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Recently Franken et al.' demonstrated the gen-
eration of optical harmonics utilizing the nonlin-
earity in the electric susceptibility of piezoelec-
tric crystals. Using a classical approach one can
think of the laser red light generating a spatial
arrangement of dipoles which in turn radiate blue
light. For the case of a plane wave incident on a
crystal of thickness x, the intensity of the blue
light radiated in the forward direction is

S =21rcP‘°‘(kb/Ak)2 sin?Akx, Ak= IEb -2Erl,

where Er and Eb are the wave vectors for the red
and blue lights, respectively, and P is the magni-
tude of the induced blue polarization. The sin?Akx
term arises because of dephasing between red ra-
diation (blue polarization) and blue radiation, due
to dispersion of the crystal. This dephasing lim-
its the effective crystal thickness. These disper-
sive effects have been demonstrated in quartz.

A ruby laser beam was passed through an opti-
cally plane-parallel quartz platelet, the red light
filtered out using a CuSO, solution filter and a
grating monochrometer, and the blue light inten-
sity measured photoelectrically. The sample was
inclined to the beam by rotation about its z axis,
thus increasing the optical thickness and generat-
ing the curve shown in Fig. 1. The spacing be-
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FIG. 1. Blue light generation vs inclination of 0.0308-
in. thick quartz platelet to laser beam. Rotation axis
normal to beam, parallel to crystal z axis. Red beam
unfocused and polarized parallel to the z axis.

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 harmonic polariza-
tion to applied electric field, as limited by sym-
metry and conservation of electromagnetic ener -
gy, are for KDP:

P =aE E ,
y 2

P =aE , P
x

E =qE E .

y z x z Xy
Thus ordinary exciting rays generate extraordi-
nary harmonic rays. As the birefringence for
KDP is greater than its dispersion, in certain
orientations Ebe exactly matches 2Ero‘ This
matching of wave vectors results in a 300-fold
increase of blue light intensity. Figure 2 shows
the 6 and ¢ angular dependencies of this enhanced
signal, together with a diagram indicating the lo-
cus of directions 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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FIG. 2. Blue light intensity as a function of crystal
orientation for KDP., Maximum output occurs at 6,=52°
+2°, $9=45". Laser beam collimated to within +}°,
AOB is an arc on the index of refraction surface for red
ordinary rays, COD for blue extraordinary rays.
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FIG. 3. Harmonic generation through mixing of diver-
gent red rays in KDP near 6,. The striking feature is
that blue light can be radiated only into that fraction of
the beam cone for which 6 = 6y, Diagram illustrates ad-
dition of two red wave vectors to produce a momentum-
matched blue wave vector. A: blue extraordinary wave
surface, half scale. B: red ordinary (spherical) wave
surface. Photos show radiated blue light intensity pat-
terns for different angles of incidence.

P is proportional to E,.z, the total blue radiation
varies inversely as the cross-sectional area of
the laser beam. Also, the resultant weighting of
the very small volume near the focus causes

many of the thickness dependencies to vanish. Ad-
ditionally, spatially separate red rays are brought
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together at the focus where they may beat to pro-
duce blue radiation. The polarization which re-
sults from the mixing of two divergent ordinary
red rays with wave vectors E?’O' and Ero" will
propagate with wave vector k., +k,,’’. Intense
blue light will be generated in those directions

(9 ¢) for which kbe(e o) = kro’(e +A6, ¢ +AQ)
+k70”(6 -AG, ¢ -AQ), provided k,,-o'(B +A6, ¢ +A¢)
and kro"(G -A6, ¢ -A¢) are contained in the inci-
dent focused beam. An 1mp11ed condition is that
Ikbe(e P)l =< Ikbe(90’¢0)l‘2|k'rol or that 6 = 6.
Shown in Fig. 3 are photographs of cross sections
of the blue light beam. The sharp upper bounding
line reflects the latter fact.

Observed blue light intensities, expressed as
the number of red photons required to produce one
blue photon, are for quartz: collimated beam, 5
x10'2; focused beam using a one-inch focal length
lens, 6x10'% for KDP: collimated beam incident
at (6,, ¢,) on a sample 1.5 mm thick, 3x10°% fo-
cused beam using a one-inch focal length lens
and incident at (6,, ¢,), 10°. Rough calculations
indicate the gain of 3000 upon focusing in KDP to
be composed of a factor of 100 from beam diam-
eter reduction and a factor of 30 due to mixing of
diverging rays. These conversion ratios depend
strongly upon the coherence nature of the partic-
ular laser employed and cannot be used to esti-
mate P/E,,z. It may be pointed out that since the
laser beam is essentially unattenuated on a single
passage through the KDP, an increase in blue
light intensity of the order of 10* could be realized
by placing the sample at the focus of an appropri-
ate optical cavity.

We are indebted to Professor G. Weinreich for
several stimulating discussions.

ip, A, Franken, A. E. Hill, C. W, Peters, and
G. Weinreich, Phys. Rev. Letters 7, 118 (1961),
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FIG. 3. Harmonic generation through mixing of diver-
gent red rays in KDP near 6;. The striking feature is
that blue light can be radiated only into that fraction of
the beam cone for which 6 = 8,, Diagram illustrates ad-
dition of two red wave vectors to produce a momentum-
matched blue wave vector. A: blue extraordinary wave
surface, half scale. B: red ordinary (spherical) wave
surface. Photos show radiated blue light intensity pat-
terns for different angles of incidence.



