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semiconductor crystals, such as AgGaSe2 [11,12], GaSe [2,13–15], AgGaS2 [16,17], CdSiP2

[18] and ZnGeP2 [19–21]. The bandgap of these materials is rather small, i.e. on the order of

the 2.4 eV, which matches the two-photon energy of high power commercial Yb pump lasers. It

excludes or at least makes it extremely challenging to efficiently pump a parametric frequency

down-conversion process in these crystals at 1 µm without damage [22].

The overall pump-to-mid-IR energy conversion efficiency of the OPA/DFG cascades is typically

well below 0.5% at a center wavelength of ≈ 8 µm. Thus, eliminating the usual difference

frequency generation step in producing laser pulses in the limit of long wavelength (λ ≥ 5 µm)

holds the promise to increase the conversion efficiency of parametric down-conversion devices

significantly. As a prerequisite, novel non-oxide Li-based materials – LiGaS2 (LGS), LiGaSe2

(LGSe), LIS (LiInS2), and LiInSe2 (LISe) – are becoming available that are transparent in a

broad spectral range across the mid-IR (6–16 µm) and exhibit sufficiently large damage threshold.

Combined with high-average power 1-µm Yb pump laser technology this opens up the door to

extend ultrashort high power laser pulses for research, development and industry applications

towards the longer-wave mid-IR. Impressive results have been achieved recently by using the

LGS crystals, which exhibit a transparency range of 0.32–11.6 µm and have a large bandgap of ≈

4 eV. Ultrashort pulses on the nanojoule-level with a pulse duration close to the Fourier-transform

limit at central wavelengths ranging from 7–11 µm have been demonstrated in OPA [23–25],

DFG [13], and intra-pulse DFG laser systems [7,26,27]. On the one hand, further scaling up of

the pulse energy and average power of the LGS-based mid-IR lasers is constrained in DFG- and

OPA-schemes, due to the current limitations in the available crystal aperture size (≈ 7 × 7 mm2)

at larger lengths (≈ 5–7 mm). On the other hand, it has been suggested that in OPCPA systems,

up-scaling of the pulse energy beyond 100 µJ and watt-level average power should in principle

be straightforward by using longer crystals (several mm) and longer pump pulse width (≈ 10

ps) [1]. Of course, at some point the damage threshold of LGS at peak intensity, on the order

of 50 GW/cm2, comes into play [23]. But even before, when pumped at 1 µm with ultrashort

pulses at MHz repetition rate it is crucial to control the resulting thermal loads. Insufficient heat

conductivity may result in temperature gradients across the crystal. Spatially inhomogeneous

refractive index changes can occur, which lead to varying phase-matching conditions across

the crystal, limiting the attainable average power, the spectral bandwidth, the beam quality and

compromise the stable and reliable long-term performance. Thus, in order to design robust

mid-IR laser architectures detailed information on the optical properties of the converter materials

under realistic high power and energy conditions is essential [28]. However, investigations of

material properties related to ultrafast laser-induced damage in nonlinear crystals at repetition

rates above a few kHz are rare [29].

An easy to implement thermal imaging method gives a good upper limit estimate of the linear

and nonlinear absorption coefficients, including the nonlinear refractive index “under operational

conditions” [30]. This means that the material parameters are measured using the same laser

pump parameters as that which would be used for high energy and power OPCPA-pumping. In

this case, a high power laser is irradiating the entire surface area of a large crystal (with aperture

9 × 9 mm2). These measurements provide a more realistic absorption and nonlinear coefficients

averaging over large crystals with local volume defects, impurities, surface effects and surface

defects. Thus, the thermal imaging method provides realistic upper limits compared to methods

measuring locally inside a small “perfect” crystals [30]. In comparison, the well-established

photothermal common-path interferometry PCI technique [31] yields only linear absorption, very

accurately and punctually within the crystal volume using a low power continuous wave laser and

thus multi-photon absorption coefficient is not measured with this method. Additionally, the

well-known z-scan method, introduced in 1990 by van Stryland and co-workers [32], provides

accurately the nonlinear refractive index n2 within a small volume of the crystal.
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We have selected a few of the non-oxide, nonlinear crystals (NLC) for the present study and

derive their linear and two-photon absorption coefficients along with the nonlinear refractive

index, cf. Table 1 at 1.03 µm, using a commercial Yb:YAG Innoslab from AMPHOS. The

laser system provides τ = 0.92 ps (FWHM, fitted with a sech2 function) pulses at λ0 = 1030 nm

(spectral bandwidth ≈ 1.1 nm), M2 < 1.3 and a tunable repetition rate from 200 kHz up to 1 MHz.

Similar average power levels can be obtained at both repetition rates with maximum output power

P= 200± 2 W.

Table 1. Optical properties of mid-IR non-oxide, Li-based nonlinear crystals

derived constants for 1030 nm wavelength

nonlinear crystal Bandgap [36] [eV] deff [37] [pm/V] α [cm−1] β [cm/GW] n2 cm2/W

AgGaS2 (AGS) 2.70 15.9 < 0.005 - < 140.6 × 10−15

LiGaS2 (LGS) 4.15 5.60 < 0.002 < 3.2 × 10−4 < 6.4 × 10−15

LiGaSe2 (LGSe) 3.34 9.27 < 0.002 < 2.0 × 10−3 < 27.4 × 10−15

LiInS2 (LIS) 3.57 6.90 < 0.001 < 2.6 × 10−4 < 9.4 × 10−15

LiInSe2 (LISe) 2.86 9.48 < 0.01 < 1.6 × 10−3 < 16.2 × 10−15

2. Experimental set-up and samples

The experimental setup is depicted in Fig. 1. All NLCs were placed on two ceramic stands, where

only the bottom corners were in contact with the crystals and fixed from the top using a nylon tip

screw; such that all surfaces were exposed to ambient air flow, and thus, thermal conduction to

the holder is kept to a minimum. The “free-standing” NLCs were irradiated by the 1 µm laser

beam under real application like conditions. The experiments were conducted at 1 MHz and

200 kHz repetition rate, and by using a half-wave plate and polarizer, the average power at each

repetition rate can be changed. The laser beam sizes were similar in both cases (1/e2 radius

ω= 2.1 mm), which was adjusted to fill the complete crystal aperture (9 × 9 mm2) in order to

obtain a homogeneous heat distribution across the crystal. The experiments were performed

on LGS (type II-XY plane, θ= 90°; ϕ= 37.5°), LGSe (type II-XY plane, θ= 90°; ϕ= 33.5°),

LIS (type II-XY plane, θ= 90°; ϕ= 31.5°), LISe (type II-XY plane, θ= 90°; ϕ= 33.0°) and

AGS (type II-XY plane, θ= 90°; ϕ= 39.5°). The 2 mm thick crystals were commercially bought

from the vendor Ascut Ltd.&Co.KG [28]. The crystals were uncoated on both sides and the

cut angle is selected for 10 µm idler wavelength when pumped at 1.03 µm. All measurements

were performed with pump laser in “e” polarization. The reflected and transmitted pump laser

powers were measured to estimate the power inside the crystal and Fresnel reflections at both

front and back surfaces, resulting in a reduction of about 13.4% of the total power. The beam

profile of the transmitted beam was monitored (Basler Aca 1300gm) by reflecting a small part

of it using a wedge. The thermal images of the crystals under investigation were recorded in

thermal equilibrium using an IR camera (FLUKE Ti25, spectral range 7.5–14 µm). A typical

example of the heat distribution of a pumped crystal is presented in Fig. 1 (bottom, left).
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Fig. 1. Thermal imaging setup: All nonlinear crystals (NLC) were of size 9× 9×2 mm3

and mounted “free standing” (see text). Power meters were used to estimate the power inside

the crystal and to confirm the expected Fresnel reflections at both front and back surfaces.

The thermal camera was used to measure the temperature across the surfaces of the crystal.

An example image from the thermal camera is shown (bottom, left). A Basler camera is

used to record beam profiles that are modified by the nonlinear response the NLCs.

3. Results and discussion

3.1. Linear and nonlinear absorption coefficients

The major limiting factors in increasing the average power levels of the OPCPAs are thermal

effects due to absorption of pump, signal and idler pulses in the NLCs. In the case of mid-IR

OPCPAs (6–16 µm), the relatively small conversion efficiency points to negligible absorption of

the idler, and effects of absorption of the signal wavelengths are expected to be similar to that of

the pump wavelength. Therefore, under these conditions, we expect the pump pulse to dominate

the thermal equilibrium conditions of the crystals [30,33].

Under thermal equilibrium, a thermal model is solved analytically to obtain the linear and

nonlinear absorption coefficients. The model was developed using known laser parameters

and material parameters with the absorption coefficients α (linear), β (multi-photon) as free

parameters. The heat equation is derived by considering energy transfer upon laser impact due to

black body radiation and convection under thermal equilibrium [30,34]. For high repetition-rate

Yb pump lasers, this is justified because the thermal relaxation time is much longer then the

temporal gap between consecutive pulses. Basically, in the thermal model it is assumed that the

absorbed laser power Pabs, which can be expressed as [35]

Pabs = C1αI + C2βI
2, (1)

is re-emitted. Thus, total heat H exchanged is given by

H = Hblack−body + Hconvection = σǫA(TC
4 − TR

4) + hA(TC − TR) (2)



Research Article Vol. 11, No. 2 / 1 February 2021 / Optical Materials Express 235

which finally results in

σǫA(TC
4 − TR

4) + hA(TC − TR) = C1αI + C2βI
2 (3)

The heat radiated due to black-body radiation is determined by the Stefan-Boltzmann constant

(σ = 5.669 × 10−8 Wm−2K−4) [34], the surface emissivity of the crystals were calibrated against

a thermal reference because of the transparency range of the thermal camera is in the transmission

window of the mid-IR NLCs. For the case of LGS, ǫLGS = 0.6 (and for the other crystals,

ǫAGS = 0.37, ǫLGSe = 0.42, ǫLIS = 0.6 and ǫLISe = 0.44) is used, the surface area A of the crystal,

the crystal temperature TC and room temperature TR. A common value for the heat convection

coefficient is h= 10 Wm−2 K−1 according to literature [34].

The coefficients C1 and C2 are determined by the laser pulse parameters: repetition rate f,

radial beam waists ωxωy perpendicular to the propagation direction, the temporal width of the

pulses τ and by the crystal length L. Integration of the squared hyperbolic secant (sech) function

describing the pulse shape gives

C1 = fL(1.206ωxωyτ) and C2 = fL(0.426ωxωyτ). (4)

The variation of the average temperature across the crystal surface with increasing pump laser

intensity is shown in Fig. 2, in case of the LGS crystal. The temperature is determined from

the center of the crystal aperture in the thermal image. The experiments were performed at

1 MHz and 200 kHz repetition rates. The average power inside the crystal is estimated taking

into account the losses due to Fresnel reflections by measuring the reflected power from the

surfaces of the crystal. The pulse duration and the spatial beam profiles were very similar at

both experimental campaigns. The lower pulse energies at high repetition rate (1 MHz) data

show a larger contribution from linear absorption, whereas at 200 kHz, and therefore at higher

pulse energies, the nonlinear absorption is dominating (also see Fig. 3). This general trend is

observed for all non-oxide NLCs under investigation, except for LGSe. In LGSe crystal, strong

multi-photon absorption could already be observed in the low energy per pulse data at 1 MHz. By

calculating the total heat as a function of pump laser intensity from the recorded thermal images

and by fitting the data according to Eq. (3), rough estimates of the linear and nonlinear absorption

coefficients are derived for the different NLCs. The α is derived from the linear fit to 1 MHz data,

which is then used in 200 kHz data for nonlinear curve fit to obtain the β. Independent measure

of the α improves the fitting accuracy for the estimation of β. As an example, the data evaluation

for the LGS crystal is shown in Fig. 3.

The estimated values of the linear and nonlinear absorption coefficients for the various crystals

are summarized in Table 1; values for the bandgap and deff were taken from [36] and [37],

respectively. The fitting error for all graphs was less than 0.2%. However, because all systematic

errors tend to increase the estimated values using these methods [30], all experimental derived

values are given as upper limits (also see discussion in Section 1).

Furthermore, for all non-oxide NLCs, we observed the generation of second harmonic like

‘green’ light along with increased lensing effects at high intensities; however, too small to affect

the analysis of this work. The AGS crystal showed a large Kerr lensing effect already at an

average power of 45 W, both in the 1 MHz and 200 kHz data sets, which corresponds to peak

intensities of ≈ 0.8 GW/cm2 and ≈ 4.2 GW/cm2, respectively. Therefore, the experiments on

AGS were not carried out further for higher power levels to avoid damage of the crystal. A similar

observation was made in case of LISe as well. In case of the AGS crystal, to within experimental

error only a linear increase in temperature was observed for both repetition rates. Thus, only the

linear absorption coefficient was obtained for AGS.
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Fig. 2. An example temperature profile using the LGS crystal obtained from thermal images

of the crystal recorded by increasing the irradiation power levels inside the crystal at 1 MHz

(a) and 200 kHz (b) repetition rates. The average temperature across the crystal as a function

of laser intensity is represented by the black line.

Fig. 3. Linear (a) at 1 MHz and nonlinear curve fit at 200 kHz (b) applied to obtain linear

and nonlinear absorption coefficients from the analytical model of total heat vs intensity for

the LGS crystal.

3.2. Nonlinear refractive index

We propose a simple and robust method to give an upper estimate of the second-order nonlinear

refractive index n2 of nonlinear crystals based on beam profile measurements after traversing

the crystal under realistic high power user conditions and beam parameters. Note that cascaded

second-order effects and Kerr lensing can contribute to an effective n2 [38,39], which is an

important parameter for the OPCPA design. In order to benchmark the measurements, we chose

uncoated LGS as a sample material, because its effective n2 value upon high-power pumping

at 1 µm has been published recently: 3.5 × 10−15 cm2/W [23] and 4.1 × 10−15 cm2/W [29].

The latter study utilized the well-known z-scan method introduced in 1990 by van Stryland and

co-workers [32].

The Basler camera images were taken after the beam had passed the “free standing” NLC

and imaged into the camera with a wedge (W) and lens (L2 = 400 mm focal length) (see Fig. 1).

The results for the LGS crystal are shown in Fig. 4. At 1 MHz, thus relatively low intensity,

the beam profiles remain similar (with and without the NLC crystal), and therefore we can also

neglect the effects of thermal lensing. But at 200 kHz, the beam profiles show a reduction in the



Research Article Vol. 11, No. 2 / 1 February 2021 / Optical Materials Express 237

Fig. 4. Basler camera images of the beam profile demonstrating the nonlinear response

with increasing pump intensity for the crystal LGS for both 1 MHz and 200 kHz repetition

rate. The beam profiles from top to bottom are given for applied laser pump power of 100%,

80%, 40%, 20% and 10% of total power (corresponding estimated crystal internal power is

in square brackets).

beam diameter with increasing pump intensity resulting from Kerr lensing (Fig. 4). The beam

profile measurements were implemented in order to monitor these processes and to identify, if

any irreversible damage occurs during the measurement.

According to the electro-optic (Kerr) effect, a Kerr lens is formed with focal length f K given by

fK = ω
2/(4n2IL). (5)

Here, ω is the 1/e2 beam radius (determined by the knife-edge method), I describes the peak

intensity and L denotes the length of the crystal. Thus with increasing pump intensity, the

nonlinear crystal forms an effective lens, reducing the original size of the pump profile, which

is measured without a NLC or at very low intensities. Assuming Gaussian beam propagation

and known laser, crystal and imaging optics, we derive f K by comparing the images at various

intensities with a simple simulation of Gaussian beam propagation using idealized lenses. In

case of LGS crystal, we can provide an upper estimate of n2 < 6.4×10−15 cm2/W, which is in

very good agreement to the published experimental results. The derived second-order nonlinear

refractive index n2 values of all other crystals under investigations are summarized in the Table 1.

4. Summary and conclusion

Only few suitable nonlinear crystals are available in the mid-IR (6–16 µm), a spectral region of

great importance for vibrational molecular spectroscopy and atmospheric sensing. And therefore,

in this paper we measure critical material properties of a range of NLCs pumped at 1 µm, which

can be used as input for realistic simulations of high-average power laser performance.
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Although the well-known AGS crystal has a high deff , it has a lower bandgap and a much higher

nonlinear refractive index (n2) compared to the other Lithium-based crystals when pumped at

1 µm (Table 1), making this crystal not suitable for high energy and power applications. For low

power applications, LIS and LISe might be promising, because they have a relatively high deff .

But for high energy and power applications, LGS crystals combine sufficiently large deff with a

comparatively high optical damage threshold due to the large bandgap and broad transparency

range. Additionally, LGS has the lowest multi-photon absorption coefficient and nonlinear

refractive index (see Table 1). This makes the material a very promising candidate among the

nonlinear non-oxide crystals for high power ultrashort mid-IR OPCPA applications pumped

directly at 1 µm.

The presented data provides crucial design parameters for the development of high-average-

power mid-IR OPCPA systems based on industrial Yb pump laser technology under realistic

user conditions. Finally, we would like to mention that an interesting alternative avenue is of

course to use Ho/Tm doped high-power lasers to directly pump suitable nonlinear crystals at

2 µm. However, the challenge is to further boost the pulse energy and average power of these

2-µm pump lasers in order to make full use of the corresponding high effective nonlinearity of

the available nonlinear crystals.
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