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ABSTRACT
In the present work investigation is carried out of parametric intracavity interaction
with account for phase change of interacting waves of pump, signal and idler waves in the
materials for IR range of spectrum on case of Zn1-xMgxSe crystal. Dynamics of parametric
intracavity conversion is shown for the case of double –through passages of laser resonator. It
is shown that by choice of optimum values of pumping intensity, length of nonlinear medium
it is possible to increase conversion efficiency. The further increasing conversion efficiency
by about one order in comparison with the case of absence of resonator is possible by the
choice of optimum phase ratio between interacting waves.
Keywords: Intracavity Parametric Interaction, Middle IR, Constant-Intensity Approximation.
PACS: 42.65.-k; 42.65.Yj; 42.70.Mp; 42.79.Nv
INTRODUCTION
The current level of progress of society is determined by volume of transmitted
information. Advancement of information technologies, creation of global computer net of
Internet favor to it. One of the most prospect and actively developing orientations of science
and technology for implantation of these tasks is elaboration of relatively inexpensive
compact sources of frequency tunable radiation throughout the infrared, visible, and
ultraviolet spectral regions. Optical parametric amplifiers and oscillators are known for the
amplification and generation of tunable light in a wide frequency range and therefore are
attractive for nonlinear spectroscopy, the remote sensing of impurities, pollution in the
atmosphere, selective photochemistry, and isotope separation for the production of pure
substances [1]. In particular IR region laser – the subject of this investigation – is a powerful
laser spectroscopic tool for investigating oscillatory spectra of absorption of large number of
molecules.
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Conversion of energy of laser radiation into energy of parametric waves is possible to
realize at proceeding frequency conversion both outside and inside laser cavity. As is known
intracavity geometry assumes more efficient conversion of frequency [2].
At present the elaboration of the new IR region lasers is the subject of the intensive
investigations. The new approach consists of combination in one optical element of first, the
active properties of laser medium, where at following condition of population inversion there
takes place induced radiation, and secondly, nonlinear optical properties, providing with the
process of frequency conversion.
In this direction reassuring are the results of the investigations of laser properties of
crystals successfully used for development of tunable 2-3mcm mid –IR solid –state lasers [36]. In Refs. [3, 7] there have been experimentally realized solid-state lasers on the basis of
Cr2+:ZnMgSe and Fe2+:ZnSe. These tunable compact quantum generators work with pumping
in the range of generation of Cr2+ and Fe2+ ions correspondingly in the chalcogenide matrix
[3, 5-6]. The authors of these works have shown that the choice of ZnMgSe crystal doped
with Cr2+ ensures the shift of the tuning range towards to longer wavelength in mid-infrared
range.
At intracavity way of frequency conversion the generation of fundamental radiation
and nonlinear frequency conversion make up a single process. For this reason, phase changes
of interacting waves within the bounds of one and the same cavity directly influence on
conversion efficiency. Hence, it is expedient to carry out theoretical study of intracavity
conversion in approximation taking into account phase alterations of all interacting waves,
i.e. in the constant-intensity approximation [1, 8-9].
In the present work parametric intracavity generation of signal wave in crystal of IR
range of spectrum Cr2+:ZnMgSe with account for phases change of interacting waves of
pumping, signal and idler waves, is investigated. Comparison has been made of generation
mode for one and two passages of parametric light generator. It is shown that the choice of
optimum phase ratio ensures the effective frequency conversion in laser resonator.
Theory
Let’s consider the laser system in theory according to the scheme, presented in [3, 5]
for case of two-through passages in laser cavity. In nonlinear crystal owing to the induced
transition between ion levels (for instance, Cr2+ or Fe2+) generation of laser radiation takes
place at frequency ω p . Laser wave, propagating in crystal, excites in resonator the parametric
generation of signal and idler waves at frequencies ω s and ωi respectively, where

ω p = ω s + ωi .
As is known, depending on reflection coefficient of mirrors of optical resonator there
is usually realized singly resonant oscillator (that is the end mirrors of this parametric
generator are highly reflecting at ω s or ωi but not at both frequencies simultaneously) or
doubly resonant oscillator (that is the end mirrors of this parametric generator are highly
reflecting at both frequencies ω s or ωi ). In our case laser resonator is supposed close for
pumping wave R1 (ω p ) = R2 (ω p ) = 1 , R1, 2 -are reflection coefficients from the left and right
mirrors. The second (right) mirror reflects signal and idler waves too. According to [3]
R2 s = R2i = 55% . After reflection from the second mirror all three waves pass again through
crystal (but now in reverse direction) and interact again nonlinearity in it. After coming out
from crystal harmonic wave leaves laser resonator by means of optical element, which we
arrange between the left mirror and crystal. As a result of three –wave nonlinear interaction at
optimum mode of interaction there takes place gradual transfer of pumping wave energy into
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signal or idler wave, i.e. increase in conversion efficiency from zero to maximum value at an
outlet.
To obtain conditions for optimum regime of described parametric generation let’s
consider three –wave interaction in dissipative nonlinear medium of length l .
The coupled amplitude equations describing this parametric interaction to have the
form [10-11]

dAs±
± δ s As± = miγ s Ap± Ai± * exp( ±i∆z ),
dz
dA±
± i ± δi Ai = miγ i Ap± As±* exp( ±i ∆z ),
dz
dA±
± p ± δ p Ap± = miγ p As± Ai± exp( mi∆z ).
dz
±

(1)

Here As±,i , p are the complex amplitudes of the signal, idler and pump waves at respective
frequencies in direction of axis z (sign plus) and direction opposite to axis z (sign minus).
The nonlinear coefficients and loss parameters for j-th wave ( j = s, i, p ) are labeled as γ j
and δ j and where phase mismatch between the interacting waves is given by ∆ = k p − k s − ki
.
We decide the task in general case, when at the entry all three waves present at ω p ,i , s
frequencies, so the boundary conditions become as follows

Ap ,i ,s ( z = 0) = Apo,io,so exp(iϕ po,io,so ) ,

(2)

where ϕ po ,io ,so - initial phase of pump and idler waves at the entry of the medium and z = 0
corresponds to the entry of crystal.
For running signal wave, propagating from left to right, solution (1) relatively
conversion efficiency η s (l1 ) in the constant –intensity approximation with boundary
conditions (2) at the outlet from crystal looks as follows [11]
2

 ∆ γ s Ai*0 Apo  sinh 2 q l1 
2
,
ηs (l1 ) = I s / I so = exp(−2δs l1 ) cosh ql1 +  +
(3)

2
2
A
q


so




where
∆2
2
2
q2 = Γ2p − Γi2 −
, Γi = γ sγ p Ii 0 , Γ p = γ sγ i I p 0.
4
After reflection from right mirror of a resonator interacting waves propagate now in
the opposite direction. The boundary conditions at the entry to crystal look as:

As ( z = 0) = R2 s As (l)exp[iϕ s (2d ) + iϕrs ],
Ai ( z = 0) = R2i Ai (l) exp[iϕi (2d ) + iϕri ],
Ap ( z = 0) = Ap (l) exp[iϕ p (2d ) + iϕrp ],
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where ϕ rs ,ri ,rp are the variations of the wave phase at ω p.i ,s frequencies at reflection from
second mirror, ϕ s ,i , p (2 d ) are the phase shift of waves at the above frequencies in the air gap
of length d between the medium and second mirror, z=0 again corresponds to the entrance
into the nonlinear medium, As,i, p (l) are the complex amplitudes of the interacting waves at the
exit from the crystal after a single pass through the crystal.
After a double pass through the crystal at its exit we obtain the following expression
for the efficiency of the signal wave:

ηoutput
( z = l 2 ) = I soutput / I so = R22s ⋅ηs (l1 ) exp( −2δ s z ) ×
s
2

R2i sinh q′z 
∆

⋅
 cosh q′z +
( q ⋅ cthql − δ1 ) ⋅ cos Ψ − 2 sin Ψ  +
′
R
q
2
s


2

 R2i sinh q′z  
∆
( q ⋅ cthql − δ1 ) ⋅ sin Ψ + cosΨ 



2

 R2 s q′  

2

(5)


,


where

q′2 = Γ′p2 − Γ′i 2 −

∆2
2
2
, Γ′i = γ sγ p Ii (l1 ), Γ′p = γ sγ i I p (l1 ),
4

 cosh ql δ sinh ql 2  ∆ sinh ql 2 
I io
1
1
1
I p (l1 ) = q ⋅ 2 ⋅ exp(−2δ p l1 ) ⋅ 
− 1⋅
 + ⋅
 ,
γ i I so
 sinh q1l1 q sinh q1l1   2q sinh q1l1  
2
1

2

 sinh q1l1 
∆2
2
2
2
2
I i ( l1 ) = γ I I ⋅ 
, Γs = γ iγ p I so .
 ⋅ exp(−2δ i l1 ) , q1 = Γ p − Γ s −
4
 q1 
2
i po so

Here Ψ = ϕ p − ϕi − ϕ s − ∆l is phase ratio between the interacting optical waves.
It should be noted that during analysis the constant–intensity approximation was
applied separately to each passage of the crystal. Thus, for example, at propagating waves
from left to right and study of signal wave (idler wave) the intensity of pumping and idler
(signal) waves is considered constant and equal to the entry values, respectively
I po , I io ( I so ) . Whereas at spread of waves in opposite direction, corresponding wave
intensity are considered again constant, but already equal to their respective entry values
I p (l1 ), R22i ⋅ Ii (l1 ) ( R22i ⋅ I s (l1 )) . At such approach we take into account the partial decrease
of intensities of pump wave and idler (signal) waves because of energy transfer from exciting
waves to excited one, that is I p (l1 ) < I po , I i (l1 ) < I io ( I s (l1 ) < I so ).
From the expression (5) it follows that conversion efficiency oscillates with the
change of phase ratio Ψ . The further analysis displays that an optimum value of phase ration
depends on pump intensity.
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By choice of optimum value of Ψ expression (5) acquires appearance as follows:

ηoutput
( z = l 2 ) = I soutput / I so = R22s ⋅ηs (l1 ) exp( −2δ s z ) ×
s
2
2

 ∆ R2i sinh q′ z  
R2i
2 sinh q′ z 
′
 cosh q z +
( q ⋅ cthql1 − δ1 )
 +
 
R2 s
q′   2 R2 s q′  



(6)

RESULTS AND DISCUSSION
Let’s make a numerical analysis of expression (5) for conversion efficiency at
parametric intracavity generation of signal wave in crystal for IR range of spectrum
Cr2+:ZnMgSe. At the analysis there has been made comparison of generation regime for one
and two passages of a resonator of parametric generation of light. Calculation has been made
at parameters of the realized experiment [3]. The value of quadratic susceptibility for this
crystal has been experimentally measured in work [12] and is equal to
( 2)
χ SHG
= 0.86 ×10−8 esu . The thickness of the investigated sample of crystal was about 5 mm

[3]. In the experiment the maximum value of pumping power reached the value about 30
kW/cm2 [3]. Because of lack of experimentally measured value of quadratic susceptibility for
Zn0.52Mg0.48Se crystal at calculations it was supposed that for crystals with parameter x=0.33
and 0.48 these values were of one order.
In Fig. 1 calculated in the constant-field approximation (curve 2) and constantintensity approximation (curve 1) conversion efficiency in the crystal for the case of one
passage through nonlinear medium. As it follows from behavior of dependences the reverse
effect of excited wave on exciting ones leads to diminishing conversion efficiency. It is
connected with that in approximation used by us phase changes of all interacting waves are
taken into account, what leads, in its turn, in contrast to the constant–field approximation to
decrease of pump wave intensity.
The output conversion efficiency in Cr2+:Zn0.52Mg0.48Se laser in case of onefold
η s ( l1 ) (dotted curves 1 and 2) and twofold passages of laser resonator η s ( l 2 ) (solid curves
3-6) depending on a distance passed in the nonlinear crystal, is given in Fig. 2.
As is seen from behavior of curves 1 and 6, owing to the double –trough passage of
the crystal there is observed an increase of conversion efficiency by one. At the same time,
the case of keeping the optimum phase ratio is considered. In other words acquired phase
shift is compensated by choice of interferential coating of right mirror (reflectivity coefficient
of a mirror), i.e. the shift of phases of interacting waves at their reflection from this mirror.
With growth of losses, as was expected, efficiency falls down (compare curves 4, 5
for double –through passage of a resonator or curves 1, 2 for one–through passage). Existence
of expressed maximum in dependences ηs (l 2 ) , as numerical analysis has displayed, is
explained by weakening excited signal wave on the account of losses and phase mismatch
between interacting waves. At low phase mismatches and undissipative media the
monotonous increase of conversion efficiency is observed.
An absence of sufficient experimental data on parametric generation at double –
through passage of laser resonator in literature, does not permit to make comparison
theoretically the results predicted in the constant–intensity approximation for this version of
conversion with existing experimental data. This analysis is necessary and will be made in
future.
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At reflection from right mirror conversion intensity inside resonator according to (5)
depends directly on reflectivity of right mirror (compare curves 3 and 4).
Investigation of parametric interaction in the constant–intensity approximation in case
of one through passage of nonlinear crystal, carried out in [13], and comparison of the
obtained results with the corresponding experimental curves has shown that by the choice of
optimum values of length of nonlinear medium, pumping intensity, linear mismatch with
account for influence of linear losses in a medium it is possible to increase an efficiency of
parametric conversion in considered crystals of IR range and to select conditions for
increasing a degree of non-critical angular phase mismatch. The further analysis made in the
present work for double –through passage of the crystal has shown the ways of more bigger
increase of conversion efficiency. And namely on the account of the choice of optimum
phase ratio between interacting waves it is possible to increase by order conversion efficiency
in comparison with the case of absence of a resonator.
By this, creation of the efficient parametric sources of coherent radiation of IR range
of spectrum will be in near future.

ηs (l1)
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Fig. 1: Dependences of efficiency of parametric conversion at one –through passage of
crystal ηs (l1 ) in the constant –intensity approximation (curve 1)and the constant –field
(curve 2) on the crystal length for δ j = 0 ( j = s, i, p ), I po = 30 kW / cm2 , I io / I po = 0.002 ,

∆ / 2Γ p = 1.5
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Fig. 2: Dependences of efficiency of signal wave at double –through passage of crystal
ηs (l 2 ) (solid curves 3-6) and one-through passage of the crystal η s ( l1 ) = I s ( l 1 ) / I so (dotted
curves 1-2) on crystal length l1,2 calculated in the constant –intensity approximation for

I po = 30 kW / cm2 ; δ 3 = δ 1 + δ 2 , δ s = 0 (curve 2), 0.2 cm-1 (curve 5) and 1 cm-1 (curves 1,
3, 4 and 6); ∆ / 2Γ p = 0.5 (curves 3-5) and 1.5 (curves 1-2, 6); R2 s = 0.55 (curve 3) and 1
(curves 4-6). Here ψ = ψ opt .

CONCLUSION
An analysis made in the present work for parametric intracavity generation of signal
wave in the Cr2+:ZnMgSe crystal with account for change of phases of interacting waves of
pumping, signal and idler ones, has shown that at optimum value of phase ratio between
interacting waves the further increase of the efficient frequency parametric conversion in
laser cavity is possible. According to the numerical analysis, made in the constant–intensity
approximation, it is possible to increase conversion efficiency by one order in comparison
with the case of absence of resonator.
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