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Abstract

Monoalithic nonlinear crystal with two quasi-phase matched gratings designed for third or fourth harmonic generation is
investigated theoretically. The optimal lengths and the periods of the two quasi-phase matched gratings and aso the
temperature and wavelength acceptance are found. The efficiency of this double-grating frequency monolithic converter is
compared with the efficiency of the converter that uses nonlinear crystal with Fibonacci optical superlattices. © 2000

Published by Elsevier Science B.V. All rights reserved.

PACS: 42.65.Ky; 42.79.Nv; 42.70.Mp

1. Introduction

Efficient third and fourth harmonic generation is
usualy achieved by using tandem of birefringent
phase matched quadratic nonlinear crystal [1,2]. The
disadvantage of this method is that only limited
number of crystals allow birefringent phase match-
ing. It requires very precise crystal angular or tem-
perature alignment. Special alignment of the polar-
ization planes of the two crystals is necessary for
efficient tripling [2]. The efficiency of the process of
higher harmonic generation can be greatly increased
if instead of consequently situated crystals one can

* Corresponding author. E-mail: saltiel @phys.uni-sofia.bg

use single nonlinear crystal. The first suggestion
about phase-matched third-harmonic generation
(THG) in single x® nonlinear crystal can be found
in the book of Akhmanov and Khohlov [3]. Soon it
became clear that it is impossible to realize simulta-
neous birefringent phase matching for two processes
except for accidental input wavelengths and non-
collinear geometry [4,5]. The last few years the
interest towards possibility to generate higher order
harmonics in monolithic nonlinear element appeared
again. For example, recently a new approach that
uses Fibonacci type aperiodic quasi-phase matched
(QPM) gratings was successfully applied for achiev-
ing simultaneous phase matching for the processes of
second harmonic generation and sum freguency mix-
ing and as a result efficient THG in single LiTaO,
crystal [6,7]. An aternative approach for frequency
tripling and quadrupling that uses a single crystal
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QPM gratings was suggested in Ref. [8] and soon
realized in GaAs [9]. In the first grating it is gener-
ated second harmonic wave, in the second grating is
generated third harmonic wave by sum-frequency
mixing (o + 2w = 3w). In this first not optimized
attempt for construction single x® crystal fre-
quency tripler 0.66% peak power conversion effi-
ciency was achieved. Single periodically poled
lithium niobate crystal with two QPM gratings was
also employed to realize optical 1-to-3 frequency
division [10].

In the last two works it is suggested that the two
gratings have to have equal lengths. There is no
works considering the optimization of these kind
single pass double grating structures. For example it
isinteresting to define the optimal ratio of the lengths
of the two gratings. Such an optimization should lead
to increase of the efficiency of these types frequency
conversion devices. Additionaly there is no work
where the two single crystal approaches for THG
(Fibonacci grating and double-grating) have been
compared.

In this paper we investigate theoreticaly the pro-
cess of frequency tripling and quadrupling in double
grating QPM structure by using numerical tech-
niques and applying for the first time low depletion
approximation [11,12] for description of the cascade
second order frequency conversion processes. It is
found that the optimal grating length ratio depends
on the input intensity and the amount of the effective
second order susceptibility in each part of the crystal.
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(b)

Fig. 1. Schematic of a monolithic double-grating frequency con-
verter for third harmonic (a) and fourth harmonic (b) generation.
A,, Ay and A, are QPM grating periods.

The grating periods and the acceptance (temperature
and wavelength) for some nonlinear crystals are also
calculated. The comparison of the Fibonacci ap-
proach and the double grating approach is presented.

The idea of the double grating frequency tripling
and quadrupling is presented in Fig. 1(a) and Fig.
1(b). It is assumed that the QPM grating in the
leading part of the crystal is designed to support the
process of Type | second harmonic generation (SHG)
and the second part of the crystal is patterned for
phase matched THG (Fig. 1(a)) by the process of
sum frequency mixing 2w + w = 3w or forth har-
monic generation (Fig. 1(b)) by the process of fre-
quency doubling of the generated in the first part of
the crystal second harmonic wave 2w+ 2w = 4.
The second grating can be designed for first or
higher-order QPM.

2. Plane wave equation systems

Amplitude equations system that describe the pro-
cess of SHG in the first part of the crystal in
suggestion of lossless nonlinear media and plane
wave linear polarized input wave has the form

dA; _ .

rr —io AjAexp(—iAk,z), (1.1)
dA,

e —io, Afexp(iAk,z). (1.2)

The process of sum frequency generation 2w +
= 3w in the second part of the crystal is described

by:
dB,

o —i03ByByexp( —iAk;2), (2.1)
dB, .

- —io, BB/ exp(—iAk,y2), (22)
dB, .

- —i0yB,Byexp(iAksZ). (2.3)

In the second part of the crystal of the frequency
converter shown in Fig. 1(b) is generated fourth
harmonic wave. The QPM grating in this part of the
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crystal is constructed to phase match only the pro-
cess 2w+ 2w =4w. The equation system in this
caseis

dB, .

<o = -i0B; B,exp( —iAK,z), (31)
dB, .

i —iogBiexp(iAk,2). (3.2)

A, B, A,, B,, B;, B, are the complex ampli-
tudes for the fundamental (subindex 1), second (sub-
index 2), third (subindex 3), and fourth (subindex 4)
harmonic wave respectively They are connected to
the real amplitudes and phases by A; = a,expli¢)),
j=12and B;=bexpliy), j=1234. Phase mis-
match parameters are as follow: Ak, =k, — 2k, —
2mm /A,, AKk;=k;—k, -k —2m7m,/A; and
Ak, =k, — 2k, —2mm,/A,, where A, isthe QPM
grating period of the first part of the crystal A, and
A, are the QPM grating periods for the second part
of the crystal for the cases of third and fourth
harmonic generation, respectively.

Nonlinear coupling coefficients o; are propor-
tional to the d® value and depend on the order of
QPM grating used in any of the part of the crystal:

in the first part of the crystal

, 1 =12;

g =

( 2 )de(zzo’)
i

my /) AN j

in the second part of the crystal

2 2md®
O-j = N J = 31415
myT | Aj_,Nj_,
and
2 \2wd@
o= , ]=6,8.
My | A,N_y

The ratios between al o; depend on dispersion of
the nonlinear tensor component d® and the disper-
sion of the index of refraction n. The dispersion

effect of d® is described by the well known Miller
rule [13]. As aresult we have

o,=Tf,00; og="T5o(Mm,/m,); o,=2f,03;
05 = 3f305; 05=2f,fs00(Mm,/m,);

oy = (fs/13) 06,

where

a2 ni-1

3w

f=n/n, j=234; f-= = ;
i WALTE 5 42 -1

42 (- 1)(n- 1)

©dg (1)

For the cases when the dispersion effects can be
neglected al f; = 1.

The terms that are responsible for the other sec-
ond and third order interactions are omitted. These
terms are neglected because they are inefficient due
to very high value of the corresponding wave vector
mismatches.

There are two possible approaches for exact solu-
tion of systems (1)—(3): (i) direct numerical integra-
tion; and (ii) analytical formulae expressed in Jacobi
dliptic functions and integrals. The use of such kind
of analytical formulae is rather difficult since the
eliptic sinus and the dliptic integral of the third kind
have to be evaluated by complicated numerical cal-
culations. Direct numerical integration is the most
popular exact method for investigation of frequency
conversion processes. In the same time for prelimi-
nary estimation purposes there is a need of approxi-
mate analytical formulas that can be used for fast
evaluation of the efficiency of the frequency conver-
sion processes. In this paper we apply for the first
time approach ‘ Low depletion approximation’ (LDA)
for description of the second-order frequency con-
version processes. LDA was used for the first time
for description of x©®:x® cascade processes in
centrosymmetric media[11,12]. LDA has advantages
with respect to the known fixed amplitude approxi-
mation [14] and fixed intensity approximation (see
Ref. [2] and the references therein). LDA is the only
approximate method that describes the depletion of
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the fundamental waves that is very important when
one has to obtain analytical formulas for cascade
frequency conversion processes as in our case. Addi-
tional argument for using the LDA approach is that it
is the only approach that gives correct approximate
formulas for the phase shift of the interacting waves.
The details of the derivation of the analytical
formulae with LDA are presented in the Appendix.

3. Third and fourth harmonic efficiency

Third harmonic efficiency n,,, = |bs/a,,|* for the
device shown in Fig. 1(a@) a not very big input
intensity, as found with LDA (see the Appendix) is
given by the following expression:

Moo = (050288 L, L) [1— (010,83 13)

X sinc?(Q, L) ]sinc?(Q,L;)sinc?(QsL,),

(4)
where
Q2=20,0,a2, + AKZ/4, (5.1)
Qi = 04058, + 0, 05( 030, — g,07) A L
xsinc?(Q,L,) + AT§ (5.2)

Eqg. (4) dlows to find the efficiency of the THG
process and the optimal relative length of the two
grating for not so big input intensity that correspond
to o,a,)L < 1.2. As a guide we would like to note
that o,a,,L = 1.2 corresponds to input intensities
equal to 0.4, 15, 12.7 and 4 MW /cm? for GaAs,
KTP, LiTaO;, LiNbO;, respectively. For higher in-
put intensities the efficiency of THG can be calcu-
lated by direct integration of system (1) and (2). For
the numerical evaluation with the analytical formulae
and the numerical integration of systems (1), (2) and
(3) performed in this work we assumed that the
ratios between al o; correspond to an experiment
with A; =155 pum in one of the crystas KTP,
LiNbO; or LiTaO;. The values of f; used in this
work (f,, fs, f,, f5, fs)=(0.98, 0.96, 0.91, 1.12,
1.31) does not deviate from the exact values of f; for
any of the considered crystals with more than 1%
(only for fg the deviation is 3%).

The validity of Eq. (4) is found by direct compari-
son with the results obtained from exact numerical
integration of systems (1) and (2). In Fig. 2(a) is
shown the dependence of n,, as a function of the
normalized length of the first grating L,/L in case
of exact phase matching for both interactions. It is
seen that LDA can be applied for fundamental input
amplitudes up to o,a,,L = 1.2. For these input lev-
els (when m;:m, =1:1) the conversion into third
harmonic is close to 40%, that is bigger than most of
the published experimental results.

The dependencies shown in Fig. 2(a) and Fig.
2(b) plotted for exact phase matched conditions show
that the optimal relative lengths of the two gratings
depend not only on the magnitude of the input
fundamental field but also on the order of the QPM
gratings. When the two QPM gratings of the fre-
quency tripler are with one and the same order and
the normalized input amplitude o,a,,L is not too
high the optimal length of the first grating is ~ 0.54
(i.e. the two grating have approximately the same
lengths) and remains the same for these magnitudes
of the input fundamental field. If, however, the ratio
of the orders of the two gratings is m;:m, = 1:3 the
optimal length of the gratings strongly depends on
the magnitude of the input fundamental field. The
higher is the input field the shorter should be the first
grating. It is clear that the optimization of the length
of the gratings is particularly important when the two
QPM gratings are not the same order. In this case the
optimization of the length of the gratings can double
the conversion efficiency with respect to the case of
equal length gratings i.e. the efficiency that corre-
spondsto L, /L = 0.5 (see dso Fig. 5).

Fig. 2(c) shows the dependence of third harmonic
efficiency at higher values of normalized input am-
plitude (o;a,,L > 1.5). At this power level the de-
pendence of n,, on the relative length of the first
grating is more complicated and has two maxima.
The optimal relative length of the first grating is
reducing with the increase of the fundamental field
amplitude. This behavior can be explained by noting
that the process of THG in the second part of the
crystal require optimal ratio for the amplitudes of the
fundamental and the second harmonic field. So, at
higher values of the input amplitude, the first grating
should be shorter in order to prevent strong depleting
of the fundamental wave.
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Fig. 2. Third harmonic efficiency against the relative length of the
grating for SHG calculated for the case of exact phase matching
for both interactions. The parameter is o,8,4L, the normalized
input amplitude: (@) both parts of the crysta are patterned with |
order QPM gratings. The solid line corresponds to the numerical
solution of system (1) and (2); the dotted line represents the
approximate solution obtained by LDA approach, Eq. (4); (b) the
first parts of the crystal is patterned with | order QPM grating, the
second one with 11l order QPM grating; the dashed line connects
the maxima of the curves; and (¢) the same as (a), but for
oya0L > 15.

Fourth harmonic efficiency of the converter shown
in Fig. 1(b) can be calculated with the use of follow-
ing approximate analytical formula

b}
My = a]z_0
2. .
= (0'22‘746\%0 L, L21) sinc*(Q,L,)sinc®(Q,L,),
(6)
where

Qj = 2(ofo,05a5,L7)siNc?(Q, L, ) + AkZ /4.

The range of the validity of approximation (6) is
the same as in the case of THG, o,8,,L < 1.2. For
higher input values we used exact numerical solution
of systems (1) and (3). The result of the calculated
conversion into fourth harmonic as a function of the
relative length of the first grating is shown in Fig.
3(a) and Fig. 3(b). The behavior is the same as for
the case of third harmonic generation: constant opti-
mal ratio for the two gratings when m;:m, = 1:1 and
reduction of the ratio L, /L when m;:m, = 1:3. It is
important to note that, when the two QPM gratings
are the same order, the optimal ratio L,/L is 0.6
and, as it is seen from Fig. 3(c), remains approxi-
mately the same at higher values for the fundamental
field. This is in contrast with the behavior of the
same dependencies in the case of THG (see Fig.
2(0)).

It is interesting to define if such double-grating
converters can be used with tunable lasers, to deter-
mine their wavelength and temperature acceptance.
For this reason we investigated the conversion effi-
ciency into third harmonic for two converters made
from LiTaO; and LiNbO, (with parameters given in
Table 1) as a function of the input wavelength and
the temperature.

Fig. 4 shows the conversion efficiency into third
harmonic when the fundamental frequency and the
temperature are both deviated from the point of
maximum conversion (A,,T,). The calculations were
made for the fixed normalized input amplitude
0,3;,L = 1.4 and the ratio between the length of the
two gratings L,/L = 1.083. The wave vector mis-
match parameters Ak, and Ak, were calculated
with the temperature dependent Selmier equations
taken from Ref. [16] for LiNbO, and from Ref. [15]
for LiTaO,.
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Fig. 3. Fourth harmonic efficiency against the relative length of
the grating for SHG as obtained by numerical solution of the
systems (1) and (3) in the case of exact phase matching for both
interactions. The parameter is o, a,4L, the normalized input fun-
damental amplitude. The dashed line connects the maxima of the
curves: (a) both parts of the crystal are patterned with | order
QPM gratings; (b) the first parts of the crystal is patterned with |
order QPM grating, the second one with 111 order QPM grating;
and (c) the same as (a), but for o;a,0L > 2.

As can be seen from the figures, LiTaO; is
suitable for tripling the frequency of tunable pump-
ing sources. One double-grating structure with fixed
periods in both parts can be used to convert into
third harmonic in wavelength region wide as much
as 50 nm. In order to keep the phase matching
conditions satisfied, the increase of the pumping
wavelength require increase of the temperature. Sin-
gle double-grating structure made on the base of
LiNbO; crystal can be used in wavelength region
wide 16 nm, that is three times less than in LiTaO;.
The insets in the figures illustrate the magnitude of
the temperature and wavelength acceptance of the
converters designed with the parameters listed in
Table 1. As seen the calculated temperature and
wavelength tolerances (AX = 1.5 and AT = 10° for
LiTaO; and Ax=1.1 nm and AT = 9° for LiNbO,)
are easy to satisfy in comparison with the tolerance
of the angle phase matched converters.

The dependence of the conversion coefficient n;,,
on the input power is shown in Fig. 5. The calcula
tions are done for LiTaO; as nonlinear media of the
double-grating frequency converter. For comparison
on the same graph is shown the efficiency when
Fibonacci grating is employed. As we discussed in
the introduction, nonlinear element with Fibonacci
grating is an alternative approach for generation of
third or fourth harmonic in single nonlinear crystal
[6,7]. Fibonacci QPM grating is constructed from
two blocks A and B. Each block consists two layers:
the first one has y® with positive sign and the
second one has x® with negative sign. The consec-
utive disposition of the blocks follows the rule § =
S-1/§-2:] =3, where S, = A, S,=AB. The curve
shown in Fig. 5 is calculated for the LiTaO,; sample
discussed in the publication [6,7] by numerical solu-
tion of the equations [3,17]:

dB, .

— = —jio,B,B; —i0,B,B;, (7.1)
dz

a8, o

E= —|20'3B3Bl —IO'lBl, (72)
dB, )

E= —|30'3BlBZ. (73)

For the calculation with system (7) following values
for the nonlinear coupling coefficients were adopted
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Table 1
Parameters for the calculations presented in Fig. 4
Crystal Ay (um) T, O m,:m, A, (pm) Ag (pm) d? (pm/V) P, (MW /cm?)
LiTaO3 1.55 150 11 20.238 7.636 152 17.3
LiNbO3 155 100 11 18.97 6.806 27° 53
®Ref. [15].
"Ref. [2].

o,=05460,, and o;=0,/3 [6,7]. The curves
representing three different double-grating structures
are calculated by solving systems (1) and (2).

As can be seen from Fig. 5 the optimization of the
ratio of the length of the gratings is very important

Temperature(°C)

200 LAT:gO

150

100

Temperature("C)

50

W avelength Deviation (nm)

Fig. 4. Third harmonic efficiency of a monolithic double-grating
frequency converter made from LiTaO; crystal (a) and LiNbOg
crystal (b) as a function of the temperature and the deviation
A=Ay o from the central wavelength A; o = 1.55 wm. The normal-
ized input intensity is oya,0L =1.4. The length of the crystal
L =1 cm. The other parameters are given in Table 1. The insets
illustrate the temperature and the wavelength acceptance.

factor for the double-grating elements with different
orders QPM in both part of the crystal (compare the
dotted and dash—dotted lines that are for ratios L, /L
=05 and L,/L = 0.3, respectively. Fig. 5 demon-
strates also that the generation of third harmonic in
double-grating structures is more efficient than with
crystals with Fibonacci gratings. This result does not
support the conclusion presented in Ref. [6] that the
‘Fibonacci’ method for single crystal THG is almost
one order of magnitude more efficient than the dou-
ble grating frequency converter.

4. QPM gratings for LiNbO,, LiTaO,4, KTP and
GaAs

In this section we present the grating periods for
four different crystals. The formulafor the dispersion

0.9 T T T T T T T
0.8 1

071 PR 3
061 2 -
05+ i m-~

N30

04+ ", -

03F . .. E

01H 7 ]

0.0 U< ) ) L L \ L
0 20 40 60 80 100 120 140 160

Intensity (MW/cmZ)

Fig. 5. Comparison of the third harmonic efficiency of three
monolithic devices made from LiTaO; crystal with length L=1
cm for the case of exact phase matching for both interactions.
Solid line: double-grating element with m;=1, m,=1 and
L, /L =0.54. Dotted line: double-grating element with m, =1,
m, =3 and L, /L=0.5 Dash-dotted line: double-grating ele-
ment with m; =1, m, =3 and L, /L = 0.3. Dashed line: nonlin-
ear crystal patterned with Fibonacci optical superlattices [6,7].
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of the index of refraction are taken as follow: for
LiNbO, from Ref. [16], for LiTaO, from Ref. [15],
for KTP from Ref. [2], and for GaAs from Ref. [18].
The input polarization is dong z axis for all crystals
with exception for the GaAs for which the input
polarization has [111] direction. Fig. 6(a)—(d) shows
the dependence of grating periods A,, A; and A,,
respectively, for second harmonic, third harmonic
and fourth harmonic generation, as a function of the
input wavelength A,.

With the contemporary level of the technique of
production of QPM gratings it is very difficult grat-
ings with periods below 4 wm to be achieved. For
the input wavelengths for which the first order QPM
grating is below 4 pm, third order QPM grating
should be used. However, as it was shown in part 111,

Y. Deyanova et al. / Optics Communications 178 (2000) 437—-447

the use of third order QPM grating in the second part
of the crystal will lead to lower conversion into third
harmonic for one and the same input power. But by
choosing the optimal ratio of the grating lengths the
reduction of the conversion efficiency can be par-
tially compensated. The periods of third order of
QPM gratings that allow phase matching of the
processes2w + w= 3w and 2w + 2w = 4w are dso
shown in Fig. 6(a)-Fig. 6(d).

For certain fundamental wavelengths the two grat-
ings of the devices shown in Fig. 1 have one and the
same period (i.e. A,=A; or A,=A,). At these
points the two processes are simultaneously phase
matched in the whole crystal. Such double-phase
matched schemes can be used not only for obtaining
efficient third and fourth harmonic generation, but

100 F T T T T T T

Grating Periods (um)

s

P . Ay(my=1) 3
S - Ay(my=)
P : ———— Ay(my=3)
...... A4(m2=1)
;i T Ay (my=3)
05 10 15 20 25 30 35 40
7\.1(},lm)
(c)
100 F T T T S s
KTP o -

) Ay(my=1)
i T Aglmp=l)
o ——— As(my=3)
Ay(m,=1)
B Ay(my=3)

Grating Periods (1m)

2.0 2.5 3.0 35

7"1 (um)

1.5 4.0

100 F T T T T y -3

. Ay(my=1) ]
{.'. E - -t - A3(m2=1)
3 . ——— A3(m2=3)
Ay(my=1)
———— A4(m2=3)

3.0

35 4.0

ot f ST A
SV e Ag(my=3)
fi / ...... A4(m2:1)
.' L{: - ————— A4(m2:3)
1 . 1 1 1 1 1
2 4 6 8 10 12 14

7\'1 (um)

Fig. 6. QPM grating periods A,, A3 and A, for the processes second harmonic of the fundamental frequency w + w = 2w, sum frequency
mixing o + 2w = 3w, and frequency doubling of the second harmonic radiation 2w + 2w = 4w respectively: (&) LiTaOg; (b) LiNbO;; (c)

KTP; and (d) GaAs.
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also for obtaining large nonlinear phase shift [17,19],
polarization switching [20] and multidimensional
solitary waves [21,22].

5. Conclusion

The optimal conditions for third and fourth har-
monic generation in nonlinear crystals with double-
grating QPM patterns was investigated theoretically.
It is found the optimal length of the two gratings. At
relatively low input power the output parameters of
this types of the frequency converters can be cor-
rectly described by the analytical formula obtained in
the frame of the low depletion approximation. It is
shown that this double grating frequency tripler is
more efficient than the method of frequency tripling
in crystals with Fibonacci gratings. We believe that
the results obtained in this work will alow to con-
struct compact diode pumped frequency converters.
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Appendix A

The aim of this Appendix is to outline the deriva-
tion of the analytical formula for description of the
double-grating frequency converters. For this pur-
pose we extend recently introduced in Refs. [11,12]
low depletion approximation (LDA) by applying this
approach for description of such second-order pro-
cesses as second harmonic generation and sum fre-
guency mixing.

A.l. SHG in the first part of the crystal

First of al let us apply the LDA to the case of
second harmonic generation. System (1) can be

rewritten for the real amplitudes and phases of the
interacting waves:

da, )
a7 g,8,,8Nd,, (A1.1)
da, 2.
a9z —o0,a;9nd, (A1.2)
de,
P —0,8,c08P,, (A1.3)
de, af
— = —0g,—C0sP,, AlA4
dz g, a, 1 ( )
where
D=9, — 29, —Akyz.
The two invariants of system (4) are:
g, 0,
&+ —as=al,+ —aj = U?, (A2)
g. g.

2 2

Jo, a2a,cosP, + Ak, 0,85 /20 0, =T,  (A3)

where a;, are the input amplitude for the interacting
wave. In case of no second harmonic seeding I'=0
and u? = aZ,.

Expressing sin® from (A3) and substituting in
(A1.2) we obtain

da3 a,\2 Q3% a,\* a, \°
2 L 0;(_2) __;(_2) mz(_Z) . (A%
dz a0 aj \ o 0

where

Ak3
Q5 =20,0,85 + 2
For relatively low conversion the term (a,/a,,)®
can be neglected and integration of (A4) leads to:

a, = (0@ Ly )sinc(Q, L), (A5.1)

a = alo\/l — (oy085,L5)sinc’(Q,L,) . (A5.2)
The output phases ¢, and ¢, for the fundamental
and second harmonic wave at the interface between
the two gratings are obtained by integration of (A1.3)
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and (A1.4)
Ak,L; oy
e1(Ly) = @10~ 2 —
g3
Ak, oy atan[1—2M,tan(Q,L,)]
+ — :
2 o, Q,/1-2M,
(A6.1)
Ak, L,
¢ (Ly) = 5 (A6.2)
where
1 o7ad,
My=2—~ -
2 Q3

The expressions (A5.1) and (A5.2) describe second
harmonic amplitude and the fundamental wave am-
plitude as a function of the input field, length of the
grating and the wave vector mismatch. It is interest-
ing to note that Eq. (A6.1) describes the stepwise
behaviour of the fundamental wave nonlinear phase
shift as a function of the input field and the length of
the media

The amplitudes and phases a,(L,), ¢(L,), (j=
1,2) will be used as input waves for the caculation
third (fourth) harmonic efficiency in the second part
of the crystal.

A.2. Sum frequency generation in the second part of
the crystal

System (2) when written separately for the ampli-
tudes and the phases of the interacting waves has the
form:

% = g3bsh,siny, (A7.1)
% = ag,bsb;sinyg, (A7.2)
% = —agb,b,siny, (A7.3)
% = — 0y b;ljz cosis, (A7.4)
% = —a'4bl3)—t2)1008(,[f, (A7.5)
% = —o'sbl:;—z)ZCOSlﬁ, (A7.6)

where ¢ = ; — ¢, — ¥, — Akyz. The invariants of
system (7) in the case of no third harmonic wave at
the entrance of the second part of the crystal are;

2 2 _ 2
o5b] + o,b5 = o587,

osb3 + o, bs = o83, (A8.1)

Ak,
b, b, bscosyy + — b3 =0,

A8.2
20, (A8.2)

where a, and a, are output amplitudes for the
fundamental and second harmonic wave at the end of
the first part of the crystal.

After integration of (A7.1)—(A7.3) we obtain for
the amplitude of the fundamental, second and third
harmonic wave at the output of the crystal

o,
by(L,) = asalazsin(Qs L,), (A9.1)
3
bf(L,) = af(1— oy05a5L5sinc?(QsL,)),
(A9.2)

b3(L,) = a5(1— o,05a7L58nc?(Q;L,)), (A9.3)
where
AK3

Q§ = afa;,a's + a%a'3a'5 + e

Combining ((A9.1)—(A9.3)) and (A5.1), (A5.2) is
obtained the Eq. (4) for the efficiency of the THG
process.

A.3. Fourth harmonic generation in the second part
of the crystal

Performing the same transformations as in part
A.1 we obtain for the amplitudes of the second and
fourth harmonic wave at the output of the second
part of the crystal:

bo(Ly,) = ay/1— ogo,83L3sinc?(Q,L,)  (A10.1)
b,(L,) = 0585 L,sinc(Q,L,),

where

(A10.2)
AKZ
Qi=20,0,85+ —

Eqg. (6) is obtained by combining expressions
(A10.1)—-(A10.2) and (A5.1).
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