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The tuning curves, angular and spectral phase-matching widths are calculated for all possible
kinds of OPG in the principal planes of biaxial KTP crystal with Nd:YAG laser pumping at 1.064
1 wavelength. The plots presented enable the maximal nonmonochromaticity and radiation diver-
gence to be found for any value of the signal wave and different interaction types. A particular
emphasis has been placed on the OPG investigation under the noncritical phase-matching condi-
tions of the type II along x and y crystallographic axes. The effective nonlinear coefficients as a
function of phase-matching angles are calculated in the KTP principal planes.
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1 Introduction

Considerable recent attention has been focused on
the utilization of nonlinear potassium titanyl phos-
phate (KTP) crystal for optical parametric genera-
tion (OPG). The KTP crystal features suitable tun-
ing parameters in infrared and visible wavelength
ranges (0.3 + 4.5) um and as reported in [1, 2] has
found extensive applications as an eye-safe radia-
tion source. It also exhibits a large value of optical
nonlinearity (higher than BBO and LBO crystals),
relatively high nonlinear coefficients, broad spec-
tral, angular and temperature band-widths, high
optical damage threshold [3, 4] and mechanical as
well as chemical stability. As was reported in
[5, 6, 7, 8] the OPG-based radiation conversion was
obtained in the laser-pumped KTP crystal at wave-
lengths 532 nm, 527 nm and (720 <+ 850) nm, re-
spectively. A particular attention was focused on
the OPG for Nd:YAG laser radiation (1.064 pm)
conversion to the eye-safe range (1.5 + 1.8) pm
[1, 2,9, 10, 11, 12, 13, 4]. However, the tuning fea-
tures for different types of interaction in KTP crys-

tal at Nd:YAG laser pumping have not been com-
pletely investigated. Information on spectral and
angular phase-matching widths in all possible tun-
ing ranges in an explicit form is practically unavail-
able. At the same time these data are extremely
necessary for the creation of highly efficient tunable
frequency converters, especially in the eye-safe sig-
nal wavelength range. Together with medical as-
pects of the problem, an interest to the eye-safe
laser sources is stimulated by their applications in
range finders, lidar systems for environmental mon-
itoring, wind velocity gages, etc. In this paper we
present the results of the investigation of parametric
conversion in the principal planes of Nd:YAG laser
pumped KTP crystal. The expressions for calcula-
tion of phase-matching characteristics for all possi-
ble kinds of interactions of the II type are given.
The comprehensive analysis of tuning curves to-
gether with angular and spectral phase-matching
widths are carried out. The effective nonlinear co-
efficients are calculated as well.
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2 Tuning dependencies for differ-
ent types of parametric conver-
sion

The KTP crystal is a positive biaxial crystal of the
mm?2 point symmetry group [3]. The refractive in-
dices n4 of two isonormal linear-polarized waves
propagating in an arbitrary direction determined
by the unit vector n(ni,n2,n3) of wave normal are
given by [14]

nf:52‘1+%(51‘1—52‘1) X
[[ncl][ncz] + ([ncl]Q[nCQ]z)é] . (1)

In this equation the elements of the dielectric tensor
g; expressed in the principal crystallographic axes
satisfy the following condition &1 < g9 < 3. There-
fore optical axes determined by the unit vectors c;
and co lie in the x-z principal plane under the fol-
lowing angle to z-axis:

1
—1 -1732
€5 —¢€
V., = arctan l%l] .

&3l —e!

It is convenient to express the wave normal vec-
tor components through the polar ¢ angle and az-
imuth ¢ angles in the spherical coordinates: n; =
sin @ cos ¢, no = sinfsin p, n3 = cosb.

Then we can rewrite the expression (1) in the
following form

ni:\/i{cH—Aj:(bQ—QbB%—AQ)%} ,(2)

where a = N;2+ N2, A= (Ny_2—N_2) cos? ) —

z
(N;Q —Ny’Q) sinfcos?p, b= N;2 -~ N;2 B =
(Ny*2 - N;Z) cos?  + (N;Q — NJQ) sin? 6 cos? o,
N, < N, < N, are the principal indices of refrac-
tion.

A general approach for calculating of the phase-
matching angles in biaxial crystals is provided in
[15]. The peculiarities of phase-matching calcula-
tions are described in [16, 17] . Expressions for
phase-matching angles in the principal planes of bi-

axial crystal are similar to those for the uniaxial
crystal [18, 19].

Let us consider the collinear parametric inter-
action of pump (ws, ks3), signal (w1,k1) and idler
(wa, ka) waves in the principal planes of biaxial KTP
crystal. Hereafter it is assumed that w3 > w1 > ws.
The frequencies and wavenumbers are determined
by the laws of energy and momentum conservation

w3 =wi +wa, ks =k +ks. (3)

Equations (3) could be rearranged with the help of
refractive indices n(w) [20]

w1 [n(w;z,) - n(wl)]—l—wg [n(LU3) — n(WQ)] = 0(4)

As far as interacting waves propagate in the prin-
cipal plane of biaxial crystal, their refractive in-
dices are analogous to those of the ordinary wave
(n,) and extraordinary wave (n.) in uniaxial crystal.
Taking this similarity into consideration we would
mark, in much the same way as in the paper [21],
the wave polarized perpendicularly to the principal
plane of the crystal by o index and by e index with
parallel polarization. If inequality ne(w) < mno(w)
takes place in the principal planes of biaxial crys-
tal, one could fit such conditions for the extraordi-
nary pump wave to satisfy the equation (4). Usually
two types of collinear phase-matching are consid-
ered. For the interaction of type I generated signal
and idler waves have the same polarization and for
the interaction of type II the polarizations of con-
verted waves are opposite [20]. Thus e3 — o0jes and
e3 — €109 phase-matching is possible for the II type
of interaction in a negative crystal. In the principal
plane of biaxial crystal, where n,(w) < ne(w) rela-
tionship is fulfilled, the condition (4) is valid for the
ordinary pump wave as well. Therefore es — o1eo
and e3 — ej09 phase-matching is possible for the II
type of interaction in a positive crystal.

Let us investigate further tuning dependencies
for collinear OPG, when the pump wave (A3 =
1.064 pm) propagates alternately in these princi-
pal planes. In this case we consider only II type
of interaction, as for interaction of type I effective
coefficients defy =~ 0 [16].

2.1 Phase-matching directions in the x-z
plane of KTP crystal
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Expressions for waves refractive indices in the x-z
plane result from equation (2), if the azimuth angle
is set to zero (¢ = 0):

ne = Ny,

_1
ne (0) = (NZ_2 sin® 0 + N, 2 cos? (9) 2 (5)

Then the refractive index n, for the ordinary wave
polarized perpendicularly to the given plane (along
the y-axis) is constant, while for the extraordinary
wave polarized in the x-z plane, the refractive index
ne (0) varies from N, to N, at variations of the 6
angle from 0° to 90°. The KTP crystal is similar to
a negative uniaxial crystal at 0 < 8 < V,, and at
V, <0 <90° - to a positive uniaxial crystal. Here-
after we consider tuning dependencies at 6 >V, as
for the type II interaction in the x-z plane, desy ~ 0
and the angle V, &~ 18°. The above described phase-
matching conditions in this case are fulfilled for the
type II interactions e3 — o1es and ez — e102, when
the pump wave is an ordinary wave with y-axis po-
larization.

For the o3 — o01e2 type of interaction, when the
o- pump wave is converted into o-signal and e-idler
wave, the phase-matching conditions (3) may be
written as

Ny3 _ Nyl + Ne2 ((9)
A3 A1 Ay
A2 = AiA3/ (A1 — A3), (6)

where Nm' = Nx ()\z) y Nyi = Ny ()\z) s Nzi = Nz ()\z)
and ne;=ne (\;) are the values of refraction indices
at the wavelength A = \;,i = (1,2, 3).

The tuning curves calculated with the help of (5,
6) are plotted in Figure 1 (solid and dashed curves
1). The calculations were carried out using Sell-
meier equations

—1
NP =4, +B; (1-CA72) = D2, (1)

where the equation coefficients are published in [3] .
It can be seen from Figure 1 that by varying 6 one
can receive the relatively wide tuning ranges for the
signal and idler waves for o3 — 01e2 phase-matching
at the x-z plane. The tuning curves intersect each

other at 6§ = 52°, i.e. a degenerate OPG with A\ =
Ao = 2.1 pm exists at this angle. In the vicinity of
0 = 44° a noncritical phase-matching is observed.
It is convenient to make use of this feature for the
parametric generation of short (picosecond) pulses
in the vicinity of 1.5 ym and 3 pm.

The phase-matching condition for the es — o1eo
parametric conversion process in the x-z plane takes
the form

Nyg _ Nel (9) + Nyg
)\3 )\1 )\2 '
Tuning dependencies calculated with the help of the

equation (8) are practically identical to those plot-
ted in Figure 1 (curves 1).

(8)

2.2 Tuning curves in the x-y plane of
KTP crystal

The polar angle § = 7/2 in the x-y plane and it
follows from (2) that

Ne = Nza

1
ne (@) = (]\7‘,;2 sin? ¢ + N;Z cos? cp) 2 . (9)
Thus, the refractive index n, of the ordinary wave
polarized along the z-axis is constant, while the re-
fractive index ne () of the extraordinary wave po-
larized in the x-y plane varies from N, to N, at
variations of the ¢ angle from 0° to 90°. It fol-
lows, that KTP crystal in the x-y plane is similar to
a negative uniaxial crystal. For this reason phase-
matching conditions in the x-y plane are fulfilled for
type II interactions, provided that the pump wave
is an extraordinary wave: ez — ej02 and es — o1€e2.
For e3 — €109 interaction, the equation (3) is writ-
ten as
nes () _ MNel () | Nao

— . 1
s N (10)

The tuning curves resulted from (9, 10) and Sell-
meier equations (8) are shown in Figure 1 (solid
and dashed curves 2). It is evident, that variations
of the azimuth angle ¢ in the x-y plane give the
much less tuning range of the converted waves than
that in the x-z plane (curves 1) That can be at-
tributed to a relatively small double beam refraction
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in the x-y plane (in comparison to the x-z plane)
to compensate for dispersion in a wide spectral re-
gion. The calculations have shown that the tuning
curves for another possible interaction in the x-y
plane e3 — o01eo are identical to those plotted in
Figure 1( curves 2).

55¢ .
signal wave
Sop idler wave
45¢
T 40F
=
= 35 -
2 3.0F /
i)
© 25F
g 2 3
s 20¢F
15F N
10 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90
phase-matching angle (deg)
FIG. 1. Tuning curves for OPG in KTP crystal at

Nd:YAG (A = 1.064 pm) laser pumping: 1- e3 — o1ea
interaction in the x-z plane, 2- e3 — ejo09 interaction in
the x-y plane, 3 -e5 — €102, y-z plane.

2.3 Tuning curves in the y-z plane of
KTP crystal

Assuming in (2) that 8 = 7/2, we get two type of
waves propagating in the y-z plane of KTP crystal
with refractive indices

no = Ny,

_1
ne (0) = (NZ_2 sin? 6 + Ny_2 cos? 9) /2. (11)

Considering that the biaxial KTP crystal in the
y-z plane is similar to a positive uniaxial crystal,
the phase-matching for type II interaction will be
achieved only for the ordinary pump wave polarized
along the x-axis. We consider here the most inter-
esting type of phase-matching 03 — ej02, which has
been utilized in the case of y-cut KTP crystal for
Nd:YAG laser radiation conversion in the eye-safe
range. Equations (3) for o3 — e109 phase-matching
in the y-z plane of KTP crystal take the following

form

N.Z’3 el (9) NJ:Q
= . 12
A3 Al * Ao (12)

The tuning curves calculated with the help of (11,
12) and Sellmeier equations (8) are plotted in Figure
1 (solid and dashed curves 3). It could be seen that
by varying 6 angle one can get the relatively wide
(as in the case of x-z plane) tuning range for signal e-
wave and for idler o-wave. A degenerate parametric
conversion with \; = Ao = 2.1 um is achieved at
0 ~ 43°. At 6 =~ 36° noncritical phase-matching
for a wide wavelength region also exists, which is
suitable for parametric picosecond pulse generation
in the middle part of infrared region.

3 Phase- matching angular width
and pump divergence
requirements

A significant point in providing efficient parametric
conversion is that the pump wave divergence should
not exceed the phase-matching angle width [22]. A
deviation from the phase-matching angle 660 = 6 —
0. for certain interaction type gives rise to a phase
mismatch

Ak = Ak(0)+
2

The phase mismatch value Ak for three-wave para-
metric conversion is determined via refractive in-
dices n; and wavelengths A; of the interacting waves
[20]

Double radiation power reduction for signal wave
takes place at phase mismatch Ak = 0.8867/L. Re-
quired phase-matching angle deviation according to
(14) could be found from the following quadratic
equation

(60)% + 2p (60) — ¢ = 0, (15)
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with the coefficients p = ajag, ¢ = 0.886/asL, and
a = (2m) "t O(Ak) /00 and
ay = (2m) "t 92(Ak) /062

3.1 Phase-matching angular width in
the case of noncritical phase-matching

Noncritical phase-matching (NPM) for collinear
OPG along x and y principal axes of KTP crystal
exists in the case when the first derivative 9(Ak)/06
in (13) vanishes. The NPM is a very attracting
phenomenon due to the absence of energy walk-
off, extremal d.s; and considerable phase-matching
angle width. The phase-matching angular width
AOVL = 260+/L for the NPM is determined ac-
cording to (15) by the following expression [23]

,1/2
AOVL = 2v/1.772 (82552]“)) : (16)

On the basis of (16) one can get expressions for cal-
culating of the angular phase-matching widths for
x- and y-cut KTP crystal.

3.1a Acceptance pump divergence )\, =
1.064 pm for the x-cut KTP crystal

For the x-cut KTP crystal (¢ = 0°, 6 = 90°) the
pump (A3 = 1.064 pm) and signal (A\; = 1.57 pm)
waves are polarized along y-axis and the idler (Ay =
3.29 um) wave possesses z-axis polarization. The
acceptance pump divergence for such OPG type in
the xz-plane is determined by the angular width
of the o3 — o01es interaction, which, in accordance
with (16), is equal to

N, 9 N2 _%
A,V = 21/0.886 [ z ( 2 _ 1)] (17)

Quite similarly the acceptance pump divergence in
the xy-plane is determined by the angular width of
the es — ej09 interaction

Ap, VL = 21/0.886 %

Ny [Ny Nys (Nys -
Ly (Tl L .(18)

From (17) and (18) we obtain the following numeri-
cal values of angular acceptance pump divergence

N

for the x-cut KTP crystal of L = 1 cm length:
Af, = 84 mrad in the xz-plane and Ay, = 260
mrad in the xy-plane.

3.1b Acceptance pump divergence (), =
1.064 pm) for the y-cut KTP crystal

For the y-cut KTP crystal (¢ = 90°, 8 = 90°) the
pump (A3 = 1.064 pm) and idler (A2 = 3.54 pm)
waves are polarized along x-axis and the signal
(A = 1.52 um) wave possesses z-axis polarization.
The acceptance pump divergence for such OPG type
in the yz-plane is determined by the angular width
Aﬂy\/f of the o3 — ej09 interaction

NI

N1 Nz21 -
A0,VL = 21/0.886 L1 (19)
A\ N2

Similarly to the previous case, the acceptance
pump divergence in the xy-plane is determined by
the angular width AG@E of the es — o01es inter-
action phase-matching, which, in accordance with
(16) is equal to

Apy V'L = 21/0.886x

1
N, N? N, NZL\| 2
Y ppa .(20)
A3 Njs Ao N
From (19) and (20) we find the following numeri-
cal estimations of acceptance angular divergence of
Nd:YAG laser radiation for the y-cut KTP crystal

of 1 cm length: Af, = 56 mrad in the xy-plane and
Ay, = 183 mrad in the yz-plane.

3.2 Phase-matching angular width in
the principal planes of KTP crystal

In the case when deviations from x- and y-axis
take place, the major contribution to phase mis-
match (13) comes from the term linear in 66 and
the angular phase-matching width AOVL = 260V L
is determined from (15)

AOL = 0.886/|a]. (21)

Let us write the explicit formula for the a; coeffi-
cient entering (21), as it is necessary for the calcu-
lating of the acceptance pump divergence of three

Nonlinear Phenomena in Complex Systems Vol. 3, No. 1, 2000



46 V.N. Belyi et al.: Performance of the Optical Parametric Generation ...

most efficient collinear OPG types in the principal
planes of KTP crystal.

a) For the xz-plane (¢ = 0°) 03 — o1e2 paramet-
ric conversion:

a1 = Vea /Ao,
Voo = [(N7 = NZ2) 5 (0) sin20] /2 (22)

b) For the xy-plane (f = 90°) e3 — ejo2 para-
metric conversion:

a1 = Ves /A3 — Ver /A1,

Vi = [(Ny® = Ni*) mly () sin2g) /2. (23)

where V3 could be found from (23) replacing index
7 177 by ” 377 .

c) For the yz-plane (¢ = 90°) 03 — ejo02 para-
metric conversion:

a; = Ve /A1,

Ve = [(N;2 = N22) ndy (0) sin20] /2. (24)

The angular phase-matching width values A0L as
a function of signal wavelength A\; calculated with
the help of (22 - 24) for each OPG tuning range are
plotted in Figure 2 (curves 1, 2, 3).

angular band\\\/vidth (mrad cm)

signal wavelength (um)

FIG. 2. Phase-matching angular width as a function
of signal wavelength for OPG in KTP crystal at A, =
1.064 pm: 1- o3 — o01e9 interaction in the x-z plane, 2-
es — €102, X-y plane, 3- 03 — €102, y-z plane.

As could be seen, AL decreases with the devia-
tion from x- and y-axis corresponding to NPM direc-
tions and varies insignificantly at signal wave varia-
tions from 2 pym to 4 pum for the xz-plane 03 — o0je2
and yz-plane o3 — ejoq interactions (curves 1 and
3). For the xy-plane e3 — ejoy interaction the
range of small variations of angular phase-matching
width ApL goes from 1.525 pm to 1.565 pum (curve
2). These dependencies make it possible to deter-
mine the acceptance pump divergence for any signal
wavelength value and various interaction types.

4 Phase matching spectral width

The acceptance pump wave nonmonochromaticity is
determined by phase-matching spectral width. The
pump wavelength variation d\s, at which the con-
verted signal power decreases by a half, is given by
the expression [22, 23]

-1
03 = 0.8867 (Ld(Ak)) . (25)
dAs3
It is believed that the acceptance pump wave non-
monochromaticity dAs is twice as the dA3 value:
6A3 = 20A3. Taking this into consideration and
using equations (25) and (14), one can get the fol-
lowing expression for the phase-matching spectral

width

d
AXsL = 0.886)2 {)\3d23 — ng
3

1 dn 1 dnsa =
3 (g —m) -3 e )| @

Calculations of the phase-matching spectral
width values d\3L as a function of signal wavelength
A1 were provided on the basis of (26) for various
OPG types in the principal planes of KTP crystal
(at A3 = 1.064 pm). The results given in Figure 3
(curves 1, 2, 3) show, that KTP crystal possesses
considerable phase-matching spectral width. For
example, 3L for o3 — 01e5 parametric conversion
in the xz-plane(curve 1) and for o3 — ej02 paramet-
ric conversion in the yz-plane (curve 3) ranges up
to ~ 10 nm-cm at signal wavelength \; variations.
Further increase of \; leads to a drop of dA3L. In

Nonlinear Phenomena in Complex Systems Vol. 3, No. 1, 2000



V.N. Belyi et al.: Performance of the Optical Parametric Generation ... 47

3 12
EE
o
IS
3
e
ke
St
©
c
[
o]
C_E E
3]
8_'_._._._“__._.—-0—0—‘ 2
@ 1 1 1 1 1 1 1 1 1 1
152 154 156 2.0253.0354.0455.055

signal wavelength (um)

FIG. 3. Phase-matching spectral width as a function of
signal wavelength for OPG in KTP crystal at at A\, =
1.064 pm: 1- 03 — o1e9 interaction in the x-z plane, 2-
e3 — €102, x-y plane, 3- 03 — ej09, y-z plane.

the case of xy-plane e3 — ejo2 interaction dA,L
exhibits linear increase up to 2.4 nm-cm under Aq
variations (curve 2).

It is quite easy to determine from the dependen-
cies given in Figure 3 the acceptance nonmonochro-
maticity of Nd:YAG laser radiation for type I NPM
along x- and y-axis. For KTP crystal of 1 cm length,
when signal wavelength A; is equal to 1.57 pm, the
maximal acceptance nonmonochromaticity A\g is
2.4 nm.

5 Effective nonlinear coefficients
in the principal planes of KTP
crystal

The effective nonlinear coefficients dcyy = USd :
UPU! represent the convolution of the quadratic
susceptibility tensor with the unit polarization vec-
tor of pump UP, signal US and idler U' waves
[20, 22]. There exist the following nonzero elements
of tensor d for the mm2 point group biaxial KTP
crystal [24]: dis, dog, dz1, d3o and dg3. The ex-
perimental values of d,, elements are taken from
the papers [11, 16]. They satisfy Kleinmann con-
ditions and are equal to d3; = di5 = 1.9 pm V71,
d3s = doy = 3.4 pm v-L

It is simple to show, that the effective nonlinear
coefficient for o3 — o1e9 interaction in the xz-plane
is given by the expression

defy = d32Us, (27)
where z-axis component of the idler wave unit po-

larization vector is described by the formula

Ui = ! (N22 — n2y(6) cos? 6) ,

(T

41 iy (0) sin’ QHD . (28)

4

In the absence of double refraction Nzo = N,9 and
it follows from (24) that U = sin .

For the o3 — ejo9 interaction in the yz-plane
defp = d31U3, where U3 can be found from (28)
substituting x by y and index 2 by 1.

3.5
2 1
3.0
25
>
£
£2.0
=
_OGJ
15 3
1-0 1 1 1 1 1 1 1 1 1
0O 10 20 30 40 50 60 70 80 90
phase-matching angle (deg)
FIG. 4. Effective nonlinear coefficients v.s. phase-

matching angle in the principal planes of KTP crystal
at A\p = 1.064 pym: 1- o3 — ojey interaction in the x-z
plane, 2- e — e1092, x-y plane, 3- 03 — €102, y-z plane.

The effective coefficient for the xy-plane e —
e102 interaction is given by

deff = dglUfUls + dggUgUQS, (29)
where

Uy = (Ny23 — ngs cos (P)/Me37

Nonlinear Phenomena in Complex Systems Vol. 3, No. 1, 2000
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Ug = 7”33 sin 2‘10/Me3a

2
Mes = ({Ny23 — nZ3(¢p) cos” ‘P]

1

) ’ (30)

Replacing index 3 by 1 we get from U?, UL the signal
wave polarization vector components U7, U;. In the
absence of double refraction the equation (29) takes
the form: drp = d31 sin® w + dso cos? ®.

The dependencies of d.yy on phase-matching an-
gle in three principal planes of KTP crystal at
Nd:YAG laser pumping A\, = 1.064 pm are plotted
in Figure 4 (curves 1, 2, 3). It can be seen from Fig-
ure 4 that extremal d. s values for the II type OPG
are realized in three principal planes of KTP crys-
tal. Besides, OPG of type Il in the xz-plane is more
efficient than that in the yz-plane. The conversion
efficiency along x-axis is (dsz/ds1)? times higher in
comparison with the conversion in y-axis direction.

1 .
1 [”2}3(@) sin? 2¢

6 Conclusion

We have analyzed the main types of phase-matching
for OPG in the principal planes of KTP crystal with
account for dispersion of refractive indices. The
polarization types of interacting waves, as well as
signal wavelength dependencies on wave propaga-
tion directions in the crystal have been also investi-
gated. The estimates of angular and spectral phase-
matching widths and effective nonlinear coefficients
are presented. These data were used at numeri-
cal simulation of nonstationary OPG in the KTP
crystal placed in a resonator, in order to obtain the
maximal conversion efficiency. These results would
be published elsewhere.
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