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Abstract. The problem of light diffraction by a micro-optical diffractive element is investigated. The method
of stationary phase is applied to obtain approximate values of the integrals in the Kirchhoff approximation.
The accuracy of the asymptotic approximation is studied in detail. As an application, the obtained approximate
formulas are used to solve a design problem of constructing a diffractive optical element with a desired intensity
distribution.
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1. Introduction

In this work, we refer to a Diffractive Optical Element (DOE) as a micro-optical element
which modifies incoming light so as to produce a desired intensity pattern on an image plane.
We show a schematic of such a system in Figure 1. One application of this technology is in
the *writing” of fiber Bragg gratings. In this application, UV (ultra-violet) light is modified by
a DOE, so as to produce a modulated periodic light intensity on a treated fiber [1].

The system we analyze consists of an opaque screen with an aperture over which a DOE
is placed. The DOE could be made from a thin film whose thickness varies as a function of
position. It is placed far from the light source, so that an incoming light can be assumed to be a
plane wave. As the light goes through the DOE, its properties (the phase and/or the amplitude)
are changed according to the principles of optics. The modified outgoing light, which is no
longer a plane wave, produces a certain intensity pattern on the image plane. We refer to the
problem of determining the intensity pattern given a complete information about the DOE as
the Forward Problem.

Of our particular interest is the design of a DOE, also called an Inverse Problem. Given
geometrical and physical parameters of the system and a target pattern, we would like to
determine the features, such as a thickness variation, of the DOE that produces an intensity
pattern that is as close to the target as possible. The inverse problem can be complicated by
specific constraints coming from manufacturing. For example, the thickness of the film may
be restricted to be piecewise constant, satisfy a given resolution and take on only one of /
(= 2) given values, where [ corresponds to discrete relief levels. The smaller the value of [, is
the cheaper the manufacturing process will be.
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Figure 1. Using the DOE to produce a certain light intensity pattern.

In this work, we use formal asymptotics to analyze the relationship between a DOE and the
intensity image it creates. We start with the Kirchhoff model of diffraction, which represents
the scalar wave amplitude as an integral over the aperture. Because the DOE considered in
this work has rapidly oscillatory thickness variation, with a smooth envelope, we can use the
method of stationary phase (and also the method of multiscale expansion; see Appendix) to
simplify the said relationship. The simplified formula is used to approximately design a DOE
with a given intensity pattern.

The paper is organized as follows. In the next section, we describe the forward problem
in the form of the Kirchhoff integral. Section 3 contains the stationary-phase analysis of the
integral when the DOE has a multiscale structure. In Section 4, we show how the simplified
formula can be used in a design process. The main ideas are illustrated throughout with nu-
merical examples. We conclude with a discussion of our approach and its place in the design
of a DOE. An appendix is provided which gives an alternate technique for the asymptotic
analysis of the Kirchhoff integral.

2. Theforward problem

In our model we use the Rayleigh-Sommerfeld diffraction theory, which treats light as a scalar
phenomenon [2], considering only the scalar amplitude of one component of either the electric
or magnetic field and neglecting any relation between them through Maxwell’s equations.
This assumption has been shown experimentally to give very accurate results, provided that
the diffracting aperture is large compared with the wavelength and the diffracted fields are
observed not too close to the aperture. These conditions are satisfied in our problem. Another
assumption is that we consider only monochromatic waves.

2.1. KIRCHHOFF APPROXIMATION OF DIFFRACTION
We start with the Helmholtz equation for a complex wave amplitude U (x)
(V2 +k*U =0, 1)

where k is called the wave number and given by k = 2z /A (1 is wavelength). Thus, U is a
scalar field representing either the electric or magnetic field.



Asymptotic analysis and design of diffractive optical elements 257

Figure 2. Contour of integration.

We next derive a 2-D version of the Kirchhoff approximation. Our development follows
that in [3]. Let P = (xg,z0) be the point of observation, S be an arbitrary closed curve
surrounding Py and V be the region bounded by S. Let S, be a circle of small radius & about
the point Py, V' be the region lying between S and S,, ' = S + S;, see Figure 2.

If U satisfies the Helmholtz equation in V and G satisfies the Helmholtz equation in V' for

any ¢ > 0, then
(GV?U — UV?G)dxdz = — | (GUK?* — UGk?)dxdz = 0.
|4 \%4

Applying Green’s formula over V' to the expression, we obtain

ou G
[ (65, - v )as =0
/ on on
oU G ou G
f G—-U— ds:—/ G——-U—)ds,
s on on 3 on on

where the normal vector 7 is taken outward of P, on S, but toward Py on S..

or

Choose G to be a constant multiple of the free-space Green’s function. With P, = (x, 2),
we have that G(Py) = HS" (kr), where H{" is the Hankel function of the zeroth order [4, 5],

and
=+ (x —x0)2+ (z — 20)2.

Then G satisfies the 2D Helmholtz equation (1) and

3G
— = —kcos(it, HHY (kr),
on

where Hil) is the Hankel function of the first order, and 7 is the unit vector pointing from P,

to P;.
For PLon S; (¢ « 1),
0G 2i

G 2 lo
Y — 8, — N _
T g on e
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Therefore

y
lim / Gds = lim 27 e (—' log s) —0,
e—0 e—0 T

S
9
lim / G 4 — lim 27¢ <——') — _ai,
e—0 on e—0 TE
and we get [6]

i [ (U 3G
U(Py) = %/S{%G—Ug}ds. )

This result, called the integral theorem of Helmholtz and Kirchhoff [3], allows the field at
any point Py to be expressed in terms of the ‘boundary values’ of the wave on any closed
surface surrounding that point.

We now proceed by choosing the closed curve S. Let the closed curve S consist of two
parts, S; and Sg, as shown in Figure 3, so that the line segment, S;, lies directly behind the
diffracting screen and is joined by a large circular arc, Sg, of radius R and centered at the
observation point Py.

Using the Hankel functions properties [7] for large arguments (§ — o0)

2 i bid 2 i 3r
HE @) ~ [ 2 HPE ~ [,

and the 2D Sommerfeld radiation condition at infinity

oU
lim ~/R (— — ikU) =0 (uniformly in angle),
n

R—o0 0

we conclude that the integral over Sk vanishes, and we are left with



Asymptotic analysis and design of diffractive optical elements 259

i oU 0G
U(Po):%/s {EG—UE}ds. @3)

To simplify formula (3) we modify the Green’s function, G, so that it will vanish over the
entire surface S;. The development leading to (3) remains valid with this modification. The
modified Green’s function in this case is given by

G(Py) = HY (kr) — H (k7),

- ~ ~ o~ . . . .
where r = |F| = |P0ﬁ1|, 7 = |r| = |PyP1], Py is the mirror image of Py on the opposite side
of the screen. Computing the normal derivative of G and simplifying, we obtain

ik
U(Po) = '5 / U (P)2HY (kryds. @)
Sr r
Now apply the Kirchhoff boundary conditions [8] to (4):
1. Across the aperture S, the field distribution U is exactly the same as it would be in the
absence of the screen;
2. Over §; \ S, (the geometrical shadow of the screen), the field distribution U isidentically
zexo.
The integral in (4) reduces to

ik z
U(Py) = E/U(1f>1)7°H§1>(1<r)ds, (5)
Sa
or, for kr large,
e—i%ZO ikr
U(Py) = ﬁ 5 U(Pl)r3/2ds.

Formula (5) is often referred to as the Kirchhoff Approximation.
The formula allows one to find the field at any point Py from knowledge of the field at the
aperture S,. Then the intensity is given by

2
2

ikr
1(Po) = |U(Py)|* = 3—0 /‘U(Pl);ﬁds (6)

Sa

2.2. LENS MODEL

In our problem the DOE serves as the “aperture’. Formula (6) allows us to compute the light
intensity in the near field of the DOE, provided that we know the amplitude of the light on the
DOE.

Let a light source be placed far behind the DOE, so that the light is assumed to propagate
as a planar wave and the complex amplitude before the DOE is represented by Up. As the
light goes through the DOE, it may change its amplitude and phase depending on the physical
properties and geometrical structure of the DOE.

The DOE considered in this work is assumed to change only the phase of the light. The
phase shift can be achieved by varying the thickness and/or the refractive index of the material
of the DOE; see Figure 4.

For example, let P;(x, 0) be on the DOE and let the thickness at that point be d(Py). If the
refractive index of the material be », then the phase shift at this point is approximately
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Figure4. Anexample of a DOE.
2
¢(P1) = T(n — Dd(Py), (7)

where A is the wavelength of the light source. In this case at point Py, Uy will be changed to
U(Py) = Uge'®™™, Therefore, the required phase shift can be achieved just by varying the
thickness profile of the element. In any case, due to the simplicity of relation (7), from now
on we will only consider the phase shift created by a DOE, not its thickness variation.

In general, if U(Py) = Uy p(Py) then for Py(x, z), we have

e—i%z ikr
U(Py) = 7 Uo P(S)mds, )
where r = \/(x — 5)2 + z2 and
2 ikr 2
22 e
I(x) = |Uo| n /l?(S)rwdS

Here p(s) represents the change in the wave caused by the DOE. For instance, p(s) = '¢®
would represent an element that changes only the phase. Since we are interested only in the
shape of the intensity profile, we may set Uy = 1.

Formula (8) describes the so-called Forward problem. Given p(-) we can determine 7(-). In
numerical calculations, integration in (8) is performed by quadrature with required accuracy.

3. Asymptotic analysis
According to the Kirchhoff approximation with the lens model, the relation between intensity

I(-) and the DOE, represented by phase p(x), is given by (8). The numerical integration
involved in (8) can be very expensive computationally (especially in 3-D). We will look for
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approximate expressions for the integrals for the special case where the phase function, p(-),
involves two scales.

We assume that p(x) has compact support [—w, w], where w > A, A = 2 /k is the
wavelength of the light source. By the two-scales, we mean that

X
p(-x) = P(-xa X)v
where A/w < 1and P(x, y) is periodic in y.
We write u(x, z) instead of U (Py). Rescale the problem
F=2,  i=2 @ =pwd).  iE ) =uwi, wd), )
w w
drop the ‘tildes’, and rewrite integral in (8) as

eir/s

1
_z / p(s)
J2mie A r3/2

ux,z) = ds, (10)

where r = \/(x —s5)2+ 72, &= ﬁ = 52— < 1. We have set Uy = 1 in arriving at (10).
After the rescaling, we note that p(x) = P(x, x/¢) with P(x, y) periodic of period 27 /y
iny, where y = % Therefore, it can be written in the form

P(x,y)= Y Pix)e”™,

where
27 /y
P,(x) = e / P(x, y)e~"™dy.
2
0
Then
— X — c iynx/e
pe) =P (x.2) = n;oo P, (x)e" /e,
Since integral (10) is linear with respect to p(x), the solution can be found in the form
u(x, )= Y uy(x,2),

where each u,(x, z) is a solution for (10) p equal to P,(x)e'""*/¢ So, we can reduce our
analysis to the case p(x) = A(x)e'8*/¢,

3.1. METHOD OF STATIONARY PHASE

The method of stationary phase [9] describes the asymptotic behavior of the integral

b

J = / F (e 8Os,

a
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where yx is a large positive real parameter. We review the basic assumptions and the approxi-
mation properties of the method.

3.1.1. Assumptions
i. —o0o<a<b<oo.
i. In(a,b), gV (), f™(t) are continuous, m > 0, g(¢) is real-valued, g’() > O,
g(b—0) < oo.
iii. Ast — a—i—,oo

fO~Y fit—ay, g ~g@+) &t—at™,

s=0 s=0
where fy, go are nonzero, u > 0. Moreover, the first of these expansions is differentiable

m times and the second m + 1 times.
1 S
iv. LetP(r) = { E} f(t).
g'(t)ydr) g'(r)
V. a,b, f,and g are independent of .

Then Iir}p P(t) <oo, s=0,1,...,m.
t—b—

3.1.2. Mainresults
Let
i. n>0mu—1<n<@m+2Du,andv =max@n, mu),
ii. v=g(@) —ga),and F(v) = Py(z).
For small v, F(v) can be expanded in asymptotic series of the form

00
F(v) ~ Za‘vv(ﬁ-l—#)/ﬂ,
s=0

where the coefficients a, may be found by reverting series, in particular,

fo _{fl 2g1f0} 1
a =

ag = ———, = — .
Mgé/u m Mzgo gg/u
Then
H v P ST S a 1 . m | s
J = gixs@ Ze'?_ﬂf‘ <_) 572 gixg® Z P,_1(b) <_) +err. (11)
p w)oxem g X

The error term is given by

b
N 1
err = <l) fe'xg(” 0, ,(ndt +0 (—+1) :
X ’ x"
g r (i) ds—1

m,n = Py - '
Gt 1o ; r (;—‘ —m+ 1) {g(0) = gla)ym—/n

The method of stationary phase is mostly known [5] by its first term that describes the leading
behavior of the integral J for u =2

where

2i

J :/f(l‘)eixg(t)dt ~ f(to)eixg(to) ,
xg"(to)
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where 1, is the stationary point of g(¢), g”(t9) > 0.

3.2. APPLICATION TO KIRCHHOFF APPROXIMATION

Recall, that we investigate integral (10) with p(x) = A(x)e'B/¢

1
Z /A(t)
V2rie A r3/2

u(x,z) = e'Brr/eds,

wherer = /(x — )2+ 72,6 < 1.

Let A(x) be continuous and twice differentiable on (—1, 1). Apply the method of stationary
phase (11) to the integral

1
A(1) i(Bt4r)/
J :/me édr,
-1
with

%, gt) =Bt +r, Py(t) = AQ) 1

rY2(Br +t —x)’ x= e
Since ¢'(t) = B 4 ==, the stationary point #, exists (and is unique) iff |B| < 1,

B
to:x—gz, and B=+1- B2

In this case

B\*? i
f(to) = A(to) <z> , g(to) = Bx + Bz, g (1) =

f@) =

Consider 4 possible cases regarding the stationary point 7.
3.2.1. Casel

|B| < 1, |to] < 1, i.e. the stationary point ¢, is an inside point of the interval.
Apply the method of stationary phase for the intervals (—1, #p) and (¢, 1) with parameters

m =2, w=2, n=a3, v =4,

_1 4 _ _ Jo _ Alto)
80=58 (t0), fo= f(t), ap = NN

Then we get, as a final result,

) in/4 . )
u(x,z) = A(tp)e$ /e — \/Ezez [Po(l)elg(l)/g - Po(—l)E'g(_l)/g] + O(e),
27

or in terms of x and z,

ux,z) =A (x - gz) glBrtpale 4 \/E[Q(x, D) -0,z —1)] + O(e), (12)
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Figure5. Numerical calculations of [u(x, z)| (for A(f) = 1, B = 0, & = 2x 103, z = 0-1): (a) the exact integral,
(b) O(1) approximation; (c) O(./¢) approximation.

where

_Zeln/4 A(t) ei(Bt-‘rr)/s
V27 rY2(Br +t — x) '

r=+/(x —1)2 4 z2.

Note that Q(x, z; £1) terms introduce disturbance due to the endpoints + = £1 of the interval
of integration.

Since A(t) is defined and continuous only on (—1, 1), A(1) and A(—1), in (12), (13), are
assumed in the sense of the limiting values tIiT_ A(r) and t Iim1+ A(D).

O(x,z;1) = (13)

3.2.2. Casell
|B| < 1, tg = %1, i.e. the stationary point #q is an endpoint of the interval.
Apply the method of stationary phase for the interval (—1, 1) with the same parameters as
in Case I. Then we get
1 ; zelm/4
u(x,z) = =A(g)e'sre £ —— |:
54t Fe o

or, in terms of x and z, (note that here x = +1 + %z)

ieig(to)/s _ po(:Fl)eig(ﬂFl)/s] + 0(e),
280

M(x’ Z) _ %A(il)ei(BX.HSz)/a + \/E[Q\(x, Z; :|:1) - Q(-xa 2, :Fl)] + 0(8), (14)
where
R @74 [ 3A0B A i(Bt+r)/e
) = — 2 * '
Q(x,z;1) Nz |:2 \/@ \/ﬂTZ:|e

Again, A(r), A’'(¢) at endpoints ¢+ = +1 are assumed in the sense of the limiting values from
inside of the interval.

3.2.3. Caselll
|B| < 1, |to] > 1, i.e. the stationary point #, is outside of the interval.

Then, on [—1, 1] g(r) > 0 (or < 0). Apply the method of stationary phase for the interval
(=1, 1) with
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m=1 u=1 n=0, v=0,

=g F).  fo=FF), a= g
Then

u(x,z) = iﬁ[Q(x, 1) — O(x. 2: —1)] + 032, (15)
3.24. CaselV

|B| > 1, i.e. there are no stationary points.
Apply the method of stationary phase for the interval (—1, 1) with the same parameters as
in Case I11. Then

u(x,7) = iﬁ[Q(x, 1) — Ox. 2: —1)] + 0%, (16)

3.2.5. Leading-order approximation.
Extend A(x) on (—o0, co) as follows

1 1
A(=1) == lim A(»), A1) =2 lim AQ@), A(x) = 0V|x| > 1.
2 t—>-1+ 211"
Then, taking into consideration only O(1) terms in (12)—(16), we get

A (x — %z) elBx+pa/e if |B| < 1
0, if [B|=1

u(x,z) ~ [ for ¢ « 1. an

3.2.6. Edge effect
Note that O (1) approximation [17] is valid as long as O(+/¢) and higher terms are negligible.
However, it does not describe a so-called edge effect observed in the exact integral (10) near
the endpoints x = =+1 of the interval. Including O(,/¢) terms gives better approximation to
that phenomena, see Figure 5.

To examine the effect of including O(,/¢) terms, consider in detail Q(x, z; +1). Note that
it has a singularity at x4 = £1 + %z (when denominator equals 0). In particular,

vz

[Xx — x41]

IQ(x,z;:tl)|~0< ) as |x — x| = 0.

We can summarize our findings as follows.

(i) For|x —xx1| ~ O(4/z) or more, the edge effect can be neglected and approximation (17)
is valid.

(i) For |x — x41] ~ O(/22), the edge effect cannot be neglected and O(,/¢) terms should
be included into our approximation

u(x,z) ~ A <x - gz) gl(BxHha/e 4 ﬁ[Q(x, ;1) — 0(x, z; —1>]. (18)

(iii) For |x — x11] < O(€z), O(y/e) terms do not describe the edge effect accurately.
Indeed they blow up at x — x.;.
(iv) Atx = xi1, we use (14) as an approximation.



266 S Rudnaya et al.

14F T T T 7N T

1.2

0.8

0.6

0.4

0.2

0k 1 I 1 1 e e e T ————

0.8 0.82 084 096 0.98 1 1.02 1.04 1.06 1.08 1:

Figure 6. The edge effect in detail (for A(r) =1, B =0, & = 2 x 1073, z = 0.1): (a) the exact integral, (b) O(1)
approximation; (c) O(./¢) approximation.

See Figure 6 for a detailed picture of the exact integral and its approximations in the
neighborhood of the endpoint x = 1. We can see that O(,/¢) approximation (18) gives a
good approximation to the edge effect, except when |x — 1| < 0-03 ~ 2,/ez, which agrees
with the above conclusions. A different expansion is needed in the neighborhood of the edge.

3.3. GENERAL TWO-SCALE PHASES

Consider now a two-scale p(x) which can be expanded as

px)= Y Pyx)e"/",

n=—oo

The solution for u can be found in the form

o]

u(x, Z) = Z un(-xa Z)’

n=—oo

where each u,,(x, z) is a Kirchhoff approximation (10) with the phase P, (x)e'"”"*/¢. Using the
first-order approximation in (17), we can write

n .
u,(x,z) = P, <x — ,B_VZ) e'(nl/x-i-ﬁnz)/a’

n

where B, = /1 — (ny)2. Note that for n > 1/y, B, is imaginary and u,(x, z) corresponds
to evanescent waves. Because of their exponential decay in z, we will simply ignore their
contribution. Therefore, for e « 1,

u(x,z) ~ Z P, (x — r’;—yz> glnyxthl/e, (19)

Inl<1/y n
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Note that we are interested in the near field of the boundary z = 0 (where the z-range is
small in comparison to the x-range). For small ||z, we can simplify (19) to

ulx,z) = Z Pn(x)einyx/seiﬁnz/g'
Inl<1/y

Going back to the original, ‘physical’, variables, which were rescaled in (9), we get the
following result. Let p(x) have representation

X X > X\
=P (_’ _) — Pn (_) e|271nx/A’
p(x) o A n;w ”

where
1

P,(x) = f P(x, y)e @™ dy.
0

Then
x . .
ulx,z) & P <_) el27Tnx/AeI/3nz’
(x,2) E "\

|n|<1/y

where 8, = k. /1 — (ny)? and the intensity is given by

I(x,2) = |u(x, Z)|2[ Z PneiZnnX/Aeiﬁnz][Z Pm*e—i2nmx/Ae—iﬂmz:| —

= Z |Pn|2 + Z PnaneMjmx/A + Z Z PnPn»;eiZn(n—;n)x/Aei(ﬂn_ﬁm)Z ‘
! n70 | #1m]

I1(x) I(x,z)

That is, we can separate I (x, z) into two parts: I;(x), which does not depend on z and I»(x, z),
which contains only terms periodic in z. This may help us to simplify the expression for
I (x, 7). Consider two special cases:

3.3.1. CaseA
P_, = P,. Then
_ iB X pitn
u(x,z) = Pe °Z+2§Pncos(2nnA>e <
_ 2 2 Anc2 X
L(x) = |P +4;|Pn| cos (2mX),
' Y *gi(Bo—Fn) (20)
L(x,z) = 4’;sm <271nX> Re[ Py P e PoFmi] 4
i X X %l (Bu—Bm)
S;H; sin (ZnnA> cos (anA) Re[P, Ple .

3.3.2. CaseB
P_,=—P,,n#0.Then
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u(x,z) = Pye? 4 2i Z P, sin <2nn%> gifnz

n>0
. X
Li(x) = |Po|2—|—42(;|1°n|2$|n2 <2nnx),
L(x,z) = 42008 (2nn )jm[PoP:e'(ﬁO_ﬁ")Z]_i_
n>0
8> > cos <2nn ) sin (an ) Re[ P, Prelrtn)<],
O<n<m

3.4. AVERAGING THE INTENSITY OVER THE z-INTERVAL

In practice, we may be interested in the intensity not at a single plane z = zo but rather in the
average intensity l,,(x) over some interval in z € (zg — %, Z0 + %)

zo+%§
1 “
Iavr(x)zA_Z / I(x,2)dz = L (x) + L(x; zo, Az), (22)
-4
where
Zo+—AZ£
R 1
L(x; z0, A7) = — f I(x, z7)dz.
Az
05

We next investigate situations under which the z-dependent term, i.e. fz(x; 20, Az) can be
neglected. Note that

iz(x; z0, AZ) = Z Z Pan*eiZn(n—m)x/AMnm’
n|#lm|
where

ot
nm — i f |(ﬂn_/3m)1dz — ei(ﬁn_ﬂm)ZOSinC ('Bn — ﬂm)AZ ,
Az 2w

ZO_*

and sinc(x) = sin(rx)/(wx). Since

2 4
M| < < » o Ym,n,|m| # n],
| | (ﬂn _ﬁm)AZ k)/ZAZV”Z _n2| | | 7& | |
then
| Py Py |
|12(x 20, AZ)' = k ZAZ ZZ |m2

|r | |m]

So, we can see that | 1,(x; zo, Az)| — 0as Az — oo.
Further simplifications are possible if we restrict to the case when P, = P_,. Then, from
(20),
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i 20, A2) = 4 cos (2rn ") Rel PoP; Mo, 1+

n>0

8% > cos (27‘[11%) cos (an%) Re[ Py Pl M),

O<n<m

and

T2 (x; 20, A <4 | PoPyMugl +8 Y | Py PyM].

n>0 O<n<m

Note that, since P, — 0 as n — oo, the biggest contribution to b (x; zo, Az) comes from the
first few nonzero terms, in particular [ Po P;" Mo1], provided that | Py P1| # 0. Since, for small
12

2 A? 2A°
3 ﬂﬁ = T(1 +V1-y)H = - = T (the Talbot distance [10]),
0— P1

then
T . ) Az T 1
Moy ~ ——eZ70/ T gin (7 == , Myp| < ——————, ¥V .
T Az T Munl < Az iz = Vil Il
Rewrite
n 4T . A ;
L(x; 20, A7) = —— cos(Znﬁ)sm 2t Re[ P Pye!?™ /T 4 Ot (23)
T Az A T
where
|beZ| |f%f%|
FED LT 5 prciy

n>1 O<n<m

Now we can see that the expected biggest contribution to 7, (x; zo, Az) is minimized if either
NRe[ Py Pl*eiz”zo/T] ~ 0or Az/T = integeri.e. the z-interval is a multiple of the Talbot distance
T). However, if | Po P1| = 0 or ~ 0, other nonzero terms should be taken into consideration to
estimate I, (x; zo, Az).

The averaged intensity is to first approximation independent of z. When conditions do not
allow us to ignore the z-dependence, an additional term is needed. In either case, the intensity
is rapidly oscillatory with period A /2. In summary, we have

3.4.1. First approximation (independent of z)
If we can neglect I>(x; zo, Az), (22) simplifies greatly to

Ly (x) ~ I1(x), (24)

which does not contain direct dependence on th z-interval and is periodic with respect to the
“fast’ variable with period 3.

3.4.2. Second approximation (z-dependent)
If we cannot neglect I,(x; zo, Az), then approximate it by the first, supposedly the biggest,
term, e.g.incase P, = P_,, PP, # 0,

4T X\ . Az o
L (X) ~ I(x) + = Az cos <2n X) sin (n 7) Re[ Py P;ei270/T],
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L1 AL
w7 o(2) B o

Figure 7. The phase function considered in the design of DOEs.

4. Design of diffractive optical elements

In this section we consider DOEs with quasi-periodic phase

p) =€¥Y, o) =a (%) o (%) ,

where % <« 1, o () is periodic with period 1; «(-) is called an ‘envelope’ function, such as
one shown in Figure 4. We can represent p(x) as

X X > X\ o ox
= P (—, _) — Pn (_) e|27TI‘LK’
px) — n;oo ”

where
1
Pn(X) — /eia(X)U(Y)e_iijnYdY. (25)
0

In order to use the approximation formulas from the previous section, we need to know the
coefficients P, for [n| < L. In general, they can be computed numerically by use of (25). We
consider a few cases when they can be found analytically, such as in stepwise and sinusoidal
structures. These simple periodic structure allow us to examine the averaged intensity in detail.

4.1. FIRST APPROXIMATION (INDEPENDENT OF z)

Assume first that the dependence on z can be neglected so that the first approximation I (x) ~
I (x) is valid.

4.1.1. Piecewise constant DOEswith variable duty cycle

Define o (x) on the interval (—3, 3) as
1, x| <6/2,
o(x) =
0, x| > 6/2,

where 6 € [0, 1] is called the duty cycle. Then

1+0E -1, =0,

)= ' 26
) [ 6(e' — 1)sinc(nf), n # 0, (26)

where « = a(x/w). Note that P_, = P,. Then, from (20), (24),

Lo () ~ 1 — 40(L — 6) sin? (%) +sin? (%) v (%) , 7)
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{a) (o)
2 . . 2 .
15
1
0.5
0 . . . 0
0 05 1 15 2 0 05 1 15 2
Figure 8. Function W (Y) for y = 0-157, (a) & = 0-3, (b) 6 = 0-5.
where
16 sin®(wnd)
v == > —— 7 Cos*(2nY). (28)

1
< S
ll’l<y

An example of W (Y) is shown in Figure 8(a).
In (27), we can see that the intensity consists of a rapid oscillation, represented by ¥ (%)

within an envelope. The upper and lower curves of the envelope, Ipper(x) and Iigwer(x), are
given by

Lgper(x) = 1 — 46(1 — 6) sin? (%‘) + sin? (%) max ¥ (¥),
Tiower(x) = 1 — 40(1 — ) sin’ (%) + sin? (%) min W (1)

4.1.2. Piecewise constant DOEswith duty cycle=1/2
Taking 6 = 1/2 in (26)—(28) we have

(e*+1)/2, n=0,

P,(X) = (—1)% ei;;]', n Odd, (29)
0, neven, # 0,
and
~ 2 @ LA
where
16 1
w(y) == Z — cos’(2nY),
T s odd ™

1
< =
1<n< y
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(a) (b)
2 . 2 '
15} 1.5}
1 1
0.5 4 05}
] - . " 0 i
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Figure9. Iayr(x) for y = 0.157, (a) a(x) = 7, (b) a(x) = 27.

see Figure 8(b), for an example. Since

. 16 1
min W () = 0, mgxxp(Y) == de = = A,
1

l§n<?

the upper and lower curves of the envelope of I, (x) are

Typper(x) =14+ (A —=1) sin® %,
(31)
Tower (x) = 1 — sin? %

Note that since A = A(y) < 2, the envelope is slightly asymmetric. However, A(y) — 2 as
y — 0.

4.1.3. Snusoidal DOEs
In this case, o (x) = sin’(zx), and

Pu(X) = (=)', (5). (32)

where J,(-) is the Bessel function of nth order. Since J_,(x) = (-1)"J,(x), P_, = P, and,
from (20), (24), we get

Lar(x) ~ 2 ( ) +4 Z 32 < )cos (27171%) ,
1<n<—

see Figure 9, for example, for a(x) = 7 and a(x) = 2.
So, the envelope of I,,(x) has upper and lower curves

Lopr®) = 3 () +4 Y- £ (3).

<n<—

1.0wer(x)~J2( )+4 Z 2 ( )

1<n<2

(33)
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4.2. SECOND APPROXIMATION (z-DEPENDENT)

To analyze in detail what happens to the intensity profile I, (x), when the first approximation
is no longer valid, consider two examples.

4.2.1. Piecewise constant DOESs with duty cycle 1/2
From (23), (29) we get

A AT X\ . 20\ . Az
I(x; zp, A7) = =y [sm(a) cos <2nX) sin (271?> sin <7r?> + C]

where
|C| <0-2.

We can see that the effect of >(x; zo, Az) can be neglected and the first approximation (30)
is valid only if at least one of the following conditions is satisfied

@ Az>T,or
(b) Az/T € Z,or (34)
() 2z0/T € Z.

For example, if Az is predetermined by a particular application, 7>(x; zo, Az) still can be
minimized by a proper centering of the z-interval (to satisfy condition (c)). In fact, if con-
dition (c) is satisfied then Az is not important, it can even be = 0, which means that the
z-interval reduces to a point z = zg and Ly (x) = I(x, zo) ~ I(x). Otherwise, if neither of
the conditions (34) is satisfied,

L () ~ 1 + sin? % (\p (%) _ 1) + sin(a)® (%) , (35)

where

16 1,
W(Y) = = Z — cos (2nnY),

n odd
1

l§n<7

has period 1/2, and
4 T . 20\ _. Az
DY) = =y sin (271?> sin <n?> cos(2nY),

has period 1. Expression (35) shows that the envelope of I, (x) consists of three curves instead
of the original two in (31)

Iin(x) = 1+ (A—1)sin® + Bsin(e),
2
o (36)
Loy (¥) = 1—sin? =,
2
where B = - |sin (27 2) sin (7 5¢)|.
The new envelope is defined by
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Lupper (x) = max {145in® 5 (W(Y) — 1) +sin@)@(Y)} = Ij(x),
Tower(x) = in” {1 + sin® (W) -1+ Sin(ot)CD(Y)} A~ min {Iu‘p(x), I{ower(x)} .

Note however that, if cos (%) = 0or ~ 0, Py ~ 0and other nonzero terms in fz(x; 20, AZ)
should be taken into consideration, e.g. Re[ P1 Py M13], to predict accurately o (x).

4.2.2. Snusoidal DOEs
From (23), (32) we get

fz(x; 20, A7) ~ SALZ [—Jo (%) J1 (%) cos (271%) sin (271 T> sin < ATZ) + C] ,

where

‘]‘]n ‘]n‘]m
|C|52|°| 12y Dl + o076

m2 — n2

n>1 O<n<m

Under the same conditions as in (34) I(x; 70, A7) can be neglected. Otherwise

Iaw(x)NJo( >+4 Z J2< )cos (2nn%>—BJo(2>J1<2>COS(2”%>

<n<—

where

4T
B=——
T Az

. A

sin (271 >sm ( —Z>‘ .
T T

4.3. NUMERICAL RESULTS

To check how well the asymptotic formulas (31), (33), (36) approximate the envelope of
the intensity, we calculated the exact intensity using (6), and overlayed the results with the
approximate envelope. We ran numerical computations for the stepwise and sinusoidal profile
DOEs with different envelope functions « (x). The physical parameters were

DOE length: 2w = 100um

DOE period: A =1um

wavelength: A =0-15u m

sothaty_—_015 e~ 2.4 x 1074,

To verify the first approximation, zo, Az were chosen to satisfy condition (34) (zo =
6-67um ~ T/2, Az = 12-47um). Figures 10-13 show plots of intensity for stepwise and
sinusoidal DOEs with different envelopes «(x) (linear, half-cosine, gaussian), where the ‘ex-
act solution” indicates integral (6), computed numerically, and the ‘approximated envelope’
is determined analytically by (31), (33). We can see that analytically predicted envelopes
approximate quite well the exact solutions computed by numerical integration.
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2

——  exact solution
—rr approximated envelope

| H | Hll!m,

25 30 35 40 45 50

Figure 10. Comparison of the exact intensity and the approximate envelopes for a piecewise constant DOE with
_1 —
0 =35, akx)=m Q- |x].

2

——  exact solution
- approximated envelope

15

l' ”””.H””l!l!mumh. -

0 5 10 15 20 25 30 35 40 45 50
Figure 11. Comparison of the exact intensity and the approximate envelopes for a piecewise constant DOE with
=3, a(x) = Z(cos(mx) +1).

To verify the second approximation, zo, Az were chosen so that (34) is not satisfied
(zo = 10um =~ 3T /4, Az = 6-27um =~ T/2) and the first approximation is no longer
valid. Figure 14 shows that the “split” envelope is well predicted by (36).

4.4, A DESIGN PROBLEM

To demonstrate how the inverse, or design, problem can be solved, consider a “target’ intensity
profile to be a quasi-periodic function with an ‘inside’ periodic structure of period 4 enclosed
into a symmetric ‘envelope’ specified by 1 £ f(x/w), where 0 < f(x) < 1. Assuming that
we can adjust z (the distance between the DOE and the image plane), we can use the first
approximation for the piecewise constant DOE with the duty cycle & = 1/2 and period A
given by

_ in2 & A —o(
I(x) =1+sin 2(\IJ<A) 1), oe_oz<w),
which has the required period = % and envelope
Iupper =1+ (A - 1) Sin2 %,

. o
Tiower = 1 — sin? >

To determine the envelope function «(x/w) for the DOE, solve the equation
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exact solution
- approximated envelope
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Figure 12. Comparison of the exact intensity and the approximate envelopes for a piecewise constant DOE with
0=1, a(x)=me 2"
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e approximated envelope
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Figure 13. Comparison of the exact intensity and the approximate envelopes for a sinusoidal DOE with
a(x) = Z(cos(rx) +1).

1- sinZ%‘ —1— f(x/w),
for o. We get that
a(x) = 2arcsiny/ f(x).

For example, if f(x/w) = cos? (%) then a(x/w) = 7 (1<), i.e linear function. Note,
however, that the upper curve of the envelope in this case would be

Iupper(x) =1+A-Df(x),

which is slightly different from 1+ f (x). As was shown before, the intensity envelope obtained
by this kind of DOEs will always be slightly asymmetric due to the fact that A = A(y) < 2.

The approach allows one to create a DOE which approximately meets the target intensity
pattern by determining «(x) directly from the envelope of the intensity profile.

5. Discussion

In this work, we have described a procedure by which approximate expressions for the in-
tensity of light caused by a DOE can be obtained. For DOEs which have two-scales, a rapid
oscillation contained in a smooth envelope, we have obtained formulas which describe in
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25 T T ———r T I T I I
-1 [ Trrl ——  exact solution
- —  approximated envelope
2F -
1.5
1
05 It fili

0 5 10 15 20 25 30 35 40 45 50
Figure 14. Comparison of the exact intensity and the approximate envelopes for a piecewise constant DOE with
0=3 a@)=mr1-x).

detail, and levels of accuracy, the intensity patterns on the image plane. The accuracy of the
formulas were assessed in several examples. The framework can be used to design a DOE
directly, given a desired target-intensity pattern.

While the asymptotic calculations were carried out in detail for a 2-D geometry, extension
to 3-D is quite straightforward. Some results for 3-D DOEs were presented in Rudnaya’s
PhD thesis [11]. The key idea in this work is to rescale the problem so as to allow the use
of the Method of Stationary Phase in evaluating the integral in the Kirchhoff approximation.
Alternately, one can work directly with the rescaled Helmholtz equation and use the Method
of Multiscales to solve the problem. We present this approach in the appendix.

The main open problem not addressed in this work is assessing the accuracy of the ap-
proximations. There are two sources of error, namely the Kirchhoff approximation and the
asymptotic approximation that follows. It would be of great value to know how accurate the
solutions we obtained are in comparison to the solution of the wave equation.
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Appendix. Multiscale analysis

We provide an alternate method by which the asymptotic formula (17) is obtained. We start
with
{(VZ—I—kZ)u:O, -0 <x <00,z >0,

_ (A-1)
u(x,0) = p(x) = Ax)e'f/¢, —oco < x < oo.

which is the diffraction problem leading to the Kirchhoff approximation in (10).
Now we apply the multiple-scale analysis [12] to (A-1). Rescale the problem, using multi-
ple scales in both x and z, we have
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X z
X =x, X2=;, Zy =12, Zz=g

p(x) = A(X1)e'BX2 u(x,2) = U(X1, X2, Z1, Zo),

3%u 2 1
ﬁ = UX1X1 + EUXle + E_ZUXZXZ’

0%u 2 1
~ o, — U2121 + EUZ]_ZZ + ;UZZZZ'

072
Then (A-1) and (A-2) yield
&2 (Uxyx, + Uzz) + 26(Uxyx, + Uz2,) + (Uxyx, + Uz,z, + U) =0,
{ U(X1, X2,0,0) = A(X;)elBXz,
Expect U (X1, X2, Z1, Z») to be also periodic in X in the form
U(X1, X2, Z1, Z2) = V(X1, Z1, Z)e'BX2,
Put (A-4) into (A-3) and get
e2(Vx,x, + Vzyz,) + 26(iBVy, + Vz,2,) + (Vz,2, + B2V) =0,
{ V(X1,0,0) = A(X1),

where 2 = 1 — B?. Assume Taylor expansion of V (X1, Z1, Z,) in powers of ¢

V=VoteVi+e?Vot...+&"Vyu+...,
Substitute (A-6) in (A-5) and collect powers of ¢

(VO)Zzzz + ﬂZVO =0
Vo(X1,0,0) = A(Xy1)

0Q):

V1) 2,2, + B2V1 = =2iB(Vo)x, — 2(Vo) 2,2,
0) - [(1)22 BV1 1B(Vo)x (Vo) z,z

V1(X1,0,0) =0

(A-2)

(A-3)

(A-4)

(A-5)

(A-6)

O(e?) : [ (V2)z,2, + B*Va = =2iB(V1)x, — 2(V) 2,7, — (Vo) xyxs — (Vo) 2,24

V2(X1,0,0) =0

and so on.
For B2 # 0 (|B| # 1) the solution to O (1) system is given by

Vo(X1, Z1, Z3) = C (X1, Z1)e'?2,

where

/1 — B2 (real), if|B| <1,

iv/B%2 —1 (imaginary), if |B| > 1.

ﬂ:

This choice of g is justified by our problem, so that we deal only with outgoing (rather than
incoming) waves in case |B| < 1 and our solution is not exponentially increasing in Z, in

case |B| > 1. The initial condition on Vj yields
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C(X1,0) = A(Xy). (A-7)
To exclude secular terms in the solution to O (e) system require
—2iB(Vo)x, — 2(V0) 2,2, = —2i(BCyx, + BCz,)e??2 =0,
or
BCyx, +B8Cz =0. (A-8)
Equations (A-7), (A-8) have the solution

B
C(X1,Z1) = A(X — Ezl)-

Thus
B iz
Vo=A X]_—EZ]_ era?, Vi=0.
Note also that V, may have secular terms linear in Z,. So,
B . .
U(X1,X2,721,Z7)=A (Xl - Ezl) e'BX2gibZ2 1 20 (Z,)
or

u(x,z) = A (x — gz) B HBI/E 1 2 0(2). (A-9)

Note that, in case |B| > 1, |U| ~ e~#1%2 is exponentially decreasing in Z, and there-
fore can be neglected. The case |B| = 1 requires different multiple scales, but this case,
corresponding to A/A = integer, is quite rare in practice, and we do not consider it in this
work.

The result (A-9) is consistent in the leading term with (17) derived by the method of
stationary phase.
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