in this spectral
region without any frequency shift, namely Cr2+ and Fe2+ doped ZnSe, ZnS, ZnTe, CdS, CdSe [6–9]. These
gain media have smooth emission spectra in the range of 2.5–5 µm which are highly suitable for mode-locked
operation [10–15]. However, the energy scaling of the pulses in these gain media is challenging due to the
relatively short upper state lifetime, strong thermal lensing, and high nonlinear refractive index. Parametric
down-conversion is an alternative method to generate MIR photons from visible or NIR photons, via difference-
frequency generation, optical parametric oscillation, and optical parametric amplification. To obtain high-energy
MIR pulses, a strong ultrafast laser amplifier system is required to pump an optical parametric amplifier (OPA)
or optical parametric chirped-pulse amplifier (OPCPA). In the NIR spectral region, laser amplifier systems for
pumping OPAs are well developed and even commercially available such as Ti:Sapphire and Nd, Yb ion-based
amplifier systems. These amplifier systems are used for pumping well-developed oxide-based nonlinear crystals
[16–18]. However, parametric amplification inside these crystals is limited to ~4 µm due to the transparency
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range of the crystals. Moreover, it is not energetically favorable due to the large energy difference between the
pump and the signal photons.

Development of nonoxide crystals such as zinc germanium phosphide (ZGP) (covering 2–8 µm) and
optically patterned gallium arsenide OP-GaAs (covering 2–12 µm) is very noteworthy for MIR pulse generation
due to higher conversion efficiency and broadband phase matching enabling short pulses [19–21]. These crystals
are not transparent in the NIR and hence require pumping above 2 µm. Recent progresses in Ho ion-based
ultrafast amplifier systems [20,22–24] allow direct pumping of OPAs to amplify the pulses in MIR [22,25–27].

Dispersion management is one of the key components enabling amplification of high energy pulses in
any type of laser amplifier system. For OPA and OPCPAs in the NIR spectral region, dispersion management
techniques are very well developed. In this spectral region, all optical materials including air pose positive
group delay dispersion (GDD) and third-order dispersion (TOD) which can be compensated by using either
standard prism pairs [28,29] or custom double chirped mirrors (DCMs) [30,31] or grism pair in the case of
OPCPAs where relatively large stretching is required to match the seed pulses with long pump pulses (ps-ns)
[32,33]. Furthermore, in this spectral region, more advanced and flexible dispersion management techniques
have been employed to manipulate the dispersion via ultrafast pulse shapers based on liquid crystal technology
[34] or acousto-optic modulators [35]. Even though ultrafast pulse shapers provide flexible solutions, they are
complex to implement and cost-ineffective. Therefore, dispersion schemes comprising DCMs or prism pairs are
a popular choice for OPAs in NIR. It is challenging to transfer those schemes directly in the MIR spectral region
due to the negative sign of GDD accumulated during the propagation of pulses in most of the common optical
materials. Previously, Sanchez et al. implemented a dispersion management scheme based on Martinez-type
grating stretcher and BaF2 bulk compressor allowing 118 fs pulses at 7 µm [26]. Malevich et al. implemented a
complicated and cost-ineffective dispersion management scheme in the MIR spectral region based on acousto-
optic modulator pulse-shaper technology. In this study, the pulses could be compressed down to 980 fs, whereas
the transform-limited pulse duration was 60 fs [25]. In 2018, Bock et al. implemented again a cost-ineffective
pulse shaper, which is based on liquid crystal technology, accompanied with bulk material in the dispersion
management. They could obtain pulses as short as 80 fs in the MIR spectral region [27]. In this manuscript, a
simple and cost-effective dispersion management scheme in the MIR will be proposed and numerically studied.
This scheme will enable pulses with 26.4 fs pulse duration at 4.06 µm which is three orders of magnitude shorter
than the record value in this spectral region. In the first part of the manuscript, the transfer of dispersion
management schemes for OP(CP)As from NIR to MIR will be discussed. Among those schemes, the most
promising scheme, which is based on a Martinez grating stretcher and a bulk material compressor, will be
numerically analyzed and applied to a model OPA system supporting 26.4 fs pulses at 4.06 µm. In the second
part of the manuscript, three different dispersion management schemes in the MIR spectral region will be
discussed. The calculations for dispersion and gain spectra of the ZGP-based OPA will then be explained.
In the third part, the described calculations will be applied to the model ZGP-based OPA system and the
numerical results will be discussed.

2. Methods and analysis
2.1. Dispersion management schemes
As mentioned before, the dispersion management in the MIR spectral region is challenging due to the negative
sign of GDD accumulated during the propagation inside the most common optical materials. Table 1 summarizes
GDD, TOD, and the ratio between TOD and GDD of the most common optical materials and OPA gain media
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transparent in the MIR spectral region. As a side note, those materials are chosen due to their commercially
availability with large apertures and good optical qualities. The GDD and TOD at 4.06 µm from those materials
during the propagation are calculated using the Sellmeier equations of the materials given in the corresponding
references. As can be seen from the table, only a few materials exhibit positive GDD such as Si, Ge, ZnSe,
and ZGP. Among them, only ZnSe has a zero (at ~4.83 µm) in the spectral region in interest, which makes
it impractical in the dispersion management. Si and Ge provide positive GDD with low TOD-to-GDD ratio,
which makes them proper candidates in a dispersion management scheme where positive GDD is required.
However, the nonlinear coefficient of those crystals is relatively high with respect to the other materials; hence,
the peak intensity of the pulse should be low enough to avoid an accumulation of undesired nonlinearity. TeO2

provides the highest negative GDD and positive TOD, which would be very practical for the OPCPA case
where the seed pulses are stretched to the pulse duration range from 10 ps to a few ns range. However, the
ratio between TOD and GDD is very high (–56), which makes it challenging to compensate with a prism-,
grating-, and grism-based dispersion management schemes. On the other hand, fluoride-based optical materials
(CaF2 , BaF2 , MgF2) possess slightly lower TOD-to-GDD ratio with respect to Sapphire and LiNbO2 , which
makes fluorides the choice of material for dispersion management in our particular study.

Table 1. Dispersion parameters of some materials transparent at 4.06 µm.

Material GDD/mm [fs2/mm] TOD/mm [fs3/mm] TOD/GDD [fs] Reference
TeO2 –62,464 3,498,139 –56.00 [44]
YAG –1152 9773 –8.48 [45]
ZnSe 69 751 10.83 [46]
Si 382 820 2.15 [47]
LiNbO2 (ord. -axis) –1946 16,226 –8.34 [48]
LiNbO2 (ex.-ord. -axis) –1643 13,771 –8.38 [48]
Sapphire (ord. -axis) –1708 14,376 –8.42 [49]
Sapphire (ex.-ord. -axis) –1615 13,223 –8.19 [49]
Ge 1081 2789 2.58 [50]
CaF2 –296 2123 –7.17 [51]
BaF2 –147 1060 –7.20 [51]
MgF2 –440 3319 –7.54 [52]
ZGP (ord. -axis) 189 1266 6.70 [53]
ZGP (ex.-ord. -axis) 252 1317 5.23 [53]

As shown in Table 1, pulses in the MIR spectral region accumulates positive TOD during propagation
inside the materials listed in the table. To compress the stretched MIR pulses after the propagation inside
those materials, a dispersion management scheme offering positive TOD is required. Table 2 summarizes
three dispersion management options including dispersion management methods delivering negative TOD. The
first option comprises material dispersion with negative GDD and positive TOD and a Martinez-type grating
pair which provides positive GDD and negative TOD [36]. In this scheme, the Martinez grating pair will be
employed as a stretcher because of relatively high loss which can be compensated during pulse amplification in
OPA/OPCPA. When the angle of incidence on the grating pair is tuned, TOD-to-GDD ratio can be adjusted
to match with the ratio in the compressor. As the second option, the materials are chosen to provide positive
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GDD as opposed to the first option. Then the material dispersion is compensated by using a prism pair which
provides both negative GDD and TOD. However, in prism pair configuration, the tuning range of TOD-to-
GDD ratio is not as flexible as Martinez grating pair unless multiple prism pairs with different geometries are
employed [37], which brings complexity to the dispersion management. As the third option, the prism pair is
replaced by a grism pair. In this scheme, the grism pair provides negative GDD and TOD with tuning capability
of TOD-to-GDD ratio covering a relatively large range in comparison to prism pair without any complicated
prism pair sequence [33,37]. In order to get negative TOD, a grism pair is required in which a grating is directly
manufactured over a prism, whereas a grism design based on a simple combination of grating and a prism would
offer only positive TOD [33,38]. Therefore, the third option requires custom design optics. On the other hand,
the first option offers a tunable ratio of TOD to GDD with commercially available on-shelf optical components.
Among all three dispersion management options, the first one will be the choice of this study because the
Martinez grating pair offers flexible GDD and TOD adjustment with simple optical components.

Table 2. Dispersion management options and corresponding signs of GDD and TOD.

Option 1 Option 2 Option 3
Device GDD TOD Device GDD TOD Device GDD TOD
Material (–) (+) Material (+) (+) Material (+) (+)

Martinez Grating Pair (+) (–) Prism Pair (–) (–) Grism Pair (–) (–)

2.2. Dispersion calculations
A dispersive device imprints a frequency-dependent phase shift over a pulse. This can be expressed as the
Taylor series expansion centered around the carrier frequency ω0 as follows:

ϕ(ω) = ϕ0 + ϕ1(ω−ω0) + ϕ2(ω−ω0)
2
+ ϕ3(ω−ω0)

3
+ . . . , (1)

where the coefficients ϕn are expressed as

ϕn =
1

n!

dnϕ(ω)

dωn
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ω=ω0

. (2)

The first-, second-, and third-order derivatives are defined as group delay, group delay dispersion (GDD), and
third-order dispersion (TOD), respectively. For most of the cases in ultrafast optics, higher-order dispersion
than TOD is neglected since the effect on the pulse duration is relatively insignificant unless the pulse spectrum
extends more than an octave. In this particular case, the OPA spectrum supports less than an octave. Therefore,
only GDD and TOD will be considered in the dispersion management for the rest of the manuscript. GDD
(ϕ2,mat.) and TOD (ϕ3,mat.) accumulated during the propagation of a pulse inside the material are calculated
by the equations,
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Here λ0 is the carrier wavelength, c is the speed of light in vacuum, Lm is the propagation distance inside
material, and n is the refractive index of the material stated by the Sellmeier equation as a function of wavelength
(λ) .

Figure 1 shows a simple Martinez-type grating stretcher where a telescope is placed between a grating
pair which is mirror-symmetric of each other. In this particular Martinez grating stretcher, the telescope is
configured as a 4-f imaging scheme in which the object and the image planes are behind gratings. Distances
between the image plane and the gratings are chosen to be equal to the distance between the object plane and
the grating (Lg) for the sake of simplicity and symmetry, which allows employment of a mirror to make the
stretcher compact. Here, two-pass geometry is assumed in which the beam is retroreflected after the first pass.
The second-pass allows compensating spatial chirp originated from the first-pass. The associated GDD from
the Martinez-type grating stretcher is calculated by the equation [32,36],

ϕ2,str. =
m2λ3

0

πc2d2
(
1−

(
mλ0/d − sin θi

)2)Lp, (5)

where m is the order of the grating, d is the groove spacing of the grating (1/groove density), θi is the
incidence angle of the beam to the normal of the grating surface, and Lp is the perpendicular distance between
the image plane of the telescope and the gratings inside the Martinez stretcher. Lp can be also expressed as
Lp = Lg/ cos θd where θd is the diffraction angle from the grating and Lg is the optical path length between
the image plane of the telescope and the grating. TOD introduced by the grating stretcher is given by [32,36],

ϕ3,str. = −ϕ2,str.
λ0

2πc

1 +
mλ0

d

 mλ0/d − sin θi

1−
(
mλ0/d − sin θi

)2

 . (6)

Figure 1. Sketch of Martinez-type grating stretcher.

2.3. Gain spectra of ZGP based OPAs
Figure 2 shows a model scheme of an OPA system in the MIR spectral region considered in this manuscript for
dispersion management. As a driver pulse source, a Ho:YLF or Ho:YAG amplifier system is considered which
can deliver pulses in the wavelength range of 2.05 and 2.09 µm with mJ-level pulse energy and few ps pulse
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duration. Alternatively, Tm ion-doped solid-state amplifier systems would be considered but those amplifiers
are not as mature as Ho doped systems due to low gain characteristics. The seed pulses are generated inside a
6-mm long YAG crystal (WL) via white-light continuum generation mechanism in a laser-driven filament which
has been demonstrated before [39]. The generated pulses are stretched inside a Martinez grating stretcher to
keep seed pulse comparable with the pump pulse duration. Here, the pump pulse duration is assumed to be
between 1.8 and 2 ps, which is the typical pulse duration directly obtained from Ho:YLF amplifier systems
without any additional pulse shaping during or before the amplification [40]. The seed pulse duration is kept
between 1.4 and 1.6 ps which is 0.8 times the pump pulse duration in the amplification process. This ratio is
considered for an efficient amplification without sacrificing the spectral bandwidth of the seed pulses in high
gain OPAs and OPCPAs as proposed in [41]. The stretched pulses are amplified in a noncolinear OPA in
two stages. As the parametric gain medium in OPAs, ZGP nonlinear crystal is employed, which provides the
broadest bandwidth in MIR spectral region in noncolinear geometry among the other options such as CSP and
GaS. Then the amplified pulses are compressed in a bulk material.

Figure 2. Model scheme for the OPA system.

Barium boron oxide (BBO) is a very common used nonlinear, negative uniaxial crystal (refractive index
along the ordinary axis is larger than the extraordinary axis) for OPAs in the NIR spectral region. In standard
BBO-based NIR OPAs, Type I phase matching in nonlinear geometry supports a very broadband spectrum. For
instance, when BBO is pumped by the green pump pulses, the broadband phase-matching enables amplification
of pulses with less than 10-fs transform-limited pulse duration [42]. For this particular phase-matching condition,
the pump is polarized along an extraordinary axis and signal and idler beams are polarized along the ordinary
axis of the crystal, whereas in the same phase-matching geometry for ZGP crystal, the pump is polarized along
the ordinary axis and signal and idler beams are polarized along the extraordinary axis of the crystal due to
positive uniaxial nature of the ZGP. Figure 3 (a) shows the phase-matching angle (θ) in degrees for ZGP crystal
for noncolinear angle (α) of 3.67 degrees which provides the broadest bandwidth when it is pumped at 2.05
µm. The phase-matching angle is calculated by solving the equation numerically,

no(λp)

λp
=

ne(λs, θ)

λs
cosα+

ne(λi, θ)

λi
cosβ, (7)

where no(λp) is the refractive index along the ordinary axis at the pump wavelength (λp) , ne(λsθ) is the
refractive index along the extraordinary axis at the signal wavelength (λs) , ne(λiθ) is the refractive index
along the extraordinary axis at the idler wavelength (λi) , and β is the angle between the pump and the idler
wave vectors. As can be seen from Figure 3a, ZGP in noncolinear geometry provides a very broadband phase
matching between 3 and 5 µm.

Gain spectrum of the OPAs is necessary to determine the dispersion parameters and figure out the
transform-limited pulse duration. An analysis is conducted under the assumption of low pump depletion where
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Figure 3. (a) Phase matching angle of ZGP, (b) Normalized gain spectra of ZGP-based OPA with different crystal
thicknesses in noncolinear Type I phase matching configuration and (c) corresponding gain spectra in logarithmic scale.

the pump pulses are energetically significantly stronger than the signal pulses. During the analysis, a model
described in [43] has been employed where the parametric gain (G) is defined by the equation,

G = 1 +
�2
g2

sinh2 (gL) , (8)

where

g =

√
�2 − �k2

4
, (9)

� =

√
8π2d2effIp

no(λp)ne(λs, θ)ne(λi, θ)λsλiϵ0c
. (10)

Here, g is the nonlinear gain coefficient, Γ is the nonlinear coefficient, �k is the phase mismatch of pump, signal
and idler pulses, deff is the effective nonlinear optical coefficient, Ip is the pump intensity, and ϵ0 is the vacuum
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permittivity. Figure 3b shows the normalized parametric gain of ZGP crystals with various thicknesses ranging
from 3 to 7 mm to demonstrate the effect of the crystal thickness on the bandwidth of the amplified pulses.
As can be seen, 3-mm-long crystal supports the broadest spectrum among the others with 26.5 fs (FWHM)
transform limit pulses centered around 4.06 µm, whereas 7-mm-long crystal supports 38.1-fs long transform-
limited pulses. However, 7-mm-long crystal provides 9 orders of magnitude more gain than 3-mm-long crystal
under the same pump intensity as seen in the inset of Figure 3c.

3. Results and discussion
Figure 4a shows the necessary positive GDD from the stretcher to keep the seed pulse duration between 1.4
and 1.6 ps as a function of ZGP crystal thickness in each OPA except for 3-mm ZGP case, which will be
discussed later. It should be noted that the crystal thickness is kept identical in both OPA stages to preserve
the available bandwidth. As discussed in the previous section, gain bandwidth of the OPA decreases as the
crystal length increases. To keep the pulse duration of the seed pulses in the targeted range (1.4–1.6 ps) for an
efficient amplification in OPAs, the required chirp parameters (GDD and TOD) vary significantly depending
on the OPA gain bandwidth. As the gain bandwidth decreases, the required GDD increases to get 1.4 to 1.6-ps
pulses because in the narrow band case, there will be less frequency components inside the pulse and it requires
higher delay between each spectral component to reach the same targeted pulse duration with respect to the
broadband pulses. As shown in Figure 4a, the required GDD rises from 19600 to 24600 fs2 to keep the seed
pulse duration within the targeted range (1.4–1.6 ps). The contribution of positive GDD by ZGP crystals
(OPAs, ranging from 1500 to 3500 fs2) to the total GDD is very minor with respect to GDD from the stretcher.
Besides, there is a constant GDD (–6900 fs2) and TOD (58,600 fs3) from the seed generation process for every
OPA case which corresponds to 6-mm propagation inside YAG. The amount of required negative GDD from
the compressor increases from –14200 to –21200 fs2 to balance the total dispersion. As a reminder, in the
dispersion management scheme, bulk compression is preferred due to low optical losses of the materials. In
particular, CaF2 is preferred as the bulk compressor due to relatively low TOD-to-GDD ratio and availability
of the material with large quantities and very good optical quality. As can be seen from the figure, to compress
the pulses, the required propagation distance in CaF2 grows linearly from 47 to 72 mm since the necessary
GDD also increases linearly. It should be noted that there is no fundamental physical reason preventing the use
of sapphire or LiNbO2 in the compression.

To compresses the pulses without any significant pedestals, TOD also needs to be balanced at the end of
compression. Figure 4b shows the TOD of the compressor (CaF2) and OPAs (two ZGP crystals) for different
ZGP thicknesses. As can be seen, the compressor has relatively high positive TOD with respect to OPAs and
rises linearly from 101400 to 152000 fs3 as a function of ZGP crystal thickness since the required material
propagation length increases as a function of ZGP crystal thickness. The ratio between TOD and GDD of the
materials is not a tunable parameter. Hence, TOD from the stretcher will be adjusted to match the residual
TOD accordingly ranging from –169,200 to –228,800 fs3 as shown in the figure. For compression of the pulses,
the necessary TOD-to-GDD ratio in the stretcher is demonstrated as a function of the ZGP crystal length
in Figure 5a. As illustrated, the ratio linearly decreases from –8.63 to –9.31 fs as the ZGP crystal thickness
increases from 3 to 7 mm. This range can be covered by tuning the incidence angle of the Martinez grating
pair. The ratio of TOD-to-GDD from the grating pair is an independent parameter of Lg which is used to
balance the ratio of total TOD to GDD contributed by the seed, OPAs, and the compressor. In Figure 5b,
the TOD-to-GDD ratio of the Martinez grating pair is presented as a function of incidence angle for 5 different
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grating pairs with groove density ranging from 50 to 200 lines/mm. Besides, the corresponding blaze angle for
each grating is shown to provide indirect information about the efficiency of the grating stretcher. As a side
note, for blazed gratings, the deviation of the incidence angle from the blaze angle results in a reduction of the
diffraction efficiency. In this particular dispersion management scheme, the efficiency of the stretcher is not a
critical parameter since the loss can be simply compensated in the first OPA stage. In the figure, the red shaded
area shows the range of required TOD-to-GDD ratio from the stretcher. As illustrated, any of the grating pair
can be tuned to provide the required ratio from the stretcher for this two-stage OPA system with any ZGP
crystal involved.

Figure 6a shows the calculated optical path length between the image plane of the lens and the grating
(Lg) inside the Martinez grating stretcher for different OPA cases with various ZGP crystal thicknesses as a
function of grating groove density. It should be noted that, for each case, TOD of the stretcher is tuned to
match the total TOD introduced by OPAs (two ZGP crystals), the seed (6mm-YAG), and the compressor (CaF2

crystal). As can be seen, when the groove density increases from 50 to 200 lines/mm, the required Lg decreases
very significantly from ~15 to ~2 mm as expected because the angular dispersion of grating grows rapidly as
a function of groove density resulting in the rise of GDD and TOD of the grating pair. The stretcher, which
comprises a grating pair with groove density of 200 lines/mm, provides necessary GDD and TOD with only ~2
mm of Lg . That will lead to a compact stretcher design but with a price of alignment sensitivity. As can be
seen in the figure, the OPA crystal length has only a slight effect on the required Lg for the compression which
is hardly seen. To demonstrate this effect, the optical path length between the image plane of the lens and the
grating is plotted as a function of ZGP crystal thickness in OPAs in Figure 6b. Here the stretcher is based on a
grating pair with a groove density of 75 lines/mm. As can be seen, to compensate for the dispersion for 3-mm
ZGP case, only 8.6 mm Lg is needed, whereas for 7-mm ZGP case, the required Lg increases only by 0.5 mm
to 9.1 mm.

Figure 4. (a) GDD and (b) TOD of stretcher, OPAs and compressor for OPA schemes based on ZGP crystals with
different thicknesses. (a) Required propagation distance in CaF2 to compress the pulses for OPA schemes of various
thicknesses.

Figure 7 demonstrates the transform-limited pulses and the pulse evolution inside the model OPA system
for three different ZGP crystal thicknesses (3, 5, and 7 mm). Residual GDD and TOD over the pulse during
the propagation are noted on the graphs for each step of the evolution. 3-, 5-, and 7-mm ZGP crystal-based
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Figure 5. (a) Required TOD/GDD for a stretcher for OPAs as a function of ZGP crystals’ thicknesses. (b) Ratio of
TOD to GDD of a Martinez-type grating stretcher as a function of incidence angle for the gratings with various groove
densities between 50 to 200 groove/mm and corresponding blaze angles.

Figure 6. (a) Required optical path length from the image point of the lens to the second grating position in Martinez
grating stretcher as a function of groove density for OPA configuration with various ZGP thicknesses. (b) The optical
path length from the image point of the lens to the second grating position in Martinez grating stretcher as a function
of ZGP crystals’ thicknesses for the groove density 75 lines per mm.

OPAs support pulses with 26.5, 32.8, and 38.1 fs (FWHM) pulses, respectively. As the seed pulses are generated
inside the YAG crystal, they have stretched to ~510 fs (FWHM) due to propagation in the material. GDD
and TOD accumulated during pulse propagation inside YAG crystal are slightly different for each case due to a
minor change of the carrier wavelength supported by each OPA crystal. GDD varies between –6880 and –7010
fs2 and TOD changes between 58200 and 59800 fs3 . Here, it is assumed that all the spectral components are
generated almost at the beginning of the YAG crystal during the white-light continuum generation. This can
vary slightly depending on the white-light generation conditions [39]. However, this slight change has a very
minor effect on the analysis demonstrated in this manuscript. As can be seen for 3-mm ZGP case, TOD leads
ripples at the leading or falling edge of the pulse (depending on the sign), whereas TOD becomes less effective
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as the crystal length increases due to a decrease in the bandwidth of the pulse. After the Martinez grating
stretcher, both GDD and TOD change the sign and hence the place of the tipples for the stretched pulses.

Figure 7. Pulse evolution inside the OPA system for (a) 3-mm, (b) 5-mm, and (c) 7-mm ZGP OPA cases. The groove
density of the grating is 75 lines per mm for all cases.
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As mentioned earlier, during the amplification inside OPA stages, the pulse duration is kept between 1.4
and 1.6 ps (FWHM) to reduce the walk-off between pump and signal for an efficient amplification expect for
3-mm ZGP case. Here, GDD and TOD from the ZGP crystals in OPAs are sufficient enough to stretch the
pulses beyond the targeted pulse duration range in the OPAs because of the relatively large bandwidth with
respect to the other OPA cases. For 3-mm ZGP case, the pulse duration is kept 1.15 ps after the first OPA
stage, and then the pulses are stretched to 1.52 ps after the second OPA stage. As a side note, the groove
density of the grating pair is chosen to be 75 lines per mm for all cases. Finally, pulses are compressed to the
transform limit after the propagation inside CaF2 with thicknesses 47, 60, and 72 mm for 3-, 5-, and 7-mm
ZGP OPA cases, respectively.

4. Summary

In this manuscript, a dispersion management schemes for OP(CP)As in MIR spectral region is proposed and
numerically analyzed. Then the scheme is applied numerically to a 2-µm pumped, two-stage ZGP-based OPA
system at 4.06 µm. In order to estimate the transform-limited pulse duration and fix the parameters in the dis-
persion management, parametric gain bandwidth of the ZGP nonlinear crystal is numerically studied for crystal
thicknesses varying between 3 and 7 mm. Simulations suggested that 3-mm ZGP crystal potentially provides
pulses with 26.5 fs pulse duration (FWHM) at 4.06 µm. With the proposed dispersion management scheme, the
seed pulses are first stretched to 1.4–1.6 ps inside a Martinez grating stretcher for efficient amplification in OPA
stages. After the amplification, the pulses are compressed to the transform-limit inside CaF2 bulk material.
As a next step, the proposed dispersion management will be implemented experimentally to demonstrate the
shortest possible pulses from an OPA/OPCPA in the MIR spectral region.
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