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Ay exp(iwyf), ete, The permutation symmetry relations
make it possible to define a real constant

ir . 2r
K“";da'x(wa)=4idz==*—;d:‘x(w!)3dtdl
¢ ¢ '
2r
*-;dl'x(wx):dadz
¢

and the coupled amplitude equations become

AL /do= i (K /Ry costa) Aq¥Agetiarton),
dAv*/dvm= +i (K / ks cosas) As* A s+i@irtae),

dA 3/{15# -:'(w;’K/k; POS’C\’;)A |A :&'H(A brtde), (4.9)

In a similar way one obtains the equations which
describe the variations in amplitude and phase for a
second harmonic interacting with the fundamental,

dAY/di=+4i(2utK/k, cos®ar) As* A et Gumans

) 4.10
AAy/dz= — (40K S ks costas) A et ir—ins, (4.10)

These equations can be generalized to higher powers
in the field amplitudes. The amplitude equations for
the third harmonic are, for example,

A /dz=i(3u*/k;s cosla)[CA¥A telGr—ans
FCAF A HC A A

dAy/de=—i(9w/ by costay[CA fetiCn—n
F3C"Asd 141 +C" A1 434 ¥

(4.11)

The constant C is given by

C= (27/6’)53'x'(w;;:wnff'wx'f'wx).:dxdldl ‘
= (21r/c’)d, 'x"(w;ww;-—cq;-wl) Ed;dldl, (41 13.)

with the fourth-rank tensor x’ expressible in terms of
the higher order nonlinear polarizability ¥’ given by
Eq. (2.22). The quantities C’, C”, and C"”’ can be
referred in a similar way to the nonlinear polarizability.
They occur in terms that are purely reactive in nature.
It is clear from the notation that, e.g., the term
C'A*A34*=04,*/0z corresponds to a partial contri-
bution to the coherent scattering by a quantum
process, in which photons at w; and ws get scattered
simultaneously, There is no change of the power flow
involved. In fact, these reactive terms represent a
quadratic dc Kerr effect. The propagation constant
for the wave at uy changes.in a similar way by a term
proportional to CLiy? as by C"A A *+C/"4ds*.
This question will be discussed further in Se¢.-VII,"
The third-harmonic situation” is ‘a. spec

the interaction between {our-electromagneti¢- Iy
" ope-cm?

for example, the frequency and momentum relationships
‘ Bk=thythy—k —ky

exist between the four waves, the coupled amplitude

w¢+wl=wg+ws,

equations are

dA1 w;’C .
e 27 s AsAsA Feldhs
ds ky COS’CI;
1w? 4
- A1 20 Crpd A 7,
kycoslay =i
c dAs* ws’C )
'-.-:+£ AI*A Q*A(*G““-'
ds kg COS’Q’Q
!.(022 4
o Ag* 3 Cosd A ¥,
ky costay ol
d/f ;* w;’C )
w oo g A:*Ag/h"'s‘““
ds ks coslay
T-{d;g 1
+ —Ay* 30 CyAd A",
k3 costa; i
dA, wiC
""""'"ﬂ"““‘i' A]*AzAale"
ds k4 cos®ay
1'w4 4 )
. P CydAzr (4.12)
kicostay =

The purely reactive, quadratic Kerr effect terms occur
again on the right-hand side.

Some integrals of these complex amplitude equations
can be obtained immediately by multiplying the
equations by A* As, A; and A* respectively, and
adding the complex conjugates, The right-hand sides
become equal. Note that the component of the Poynting
vector along the wave normal may be written as

¢ CO8ay . .
| (I‘:1XH:*+I‘41*XHJ)I

|81} cosay =
w

ke? costay
2

A4, (4.13)

Wi

and similar relations at the other frequencies, In this
manner, the Manley-Rowe relationships,’® well known

“in the theory of parametric amplifiers” are obtained ;

3 ,IS;[COSG;/wrf-JS:ICOSG':/G’:,
]SIICOS(YI/wﬂ' [ | cosay/wy,
and

,S;ICOS&MLO;“’SJCOSGi/w‘ (4.14)

,g};g*f{:‘_onﬁt;{n‘_t‘s of the motion.” The physical interpre-
vtation is that if the number of quanta passing through

of the wave front per second increases by a.
certain amount in the wave at w;, the corresponding

_’-’ H, A. Haus, IRE Trans. on Microwave Theory and Tech. 6,
317 (1958).



LIGHT WAVES IN A NONLINEAR DIELECTRIC

SECOND HARMONIC AMPLITUDE
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F1G6. 5. The growth of the second-harmonic amplitude for
varying degrees of phase mismatch.
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eration of optical harmonics utitizing the nonlin-
Barity in the electric susceptibility of piezoelec-
!c crystais. Using a ciassical approach one can
'i- of the laser red light generating a spatial
-. rangement of dipoles which in turn radiate blue
ght For the case of a plane wave incident on a
‘_rystal of thickness x, the intensity of the blue
Hight radiated in the forward direction is

=21cPXR, /ak) sin’akx, ak =ik *zETI,

where k and kb are the wave vectors {or the red

and blue hghtq respectively, and P is the magni-
B iude of th: induced blue polarization. The sin®Akx
term arises because of dephasing between red ra-
diatlon {blue polarization) and blue radiation, due

i dlspersaon of the crystal. This dephasing lim-
ts the effective crystal thickness. These disper-

. sive effects have been demonstrated in quartz,
: A ruby laser be .m was pass.. through an opti-
i3 cally plane -parallel quartz platelet, the red light

Iiltered out using a CuS0, soletion filler and a
gratmg monochrometer, and the blue light inten-
sity measured photoelectrically. The sample was
Hnelined to the beam by rotation about its z axis,
thus increasing the optical thu,kness and generat-
ing the curve shown in Fig. The spacing be-
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ANGULAR ROTATION IN DEGREES
FIG, 1, Blue light generation vs inelination of 0,0308-

0, thick quartz platelet to laser beam, Rotation axls
£ ~ormal to beam, parallel to crystal z axis. Red beam
unfocused and polarized paraliel to the z axis.

 EFFECTS OF DISPERSION AND FOCUSING ON THE PRODUCTION OF OPTICAL HARMONICS

P. D. Maker, R. W. Terhune, M. Nisenoff, and C. M. Savage
Scientific Laboratory, Ford Motor Company, Dearborn, Michigan

5 (Received December 8, 1961)
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‘jRecently Franken et al. ! demonstrated the gen~ tween successive maxima when reduced to thick-

ness changes agreed well with the calculated val-
ue, 13.9 microns.

We were able to balance out the effect of dis-
persion in potassium dihydrogen phosphate (KDP}.
The matrix elements relating harmontc polariza-
tion to applied electric field, as limited by sym -
metry and conservation of e¢lectromagnetic ener-
gy, are for KDPr

P =af E , P =aqf E |, P =alf E .

x y z Y £ X z Xy

Thus ordinary exciting rays generate extraordi-
nary harmonic rays. As the birefringence for
KDP is greater than its dispersicn, in ccrtain
orientations Ebe exactly matches 2&7.0. This
matching of wave vectors results in a J00-fold
increase of blue light intensity, Figure 2 shows
the 8 and ¢ angular dependencies of this enhanced
signal, together with a diagram indicating the lo-
cus of directlions for which red and blue indices
of refraction can be matched.

The above data on KDP were taken with the un-
focused laser beam. Another large increase in
blue light intensity was obtained by focussing., As
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ANGLE IN DEGRELS
FIG, 2. Blue light intensity ag a function of crystal

)

orientation for KDP. Maximum output occurs at 0= 52
2%, ¢y=45", Jaser bewm collimated to within #4°,
AOB 1a an are on the Index of refraction surface for red
ordinary rays, COD for blue ex’rrovdinary rays,
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