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Résumé. 2014 Nous décrivons une expérience où le second harmonique d’un rayonnement lumineux
est obtenu à l’aide d’un réseau non linéaire, c’est-à-dire d’un réseau de diffraction réalisé sur un
milieu non linéaire (qui dans notre cas est en argent). La profondeur des sillons est variable. Nous
observons l’existence d’une profondeur optimale pour laquelle l’intensité du second harmonique
est optimum.

Abstract. 2014 We report an experiment in which second harmonic generation is performed using a
nonlinear grating, i.e. a grating impressed on a nonlinear medium (which, in our case, is silver),
with variable groove depth. We observed for the groove depth the existence of an optimum value
for which the second harmonic peak intensity is the greatest.
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Let us consider an interface separating two media (1) and (2), see figure 1, on which is sent a
parallel incident light beam I having a frequency co and propagating in medium (1), we are
interested by the light R which is sent back in medium (1) by an interface which can be either a
smooth surface (Fig. 1 a) or a grating (Fig. 1~). If both media (1) and (2) are linear, in the optical
sense of this word, the light R has the same frequency as the incident light beam. If either one
or the two media have non linear properties, then R will have other frequency components than o.
The first experiments of this kind have been performed by Bloembergen et al. [1] who have
demonstrated the existence of harmonic light (frequency 2 co) in the light sent back in medium (1).
Their interface was simply a silver mirror and under that condition R was a parallel beam emitted
in a direction according to the Snell-Descartes laws.
Other experiments have shown that the efficiency of nonlinear optical processes, such as

Surface Enhanced Raman Scattering [2] (SERS) or Second Harmonic Generation [3] (SHG),
could be enhanced by the presence of rough surfaces. Among the various mechanisms which
contribute to this enhancement, the Surface Plasmon Resonance (SPR) is expected to play a
significant role [4].
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Fig. 1. - When an incident light beam I is sent on some interface ((a) : smooth; (b) : grating), various
mechanisms (scattering, diffraction, reflection) send some light R back into the first medium. R has usually
the same frequency as I, except if some nonlinear properties are involved. We are interested in what happens
when the interface has the shape of a diffraction grating, covered with a material having nonlinear pro-
perties (silver in our case).

Since metals are centrosymmetric, the nonlinear susceptibility of order two is zero. As a conse-
quence, the second-order non-linearity in metals is due to metal atoms located in the very vicinity
of the metal surface where there is a breaking of the inversion symmetry. This effect is not related
with the shape (smooth or rough) of the entrance face of the metal.
A recent theory [5] has shown that the study of enhanced nonlinear optical effects on a surface

is nothing but a special case of a new area of optics, namely « diffraction in nonlinear optics ».
The formalism developed in reference 5, since it does not consider the groove depth of the

nonlinear grating (i.e. a grating impressed on a nonlinear material) as a perturbative parameter,
allows the prediction of an important result : the existence, when SPR occurs, of an optimum
value for the groove depth. The nonlinear conversion efficiency then takes its greatest value.
The authors of reference 5 have also derived the nonlinear grating equation which determines
the propagation direction of the radiated nonlinear diffracted orders.
The purpose of this Communication is to report on early results concerning an experiment

of diffraction in nonlinear optics and demonstrating SHG by a so-called nonlinear grating.
The diffraction grating we used is a holographic sinusoidal grating, made on a resin; its perio-

dicity d is 5 556 A, its total length is 20 cm. During fabrication the time of exposure has not been
kept constant for all the points of the grating, so that the groove depth 5 smoothly varies from
160 A at one edge to 700 A at the other edge of the grating. The grating has been covered first
with a smooth layer of silver (thickness ~ 2 000 A) and then with a protecting coating of silicon
oxide SiO (300 A).
The experimental set up is given in figure 2, we use a Nd-YAG laser which is Q-Switched by

a saturable absorber and works at a Â,1 = 1.06 ~m wavelength on its TEM~ mode. A 10 mJ
light pulse is emitted each second, it has the shape of a triangle with half width of 2 ns. The 1.06 ~m
laser beam has a cross section of about 20 mm2, it is not focused on the grating.
The second harmonic beam is detected by a Photomultiplier (EMI 9558 B). In front of the

Photomultiplier was put first an IR filter (which was a dielectric mirror designed to have a 100 %
reflection coefficient at 1.06 ~m). Then we placed either an interference filter centred at the
harmonic wavelength (~,2 = 0.53 ~m) or a monochromator. In order to vary the groove depth
for which the nonlinear interaction occurs, the grating could be translated parallel to itself.
The polarization of the laser light incident on the grating could be fixed (TM or TE) and the
angles of incidence 0 and of nonlinear diffraction ~ could be varied.

Before going into the detail of the data, let us first quote some useful theoretical results [5].
With these values of ~,1 and d the only propagating diffracted order at the pump frequency c~
is the specularly reflected one; the + 1 diffracted order at 1.06 ~m is evanescent above the grating
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Fig. 2. - Experimental set up, 1 : Nd-YAG laser, 2 : Polarizer, 3 : Grating with variable groove depth,
4 : IR filter, 5 : A2 filter, 6 : Monochromator, 7 : Photomultiplier.

for any value of the angle of incidence. Thus, this + 1 diffracted order at 1.06 ~m can be reso-
nantly excited; which means that it exists a specific value 0,,,,, of 0 for which SPR occurs. The
calculated value of Ores is 62.42~.
Using the rigorous electromagnetic theory of diffraction [6], it can be shown that, at the pump

wavelength ~,1, the optimum value of b, is bopt(~1) = 114 A.
In the case of SHG, the nonlinear grating equation reduces to [5, 7]

where ~rn is the nonlinear diffraction angle of the diffracted order n at the second harmonic wave-
length 22 (~,2 = 0.53 J.11Il) n = 0, ± 1, 1: 2, ...

Equation 1 shows that, at the second harmonic wavelength 22 = ~,1 /2 there are only two pro-
pagating diffracted orders : the 0 and - 1 orders. Since the outside medium is not dispersive,
0 orders at 21 and ~,Z propagate in the same direction. For the - 1 order we find 4/ - 1 = - 3.87~.
The experiment was performed in the following way : for each groove depth b. :
a) the value Ores is determined by noting the angle 0 for which the intensity of the specularly

diffracted order at ~ 1 = 1.06 ~m is minimum;
b) for 0 = 0,,.r ,, the nonlinear diffraction angle ~ is then varied to obtain the highest intensity,

/(22) of the - 1 diffracted order at ~2’
The experimental results are the following :
~ No Second Harmonic Signal was detected when the pump beam was TE polarized (magnetic

field in the plane of incidence).
~ The spatial distribution of the - 1 diffracted order at A2 = 0.53 Ilm is depicted in figure 3,

whereas figure 4 is a plot of the spectral distribution of this beam (as obtained with the mono-
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Fig. 3. - Spatial distribution of the - 1 diffracted order at A2 = 0.53 ~m.

chromator). This figure was obtained for the value t/JM of ~ corresponding to the direction of
propagation of the - 1 diffracted order at the harmonic wavelength ~,2.
~ In figure 5, we report the variation of the second harmonic peak intensity corresponding

to ~ === t/JM and 0 = Ores as a function of the groove depth 6.
Figures 2 and 3 show that : 

’

a) the detected beam in the direction om corresponds to SHG;
b) this beam is emitted in a well defined direction om = - 2.33° which is in reasonable agree-

ment with the calculated value ~ _ 1 = - 3.87°.
Figures 3 and 4 were obtained for 5 = ~(~2) = 560 A. Other groove depths lead to results

similar to those quoted in these two figures.
The measured value of 0~ is found to depend slightly on 6. When 6 varies from 160 A to

700 A, 0,,,,. varies from 60.67~ to 62.17~ This is in agreement with the corresponding theoretical
results [5].

Finally, figure 5 clearly demonstrates the existence of an optimum value of the groove depth 6 :
b~pt(~,~) = 560 A for which the second harmonic peak intensity is the greatest. It can be noticed
that bppt(~,2) is different from bopt(~,~).
The results concerning the direction of emission and pump polarization dependence of the

Second Harmonic light are different from those reported by Chen et al. [3] who find an. emission
which is nearly isotropic and which does not depend on the input polarization. This can be
understood by noting that Chen et al. used a random rough surface which can be thought as a
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Fig. 4. - Spectral distribution of the - 1 diffracted order.

superposition of an infinite number of gratings having wavevectors with different directions
(and also different magnitudes). Since for each of these elementary gratings SHG is directional
and depends on the pump polarization, one easily understands that the net effect of a randomly
rough surface is an isotropic angular distribution and polarization free SHG [8].

In conclusion, the experimental results reported in this Communication confirm the predic-
tions of the theory of diffraction in nonlinear optics and especially the existence of an optimum
value of the groove depth of the nonlinear grating for which Second Harmonic Conversion is
maximum.
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