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A theory has been developed for quasi-phase-matched generation of a wave at a sum-frequency within a con-
stant-intensity approximation. In contrast to a constant-field approximation, the constant-intensity approach
has been found to give an optimum pump intensity value at which the conversion efficiency reaches its maxi-
mum. Analytical expressions have been derived for optimal values of the problem’s parameters. Ways to en-
hance the power of the coherent optical radiation are shown and analyzed. This will make it possible, in
particular, to increase the power in an RGB-source color for which the sum-frequency generation is respon-
sible.
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Introduction. Intense coherent radiation in the frequency range from the IR to the UV spectral regions is cur-
rently produced using quasi-phase-matched interactions [1–4]. Simultaneous generation at several wavelengths is possi-
ble in regular domain structures (RDS) based on a single periodically poled crystal. This makes such multi-layer
domain structures exceedingly interesting [5, 6]. Furthermore, ultrashort light pulses can be compressed by using ape-
riodically poled nonlinear crystals [7]. The pulse length was decreased by 150 times in a LiNbO3 crystal with an ape-
riodic structure [8].

It is known that the energy of laser radiation can be transformed by using nonlinear optics and multiplication
and mixing of optical frequencies. As a result, powerful sources of tuned coherent optical radiation can be obtained.
In particular, IR radiation can be efficiently transformed into visible radiation by using sum-frequency generation. This
type of frequency transformation is used rather often in layered structures. For example, blue light resulted from sum-
mation of the pump radiation (744 nm) and the laser line emission (1084 nm) with quasi-phase-matched interaction
during sum-frequency generation [9]. The second section gave blue light (460 nm) by a sum-frequency shift of the
pump and the idler wave obtained in the first section [10]. Radiation with λ = 1064 nm was transformed into visible
radiation with λ = 611 nm [11].

RDS crystals are currently used successfully to produce RGB-sources [9–11]. Two basic light models that are
used in modern industry and technology are known to exist. One model uses three colors (RGB: red, green, blue); the
other, four (CMYK: cyan, magenta, yellow, black). The digital RGB model is used extensively in computer technol-
ogy, in particular on the internet, and also to produce light images on computer monitors and cellular telephone dis-
plays. The CMYK model is used in graphic arts and color printers.

Generation of a sum-frequency and optical harmonics is currently used to obtain the three primary colors dur-
ing the fabrication of high-powered quasi-CW RGB-sources. Several nonlinear crystals in which various nonlinear
processes were carried out sequentially in order to obtain the three primary colors were used as quasi-pulsed high-
powered RGB-sources in the initial development stage [6]. In contrast with the similar cascade transformation of fre-
quency using a series of crystals, the next step became the fabrication of an RGB-source based on a single unique
RDS-crystal in which quasi-phase-matched interaction of optical waves occurred. Aperiodic poled lithium niobate
LiNbO3 doped with Nd (Nd3+) was used as the crystal. It was pumped by radiation from a pulsed titanium-sapphire
laser with λ = 744 nm. The Nd ion emitted laser radiation with λ = 1084 and 1372 nm as a result of the stimulated
transition. The aperiodic domain structure generated their second harmonics (green and red). The third color of the
RGB-source, blue, was produced as a result of a sum-shift of the pump radiation with λ = 744 nm and the laser
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emission line with λ = 1084 nm [9]. Thus, generation at three frequencies without using additional nonlinear optical
elements was achieved. Another version of an RGB-source was proposed [10] where a stoichiometric lithium tantalate
crystal with two periods was pumped by a source with green light (532 nm) in order to generate red and blue light.
The first section gave red light (631 nm) owing to optical parametric generation; the second section, blue light
(460 nm) as the result of a sum-frequency shift of the pump radiation and the idler wave obtained in the first section.
Several nonlinear optical processes were carried out simultaneously in an experiment with a single periodically poled
crystal [11]. These included optical parametric generation, sum-frequency generation, and generation of the second and
third harmonics. For this, a lithium niobate crystal with two grating periodicities of the nonlinear susceptibility modu-
lation was used. Optical parametric generation of the signal wave with λ = 1.43 μm occurred in the first section. Red
was produced by generation of the sum-frequency between the signal wave and the pump wave. Generation of the
second and third harmonics occurred simultaneously in the second section. The resulting transformation efficiency was
low. The researchers suggested ways to increase it that were based on an analysis for an unspent pump.

Theoretical analysis of quasi-phase-matched interaction is performed mainly in the constant-field approxima-
tion that does not take into account the reverse reaction of excited waves on the exciting wave. As a result, coherent
lengths of layers-domains in this approximation have identical values whereas the frequency transformation efficiency
increases smoothly with pump intensity and with increasing length of the nonlinear interaction.

Simultaneous consideration of phase changes and the losses of interacting waves can be achieved in the con-
stant-intensity approximation [12]. The variable nature of the transformation efficiency as a function of pump intensity,
phase mismatch, and layer lengths was found as the result of an analysis in this approximation. Furthermore, the de-
pendence of the optimal parameter values at which the transformation efficiency is maximal on the losses of interact-
ing waves was found in this approximation. Detailed analytical and numerical analyses of quasi-phase-matched
interaction for the generation of second and third harmonics were carried out [13–15]. It was shown that selection of
the optimal parameters can increase by several times the power of the harmonics. An analytical expression for the
transverse dimension (length) of the fourth domain at which the maximum transformation of the signal-wave energy
into energy of the sum-frequency wave occurs was derived for generation of the sum-frequency wave.

The goal of the present work was to investigate in further detail quasi-phase-matched generation of sum-fre-
quency radiation in the constant-intensity approximation of the pump radiation. An analytical expression was obtained
for the transformation efficiency for n domains. The pathways for increasing the transformation efficiency of the signal
wave and, as a result, the power of the coherent optical radiation as a function of pump intensity and phase mismatch
were analyzed in detail.

Theory. Let us examine nonlinear interaction in an RDS crystal during sum-frequency generation. We sup-
pose that the structure is composed of n layers with inverted optical axes. First let us examine the mixing of optical
frequencies in the first domain.

The interaction of three waves of frequencies ω1,2,3 (ω3 = ω1 + ω2) in a nonlinear dissipative and dispersive
medium (in our instance, in the first domain) obeys the equations [15]:

dA1
 ⁄ dz + δ1A1 = − iγ1A3A2

∗
 exp (iΔ1z) ,

dA2
 ⁄ dz + δ2A2 = − iγ2A3A2

∗
 exp (iΔ1z) , (1)

dA3
 ⁄ dz + δ3A2 = − iγ3A1A2

∗
 exp (iΔ1z) ,

where Aj are complex amplitudes of the signal (j = 1), pump (j = 2), and idler waves (j = 3) of frequencies ωj; γj,
coefficients of absorption and nonlinear coupling of the interacting waves of frequencies ωj (j = 1–3); Δ1 = k3 – k2 – k1,
the phase mismatch in the first domain.

We solve system (1) during generation of the sum-frequency with boundary conditions at the entrance to the
first domain

A1,2 (z = 0) = A10,20 exp (iφ10,20) ,   A3 (z = 0) = 0 . (2)

Here z = 0 corresponds to the entrance to the first domain and φ10,20, the initial phase of the signal wave and pump
wave at the entrance to the first domain.
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Let us use the standard method for calculating quasi-phase-matched interaction in the constant-intensity ap-
proximation developed before [13]. By solving system (1) in the constant-intensity approximation with the conditions
of Eq. (2), we obtain the following expression for the complex amplitude of the idler wave at the exit of the domain
(z = l1) [16, 17]:

A3 (l1) = − iγ3A10A20l1 sinc (λ1
′ l1) exp [iφ10 + iφ20 − (δ1 + δ2 + δ3 + iΔ1) l1 ⁄ 2] , (3)

where

λ1
′  = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1

2
 + Γ2

2 − 
(δ3 − δ1 − δ2 − iΔ1)

2

4
 ,   Γ1

2
 = γ2γ3I10 ,   Γ2

2
 = γ1γ3I20 ,

sinc x = sin x ⁄ x ,   Ij = AjAj
∗
 .

The coherent length of the first domain, i.e., the optimal domain length that provides the maximum amplitude
of the sum-frequency wave, is determined from Eq. (3):

l1opt = π  ⁄ 2√⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1
2
 + Γ2

2
 − 

(δ3 − δ1 − δ2 − iΔ1)2

4
 . (4)

It follows from Eq. (4) that the coherent length depends on the intensities of the pump wave I20 and signal wave I10

and the phase mismatch and losses in the first domain. If the relationship δ3 = δ1 + δ2 is fulfilled, then Eq. (4) trans-
forms into

l1opt
′  = [arctan (λ1

 ⁄ δ3)] ⁄ λ1 ,
(5)

where λ1 = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1
2 + Γ2

2 + Δ1
2 ⁄ 4 .

For small losses, setting δj = 0 in Eq. (4), we obtain a simpler expression for the optimal domain length

l1opt = π / ⎡⎣2√⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1
2
 + Γ2

2
 + Δ1

2 ⁄ 4  ⎤⎦ .

It can be seen that, in contrast with the result in the constant-field approximation, l1 opt depends also on parameter
Γ1 (because γ2 ≠ 0 in the examined approximation). The coherent domain length decreases as I10, I20, and Δ1 increase.

The quadratic susceptibility tensor changes to the opposite sign in the second layer. The quantities δj
′, γj

′ (γj
′ =

–γj), and Δ2 determine the losses and nonlinear coefficients of coupling and phase mismatch in this domain, respec-
tively.

The boundary conditions at the entrance to the second domain are:

Aj (z = 0) = Aj (l1) exp [iφj (l1)] ,   j = 1–3 , (6)

where φj(l1) is the phase progression at the boundary of the layers of frequency ωj. Here z = 0 now determines the
entrance to the second domain.

We use the standard method to solve system (1) with boundary conditions for this layer and obtain for the
complex amplitude of the idler wave at the exit of the second domain:

A3 (l2) = A3 (l1) exp 
⎡
⎢
⎣

⎢
⎢
− 

δ1
′  + δ2

′  + δ3
′  + iΔ2

2
 l2 + iφ3 (l1)

⎤
⎥
⎦

⎥
⎥

× 
⎧

⎨

⎩

⎪

⎪
cos λ2

′ l2 + 
⎡
⎢
⎣

⎢
⎢
− iγ3

′  
A1 (l1) A2 (l1)

A3 (l1)
 e

i[φ
1
(l

1
)+φ

2
(l

1
)−φ

3
(l

1
)]
 + 

δ1
′  + δ2

′  − δ3
′  + iΔ2

2

⎤
⎥
⎦

⎥
⎥
 
sin λ2

′ l2

λ2
′

⎫

⎬

⎭

⎪

⎪
 , (7)
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where

λ2
′  = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1

 ′2 + Γ2
 ′2 − 

(δ3
′  − δ1

′  − δ2
′  − iΔ1)

2

4
 ,   Γ1

 ′2 = γ2
′γ3

′ I1 (l1),   Γ2
 ′2 = γ1

′ γ3
′ I2 (l1) .

We obtain from Eq. (7) the following expression for the optimal length of the second layer

l2opt = π / √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1
 ′2 + Γ2

 ′2 − (δ3
′  − δ1

′  − δ2
′  − iΔ1)

2 ⁄ 4  . (8)

It follows from the analysis that whereas energy of the signal wave in the first layer converted into energy
of the sum-frequency wave, the reverse transformation of energy of the sum-frequency wave into energy of the signal
wave occurred in the second layer at the optimal layer lengths with identical orientations of the crystal layers. The
transformation efficiency increases gradually from layer to layer in our instance of inverted layers. This was examined
in detail before [13]. An analysis of Eq. (7) also shows that there are optimal phase mismatches Δk, k = 1, 2, at
which the transformation efficiency is greatest.

The wave phase-jump constants at the entrance to the first domain φ10, to the second domain φ1,2(l1), and also
phase-jump constants at the boundaries of the second-third and third-fourth domains are omitted in subsequent analyti-
cal expressions in order to avoid unwieldy formulas. However, these phase-jumps are taken into account in analyzing
the transformation process in RDSs.

Analogously to the calculation performed for the preceding layer, the following expression can be obtained
for the complex amplitude of the sum-frequency wave (i.e., the idler wave) at the exit of the third domain

A3 (l3) = A3 (l2) exp 
⎛
⎜
⎝

⎜
⎜− 

δ1
′′ + δ2

′′ + δ3
′′ + iΔ3

2
 l3

⎞
⎟
⎠

⎟
⎟ 
⎧

⎨

⎩

⎪

⎪
cos λ3

′ l3 + 
⎡
⎢
⎣

⎢
⎢
− iγ3

′′ 
A1 (l2) A2 (l2)

A3 (l2)
 + 

δ1
′′ + δ2

′′ − δ3
′′ + iΔ3

2

⎤
⎥
⎦

⎥
⎥
 
sin λ3

′ l3

λ3
′

⎫

⎬

⎭

⎪

⎪
 , (9)

where

λ3
′′ = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1

 ′′2 + Γ2
 ′′2 − 

(δ3
′′ − δ1

′′ − δ2
′′ − iΔ3)

2

4
 ,   Γ1

 ′′2 = γ2
′′γ3

′′I1 (l2),   Γ2
 ′′2 = γ1

′′γ3
′′I2 (l2) .

The following designations are used for this layer: δj
′′ are the losses; γj

′′ = γj, coefficients of nonlinear coupling of the
interacting waves; Δ3, the phase mismatch. The expression for the complex amplitude of the idler wave at the exit of
the fourth domain is:

A3 (l4) = A3 (l3) exp 
⎛
⎜
⎝

⎜
⎜
− 

δ1
′′′ + δ2

′′′ + δ3
′′′ + iΔ4

2
 l4

⎞
⎟
⎠

⎟
⎟

(10)

× 
⎧

⎨

⎩

⎪

⎪
cos λ4

′ l4 + 
⎡
⎢
⎣

⎢
⎢
− iγ3

′′′ 
A1 (l3) A2 (l2)

A3 (l3)
 + 

δ1
′′′ + δ2

′′′ − δ3
′′′ + iΔ4

2

⎤
⎥
⎦

⎥
⎥
 
sin λ4

′ l4

λ4
′

⎫

⎬

⎭

⎪

⎪
 ,

where

λ4
′  = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯Γ1

 ′′′2 + Γ2
 ′′′2 − 

(δ3
′′′ − δ1

′′′ − δ2
′′′ − iΔ4)

2

4
 ,   Γ1

 ′′′2 = γ2
′′′γ3

′′′I1 (l3),   Γ2
 ′′′2 = γ1

′′′γ3
′′′I2 (l3) .

Here the following designations are used: δj
′′′ are the losses; γj

′′′ = −γj, coefficients of the interacting waves; Δ4, the
phase mismatch.

Finally, for n domains, we obtain:
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A3 (ln) = A3 (ln−1) exp 
⎛
⎜
⎝
− 

�δ1 + 
�δ2 + 

�δ3 + iΔn

2
 ln
⎞
⎟
⎠

(11)

× 
⎧

⎨

⎩

⎪

⎪
cos λn

′ ln + 
⎡
⎢
⎣
− i �γ3 

A1 (ln−1) A2 (ln−1)

A3 (ln−1)
 + 

�δ1 + �δ2 − 
�δ3 + iΔn

2
   
⎤
⎥
⎦
 
sin λn

′ ln

λn
′

⎫

⎬

⎭

⎪

⎪
 ,

where

λn
′  = √⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ 

�Γ1
2 + 

�Γ2
2
 − 

(�δ3 − 
�δ1 − �δ2 − iΔn)

2

4
 ,   �Γ1

2 = �γ2 
�γ3I1 (ln−1),   

�Γ2
2
 = �γ1 

�γ3I2 (ln−1) ,

�δj are the losses; �γj, coefficients of nonlinear coupling of the interacting waves (�γj = −γj for n even and �γj = γj for
n odd); Δn, the phase mismatch.

Further analysis of the three-frequency interaction was performed under the conditions used in RGB-sources
[9–11]. In this instance, one powerful and one weak optical wave is present at the entrance into the structure, i.e.,
high-intensity pumping where I20 >> I10. Therefore, the energy transfer during generation of the sum-frequency occurs
mainly between the signal and generated (idler) waves. Then the intensity of the pump wave can be considered prac-
tically constant, i.e., the relationship I2(z = 0) = I2(l1) = I2(l2) = I2(l3) = I2(l4) is fulfilled.

The coherent length of the n-th domain obeys the following expression in an RDS-crystal composed of lay-
ers-domains with identical nonlinear coefficients:

ln opt = π / 2√⎯⎯⎯⎯⎯⎯⎯⎯Γ2
2
 − 

(�δ3 − 
�δ1 − �δ2 − iΔn)

2

4
 . (12)

It can be seen that the coherent lengths of the domains are different for different phase mismatches and losses in the
domains.

Let us introduce the concept of the transformation efficiency along the signal wave: η3(lk) = I3(lk)/I10, k = 1–n.
Let us examine the generation of the sum-frequency in an RDS-crystal with identical phase mismatches in each of the
domains (Δk = Δ, k = 1–4) and the optimal domain lengths, where lk opt is determined from the condition λklk opt = π/2.
We obtain from Eq. (7) with the imposed conditions for the transformation efficiency at the exit of the second domain
(δ3 = δ1 + δ2):

η3 (l2) = η3 (l1opt) exp (− 2δ3l2) [cos
2
 λ2l2 + (Δ ⁄ λ2)

2
 sin2

 λ2l2] , (13)

where λ2 = √⎯⎯⎯⎯⎯⎯⎯⎯Γ2
2 + Δ2 ⁄ 4  ,   Γ2

2 = γ1γ3I20 ,

η3 (l1) = I3 (l1) ⁄ I10 = γ3
2
I20l1

2
 sinc

2
 (λ

~
1l1) exp (− 2δ3l1) ,   λ

~
1 = √⎯⎯⎯⎯⎯⎯⎯Γ2

2
 + Δ2 ⁄ 4  .

We have from Eq. (9) at the exit of the third domain

η3 (l3) = η3 (l2opt) exp (− 2δ3l3) 
⎡
⎢
⎣

⎢
⎢
cos

2
 λ3l3 + (Δ − λ2

2 ⁄ Δ)2
 
sin

2
 λ3l3

λ3
2

⎤
⎥
⎦

⎥
⎥
 , (14)

where λ3 = √⎯⎯⎯⎯⎯⎯⎯⎯Γ2
2 + Δ2 ⁄ 4 . We obtain from Eq. (10) at the exit of the fourth domain

η3 (l4) = η3 (l3opt) exp (− 2δ3l4) 
⎡
⎢
⎣

⎢
⎢
cos

2
 λ4l4 + 

⎛
⎜
⎝

⎜
⎜
Δ − 

λ3
2

Δ − λ2
2 ⁄ Δ

⎞
⎟
⎠

⎟
⎟
 
sin2

 λ4l4

λ4
2

⎤
⎥
⎦

⎥
⎥
 , (15)
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where λ4 = √⎯⎯⎯⎯⎯⎯⎯⎯Γ2
2 + Δ2 ⁄ 4  ..

It can be seen from Eqs. (13)–(15) that λ1 = λ2 = λ3 = λ4 = λ under the examined analytical conditions. Let
us introduce parameter R = Δ/λ. Then the expressions for the transformation efficiency in each layer become

η3 (l1opt) = (1 − R
2 ⁄ 4) exp (− 2δ3l1opt) ,

η3 (l2) = η3 (l1opt) exp (− 2δ3l2) [cos
2
 λ2l2 + R

2 sin
2
 λ2l2] ,

η3 (l3) = η3 (l2opt) exp (− 2δ3l3) [cos
2
 λ3l3 + (R − 1 ⁄ R)2

 sin
2
 λ3l3] ,

η3 (l4) = η3 (l3opt) exp (− 2δ3l4) 
⎡
⎢
⎣
cos

2
 λ4l4 + ⎛⎜

⎝
R − 

1
R − 1 ⁄ R

⎞
⎟
⎠

2

 sin
2
 λ4l4

⎤
⎥
⎦
 .

The transformation efficiency of signal-wave energy into the sum-frequency wave after the fourth domain
with l4 = l4 opt is:

η3 (l4opt) = exp (− 2δ3lopt4) 
⎛
⎜
⎝
1 − 

R
2

4
⎞
⎟
⎠
 R

2
 ⎛⎜
⎝
R − 

1
R
⎞
⎟
⎠

2

 ⎛⎜
⎝
R − 

1
R − 1 ⁄ R

⎞
⎟
⎠

2

 . (16)

The resulting transformation efficiency η3(l4 opt) is expressed through serial fractions [18]. The expression for the
transformation efficiency for any finite number of domains η3(ln opt) can be written analogously. For example, we have
after six domains

η3 (l6opt) = exp (− 2δ3lopt6) (1 − R
2 ⁄ 4)

× R
2 ⎛⎜
⎝
R − 

1
R
⎞
⎟
⎠

2

 ⎛
⎜
⎝

⎜
⎜

R − 
1

R − 
1
R

⎞
⎟
⎠

⎟
⎟

2

 ⎛
⎜
⎝

⎜
⎜

R − 
1

R − 
1

R − 1 ⁄ R

⎞
⎟
⎠

⎟
⎟

2

 ⎛
⎜
⎝

⎜
⎜

R − 
1

R − 
1

R − 1 ⁄ (R − 1 ⁄ R)

⎞
⎟
⎠

⎟
⎟

2

 . (17)

We determine the value of R at which η3(l4 opt) is maximum analytically from Eq. (16): Ropt = 1.8478. If
losses are ignored (δ3 = 0), then the transformation efficiency for Ropt attains the following values: η3(l1 opt) = 0.1449;
η3(l2 opt) = 0.4947; η3(l3 opt) = 0.8445; η3(l4 opt) = 0.9894. The transformation efficiency is already significant (almost
100%) after a small number (four) of domains. This means that the energy of the signal wave was practically com-
pletely transferred into energy of the sum-frequency wave. Therefore, high values of ?3 can be obtained without re-
sorting to a large number of layers-domains.

Discussion. Figures 1–3 show results of numerical calculations using analytical expressions Eqs. (13)–(15)
that were obtained in the constant-intensity approximation for generation of the sum-frequency. Figure 1 shows the
transformation efficiency into the sum-frequency η3(lk) = I3(lk)/I10 as a function of the given lengths of the first, sec-
ond, third, and fourth domains lk′ (lk′ = Γ2lk, k = 1–4). The analysis showed that the curvature of the curves decreased
with an increasing number of layers-domains whereas the efficiency increased and reached practically 100% at the de-
termined optimal parameters. This indicated that the energy of the signal wave was fully transformed into energy of
the sum-frequency wave. A comparison of the corresponding solid and dash-dot curves showed that both the transfor-
mation efficiency η3(lj) and the optimal domain lengths decreased as the losses increased. This resulted in the corre-
sponding dash-dot curves being displaced to the right of the solid curves.

Figure 2 shows the transformation efficiency in four domains η3(l4) as a function of the given phase mis-
match Δ′ = Δ/2Γ2. Energy of the signal wave was transferred gradually into energy of the sum-frequency wave within
a domain. The curves differed in the sizes of the losses. Each curve reached a maximum at its own value of the op-
timal phase mismatch Δk opt. A well-known decrease of transformation efficiency in addition to an increase of the op-
timal value of the given phase mismatch were observed as the losses increased. This shifted the curves to the right
(curves 1–3). Further analysis showed that the optimal value of the phase mismatch Δj opt increased as the number of
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domains increased, i.e., the relationship Δ1 opt < Δ2 opt < Δ3 opt  < Δ4 opt was fulfilled, in analogy to the instance of
harmonic generation [13, 14].

Figure 3 plots the behavior of the transformation efficiency η3(l4) as a function of the given pump intensity
I2

′ = Γ2l4 for two values of the losses. It can be seen that the dependence is nonmonotonic, in contrast with the result
obtained in the constant-field approximation. The existence of an optimal pump intensity was also confirmed experi-
mentally by studying nonlinear interaction of optical waves [19]. The optimal pump intensity was markedly reduced
upon doubling the decay of the interacting waves in a nonlinear medium.

A numerical estimate of the expected transformation power into the three colors of an RGB-source under the
published experimental conditions [11] was carried out based on an analysis in the constant-intensity approximation. A
LiNbO3 crystal was used as the RDS-crystal. Two different nonlinear gratings that were situated one after the other
were located within it. The pump wave was radiation from a Nd:YAG laser with gain modulation (pulse length 7 ns,
λ = 1.064 μm).

The numerical calculation using the analytical expressions for the optimal lengths of four domains and trans-
formation efficiencies was carried out for pump-radiation energy 2.2 mJ. The following optimal values of domain
lengths were obtained for green light using results of the constant-intensity approximation with generation of the sec-
ond harmonic [14] taking into account phase matching [11]: l1 opt = 11.14 μm; l2 opt = 11.4975; l3 opt = 12.44; l4 opt =
13.266. Hence, the grating dimension l1 opt + l2 opt + l3 opt + l4 opt = 48.344 μm. In this instance, the maximum energy
of green light can reach ≈0.5 mJ. The results were used to estimate the optimum sum-frequency generation of red and

Fig. 1. Transformation efficiency to sum-frequency η3(lk) = I3(lk)/I0 as a func-
tion of given domain lengths l1,2,3,4

′  = Γ2lk, k = 1–4 calculated in the constant-
intensity approximation for Δ′ = Δ/2Γ2 = 3 for δ3 = δ1 + δ2, δ3

′  = δ3/Γ2 = 0
(dashed lines) and 0.15 (solid lines); λklk opt = π/2.

Fig. 2. The quantities η3(l4) as functions of given phase mismatch Δ′ =
Δ/2Γ2 calculated in the constant-intensity approximation for the optimal do-
main lengths; λklk opt = π/2; δ3 = δ1 + δ2, δ3

′  = 0 (1), 0.1 (2), and 0.25 (3).
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blue light with cascade generation of the third harmonic of the signal wave. The maximum energy of red light with
coherent domain lengths lj opt = 10.4 μm was 85 μJ. It was close to 17 μJ for lj opt = 52 μm for blue light. The analy-
sis showed that the radiation energy in the colors of the RGB-source fell by an average of 20% if absorption in the
domains was taken into account (δj/Γ1,2 = 0.15–0.20). It is noteworthy that the given radiation energies were not ob-
tained at the optimal pump intensity and phase mismatch in the crystal. Two nonlinear gratings with periodicities 27.6
and 15.2 μm in the crystal were used in the previous work [11]. The energy of blue light was 3.5 μJ; red, 1.8 μJ;
green, 1.7 μJ.

Thus, according to the published scheme [11], the masks used to form a section with the appropriate domain
structure can be altered using previous results [13] for each actual experiment (pump intensity, phase match, losses in
layers) in order to increase the power of green light. Theoretical predictions of the coherent layer lengths for genera-
tion of the second harmonic of the pump and signal waves (for n layers) can be used to select similar values and to
fabricate several pairs of masks for sections with small domain length fluctuations. Masks used to form the sections
can be prepared according to the values calculated herein to generate the sum-frequency for n layers also wih small
domain length fluctuations in order to incease the power in the red and blue light. Then, by preparing samples with
several pairs of periodicities in both sections, the values of which change little from the theoretically predicted one,
the best pair among them can be identified by direct experiments.

If the change of optimal domain lengths as a function of the change in the number of layers can be found
theoretically, as follows from an analysis in the constant-intensity approximation, then the power of RGB-sources can
be further increased. Use of the optimal pump intensity and phase mismatch between the interacting waves in addition
to coherent domain lengths would also increase the power of the output radiation in the three colors.

Conclusion. The developed analytical method for frequency shifts in an RDS can be applied to the analysis
of an intracavity parametric quasi-phase-matched interaction of optical waves. In particular, this enabled the power in
the colors of an RGB-source that are due to generation of a sum-frequency to be increased. Recommendations are
given for developing domain structures with the optimal parameters.
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