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It is shown that a Gaussian light beam transmitting through a planar thin dielectric slab in the air undergoes

four different effects, i.e. lateral Goos—Hénchen-like (GHL) displacement, angular deflection, width modification and

longitudinal focal shift as compared with the results predicted by geometrical optics. According to the Taylor expansion

of the exponent of transmission coefficient when expressed as an exponential form, the lateral GHL displacement and the

angular deflection are the first-order effects and can be negative or positive. The width modification and the longitudinal

focal shift are the second-order effects and can also be positive or negative. Owing to the waist-width dependent term,

the non-geometrical effects of transmitted beam are not identical with the non-specular effects of reflected beam. The

conditions for the validity of those effects are suggested and numerical simulations are also given.
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1. Introduction

A large number of potential applications in lin-
ear and nonlinear optics have triggered an exten-
sive research on novel effects of light beams propa-
gation in micro-structure, whose dimension is about
on the scale of the wavelength.!=6 Besides the
well-known Goos-Hénchen effect,[”8] many papers
are devoted to the non-specular effects such as an-
gular deflection, focal shift and waist-width mod-

[9-11] These effects are

ification of beam reflection.
inherent to a finite size of the incident beam,
and they are particularly pronounced in structures
based on partial reflection,['=13] frustrated total-
internal-reflection (FTIR),'1% and attenuated('¢

total-internal-reflection (ATIR) phenomena.

Although the novel effects of beam reflection have
been widely studied, the characteristics of the beam
transmission have not attracted much attention prob-
ably because they may be obtained in an way sim-
ilar to that in the case of reflection. However, the
beam transmission in micro-structures can also ex-

hibit novel effects and in many circumstances they

are different from those for the beam reflection.!'” It
was found by Hsue and Tamirl'?! that the transmit-
ted light beam through a layered structure underwent
a lateral displacement from the position by geometri-
cal optics. Recently, we have reported that the trans-
mission displacement can be zero, backward!'3:18l as
well as forward.['?] Because the lateral displacement
of transmitted beam in this case has nothing to do
with the evanescent wave as in the case of FTIR or
TIR, we term it Goos-Hénchen-like (GHL) displace-
ment, which results from the boundary effect of the
structure on bounded light beams.!

The aim of this paper is to investigate the trans-
mission properties of a Gaussian beam transmitting
through a thin dielectric slab surrounded by the air.
We will show that apart from the GHL displacement,
the transmitted beam undergoes other effects that are
also different from the prediction by geometrical op-
tics. Much the same as the non-specular effects for
the reflected beam, those effects include angular de-
flection, width modification, and longitudinal focal
shift and are thus referred, together with the GHL
displacement, to as non-geometrical effects. Particu-
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larly, we find that the GHL displacement, the angular
deflection and the width modification of the trans-
mitted beam acquire a waist-width dependent term
considering the second-order modification. Owing to
this term, those non-geometrical effects are no longer
identical with the non-specular effects of the reflected
beam.

For validity, it should be pointed out that the lay-
ered structure considered here is a ‘thin’ slab with a
thickness much smaller than the beam width. Ac-
cording to the principle of geometrical optics (Snell’s
law of refraction), when a Gaussian beam of light im-
pinges from the left onto a plane parallel slab of opti-
cally denser medium with a refractive index n in the
air, the emerging beam from the slab will suffer a lat-
eral displacement, 2" Y, = atan@y, along the surface
from the position at which the beam is incident on
the left surface, where a is the thickness of the slab,
0 is the refraction angle of the beam inside the slab
which is determined by Snell’s law, sinfy = nsin 6},
where 6y is the incidence angle of the beam. This
displacement is always positive for slabs of positively
On the other hand, from
the point of view of wave mechanics, the transmit-

refractive normal media.

ted wave consists of successively transmitted (approx-
imately Gaussian) constituents that arise from mul-
tiple reflections of the beam inside the slab as is in-
dicated in Fig.1. For a Gaussian beam with a waist
width 2wg and a slab satisfying 2a tan 6] cos 8y >> 2wo,
the successive constituents are distinguishably sepa-
rated from one another with descending amplitudes.
If atan 6] cos 0y =~ wy, these constituents tend to coa-
lesce, thus producing a net transmitted beam whose

<

2atan &’ cos 6,

AN

I

Fig.1. Successive constituents of the transmitted beam
due to multiple reflections inside the slab.

shape may generally be quite different from a Gaus-
sian one. If
atan 0} cos 6y < wo, (1)

the transmitted beam is nearly Gaussian. What we
are concerned about in this paper is the last case. The
restriction, expression (1), can also be derived when
looking into the non-geometrical effects in context, as
will be discussed later in Section 6.

2. Properties of transmitted

beam predicted by geometri-

cal optics

Consider a Gaussian light beam with a vacuum
wavelength A, which is incident at an angle of 8, upon
a nonmagnetic dielectric slab in the air as shown in
Fig.2. Denote by a, €, and n the thickness, dielectric
constant, and refractive index of the slab extending
from 0 to a, respectively. For simplicity, the incident
beam is assumed to be two-dimensional, that is, its
field function is assumed to be invariant along the z-
axis, 9/0z = 0.

A

Fig.2. Schematic diagram of a light beam propagating
through an optically denser dielectric slab in the air, where
Y: denotes the GHL displacement of transmitted beam,
and Y; the GHL displacement of reflected beam.

For a TE-polarized (or TM-polarized) Gaussian
= 07
its electric (or magnetic) field can be expressed as
1 k
Ui(r) = — A(k,) exp(ik - x)dk,, where time
(@) = <= [ Alhy)explik - ),

dependence exp(—iwt) is implied and suppressed, k =

incident beam whose waist is located at x
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(kz,ky) = (kcos®, ksind), with k = 27 /), § denoting
the incidence angle of a plane wave component, and

2

A(ky) = wy exp l_lléy(ky - ky0)2] (2)

is the angular spectral distribution?! that is sharply
peaked around ko = ksinfy, with w, = wq/ cos by,
and wy being half the waist width of the beam. The
waist width of the incident beam is assumed to be
large enough (kwo > 1), i.e. the divergence angle,
Af = 1/(kwg), is small enough. Also, the incidence
angle of the beam 6 is assumed to be far enough away

from 7/2 so that the following condition is satisfied:

wy(k — kyo) > 1, (3)

thus the field function of the incident beam can be

rewritten as

Tin () y)exp(ik - x)dk,. (4)

\/ 27 /
Substituting expression (2) into expression (4), we
have a field function of the incident Gaussian beam,

g\ Y2 ik cos? 6
V() = wo <1q> exp [qu(y — ztanfg)?

X eXp[i(kaJ} + kyoy)]a
where k.o = k cos 6y, and

X .
q=——+ —ikw
cos by

is the complex parameter. For one plane wave com-

ponent,

Yin(@, ky) = A(ky) exp(ik - ), (5)

the refracted field by the first surface is
t1A(ky) expli(kzz + kyy)],

transmission coefficient of the surface, k, = k' cos @,

where t; is the Fresnel

where k' = nk, and 6’ is determined by Snell’s
When this field passes
through the slab and is refracted by the second

law, sinf = mnsinf’.
surface, the emerging field from the slab becomes
tita A(ky) exp{ilks (z — a) + kyy + klal}, with 5 being
the Fresnel transmission coefficient of the second sur-
face. Then the field of the transmitted beam predicted
by geometrical optics would be

= f}% / A(ky) exp{ilkz(z — a)
+kyy + kma]}dkya

e ()

where t; and t5 are assumed to be constants with re-
spect to k, by the nature of geometrical optics and can
be worked out from the integral. Under the following
paraxial conditions:

(ky — kyo)?
o oo = (ky = hyo) tan o — “5p 0= (6)
and
TR , (ky = kyo)?
ky & kg — (ky — kyo) tan 0 2k cos® 6]’

we have

UE(x) = titawg exp{ilkqo(z — a) + kyoy]}
<k)1/26 ikcos,200[
— Xp{ ——5—

iq U Y

—(z —a) tanﬂo]z}, (7)

— atan 6

where N 2y
e T—a acos®ly .
= — lkw B 8
%= cos 6o k' cos3 6] 0 ®)
'o = Kk'cos@, and 6} is determined by sinfy =

nsin 6). This would be what we expect from the pre-
diction by geometrical optics for the field of transmit-
ted beam. Obviously, this beam has the same Gaus-
sian shape as the incident beam. It propagates with
a wave vector (kzo, kyo), undergoes a lateral displace-
ment of Y, = atan@ from the point (z = a, y = 0)
along the second surface, and has a waist of width 2wj.
Expression (8) shows that the waist of this beam is

k cos® 6,
located at Xy =a (1 _ feos Yo ) to the left of the

k' cos? 6},
second surface.
The wave function of actually transmitted field
which is corresponding to plane wave component (5)
is

¢t(wv ky)

= T(ky)A(ky) exp{ilke(z — a) + kyyl},  (9)

where T'(k,) = |T|e'?* is the amplitude transmission
coefficient. From Maxwell’s equations and boundary

conditions, it is not difficult to obtain, for TE polar-

ization,
) ka 1
oy (ky) = int < - + 2> i
1k, ky
-1 |- /
+ tan [2 <k + o ) tan(k;, )} (10)
and

ARk Ko

T k 2 - 9
ITChy)] 4k2E2 kS + sin® (KLa)

(11)
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where k2 = k2 —k2 = k> —k? and int(-) represents the
integer part of involved number. Similar results can
also be obtained for TM polarization. Since the wave
inside the slab is a propagating wave, the transmis-
sion coefficient T'(k,) results from multiple reflections
of the wave inside the slab. With the transmitted com-
ponent (9), we are ready to calculate the field function
of transmitted beam,

niw) = o= [ TG,
x exp{ilks(x — a) + kyy]}dk,. (12)

3. First-order
GHL displacement and angu-

approximation:

lar deflection

3.1. Wave function of transmitted beam

Now we look at the properties of the transmit-
ted beam in the first-order approximation of the am-
plitude transmission coefficient. For a slab satisfying
expression (1), it is reasonable to express T'(k,) as an

l

2q;

exponential form. Expand the exponent in Taylor se-
ries at kyo, and retain up to the first-order term, then
we will obtain

T(ky) = exp[lnT'(k,)]

AL G k)|, 3)

where Ty = T'(kyo), and d/dk,o denotes the derivative
with respect to k, evaluated at k, = kyo. Introduce
two real parameters L{ and Li defined as

i dT
L/ ~L// — L
TS
then, in terms of the phase and magnitude of T', we
will have
Lg - _ d(pt ,
dkyo
and
d
L = In|T|.
t dkyO n| |

Substituting expression (13) into expression (12) and
using paraxial approximation (6) yield

k2 ik cos? 6 ! 2
Wt'(a:) ~ To’wo (q> exXp 7/0 |:y — Lé — (tal’leo + IWQ(?OS?’GO> (I — CL):|

/ !/
X exXp {i <km0 ~ 7 tan 90> (x—a)+i <kyo + 77) y} , (14)
wWo Wo

where
/ r—a 2

gy = m - lka (15)

and
, LY cos® 0

Wo

3.2. GHL displacement

The first exponential factor on the right-hand side
of expression (14), together with the form of complex
parameter (15), shows that the transmitted beam has
the same Gaussian shape as the beam of expression
(7) predicted by geometrical optics. But it is displaced
laterally to a different place as obtained below. The

locus of its peak is expressed as

/

) @, (o)

=Ly + (tanfp + ————
y t—l—(an O+kwocos390

which indicates that the peak of the beam at the sec-
ond surface (z = a) is displaced from the point (z = a,
y=0) by

Y = Li, (17)

which is the same as the one given by the stationary-
phase approach.['3:22] Such a displacement is referred
to as GHL displacement, in that it is different from
the prediction, Y, = atan#, by geometrical optics
and has nothing to do with the evanescent wave as
in the case of Goos—Héanchen displacement. All these
amount to a conclusion that the GHL displacement
of transmitted beam does not result from the defor-
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mation of the beam profile, which is contrary to the
conclusion by Hsue and Tamir.[!?!
For the case of TE-polarization, we have, by use

of expression (10),

Y/ = |To|* kg {kgo(kgo + k%)
2k3 0k 0 kg
sin(2ka)
—— Y. 18
2k! ya & (18)
in(2&’
We know that %IOG) < 1. On the other hand, we
an

have
k2o(k20 + k%)
kg

as long as the angle of incidence is large enough. This

<1, (19)

means that Yy may be negative. Inequality (19) re-
sults in the following necessary condition™?! for ¥ to
be negative for the case of TE-polarization:

nzil 1/2
cos@o<( 5 > .

This condition is physically suitable and negative GHL

displacements of transmitted beam have been ob-

served in microwave experiments. ('8l

3.3. Deflection of propagation direction

The second exponential factor on the right-hand
side of expression (14) is a propagating factor, of which
/ /
keo — T tan 0, kyo + 77) and
Wo Wo
obviously different from (ko, kyo), the prediction of

the wave vector is

geometrical optics. Denoting by 6y + é; the propa-
gation angle of the actually transmitted beam with
respect to the normal of the slab, we have an angular
deflection,

5 — 7 ~ L{ cos bl

t 7 kwg cos by kw?

(20)

This is the same as the one obtained from the locus
of the peak of transmitted beam,

!
Yy = Lg—F (tan90+(m290) (x—a)

Li + (z — a) tan(0y + 5;).

Q

According to expression (20), the angular deflec-
tion of the transmitted beam, obtained from the pre-
diction of geometrical optics, is closely dependent on

the width of the incident beam. The larger the width
is, the smaller the angular deflection will be.
For the case of TE polarization, we have, by use
of expression (11),
|To|?kgky0a® [sin(2k.qa)
k3o ki [ 2kzga

(1 R (sinlkea) 2
k2o kgoa 7

which can be rewritten as

"o o_
Ly =

Tol2k2k
L = _ TP kokyo 40k|2 Z,fo Gy sin(klga) sin(klya — «), (21)
x0™Vx0
where
Go = [(1+ k% /K20)? + klHa®]' /2,
sina = k;oa
=G
and
oS (v — 1+ kfo/k?co.

Go
Expression (21) for L{ indicates that the angular de-
flection of the transmitted beam can be positive or
negative. It also unfolds that when k,a = mn or
kloa = mm+a (m=0,1,2,---), the angular deflec-
tion vanishes. That is to say, the conditions for the
angular deflection to vanish are independent of the
width of the incident beam, though its magnitude de-
pends closely on the width.

4. Second-order approximation:
width modification and longi-

tudinal focal shift

4.1. Wave function of transmitted beam

When the exponent of the transmission coefficient
is approximated to the second-order term, we have

1 dT
T (ky) ~ Tpexp {ngk O(k;y — kyo)
Y
1 d [/1dT )
- - - (22
2 dkyo (Td/;,,) (ky = kyo) ] (22)

Introduce two new real parameters F{ and F;" defined

d (1dT
Rviry =il (LT,
e dkyo \T dk,

then, with the phase and magnitude of T, we will have

as

r_ dQSOt
‘ dki() ’
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and Substituting expression (22) into expression (12) and
using paraxial condition (6), and omitting some unim-
42 portant factors, we finally obtain the following expres-
F{' = ——5In|T]. sion:
dk;, :
172 ‘
k . Mt . Mt
i(x) ~ Towo | — expi| ky— —tanby | (z —a)+ilky+— |y
1qt Wto W0
ik cos? 6y nF! M 2
—— |y — L t — (tanfg + ————r — 23
A { 2q¢ [y e+ Wio anfo+ kwyo cos? Oy (z—a) ’ (23)
\
where 4.2. Modification of beam width
T—a .
“= st kF/ cos® 0y — ikw?,, (24)

Quantity wyo in complex parameter (24) deter-
mines the half width of the transmitted beam, which

— 2, ‘29 1/2
wio = (wg + F" cos™6o) 17, is different from the half width, wp, of the beam of

and expression (7) predicted by geometrical optics. We
LY cos? 0, may introduce a modification term, g, for the width
T T e in such a way w?, = w3 (1 + ) that
The second exponential factor on the right-hand side
of expression (23) reveals the Gaussian profile of the [y = F' cos® b
2 )
transmitted beam, but showing different properties as Wo
compared with expression (7), the prediction of geo-
metrical optics. where F/’ is given by, for the case of TE polarization,
|
1 |To|? L+ |To*  |TolPkia® sin(2k.qa)
F/l — _ - +2 +2 + 0 x0 k L//
¢ ( 50 kio kfo Qkfeokfo 2k a v
. 2 .
N \To|2k§k50a2 ]io cos(2Ka) + 2k7§ sin(kgoa) |\~ 94 L?EO sin(2k.ya) (25)
Akt k2 | K2 =0 k2 k. oa k2 2kl ga |’
x0"™Vx0 z0 z0 x0 x0 0
\
0.12 It is clear that this modification term depends on the
width of the incident beam. The waist of the transmit-
0.08 ted beam can be reduced as well as expanded, depend-
ing on whether F/' is negative or positive, as shown
s 004 in Fig.3 for TE-polarization, where A = 32.8mm,
a = 2\, and n = 1.637, with the solid curve being
. for wy = 2.4, and the dotted curve for wg = 4.8\.
0 . 2‘0 I 4l0 . ():0 ‘ 80

00/(°) 4.3. Longitudinal focal shift

Fig.3. Dependence of u¢ on the angle of incidence for the
case of TE-polarization, where A = 32.8 mm, and a = 2,

; ’ ) Complex parameter (24) shows that the waist
n = 1.637, with the solid curve being for wg = 2.4\, and

the dotted curve for wy = 4.8X. of the transmitted beam is located at XV = a +
kF! cos® 6y, where F! for the case of TE polarization
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is given by
1 1 1
Fl = — =t (1+ 2Ty <2 + k,Q)
y0 z0 z0
|To|*kga® sin(2k.ga) .
2k20k2 2klga | VOt
Tol*k0a < K2 k2,
U (742720 4 a0
2k20kl%) ko k%
k’4
—Wi% cos(2k;0a)> : (26)

Usually we have F{ # which means

a
k' cos3 6’
that the actually transmitted beam undergoes a lon-

gitudinal focal shift along its propagation direction

.. k cos® 6,
from the position, X;' = a <1 - k’cos39’0>’ pre-
dicted by geometrical optics. The mapping of the

focal shift onto the z-axis is s, = X%V — Xy =

k (Ft' + k:’c:s306> cos? fp. So the longitudinal focal
shift itself is

S a
= — =k | F + 57— ] cos’ by
cos by ( o k' cos3 96) cos-to
It is noted that this shift does not depend on the width
of the incident beam. Shown in Fig.4 is the depen-

dence of s; on the thickness of the slab for the case of
TE-polarization, where A = 32.8 mm, n = 1.637, and
fp = 75°. It is clear that the focal shift can be either
positive or negative.

100

50

—50

st/mm

—100

—150
0 10 20 30 40

a/mm

Fig.4. Dependence of the longitudinal focal shift on
the thickness of the slab, where the beam is in TE-
polarization, A\ = 32.8 mm, n = 1.637, and 6y = 75°.

4.4. Correction to the angular deflection

The first exponential factor on the right-hand side
of expression (23) shows the propagation direction
of the transmitted Gaussian beam by its wave vec-

tor (kxo _ I tan 6y, kyo + m), which is different
W0 Wto

from (kzo, kyo), the prediction by geometrical optics.
Denoting by 6y +d; the angle of the actual transmitted
beam with respect to the normal of the slab, we have
an angular deflection expressed as
M LY cos by
6t = =
kwyg cos g

2
kw?, (27)

This is the same as the one obtained from the locus
of the peak of the transmitted beam,
/
y = Lg—%—i— (tanHo—i—ijta()) (x —a)
/
~ L — % + (z — a) tan(fy + ). (28)
Owing to the width modification, the angular deflec-
tion here is corrected from the value given by ex-
pression (20) in the first-order approximation. Shown
in Fig.5 is the dependence of the angular deflection
on the incidence angle for TE-polarization, where
A =328mm, n = 1.637, a = 2.8 mm, and wy = 2.4\.
For comparison, the case of wy = 4.8\ is also shown
by the dotted curve.
been taken into account in microwave experimental

This angular deflection has

measurements. 18]

0

-0.2

> —-0.4
~
S

-0.6

-0.8

0 20 40 60 80

00/(°)

Fig.5. Dependence of §; on the incidence angle for the
case of TE-polarization, where A = 32.8 mm, n = 1.637,
and a = 2.8 mm. The solid curve for wg = 2.4\, and the
dotted curve for wg = 4.8)\.

4.5. Correction to the GHL displace-
ment

The locus expression of beam peak is no longer ex-
pression (16). Instead, it is represented by expression
(28), in which the GHL displacement of the transmit-
ted beam at the second surface (x = a) is given as,
ne Y
Wto

Y, =L; — = Li — kF{5 cos . (29)

The second term on the right-hand side of the above
expression is a second-order correction and depends
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on the width of the incident beam. This term implies
that the GHL displacement in the second-order ap-
proximation is dependent on the width of the incident
beam.

5. Effects of transmitted beam
are not identical with that of

reflected beam

According to the stationary-phase approach, the
reflected beam from the slab also undergoes a lateral
displacement that is equal to that of the transmitted

m.[13:22] Since the waist-width dependent term of

bea
the transmission displacement is closely related to the
transmission coefficient T'(k,), it is expected that the
reflection displacement also involves a waist-width de-
pendent term that should be related to the reflection
coefficient. As a result, the reflection displacement

will not be equal to the transmission one.

To show this, we write down the correspond-
ing reflected field in terms of reflection coefficient

R(ky) = |R(ky)| exp(ipr),

niw) = o= [ R)AG)

x exp(—ikzx + ikyy)dk,. (30)
Expressing R(k,) in an exponential form, expanding
its exponent in Taylor series at kyo, and retaining
terms up to (k, — ky0)?, we have

1 dR
R(ky,) ~ Ryexp |:R0dky0 (ky — kyo)
1 d /1dR )
- - =t . 1
2 dkyo <R dk:y> (ky = ky0) } > (31)

where Ry = R(k,). Using this expansion and the
second-order paraxial approximation (6), carrying out
the integration in expression (30) and omitting some
unimportant factors, we obtain the field function of
reflected beam as follows:

E\ Y2 ik cos? 6 E . 2
U (x) = Rowo | — exp weos o y— L.+ LSk S tan 6y + /L
iq q Wyo kw,q cos3 g

2¢,

Tr

X exp {—i (kjwo _ tan 90) T +1i (k’yo + il

Wro

where
G = —— — kF cos? 0y — ikw?) (33)
cos O r r
is the complex parameter of reflected beam,
wro = (w2 + F!' cos? ) /2 (34)
L 2 0
is the half width of the beam, 7, = w, and
Wr0
L, LY F! and F! are defined as
i dR
L, =1L L= 35
L = (3)
d 1 dR
F. = F/ +iF/ = —i - . 36
T (dey) (36)
It is clear from this expression that the GHL dis-
o FY
placement of the reflected beam is Y; = L! — Zv—r =
r0

o L"F! cos? 6,

r 2
Wro

. The first term on the right-hand

w

)y

side of the above expression is the result of stationary-

phase approach which is independent of the waist
width of the incident beam. The second term is waist-

L"F!cos? 6
width dependent, AY, = 7%0 Since the
Wro
phase of the reflection coefficient satisfies tanp, =
tan ¢y, we have L. = Lj and F] = F{. The former
equation is just what the stationary-phase approach

predicts. In addition, from |R|? + |T'|? = 1, we obtain

" o__ |T0|2 "

r _|R0|2 t (37)
and ToP? ToP?
T T
" _ "9 2.
P TR TRy

Expression (37) means that AY; and AY; are differ-
ent from each other and have opposite signs. In other
words, the reflection displacement is no longer equal to
the transmission one when the second-order approxi-
mation is taken into account. Shown in Fig.6 is a com-
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parison of the reflection displacement with the trans-
mission one for the case of TE-polarization, where the
half waist width of the incident beam is chosen to be
wo = 2.4Xg, Ao = 32.8 mm, n = 1.637, and 6y = 75°.

120
80
g
£
= 40 7\
>1
b
’ V4
,40 e " " " " " M N
0 10 20 30 40

a/mm

Fig.6. Difference between the reflection and the transmis-
sion displacements for the case of TE-polarization, where
wo = 2.4)\0, Ao = 32.8mm, n = 1.637, 0y = 75°, Y; is
shown by the dotted curve, and Y; is indicated by the
solid curve.

Expression (32) also shows an angular deflection
of the reflected beam from the propagation direction
predicted by geometric reflection. Letting the reflec-
tion angle be 0y + ¢y, we find from expression (32)

that
e L costy

61‘ = =
kw,o cos By

kwy

Comparing this equation with expression (27) and
noting expression (37), we conclude that the angu-
lar deflection of the reflected beam is opposite to that
of the transmitted beam. Expression (34) shows that
the waist width of the reflected beam is also modified
from the value given by geometric optics. If we intro-
duce in a similar way a modification term, u,, for the
waist width of the reflected beam as follows:

wro = wo(1 4 )"/,

we have

F" cos? 6,
He = —5
Wy
Since F}' # F{’, the modification to the reflected beam
waist is different from that to the transmitted beam
waist. Expression (33) shows that the location of re-
flected beam waist is shifted by —kF! cos? 0y along its
propagation direction from the position predicted by

geometric reflection.

6. Discussion

For the analysis given here to be hold true, we
have presented the restrictive conditions on the thick-

ness of the slab and the incident beam. Condition (1),
i.e. expression (1), means that the slab should be, in
general, much thinner than wg. Condition (3), i.e. ex-
pression (3), requires that the divergence angle of the
incident beam should be small enough and satisfy the
following inequality:

1 —sinfy  cos(6p/2) — sin(fo/2)
Al < cosfy  cos(By/2) + sin(6y/2)
= o(f) (38)

as shown in Fig.7 by the dependence of o on 6.
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a(6o)

0.4

0.2

0 20 40 60 80
0o/ (°)

Fig.7. Dependence of o on incidence angle 6g.

In particular, the non-geometrical effects obtained
above suggest that condition (1) can also be derived
from the analytical considerations for the validity of
those effects. Obviously, the expressions for the mag-
nitude of the transmission coefficient, |T'(kyo)|, and all
the four parameters L{, LY, F{, and F}' contain peri-
odical functions of k. a with a period of 7 as seen from
expression (11), (18), (21), (25) and (26). For the case
of TE-polarization, those periodical functions produce
the oscillations in all the transmission effects that are
shown in Fig.5 of Ref.[18] and Figs.3 and 4. Owing to
the existence of the divergence angle A#, the variance
of kl,a caused by Af is required to be much smaller
than the period, m, of the above-mentioned periodical
functions, thus we arrive at the following restriction
on the thickness of the slab:(23]

2mwo(n? — sin” fy)*/?

@< sin(26y) ’ (39)

which is equivalent to condition (1).

For experimental parameters n = 1.637 and 6y =
75° that were used in Ref.[18], condition (1) requires
a < 5.3wg, and condition (38), i.e.
requires Af < 0.132. The microwave beam and the
thickness of the slabs that were used in Ref.[18] do

inequality (38),
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satisfy those conditions. The divergence angle of the
incident microwave beam is A = 0.066 (wg = 2.4)).
All the slabs that were used are much thinner than wg.
Numerical simulations have shown that for a Gaussian
incident beam, the transmitted beam remains Gaus-
sian under the experimental conditions, as shown in
Fig.8, which displays the normalized profile of trans-
mitted beam at the second surface (z = a) for TE po-
larization and the following parameters: A = 32.8 mm,
n =1.637, a = 2.8 mm, 0y = 75°, and wy = 2.4\.

1.0

0.8

| @]
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0.4
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Fig.8. Normalized profile of transmitted beam for TE
polarization at the second surface (x = a), where A\ =
32.8mm, n = 1.637, a = 2.8mm, 0y = 75°, and wy =
2.4)\. The solid curve represents the Gaussian beam (23),
and the dotted curve denotes the result of numerical cal-
culation.

The solid curve represents the Gaussian beam of
expression (23), and the dotted curve denotes the re-
sult of numerical calculation, which is given by the
following integration:

k
0w = o= [ Tk)A)
x exp{ilkz(x — a) + kyy]}dk,.

In summary, we have investigated in detail the
non-geometrical effects on Gaussian beams transmit-
ting through a dielectric slab. According to expression

(22), the lateral GHL displacement and the angular
deflection are the first-order effects (though both of
them contain the second-order corrections), and the
width modification and longitudinal focal shift are the
second-order effects. The lateral GHL displacement
can be negative or positive and does not result from
the deformation of the transmitted beam, which is
contrary to the conclusion by Hsue and Tamir.[!?] The
angular deflection from the propagation direction pre-
dicted by geometrical optics depends on the width of
incident beam and can be negative or positive. Owing
to the width modification, the width of the transmit-
ted beam can be reduced as well as expanded. The
longitudinal focal shift of transmitted beam waist from
the position predicted by geometrical optics can also
be negative or positive and is independent of the width
of incident beam. Owing to a waist width dependent
term, the GHL displacement, the angular deflection
and the width modification of the transmitted beam
are not identical with those of the reflected beam. All
the four effects hold true as long as conditions (1) and
(38) are satisfied. Examples for TE-polarized beams
are given. The analytical method used here can be
applied to other planar micro-structures, such as the
FTIR structure and the multi-layered structures.?4
Different structures and different dielectric materials
result in different transmission coefficients and exhibit
their own different effects on transmitted beams. De-
tailed considerations of these non-geometrical effects
of such micro-structures will open a realm of applica-
tions in optical devices and integrated optics.
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