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Self-imaging phenomenon of tilted linear
periodic objects
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Self-imaging phenomenon of a cosinusoidal, amplitude type linear diffraction grating
illuminated by a plane beam tilted with respect to the grating normal is investigated.
Equations describing the case of simultaneous tilt in the plane perpendicular and
parallel to grating lines are derived, they include the special cases recently described
in the literature.

1. Introduction

In the recent paper [1] an attention has been drawn to the properties of the
Fresnel diffraction field of linear diffraction grating being tilted with respect
to the optical axis or, equivalently, being illuminated by the oblique plane
wavefront. The special eases of the grating tilt about the axis either parallel
or perpendicular to grating lines have been treated separately. It has brun
shown that in both the cases the well defined diffraction images of the gratii g
can be found in the observation planes parallel to the grating plane. When
changing the observation distance the diffraction images arc periodically detect-
ed. The above characteristics have been obtained by calculating or heuristic-
allv interpreting the intensity distribution patterns in the planes perpendi-
cular to the direction of the illuminating beam. The experimental verification
has been given. The established properties of the self-imaging phenomenon
under oblique illumination are of practical importance in the shadow Moiré
technique described in [2].

In this report we would like to present the investigation of a general case
of the plane wavefront oblique illumination. Incidence plane of the illuminating
beam does not coincide with the plane either parallel or perpendicular to the
grating lines. The analytical formulae will be derived using the concept of an
angular spectrum of plane waves. Additionally, the simplified calculation model
pertinent to one of the special cases treated in [1] (the incidence plane being
perpendicular to grating lines) will be presented. This model enables direct
calculation of the intensity distributions in the planes parallel to grating plane.
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Therefore, direct analytical estimation of the lateral period of diffraction images
is possible in this case.

2. Analysis

The calculation of the Fresnel field pattern of obliquely illuminated linear
periodic object could be done using Kirchhoff integral [3, 4]. However, we will
adopt (as in the referenced paper [1]) the approach based on the concept of
an angular spectrum of plane diffracted waves [5, 6]. These plane waves, when
summed in both amplitude and phase, give the desired field distribution, the
diffraction pattern can be considered as an interference pattern of all plane
waves originating at the grating.

2.1. Calculation of the propagation directions of diffraction orders

In order to perform the summation of diffracted beams it is necessary to
know their propagation directions. For this purpose the Fresnel-Kirchhoff
calculation model will be used. Let us introduce, after [7], the general diffrac-
tion arrangement, its notation is schematically shown in Fig. 1. The point

Fig. 1. Fresnel-Kirchhoff diffraction geometry for calculating the propagation angles of
diffracted beams

source plane x0/0, the untilted object plane x'y' and the observation plane xy
are separated by zOand z, respectively. The plane object shown as an aperture
in Fig. 1 is rotated about the x' and y' axes by the angles a and /5 respectively.
Using the usual approximations assumed when calculating the Fresnel-Kirchhofl
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integral [7] we can calculate the complex amplitude at the point P in the obser-
vation plane in the form

cos@ c.c .
UP) oc——— — JJ exp{ilc(r+ s)}dS Q)

8

where A denotes the amplitude of the wave emitted by the point source P,,
dis the angle between the line PP and the z axis, 8 corresponds to the object
surface, dS is the object element and k denotes the wave number. Other sym-
bols are shown in Fig. 1. After expanding r and s into the power series including
the linear terms only [7] and performing simple calculations, Eq. (1) becomes

iasO Aexp{ift(r-]-s'
U(P) = X PATH(r1-s7} J J exp{ifr/(], rj)}dedr) (2)
S
where
(£, ) — — £cosa+ {MO—m)rjcos/s-f (Esina+ rjsini3
_____ __ (3
X | /1-(1* + »*)-A-(1J+mJd)],
h = -yolr't 1 =viI»'\ .
m0 = —&0'r’, m — xfs' “)

Let us consider the case of plane beam illumination; in this case 10 = m0 — 0.
Introducing the notations

= Zcosct+ sinafl—VI-~(12+ m2)]
J

L
1 ®)
M = mcos/9+ sin/3[I—"1 —(i2+ m2)]
we obtain
U(P) =C f exp{-ik(Lg + Mt])}dgdti (6)

S

where C is the proportionality constant. Now, let us introduce a periodic
structure of spatial period d as the object in the £? plane. The object lines will
be assumed as being parallel to ] axis. The amplitude transmittance of the
singular linear element of the structure will be denoted by P(l). Using Eq. (6)
and the calculation model shown in [7] the amplitude at P is

N-1
U(L) = Ue(L) JTlexp{—ikndL} (7
n=0
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where N is the number of linear elements in the object and

UJ{L) = Cf F(i)exp{-ileL}dS. (8)
S

The intensity becomes

kdL \ Isin(NMLI2)V
I(L) = I CH[N,

poo\ ai (©)
~2 |/ \ sin(MX/2) / =

From the last equation we obtain the condition for the angular localization of
diffraction orders, i.e.

L = (10)

Since the amplitude transmittance of periodic object is constant along the r?
direction we have

Utj) = J o,xp{—ikM}, (11)
S

what imposes

m = 0. (12)

Inserting Equations (10) and (11) into Equation (5) we obtain the following
system of two equations with two unknown | and m:

icosa + sinafl —\VN—2+m = n—
@ 2 d{. (13)

mcos” + sin/S[I —VI —(i12+ m2] = 0 J

The parameters | and m correspond to the propagation directions of diffraction
orders of the periodic object in the coordinate system xyz. They are calculated
from (13) as:

nX sinacos/1  f nX smacos/?
- — cosacos/H— ---------m-mmmm-
acosa 1—sm2asm2p [ a cosa

(14)
n2x2

nXx
|cos2acos2i3+ 2 5 smacos2/?— g
“ g

sinacos/S1 nX sinacos/f?
m= — . . eosacos/? +
1 —sin2asin2/? d cosa 15
(15
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From these equations describing a general case of oblique illumination a ~ 0,
VW~ 0 the expressions relevant to special case [8-10] are readily obtained:

i)a=20
Il = n-
(16)
m = —sin/9[cos 3—"cos2/?—>tAd)7]
i) 3= 0
| = cosa j— —sinaj + sinal®l —(sina—1/d)2
(17)
m=20
i) a=RB3=0
F=n—
d (18)
m —0

2.2. Calculation of the Fresnel diffraction field

Knowing the propagation directions of diffraction orders of obliquely illuminated
periodic structure we are ready to calculate the Fresnel diffraction field using

Fig. 2. Diffraction geometry for cal-
culating the Fresnel field of linear
periodic structure having the normal z0
tilted with respect to the illuminating
beam propagation direction. Plane beam
impignes along the z direction. The
object plane gg is tilted by the angles
a and fl with respect to the piano x'y’
normal to z
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the concept of an angular spectrum [5, 6]. It has been found from many trials that
for the convenience and simplicity of calculation of a general casea ~ 0, ~ O
it is good to assume the z axis of the coordinate system as coinciding with the
illuminating beam propagation direction. It passes through the centre of the
plane $j. This choice is much better than the assumption that the z axis is coin-
ciding with the grating normal. The diffraction geometry, corresponding to
the calculation in the following, is schematically shown in Fig. 2. It is readily
seen that the incidence angles a and (i of the illuminating beam correspond now
to the tilt angles a and ft of the grating. However, according to the convention
of the signing angles, assumed before, we have to change signs of the grating
tilt angles.

The complex amplitude of the Fresnel light field in the plane perpendicular
to the illumination direction will be calculated. For the simplicity of analysis
we will assume the cosinusoidal amplitude transmittance of the periodic object
in the form of linear, amplitude-type diffraction grating

T(l) - VO+Vcos(2n(ld) (19)

where VOand V denote the amplitude modulation parameters. Using the con-
cept of an angular spectrum of plane waves [1, 6] the light field in the obser-
vation plane xy perpendicular to z axis is expressed by

y -
U(x,y,z) = FOexpf{tfcz}+ — expfifcficm+j+y~+aj/l-~j+m ~)]}
(20)
y _ -
+ — exp {ik[xm_x+ yLi+zV1- (iij+ mij)]}

where I+1, m+], | _land m_, denote the propagation directions of the +1 and —1
diffraction orders, respectively; 10= m, = 0. In the following we will be con-
cerned with small values of Tand m, this is usually the case when low frequency
gratings are used for the self-imaging applications. For example, when the grat-
ing of maximum frequency of 50 j/mm is considered we have | = 0.05 and m =
0.0005 for A= 0.633 (im. In such a case Eq. (20) becomes

U(x, y, 2) = exp{ikz} [fo+ exp  jaxm+i+ yl+i- i+ <i 'H
(21)

xm-i+yl-i-



Self-imaging phenomenon. .. 301
The intensity distribution is

V2 V2 [
I(x,y,z) = V@+ — + ~2~coskje(m+l-m _D+y(i+i-Li)

X
j dU-lit + mh ~»Li)J +2707cosft]— (m+l+ m_J)
(22)
+ — atl +7-i)—~ ah +A-i+ TOH+m-i)} co s if (Mm+—m_j)

+ atl~i-i) —~ ah—"1+ mh

It is seen that the intensity distribution consists of three basic terms: the
background term, the fundamental and the second harmonic. The fundamental
is of primary importance, it is composed of the following terms:

i) The term describing the intensity distribution in the xy plane, that is

cosfcj|-(M+i-TO_D+-]-(i+1-L i)-j (?21-12i+m 21-m 21)j. (23)

It expresses a periodic linear intensity pattern, the normal to the fringes is inclin-
ed with respect to the y axis (Fig. 3) by an angle & given by

Fig. 3. Schematic representation of the periodic
intensity pattern in the xy plane (without showing
the contrast modulation effect)

m+L—m_j
tan 0 — ———-—--. (24)
1+i —I-i

The spatial period ds of the intensity pattern is

d, = 2X[a+i-l-iY + {m+i-m_I (25)

The lateral shift pOof the periodic intensity distribution with respect to the
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origin of the & y plane (measured along direction specified by the angle @) is
Po = »(Z+i-iLi+w+i-iwiiKMA. (26)

ii) The term describing contrast modulation of the periodic intensity pat-
tern expressed by Eq. (23). It is proportional to

cosit j— (W+i+ w_i)+ " (1+1+ 1 i) —— (I+i + ill + m+i +™1i)] - 27)

The maximum contrast is obtained when

x(m+l+ w_j) +y(l+L+! ) —~ A+ -rili +w2+w2,) =0. (28)

Last equation provides the conditions under which the constant contrast is
observed in the detection plane

tana' = 2(_j+'+|‘_0 R for x =0, (29)
I+i +iLi + m+i + mLi 0
. 2(m+L+ m j
tanfj’ = ( ) - 3 for
I+i + i + m+i + »I'l X

where a' and /3 denote the angles between the detection plane and the plane
perpendicular to z axis. From Egs. (27) and (29) we have

2X1

(30)
I+ Fill + witi +»»li

where X = 1, 2, 3, ... is a positive integer. For the propagation distances deter-
mined by Eq. (30) the value of the contrast modulation term (Eq. (27)) is equal
to (-1)Wv.

We have performed numerical calculations of the above derived equations
for various values of the grating spatial frequencies (25 and 40 1/mm) and
tilt angles. From the results obtained the following conclusions have been
formulated :

— Planes of constant spatial contrast modulation are parallel to the grating
plane, i.e.,, a= a, B= /3.

— Lines in the diffraction images are parallel to grating lines.

— Spatial period of the diffraction images detected in the planes of constant
contrast modulation is equal to the object grating spatial period.

— Longitudinal separation distance z between the planes of constant
modulation depends on the object tilt angles a and 3

It follows from the above conclusions that the diffraction images in the
planes of constant spatial contrast modulation (planes parallel to the object-
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grating plane) can be named as the self-images of the object grating under
oblique illumination.

2.3. Fresnel diffraction field — special cases

After having presented a general solution (Bq. (22)) corresponding to the simul-
taneous grating tilt by the angles a and /3 let us give the special cases, when
the tilt occurs in one direction only.

1. a=£0, B=0.

Bow, the propagation directions of diffraction orders are given by Eq (17);
the formerly introduced parameters describing the intensity distribution of
the Fresnel field become:

Fig. 4. Symbols used for tlie derivation of intensity distribution in the plane parallel to the
grating, the incidence plane of illuminating beams is perpendicular to grating lines
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In this special case, another calculation procedure can be employed giving
directly the intensity distribution in the plane parallel to the grating plane.
The notation is shown in Pig. 4.

Similarly to Eqg. (20) we can write

Zr (3, 2) = 7 Oexp jiftfz + ysina] + -~-exp{ift[>eo0s0+1+(y —¢l)sina+1]

4—---2--exp{ifc[zcoso_i -f(y—")sina_!]}

(32)
where :
sina+l = sina+ AdN
sina.j = sina—A/d]
(33)
<D+l = a+l-a
0O!'=aj—a
Z «= iOlcosa
(34)

A = «,/tan a

Assuming as before, small values of diffraction angles (that is when the
approximation cosO = 1—0.5 sin20 can be used) and noting that sin0O+l = Z1
and sin0_! = i_n we can rewrite Eq. (32) in the form

U'(y,z) = exp{tfc[>+ (y-ZI)sina]}j[F« + T eip{

(35)
0,1 \Y i A z , 1
) Por U-Aay--
The intensity is calculated as
r(y,z) = V\+~ +2Vko& vy -A -~ (I\ 1-121)
(36)
Tz . " 1}72 2nr2 ZAZd (it ,Jl
X +—-- cos—- j2y — ¥
[u 1++LDJI " 2 q 'y LD

It follows that the intensity distribution has a spatial period din the y direction.
The contrast modulation in the whole observation plane is determined by the
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cosine term cos[2nz(I21— )/4A]. For the observation distances

'2NX

T+1+7t1

37)

the contrast factor equals (—1)”~. This agrees with Eq. (30), where we have
to put m+, = m_1= 0 for the case under discussion. Therefore, it follows that
in the case /6 = 0 the results obtained by an indirect method, see Chap. 2.2
and [1] (calculation of intensity distribution in the planes perpendicular to
the illuminating beam and the subsequent derivation of the properties of dif-
fraction images in the planes parallel to grating plane) and the method just
presented are identical. Certainly, the latter method is simpler and faster.

2. a—0, /37~0.

In this case propagation directions of diffraction orders are given by Eq.
(16) and the parameters characterizing the Fresnel field intensity distribution
become:

tanto = 0, (38a)
d, = d, (38b)
Po = (38¢)
tana' = 0, (38d)
tanB = - , (38e)
H 2+ w2’
NX 38f
12+ ma (38)
where | = B1l]= JZ,! and to = totl = m_1.

Unfortunately, in this special case we cannot perform the direct calculation
of intensity distribution in the plane parallel to the grating plane, as in the case
a 0, B3 = 0. This is due to the fact that the interfering diffraction orders do
not lie in a single plane and the calculation model presented in Chap. 2.2 must
be used. A heuristic explanation of this case, based on the incoherent Moiré-ad-
dition of the two beam interference patterns has been presented in [1]. The
results obtained coincide with Eq. (36) of the present paper.

3. Conclusions

Analytical expressions, describing the intensity distribution in the Fresnel
diffraction field of a linear amplitude type diffraction grating illuminated by
a plane spatially coherent beam, have been derived and discussed. General
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case of the tilt of grating normal in an arbitrary direction with respect to the
illumination direction has been investigated. It has been found that (under usual
approximations of relatively small diffraction angles of the object-gratings used
for the self-imaging effect applications) the object-grating selfimages are found
in the planes parallel to the grating plane. On the other hand, when the obser-
vation is conducted in the planes perpendicular to the illuminating beam direc-
tion the periodic bands of intensity contrast modulation are observed.

From the expressions corresponding to an arbitrary object tilt angle the
formulae describing the special cases of unidirectional tilts have been derived.
They are in full agreement with the expressions obtained before in a different
way [1] and experimentally verified.

The analysis and its results can be easily extended to phase diffraction
gratings as well as to two-dimensional amplitude and phase periodic structures.
As it has been mentioned before [1] relatively simple analytical expressions
describing the Fresnel field intensity patterns can be obtained for periodic
structures generating three diffraction orders (three beam interference). This
is due to the fact that there is no equality of angular separation between the
adjacent diffraction orders and, consequently, there is no phase coincidence of
all orders in the self-image planes. In the case of gratings with higher harmonics
the numerical solution is required. However, we have performed many experi-
ments with square wave amplitude type diffraction grating and very close
coincidence of the observed Fresnel field properties with the characteristics
derived in this paper has been noted. This is because of missing the even
orders in the square wave grating amplitude transmittance and the predomi-
nance of the first order diffraction beam.
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FeneHvie caMoVBOOPEHEHVA HAKMOHEHHBIX JVHEVHBIX MEPVIOOVMECKIX MPEAMETOB

AHannsnpyetcsa siBNieHNe camon3o06paXKeHNA KOCUHYCOMAanbHOW, amnanTyAHOM, NMHENHON, AndpaKLMoH-
HOW peLueTKW, OCBeLLeHHOlM MI0CKOW BOMHOM. HanpaBneHve najeHWs CBETOBOrO My4yka SB/SETCA OT-
nnyaeTca 0T HanpasneHWs Hopmanu K nnockocTu pelueTku. BbiBefeHbl (GopMysbl, onucbiBaloLyme
06LWKniA cnyyail o4HOBPEMEHHOT0 Hak/10Ha B MI0CKOCTU BEPTMKA/IbHOM 1 FOPU30HTa/IbHOM M0 OTHOLLEHWUIO
K nuHumn pelsetkn. 3T opmynbl cofepyaT onucaHume ocobblX Cryyaes, aHa/IM3MPOBAHHbIX B Hay4HOl
nuteparype.

1—Qurica Appl/ban XYIYH



