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The multiple (double and triple) phase matchings (noncritical in the frequency and
propagation directions of interacting waves) for the sum frequency generation in a lithium
triborate (LBO) crystal have been studied. The use of the vectorial group phase matching
and multiple noncritical ones for frequency conversion in a LBO crystal makes it possible
to extend substantially the tuning region of the broadband frequency conversion up to
overlapping essentially the whole region of the crystal transparency (0.45 to 2.6 um) and
to attain a large conversion band (= 2000 cm™!) at a large permissible acceptance angle of
the signal radiation (about 2° for about 8 mm thick crystals) within a broad spectral
range. The broadband region of frequency conversion is tuned by variation of the pump
wavelength within 0.54 to 2.6 um range using various interaction types in the principal
planes: XZ (ee-0, eo-e, oe-e), YZ (eo-0, oe-0), and XY (oo-e). The broadband frequency
conversion of IR radiation at noncritical phase matching combined with the large permis-
sible pumping divergence is expected to be useful in the IR image visualization.

Hccnemopanbl wHampaBieHneM 00beMHOI M MHTErPaJbHOM HEJIHMHENHOH ouTuKu. B pabore
ucciaegyooTea KpaTHble (IBOMHBIE M TPOUHBIE) HEKPUTHUUHBIE (IO YacTOTe M HAIIPABICHUAM
PacCIPOCTPAHEHUSI B3aNMOLENCTBYIOIINX BOJH) (DasoBble CHHXPOHUBMBI B Kpucrajue Tpubo-
para autus (LBO) gna mporececa renepanmuu cyMmMapHoil uacToThl. VCMONB30BAHNE BEKTOPHO-
TO TPYIMOBOTO U KPATHBIX HEKPUTUUHBIX (DaB0BBIX CHHXPOHUBMOB [JIfg TPeobpasoBaHUs
vacrorsl B Kpucrajure LBO mosBossier Kak CyliecTBEHHO PACHIMPUTL OOJACTEH MEPECTPOMKU
HITUPOKOIIOJOCHOTO MTPE00Pa30BaAHMNSA UACTOTHI C IEJbI0 MEePEKPHIThL TPAKTUUECKU BCIO 0B6JIaCTh
npospaunoctu Kpucraiaa LBO (0.45-2.6 MKM), TaK U LOCTHYb LMIMPUHBI II0JOCHI IIPeodpaso-
BaHuA (= 2000 cv 1) mpu GoOJBIIOM ZOIMYyCTHMOM yINIe IIPUeMa CHTHAJIBHOTO M3JIydeHns (~2°
I KPVICTAJIJIOB TOJIIIIMHOI ~3 MM) B IIUPOKOH cHeKTpanbHo# obmactu. IlepecTtpoiika obsactu
HIITUPOKOTIOJIOCHOTO TIPeo0pasoBaHUA YACTOTHI OCYIIIECTBISAETCA ITyTEM UBMEHEHUS JAJWHBI BOJHBI
Hakauku B auanasoHe 0.54—-2.6 MKM ¢ MCTIOJBL30BAHUEM PA3JTUUHBIX TUIIOB B3AUMOMTEMCTBUA B
TJIaBHBIX OTITMYECKUX TLIOCKOCTAX: XZ (ee-o0, eo-e, oe-e), YZ (e0-0, oe-0) 1 XY (00-€). OxugaeT-
csl, UTO IITUPOKOTIONOCHOE TIpeodpasoBanme uacToTsl K- M3nyuyeHns B yCAOBUAX HEKPUTUYHOTO
(ha30BOTO CUHXPOHU3MA B COUETAHWU C OOJBINTON AOTTYCTUMOI PacXOAMMOCTHIO HaKauKu OymeT
ToJIe3HBIM A Busyanuaaruu UK nsobpaskenuii.
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In recent years, there is an increasing
interest in broadband non-collinear sum-
and difference frequency generation due to
the progress in the development of new
pumping sources, in particular, tunable la-
sers, parametric frequency converters, and
parametric generators of short and wul-
trashort (up to 10 fs) pulses [1-T7]. The
three-wave parametric processes tunable in
a broad spectral region from UV to mid-IR
have a number of important applications to
frequency- and time-resolved spectroscopy
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for the study of fast physical, chemical, and
biological processes. The progress in sum-
frequency vibrational spectroscopy, pulse-
probe-type ultrafast spectroscopy is a con-
vincing example thereto [6]. Among differ-
ent nonlinear media for frequency up-
converters, it is the lithium triborate (LBO)
biaxial crystal that is a very promising ma-
terial because of its high nonlinearity, wide
transparency region (from 0.35 to 4.5 um),
high optical quality, and high damage
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threshold. This crystal will be the object to
study in this article.

In our opinion, insufficient attention has
been given up to now to the question of
utilization of multiple noncritical phase
matchings in optical devices. In many cases,
the near-90° phase matching (PM) noncriti-
cal in phase angle and tangential PM (TPM)
were employed. The main drawback of these
PM’s is a limited tuning range. Many works
deal with the collinear and vectorial (non-
collinear) group PM (VGPM), where, besides
the usual PM conditions

0, =0, 0, k =k +k, (1)

the equality of the projections of the group
velocities V, and V, onto the k, direction is
required at narrow-band pumping [4-9].
The subscripts "p, s, r" in (1) refer to the
pump, signal, and resulting waves, respec-
tively. The use of the noncritical vectorial
group PM extends the conversion possibili-
ties, in particular, it makes it possible to
scan the broadband group PM region along
the crystal transparency region. In addition,
the combination of the tangential and vecto-
rial group PM’s (double noncritical PM)
provides the simultaneous realization of a
broadband and wide-angle conversion of sig-
nals and images. Using the different pump-
ing wavelengths, the double noncritical PM
can be displaced towards shorter or longer
wavelengths.

A schematic diagram of the noncollinear
wave interaction for sum frequency generation
is shown in Fig. 1. Here, 0; (i = p, s, r) is the
angle between the wave vector k; and the S axis,
(p=es_ep’ B=6r_6p’ V=¢-pB=06,-0,.
Equations (1) define the phase matching
surface in the three-dimensional space with
coordinates wmy, Op, ¢ at fixed pump fre-
quency. Projecting the vectorial equation
included in (1) onto the k, direction and
onto perpendicular one, we obtain the sys-
tem of equations

kp(ep)cos(er - ep) + ky(wg 6)cos(0; — 6,) =
=k (0,,0,),

k,(0,)8in(0, — 0,) — ky(w, 0,)sin(6; - 6,) = 0.

(2)

Taking the total differential with respect

to w,, Gp, 0,, and 0,, after eliminating the
variable dO, we obtain the following equa-
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Fig. 1. Geometry of noncollinear wave inter-
action in a LBO crystal. S is the principal Z
axis for the interaction in the XZ and YZ
planes of the optical frame or the principal X
axis for the interaction in the XY plane.

tion relating the changes in o, 6,, 6, on the
phase matching surface

Ado,—Pdop+Qdo,=0, (3)

where A = cosy,/V, — cos(wy — ¥,)/ Vs, P
= kpsin(BO T Y~ Yp)/cosy,, @ = Egsin(yy +
Ys — Y, )/cosys, v; = —1/tan((1/k;)0k;/ 00;) are
the Poynting vector walk-off angles; V; =
0w;/0k; are the projections of the corre-
sponding group velocities V; onto the k; di-
rections. The subscript "o refers to the
central frequencies and angles of interact-
ing waves. The condition A = 0 corresponds
to the equal projections of the group veloci-
ties V, and V, onto the direction of k(wg,,
¢p) and determines the broadband vectorial
group phase matching (VGPM). The condi-
tions P =0, @ =0 determine the case of
tangential phase matching (TPM) corre-
sponding to the collinearity of vectors
Vp||Vr and Vs||Vr or tangency of the wave
vector surfaces kp, k, and kg, k,. Any of the
above-mentioned conditions is achieved
along closed curves lying in the phase-
matching surface and describes a single
noncritical PM.

If the absolute values of the group ve-
locities V, and V, are equal and their direc-
tions are the same, a double noncritical PM
(DNPM) is achieved. In this case, the phase
matching is noncritical both in the signal
frequency and in the value of angle ¢. This
case will be referred to as a "group center”
(GC). The physical sense of the above
DNPM condition consists in compensation
of the group velocity mismatch due to the
geometry of interaction and crystal anisot-
ropy. Moreover, there are other DNPM
types. The second type is the PM noncritical
in both the frequency w, and the angle 0
(A =P=0) and the third type is the Pl\;lj
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Fig. 2. Sections of the phase matching sur-
face for sum frequency generation (oe-o in-
teraction in the YZ plane) in the LBO crystal
pumped at 1.064 um.

noncritical in angles 6, and Gp (@ = P=0).
The last case will be referred to as a "tan-
gential center” (TC). The TC is realized as a
rule in the case of a collinear interaction.
The fourth type of DNPM is called a "con-
ditional double noncritical phase matching”
(CDNPM). This PM is noncritical in angles
0, and O, at a fixed angle ¢. The condition
Q=P (@, P+0) for CDNPM can be found
after transforming (3) into the form Adw, +
( —P) do, + Qdop = 0. In contrast to the
TC case w%ere PM is noncritical at inde-
pendent changes in angles ep and 0, the
angles Gp and 6, are related to each other by
the relation 6,—-6,=¢ in the case of
CDNPM. The intersection point of the
curves in the PM surface where VGPM and
CDNPM are realizable simultaneocusly, will
be referred to as a "conditional triple
center” (CTC).

There is a interaction geometry of the op-
tical waves where PM is noncritical in the three
independent variables w,, 0,, and ¢ (or 0,).
This PM type is achieved when the PM sur-
face practically degenerates into a point of
triple PM. The existence domains of this tri-
ple PM in anisotropic biaxial crystals are de-
fined by the anisotropy characteristics and
achieved along the principal axes of the opti-
cal frame where the difference between the
refraction indices (for example, n, —n, or
ny— n,) reaches its maximum.

It is well known [3] that biaxial crystals
have more opportunities for fulfillment of

X z
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PM conditions at nonlinear interaction of
waves. This occurs because the optical axes
do not coincide with the principal axes of
the optical frame X, Y, Z.

To consider the existence conditions of
noncritical PMs in the LBO crystal at sum
frequency generation (SFG), we solved nu-
merically equations (1) for all possible in-
teraction geometries in the planes XZ, XY
and YZ. In these calculations, the following
Sellmeier equations were used describing
the dispersion of refractive indices for a
Fujian CASTECH LBO crystal

0.011249 (4)
A2-0.011350

- 0.014591 22 - 6.60 - 1075 )4,

0.012711
2_ 9539070+ 2012711
"y 22— 0.012523

—0.01854012 + 0.20 - 1073 A4,

n = 2.586179+ 5 -0

—0.017968A2 — 2.26 - 1074 )\4,

n2 =2.454140+

where A is the wavelength in pum.

The calculated sections of the PM sur-
face by planes ep = const for sum frequency
generation in a LBO crystal pumped at
1.064 pm are shown in Fig. 2. The dash-
point-line shows the extreme points of the
PM curves where d¢/dA; = 0 and broadband
(noncritical in ;) vectorial group phase
matching (VGPM) occurs. The dashed line
shows the extreme points of the PM curves
in which d@/dA; — - and tangential phase
matching (TPM), admitting a large angular
aperture of the signal wave, is achieved.

As is seen from Fig. 2, the collinear
group PM (¢ = B = 0°) occurs at Gp = 19.44°
and A, =944.5 nm. At 0, = 90°, the TPM
lines for signal and pumping radiation are
crossed at A, = 385 nm and 1.982 um form-
ing two "tangential centers” (TC) (double
PM noncritical in angles). A double PM
noncritical in both the frequency and the
angle ("group center”, GC) is realized at
minimum angle 6,= 19.08° for A
= 943.6 nm, ¢ = 0.73°, B =0.89°. A triple
PM noncritical in w, and dependent vari-
ables 6, and 6, ("conditional center”,
CDNPM), takes place at A, = 743.7 nm, ¢ =
11.19°, B = 6.69°, 6, = 78.85°.

Typical dependences of spectral band-
width &v and angular width (acceptance
angle) 8¢ of signal radiation on signal wave-
length A, for a 3-mm-long LBO crystal cal-
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Fig. 3. Spectral bandwidth (a) and acceptance
angle (b) of signal radiation as functions of
the signal wavelength for a 3 mm long LBO
crystal pumped at 1.064 um near the DNPM
region (oe-o interaction in the YZ plane).

culated at the half-intensity level of gener-
ated radiation by the method proposed in [8]
are shown in Fig. 3(a) and Fig. 3(b), respec-
tively. These figures show that the use of the
noncritical phase matchings mentioned above
improve the characteristics of converters, in
particular, increase the magnitude of the con-
version band up to ~2.5-103 em™! and accep-
tance angle up to 2.3°.

The tuning curves for the double non-
critical phase-matching regions where both
a large phase-matching bandwidth and a
large acceptance angle of signal radiation
occur are realized are shown in Fig. 4. Re-
ferring to this Figure, the double noncriti-
cal PMs in a LBO crystal is achieved in the
wide spectral region from 0.45 to 2.6 um
when changing the pump wavelength from
0.54 um to 2.6 um. When }»p changes towards
shorter wavelengths for ec-e interaction in
the XZ plane, the PM surface becomes
smaller and reduces into a triple nonecritical
PM point at }»p =1.13 um (A, =916 nm).
There are also two points of triple noneritical
PM for the oe-o interaction in the YZ plane at
}»p =1.13 um (A, = 916 nm) and }»p = 762 nm,
(Ay =1.098 pm). In all cases of the triple
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Fig. 4. Pump wavelength (a), pump angles (ep
in the XZ and YZ planes and ?, in the XY

plane) (b) and angle ¢ (c) as functions of the
signal wavelength for all possible interaction
types in principal optical planes of LBO crys-
tal for sum frequency generation under con-
ditions of multiple phase matchings. The dou-
ble phase matching noncritical in A, and ¢
is realizable along solid curves. Circles are
the points where a triple noncritical phase
matchings are attained.

noncritical phase matching, VGPM becomes
converted into a collinear PM.

In a similar way, as }»p changes towards
longer wavelengths for oe-e interaction in
the XZ plane, the PM surface becomes
smaller and reduces into a triple noncritical
PM point at Xp =1.482 pm (A, = 1.823 um).
Two triple noncritical PM points where the PM
surface degenerates into a point exist for eo-o
interaction in the YZ plane. These PM’s are
realized at Xp =1.482 pm (A, = 1.823 um) and
Ap=2.137 um (A; =1.621 um). There are
also the triple noncritical PM points at Xp =
994 nm (A, = 1.608 um) for the oo-e inter-
action in the XY plane and }»p =1.685 um
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(A; = 1.046 um) for oe-o interaction in the
XZ plane (see Fig. 4(a)) -

The oe-o interaction in the YZ plane is of
a particular practical interest. When the
LBO crystal is pumped at 1.13 um, for ex-
ample, by a Nd:YAG pumped near-IR dye
laser and potassium titanyl phosphate
(KTP) optical parametric oscillator, a
3-mm-long nonlinear converter permits the
conversion of the 0.84-1.01 um spectral re-
gion into a visible one (0.48-0.53 um) at
the acceptance angle for signal radiation
about 2.3° and maximum allowable pumping
divergence of 11°. Other triple noncritical
PM points are of a lesser practical interest
for lack of suitable pumping sources.

To conclude, we have investigated differ-
ent possible types of nonecritical phase
matchings in a LBO crystal. We have shown
that along with well known single noncriti-
cal phase matchings, there exist double and
triple ones in this crystal. The double PM
noncritical in the wavelength and angle of
signal radiation in the LBO crystal occurs
at different types of interactions in all opti-
cal planes XZ (ee-o0, eo-e, oe-e), YZ (eo-o,
oe-0) and XY (oo-e) and can be tuned within
0.45-2.6 um spectral region by changing
the pumping wavelength from 0.54 to
2.6 um. In order to realize the double non-
critical PM of "group center” type, long-
wave lasers can be used: Nd3* ones using
different solid-state matrices and emitting
at 1.33-1.37 um and 1.833 um, as well as
solid-state lasers utilizing activating ions
Ho3*, Tu3* and Dy3* that generate at
2.0654, 2.348 and 2.358-2.366 um, respec-
tively. Besides, we have found six points of
triple (noncritical in pump angle, signal
wavelength and signal angle) PM in the
LBO crystal. The triple noncritical PM
point at pump wavelength of 1.13 um and
signal wavelength of 916 nm is of a par-
ticular practical interest. In this case, a 8-
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mm long LBO-based nonlinear converter
permits the broadband conversion (dv ~
2027 cm™1) of 0.84-1.01 um spectral region
into visible one (0.48-0.53 um) at the ac-
ceptance angle d¢ ~ 2.8° of the signal radia-
tion and maximum allowable pumping di-
vergence of about 11°. The broadband con-
version of IR radiation under these
conditions is expected to be useful in visu-
alization of IR images.

Thus, we have shown that the use of
multiple noncritical PM’s in up-converters
increases the bandwidth and angular accep-
tance for signal radiation, practically elimi-
nates the Poynting vector walk-off and,
consequently, increases the conversion effi-
ciency and rises the parametric gain,
thereby providing a tool for fast nonlinear
conversion of signals and IR images into
visible ones. Besides, the use of the above-
mentioned noncritical PM improves the
characteristics of available light sources
and converters taking advantage of the high
stability of the devices against distur-
bances.
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IlInporxocmyroBi Ta KpaTHi HeKpuUTHYHI (a30Bi
cuHXpoHi3Mu y kpucraxi LBO

H.€.KEopnienro, T.C.Cidenrxo, B.I.3adopoxnuil

Hocmimxeni kparui (moxsiiimi Ta morpiitai) HexpuTwuni (3a YACTOTOI Ta HAIPAMKAM
[IOLIMPEHHSA B3a€MOIiIOUNX XBUJb) (as30Bi cuHXpPOHisMu y Kpucraai tpubGopary airiro (LBO)
IJA IIpollecy reHepariii cymapHoi uyactoru. BUKOpHUCTAHHA BEKTOPHOI'O I'PYIIOBOIO i KpaTHUX
HEeKPUTUYHUX (PAa30BUX CUHXPOHI3MIB AJIs NepeTBopeHHA yacToTu v Kpucrayai LBO gossoase
SAK iCTOTHO POBIIHUPUTH 00JACThL IIEPECTPOIOBAHHSA ITNPOKOCMYTOBOTO IEPETBOPEHHA UYACTOTH
3 MeTOI MEePeKPUTTS MPAKTHYHO Beiel objacti mposopoctri kpucrama LBO (0.45-2.6 mrwm),
TaK 1 JOCATTM IMIUPUHU CMYTH TepeTBopenHsa (= 2000 cM 1) mpu BeIMKOMY TPHUIYCTHMOMY
KyTi upuiiomy cur"HajapHOro sumnpoMinmoBamus (~2° nJsd KPUCTAIIB TOBIIMHOIO ~3 MM) ¥
HIMPOKiNA cmexkTpanbHiin obaacri. IlepecTpoioBanHs 06JacTi IMIMPOKOCMYTrOBOIO II€PETBOPEHHSA
YacToTH SAiMCHIOETHCH IIJIAXOM 3MIiHM MOBMKUHM XBUJL HakauyBaHHA y agiamasomi 0.54—
2.6 MKM i3 BUKOpHCTAHHAM PISHMX TUIIB B3aeMOIil y IrOJIOBHUX ONTHYHUX ILJIOIIMHAX: XZ
(ee-o0, eo-e, oe-e), YZ (e0-0, 0e-0) Ta XY (00-e). OuirkyeThCs, 110 MIXPOKOCMYIrOBe IIEPETBOPEH-
HA yacToru [Y-BUIpPOMIiHIOBAHHSA B yMOBaX HEKPUTHUUYHOI'O (PA30BOI'0 CHUHXPOHI3MY Y CIIOJY-
YeHHi 3 BeJMKOI NPUIIYCTUMOIO Po3biiKHicTIO HakauyBaHHA Oyle KOPUCHUM AJdA Bisyasaisarii
IY9-z06paskens.
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