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Light-diSracted intensities from very deep gratings
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W'e show that very deep gratings may yield either enhanced specular or enhanced antispecuiar
diffracted intensities when the direction of incidence coincides with that of an order of the
diffraction pattern. Alternatively, for other angles of incidence the diffracted intensities are either
strong in the specular or are uniformly distributed between all orders. Calculations are made for
several profiles, all showing similar characteristics, in particular, an oscillatory behavior of the in-

tensities with the amplitude of the corrugation.

I. INTRODUCTION

The phenomenon of enhanced backscattering of light
has been predicted theoretically' in connection with the
effect of surface polariton localization in slightly rough
random surface. One-dimensional numerical calculations
for this case have also been reported. '

In addition, experimental observations of enhanced
backscattered visible and infrared electromagnetic waves
from very rough perfectly conductive random surfaces
have recently been published. ' One-dimensional calcu-
lations to interpreting this effect were also made, con-
cluding that in this case the enhancement results are due
to pure interference between the elastically scattered
waves.

These two aforementioned cases appear to be included
in the general phenomenon of weak localization of pho-
tons in random media, also observed in light scattering
from disordered volumes (a brief review with references
may be found in Ref. 8).

As for the case of perfectly conductive surfaces, one
may wonder how the interference effect will be affected
by the geometry of the surface profile. In particular, one
may ask what kind of diffraction pattern will be obtained
if instead of a random surface one considers a grating,
and whether a deep grating will produce enhanced an-
tispecular orders. In fact, the existence of some blaze or-
ders for some particular profiles of moderately rough
gratings in the Littrow configuration has been known for
sometime (see, e.g. , Ref. 9 and references therein; see also
Ref. 10). Also, it is known" that for normal incidence
the zeroth order tends to be dominant as the corrugation
increases beyond a certain value since then the rainbow
angles, ' at which intensity maxima occur, tend to move
in towards the center of the diffraction diagram.

In this paper we show that when the direction of in-
cidence of the wave coincides with that of a diffraction
order (i.e., the order becomes antispecular), then the in-
tensity of either this order or the specular may be very
strongly enhanced for many appropriate combinations of
the grating parameters. For other directions of incidence
sometimes the specular is also very strong. (These facts
do not seem to appear for random surfaces. ) The

enhancements can be more than 60% or even 80% of the
total diffracted energy. The effect is observed for
2h /a ~0.4 (h and a being the amplitude and the period
of the grating, respectively). This result shows that the
blaze effect, so far obtained for a particular profile and
particular order (usually the n = —1), is a much more
general phenomenon when the grating is very deep;
namely, we show that enhancement is obtained in all neg-
ative orders in Littrow mounting and, also for many
profiles, as far as our computations reveal.

Calculations are made by means of an expansion of the
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FIG. 1. Illustrating Eqs. (16): (a) z=D&(x), (b) z=D, (x), (c)
z =D3(x), and (d) z =D4(x).
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II. METHOD OF CALCULATION

Let z =D(x ) be the surface gratin rggpop
pm roma erf

consIder an in '"
wave ., h....'...,.,d cident linearl

ko ——(KO, O, ko, ),
with

given by

i(Kox —k z jOz (3a)

and

i(Kox —k z)
Oz (3b)

where the vectors e and h denote the
Fo (E

), k
waves E perpendicular

~ ~

p y, htsco side duni ary. Reci rocall

plane).
aves perpendicular to the incidence

At points r = x=(x, , O, z ) below z =
tIon theorem reads' f

z =D(x) the extinc-
'"g p ""a s or s waves and t

y irection are different from zero)
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E (r )= J (x' '"

0
—rx')Ho '(ko
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r —r'
~

)

'2 1/2
BD
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The electric and magn t'e ic vectors arare, respectively, where r'=(x', 0 D( '} . ' '
hx ). J (x'} is thhe electric current to
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oth-order Hankel function of the first kind.

By using the pseudoperiodicity of J (x), namely

mk0 f J (x')G'(ko Ir —r'
I

0
0

2 1/2

J (x+a)=J (x)e
X l+

BX
dX

Eq. (4) becomes
Where the Green function for
1owing expansion:

tion for s waves is given b th f 1-y eo-

G'(ko
I
r —r'

~ )= ~ H"'H (k [[x—(x'+la)] +[z D(x')' '' e—
I = —oo

Once J (x') is found the core corresponding diffraction am l t dp i u es are given by
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and
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a

(10)

Analogously, for p waves, the extinction theorem reads

H '(r )=—
' 2 1/2

7Tlkp f J„(x')G~(ko
~

r —r'
~

) 1+, dx',
C 0 ax'

where the Green function for p waves is given by the expansion

(12)

Then the corresponding diffracted amplitudes are
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Figure 1 shows the four different rofil
culations:

n pro es used in the cal-

D, (x)=h cos (16a)

D~(x)=h cos
2m h 4w

a
x+~ +—cos x+vr

4
(16b)

Thehe diffracted intensities, either for s or wav

for s waves

~
B„~ for p waves

(14)

and satisfy the unitarity condition:

III. NUMERICAL RESULTS
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, x, a= . , or Op=0 26. 8 42. 5' , and 64.2, at which an antispecular order exists0

8p are moderately large. Note that as 8p approaches 90'
the specular tends to 1 as expected. For h as large as in
the cases considered here, there is not much difference
between the diffraction patterns for s waves and p waves,
in agreement with results obtained by other authors (see,
e.g., Refs. 15 and 16). This is seen in Fig. 3 which shows
t e angular distribution of diffracted intensities. In par-
ticular, for the shallower surface h =0.42k

8A, , one obtains a 0O diagram identical to that of
Fig. 3(b) of Ref. 15. There only the n =0 and n = —2 in-
tensities are appreciably enhanced.

One may gain insight by studying the dependence of
the dift'racted beams with h. Figure 4(a) shows this behav-

cillatory rainbow pattern of the orders (that was noted
for the zeroth and first dispersive orders) ex-

hibits a large amount of the diffracted energy flowing
forth and back between the specular and the antispecular.

4(b
or incidence angles at which no antispecular

'
t ~F

}], the specular also oscillates with high amplitudes,
ut at its minima the diffracted energy is shared more

uniformly by all the other orders. As expected for a rain-
bow pattern, as 00 increases, the period of the oscillations
becomes lar er. Ag . s seen, the unitarity is satisfactory u

~ ~ ~ ~

to h =—3k. Also reciprocity holds, i.e., given the symme-
~ 0

up

try of the profile, the intensity n =1 (8=57.6'} for
8 =16.3' for instance, equals that corresponding to
n= —1 8=16.3') for 8p=57. 6. As another example,
the intensities at n = —2 for 8p=16.3' and 8p ——57.6' are
equal.

As the grating period a increases and more propaga-
ting orders appear, the peaks of the 00 diagrams become
s arper and more background of their tails is present.
Figures 5 and 6 show the diffracted intensities vers 0us p

or s waves, for a=4.44K, and h =2.12K,, and for a=6.66K,

and h=7. 35K,, respectively. The h dependence for the
first of these two cases is shown in Fig. 7 for some intensi-
ties and for four incidence angles, 0 =0' 26. 8' 42. 5,
and 64.2', at which an antispecular order exists.

The effects quoted so far are not characteristics of
sinusoidal gratings only. They also occur for other
periodic profiles, as shown in what follows. For
z=Dz(x}, a =1.78k, . Figure 8(a} depicts the h depen-
dence of the diffracted intensities for four angles 00 at
which an antispecular occurs. For other values of 0o the
results are shown in Fig. 8(b). For this particular profile,
or which the apex is flatter than the bottom, the specular

tends to dominate. This is more marked at larger 0O

w ere the specular is known to increase. For z =D (x
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however, the antispecular is more enhanced, as shown by
Fig. 9(a) (a = 1.78k,). Once again, for incidence angles at
which no antispecular intensity exists, the specular exhib-
its the same behavior as for the sinusoidal grating [Fig.
9(b)]. For other profiles the same effect remains. [See
Fig. 10 for z =D~(x) and a =1.78k..]

IV. CONCLUSIONS

The connection with random surfaces might be under-
stood by considering each random sample as one period
of a supergrating. In this case, there are many propaga-
ting orders from this supergrating. Work is in progress
to assess their distribution in the diffraction pattern, as
well as to analyze the behavior of the specular and an-
tispecular when the average over many samples is made.

In this paper we have dealt with very deep gratings.
When the incidence direction coincides with that of an
order, it has been shown that the grating may diffract
very strongly, either in the antispecular or in the specu-
lar. For other incidence angles, the specular may also be
very strong. The h dependence shows a characteristic os-
cillatory behavior.
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