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It is well established that a totally reflected light beam of finite diameter undergoes a lateral

displacement, known as the Goos-Haenchen shift.

The theory for the corresponding effect in

nonlinear optics is presented. The special phase-matched case, in which both the fundamental
and the second harmonic are at critical total reflection, is shown to have a characteristic ra-
diation pattern. Since the finite beam diameter is taken into account, divergencies of earlier

theories are eliminated.

I. INTRODUCTION

When a light beam is totally reflected, there is
no net power flux normal to the boundary into the
less dense medium. There is, however, a non-
vanishing component of the Poynting vector tangen-
tial to the boundary. The fields decay exponentially
normal to the boundary in the less dense medium,
but this decay of the evanescent field becomes in-
finitely slow at the critical angle, for which total
reflection first occurs. There is a singularity in
K space, as the normal component k, in the less
dense medium changes from small positive values
through zero to pure imaginary values. An accurate
description of the phenomenon of critical total re-
flection must consider explicitly the finite diameter
of the light beam and integrate properly over a dis-

tribution in kK space around the critical point. This
problem in linear optics has been discussed by
many authors® and was solved in a rather complete
form by Artman.? The field distribution of the fun-
damental light beam, of width ), in the less dense
optical medium for critical total reflection, is
shown in Fig. 1. The transverse component of the
Poynting vector corresponds to a lateral displace-
ment of the reflected beam. This displacement has
been observed experimentally and is known as the
Goos-Haenchen shift. >*

It is the purpose of this paper to extend these
considerations to the domain of nonlinear optics,
in particular, to the case of harmonic generation
of light by a totally reflected fundamental beam.
The theory of total reflection of parametrically gen-
erated light has been given by Bloembergen and
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FIG. 1. A light beam of width w, is incident on a less
dense optical medium, which occupies the half-space
2>0. The angle of incidence 6, corresponds to critical
total reflection. The field distribution inside the less
dense medium is essentially confined to the shaded area,
according to Artman (Ref. 2). It is bounded by the para-
bola z = [(2x — w)ky/7]"2 and z = [(2x +w)Ay/7]172,

Pershan.® They treat the case of light beams of

infinite cross section, or a & function in K space.
This formulation leads to a divergence in the re-
flected harmonic intensity for the case of phase-
matched critical total reflection.

Totally reflected second-harmonic light was first
observed by Bloembergen and Lee.® Their exper-
imental results for the above-mentioned case are
compared with the theory of Bloembergen and Per-
shan in Fig. 2. Further experimental results were
obtained for phase-matched third-harmonic reflec-
tion by Bey, Giuliani, and Rabin.” Detailed exper-
imental results for the non-phase-matched case
of totally reflected second-harmonic generation
have also been given. In allthese experiments only
the total harmonic power in the far field is observed.

In Sec. II of this paper a Green’s-function for-
mulation is developed to describe the generated
harmonic field, with due attention being paid to the
effects of the finite beam diameter. In Sec. III both
the near- and far-field distributions for the case
of phase-matched critical total reflection (PMCTR)
of harmonic generation will be presented. In Sec.
IV the nonlinear analog of the spatial Goos-Haenchen
shift is calculated for both the phase-matched and
mismatched cases of total reflection. This shift
of the harmonic reflected radiation should be ob-
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servable in the near field.

II. GREEN'S FUNCTION FOR THE SECOND-HARMONIC
FIELD NEAR CRITICAL TOTAL REFLECTION

The Green’s-function technique in harmonic gen-
eration has been used previously by Kleinman and
collaborators®? to discuss the influence of a finite
beam diameter on transmitted second-harmonic
radiation near phase matching in uniaxial crystals.
It was also applied to conical refraction of second
harmonics in biaxial crystals.!® It is essential to
use this technique in the case of PMCTR to handle
the singularities in k space.

In the parametric approximation, the distribution
of the second-harmonic nonlinear source polariza-
tion is prescribed in terms of the nonlinear suscep-
tibility tensor of the medium and the distribution of
the fundamental field. In the case of critical total
fundamental reflection the second-harmonic sources
will be confined to a region as depicted in Fig. 1.
The phase of the source in each volume element is,
of course, determined by the phase of the funda-
mental field.

The elementary source volume element is chosen
as a slab of finite lateral dimensions, large com-
pared to the wavelength in the x and y directions,
tangential to the boundary, but infinitesimally small
in the normal z direction. This choice ensures that
the phase coherence properties giving rise to spec-
ular reflection are explicitly exhibited in the Green’s
function which takes the form!!

GP=explikp: (F-F') = iKs" - 2)(z-2")]
x [ dRp2n(2w/c) A& - 18
X expliky - (F=TF) - itk (z - 2")], (1
where
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FIG. 2. Integrated second-harmonic power in reflec-
tion from a KDP crystal as a function of the angle of
incidence, according to Bloembergen and Lee (Ref. 6).
Phase matching occurs at the critical total reflection.

The drawn curve corresponds to the theory of Bloembergen
and Pershan (Ref. 5).
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kS = (R5% - KS¥) - 2,
Ko= (RS® — k%) T - 22),
SH=2K -2/ 2 RSH . 5),

Here IZSIH represents the Fresnel transmission fac-
tor at the boundary. The wave vector k5 repre-
sents a Fourier component in the wave packet of
the second harmonic, centered around K3® which
represents the nominal value of the second-har-
monic wave in the medium. The deviation from
this nominal value for the z component is 6k5",
The subscript T denotes tangential components.

The reflected harmonic field just outside the
boundary at z=0 is given by

ESPE), 0= fd;'c"(F - T PSH(T), (@)

whore the integration is over the half-space occu-
pied by the nonlinear crystal.

While the Green’s function of Eq. (2) is defined
in the real £ space, Eq. (1) shows that G itself depends
explicitly on K3¥, a quantity defined in the trans-
formed K space. Our approach is therefore more
or less a mixture of the approaches in the r and k
spaces. As we have mentioned, it is necessary to
consider a region rather than just a single point
k™M in the K space. The Ky integration in Eq. (1)
does just that.

Note that the scalar form of Eqs. (1) and (2) deals
only with the case where the polarization is per-
pendicular to the plane of incidence. For simplicity,
we also neglect anisotropy of the media. However,
it is easy to take into account the anisotropy and
more general situations for the polarization, !

For SHG close to the region of critical total re-
flection, we may approximate the variation 623"
of the normal z component of the wave vector as a
function of the changes K7 in the transverse com-
punents as

Ghy= (RS 4 kS + b)) (RS = RO )] V2

tﬁ(h_k;)uza (3)
where
B= (5 k92~ (R 4 kD 4 By) V2,
b=k-ky,  R2=2-KPH.

In the limiting case of PMCTR, the parameter
h equals zero. The xz plane is the plane of inci-
dence. The integration over k; in Eq. (1) is trivial,
and this expression is reduced to
("= Eexp [ikdX + ik 3P+ 27] [ dk,
x exp [iks X —iZB(b - ky) V3], (9)

where
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£= 50y —y")2(2m) ¥%(2w/c) (K - 5)™

!
X:x-—x', Z=z-2 .

It may equally well be rewritten as a contour in-
tegral in the complex p plane with (b— k,:) identified
as the real part of p. Thus, we have

GP= &' exp (ik°X - ik ¥+ 22), )
£'= [ dpexp(-ipX - iBZp''?).

The contour C is taken along the real axis in the
p plane as shown in Fig. 3. Also shown there is
the branch cut which makes a small angle 6 with
the positive real axis. The reason for the choice
of the cut will be clear later and 6 will be taken in
the limit towards zero from the positive side, i.e.,
5-~+0,

For negative values of X, i.e., for x<x’, the
contour of integration may be closed in the upper
half-plane by the semicircle C;. Since the func-
tion exp(- i pX — iBZp'’?) is analytic in the upper
half-plane, the use of the residue theorem yields

0= (Jor Jg,) dpexp(~ ipX - iBZp'"®)
= f_:drexp(- irX —ipZv'?)
+ [de Rexp(- iRe'*X - ipZRI2¢492),
The integral along C, approaches zero as the con-

tour C, tends to infinity, i.e., as R—~«. We thus
conciude that

R
dr exp(~ ivX - iBZr'/?) =0 for X <0,

()

¢'=1im
R~ R

For positive values of X, i.e., for x >x’, the

Imp

Rep
</ .

C:

FIG. 3. Paths of contour integrations in the p plane
to evaluate the Green’s function for PMCTR, given by
Eq. (5).
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contour of integration may be closed in the lower

half-plane by the branch cut are also included. By
and L, along the branch cut are also included. By
inspection of Fig. 3, the residue theorem yields

<f0+ le + f"z+ fcz>dp e-i»x-taz,llz -0.

In the limit that the contour C, tends to infinity,
i.e., R—=«, and that 6 - +0, the contribution from
the contour C, vanishes;

! s
¢ ==1lim -ipX-iszZpl/2
6~ +0 L1+ L, dpe

0
=-lim [fdr(e'"’e“”‘“”’”z)m-ue'“’

8-+0

o
© e axe1azsl/2
_f dret0e 10X 1820 )’m“z’_h]
0

- }”’(‘, o e 1 Xr-10(_ 99 sin[BZ713(1 - i6/2))
0

=lim (- 4i)f dnne % sin[Bzn(1 - i6/2)].
6~ +0 0

We have made the change of variable from » to n
through the relation 1% =7 in the last step.
With the aid of the identity
fumd;ue”z"2 sinax = (a1/%/4¢%)e"*4* for Re ¢%>0,
the Green’s function for PMCTR takes the form
G’=0 for x-x'<0
=ably-y")[Blz-2z")/(x-x")*"?]
xexp{i[B(z - 2') /2(x - x")1/2)?

+ik(x-x")} forx-x'>0, )

where
a= 47|'(2(n.>/c)2(ilfl~“H . %) -1 m/2git/e,

The physical implication of Eq. (7) has a simple
geometrical interpretation. In the case of PMCRT,
the relationship k%= £5" = £5 holds and the field ac-
cording to Eq. (2) is given by

E® - apf , .df'|z-2'|(x-x")"3"2
x exp{ifi(z - z")2/a(x - x")} PSH(F "), (8)

where now P%¥(f ') is essentially constant, since
the phase factor exp[—-ik5(x — x’)] in the source is
just cancelled out by the phase factor exp[ikS"

X (x - x’)] of the Green’s function. The radiation
from different points inthe medium may be consid-
ered as coherent, if the maximum phase deviation
is less than 7/2. This is true for an effective re-
gion of radiation bound by the parabola

x-x"=(§") Yz - 2")2

FIG. 4. “Effective region”
of radiation from a volume
element of SH polarization,
located at ¥/. Outside the
shaded region its field is
effectively cancelled by con-
tributions from neighboring

" volume elements, The
boundary is given by the
x=# =(z—2")2/05H,

7
/o

y

which is shown in Fig. 4. Outside this region the
phase in the integrand of Eq. (8) varies rapidly.
There will be a cancellation of contributions from
neighboring volume elements, at ¥ ‘and t ', re-
spectively. The requirementof a “stationary phase”
defines an “effective region” of uncancelled con-
tribution of a radiative element at ¥’ , asdepicted in
Fig. 4.

This argument is essentially the same as that
used by Artman in deriving the penetration of the
fundamental field at CTR due to sources at the
boundary as shown in Fig. 1.

The analytic expression for the transmitted fun-
damental field is?

° 1 d
E(x, 2) ='/:.° dx'F(x-x', z)—zz [FE(x', z)],=o,

(9)
where
Flx, 2) = (21 e [ dr(ik) “te* et 2=} 172

F is similar to G’ in Eqs. (1) and (5).
In the case of CTR, F is simply

go for x<x’
Flx=x'2) ={ othx=x" ir/tg 5 f-:ce-iwz/z dv
forx=x', (10)

where
e = - z[k3m/4(x - x")] V2,

It is essentially nonzero only in the region
z2<[4(x - x") /)2 =(2/M)*[Ay(x = x")] /2, This is in
agreement with the boundaries shown in Fig. 1.

III. SECOND-HARMONIC FIELD FOR CASE OF PMCTR
A. Near Field

For an incident beam with a uniform intensity in
a square cross section the second-harmonic source
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polarization
PSR(3) = xNLE¥(x, 2) (11
is confined to the shaded region in Fig. 1. Substi-

tution of Eqs. (9)-(11) and (7) into Eq. (2) yields
the following result for the second-harmonic field
just outside the nonlinear medium at z=0:

gO
EE:{O = ) a'et*

for x<-3w

0
> u(n YA+ 5w)] V2 for fw>x>-tw
7

a'e™ P U(E, n') [ Nolx + 30)] V2 for x> 3w,
(12

where
vn') = [l ag ¢ [T dpp e g (u /(1 )2,

H(E,n') _ f[)l-(dgg -3/2foﬂ°d“ “eianuz/:

x [&(u/(1- £)12)
-8un/(1-¢ - g)l/z)z+f11_ed§§_3,2

X Jo"dm et g (u/(1- VA
g=w/(x+3w),

n' =2/ A" =n5n, .

We have neglected the trivial y dependence here.
The nonlinear susceptibility and transmission
factor are absorbed in the proportionality constant
a'. The function 8i(x) is related to the Fresnel-

diffraction integrals defined by

&) =(1+4) /2 - &(x),

&s(x) = C(x) +iS(x),
C(x) = foxdt cos(3m?),
S(x) = fordt sin(3 7£2).

Near the edge at x = — 3w the field strength increases
parabolically as (x+3w)'/2. This fast rise will, of
course, be less abrupt for a morerealistic Gaussian-
beam profile. But the other features are not changed
very much for a Gaussian profile. Beyond the point
x =3w, the field amplitude drops off rather abruptly,
but does not vanish. For large value of x the am-
plitude drops as x%/2,

The analytical expressions Eq. (12) may be sim-
plified somewhat by assuming an effective rectan-
gular source region, with a characteristic penetra-
tion depth 7= (23 #u)!/% = (\3¥w,/cos6 )12, This val-
ue follows from a simple consideration of the dif-
fraction problem. The diffraction limited incident
beam of width w, causes a spread in the tangential
component of the wave vector Ak, ~k,(x,/w) cosé..
Near the angle for CTR this leads to an imaginary
part in &, equal to I with a source distribution

BLOEMBERGEN

e

—FW<X<+3W
PSE(F)=Pye *''for § , .

—2Wy<Y <+2Wp,
PSH(r) =0 elsewhere.

The harmonic field just outside the boundary may
be evaluated in the form

for x<- 3w,

E%=0; (13a)
for fw>x>- 3w,
ESE = 0,812 o’”uzwdx”(x”)”“2
x[1+Q +()\gﬂx/')1/2/1)2-(1211,‘,.,1/2“]
= a,(amV22U1)) Me T -1+ 7)), (13b)

where

1\1/2
. - x/w+3 V2.
a,=-iaB, T.=1 ‘[Ai“(x+%w)}"z=(—/rl—v—3-> ;

and for x > sw,

E S5 = a,(an)V221(e ™ - 1) /T (e = 1) /7],

where (13c)
' (x/w - %) 12
=\ ’

This form is more convenient for analytic cal-
culations, but the qualitative features of the spatial
distribution of the near field remain the same as
given by Eq. (12). The numerical result is plotted
in Fig. 5.

B. Far Field

From the SH field at the boundary we can obtain
the reflected second harmonics at an arbitrary
point T in the incident medium by use of diffraction
theory!? as follows:

EP(F) | peo=— 030 [dFp|F - 7| 1

x eizﬂr-r'l/xfﬂﬁfl_:{o(;r)‘ (1)

In the far-field region IF— | > (A$%)!/2 we may
speak of Fraunhofer diffraction. The above expres-
sion may then be approximated as'?

s TASH(® -1 i sH 1 =~
IZI_TEI (r)l,<0~(T§,{)e'”Z/*l EU(QX, Oy,
271

(15)

ﬁ(ex, Oy = fde qy et xXeyrn 2r /xf"ﬁ{(xl’ Y,

(16)
where

0,=X/Z,
0y=Y/Z,
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E{(X, V)= ESH (x=X/cosb, y=Y, 2=0) .

We have expressed the physical quantities in terms
of the new set of coordinates X, Y, Z which is re-
lated to the old set of x,y, z by

X =xcosf"+ zsingH |
Y=y, (17
Z=-xsind® - z cosdSH,

For the discussion of the far-field pattern we
may focus our attention on the function U which is
essentially just the Fourier transform of the field
ESH at the boundary.

Combining Eqs. (13), and (15)-(17), we find the
following expression for U for the square-beam
case:

U(ex, ey) = Ux(ex) Uy(ey), (18)
where
_[Y2wy 4 iue aeSH
Uy(ey) = _/;l/zw()dy e ¥’ y2r/xy
= (2w,/6¥)sin(306%), (19)

with
0% = (2mwy/Ai") Oy,

17213 cosoH
SH

Ux(6y) = ap8(m) S,

x [—26%’ sin(} w* e})] v(ey)

~a,[(2wy/€%) sin(39,)] (wy/cosb ) 2V(9Y),
(20)

where

v(ep) - (i)x/z{(e})x/ze-uue;)

(arbitrary units)

v't iw 2w

FIG. 5. Field distributions at the boundary of a non-
linear medium for the case of PMCTR. The fundamental
field is assumed to have the rectangular shape given by
the dotted line, and is incident from the left at the critical
angle. The second-harmonic field along the boundary
has the distribution given by the solid line.

luyl?

RECTANGULAR

GAUSSIAN

T T T
L4 2m 3r

FIG. 6.
field in a direction normal to the plane of incidence.
67 is normalized to the diffraction limited angle
2m(wo/A§¥)0y. The conventional diffraction patterns
are valid for square and Gaussian distributions of the
incident fundamental beam.

Angular distribution of SH intensity in the far
Angle

x [1-(1-d8,(1/(2m0%)'3)

—-(ep'2i1/(m)V2}, (21)

0%~ 2(wy/Ai") Oy,
a,=8(m3H)\ 2 a,,

We have assumed small frequency dispersion for
the indices of refraction in the above approxima-
tions.

Comparing Eq. (19) with Eq. (20), we see that
aside from the factor a,, the difference between
the X and Y dependence of the far field is accounted
for by (w)"/2V. Since Uy simply represents the
well-known diffraction pattern from sharp edges,
we may interpret the product (w)!/?V as the mod-
ification on the reflected SH diffraction pattern due
to the phase match parallel to the boundary.

The squared amplitudes of Uy and Uy are plotted
in Figs. 6and 7, respectively. It is seen that both
V and Uy are functions confined essentially to the
regions near the origin 9y, ©y~0. The former,
however, has a sharper and narrower peak. The
angular dependence of V therefore predominantly
determines the form of Uy.

Whereas in all other cases the diffraction angle
for the far field of the reflected SHG about is half
the ratio of the SH wavelength to the beam width
of the incident laser, i.e., 18,1~ /(2uw,), it
becomes narrower for the special case of PMCTR.
This is obvious from a comparison of Fig. 6 with
Fig. 7. We may give a simple physical explana-
tion as follows. From previous analysis for the
case of PMCTR, it is clear that the reflected SH
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FIG. 7. Angular distribution of the SH intensity in the
far field in the plane of incidence, as a function of the
diffraction limited angle ©*=2m(wy/ASH )y, Considerable
narrowing occurs in the far field due to extended SH source
distributions in the near field, both for the square and
Gaussian distributions of the incident fundamental beam.

beam observed at the boundary has wider spread
than the fundamental beam. In other words, it
has an effective beam width larger than w,. A
narrower diffraction angle is thus expected on the
basis of the uncertainty principle.

It is estimated by numerical evaluation that the
half-power point of Uy is located at 6%=0.5. In
other words, half of the reflected SH power is con-
fined to Oy <A{¥/(wq4n). Thus we conclude that we
have a reduction of the diffraction angle by a fac-
tor of (2m)™ due to PMCTR.

Integrating Uy %, 1Uy|? over all angles 64, Oy,
we find the total integrated power in the case of
PMCTR as

PPHCTR=C(ASH -sz dexdelenylz

nS 1/2
~ 64 (—2—> [cwd /(¥ coso$H)] P2

XZfode}[ Ve-(e;mzlz

~174. 2[cwd/(A$¥ coso )| PE . (22)

This should be compared with the experimentally
observed maximum shown in Fig. 2.

The integrated SH power is not simply propor-
tional to the area of the incident beam w2, but con-
tains an extra factor w,. This behavior may be
understood on the basis of the effective penetration
depth I =(wgt /cos8 ) /?, introduced previously. In
the phase-matched region the field at the boundary
is proportional to Pg“l . This gives an extra fac-
tor w, in the SH power in PMCTR.

Numerical evaluation of Eq. (22) for the experi-
mental conditions of Ref. 6, with an aperture with
wy=0.3 cm, shows that the SH power in PMCTR

with an angle of incidence 6,;=66. 77° is larger by

a factor 10* than this power away from the critical
condition, where 6;=66°. In this case the SH power
may be evaluated with the simpler plane-wave the-
ory. The present theory thus confirms the more
qualitative theoretical considerations and the ex-
perimental results of Ref. 6.

IV. GOOS-HAENCHEN SHIFT IN HARMONIC GENERATION

As was already pointed out in the Introduction,

a totally reflected beam of light undergoes a lateral
displacement according to the laws of linear optics.
In this section the nonlinear analog of this phenom-
enon will be considered. Qualitatively, two factors
may be considered as contributing to the shift of
reflected harmonic generation. One is caused by
the displacement of the fundamental field inside

the nonlinear medium, which causes a displacement
D, of the nonlinear source polarization. The other
is the displacement Dy, of the reflected radiative
field with the respect to this source, if the condi-
tion for total reflection for the second harmonic is
met.

First, the nonlinear Goos-Haenchen shift will be
examined for the case away from critical total re-
flection, i.e., away from singular points in k space.
Then, the K space representation used in Ref. 5 is
applicable, and the second-harmonic field at the
interface may be expressed as

S _ {rSHY, 3
E-(2m Jak, QDS“(E,)(%/NW“ZI L

1
x )) . (23)

We have assumed that the crystal has a slight loss
and is thick enough so that the effect due to the far
end of the crystal is negligible.

The Fourier component of the nonlinear polariza-
tion is determined by the corresponding Fourier
component of the square of the fundamental field in-
side the medium. If we restrict ourselves again
to the case of E-field polarization perpendicular
to the plane of incidence, the following relations
hold:

PRy = Xete Eg (221)2, (24)
with
EZ= [ [ E¥x,9) g™ 77 dxay (25)

and the convolution of the linear transmission fac-
tor with itself,

(£1)% =ty ®ty, (26)
t21=2ﬁl'§/[(l:x+ﬁz)'2]. (27)

Substitution of Eqs. (24) and (25) into Eq. (23) yields
the result



3 PHASE-MATCHED CRITICAL TOTAL REFLECTION. ..

E3o=(2m™ f dR7 x ot Ej F(Er)e‘ir ) (28)
where
F=(F'® F*)F"t, Fl=ty,

P e 7]
_ (Quw/d? (B -K%)-z
TS - (RN &L k)-z

It is readily recognized that F and F™" are re-
lated to the linear and the nonlinear Fresnel fac-
tors, respectively, which have been defined in the
k space approach for the reflected SHG. !*

Since she laser beam is well localized in the K
space, E0 is virtually zero except in the immediate
vicinity of a fixed value of K7, namely, at Kf =K}

(1 -~ 23). To a good approximation, we may thus
expand the factor F as follows:

F(Kp) =F(KY - iRz Q) FEY)

= F(RYexp[-ikr: Q], (29)

where

b=fp- €S, G- PRI F FEp

It is valid provided F is analytic in the vicinity of
kY.
Inserting Eq. (29) into Eq. (28), we conclude that
- - = 0.2
E =Xt FED[E(T - Q)] 20" T (30)
The implications of this expression are clear.
The distribution of the SH field at the boundary
plane is the same as that of the distribution of the
square of the incident field, except for a lateral
displacement equal to the real part of @, and an
additional phase distortion which depends on Im@Q.
The beam shift D may be written as

D=D"+D" -%.ReQcoss, (31)
with
L_ 1 aF" -
D _Im<m1 —391 COSGI N (32)
DYY=Im —m;—l aF™ cos6H (33)
F¥ cos6 " 96, te

The technique described above is closely related
to that employed by some authors!'!* for the evalua-
tion of the Goos-Haenchen shift in the linear case.
There, the reflected beam was treated as consisting
of two parts. The dominant part has the same
beam shape as the incident light, whereas the other
small part is related to the spatial derivative of
the incident beam in the direction transverse to its
propagation direction. In essence, this is equivalent
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to the Taylor series expansion to first order as ex-
pressed in Eq. (29). The dominant part obviously
corresponds to the Oth-order term F(K%). We may
also easily identify the minor part there to the 1st-
order term (- iky- QF) with the aid of the well-known
theorem: If flx) has f(k) as its Fourier transform
then ikf (k) is the transform of df(x)/dx.

The total beam shift D'+ DN may now be evaluated
from Eqs. (28)-(33) in terms of the Goos-Haenchen
shift in linear optics for perpendicular polarization
of the beam,

D&y = (\,/2m)sing,(sin%; — sin® ) "V/2 (34)

and in terms of a nonlinear shift, for total reflection
of second-harmonic radiation,

DEL=(2,/4msino§ (sin?

2gSHy-1/2 (35)

6, — sin
Four cases must be distinguished:
(i) Neither beam is totally reflected; D=0, since
F' and F" are both real.
(i) Both beams are totally reflected,

D =D§ycos65%/2cosb ; + DY, (36)

which occurs for 6,>6, and 65%,
(iii) The fundamental beam is totally reflected,

but the second harmonic is not;

sm(6 +65H) ) )
"2 sm(e, + Bsr)

This situation occurs in a narrow range §.<6;<65H,
These three regimes have been realized in the

experiments of Bloembergen, Simon, and Lee. !’

It is seen that total reflection of the fundamental

beam contributes essentially a shift of the same

L [cosOy
CH \2cosb;

D=D (37)
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FIG. 8. Integrated second-harmonic powerin reflection

from a crystal of NaClOj as a function of the angle of
incidence, according to Bloembergen, Simon, and Lee
(Ref. 15). The drawn curve corresponds to the theory
of Bloembergen and Pershan (Ref. 5). Cusplike behavior
in the region around 6, and 65" is evident.
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order of magnitude as $D5y, and so does total re-
flection of the second harmonic. The two contri-
butions are additive. The experiments only ob-
served the integrated SH in the far field, an example
of which is reproduced in Fig. 8. The lateral dis-
placement should, however, be experimentally
observable

(iv) If the second harmonic met the condition for
total reflection, but the fundamental field did not,
which would occur for 658<9, <6, the shift would
be

D=DR% . (38)

It is seen that Eqs. (32) and (33) for D%y and D3y
diverge as 6; approaches 6, or 63" respectively.
At the point of critical total reflection the function
F is nonanalytic and the expansion (29) is not
valid. The nonanalyticity is also apparent in the
integrated reflected harmonic power curve, which
according to Fig. 8 exhibits cusps at these points.
Whereas the reflected field distribution has no sin-
gularity, the derivative does. The Green’s-function
technique of Sec. II can be employed to calculate
the complete field distribution, and consequently
the average shift, in the immediate vicinity of the
critical points.

When the fundamental field only is critically re-
flected, Artman has already calculated the linear

shift by a method, which is equivalent to our Green’s-

function procedure. ?
He found for the shift near the critical angle for
fundamental total reflection

D%4(6,=6.) =(9/2mx, cosb ./sin% . (39)

Without going into detailed calculations, we may as-
sume that this value should be used in Eqs. (36) and
(37) for 6,=6,. For critical SH total reflection the
radiation patternfrom a prescribed harmonic source
polarization with effective penetration depth / may
be calculated according to the methods of Sec. III.

H.SHIH AND N. BLOEMBERGEN 3

From Eqgs. (2) and (7) it follows that the effective
displacement is

DEHO,=6%") = 3 . (40)
2

If the fundamental is already totally reflected 6.

<65" the effective penetration depth for the source
is

A - -
1= -1 (sin%S" - sin%0 )12,

an (41)

The second-harmonic displacement is increased
significantly, but does not diverge, as Eq. (33) would
indicate.

For phase matching the two critical angles co-
alesce, 0.=65", 1In this case Eq. (41) also diverges
and one must return to the direct calculation of the
radiation pattern in Sec. III for PMCTR.

Note that, according to Eq. (41), the effective
penetration depth [/ is proportional to the square
root of the product of the coherence length [, and
the wavelength as previously predicted by Bloem-
bergen and Lee® and discussed by Shih. !!

It is clear from Fig. 5 that the net average dis-
placement of the beam pattern in the near field
becomes a significant fraction of the width w, of
the incident beam. The “center of the gravity” of
the square beam is in fact shifted by 0. 36w, from
the center of the incident beam, which was assumed
to have a rectangular shape. In this case both the
beam distortion and displacement are maximum.,

V. CONCLUSIONS

An observable lateral displacement is predicted
for second-harmonic generation in situations of
total reflection. This is the nonlinear analog of
the Goos-Haenchen shift. A diffraction theory has
been given for the case of phase-matched critical
total reflection, in which case the behavior of the
parametrically reflected light depends sensitively
on the lateral dimension of the incident fundamental
beam. In this case the SH lateral displacement
becomes comparable to the beam width.
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