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Abstract – The possibility of singly-resonant para-

metric generation in the submillimeter wavelength 

range is analyzed for a ZnGeP2 crystal synchro-

nously pumped by a 100-ps pulse train of CO2 laser 

second harmonic. Calculations were performed for 

the ZnGeP2 crystals with different post-growth 

treatment: after thermal annealing as well as after 

fast e-beam irradiation. 

Calculated results showed that by using the sec-

ond harmonic of a CO2 laser with energy density 

1.8 J/cm
2
 submillimeter radiation peak power val-

ues from 0.3 to 8.5 MW in the range of 0.94–

3.3 THz (320–90 µm) are achievable. The calcu-

lated radiation peak power values greatly exceed 

known experimental data achieved by other 

nonlinear optical methods. 

1. Introduction 

Generation of coherent radiation in the submillimeter 

(SMM) range using high intensity laser pulses is a 

practical goal of nonlinear optics. The highest SMM 

radiation peak power achieved so far was obtained by 

difference frequency generation (DFG) of near-IR 

radiation in GaSe and ZnGeP2 nonlinear crystals [1]. 

DFG scheme using a GaSe crystal permitted tuning of 

SMM radiation in the range of λ = 66.5÷5664 μm to 
produce a maximum peak power of 389 W. SMM 

radiation tuning in the range of 83.1÷1642 μm pro-
duced a maximum peak power 134 W from a ZnGeP2 

crystal. 

Numerical simulation of DFG in a ZnGeP2 crystal 

pumped by 10-μm radiation has shown the possibility 
of achieving much higher powers (up to 1 GW) of 

λ = 800 μm radiation using a 2.5-ps pump pulse inten-
sity of 550 MW/cm2 [2].  

In the present article, a new scheme is considered: 

it is proposed to produce the SMM radiation by para-

metric generation (PG) in a ZnGeP2 crystal pumped 

by a train of high power 100-ps laser pulses. Two 

cases of crystal pumping by CO2 laser second har-

monic (SH) at λ = 5.14 μm are analyzed: a) the crystal 

after thermal annealing, b) the crystal after fast e-beam 
irradiation. The second case supposes the reduced 

both free carrier concentration and SMM absorption 

coefficient. 

The SH generation efficiency for short pulses of 

CO2 laser is high enough (up to 50% according to [3]) 

moreover absorption coefficient of 5-μm radiation in 
this crystal is more than an order of magnitude [2, 4] 

less compared with values for 10-μm radiation.  

2. Estimate of maximum allowable pump energy 

density for nonlinear crystal 

The absence of experimental data about maximum 

pump values for nonlinear crystal ZnGeP2 pumped by 

100-ps radiation pulses in the 5–10 μm range required 
us to make corresponding estimates. These estimates 

were carried out using the data from two independent 

sources. Linear regression of the ZnGeP2 damage 
threshold data obtained for CO2 laser radiation pulses 

with varied duration [5] gives the following expres-

sion for the maximum permissible intensity Ithr 

(W/cm2) as a function of pulse duration τ (s): 

 3.82 0.59

thr
10I

−

= ⋅τ . (1) 

This approximation includes the data for the pulse 

duration range of τ = 2 · 10–9-1s. Extrapolation of 

equation (1) for τ = 100 ps gives Ithr = 5.25 · 109
 W/сm2, 

corresponding to a laser pulse energy density 

Еthr = 0.53 J/cm2.  

At the same time it is known [6] that ZnGeP2 laser 

damage results in the destruction of the surface layer 

only, with micro-defects and Ge-enriched inclusions 
of metal-type conductivity playing the main role in the 

optical breakdown process. This is due to enhanced 

material evaporation near defects with an increased 

optical absorption coefficient and consequently higher 

local temperature. The development of optical damage 

in the ZnGeP2 is very similar to the process occurring 

on polished metal surfaces, where micro-defects are  

a major cause of laser induced breakdown. The  

threshold intensity for plasma formation at the surface 

of polished metal mirrors in the range of  

λ = 2.9–10.6 μm is inversely proportional to λ accord-
ing to [7]. If we assume that this dependence is appli-

cable for ZnGeP2 and use the value of Ithr determined 

for 110-ps laser pulse at λ = 2.94 μm in reference [4], 
then one can estimate the value of the threshold en-

ergy density at λ = 10 μm as Еthr = Ithrτ(2.94/10.27) = 
 = 0.94 J/cm2. 



High Power Microwaves 
 

456 

Thus, we propose that the nonlinear crystal dam-

age threshold for a 100-ps 10.27-μm radiation will be 
in the range of 0.5–0.9 J/cm2. For a pulsed pump of 

the same duration and λ = 5.14 μm, the similar esti-
mate gives the range 1.1–1.9 J/cm2. 

Considering the case of crystal interaction with a 

sequence of pulses, we must take into account a tem-

perature decay time constant (τr) for the absorbing 
centers located in the layer adjacent to crystal surface, 

since the thermal explosion of such centers leads to 

material damage [8]. In view of the absence of ex-

perimental data on τr for ZnGeP2, it seems reasonable 
to consider the most unfavorable situation, when tem-

perature relaxation between pulses will be negligible. 
In such a case we can consider that the interaction of a 

pulse train with crystal to be equivalent to the interac-

tion of a single pulse, with energy equal to the pulse 

train energy. Then, for further calculations with a 

pulse train, we can use the values of train energy den-

sity not exceeding the upper boundary of the ranges 

estimated above. 

3. The calculation model 

Calculations were performed for the pump parameters 

corresponding to radiation of the “Picasso-2” laser 

system [9]. In particular, the central part of laser radia-

tion spot with energy ~ 2 J, selected by the diaphragm 

with certain cross-section S, provides a homogeneous 

spatial distribution of energy density across the beam 

aperture. In experiment, a keeping of radiation plane 

wave front and selected energy density can be realized 
by optical telescopes and calibrated attenuators. In 

calculations, energy density was 1.8 J/cm2 for 5-μm 
pump (S = 0.56 cm2).  

The temporal radiation structure in calculations 

corresponded to the experimental one: the train of 15 

pulses separated by 9.3 ns while each pulse of the 

train has a flat top with duration τ = 100 ps and a steep 

rise and fall (1–2 ps). Such temporal shape allowed us 

to use a rectangular approximation for each pump 

pulse in our calculations. 

The pump radiation parameters also allowed us to 
use some simplifications for calculations of PG, as-

suming interaction between the pump wave λ3 and 

parametric waves λ1, λ2. If the nonlinear crystal length 
satisfies the inequality L < Lqs (where the quasi-static 

length Lqs = τ/ν31, and the group mismatch ν31 =  

= 1/u3 – 1/u1 for group velocities u1, u3, while group 

mismatch ν32 < 10–13 s/cm can be neglected due to 

proximity of λ3 and λ2) then we can use a quasi-static 
approximation for PG process simulation [10]. The 

calculated dependence of length Lqs on wavelength λ1 
is showed in Fig. 1. As it seen the quasi-static  

approximation is valid for relevant SMM range if  

L < 6–13 cm. 

The use of a ring cavity for λ1 wave (Fig. 2) hav-
ing a round trip time equal to pump train interval re-

duced on time of group delay permits us to neglect the 

accumulating delay of pulse λ1 with respect to pulse λ3 

and to increase accordingly, the total interaction 

length for successive round trips through the cavity.  
 

Lqs, cm 

 
λ1, μm 

Fig. 1. Dependence of quasi-static length Lqs for SMM wave 

λ1 in nonlinear crystal ZnGeP2 pumped by radiation of 

  wavelength λ3 = 5.14 μm 

 
Fig. 2. Optical scheme for a parametric generator with 

nonlinear crystal ZnGeP2 and ring cavity (M1, M2, M3 are 

  turning mirrors) 

To decrease SMM wave diffraction losses, one of 
the cavity mirrors must have a determined radius of 

curvature which will provide compensation of the 

SMM wave divergence (estimated diffraction diver-

gence angle is 20 mrad for λ1 = 100 μm). Spatial sepa-
ration of pump and SMM beams can be achieved by 

combination of the selected incidence beam angle on 

the crystal surface and the difference in refraction co-

efficients. 

At the first pass through the crystal, the parametric 

gain will be high only for those components of the 

thermal noise at SMM and IR wavelengths with fre-

quencies ω1 and ω2 = ω3 – ω1, for which wave vectors 
correspond to phase-matching conditions. In subse-

quent passes, the IR wave will be automatically slaved 

to the phase matching. Using known approximations 

of refraction index of ZnGeP2 in IR and SMM ranges 

[4, 11] the angular tuning curves of PG were calcu-

lated for the relevant values of pump wavelength  

λ3 = 5.14 μm (Fig. 3).  
The calculations showed that phase matching of 

PG can take place for the collinear scheme: k1
е
 + k2

о
 = k3

о, 

ω1 + ω2 = ω3. For the 5-μm pump values θs = 40°–19° 

apply in the range λ1 = 90–320 μm. An effective 

nonlinearity deff
(ео-о) = d36sinθssin2φ (where d36 is the 
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nonlinear coefficient of the crystal, θs is the phase-

matching angle, φ is the azimuthal angle of axes orien-
tation). We used a value of d36 = 75 pm/V in our cal-

culations [4], which does not account for the contribu-

tion of ionic and ionic-electronic polarizabilities since 

phonon resonances in ZnGeP2 are 7 cm–1 away from 

the investigated SMM region [11].  
 

θs, deg 

 
λ1, μm 

Fig. 3. The dependence of PG phase-matching angle θs in 

ZnGeP2 on wavelength λ1 for pump radiation wavelength  

  λ3 =5.14 μm  

The interaction of three plane waves in ZnGeP2 

nonlinear crystal was considered on the basis of a sin-

gly-resonant PG model. The system of four truncated 

differential equations (2) for real parts of electric field 

amplitudes Ai and generalized phase ψ were used for 
the description of wave interaction for a single pass 

through the nonlinear crystal [10]: 

 

1 1 1 1 2 3

2 2 2 2 1 3

3 3 3 3

3 1 2 3 1 2 3 1

2 1 3 2

/ 0.5 sin ,

/ 0.5 sin ,

/ 0.5 sin ,

/ ( / /

/ ) cos ,

j s

dA dz A A A

dA dz A A A

dA dz A A A

d dz k A A A A A A

A A A

+ ⋅α ⋅ = σ ⋅ ⋅ ⋅ ψ

+ ⋅α ⋅ = σ ⋅ ⋅ ⋅ ψ

+ ⋅α ⋅ = −σ ⋅ ⋅ ⋅ ψ

ψ = Δ + σ ⋅ ⋅ − σ ⋅ ⋅ −

−σ ⋅ ⋅ ⋅ ψ

 (2) 

where σi = 8π2deff/niλi is the nonlinear interaction coef-

ficients; ni, αi are the refraction and absorption coeffi-
cients, and i = 1, 2, 3. The generalized phase  

ψ = φ3 – φ1 – φ2 –Δk*z. According to phase-matching 

conditions it was assumed that Δk = k3
о – k1

е – k2
о = 0. 

Argument z varied from 0 to a fixed value L, which 

was chosen in a range of 0.3–6 cm. 

Samples of ZnGeP2 grown at IMCES SB RAS 

usually have absorption α3
о ≤ 0.02 cm–1 in the 3–8 μm 

range, so the value 0.02 cm–1 was used in the calcula-

tions for the 5-μm pump. The work [11] has shown 
that the values of absorption coefficient range from 

1.84 > α1
е > 0.62 cm–1 over the wavelength range 90–

320 μm. Fig. 4 shows both absorption coefficient 
spectrum (1) for annealed ZnGeP2 crystal [11] and (2) 
calculated in absence of free carriers absorption. The 

second case is realized under fast e-beam irradiation 

of the crystal according [12, 13]. 

Besides linear absorption, we included reflection 

losses at an inclined incidence of radiation on non-

AR-coated optical surfaces of the nonlinear crystal in 

the total losses for the three waves. In particular, for 

all interacting waves, the single-surface transmission 

coefficients were ~ 0.7. The practical crystal parame-

ters (aperture, length, absorption) chosen represent 

“state-of-the art” technology1.  
 

 

Fig. 4. The absorption coefficient spectrum of ZnGeP2 crys-

tal after thermal annealing (1) and calculated without free  

  carrier losses (2) 

Integration of equation system (2) was carried out 

by the Runge–Kutta numerical method in series for 

each of the pump pulses which pass through the crys-

tal synchronously with amplified SMM radiation. Ini-
tial values of amplitudes, both Р01 for SMM and Р02 

for IR wave, were determined according to the Plank 

formula for thermal radiation. The values are within 

intervals: Р01 = 5 · 10–6–2.8 · 10–7 W, Р02 = 1.1 · 10–6–

2.5 · 10–6 W for the relevant ranges of λ1 and λ2 re-
spectively.  

For subsequent passes through the crystal the ini-

tial amplitude of the SMM wave was determined by 

the value calculated at the exit of the crystal after the 

previous pass. It was assumed that the initial general-

ized phase for interacting waves has the optimum 

value ψо = π/2 as the next pump pulse enters the crys-
tal, i.e., at the beginning of each calculation cycle.  

The main output parameter of the calculations was 

the maximum peak power P1 of SMM radiation at the 

exit from nonlinear crystal after the N passes required 

to reach this maximum. The value N depends on crys-

tal length, pump intensity and wavelength λ1. N is 10–

13 for the laser pulse train used. 

The computation showed that for λ3 = 5.14 μm, 
high pump intensities and a long crystal length L, after 

_____________  
1 The original technology for experimental manufacture 

of high optical quality ZnGeP2 single crystals with dimen-

sions up to 3 cm in diameter and up to 12 cm long was de-

veloped at IMCES SB RAS (Tomsk) and is now in opera-

tion.  
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certain number N of crystal passes determined by λ1, 
the variation of the interacting waves’ power, Pi along 

the propagation direction in the crystal developed as 

oscillation. It was showed in [14], that such phenom-

ena can occur during the interaction of three con-

strained waves in a nonlinear dielectric. To exclude 

the PG development in this way and also to obtain the 

maximum value of P1 at the nonlinear crystal exit, we 

had to choose the L value depending on value of λ1 by 
using an additional condition: a decrease of the pump 

power P3 inside the crystal due to nonlinear interac-

tion with parametric waves must be less than 20% of it 
is initial value. 

4. Calculation results 

The calculations for the case of CO2 laser radiation SH 

pumping the nonlinear crystal at energy density 

1.8 J/cm2 and aperture S = 0.56 cm2 showed that for 
the ordinary ZnGeP2 crystal the P1 value can reach 

0.3–8.5 · 106 W in the range λ1 = 87–320 μm at crystal 
lengths from 1.6 to 4.3 cm. For the ZnGeP2 crystal 

without free carrier’s losses the P1 value can reach 

3 · 105–8.5 · 106 W in the same range at identical 

lengths (Fig. 5). As it was indicated for each SMM 

wave the individual optimum crystal length takes 

place. The optimal length L for the second crystal was 

used in the calculations and one is shown on Fig. 6. 

The data obtained enable us to optimize the nonlinear 

crystal length for a particular SMM wavelength.  
 

P1, W; L, cm 

 
λ1, μm 

Fig. 5. The dependencies of maximum peak power P1 for a 

5.14-μm pump with an energy density of 1.8 J/cm2 with the 

ZnGeP2 crystal of ordinary type (1) and without free carrier 

   losses (2). Crystal length L (3) was optimized for case (2) 

We propose to extract the SMM pulse from the 

ring cavity by means of stimulated reflection from a 

semiconductor plate installed inside the resonator at 

the Brewster angle. A SMM reflection coefficient of 

60%, induced in a silicon plate by laser irradiation, 

was realized in [15]. Thus, the proposed PG scheme 

should convert the 5-μm pulse train into a single 
SMM radiation pulse with peak power from 0.3 to 

8.5 MW, depending on its wavelength. 

5. Conclusions 

Our computations of singly-resonant PG within 
nonlinear crystal of ZnGeP2 pumped by a train of high 

power 100-ps radiation pulses from a CO2 laser SH 

lead to the following conclusions:  

To get high peak power (0.3–8.5 MW) radiation in 

the SMM range of 0.94–3.3 THz (320–90 μm) one 
can use as a pump, the SH of CO2 laser with energy 

density up to 1.8 J/cm2 in a nonlinear crystal with the 

length ranging from 1.6 to 4.3 cm depending on the 

SMM wavelength. The ZnGeP2 crystal has not to have 

free carriers losses i.e., it is necessary to use the crys-

tal after fast e-beam irradiation.  

The predicted values of SMM radiation peak 
power far exceed the values currently obtained ex-

perimentally by DFG using near-IR lasers. 
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