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Abstract. The third-harmonic generation of picosecond light pulses in a calcite crystal is
studied experimentally and theoretically. A passively mode-locked Nd:phosphate glass
laser is used in the experiments. The third-order nonlinear susceptibility components and
the effective third-order nonlinear susceptibility of type II phase-matched (0oe—¢) third-

harmonic generation are determined.

PACS: 42.65C

Conversion of laser light to the third-harmonic frequ-
ency may be achieved by cascading second-order
nonlinear optical processes or by direct application of
a third-order nonlinear optical process. The cascading
of phase-matched second-harmonic generation,
w,+w;—w,, and phase-matched frequency mixing,
W, +w;—w;, in two separate crystals without inver-
sion symmetry is an efficient technique of light gener-
ation at the third-harmonic frequency @; =3w, [1-3].
Direct phase-matched third-harmonic generation in
gases (rare gases, metal vapors) is applied to generate
vacuum ultraviolet coherenti radiation [4-6]. The
efficient third-harmonic generation in some phase-
matched organic dye solutions was analysed recently
[7-10]. The phase-matched third-harmonic gener-
ation in a single crystal without inversion center is
possible by cascading second-order effects and by
combining second-order effects and direct third-
harmonic generation [11-13]. In birefringent crystals
with inversion symmetry second-order processes are
parity forbidden but direct third-harmonic generation
is allowed and angular phase-matching is possible [11,
13-16].

In this paper the phase-matched direct third-
harmonic generation in calcite is studied [11, 13-16].
Calcite is an uniaxial crystal of trigonal crystal symme-
try (space group R3¢, point group 3m). It has an
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inversion center. Picosecond pump pulses of a pass-
ively mode-locked Nd-phosphate glass laser are ap-
plied. Type-II phase-matching is applied (0oe —¢ inter-
action with phase-matching angle © =36°, o: ordinary
ray; ¢: extraordinary ray). The energy conversion
versus pump pulse peak intensity is measured. The
relevant third-order nonlinear susceptibility compo-
nents and the effective nonlinear third-order nonlinear
susceptibility ¥$3} ;; are determined. The influences of
spectral width, beam divergence, and beam diameter
on the third-harmonic conversion efficiency are
analysed.

1. Theory

The third-harmonic generation is described by the
nonlinear wave equation [17-193

Vx ¥V xE+ EziE=—y iP (N
ck or? 052 " NE
with
E=3{E, exp[i(w,t—k;r)]e,.
+ E; exp[i(wst —kjr)]e; +-c.c.} )
and

Py =3{Pny, 1 exp[i(w, t —kEr)]
+ Py, s expli{wst —kir)) +c.c.}. 3
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Fig. 1. Light propagation in crystal-fixed (xyz)-frame and in
laboratory (X Y Z}-frame. z is parallel to optical axis of calcite

£ is the relative permittivity tensor. y, is the vacuum
permeability. ¢, is the vacuum light velocity. E; and E;
are the electrical field strengths of the pump laser
(circular frequency w,) and of the third harmonic light
(w;=3w,), respectively. k, and k; are the correspond-
ing wavevectors. e; and e; are unit vectors. Py ; and
Py ; are the third-order nonlinear polarizations at the
circular frequencies w,; and w,, respectively.

Neglecting pump pulse depletion (E, =const), se-
lecting pump pulse propagation in Z direction, and
using the slowly varying amplitude approximation (1)
reduces to [20-22]
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e3Py, 3 exp(idkZ); 4

a4 is the walk-off angle between wave-vector direction
k; and ray direction s.; of the third-harmonic light
(Fig. 1). Ak=k,—k5 is the magnitude of the wave-
vector mismatch. The transformations

¢ =t—[wse;85e5/(c2ks cos?az)]1Z
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and Z'=Z reduce (4) to

aE3 _ luo(ug . ,
z 2k, cosZas e3Pyr, 3 exp(idkZ’)
_j HoosCo o

= 2"3 (_"OSZOC3 e3PNL’ 3 GXp(IAkZ ) . (5)

For the last equality the relation k; =n3ws/c, has been
used. n; is the refractive index at the circular frequency
W3-

The dispersion of the refractive index causes phase-
mismatching. In the uniaxial crystal calcite collinear
phase matching, 4k=0, is possible by angle tuning.
Figure 1 depicts the light-propagation scheme in cal-
cite. (x,y,z) represents the rectangular crystal-fixed
coorindate system. The z-axis is parallel to the optical
axis (c-axis). The wavefront propagation is parallel to k
(kLD, D is dielectric displacement, Z-axis). The ray
propagation (energy flow direction) is parallel to s
(s LE). The electrical field strength of the ordinary ray,
E°, is oriented perpendicular to the (z, k)-plane (D°| E°,
Kk, [|s,). The electrical field strength of the extraordinary
ray, E°, is located in the (z,k)-plane (D° Lk, k. |k, || Kk,
E°Ls, £ (k,s,)= L (D%, E)=0a). The vectors E°, D°, and
k span the rectangular (X, Y; Z) laboratory coordinate
system.

The dispersion of the principle refractive indices, n,
and n,, of calcite is depicted in Fig. 2 [23] (negative
uniaxial crystal). Phase-matching is achieved by adjus-
ting the angle 6 between optical axis z and wave-vector
k. Three different phase-matching configurations are
possible by applying different combinations of ordi-
nary and extraordinary rays: Type-I phase-matching
applies ooo—e interaction, type-II phase-matching
uses ooe—¢ interaction, and type-III phase-matching
is achieved by oee—e interaction [24]. The azimuthal
angle ¢ does not influence the phase-matching, but it
influences the effective nonlinear susceptibility (see
below).

The phase-matching angle ¢ for collinear ooo—¢
interaction (type I) is found by the relation

Ak =k 3— 3k, =6nV,[n.3(6;)—n,11=0 (6)

(k& = 3k,,). The extraordinary refractive index at angle
0 is given by
n(©)= —

(n? cos?0+nZ sin?9)!/?”

o

Insertion of (7) into (6) gives

2 2 \1/2
Ro3 o3 — Mgy
0,=arccos [ (————2 > . 8)
Ry1 \Me3 —Ho3

The refractive index data of calcite give a phase-
matching angle of 6;=29.64° for a pump laser wave-
length of 1, =1.054 pm.
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Fig. 2. Dispersion of principle refractive indices of calcite (from

[23])

The phase-matching angle for the collinear coe—¢
interaction (type IT) is obtained from the relation

Ak zkes _2k01 - kel
=279, [3n3(011) — 2151 — 14 (0;)] =0 ©)

(k8 =2k, +k.;). Equation (9) is solved numerically. A
phase-matching angle of 0;;,=35.96° is obtained for
A, =1.054 pm.

The phase-matching angle for the collinear oeec—e¢
interaction (type III) is determined by the relation

Ak=ko3—koy 2k,
=21V, [3ne3(0111) — o1 — 211 (01 )] =0 (10)

(k§=k,; +2k.;). The phase-matching angle is 6,
=50.16° for 1, =1.054 um.

The phase-matching angles 8,, 0,;, and 0;;; versus
wavelengths 4, and A, are depicted in Fig. 3a. The
crystal is transparent between 200 nm and 2.2 um [25].
Within this wavelength region type I and type I phase-
matching are possible (0.6 pum =<4, <2.2 pm; 200 nm
< A3 £730nm). The type I1I phase-matching is limited
to 4, =720nm (45 =240nm).
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The walk-off angle « between ray direction s and
wavevector direction k (Fig. 1) of extraordinary pola-
rized light is given by [22]

tana =1 sin(20)/n(0) (nl—z - %) (11)

© 0

The walk-off angles «; and o5 versus wavelength are
depicted in Fig. 3b for type-II phase-matching.

The third-order nonlinear polarization, Py;, of (1)
is given by [26]

Py, =407 EEE. (12)

The third-order nonlinear polarization, Py s, of (3)
reads

3
Py, 5= 80E1aE1bE1cX( )

(—03; 01,01, 0,): €884, (13a)
or
_ (3)
PNL,e,i—80E1aE1bE1c x Xijit
Lk I=x9,2z
(—w3; 0,04, wl)ela,jelb,kelc,l' (13b)
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E,,=E 8, E,=Eey, and E, =E, e, are the
electrical field strengths of the pump light at frequency
;- €1, €45 and e, represent unit vectors.

In case of ooo—e phase-matched third-harmonic
generation (type I) it is E;,=E,,=E, = Eje,; with

X2+Y2) < t'z)
——Jexp| — 55 ). (14
2r3 P\7 22 (14

In case of ooe—¢ phase-matched third-harmonic gen-
eration (type 1) itis E,,=E,,=Ele,; and E, . =Eje,;.
Py, 3 becomes maximal for Ef=2E] (B; =arc-
cotan(2)=26.57°, see Fig. 1). ES and Ej are given by

XZ + Y2
2r2

ES(X, Y,t)=E o exp <—

ES(X, Y,t)=E,cos(By) exp (‘

2
X exp <— Eg)’ (15a)
EYX, Y, Z,t)=E,,sin(B)
X exp [ _ X2 +(Y-;— och)Z]
2rg
tlZ
X €xp (— 51%) (15b)

For oee—¢ phase-matched interactionitis E;,= Efe,,
and E;,=E, =Ee,,. Py ; becomes maximal for E{
= FE5/2 (B;;y=arctan(2)=63.43°=90°— f,, see Fig. 1).
ES and Ef are given by
X%+ YZ)
2rt

E{(X, Y,t')=E ,cos(B;;) exp ( -

t'?
X exp ( — 5{%—> (16a)
E{(X, Y, Z,t")=Eosin(f)
wexn| — X2 +(Y+a,Z)?
P 2rt
¢ b
- — . 16
)
Gaussian pulse shapes are assumed.
Insertion of (13a) into (5) gives
0E, . W3 3)
2z - -1 WElaElecheff
x exp(idkZ") 17
with
1= P —w3; 0,01, 0,) € 81581, (18)

c2=(poge) ! is used. Neglecting the effect of the walk-
off angle o, (15b and 16b) the integration of (17) gives
for E;(0)=0

A. Penzkofer et al.

. w5
Eqll)=—i 2n5c,cOS% 0ty
9 exp(idkl)—1
idk

. w5l
=—i—"> - E _E. E y3
2n3cocosz<x3 1at1pE1cXeft

o ox (ﬂ sin(4kl/2)
P AR2

2
The generated third-harmonic intensity is obtained by
using the relation I=(ncye,/2) |E|*:

13(1)2

3
ElaElech(ef%

(19)

w3l
M3My Myphy Coep COS* oy
sin?(4kl/2)
(4kl/2)?
The energy conversion of third-harmonic light gener-
ation is given by

n=W;())/W:(0)

- [_? dX § aY ] drI.x, Y,t’)] /

Ilallbllclng),z

(20)

[ fax [ ar | dt'Il(O,X,Y,t’)].

For type-l interaction (0oo—¢) (14) the energy conver-
sion becomes [19]

_ 1 ofPLio
332 ney(0)nd cged cos* o
sin*(4kl/2)
X sy,
(4klj2)?

for type-1I interaction (ooe—e€) (15a and 15b)

Hy

(21a)

1 .
M= 3372 cos*(B;;) sin*(Byr)
w3PIi, |X(e%2',11|2
ne3(0r)n2im, 1(0r1)c5es cos* oy
sin?(A4kl/2)
(4klj2)*

and for type-Ill-Interaction (oee—¢) (16a and 16b)

(21b)

| .
= 3372 cos*(Byrp) sin*(Byyy)

21272 1.3) |2
w3l Lolxett, rr

ne3(9111)”o1"-:21(9111)0833 cos* %3
sin?(4kl/2)
(4kl/2)?

I,, is the input pulse intensity inside the crystal. In the
experiments the reflection losses have to be separately

(1c)
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considered. In the case of phase-matching, Ak=0, one
has sin?(4kl/2)/(Akl/2)* =1.

The effective nonlinear susceptibilities y3) ;, x3) 1,
used y3) ;;; are found by the following considerations.
Setting i=1,2,3 for i=x,y,z and using the contrac-
tions [24] 1=xxx, 2=yyy, 3=zzz, 4=yzz, S=yyz,
6=xzz, T=xxz, 8=xyy, 9=xxy, 0=xyz for jki [see
(13b)], the effective third-order nonlinear suscepti-
bility, ¥2} (18), of calcite (3m point group) may be
rewritten to

ng=esf(3)e111 (22)

with

e;=(es, €3y, €s,) (23)
X11 0 0 0 0 X6 O i1

2(3)= 0 X11 0 X6 =20 O 2o 0

0 —X30 233 O X35 0 Xas 0
and

€1ax€1px€1cx

elayelbyelcy

€1az€102€1c2

€1a2€102€1cy T €1a2€16y€1cz T €1ay€10281c2

€148 15yC10z T €1ap€1:€ 10y T €1az81y€ 10y
€111 ™ . (25)

€1a2€1p2€1cx + €142€10x€1cz + elaxelbzelcz
€1ax€15x€1cz + €1ax€162€1cx + elazelbxelcx

elayelbyelcx + elayelbxelcy + elaxelbyelcy

elaxelbxelcy + elaxelbyelcx + elayelbxelcx

€1aj€10k€ 1l
jFk*I=x,9,2

The unit vectors e, and e, of the ordinary and
extraordinary field strenghts are given by

sin¢
e,= |—cos¢ (26)
0
and
cos(0+a)cos @
e.= | cos(0+o)sing 27
—sin(0+a)

in the (x, y, z) crystal frame. The susceptibility tensor,
%™, of calcite is taken from [22, 24, 28]. The Kleinman
symmetry condition [27] simplifies the ¥*® tensor
components to ¥3o=yx10 and y3s=7y,¢ [24].
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For ooo—e interaction the application of (22-27)

gives
A3 1= 30 SIn(0; +a3) cos(3¢) . (28)
In case of ooe—e interaction, the effective nonlinear
susceptibility is
ng u= [%Xl 1€08(07 1+ 0tq) + X 10 SID(0;; + 1)

x sin(3¢)] cos(8y; +o3) + L35 sin{B,; + ;)

+ X390 €O8(0pr + 1) sin(3)] sin (0 +a3).  (29)
The effective nonlinear susceptibility for oee—e inter-
action is
X ="{x108I0[ 20+ ;)] cOs (0, + 0t3)

+ %39 COS %Oy + 00y SIN(By7; + ot3)} cos(3¢).

(30)
0 X10
1 O (24)
X390 0

Type-I third-harmonic generation is caused by the
coupling constant

— (3) .
X10 _Xxxyz(—w3a Wy, Dy, wl) .

¥3L; has a maximum for ¢=0° and it is zero for
¢ =90° and 270°. Type-1I third-harmonic generation
has contributions from

— 4(3) .

X11= Xaxa — D35 W1, 01, @4),
— (3 .

XlO—‘Xxx)yz(_“a)Snwlywl’wl):
— (3 .

X3s “Xzy;:z(_a):h wl:wlaml)

and

X39 =X(z?c)xy(—w3; @1,01,01) (Y30 =Z10) -

Type-III third-harmonic generation is caused by y,,
and x5, (Kleinman symmetry: y,o=y30)- x5} ;77 has a
maximum for ¢ =0° and it is zero for ¢ =90° and 270°.

The conversion efficiency of phase-matched third-
harmonic generation is reduced by the beam diver-
gence, the beam diameter, and the spectral bandwidth
of the pump pulse.

The ratio of energy conversion, n(A48)/n(0), of a
pump pulse of beam divergence angle 46 (FWHM) and
of a non-divergent pulse (460=0) is approximately
given by

. sinz(%—Ag,E 9'1/2)
[ exp[—(8'/00)"] —7———— 7~ d0
0 912
n(40) <59’ )
") G4

}f exp[—(6//0,)21d6"
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Fig. 4. Reduction of third-harmonic energy conversion efficiency
by pump pulse divergence A8 (FWHM, in crystal) for type-II
phase-matching. Curves 7 [=0.1cm; 2 I=02cm; 3 [=0.5cm; 4
I[=1cm; 5 I=2cm; 6 [=5cm. Effective wave-vector mismatch
due to beam divergence is included (dashed curve). 4, =1.054 pm

EFFECTIVE WAVEVECTOR MISMATCH

10

with 0, = 46/{2[In(2)]'/?}. The value of the integral in
the denominator is (n'/?/2)0,. The angular derivative
of the wave-vector mismatch is

04Kk/00 ~ —2.5x10*em ™ *rad !

at the phase-matching angle 6;;=35.96°. In Fig. 4 the
reduction of energy conversion versus pump pulse
divergence 46 is plotted for various sample lengths
(ooe—e interaction). For a crystal length of [=2cm
and a laser beam divergence of 40=>5x 10" *rad the
reduction of the energy conversion is 7(468)/4(0)=0.22.
A0 is the beam divergence (FWHM) inside the crystal.
It is related to the beam divergence outside the crystal
by 46, ~n,,46.

An effective wave-vector mismatch, Ak, due to
the laser pulse divergence may be determined by

04k

T expl—(0'/00)%] o 6'd0)
0 00

°j: expl~ (0//00)1d0"
1 Ak
= 2[zn2)]? 86

Ak ¢(A0) is included in Fig. 4 (dashed line). The pump
laser may be focused to a line in the YZ plane in order

4 keff =

40. (32)
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to increase the pump pulse intensity without increasing
the relevant beam divergence.

The reduction of energy conversion due to the
spectral bandwidth A% (FWHM) of the pump pulse is
approximately given by the ratio

sin? (aaA; \7'1/2>
v
' 2
(—ﬁa;g’f v'1/2>

{ expL—(/7))d7

with §, = 49/{2[In(2)]*/*}.

The value of the integral in the denominator is
(n'/2/2)¥,. The frequency derivative 84k/0% at the
ooe—e  phasematching angle is  J4k/0V
=1.38cm™!/cm ™. Besides the third harmonic pro-
cess w;+o,+w;—>w;, the frequency mixing w,
+(w, — 6w)+(w; + dw)—>w5 contributes to light gen-
eration at m;(0w < dw=2ncy,47). The frequency mix-
ing reduces the wave-vector mismatch. For bandwidth
limited pulses it is assumed that the spectral width of
the third-harmonic light is about the same as the
spectral width of the pump pulse and the frequency
derivative of the wave-vector mismatch is appro-
ximated by d4k'/0¥~(1/3)04k/0¥. For chirped pulses
(self-phase-modulated pulses) [29-32] the pulse spec-
trum changes with time and only third-harmonic
generation is relevant (0Ak'/0V ~ 0A4k/07).

The reduction of energy conversion #(47)/4(0)
versus spectral width 4V is plotted in Fig. 5 for some
sample lengths. The lower abscissa belongs to the
spectral width of chirped pulses (04k'/07=1.38). The
upper abscissa belongs to bandwidth-limited Gaussian
pulses (04k'/07=0.46). The pulse duration 4t of the
pump pulse (FWHM) is indicated. It is related to the
spectral  bandwidth 4V (FWHM) by 4t
=[21n(2)/x]/(4¢c,) [34]. For a bandwidth-limited
pulse of 5ps duration the third-harmonic energy in a
2 cm long calcite crystal is reduced to #(49)/7(0)=0.9.
For a self-phase-modulated pulse of 47=20cm ™! the
energy conversion in a 2 cm long calcite crystal reduces
to #(4v)/n(0)=0.1.

An effective wave-vector mismatch due to the
spectral width of the pump laser may be defined by

o oAk’
[ expl— (/5] 2 V0
0 ov

[ expl —(7/Fof"1d7
1Ak
T am@] e

The Ak (A7) curves for bandwidth-limited (dashed
line) and chirped (dash-dotted line) pulses are included

{ exp[ —(7/io)"]

49 _
1(0)

(33)

4 keff =

(34
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in Fig. 5. The picosecond pump pulses may be selected
in the rising part of the pulse train in order to avoid
severe spectral broadening by self-phase modulation
[33].

The walk-off angle &, (11) limits the interaction
length of the ooe—e phase-matched third harmonic
generation. For the situation of phasematching
(4k=0) the reduction of energy conversion due to the
finite beam diameter Ad (FWHM) is approximately
given by (ro=Ad/{2[In(2)]'/?}):

ndd) (})Z«Tw exp{—[2Y?*+(Y+0,Z)*]/r3}dYdZ

- 1 ©
(o) [Z ] exp[—3Y¥r2]dYdz
0 —
3442 8 ln(z)a§12>
_ P _ 2P Y (35
8122l [1 exp ( 34D (33)
PULSE DURATION At [ps]
10 1 01
T ] L T T I T 1 T T [ T 7T
1 —100
- 7
r /]
- \ / ]
_ / €
5 N
2 x
F0F 4 /3 :“’
[=] B / T 5
e [ 1=
& E / / 4 \ E
g | / 1z
Z s/ 5
g r / / 5 fre
g /) &
;S S
5 mét / =
c°F / N
z t / / & 1 =
i S 1 E
- / / — 1 B
L / y 4 5
A
1/1 11 / 1 1] ! [
1 10 100

SPECTRAL BANDWIDTH AV [cm']

Fig. 5. Reduction of third-harmonic energy conversion efficiency
by spectral bandwidth of pump pulse A% for type-II phase-
matching. The solid curves versus the lower abscissa belong to
chirped pulses, while the solid curves versus the upper abscissa
belong to the bandwidth limited pulses. Curves 7 {=0.1cm; 2
[=02cm; 3 [=0.5¢cm; 4 I=1cm; 5 [=2cm; 6 [=5cm. The
effective wave-vector mismatch due to spectral bandwidth is
included. The dashed curve belongs to bandwidth-limited pulses
and the dash-dotted curve is responsible for chirped pulses. 4,
=1.054 um
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Fig. 6. Dependence of third-harmonic conversion efficiency on
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Effective interaction length versus beam diameter is included
[dashed curve, for definition see text and (36)]. 1, =1.054 ym

The walk-off angle for ooe—e interaction at
Ay=1.054pm is &, =5.83° n(dd)/n(cc) versus Ad is
plotted in Fig. 6 for various sample lengths, In case of
Ad=5mm and {=2 cm the reduction of energy conver-
sion efficiency is 5(Ad)/n(00)=0.86. The pump laser
may be focused with a cylindrical lens to a line focus
along the Y-axis in order to increase the pump pulse
Intensity without reducing the relevant beam diameter.
An effective interaction length, I ¢, may be defined
by equating the conversion efficiency of a crystal
without walk-off angle of length [, with the conver-
sion efficiency of a infinitely long crystal having a walk-
off angle «,. The effective length is found to be (35)

3 "% 4d
leff - [2 111(2)] E (36)

l¢(4d) is included in Fig. 6 (dashed line). For Ad
=5mm the effective interaction length is [, = 3.6 cm in
case of ooe—e interaction at A, =1.054 um.

In case of wavevector mismatch, Ak =0, the walk-
off angle loses its importance if the coherence length
[19] I..n =7/|4k| becomes less than ;.

The refractive indices of calcite are temperature
dependent. A temperature change of AT causes a wave-
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vector mismatch %‘;AT and a reduction of third-

harmonic energy conversion of

., {04k
11(AT) sin (6—TATI/2>

(37)
#7(0) oAk z
T
( T ATI2
The temperature derivative is approximately

04k/0T~—6x10"*cm™ /K (ooe—»e, A,=1.054 um,

T=20°C, (9) with (T + AT)=n(T) + a A T aé;“ from

[23]). This value is negligibly small.

The energy conversion as a function of crystal
orientation (0oe—e interaction) is depicted in Fig. 7.
The curves are normalized to #(0;;, 46=0, 4%, =0).
A crystal length of [ =2 cm is used. The influence of the
walk-off angle is not included. Curve 1 is calculated for
A0=0 (parallel light beam) and 4¥=0 (monochroma-
tic light) by use of (21b)

[1(6)/n(61) =sin*(4Kk1/2)/(4kl/2)*].

The curves 2-7 belong to increasing beam divergence
A8 and AV=0. The curves 8-12 are calculated for
A0 =0and rising spectral bandwidth 49 of bandwidth-
limited pulses (04k'/0¥=0.46). The curves are cal-
culated by generalizing the relations (31) and (33) to

e [ (e 2 22
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for the interaction length. The group refractive index is
given by [35]
n

n ov

The time delay per unit length between ordinary and
extraordinary ray of the pump pulse is (6t/6])y1c1
=(Nge1 —Nge1(0))/co=1.56 ps/cm at A; =1.054 pm. The
overlap length, [..,, for a pump pulse of duration At,
(FWHM) is

: At

™ (81/6Dorer
l

(40)

wer VEIsus At is plotted in Fig. 9a.

The group velocity dispersion broadens the dur-
ation of the third-harmonic light. Without group
velocity dispersion the duration of the third harmonic
light is At;=At/3Y? [(20); Iy0cI3 o exp(—3t2/t3)] as
long as no pump pulse depletion occurs. The time
delay per unit length between the third harmonic light
and the ordinary ray of the pump pulse is
(0t/1) 35, 2.6 ps/cm. This time spreading between the
third-harmonic light and the pump pulse broadens the
third-harmonic pulse duration to

Aty ~[5AL +(51/6])35,,1%] 41)

I is the shorter of the lengths ! and [ ,,. The approxi-
mate third-harmonic pulse durations versus crystal

)o]

0 ov

0 9/2 ¥ 72
[ df exp < 2> { dvexp < ~—2>
Zew 0 i3

(0, 46,47)

[ oAk ,
[(Alqﬁwﬂ s

o4k’

77(9}1’ 09 0) -

The oscillations for A6=0 and 49=0 are lost readily
for increasing A0 and A¥-values and the half widths of
the angular tuning curves broaden while the conver-
sion peak at =8, reduces.

In Fig. 8 some realistic angular energy conversion
tuning curves for the combined action of 40 and 47 are
depicted and experimental points are included (see
below). The curves belong to chirped pulses (04k'/0V
=138 x10"*cm ™~ */rad) except curve 1 (bandwidth
limited, A¥=3cm™%).

The interaction length is limited by the wavevector
mismatches due to divergence and spectral width and
due to the walk-off angle. For nondivergent (40—0),
bandwidth limited pulses of large beam diameter the
group-velocity dispersion may be the limiting factor

)ie]
.39

[*o3 ’ 9/2 «© ﬁ/l
_joo dao exp( 92) j av exp( Vo)

length are shown in Fig. 9b for two different pump
pulse durations.

2. Experimental

The experimental setup is shown in Fig. 10. A passively
modelocked Nd:phosphate glass laser is used which
generates picosecond pulses of about 5 ps duration at
1.054 um [337. A single pulse is selected from the pulse
train with an electro-optical switch. The separated
pulse is amplified in a double-passage through a
Nd:phosphate glass amplifier. In some experiments a
second Nd:phosphate glass amplifier was applied. The
pump pulse divergence and the beam diameter are
measured with the diode array systems DA1 and DA2.
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Fig. 7. Normalized energy conversion efficiency versus internal
phase-mismatching angle for type-1I interaction. Curves 1-7: AV
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and (12) A¥=200 cm 1. Curves are calculated for bandwidth-
limited pulses. 4, =1.054 pm

1 i L
xig® gx10*

— 10
E
Sk
g |
—o—
=
ER
Z
w e
p— |
%_
35 F
&
o L
>

© ol o0 1o g o ]

] 5 10 15
PUMP PULSE DURATION At [ps]

79

EXTERNAL PHASE-MISMATCHING ANGLE (9-©y )

out

[rad]

aapd 2ag® a3 0 g3 2x0® 3xg?
1 T T T T T
— 3 1 7]
<
<,
53 r 1
z 107 - 2 2 _4
> i ]
CIE | ]
o y 209
B A
< L N
= . ! .
=
L. 5 5 I o 5 ) ﬂ
g ‘ | ‘
— -2 -
w) 107 ‘ Y —
z 0 |
8 f a
5 3 | 3 T
> !
2 |
[a4 - —
ud .
& I
ud
1% : ]
] i | °
N 2 2 _
= |
oY | \
x 1 ] 1
= |
N R N N S B T B S N N T N B T T A\
2u0® Axig™ o g 2x10°

INTERNAL PHASE- MISMATCHING ANGLE ©-8; [rad]
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with limited with 4%, =3cm™!. The other curves are chirped
with (2) 47, =10em™*,(3) 47, =20cm ™%, (4) A7, =40cm ™!, and
(5) 47, =80cm ™. The filled points belong to azimuthal angle
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(0): A¥=10em ™15 (O): 49220em ™45 ([0): AF=40cm™?
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Fig. 9. (a) Overlap length between ordinary and extraordinary ray of pump pulse versus purap pulse duration in calcite 1, =1.054 pm.
(6/61)41.1 =1.56 ps/cm. (b) Broadening of pulse duration of third harmonic light in calcite crystal due to group velocity dispersion.
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Fig. 10. Experimental arrangement. DA1 and DA?2, linear diode
arrays. CL1-CL3, cylindrical lenses. SP, 30cm grating spec-
trometer. VID, vidicon of optical spectrum analyser. PD1 and
PD2, vacuum photodetectors. DC, saturable absorber cell for
intensity detection. CA, calcite crystal. F, filters. L, lens. PM,
photomultiplier

The spectral distribution of the pump pulses is regis-
tered with a spectrometer SP and a vidicon system
VID (optical spectrum analyser). The input pulse peak
intensity is determined by nonlinear transmission
measurements through a saturable absorber DC [36]
(Kodak dye No. 9860 in 1,2-dichloroethane) with
photodetectors PD2 and PD1.

The third-harmonic light is generated in the angle
tuned calcite crystal CA. Type-II phase-matching is
applied (0;;=35.96°). The azimuthal angles ¢=90°
and ¢=270° are used. The angle § between pump
pulse field strength E, and X-axis is f=arccotan(2)
=26.57° (optimum condition, see above). The crystal
length is /=2 cm. In some experiments the input pump
pulse intensity is increased by forming a line focus in
the YZ-plane with a cylindrical lens CL3 (increase of
intensity withouth an increase of relevant beam diver-
gence). The generated third harmonic light is detected
with the photomultiplier PM. The energy conversion
efficiency # is determined by calibrating the photomul-
tiplier PM to the photodetector PD1.

3. Results

The experimental points in Fig. 8 show the angular
dependence of the third-harmonic signal. The lower
abscissa gives the phase-mismatching angle inside the
crystal. The upper abscissa presents the external phase-

mismatching angle outside the crystal [(0—0;)ou .

~n,,(0—6;p]. The filled points belong to ¢ =90° and
the open points belong to ¢ =270°. The circles are
adjusted to the calculated curve of 40=10"*rad and
A¥=20cm™!. The measured points fit well to the
calculated curves. The measured pump beam diver-
gence is in the region between 107 “*rad and
5 x 10~ *rad. The applied beam diameter was approxi-
mately 5mm. The spectral width of the pump pulses
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Fig. 11, Third-harmonic energy conversion efficiency versus
input pump pulse peak intensity. Type-II phase-matching is
applied. Crystal length [=2cm. Pump laser wavelength 4,
=1.054 pm. Filled points belong to azimuthal angle ¢=90°.
Open points belong to ¢=270° Curve { and triangles: 46=1
x 1074 A¥=5cm™~ ! and Ad=5mm. Curve 2 and circles: 46 =1
x 107 %rad, 47=20cm ™! and Ad =5 mm. Dashed curve: 46=0,
A3=0, and Ad—oo. The curves are calculated (21b) with
X3 (6 =909)= 18 1f($ =270°) =3 x 10~ 2 m? V2
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was varied by changing the position of the selected
single pulse within the pulse train.

In Fig. 11 the energy conversion # at the phase-
matching angle 6, is plotted versus input pulse peak
intensity I,,. The open points belong to the azimuthal
angle ¢=270°. The filled points belong to ¢=90°.
Within the experimental accuracy the energy conver-
sion efficiency for ¢ =90° and ¢ =270° is the same. The
solid curves are fitted to the experimental points. The
dashed curve belongs to 4¥=0 and 46 =0. The fitting
parameter is the effective nonlinear susceptibility. Its
value is 8 (¢ =90%)= 3}, 1(¢=270")=(3.0£0.6)
x1072* m? V7 2=(215+0.5)x10"%esu (lesu
=(9 x 10%/4m)m2 V2 [26]).

For our experimental systems the highest obtain-
able pulse intensity was about 10! W/cm?. It was
achieved by using a cylindrical length of 30cm focal
length and by selecting pulses from the pulse train
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maximum (47~ 20 ¢m ~*). The relevant beam diameter
in the ZY-plane remained Ad~5mm. The highest
conversion efficiency was about 1 x 1074,

4. Discussion

The effective third-order nonlinear optical suscepti-
bility x$3) ;; contains the three independent suscepti-
bility components y, ;, ¥10= 30> a0d ¥1s. ¥ has been
determined previously by non-phase-matched third-
harmonic generation [19] (E, Lc-axis, k, Lc-axis). A
value of y,,=5.2x107**m? V™2 has been obtained.
Using y,, of [19] and %3} ;,(90°) ~ 3} ;(270°) of this
work the susceptibility components y,, and y35 are
found to be |x;0/=(0+5x10"2%)m?V~? and y;5
~—6.5x10"?*m?>V~2 The values of the suscepti-
bility components are not very accurate because of the
uncertainties of the effective susceptibilities.

In our experiments we were limited to input pulse
peak intensities I,,<10'' W/cm?. The focusing with
the cylindrical lens did not lead to higher intensities.
The damage threshold peak intensity I, was deter-
mined by focusing with a spherical lens into the crystal.
The damage threshold was found to be 1,4
>10'3*W/cm? for single picosecond pump pulses of
about 5 ps duration (no surface and no bulk damage
observed for I,,=<10'3 W/cm?). Increasing the pump
pulse peak intensity to I;,=2x10'2W/cm? would
lead to an energy conversion efficiency of #~0.20 for
band-width limited pulses (40=1x10"% A7~3cm™1,
Ad~5mm, I=2cm). For high power picosecond
lasers, as used for laser fusion experiments [37], calcite
should be an useful crystal for efficient direct third-
harmonic generation.

5. Conclusions

The direct third-harmonic generation in calcite suffers
from the very small effective third-order nonlinear
susceptibility and the large walk-off angle. The damage
threshold of the crystal is very high for picosecond
pump pulses (I, 4> 10** W/em?). The application of
non-divergent, bandwidth-limited, large-diameter
picosecond pump pulses of intensities in the TW/cm?
region offers the possibility of efficient third-harmonic
generation with energy conversions in the ten percent
region.
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