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A general approach is developed and conditions of noncritical phase matchings (PM) of
different multiplicity for the sum frequency generation process are analyzed taking a
biaxial KTP crystal as an example. The approach is based on the consideration of general
properties of a PM surface constructed in the frequency and angle coordinates, analysis of
their singular lines and intersection points of those lines. The lines of non-criticality in
signal frequency or in the propagation angles of the interacting waves have been consid-
ered on the PM surface. The classification of double-uncritical (in frequency and one of
the angles or in two angles) PMs is proposed. The possibility to realize a triple non-criti-
cality in three independent quantities, for example, frequency and two angles, has been
shown. It is found that the double non-criticality (in frequency and IR signal divergence)
region can be scanned over the whole transparency range of KTP under frequency tuning
of the long-wavelength laser pumping. Multiple non-critical PMs allow visualizing the
broadband IR spectra and IR images.

Ha npumepe aByxocHoro kpucraysina KTP passBur o0muil mogxog W MHPOBEIEH aHAJIN3
ycaoBuil HEKPUTUYHBLIX (ad0oBbIX CUHXPOHM3MOB (PC) pasinuHOM KPATHOCTH IJs IIPOIlecca
reHepamuy CyMMapHOM 4acToThl. I10aX01 OCHOBAH HA PACCMOTPEHUH OOIIHMX CBOMCTB IIOBEPX-
Hoctu @D@C, mOCTPOEHHOM B KOOPAMHATAX YACTOT W YIJIOB, aHAJIM3e HUX OCOOBIX JHHHUII, a
TaKyKe TOueK IepeceueHus stux JjuHuii. Ha mosepxmoctu ®@PC paccMOTpeHbl JUHUU HEKPHU-
TUYHOCTH II0 YACTOTE CHUIHAJA WM YrJaM PACIPOCTPAHEHWS B3aMMOLEHMCTBYIOIIMX BOJH.
IIpennoxena kKaaccupuranusa ABYKPATHbBIX HeKpUTUUYHBIX PC (10 yacrore um OAHOMY H3
yrJaoB uau mo aAByM yriam). IlokasaHa BO3MOMKHOCTL Pean3alMy HEKPUTUYHOCTU II0 TPEM
HEe3aBHCHMBLIM BeJINYMHAM, HallPUMepP, YacTOoTe€ M ABYM YyIJaM. ¥CTAHOBJEHO, YTO O0JaCTb
IBYKPATHOM HEKPUTHUUYHOCTH II0 yacToTe M pacxomzumoctu MK curmana mMoKeT CKaAaHMPOBATh-
ca mo Becell obsactu mpodpaunoctu KTP mpu mepecTpoiike 4acTOThI AJIMHHOBOJHOBOM Jiasep-
HOUMl HaxkauKu. Kpartnoie HeKpuruuHblie @C MO3BOJSIOT BU3YAJHU3UMPOBATH IIHMPOKOIIOJOCHEIE
UK cuextpel u UK msobpakenusi.

© 2006 — Institute for Single Crystals

Interest in investigation of three-wave
interactions in nonlinear anisotropic crys-
tals is considerably increased during last
decades. These crystals make it possible to
convert infrared (IR) signals and images
into visible or near—IR and UV spectral re-
gions convenient for recording [1-4]. This
interest is caused by the availability of fast-
acting broadband and multichannel radia-
tion receivers in visible and near-IR, includ-
ing high-sensitivity CCD chambers. It is
significant that the converted signal keeps
in general the information contained in the
spectral-angular distribution, and conse-
quently in temporary and spatial structure
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of converted radiation, that forms a base
for visualization of invisible signals and im-
ages [2—5]. The phase-matching conditions
for interacting waves are of great impor-
tance for frequency conversion of signals
based on sum- and difference-frequency
generation op = 0p*og (indexes P, S and
R correspond to pumping, signal, and result-
ing waves, respectively). In the vicinity of
critical phase-matching (PM), the wave mis-
match Ak for processes of frequency conver-
sion increases linearly with frequency and the
signal propagation angle. In this case, the
spectral width of PM &v ~ 1-10 em™! and an-

Functional materials, 13, 1, 2006



V.I.Zadorozhnii et al. /| Multiple noncritical ...

gular width 8¢ about ten angular minutes
are typical values. However, for the pur-
poses of nonlinear spectroscopy, it is neces-
sary to convert into visible range as wide IR
radiation spectrum as possible at minimum
of distortions [4]. Because of strong depend-
ence of PM conditions on frequencies and
directions of interacting waves, a problem
of great importance in nonlinear optics is
the creation of special (so-called noncritical)
PM conditions admitting rather wide actual
range of frequencies and wave propagation
angles. Scientifically, this problem is re-
duced to an optimum combination of anisot-
ropy and dispersion of medium for the pur-
poses of nonlinear-optical frequency conver-
sion. Practically, it is reduced to a choice of
necessary functional materials to solve a
specific problem. For effective conversion of
thermal radiations with a large angular ap-
erture, it is necessary to use the known
vectorial scheme of tangential phase-match-
ing (Warner’s scheme) [3,5, 6]. The
schemes of PM uncritical in angle were used
to convert the images with a far and close
situation of object in uniaxial [3, 6 — 8] and
biaxial crystals [9]. There are considerably
wider possibilities to realize the broadband
conversion of IR radiation. For this pur-
pose, the group PM [5, 10, 11] can be used,
when, along with the usual vectorial PM
conditions op = 0p + 0g, kp = kp + kg, the
group velocity matching conditions for sig-
nal and generated radiation are met, that,
at narrow-band pumping, can provide the
usual PM conditions to be met in a wide
frequency range. In particular, in the col-
linear interaction, this needs equality of
group velocities ow/0kg = Ow/0kp taken at
the central frequencies of pumping and gen-
erated radiation. The region of group phase-
matching can be tuned in frequency by
changing the pumping wavelength or using
different nonlinear crystals. Some scanning
possibilities of the group PM region when
using vector interaction of waves were stud-
ied in [11, 12], however, the problem of un-
critical PMs remained insufficiently investi-
gated for a long time.

The optimum condition for IR radiation
conversion is the combined group and tan-
gential PM, that is, realization of double
non-criticality both in frequency and angle.
For the first time, such conditions were re-
alized experimentally by Midwinter and
Warner in a LiNbO5 crystal [5, 6]. When
using pumping at Ap = 1.064 pm, the values
of v =260 cm~! and 8¢ = 35 mrad (at half
intensity height) were attained near the sig-
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nal wavelength of Ag = 8.5 um. The problem
of noncritical (in the signal radiation fre-
quency and propagation angles of the inter-
acting waves) PM was considered theoreti-
cally in a series of our works [13—-17]. The
analytical consideration of this problem al-
lowed us to formulate the general concept
of noncritical in frequency vectorial group
PM and also double and triple PMs noneriti-
cal in frequencies and wave propagation di-
rections. In the previous works, more atten-
tion was paid to the demonstration of non-
critical PM possibilities when using uniaxial
crystals. However, in the last decade, novel
high-quality nonlinear crystals, in particu-
lar, biaxial crystal of potassium titanyl
phosphate KTiOPO, (KTP) and its isomorphs
RTP, KTA, In:KTA, RTA, CTA [18] are ap-
peared. The use thereof together with the
developed concept of multiple noncritical
PMs can favor improvements in up-converters
of signals and images [19, 20], and also crea-
tion of new generation of spectrometers.

The KTP crystal is one of the most per-
spective nonlinear materials in its transpar-
ency range 0.35—4.5 um. It is characterized
by high nonlinear optical -coefficients
(-710712 m/V) and high optical damage
threshold (~500 MW /cm?2) [20, 29, 30]. Be-
cause of weak temperature dependence of
birefringence (~1073/K), the PM tuning is
provided by changing the wave interaction
geometry or tuning the pumping wave-
length, that can be realized using, for ex-
ample, tunable Ti:sapphire laser (697 < ip <
1100 nm) or other long-wavelength lasers
with fixed wavelengths [21]. In this work,
taking a KTP crystal as an example, the
general approach to consideration of multi-
ple uncritical PMs in biaxial crystals is de-
veloped. It is shown that broad-band and
wide-angle PMs are realized along the sin-
gular lines on the PM surface, and double
PM non-criticality in frequencies and angles
is attained at intersection points of those
lines. We have established the possibility of
tuning the double non-criticality region
practically over the whole transparency
range of KTP when changing the laser
pumping wavelength. As the PM surface
size is decreased, the triple PM uncriticality
in frequency and the propagation directions
of the interacting waves can be realized.

Optical parametric interaction in a non-
linear crystal goes on most effectively when
the PM conditions are fulfilled:
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Fig. 1. (a, b, ¢) Diagrams showing vectorial group phase-matching nouncritical in frequency of
signal radiation (VGPM) and phase-matching noncritical in frequency and angle (GC — "the group

center”) in a KTP crystal.

wp=0p+0g, oY)
Ak = kp(w P,ep,cpp) + ks(w S,es,cps) _
- kR(mR,GR,dDR) =0,

where the angles Gj and ®; represent the
propagation directions of the interacting
waves relative to the main dielectric axes
X, Y, Z of the crystal (see Fig. la). We
restrict ourselves to the case of monochro-
matic pumping (wp = const) providing the
unique determination of frequency op at
pre-specified vp and wg. The equations (1)
contain 9 parameters; however, only 6 of
them are independent. Taking into account
the dispersion law kj = kj((uj, Gj, CDj), the PM
conditions describe the surface in the space
of 6 coordinates, for example wpg, Opg,
®p g, which topology defines the observable
frequency-angular structure of generated
radiation. On propagating the three waves
in any plane, this PM surface has a rather
sophisticated general shape. However, some
general laws of the parametric frequency
conversion, important for the practical ap-
plications, can be understood by considera-
tion of vectorial wave interactions in the
main planes of a crystal, XZ, YZ and XY.
In doing so, the PM surface is defined at
fixed pumping frequency in the three-di-
mensional space og, 0p, 65 or wg, ®p, Og
that is more evident and easier for the
analysis.

In one of our previous works [14], the
conditions for vectorial nonecritical PMs for
sum frequency generation in uniaxial non-
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linear crystals were analyzed using the sec-
tions 6p = const. As is shown in that work,

the conditions for vectorial group PM
(VGPM) can be expressed as

cos (v = 7p) 5

veov W IR @

CcOoS 'YR

where V; = 80)]-/6kj = we; (j = (S,R), u; are the
group velocities of the waves OF Y= 05 — 0p
(see Fig. 1b); and yp = —arctan(ky 1 Okp/00p)
is the birefringence angle. The wave inter-
action geometry in the XZ plane and the
possibilities for realization of broad-band
and double noncritical (simultaneously in
frequency and angle) PM are shown sche-
matically in Figs. 1b and 1lec, respectively.
At VGPM, in accordance with (2), the group
velocity mismatch is compensated in the
propagation direction of the signal radiation
at the expense of interaction geometry and
the crystal anisotropy. It is important to
note that, in this case, the angle ¢ does not
change despite the change in lengths of wave
vectors kg and kp (see Fig. 1b). The exact
VGPM conditions, admitting the broadband
conversion, reduce to the equality of projec-
tions of group velocities for the signal and
generated waves, having central frequencies
0gy and ©py, respectively, onto the propaga-
tion direction of the signal radiation eg =
kg/kg (see [14] for details)

Ug€s = Uges- (3)
Later, similar conditions were obtained in [22].
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The KTP crystal (mm2 symmetry class) is
a biaxial erystal with an angle between op-
tical axes of about 34.6° (1.064 um) [23].
As the optical axis is located in the XZ
plane, the interaction of waves in this plane
is of the greatest interest. KTP is a positive
crystal in the optical plane XZ at V < 0 <90°
because n, > n,, and the generated sum-fre-
quency radiation should be an o-wave. This
is necessary to compensate the positive dis-
persion of the crystal by its anisotropy
when creating PM conditions. Therefore, we
have considered oe-o, eo-o and ee-o interac-
tions in the XZ plane (the pumping, signal,
and generated radiation wave types are des-
ignated in the above sequence). Similar
types of interactions are also possible in the
YZ plane at arbitrary 6p values. All calcula-
tions for the KTP ecrystal are carried out
using Sellmeier equations given in [20].

In Figs. 2a,b, values of angles 6p and ¢
are shown at which the VGPM is realized in
some range of IR radiation wavelength Ag
at certain pumping wavelengths Ap. The
VGPM in the XZ plane is seen to be realized
for oe-o interaction in short-wavelength IR
region and for eo-o one, in long-wavelength
region. As a result, both these interactions
allow to tune VGPM practically in the whole
the KTP transparency range except for a
narrow interval of 1.81 to 2.32 pum. The
widest range of VGPM frequency tuning
overlapping the whole KTP transparency
range is attained at ee-o interaction in the
XZ and YZ planes, however, in this case,
effective nonlinear coefficient dopr =
1/2(dy5 — dgy) sin26sin2d is zeroed at ® =
0° and ® = 90°, i.e. in the XZ and YZ
planes. Therefore, this type of interaction is
of importance at interaction of waves in in-
termediate planes going through the Z axis
(for example, at @& ~45°). The dashed
curves shown in Fig. 2 demonstrate the
VGPM tuning possibility outside of the
main dielectric planes of a crystal, where
doss # 0.

In ¢(hg) curves (Fig. 2a), the points are
marked corresponding to conditions of dou-
ble non-criticality (in frequency o, and IR
radiation divergence angle ¢) where condi-
tions for vector group and tangential PM
are satisfied simultaneously, what is shown
schematically in Fig. lc. The horizontal and
vertical line segments show the value of fre-
quency and angular mismatch, respectively,
at which the intensity of generated radia-
tion becomes halved. From here on, such
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Fig. 2 (a, b) Tuning curves illustrating the
possibilities of frequency and angular tuning
of the VGPM regions for broadband conver-
sion of IR radiation at different wave interac-
tion types in the XZ and YZ planes of a KTP
crystal. — Lp=1.064 um (1), 1.337 um (2),
1.750 ym (3), 1.833 pm (4), 1.0795 um (5),
3.8 um (6). Particular points in one of tuning
curves are marked as A, B, C, D. The hori-
zontal and vertical line segments show the
spectral and angular conversion width in a
crystal of 1 cm length.

double PMs noncritical in frequency and one
of angles will be referred to as "group cen-
ters” (GC). It is obvious that at eo-o inter-
action, the double non-criticality occurs at
collinear interaction. A more non-trivial
case is realized at oe-o interaction. In this
case, as it is seen from Fig. 2b, the VGPM
occurs at two values of Ag at fixed angle 0p.
At fixed pumping wavelength, the GC at
@ > 0 corresponds to allowable minimum
value of 0p (point A). Except for some inter-
val from the point A to a point B, where
¢ = 0, the smaller Ag values for VGPM cor-
respond to the case ¢ > 0, while larger ones,
to the case ¢ < 0. The minimum IR wave-
length Ag of VGPM is attained in the point
C (Fig. 2b) at allowable maximum value of
angle ¢ (Fig. 1b). The maximum Ag value in
the VGPM scheme occurs at collinear inter-
action in the point B. Two branches in the
Op(Ag) dependence are interconnected in the
point D at Op = 90°. In this case, the solu-
tions with ¢ > 0 and ¢ < 0 are equivalent.
Note that for oe-o and eo-o interactions at
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VGPM, the range of angle ¢, describing the
deviation of the interaction geometry from
collinear one, decreases when approaching
the 1.81 < Ag < 1.82 um interval; the range
of angular tuning of VGPM also becomes
narrower, and the angle 8p approaches 90°.
Below, it will be shown that these cases
correspond to decrease of the PM surface
size and its contraction towards a critical
point.

At ee-o interaction, GC also corresponds
to a minimum of 6p(Ag), but its short-wave-
length branch is close to a low-frequency
one at oe-o interaction, while the long-wave-
length branch is similar to eo-o interaction at
¢ <0. As a whole, in order to realize the
broadband vectorial PM in KTP crystal, as well
as in the majority of other crystals, a long-
wavelength pumping radiation with Ap > 1 um
is to be used.

The broadband conversion curves in
Fig. 2a are the singular lines of a PM sur-
face in the three-coordinate space Ag, ¢ and
0p of general view shown in Fig. 3. Here, in
Ag, @ coordinates, the section lines of the
PM surface for sum frequency generation
(Ap = 1.064 um, oe-o interaction) by 0p = const
planes are presented. This surface has is
convex, though can include special fea-
tures (in particular, breaks). To all possi-
ble vectorial schemes of interaction (in-
cluding collinear and critical), certain
points in this surface can be correlated.
By virtue of symmetry of PM conditions
with respect to substitution 0p — 2rn —0p,
¢® > —@, only one half of this surface is
shown in Fig. 2. Using the general view of
the PM surface sections, it is possible to
classify the PMs noncritical in one variable
as singular lines on that surface. The
VGPM is realized in the line connecting the
points of horizontal tangents do/dig = 0 to
the PM surface sections. It is clear that the
top and bottom points of these sections cor-
respond to two considered branches of the
6p(hg) dependence in Fig. 2b. By coordi-
nated change in values 0p and ¢, VGPM can
be scanned within some Ag region. Unlike the
group matching line, most points of the PM
surface correspond to narrow-band PMs
which can occur in a wide Ag range. The line
passing the extreme right and left points of
considered sections where d¢/dig — «, corre-
sponds to tangential PM (TPM) noncritical in
the angle ¢. It is realized at a touch of the
wave vector surfaces kg p, (and consequently
at coincident directions of group velocities
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Fig. 3. Sections of the phase-matching sur-
face by planes 0p = const for sum-frequency
generation in the ZX plane of a KTP crystal
at oe-o interaction and the pumping wave-
length A, =1.064 p: 6, = 73.1°(1), 73.5° (2),
74.25° (3), 77° (4), 79° (5), 86.3° (6), 90° (7).
Lines a, b and ¢ correspond to vectorial group
PM and that tangential both in signal and
pumping. Symbols ¢, x, [0 denote group, tan-
gential and conditional centers of double non-
criticality, respectively.

ug) and corresponds to the condition y = yp —
Ys-

The intersection point of two considered
lines in the PM surface corresponds to the
region of double non-criticality, i.e. GC.
The joint consideration of conditions for
vectorial group and tangential PM, i.e.
equality of projections of the group veloci-
ties ug, up onto the signal direction kg, and
also equality of directions of these veloci-
ties, results in equality of group velocities
ug = up in GC. Such regions of double non-
criticality were found sometimes in some
experimental works [5, 6, 11, etc.], how-
ever, we were the first to show that VGPM
conditions are realized for all nonlinear
crystals in wide Ag ranges.

Besides of TPM for signal radiation, the
tangential phase-matching for pumping ra-
diation wp is also possible. In the PM sur-
face, together with the VGPM line, the
lines of tangential PM with respect to sig-
nal and similar line for tangential PM with
respect to pumping (coincident with the
¢ = 0 line) are also shown. Both lines intersect
at 8p=90°, ¢ =0 in the extreme left and
right points of the PM surface, which corre-
spond to regions of double non-criticality in
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angles ¢ and 0p, and 90° collinear PM. The
region of double noncriticality in angles ¢
and 6p is further referred to as "tangential
center” (TC). This type of double noncritical
PM admitting the largest angular apertures
of signal and pumping, however, has a
small PM spectral width. In Fig. 2b, the
minimum 6p ,;, = 73.08° in the 8p(Ag) de-
pendence corresponds to the region of double
non-criticality in og and ¢, and the extreme
(in Ag) points B and C define regions of
double non-criticality in wg and 0p. The
point B corresponds to the region of broad-
band PM collinear and tangential with re-
spect to pumping, while the point C, to
maximal value ¢,,,, = 6.43° in the PM sur-
face, which is attained at 6p = 83.57°. In
this region, at fixed angle between wave
vectors kp and kg, the significant changes
in the angle 6p are allowed. Because the
angular changes occur under the constraint 6p
— 0g = ¢, this non-criticality type can be re-
ferred to as "conditional” PM. The corre-
sponding line in the PM surface goes from
the region ¢,,,, to the TC points. Near the
intersection point of the considered curve
with the VGPM line (the "conditional™ cen-
ter (CC)), the double non-criticality in og
and 6p is also attained. In practice, the CC
can be used to convert the broadband IR
images at cylindrical focusing of radiation
©pg- As far as we know, such possibility is
not realized experimentally till now.

Thus, as seen in Fig. 3, there are three
closed lines in the PM surface correspond-
ing to PMs noncritical in one of Ag, ¢ and 0p
parameters and the line of conditional PM,
along which significant coordinated changes
of Bp and Og directions are possible. The
intersection points of the three first lines
form two pairs of group centers having dou-
ble non-criticality in Ag and ¢ or 0p, as well
as two tangential centers at minimal and
maximal Ag values (left and right TC). As
already mentioned, the conditional PM line
always passes through TC, and its intersec-
tion point with the VGPM line forms the
conditional center. The systematization of
the double PM non-criticality regions allows
for their purposeful experimental search.

To solve a number of applied tasks, it
would be expedient to use double PMs un-
critical in (wg, ¢) or (ng, 6p), that provides
a wide spectral band of conversion at large
receiving angle and high-efficient paramet-
ric conversion of thermal radiation. To scan
the central frequency of converted wide
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Fig. 4. Scanning of the group centers for
sum-frequency generation at vectorial inter-
actions of different types in the ZX plane of
a KTP crystal. The circles designate limiting
points of the triple non-criticality.

spectral band in the region of the group or
conditional centers, it is possible to change
the plane of wave interaction or to tune the
pumping wavelength. We have studied in
detail the frequency tuning for group cen-
ters, i.e. regions of double non-criticality in
Lg and ¢. The tuning possibilities for the
group centers in Ag by changing the pump-
ing wavelength are shown in Fig. 4. Along
each tuning line, the equality ug = up is
satisfied and non-criticality in frequency
and the signal wave propagation direction is
realized within a wide IR and visible range.
In addition, the 6p and ¢ dependences on Ag
are presented at which either GC of the GC
ensemble is realized. As is seen from Fig. 4,
the group centers for oe-o and eo-o interac-
tions exist within the whole KTP transpar-
ency region except for a narrow range of
signal wavelengths from 1.8127 to
2.3182 um. For completeness, the dashed
lines show the tuning of GC for ee-o inter-
action having nonzero Aot value only when
the interaction plane leave the main planes
ZX and YZ. This type of interaction can
provide smooth tuning of GC within the
whole transparency region of KTP.

The CC region may be conditionally con-
sidered as a triple noncritical PM in the
variables Ag, O6p and Og. Triple non-critical-
ity in Ag, ¢ and Op is attained as the PM
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Table 1. Spectral and angular conversion widths in the double PM non-criticality regions at
sum-frequency generation in a KTP crystal of L cm thickness (Ap = 1.064 um, oe-o interaction in

the XZ plane).

Type of double | ), um | ¢, deg | 0p ,deg | VL3v, cm 1/2 VL&p, em!/2 deg |VL30p, cm /2 deg
noncriticality
GC 1.754 2.37 73.03 513.5 1.27 -
CcC 1.693 6.43 83.57 532.4 0.11 3.22
TC (left) 1.132 0 90 43.8 1.09 2.59
TC (right) | 2.611 | 0 90 36.8 1.45 4.04

surface decreases when changing the pump-
ing wavelength Ap. In this case, all singular
lines and points of double non-criticality be-
come contracted into a small region (into a
point in the limit), and thereafter, the PM
conditions are no more satisfied (kp + kg < kp).
The triple non-criticality is attained at well-
defined values of Agp. In the case of oe-o
interaction, the PM surface decreases in
size in near IR at Ap - 1 pm, 6p - 90 °
and ¢ — 0. In the limit, at Ap = 0.9994 um
and Agy = 1.8127 um, it is contracted into a
point, the vicinity thereof being correspond-
ing to the triple uncritical PM in og and
two angles ¢ and 0p. In the case of eo-o
interaction, the triple non-criticality is real-
ized at Ap = 3.8304 um and Ag, = 2.3182 pm.
When approaching these points, vectorial
PMs tend to collinear PM (¢ = 0°) in the X
axis direction. In connection with the fur-
ther violation of PM conditions, this limit-
ing point can be named "critical point”. In
the case of ee-o interaction, the 0p value
does not approach 90° in the KTP crystal
transparency region, therefore, the triple
non-criticality region is not realized. The
use of other crystals allows to extend the
triple noncritical PM existence regions.

The conditions of PMs uncritical in fre-
quency and angles are defined by zeroing
the linear members in the wave mismatch
Ak expansion for frequency mixing proc-
esses in terms of frequency and angular
mismatch from exact conditions of PM. For
PMs uncritical in frequencies and angles,
expansion of the wave mismatch contains
only small quadratic members, which de-
fine the attainable spectral (6v) and angu-
lar (8¢, 6¢p) widths of phase matching [13,
14]. The signal wavelengths, angles 6p and
¢, as well as both spectral and angular
widths of conversion in points of the double
non-criticality, calculated at Ap = 1.064 pm
and interaction oe-o in the XZ plane, are
listed in Table.
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It is seen from Table that the use of
VGPMs makes it possible to increase more
than by one order the spectral range of the
convertible IR radiation (8v > 500 cm™! at
L =1 cm). The use of a less than 1 cm
thick crystal allows to realize the spectral
width of conversion exceeding 1000 cm™1
that is quite enough for the purposes of
nonlinear spectroscopy. The double non-
criticality at the group center makes it pos-
sible simultaneously to increase essentially
the angular aperture of signal emission and
the conversion efficiency of the output ra-
diation from thermal sources. Still larger
angular divergence of convertible IR signal
is allowed for the conditional center with
the use of laser radiation with cylindrical
divergence within several degrees.

Thus, a general approach is developed
and theoretical analysis of the conditions
for multiple noncritical (in parameters og,
Og, Op) phase-matching in biaxial ecrystals
(taking of potassium titanyl phosphate
(KTP) as an example), for the case of sum-
frequency generation is carried out. The re-
search is based on the analysis of PM sur-
face topology in the space of frequency-an-
gular coordinates, as well as of properties
of the singular lines of this surface and
points of their intersection. The broadband
character of signal radiation and possibili-
ties of frequency scanning of a narrow-band
laser pumping are taken into account. It is
shown that in a KTP crystal, the PM non-
critical in frequency of the IR signal og or
the propagation directions of pump and sig-
nal waves 0p g can be attained along closed
lines of a PM surface. In the regions close
to intersection points of these lines, the
PMs double noncritical (in pump frequency
and one of angles Og or 0p, as well as in two
angles) are realized. It is found that at vec-
torial group phase-matching, the equality of
projections of the group velocities of the IR
signal and sum-frequency waves onto the
signal IR radiation propagation direction is
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fulfilled. At intersection of lines of the vec-
torial group PM and tangential one at the
group center, the equality of group veloci-
ties of signal and generated radiation is
valid. The spectral and angular conversion
widths for the group center have been calcu-
lated when using the neodymium laser radia-
tion (1.064 pm). The realization possibility of
non-criticality in angles 65 and 6p has been
considered when the condition 6p — 0g = ¢ is
fulfilled. It is determined that the angle ¢
increases linearly when 6p deviates from
90°. The simultaneous realization possibility
of vectorial group PM and conditional one
has been shown in the region of the largest
possible angles ¢, between the propaga-
tion directions of the interacting waves.
Such interaction scheme as well as GC allow
us to realize conversion of not only broad-
band signals but also IR images. It is shown
that at change of the laser pumping wavelength
in the long-wavelength region Ap > 1 pm, the
group centers are tunable in the region of
0.7 to 1.81 um in the case of the oe-o inter-
action, and they can be scanned in the range
of 2.32 to 4.5 um at eo-o interaction. At the
ee-o interaction, the double non-criticality
regions are tunable within the whole trans-
parency range of KTP. The critical PM
points are realized in the extreme points of
frequency tuning lines of the group centers,
when the PM surface decreases in size at
8p — 90°. In that case the triple non-criti-
cality in the signal frequency and the
propagation directions of Opg is attained.
The critical points in the XZ plane are real-
ized at Ap = 0.9994, hg = 1.813 um (oe-o)
and Ap = 3.830, Ag = 2.318 um (eo-0). The
use of the multiple noneritical PMs allows
us to select purposefully nonlinear crystals
when developing new quantum electronic de-
vices for frequency conversion of various ra-
diations, including those intended to visualize
the wide IR spectra and non-monochromatic
IR images.
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KpaTtHi HekpuTuuHi (pa30oBi CHHXPOHI3ZMH
y nBoBicHomMy kpucraiai KTP

B.1.3adopoxnuit, M.E.Kopnienko, T.C.Cidenro

Ha npurmaagi agsosicmoro xpucrama KTP posBumyTo saranbHMB migxig i mposemeHo
aHasis ymMoB HeKpuTWYHHX (asoBux cunxpoHismie (PC) pismol KparHocTi mast mporecy
rerepariii cymapuoi uwacroru. Iligxin sacHoBammili Ha pOBrSAl 3arajJbHUX BJIACTHBOCTEN
noBepxui ®@C, mobymoBaHol y KOOpAMHATAX YACTOT i KyTiB, Ta aHamidi ocobsmBmx Jimii i
TOYOK iXHbOro meperury. Ha mosepxui @PC posriadaHyTo JiHil HEKPUTHYHOCTI 3a YACTOTOIO
CUTrHAJNy YM KyTaMHU IIOIMIMPEHHS B3AEMOMIIOUMX XBUJIb. SAIIPOIIOHOBAHO KJacudikaiiiro mgBo-
KpatHux HekputnuHmx PC (3a yacToTOol i OOHOM 3 KyTiB um 3a mBoma Kyramu). IlokasaHo
MOMKJIMBICTh peasisaril TPpUKpPATHOI HEKPUTUUYHOCTL 3a TPhOMA HE3aJEKHUMH BeJNYMHAMU,
HaOpUKJIag, Y4acTOTOI 1 gBOMa KyramMu. BcTaHOBJIEHO, 1o 00JIaCTh ABOKPATHOI HEKPUTHU-
HOocTi 3a uwacToTo0 Ta posbikuHicTio IY curmany moKe CKaHyBaTHCS B3IOBXK Bciel obuacti
nposopocti KTP npu amini uacTroru JOBroxBUJIBOBOI JasepHol Hakauku. Kparui HeKpuTuuHIL
®C mospousiioTh Bidyasaisysaru mupokocmyrosi IY cuexrpu ta I 300paskenus.
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