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Abstract. The type-I1I phase-matched third-harmonic light generation in a $-BaB,0O,
crystal is studied experimentally. A passively mode-locked Nd: phosphate glass laser is used
as a pump source. At a pump pulse peak intensity of I,, =5 x 10'°® W/cm? a third-harmonic
conversion efficiency of a percent is obtained. A theoretical discussion of phase-matched
third-harmonic generation in crystals of the symmetry group of §-BaB,0O, (trigonal class 3)
is given. The effective nonlinear susceptibility y. for type-II phase-matching is determined.

PACS: 42.65C

p-BaB,O, (BBO) is an excellent nonlinear optical
crystal for second-order nonlinear optical applications
like second-harmonic generation, three-photon fre-
quency mixing, and parametric three-photon interac-
tion [1-9]. The wide transparency region
(190-2500 nm), the large second-order nonlinear sus-
ceptibility and the high damage threshold make this
crystal superior to KDP and ADP [1-9]. The small
group-velocity mismatch of the crystal is attractive in
the femtosecond region [5].

In this paper we study the third-harmonic gener-
ation in a f-BaB,0, crystal. Single picosecond pulses
of a passively mode-locked Nd: phosphate glass laser
are used as pump source. The type-II phase-matching
is chosen (0oe—e interaction, o indicates the ordinary
ray and e the extraordinary ray).

B-BaB,0, is a negative uniaxial crystal (extraordi-
nary refractive index n, < ordinary refractive index n,)
of the trigonal crystal class (space group R3, point
group 3 [1,2]). The crystal has no inversion center. In
the crystal light generation at the third-harmonic
frequency, w,=3w,, may occur by cascading second-
order nonlinear optical effects (second-harmonic gen-
eration, w, + @, > w,, and frequency mixing, w, + w,
—w;) or by a direct third-order nonlinear optical
process (direct third-harmonic generation, w,+w,
+w,—w;) [10,11].
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In the theoretical discussion the various phasc-
matched cascading processes and direct third-
harmonic generation processes are analysed. The
experiments are restricted to the type-II phase-
matched third-harmonic generation.

1. Theory

In a recent paper the phase-matched third-harmonic
generation in calcite has been analysed [12]. In
contrast to $-BaB,0,, calcite is an uniaxial crystal
with inversion symmetry (trigonal crystal class, space
group R3c, point group 3m) and therefore no second-
order nonlinear optical processes contribute to the
third-harmonic generation. Here, the theory of [12] is
extended to include the second-order cascade pro-
cesses to the light generation at the third-harmonic
frequency in -BaB,0,.

The light propagation through the crystal is de-
picted in Fig. 1. Only phase-matched collinear interac-
tion is considered. The x-, y-, and z-axes represent the
crystal-fixed rectangular coordinate system. The op-
tical axis is parallel to the z-axis. The (X, Y, Z) system is
the laboratory-fixed rectangular coordinate system.
The wave propagation in the (X YZ) system is charac-
terized by the wave vectors k, |k,{k;| Z-axis, the
ordinary field strength E || X-axis and the extraordi-
nary dielectric displacement D, | Y-axis [13]. In the
(x, y, z)-coordinate system the unit vector of the ordi-
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Fig. 1. Geometrical arrangement of wave propagation in

p-BaB,0, crystal

nary electrical field strength is
sing
€= |—cos¢p (1
0

and the unit vector of the extraordinary electrical field
strength is

cos(f+a)cos¢
e,= | cos(@+a)sing | . 2)
—sin(0 + o)
Phase-matching is achieved by proper crystal
orientation (adjustment of angle ). The dispersion of
the principle refractive indices, n, and n,, allows the

angle-tuned phase-matching. The wavelength depen-
dence of the principle refractive indices is given by [3]

0.01878
2_27 —— 2
mE=27359+ rp—g srems —0.0135422, (3a)
0.01224
2237 e i 2
nE=23753+ oo —0.0151622, (3b)
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Fig. 2. Dispersion of principle refractive indices of f-BaB,0O,
crystal [3]. Phase-matching diagrams for collinear third har-
monic generation are included. (a) Adkgyg=0, (b) Akpy=0, (c)
k=0

where 1 is the wavelength in pum. ny(4) and n(4) are
depicted in Fig. 2. The refractive index of an ordinary
ray is independent of the propagation direction. The
refractive index of an extraordinary ray depends on the
angle 0 by [13]

n60)=

non,
(n? cos?0 + n3sin?0)* 12"

@)

For the cascading third-harmonic generation and the
direct third-harmonic generation phase-matching is
possible for various combinations of ordinary and
extraordinary rays at different angles 6. The possible
combinations are listed in Table 1.

For the pure cascading third-harmonic generation
either the second-harmonic generation, w, +w; —>w,,
or the frequency mixing, w,+w;—w;, is phase-
matchable by

Aksyg=k,—kia—k(p,=0 (5a)
or
Akppyy=kys—k,—k,;=0. (5b)

The wave vectors k; are given by k;=nw;/co. A
simultaneous phase-matching of the second-harmonic
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Table 1. Cascading third harmonic gencration and direct third-harmonic gencration in f-BaB,0,. Pump wavelength
A, =1.054 uym
Interaction Opm A4k oy oy a3 B F(B)
] [em™']
]
Pure cascading processes
Phase-matched second-harmonic generation (Akgyg=0)
0,0,—C, 2293 0 3.12 3.21 342
€,0, ¢, 5413.7 0 cos®f
€,€; ¢, 6557.7 26.57 cos* fisin? B
€20, 20, - 9293.3 0 cos®f
€,€, 0, 104374 26.57 cos*fsinf8
016, ¢, 33.06 0 3.89 3.99 425
€,0, ¢, : 40325 26.57 cos*fisin? B
€,¢, ¢y - 6237.5 63.43 cos?fsin g
€,0, -0, 11498.4 26.47 cos* fisin? f3
€,e, -0, 13703.4 63.43 cos?Bsin*f
Phase-matched frequency mixing (Akgy =0)
€,0; >3 60.52 34 3.50 3.70
0,0,—¢€, : — 8715 0 cos® B
0,6, ¢, - . — 33722 26.57 cos*Bsin?
€8, ¢, - 1970.64 63.43 cos*Bsin*
0,0, €, 31.61 0 3.81 3.91 4.16
0,0,—0, ~ 2380 0 cos® B
0,6,—0, - 4421.4 26.57 cos*Bsin?
€,6,—0, - 6462.7 63.43 cos? Bsin*B
0,6, €, 38.99 0 410 4.20 4.47
0,0,—0, - 2380 26.57 cos*fsin? B
0,6,-0, 5281.8 63.43 cos? Bsin* B
¢,€;—0, 8183.7 90 sin®f
Mixed direct third-harmonic generation and cascading processes
Phase-matched third harmonic generation (4kyyg = Adkgyc + 4k =0)*
type-1
0,0,0,—Cy 37.69 0 407 417 444 0 cos®p
0,0, —€,0, €, : 3330.5 0 cos®p
0,0; 0,0, —€; - — 2380.0 0 cos®f
type-11
0,0,€; €5 47.40 0 4.09 4.19 445 26.57 cos*Bsin? B
0,0, ¢,€,—€; 57421 26.57 cos*fsin? B
0,0,—0,€, ¢, — 2380.0 26.57 cos*fsin?p
0,6, —€,0, ¢4 1833.2 26.57 cos* Bsin? 8
0,6, 0,0, ¢, — 62889 26.57 cos*fsin?f
type-111
0,€,€, €, 84.33 0 0.76 0.78 0.82 64.43 cos? Bsin* B
0,C, —€,€,—C4 4949.1 64.43 cos?Bsin*p
0,6, —0,€, €, - -~ 91954 64.43 cos?Bsin*p
€,6;—€,0,—€; — 1866.4 64.43 cos?fsin*f
€,€, 0,0, =€, —16010.9 64.43 cos? Bsin* B

* Akgy is listed for cascading contributions

generation and the frequency mixing is not possible in
a single crystal. The light generation at the third-
harmonic frequency by phase-matched second-
harmonic generation and phase-matched frequency
mixing is only possible by the successive application of
two crystals which are differently oriented [14, 15].
The application of two separately phase-matched

“crystals is experimentally more complex than the

application of a single crystal, but the light generation
is more efficient with two phase-matched crystals.

For the direct third-harmonic generation the pro-
cess w; +w, + w, —»w; is phase-matched by

AkTHG=k3—klﬂ_k1b_klc=0' (SC)
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Fig. 3. (a) Phase-matching angles 0, versus wavelength A, and 1,
for type-1 (0oo—e), type-Il (0oe—e), and type-III (oee—e)
‘interaction. Solid curves: B-BaB,0,. Dashed curves: KDP.
Dash-dotted curve: ADP. (b) Walk-off angles o; and a; versus
wavelength 4, and A, for type-11 phase-matched interaction in
f-BaB,0,

The contributing cascading second-order processes
(Table 1) are characterized by

AkSHG + AkpM = AkTHG = 0 . (Sd)

The wave-vector diagrams for Adkg,;=0 (a), 4kgy=0
(b), and dkpy =0 (c) are inserted in Fig. 2. The phase-
matching angles versus wavelength are plotted in
Fig. 3a for type-I (ooo—e), type-Il (0oe—e), and
type-111 (oee—¢) mixed direct and cascading third-
harmonic generation in $-BaB,0,. For comparison
the phase-matching curves of KDP (dashed curves,
only type-1 and type-II phase-matching possible) and
of ADP (dash-dotted curve, only type-l1 phase-
matching possible) are included (refractive index data
from [16]).

The walk-off angle « between energy flow direction
(ray direction) s and wavevector direction k (Fig. 1) of
extraordinary polarized light is given by [17]

tano = $sin(20)n2(6) (;:7 - %) . (6)

e 0
In Fig. 3b the walk-off angles «, and aj versus
wavelength are shown for the type-II third-harmonic

P. Qiu and A. Penzkofer

generation process in f-BaB,0,. The walk-off angles

~are listed in Table 1 for the various interaction pro-

cesses at 4, =1.054 um.

For the cascading third-harmonic generation and
the direct third-harmonic gencration the relevant
equations are derived in the following [10]. The wave
equation is given by [17-19]

g 02 02
VxVxE+ - 2(92 '“#oﬁii‘PNl,a (7)

being ¥ the relative permittivity tensor, ¢, the vacuum
light velocity, and p, the vacuum permeability. So-
lutions of (7) are found by the plane wave ansatz

— %(El ei(unr—k.l)el + E2 ci(uuzt*-k;l)e2

+E i@ Pe L cc), (8a)

— i(wit—kiz i(wat — k57
Py =3Py, @M L Py oug €1€* 74P
+PuL im eilost - kimZ)

+ Py rag € kD 4 cc). (8b)

Pump pulse depletion is neglected. The slowly varying
amplitude approximation leads to [17-20]

0E, o, ., J0E,

k,cos?a, - 27 + ezrze2 P

T @;—)2 €,Pyp sug €477, (9a)
kycos?a, 6%325“ wg JEaes ‘2%‘_;51"

= i 1925 ¢ Py e (9b)
and
ks cos?oy “)—E;——ZT"Q + 2 esises a_E}a?fﬂQ,

=— ﬁ(‘);)z e3Py, tng €. (9¢)

The nonlinear polarizations are given by [21]

Pu.sne =260%? :EE

=60E 1 E 1y i P (— 0y 04, 0,) €484, (10a)
PNL,FM=250%(2) :EE
=260 E,E, JP (— w3505, 01) 1 €28, (10b)

and

Py, tig = 480X(3) EEE

=80E1aE1bE1cX M= w3504, 01,0;) €1,€,€,
(10c)
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E\,=E&, E,=Ee, and E, =E e, are the
components of the electric field strength, E,, that
give phase-matching (see below). The wave vectors
of the nonlinear polarizations are k3=k,,+k,,,
kfy=k,+k,, and k§=k,,+b,,+k,. Transforma-
tions to the moving frame (t' =t —e,5,e,/(con, cos?a,)

x Z >t —[eyEses/(con; cos?ay)]Z, and Z'=Z) give
oE, - ~
37 = s aeta K smoE LBy e e, (112)
240
aE F . w . ,
57 = e costay Tt (11b)
3
and
9E3 g
FVA
i v (3) idkrnc?’
= T Incgcosia, X tGE 1aE 1E 1 € .(11¢)
30

The effective nonlinear susceptibilities are

(2) _ ©(2). ]

Xeff,sSHG = €2 * X )1ei.845, (12a)
(2 — 2).

Xeft)'.FM-e3'2( )ese, (12b)
3 — 5(3) :

X(err),mc'—ea'x( Ve 8. (12¢)

The second-order nonlinear susceptibility tensor 7

and the third-order nonlinear susceptibility tensor ¥

of 8-BaB,0, are listed in Table 2 [17, 22, 23]. The

effective nonlinear susceptibilities of the various inter-

action processes are compiled in Table 3 [12, 22, 23].
The solution of (11a) is

w
Z) = ] e 2
EA2)= l2n2c(,cos ocz
exp(idkgygZ’)—1

idksug (13)

x 28 ff ! suGE1aE 1
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for E,(0)=0 (walk-off is neglected). Insertion of (13)
into (11b) gives (walk-off is neglected)

2n,n,¢2 cosa, cos? y
1 (cxp[l(AkSHG+AkFM)7]——1

wz“’aX;rr S‘H(;Xtrr m
~EE,E
ta™~1h*1¢

Es em(Z)=

}ﬁ{SIIG Akgyc + Ak gy
exp(idkpyZ’)—1
_explidkpmZ)—1) 14
. (14)

For Akgy—0 (phase-matched frequency mixing) (14)
reduces to
. 0,030 F s X, Fm
ZN)= —] —2 2Lt TR
Es.enl2) 2n,n,c3 cos?a, cosa,
o Aksuc
sin(dkguZ'/2)

AkpZ 2

X E, E,E — exp(idkeyZ'/2)

(15a)

with sin(dkeyZ'/2)/(4kenZ’/2) 1.
For Akgy—0 (phase-matched second-harmonic
generation) Eq. (14) gives

(2) (2)
W2W3Xefr, SHGXeff, FM

E3,FM(Z )=—i 2n2n3(f(2) cos2a2 COSza3
xE,E\,E,. 'kz"" exp(idkenZ'/2)
sin(4kpwZ'/2)
T dkewz 2 1

with sin(A4kpyZ'/2)(AkenZ’/2)<1. A comparison of
(15a) and (16a) shows that the third-harmonic gener-
ation via phase-matched second-harmonic generation
is negligibly small compared to third-harmonic gener-
ation via phase-matched frequency mixing.

In case of Akgyg+ Adkey=Adktg—0 (cascading
contribution to direct third-harmonic generation)

Table 2. Second- and third-order nonlinear susceptibility tensors of 8-BaB,0, (point group 3). Kleinman symmetry conjecture [24] is

assumed

l=xx 2=yy 3=zz 4=yz S5=2zx b6=xy

dyy  —dy 0
-d22 d22 0
dlS d!s d33

©2)

l=xxx 2=yyy 3=zz2z 4=yzz S=yyz 6=xzz
0) _ X11 0 0 0 X1s X1e
X =
0 X11 0 X6 —X10 0
—X1s —X10 X33 0 X1e6 0

0 dis —dy, 1=x

dis 0 —-d,, 2=y
0 0 0 3=z
T=xxz 8=xyy 9=xxy O=xyz
—X1s $an 0 X10
X10 0 $t11 X1s

X16 X1s X10 0
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Eq. (14) simplifies to

(2) (2)
W03 Xetr, SHGXefE, FM

E; em(Z)=—1
FM 2n,n5cé cos?a, cos?a,

!

Z .
X E,EEqc A.k,.«; exp(idkrycZ'/2)

« Sin(4krucZ'/2)
AkrneZ'[2

with sin(4kyZ'/2)/(AktncZ'/2)>1. E; gy of (15a)
(Akyy—0) and E; gy of (15¢) (Akpug—0) are of the
same magnitude.

The solution of (11c) is (walk-off is neglected)

(15¢)

’ w3chl' THGZI
E Z)= —] =25
s.malZ)= 2n3c0 cos?a,
. . . Sin(dkrycZ'/2
X BBy o explidheyaZ /2) S o2 /2) /2/ mucZ /D) - (y6)
THG

For Aky—0 (phase-matched direct third-harmonic
generation)-it is sin(dkyygZ'/2)/(AkucZ'/2)—~1.

The total third-harmonic signal is the sum over the
various simultaneously phase-matched processes of
Table 1 (same phase-matching angle). It may be writ-
ten as

N __4_0_)_32'
Ey(Z")= 12n3cocos o XettE1aE1pE .
, sin(4k'Z’ (4k'Z'/2)
x exp(idk'Z'[2) — AKZ2 17
with
Ketr = l; Xetr,i+ ‘ (18)

The sum runs over the simultaneously phase-matched
processes. For phase-matched frequency-mixing inter-
action (4kgy—0) it is

0 X R suc. i oemi

Hettei = n,Co c08? (o5) Ak (19a)
and
Ak/ = AkFM B

For phase-matched second-harmonic generation
(Akgyc—0) it is

w2Xeff SHG, lXeff FM, i

Kett, 1= Nn,Co €082 (at5) Akpp (19b)
and
Ak’ = AkFM .

For mixed direct and cascade third-harmonic gener-
ation (Akgyg + dkpy = Akyg—0) it is (m' number of

P. Qiu and A. Penzkofer

phase-matched cascade processes)

3
etr = X THG F Xett, cus

% szen ,SHG, iXeff ™, i

19¢
=1 HZCOCOS (az)Ak'M ( )

=2 G+
and
4k’ = Akryg -
The third-harmonic intensity generated in a crystal

of length | is obtained by use of the relations
1,=(ngyco/2)|E|* (i=1,3). The result is

) 12
I()=——-- o3

”3”1a”|b"|c‘0‘  cos* ot3

sin®(4k'l/2)

X |Xeff| llallblh (Ak'l/2)2 (20)

The electrical field strengths E,,, E,,, and E,_ arc the
ordinary and extraordinary field components accord-
ing to the interaction processes of Table 1. For
example the field components for the type-1I phase-
matched third-harmonic generation (ooe—e) are
E\,=E,,=E}=cos(B)E, and E, =E{=sin(f)E,
(Fig. 1). The corresponding intensities are I,,=1,,=1
=cos?(f)I, and I,.=I¢=sin*(f)I,. For Gaussian
pulses the field strengths and the intensities are

E)(X, Y1)
X?+Y? 1
=COS(B)E10 exp ( and —7"%“—') exp (—' 5{3) . (21 a)
ES(X, Y, Z,t)=sin(B)E,
XZ Y+(1 VA 2 t'2
xcxp( e (2 > 12 >exp<— 32 | (21b)
0

(X, Y,t)
X242 rr\
=cos?(B)1,,exp (-— —-—;f——) exp(—- ?) , (210
0

[\]

I5(X,Y,Z, t)=sin?(B)1,,
( X2+(Y+cx12)2> ( t’2>
xexp| ————————Jexp| — 5 ).
0

The energy conversion -efficiency # of third-
harmonic light generation is given by

n=W(l)/W,(0)

(21d)

=[°f dx | dy | dt’l3(X,Y,l,t’)]/

x [T dx | av | dt’I,(X,Y,O,t’)].
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ENERGY (CONVERSION RATIO v{A6)/4(0)
EFFECTIVE WAVEVECTOR MISMATCH Ak,

1 A 1 L1l 1 11
16° 10* 10° 0°
BEAM  DIVERGENCE A€ [rad}
Fig. 4. Reduction of energy conversion efficiency # due to pump-
beam divergence 40. Type-II phase-matching in BaB,0, at
wavelength A, =1.054 pym. Beam diameter 4d = 00. Solid curves:
! crystal length I=1mm; 2 |=2mm; 3 [=5mm; 4 [=1cm; 5
[=2cm; 6 I=5cm. Dashed curve gives effective wavevector
mismatch [12]

For Gaussian input pulses the energy conversion is

?‘_» . wgﬁIXcﬂ‘lZI%O

h= 3372

N3N MM CoeG COS oty

sin?(4k'l/2)

x F(B) kiR (22)
The factor F(ff) depends on the specific interaction
process and is listed in Table 1.

For divergent pump pulses, phase matching 4k’ =0
is achieved only for the central component of the pulse.
The reduction of energy conversion due to the beam
divergence 40 (FWHM) of the pump pulse was
analysed in [Ref. 12, Eq. (31)]. The energy conversion
ratio n(460)/1(0) and the effective wavevector mismatch
Ak ¢(46) [12] are displayed in Fig. 4 for various crystal
lengths. The curves apply to type-II phase-matched
third-harmonic generation (04kyyg/00=—1.6 x 10*
cm~!/rad). For our experimental situation of 46
~5x107*rad and 1=0.72 cm it is n(46)/1(0)~0.65.

The spectral width 45%(FWHM) of the pump pulses
reduces the energy conversion efficiency, since phase-
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10 1 01
T TT T T T T T T T T
1 E -100
[ /3
- / -
I /]
5 N -
/ €
S 2
£ %
E '0-1:_ / -10 'é
= L n
L / 4 5
g | N1 &
2 ! / | 2
- / ¥
r - b
g / &
2 | / | &
>
z / | &
o / §
G ‘0-2:_ / -_--l
e F / s
wl L A
= N / ] §
w ——
i / ¢ 1 &
L / -
- / -
/ 11l 1 A | 1 [ | 0
0 1 10 100

SPECTRAL BANDWIDTH AV [cm”')

Fig. 5. Reduction of energy conversion efficiency n due to spectral
bandwidth 4% of pump pulse. Type-II phase matching in
p-BaB,0,. Wavelength 1, =1.054 um. Beam diameter 4d = 0.
Lower abscissa gives spectral width of chirped pulses. Upper
abscissa presents pulse duration of Gaussian band-width limited
pulses. Solid curves: / crystal length I=1mm; 2 [=2mm; 3
[=5mm; 4 l=1cm; 5 |=2cm; and 6 [=5cm. Dashed curve
presents effective wavevector mismatch versus spectral band-
width [12]

matching is achieved only for the central laser frequ-
ency. The reduction of the third-harmonic energy
conversion efficiency was analysed in [Ref. 12,
Eq. (33)]. The energy conversion ratio n(4v)/n(0) and
the effective wavevector mismatch Ak, (4V) are plotted
in Fig. 5 for various crystal lengths. The curves belong
to type-II phase-matched third-harmonic generation
(04kpyg/0¥=1.53 cm™~!/cm™!). The lower abscissa re-
presents the spectral width of chirped pulses. (For
bandwidth limited pulses 47 is a factor of three larger
[12].) The upper abscissa is valid for the duration
of  bandwidth limited Gaussian pulses
{4t=[2In(2)/n]/(4Vc,) [25]}. For A¥~20cm~'
(chirped pulses) and /=0.72 cm it is n(47)/(0)~0.25.

The walk-off angle of extraordinary rays reduces
the pulse overlap in the case of a finite pump beam
diameter Ad (FWHM). The reduction of energy con-
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Fig. 6. Reduction of energy conversion efficiency n due to finite
pump pulse becam diameter Ad. Type-II phase-matching in
fB-BaB,0,. Wavelength A, =1.054 pm. Solid curves: f /=5 mm,;
21l=1cm; 3 1=2cm; 4 =5 cm. Dashed curve presents effective
interaction length [12]

version due to the walk-off angle «, was studied in
[Ref. 12, Eq.(35)]. In Fig. 6 the energy conversion
ratio n(4d)/n(oo0) versus pump beam diameter A4d is
depicted for type-II third-harmonic generation in
B-BaB,0O,. The effective interaction length [ is
included (for a definition, see [12]). For a beam diam-
eter of 4d=2 mm and a crystal length of /=0.72 cm
the energy conversion ratio is (4d)/n(c0)=~0.93.

The energy conversion ratio 7(0)/n(8py) for 46 =0,
47 =0, and Ad= oo is plotted in Fig. 7 [dashed curve 1,
Eq. (22)]. The fringe pattern belongs to type-1I
third-harmonic generation in a f-BaB,0, crystal of
0.72cm lengths. Several energy conversion ratios
n(0, 40)/n(0py,0) for A¥=0 (curves 2-6) and
1n(0, 4%)/n(Bpp, 0) for 46 =0 (curves 7-11) are included
in Fig. 7.

Several energy conversion ratios #5(6, 46, 49)/n
X (Opp; 0,0) for Ad=oc0 are plotted in Fig. 8 (type-II
third-harmonic generation). The left half belongs to
40=5x10"* rad and the right half to 40 =10"* rad.
The dashed curves belong to bandwidth-limited
pulses of 4¥=3 cm ™ !. The solid curves are calculated
for various spectral widths A7 of chirped pulses.

The different group velocities of the ordinary and
extra-ordinary pump rays limit their overlap length in
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Fig. 7. Normalized energy conversion efficiency versus internal
and external phase-mismatching angle. 6 — Opy 2 (6 — Opm)ou/Mo1
is the internal mismatch angle. Type-1I phase-matching in
B-BaB,0,. Crystal length [=0.72 cm. Wavelength 4, =1.054 pm.
Dashed curve 1: 47=0 and 40=0. Solid curves 2--6: A¥=0 with
2 A0=5x10"%*rad, 3 40=10"3rad, 4 40=2x10"rad, 5
A0=5x10"3rad,and 6 40=10"2rad. Solid curves 7-//: 40=0
with 7 49=10cm™!, 8 47=20cm™!, 9 A¥=40cm™!', 10
A9¥=80cm ™!, and /1 A7=160 cm~*. Bandwidth-limited pulses
are assumed

the crystal. The group refractive index - is
n,=n/[1—(¥/n)(0n/07)]. The time delay per unit length
between the ordinary and extraordinary ray at
A;=1.054 pm is

(0t/01)g11 =[ny,, — 1, (Opm)]/co=1.54 ps/cm

in f-BaB,0,. The overlap length of a pump pulse of
duration At (FWHM), ., ~ 4t/(6t/5]),,.,, is plotted
in Fig. 9a.

The group-velocity dispersion broaden the dura-
tion of the generated third-harmonic light pulses.
Without group-velocity dispersion and without pump
pulse depletion the third-harmonic duration is
Aty=At/3'? [12]. For type-II phase-matching the
time delay between the third-harmonic light and
the ordinary ray of the pump pulse is
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Fig. 8. Normalized energy conversion efficiency versus internal
and external phase-mismatching angle. Type-1I phase-matching
in p-BaB,O,. Crystal length [=0.72cm. Wavelength
Ay =1.054 um. Left half: 40=5x10"*rad; right half: 40=1
x 10™*rad. Curves / are bandwidth limited with A7=3cm™*,
The other curves are chirped with 2 A49=10cm™!, 3
A¥=20cm™', 4 AV=40cm”!, 5 47=80cm~!, and 6
A¥=160cm™"'. The circles belong to A7~20cm™! and the
triangles belong to 4#~10cm ™!

(0t/0]) 4301 ~2.86 ps/cm (4, =1.054 um). The third-
harmonic pulse duration broadens to Aty=[4t%/3
+(6t/60)2,,,I'*1"? with I'=min(l,],,.,). The approxi-
mate third-harmonic pulse duration versus crystal
length is shown in Fig.9b for two pump pulse
durations.

2, Experimental

The experimental setup is similar to the arrangement
used for phase-matched third-harmonic generation in
calcite [12]. The schematic setup is shown in Fig. 10.
The pump pulses are generated in a passively mode-
locked Nd: phosphate glass laser (A, =1.054 um).
Single picosecond pulses of about S ps duration are
separated with the Kerr cell shutter. The pulse energy
is increased in one or two Nd: phosphate glass
amplifiers. The pump pulse spectrum is monitored
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Fig. 9. (a) Overlap length between ordinary and extraordinary
ray of pump pulses versus pump pulse duration in f-BaB,O,.
Ay =1.054 um, (6t/dl),,.; =1.54 ps/cm. (b) Pulse duration of gen-
erated third-harmonic light in f-BaB,0, versus crystal length.
Ay =1.054 um, (6t/d]).3,, =2.86 ps/cm. Solid curves: 1 pump
pulse duration At=5ps; 2 At=1 ps. Dashed curve: time delay
between extraordinary ray at 1, and ordinary ray at 4,
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Fig. 10. Experimental setup. (SP; grating spectrometer; VID;
vidicon of optical spectrum analyser; L: lens. DA: linear diode
array; PD1 and PD2: vacuum photodetectors; SA: saturable
absorber for intensity detection; CR: g-BaB,O, crystal; F:
filters; PM: photomultiplier)

with a spectrometer and a vidicon system. The beam
diameter is measured with a linear diode array system.
The input pump pulse peak intensity, I,,, is deter-
mined by measuring the pulse transmission through a
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saturable absorber (Kodak dye No. 9860 in 1,2-
dichloroethane [26]). The relevant crystal parameters
are [=0.72 cm, Opy=47.40° (type-1I phasc-matching),
and ¢=90°" [27]. Only type-1l phase-matched third-
harmonic generation is investigated. The generated
third-harmonic signal is measured with a photo-
multiplier. The energy conversion is determined by
calibrating the photomultiplier signal, energy Wj(l), to
the signal of the photodetector PD1, energy W,(0). At
high pump pulse intensities (/,, 22 x 10'° W/cm?) a
vacuum photodiode is used to measure the third-
harmonic signal.

3. Results

The angular dependence of the generated third-
harmonic signal is shown by the data points in Fig. 8
(type-II phase-matched third-harmonic generation).
The data belong to 40~5x 10~ % rad and 4d ~2 mm.
The spectral widths are 4¥~10cm ™! (triangles) and

THIRD HARMONIC ENERGY CONVERSION EFFICIENCY 1

L L1l ) 1l 1 i
10° 10° 10"

INPUT PEAK INTENSITY I, [Wicm?)

Fig. 11. Energy conversion efficiency of third-harmonic light
versus input pump pulse peak intensity. Type-II phase-matching
in f-BaB,0,. Pump laser wavelength A, = 1.054 pm. Circles and
solid curve /: 4¥=20cm™!, /=0.72cm. Triangles and solid
curve 2: A¥~10cm™*,1=0.72 cm. Dashed curves 7 and 2 belong
to 4¥~0, 40~0, Ad— oo with [=2cm and /=0.72 cm, respec-
tively. Curves are calculated with y.=1.3x10"22m2V "2 sec
22
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A¥=~20cm ™! (circles). The experimental points agrec
well with the calculated curves.

The maximum energy conversion efficiency
(6 =0y versus input pump pulse intensity is depicted
in Fig. 11. The circles (47~20cm~') and triangles
(47~10cm~!) represent the experimental points
(40~5x10"*rad, 4d~2mm, [=7.2 mm). The solid
curves are fitted to the experimental data. The fit-
ting parameter is |y |=(1.34+02)x10 22 m?V~?
=(92+14)x10 " esu (1esu=9x10%/4n m2V~2
[21]). The dashed curves belong to 40=0, 4V=0,
Ad =00 with (2) [=7.2 mm and (1) [=2 cm [see (22)].

In the experiments a third-harmonic conversion
efficiency of #~0.008 has been obtained at an input
pump pulse intensity of /,,=5x10'°W/cm? The
damage threshold of f-BaB,0, crystals is expected to
be of the order of 10'? W/cm? for picosecond pump
pulses of about 5 ps duration. A damage threshold of
1.35x 10'° W/cm? was reported for Nd: YAG laser
pulses of 1 ns duration [4, 7]. The curves in Fig. 11
indicate that very high third-harmonic conversion
efficiencies may be obtained for picosecond (and
femtosecond) light pulses in BBO (f-BaB,0,) well
below the damage threshold.

4. Discussion

The type-II phase-matched third-harmonic generation
is composed of the direct third-harmonic generation
and of four cascading second-order processes. The
contributing processes are listed in Table 1. The
second-order nonlinear susceptibility components
were determined by an analysis of the second-
harmonic generation [1, 5-7]. The reported values
are [7] d,, =(1.9440.22) x 1072 m/V, d;; <0.1 x d,,
(d,;=0 used in the following), and d,;=(1.36+0.83)
x 10713 m/V. A value of d,; is still not known. The
effective susceptibility of the cascading contributions is
found to be et cas=(6.6+0.8)x10"2*m?V~2 [Equa-
tion (19¢c) with Table 1 and Table 3, ¢ =90°, the weak
processes 0,0, —>€,e, —>€; and 0,e,—0,0,—€; are
neglected.] The measured cffective susceptibility of
type-1I third-harmonic generation is |y« =|x3 tua
+ Xesr,cnsl =(1.3%x0.2) x 10722 m? V™2 resulting in
XD e =(644+28)x10"23m?V~2? (same sign of
X3 116 A0d Xegr, cas 1S assumed). The effective nonlinear
susceptibility values indicate the same magnitude of
the cascading processes and the direct third-harmonic
generation.

5. Conclusions

Energy conversion efficiencies up to 1% have been
achieved by type-II phase-matched third-harmonic
generation in f-BaB,0, with picosecond pump pulses
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Table 3. Effective second- and third-order nonlinear susceptibilities of f-BaB3,O, (point group 3). Angles are defined in Fig. 1

Process Lefs

Second-harmonic gencration 12 sne(@; + 0> w,)

00—¢ [—d,cos(3¢)+d,,sin(3p)] cos(f) +ay)—d, s sin(0 + a5)

000 —dysin(3¢)+d;,; cos(3¢)

oe—¢ [d,, sin(3¢)+d,; cos(3¢)] cos(0+a,) cos(d +a,)

o¢c—0 [—dy;cos(3¢)+d,,sin(3p)] cos(f+a,)—d,ssin(0+a,)

ec—e [d,, cos(3p)—d,, sin(3¢)] cos(0 +a,)cos? (0 +a,) +d; 5 sin(0 +a,) sin? (0 +a,)
+d,scos(f+a,)[sin(f + ay)cos(f +a,)— 2 cos(0 + a,) sin(0 + a,)]

ee—0 [d,,sin(3¢)+d,;cos(3¢)] cos2(0+a,)

Frequency mixing X3 om0, + 03— w3)

oo—e [—d,;cos(3¢)+d,,sin(3h)] cos(0+ay)—d, ssin(0+as)

000 —d,,sin(3¢)+d,,cos(3¢)

oe—¢ [dy; sin(3¢)+d;, cos(3¢)] cos(0 + ;) cos(0 + a3)

oe—0 [—d,icos(3¢)+d,,sin(3¢)] cos(0+a,)—d, s sin(0+ay)

cc—e [dy, cos(3¢)—d,, sin(3d)] cos(0) + &) cos(O) + o) cos(O +a)
+dj3sin(0+ay)sin(0+ a,) sin(0 + a;)
+d, s[cos(0+ ay)cos(f+ a,) sin(0 + a3) —cos (0 +ay) sin(0 + a,) cos(0 + a3)
—sin(f +a,) cos(0+ a,) cos(0 + as)]

ec—o0 {d,sin(3¢)+d,, cos(3¢)] cos(0+a,) cos(0 +ay)

Direct third-harmonic generation
000—¢€
ooe—e

oce—¢€

13 the (@ + 0, + 0, > wy)

—[x155in(3¢) + x10 cos(3¢)] sin(0 + a5)

4211 co8(0+a3)cos(0+0,)+ [x10Sin(3) — 115 cos(3¢)] sin (20 + o, +a3)
+ %16 Si0(0 + a3)sin(0 +a,)

3[x10€0s(3¢) + x1 5 sin(3¢) cos(B + a3) sin(20 + 2,)]

of a Nd:glass laser. Conversion efficiences up to the
10% region are expected for more powerful picosec-
ond pump pulses well below the damage threshold.
Comparing the third-harmonic generation in BBO
with the third-harmonic generation in calcite reveals
the favorite parameters of f-BaB,0,: The effective
nonlinear susceptibility x.¢ (type-II) is about a factor
of 40 higher, the walk-off angle is nearly a factor of 2
smaller, and the half-width of the phase-matching
curve (Fig. 7, curve 1) is a factor of 1.35 wider (same
crystal thickness).
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