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1. TENSORIAL ASPECTS OF PHYSICAL PROPERTIES

Fig. 1.7.3.12. Position fopt of the beam waist for different values of walk-off
angles and L=zR , leading to an optimum SHG conversion efﬁciency. The
value fopt ¼ 0:5 corresponds to the middle of the crystal and fopt ¼ 0
corresponds to the entrance surface (Fève & Zondy, 1996).

The computation of hðL; wo ; ; f ; kÞ allows an optimization
of the SHG conversion efﬁciency which takes into account L=zR ,
the waist location f inside the crystal and the phase mismatch k.
Fig. 1.7.3.12 shows the calculated waist location which allows
an optimal SHG conversion efﬁciency for types I and II with
optimum phase matching. From Fig. 1.7.3.12, it appears that the
optimum waist location for type I, which leads to an optimum
conversion efﬁciency, is exactly at the centre of the crystal,
fopt ¼ 0:5. For type II, the focusing (L=zR ) is stronger and the
walk-off angle is larger, and the optimum waist location is nearer
the entrance of the crystal. These facts can be physically understood: for type I, there is no walk-off for the fundamental beam,
so the whole crystal length is efﬁcient and the symmetrical
conﬁguration is obviously the best one; for type II, the two
fundamental rays can be completely separated in the waist area,
which has the strongest intensity, when the waist location is far
from the entrance face; for a waist location nearer the entrance,
the waist area can be selected and the enlargement of the beams
from this area allows a spatial overlap up to the exit face, which
leads to a higher conversion efﬁciency.
The divergence of the pump beam imposes non-collinear
interactions such that it could be necessary to shift the direction
of propagation of the beam from the collinear phase-matching
direction in order to optimize the conversion efﬁciency. This
leads to the deﬁnition of an optimum phase-mismatch parameter
kopt (6¼ 0) for a given L=zR and a ﬁxed position of the beam
waist f inside the crystal.
The function hðL; wo ; ; fopt ; kopt Þ, written hm ðB; LÞ, is
plotted in Fig. 1.7.3.13 as a function of L=zR for different values
of the walk-off parameter, deﬁned as B = ð1=2Þf½ðk!o þ
k!e Þ=2Lg1=2 , at the optimal waist location and phase mismatch.
Consider ﬁrst the case of angular NCPM (B ¼ 0) where type-I
and -II conversion efﬁciencies obviously have the same L=zR
evolutions. An optimum focusing at L=zR ¼ 5:68 exists which
deﬁnes the optimum focusing zRopt for a given crystal length or
the optimal length Lopt for a given focusing. The conversion
efﬁciency decreases for L=zR > 5:68 because the increase of the
‘average’ beam radius over the crystal length due to the strong
focusing becomes more signiﬁcant than the increased peak power
in the waist area.
In the case of angular CPM (B 6¼ 0), the L=zR variation of
type-I conversion efﬁciency is different from that of type II. For
Copyright © 2013 International Union of Crystallography

Fig. 1.7.3.13. Optimum walk-off function hm ðB; LÞ as a function of L=zR for
various values of B ¼ ð1=2Þf½ðk!o þ k!e Þ=2Lg1=2. The curve at B ¼ 0 is the
same for both type-I and type-II phase matching. The full lines at B 6¼ 0 are
for type II and the dashed line at B ¼ 16 is for type I. (From Zondy, 1990).

type I, as B increases, the efﬁciency curves keep the same shape,
with their maxima abscissa shifting from L=zR ¼ 5:68 (B ¼ 0) to
2.98 (B ¼ 16) as the corresponding amplitudes decrease. For type
II, an optimum focusing becomes less and less appearent, while
ðL=zR Þopt shifts to much smaller values than for type I for the
same variation of B; the decrease of the maximum amplitude is
stronger in the case of type II. The calculation of the conversion
efﬁciency as a function of the crystal length L at a ﬁxed zR shows
a saturation for type II, in contrast to type I. The saturation
occurs at B ’ 3 with a corresponding focusing parameter
L=zR ’ 0:4, which is the limit of validity of the parallel-beam
approximation. These results show that weak focusing is suitable
for type II, whereas type I allows higher focusing.
The curves of Fig. 1.7.3.14 give a clear illustration of the walkoff effect in several usual situations of crystal length, walk-off
angle and Gaussian laser beam. The SHG conversion efﬁciency is
calculated from formula (1.7.3.56) and from the function
(1.7.3.57) at fopt and kopt.

1.7.3.3.2.3. Non-resonant SHG with depleted pump in the
parallel-beam limit
The analytical integration of the three coupled equations
(1.7.3.22) with depletion of the pump and phase mismatch has
only been done in the parallel-beam limit and by neglecting the
walk-off effect (Armstrong et al., 1962; Eckardt & Reintjes, 1984;
Eimerl, 1987; Milton, 1992). In this case, the three coordinate
systems of equations (1.7.3.22) are identical, (X; Y; Z), and the
general solution may be written in terms of the Jacobian elliptic
function snðm; Þ.
For the simple case of type I, i.e. E!1 ðX; Y; ZÞ ¼ E!2 ðX; Y; ZÞ ¼
!
E ðX; Y; ZÞ ¼ E!tot ðX; Y; ZÞ=ð21=2 Þ, the exit second harmonic
intensity generated over a length L is given by (Eckardt &
Reintjes, 1984)


ðX; YÞL 4
2!
!
2! ! 2 2
I ðX; Y; LÞ ¼ Itot ðX; Y; 0ÞT T vb sn
; vb :
vb
ð1:7:3:58Þ

206

references

