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Abstract: In this paper, a model of generating mid-infrared (MIR) ultrashort laser pulse through
difference frequency generation (DFG) is established. The pulse evolution relationship among
the pump, signal, and idler pulses during the DFG process, as well as the effects of crystal length,
pulse energy of the pump and signal lights, pulse width, and other factors on the characteristics
of the MIR pulse are explored. Furthermore, through simulations from the time domain to the
frequency domain, the spectral characteristics and angular distribution of MIR were analyzed.
DFG experimental data are also presented to support the model.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrashort pulses in the long-wave MIR band have gathered significant attention due to their
applications in spectroscopy, environmental sensing, and medical diagnostics, etc. This band,
known as the “molecular fingerprint region” [1], is crucial for detecting and analyzing the
absorption characteristics of various substances. Currently, the development of MIR ultrashort
laser pulses is moving towards broader spectral ranges, narrower pulse widths, and higher average
powers. Nonlinear optical frequency conversion has become a primary route to generating
long-wave MIR ultrafast lasers, with DFG technology being widely applied for high repetition
rate and high average power MIR generation [2]. Typically, the tuning of MIR wavelengths in
DFG is contingent upon the tunability of the two-color near-infrared light at the input [3]. To
date, there has been some progress in the experimental and simulation studies of long-wave
MIR ultrafast lasers. Zhou et al. generated tunable mid-infrared pulses in the 7-18 um range
based on DFG, achieving an average power of up to 5.4 mW [4]. Su et al. achieved mid-infrared
ultrashort pulses with a wavelength of 17.4 um and a power of 2.5 mW by DFG [5]. Liu et
al. achieved the generation of tunable mid-infrared pulses in the 6-20 um wavelength range,
and they found that changing the pump wavelength from 1.03 pm to 1.55 um could increase
the mid-infrared power by an order of magnitude due to the reduced GVM and an increased
damage threshold for the nonlinear crystal used (GaSe) [6]. Huang et al. utilized a compact
single-stage approach for generating LWIR seed by DFG of two-color chirped Ti:sapphire CPA
output with a collinear geometry, which they refer to as chirped-pulse difference-frequency
generation (CP-DFGQG), finally, mid-infrared pulses with an FWHM bandwidth of ~3 um were
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generated [7]. Regarding the quantum efficiency, employing longer wavelength (>2 um) pumps
also enables higher output of the idler light. Cui et al. achieved long-wave MIR pulses with a
power of 1.25mW at 11 um through DFG using a MIR fluoride fiber laser as the driving source
in their experiments, along with corresponding simulations, offering new possibilities for pulse
generation in the MIR band [8]. Duda et al. achieved high-energy, few-cycle pulse generation in
the long-wave infrared spectral region via difference-frequency generation (DFG) in GaSe and
AgGaSe; nonlinear crystals. The final mid-infrared source contains up to 17 uJ of energy and
covers a spectrum from 8.5 um to 14.5 pm. The driving source is a high-energy mid-infrared
optical parametric chirped pulse amplifier (OPCPA) at a 1-kHz repetition rate where the signal
and idler pulses are shaped for optimized DFG, resulting in a conversion efficiency above 2%
[9]. Fuertjes et al. achieved idler pulses centered at 11.4 um, with an energy of 65 pJ and a
pulse duration of 185 fs via an OPCPA system. In this system, a femtosecond Cr: ZnS laser
serves as the front-end, providing the seed for the 2 pm pump and the 2.4 pm signal pulses. For
each amplification stage, the 2 um Ho:YLF regenerative amplifiers are used as the pump source
[10]. In terms of theoretical simulation work on the mid-infrared laser generation via DFG, there
is also some progress. Kaindl et al. demonstrated a simulation model with nonlinear coupled
wave equations including the full dispersion of GaSe, demonstrating that the chirp of the pump
pulse was shown to adjust the pulse duration and conversion efficiency in nonlinear processes,
consistent with experimental observations [11]. Ishizuki et al. analyzed the pulse wavelength
conversion characteristics in lithium niobate (LiNbO3) waveguide nonlinear optical devices,
including second harmonic generation, DFG, and sum frequency generation. By employing beam
propagation method, variations in pulse width and the dependence of energy conversion efficiency
on propagation distance are discussed, aiming to provide guidance for assessing and designing
nonlinear optical device characteristics in ultra-high-speed optical signal processing [12]. Sharba
et al. investigated a system combining second harmonic generation (SHG) with a low-gain
optical parametric amplifier (OPA) aimed at enhancing the temporal contrast of laser pulses.
Through comprehensive numerical simulations by solving nonlinear coupled wave equations,
they considered various parameters influencing system performance, such as group velocity
mismatch, beam divergence, and pulse chirp. They analyzed the impact of initial parameters of
input pulses on system performance and explore how beam divergence alters the spectral and
temporal characteristics of generated pulses. Even though this work is mainly on OPA, it still
can provide some guidance for the simulation of DFG since OPA shares the same coupled wave
equations with DFG [13]. Stepanov et al. demonstrated the generation of sub-cycle mid-infrared
pulses at microjoule-level energies using an all-solid-state approach, addressing the current gaps
in the sub-cycle optoelectronics field. Multi-cycle mid-infrared pulses were generated first via
DFG, and then the pulses were compressed to sub-cycle durations through spectral broadening
and careful dispersion compensation in optimized solid-state components. At the same time,
they also did the simulation work by solving the three-dimensional time-dependent generalized
nonlinear Schrodinger equation (GNSE) together with the rate equation of electron density to
show the process mid-infrared supercontinuum generation and pulse compression [14]. Cao et al.
simulated the power scalability of MIR frequency combs in high repetition rate DFG systems,
with a particular focus on the power scalability of mid-infrared idler pulse energy, exploring the
energy conversion efficiency under different pump and signal pulse conditions. The impact of
group velocity mismatch (GVM) on energy scalability was assessed by comparing DFG driven
by 1 um and 2 um pump pulses [15].

Previous experimental studies are mainly focused on the scaling up the average power of the
MIR source or tuning its center wavelengths. Meanwhile, theoretical studies usually do not take
a comprehensive parameter simulation for the generated MIR pulse. However, the pulse width,
spectrum and angular distribution of the MIR are also important in practical applications such as
temporal resolution, molecular detection and imaging. In this paper, we present a simulation work
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for studying the pulse and spectrum evolution in the process of DFG process. Also, the angular
distribution of the generated MIR power after the crystal is also simulated. Our experimental
data on DFG is presented, which has good agreement with the model, presenting a more accurate
and practical work.

2. Model

Through DFG process, the idler pulse w; is generated from two beams of light with frequencies
w, and w;, where the two input pulses are the pump pulse and the signal pulse. Within a nonlinear
optical crystal, the three beams overlap and interact, resulting in the conversion of energy from
the pump pulse to the signal and idler pulses, as illustrated in Fig. 1.
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Fig. 1. Schematic diagram of DFG

In Fig. 1, three optical pulses—pump pulse w,, signal pulse w; and idler pulse w;—interact
within a second-order nonlinear crystal, where w,>w;>w;. This process results from the
excitation of the second-order polarization P oscillating at frequency wp — wy [16].

Starting from the principle of energy conservation, the frequency of the idler light is the
difference between the frequencies of the pump and the signal light. For three interacting light
fields, the phase mismatch Ak under collinear conditions is the magnitude of the pump light
field corresponding the wave vector k, minus the sum of the magnitudes of the signal light field
corresponding wave vectors kg and k; for the idler light. In the plane wave approximation, to
ensure efficient energy transfer, the three waves must be phase-matched, implying that Ak = 0.
At this condition, energy is precisely transferred from the pump light field to the signal and idler
light fields. Specifically, the perfect phase matching under the collinear condition of plane waves
is:

njw; = Ny, — RgWy (D)

where n represents the frequency-dependent refractive indices of the nonlinear optical crystal
for the three optical fields. In birefringent crystals, the refractive index is dependent on the
polarization state of the incident light beams. By adjusting the refractive index under the proper
orientation of the crystal optical axis relative to the polarized pump and signal lights, the three
interacting fields are phase-matched. For the type-I phase matching of DFG, it is achieved for the
polarization orientations of the high frequency pump, low frequency signal and idler radiations
being e-wave, o-wave, and o-wave, respectively [17]. GaSe crystal has been widely utilized in
experimental studies of MIR lasers via DFG due to its high nonlinear coefficient (54 pm/V) and
broad spectral transparency range (0.65-20 um). Thus, it is selected as the preferred crystal for
DFG simulation, with its dispersion equation (Sellmeier equation) presented as follows [18]:

ng =10.6409 + 0.3788 + 7090.7

701232~ A*-22163 )
2 _ 0.2881 4927.5
ne = 8.2477 + 2%2-0.1669 + A%-1990.1

where the n,, n, are the refractive index of ordinary wave and extraordinary wave, and A is in
micrometers. The formula is only valid in the range 0.8 um< A < 1620 pm.
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Starting from the time domain and employing the spacial slowly varying amplitude approxi-
mation while neglecting higher-order dispersion, by changing the reference frame based on the
pump light group velocity, the transient nonlinear coupled wave equation for DFG can be derived
[15]:

0AszT) | (1 1\ 0AsT) | iBas PAT) _ iWdeg g5 4 _inkz
oz _f_(vgﬁy vgp) o T2 or? T eng AiAI’e
OAi(z;T) 11\ 8T | B OPAizT) _ iWidef 4k 4 _iAkz
CEC A g ) TR e = A Ae 3
ApaT) | iBap 0PAp(zT) _ iwpder +iAkz
o 2 Tar T em AAje

where A, A and A; are the complex amplitude of electric field of the pump, signal, and idler
pulse, respectively. vgp, Ve and vg; Tepresent the group velocities of the pump, signal, and
idler pulse, respectively. wp, w;s and w; correspond to the frequencies of the three wavelengths.
Baps B and B, ; denote the group velocity dispersion (GVD) of the three wavelengths within
the crystal material. The introduced delay time 7 is defined as T = £ — z/v,,,, Where dog is the
effective nonlinearity coefficient. The equation does not take the Kerr effect into consideration
since the real input peak power is usually under the critical power for self-focusing. The spatial
walk-off effect is introduced to the equations according to the overlapping area of two beams in
the coupled-wave equations led by this effect. The reduction in beam overlapping reduces the
product between their light intensity, which can be taken into consideration by modifying the
nonlinear coeflicient d.;. The equation is solved using the Fourier split-step and the fourth-order
Runge-Kutta (RK4) algorithms.

When solving the time-domain nonlinear coupled wave equations, the split-step Fourier
method is used and different approaches are adopted for calculating the effects dispersion and
nonlinearity. The treatment of dispersion involves performing a Fast Fourier Transform (FFT) of
its time-domain equation, solving for dispersion effects in the frequency domain, and subsequently
carrying out an Inverse Fast Fourier Transform (IFFT) to revert the frequency domain back to
the time domain. The treatment of nonlinearity employs a RK4 algorithm. After the sufficient
number of cycles of separately computing the dispersion and nonlinearity parts, the information
of the emitted pump and idler light in both time and frequency domains can be obtained.

As shown in Fig. 2, the solution to the coupled-wave equation is primarily conducted through
the following loop. The initial pulse conditions for the pump and signal lights are input, here we
have

Ag(t,z2 = 0) = Egsech(44/25t, - 1)
Ap(t,2=0) = E,sech(44/25¢t, - T)

“

where Eg and E,, are the peak amplitude of the signal and idler pulse, which can be calculated
by the square root of their peak powers. & and £, are the pulse widths of the signal and pump
pulse. 7 is the range of the time window, the initial two pulses can be seen as sech® pulses, since
the constant 44/25 in this expression is to normalize the time scale of the pulse, ensuring that
the equation accurately describes the shape of the sech? pulse. Furthermore, the wavelength
Ap, A, pulse energy QI,, O, and pulse width #,, £, are also set as well. Then, specific initial
values for dispersion and nonlinear effects are input. After setting the window width to T and
calculating the number of sampling points, the parameters of the crystal are inputted, where the
crystal length L is divided into n segments. The dispersion and nonlinear parts are calculated
separately, repeatedly computing until the crystal length reaches the inputted crystal parameters.
This will yield a complex matrix A;(j = p, s, i) from which the corresponding power P; = |A;|>
can be represented by summing the absolute value of complex number in the row of matrix.
The FFT algorithm is utilized for solving the nonlinear coupled wave equation. This model is
capable of simulating the pump, signal, and idler pulses simultaneously during the DFG process,
where each operates independently yet influences one another. Additionally, by adjusting initial
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Fig. 2. Flow chart of algorithm for solving nonlinear coupled wave equation

conditions such as pulse width and wavelength, the desired idler light band can be obtained.
Following the literature [5], pump and signal pulses with wavelengths of 1024 nm and 1088 nm,
respectively, are set as the initial dual pulses injected into the crystal. Their pulse energies and
widths are 24.6 nJ, 900 fs, and 12.3 nJ, 600 fs, respectively. From the previously mentioned
method for calculating the frequency of the idler pulse, its wavelength is calculated to be 17.4 um.
Due to the group velocity mismatch between the pump and signal lights, the signal pulse always
precedes the pump. To ensure maximum overlap time within the crystal, the pump pulse is set to
lead the signal pulse by half the total walk-off time in the crystal at the input port, and all pulses
are considered as Fourier transform-limited pulses. By changing the crystal length, idler pulses
with different pulse energies and shapes are achieved.
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Fig. 3. Algorithm flow chart of mid-infrared spectrum simulation
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Moreover, Fig. 3 illustrates the specific algorithmic flow. After initializing the parameters,
the crystal length is divided into several segments. Within each step length, the coupling terms
and dispersion effects are calculated separately in the time and frequency domains. An adaptive
computation is used in the iterative method to modify the step size dz in real-time, with half a step
being 0.5-dz. The final computations yield the ultimate shape of the pulse, its energy distribution,
and its time-frequency domain characteristics. Through FFT, the pulse in the time domain is
converted to the frequency domain, allowing for the analysis of the spectral components of the
pulse. Before calculating nonlinear effects, the pulse is transformed from the time domain to the
frequency domain to solve ordinary differential equations, which facilitates calculating the effects
of dispersion. After processing for dispersion and frequency domain treatment of nonlinear
interactions, IFFT is used to convert the processed pulse information back to the time domain for
the analysis of the time-domain characteristics of the pulse.

For the simulation of spatial distribution, the Morris et al. proposed a theoretical model based
on the spatial distribution of MIR generated by DFG of Gaussian beams [19,20]. According to
this model, the input focused beam in the nonlinear optical crystal is set as a Gaussian beam.
Under Type I phase matching conditions and considering boundary effects, the expression for the
forward idler light field outside the crystal can be obtained:

dPi(O, ¢) _ c 2 —_ = 2

40 - 2% 0\Er.(kr)| 5
- W
kr = ?sin0(fcc0s¢> + ysing) (6)

where the P.(6, ¢) is the forward and backward mid-infrared power generated by DFG; 6, ¢ are
the polar angle and azimuth angle, respectively; I_:ZTi is the generated field outside the crystal; the
subindices “+” and “-” denote forward and backward propagating directions; ETt is derived by
solving the wave equations for the MIR generation by DFG where the two input beams were set
as Gaussian beams rather than plane-wave beams [19,20],

3. Simulation results and discussions

Based on the aforementioned simulation model and algorithm, we present the initial conditions
for the simulation as shown in Table 1. Before some simulation results are shown, here an
introduction of the experimental setup is also provided. A watt-level two-color (1024 and
1088 nm) synchronous pulses are generated through an CPA set up, and then the two-color pulses
are orthogonally polarized through an periscope system, and finally, they are focused into an
GaSe crystal to achieve mid-infrared generation. The focused beam spot radius are selected to be
17.8 um, 26.7 um, 35.6 pm, and 80.1 um, respectively. A thermal power meter with a Germanium
filter was used to measure the generated mid-infrared power. A 50-grooves/mm monochromator
with a nitrogen-cooled mercury cadmium tellurium (HgCdTe) detector was used to measure the
spectrum of the MIR. The angular distribution of the generated MIR source was scanned across
the beam in two perpendicular directions with the HgCdTe detector installed on the translation
stage. Finally, mid-infrared pulses with an average power of 2.5 mW and a centre wavelength of
17.4 um are generated. The initial condition is referenced through the work in [5].

In Fig. 4, we obtain the pulse shapes and energies of the three waves with different crystal
lengths, wherein Fig. 4(a) shows the idler pulse shape and energy with different crystal lengths,
and Fig. 4(b) shows the pump, signal and idler pulse energy with different crystal lengths. As
can be seen in the figure, the energy is transferred from the pump pulse to both the signal and the
idler pulses. With the increase of the crystal length, the pump pulse energy gradually decreases,
and the signal and the idler pulse energies gradually increase. When the crystal length is 0.5 mm,
the obtained idler optical pulse energy is only 31.2 pJ. When the length increases from 0.5 mm to
2 mm, the pulse energy increases almost linearly as the crystal length increases, but when the
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Table 1. Simulation initial parameters

Physical quantity Data
Time interval dt/ s 10715
Pump wavelength / nm 1024
Pump pulse energy / nJ 24.6
Pump pulse width / fs 900
Signal wavelength / nm 1088
Signal pulse energy / nJ 12.3
Signal pulse width / fs 600
Idler pulse wavelength / nm 17400

length exceeds 2 mm, the pulse energy is close to saturation. When the length exceeds 3 mm, the
pulse energy does not grow with the length. This is mainly because the group velocity walk-off
effect causes the pump and the idler pulses to be almost separated at 3 mm of the crystal, and
finally the DFG process no longer continues. It is also can be noticed that the calculated idler
pulse energy is 78 pJ when the crystal length is 1 mm, meanwhile the measured the idler pulse
energy is around 40 pJ in the real experiment. The simulation result is a little bit higher than the
experimental one since the model does not considers the absorption of the crystal and the effect
of the divergence angle on the interaction of the three beams in the crystal, which leds to more
loss on the the mid-infrared generation.
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|—A—Signal| 1150
o8 S |[=—Idler =y
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© > >
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Fig. 4. Effect of the GaSe length on (a) the idler pulse shape (b) the pulse energy of pump,
signal and idler

As shown in Fig. 5, the crystal length also affects the idler pulse width. When the crystal
length increases from 0.5 mm to 4 mm, then the idler pulse width increases from 940 to 987 fs
due to group velocity dispersion.

Figure 6 shows the evolution trend of the pump, signal and idler pulses in a 5 mm GaSe crystal
during the DFG process. This dynamic process is represented by a two-dimensional top-view
diagram, where the x-axis indicates the time domain and the y-axis represents the crystal length,
with different colors representing the intensity of optical power. From the figure, we can see that
the pump pulse undergoes only a slight reduction in energy after traversing the crystal, whereas
the signal pulse energy exhibits a more pronounced increase. When the pump and signal pulses
are phase-matched within the crystal, the power of the idler pulse increases with the length of
the crystal. However, as group velocity dispersion results in temporal walk-off of the pulses, the
growth in energy of the idler pulse will experience a stagnation.
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Fig. 6. Evolution stereogram of three waves of DFG in 5 mm thick GaSe crystal

At the crystal length of 1 mm, the initial and final states of the pulses are taken from the above
evolution stereogram, where the relative pulse intensity profile of the ilder pulse is magnified
by 80 times to be more obvious. Due to the influence of group velocity mismatch, the signal
pulse travels faster than the pump pulse by 44 fs when passing through a 1 mm GaSe crystal.
Thus, when the pump pulse is used as the reference frame, the pump pulse is set to travel earlier
than signal light by 22 fs in advance at the input end, which is just half of the total time walk-off.
Therefore, the signal pulse will pass through the peak position of the pump pulse in the crystal,
and finally leading the pump by 22 fs at the output end. Considering the Fresnel reflection loss,
during the input-to-output process, the pump light energy is decreased from 20.8 nJ to 18.7 nJ,
The signal light energy is increased from 8.6 nJ to 10.4 nJ. Furthermore, the idler pulse leads the
pump pulse by 140 fs. However, because the pump pulse width is wide and still has a large pulse
energy, the three pulses still remain in an overlapping state, as shown in Fig. 7.

Figure 8 depicts the variation in the idler pulse energy produced by the DFG process as a
function of the input pulse energies of the pump and signal pulses, with the crystal length set at 1
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mm and the focused spot radius at 15 pm, sequentially fixing the signal and then the pump light.
When the input pulse energy of the signal pulse is fixed, as shown in Fig. 8(a), the pulse energy
of the idler light increases linearly with the input pump pulse energy between 0.1 nJ and 100 nJ.
Between 100 nJ and 1000 nJ, the growth rate of the idler pulse energy increases nonlinearly. At
this time, the DFG process is within the optical parametric amplification region [6]. When the
input pulse energy of the pump light is fixed at 0.1 nJ, 1 nJ and 10 nJ, the pulse energy of the
idler light increases linearly with the signal light input pulse energy increasing between 0.1 nJ
and 100 nJ. However, between 100 nJ and 1000 nJ, the idler pulse energy decreases. Therefore, it
can be seen that under the condition of a fixed signal light power, the pump light power plays a
decisive role in enhancing the MIR (idler light) power, while an increase in signal light power
tends to saturate the MIR power. The damage threshold of the crystal is related to the repetition
rate [21], and higher repetition rate results in lower damage thresholds for the crystal. Thus,
OPA usually works in low repetition laser system. In such a low repetition rate laser system, it is
more possible to enter the optical parametric amplification region by increasing the energy of the
incident pump pulse, since it allows the pump pulse energy to reach pJ or mJ level.
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Fig. 8. The energy of the idler pulse output at different (a)Qp and (b)Qs of DFG

Figure 9 presents the variation in idler pulse energy when the incident pump and signal pulses
are set to the same pulse width and then both are simultaneously increased. It is observed that



Research Article Vol. 32, No. 16/29 Jul 2024 / Optics Express 28963 |

Optics EXPRESS i N

the idler pulse energy reaches the maximum at around 113 fs, indicating that the conversion
efficiency of the MIR of the DFG scheme is also at its highest. The pulse width at this point
provides optimal temporal overlap of the pump and signal pulses. This means that the temporal
overlap of the two light pulses in the crystal is maximized, allowing the greatest amount of energy
to be converted into the idler light under phase-matching conditions. However, as the pulse
width continuously increases, the energy of the idler pulse decreases sharply. This is because the
efficiency of the nonlinear effect is related to the intensity of the light, and as the pulse width
increases, the peak power decreases, resulting in reduced efficiency of the nonlinear effect and
consequently less energy converted the idler pulse.

0.25

10! 102 10° 10*
Tsifs & Tplfs

Fig. 9. Relationship between pulse width and energy of idle pulse

Figure 10 presents a frequency-domain simulation of the DFG spectrum. By fixing the output
idler wavelength at 17.4 pm and considering focused beam radii of 17.8 um, 26.7 um, 35.6 um,
and 80.1 pm, a comparison is drawn between frequency-domain simulation data for a I mm
crystal and the data obtained experimentally. In all cases, the simulation results show consistency
with experimental data, indicating that the simulation model used can effectively emulate the
physical processes under experimental conditions. From the simulation and experimental data,
we can draw the conclusion that the focused beam radius does not affect the shape of the MIR
spectrum.

Figure 11(a) displays the influence of crystal length (ranging from 0.5 mm to 3.0 mm) on
the idler light spectrum. The thinnest crystal (0.5 mm) exhibits the widest spectrum. From
0.5 mm to 3.0 mm crystal length, spectral bandwidths are 0.93 pm, 0.86 pm, 0.80 pm, 0.74
pm, 0.68 um, 0.5 um, respectively. Meanwhile, thicker crystals correspond to a narrower
phase-matching bandwidth and narrower spectrum. This is because effective energy exchange
through parametric nonlinear interactions is only possible when phase matching is achieved.
The acceptance bandwidth primarily depends on the phase mismatch range allowed by the
crystal length [22]. Specifically, the shorter the crystal length, the greater the permissible phase
mismatch. Furthermore, phase matching can only occur within a limited bandwidth, which is
related to the group velocity mismatch of the interacting waves. In Fig. 11(b), the effect of the
focusing spot radius (from 20 um to 100 um) on the generated idler light spectrum is presented,
showing that the full width at half maximum (FWHM) is not affected by the radius of the focusing
spot, remaining at 0.86 um.

With a fixed output wavelength of 18 um and focusing spot radii of 17.8 um, 26.7 pm, 35.6 pm,
and 80.1 pm, the spatial angular distribution of the MIR intensity can be calculated, as shown in
Fig. 12. Due to axial phase mismatch, the intensity exhibits a hollow-cone distribution pattern, and
the smaller the focusing spot radius relative to the wavelength, the more pronounced the central
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intensity dip becomes. Additionally, with a fixed focusing spot size, the larger the wavelength,
the more apparent the dip. Current nonlinear optical gas experiments have provided support for
this conclusion [23]. The simulation results are also compared with the experimentally measured
beam profiles. As shown in Fig. 12, where z represents the measurement positions located at
distances of 37, 46 and 55 mm behind the crystal, respectively. This figure contains both newly
plotted figures (pure simulation results) and previously published figures (measured results). The
left column of the figures are newly plotted, and the right column of the figures are previously
published in [5]. From what we obtained in our experiment, we did not image the MIR spot
and so only measured the two perpendicular diameters. Within the noise of our measurements,
the two dimensions are equal and so. Consequently, we think that the idler beam is circularly
symmetric. Furthermore, results of the measured beam profile in [8,10,24,25] also show almost
circularly symmetric profile result like us. Thus, the model we used is a one-dimensional model,
but we achieved a three-dimensional profile by rotating a one-dimensional curve around a fixed
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axis as shown in the left part of Fig. 12. When the beam radius is 17.8 um, the beam profile of
the MIR beam exhibits a central dip, indicating the occurrence of conical emission when the
beam size approaches the scale of the MIR wavelength [5].

4. Conclusion

Through detailed simulation analysis of the DFG process for MIR ultra-short pulse lasers, several
conclusions have been reached. Firstly, the length of the crystal significantly impacts the shape,
energy, width, and bandwidth of the idler pulse. Secondly, the energies of the pump and signal
pulses both play crucial roles in enhancing the energy of the MIR pulse. Particularly under the
drive of pJ-level pump pulse energies, the DFG transitions from a regular operating state to an
OPA state, with the idler pulse energy shifting from linear to exponential growth, significantly
increasing the MIR conversion efficiency of the DFG scheme. It is also observed that due to the
group velocity dispersion effects, the idler pulse energy first increases and then plateaus with
increase of the crystal length. Furthermore, based on the validation of MIR spectral simulation
model by experimental data, the MIR spectra under different crystal lengths and various focusing
spot radii are compared. Last but not least, a Gaussian beam-based DFG model is established to
show the angular distribution of MIR intensity outside the crystal. The results of this study are
of significant importance for the design and optimization of DFG MIR ultrafast laser sources
and provide a theoretical foundation for future experimental research and applications. We will
further improve the model to be closer to the experimental results by considering the effects of
crystal absorption and the divergence angle of each beam.
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