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Solutions to Maxwell’s equations in nonlinear dielectrics are presented which satisfy the boundary condi-
tions at a plane interface between a linear and nonlinear medium. Harmonic waves emanate from the
boundary. Generalizations of the well-known laws of reflection and refraction give the direction of the
boundary harmonic waves. Their intensity and polarization conditions are described by generalizations of
the Fresnel formulas. The equivalent Brewster angle for harmonic waves is derived. The various conditions
for total reflection and transmission of boundary harmonics are discussed. The solution of the nonlinear plane
parallel slab is presented which describes the harmonic generation in experimental situations. An integral
equation formulation for wave propagation in nonlinear media is sketched. Implications of the nonlinear
boundary theory for experimental systems and devices are pointed out.

I. INTRODUCTION

HE high power densities available in light beams

from coherent sources (lasers) have made
possible the experimental observation of nonlinear
effects, such as the doubling and tripling of the light
frequency of one laser beam and mixing of frequencies
between two laser beams.5 The nonlinear properties
of matter have been incorporated into Maxwell’s
equations and the solutions for the infinite nonlinear
medium have been discussed in a recent paper.® The
effects at the boundary of a nonlinear medium are the
subject of the present paper. The use of the well-known
boundary conditions for the macroscopic field quanti-
ties, which must now include the nonlinear polarization,
leads to a generalization of the ancient laws of reflection
and refraction of light. The law of the equality of the
angles of incidence and reflection of light from a mirror
was known in Greek antiquity and precisely formulated
by Hero of Alexandria.” Snell’s law for refraction® dates
from 1621. Generalizations for the directions of light
harmonic waves and waves at the sum or difference
frequencies, if two light beams are incident on the
boundary of a nonlinear medium, are given in Sec. III
of this paper. The solution of Maxwell’s equations with
the proper boundary conditions leads to harmonic
waves both in reflection and transmission.
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The intensity and polarization conditions of the
boundary harmonics are derived in Sec. IV. These
results can be regarded as a generalization of Fresnel’s
laws,® which were derived on the basis of an elastic
theory of light in 1823 for the linear case. There is an
equivalent of Brewster’s angle, at which the intensity
of the reflected harmonic wave vanishes, if the E vector
lies in the plane of the normal and reflected wave vector.

The nonlinear counterparts of the case of total
reflection from a linear dielectric are discussed in Sec. V.
The variety of nonlinear phenomena involving eva-
nescent (exponentially decaying) waves is much wider
than in the linear case. It will be shown that a totally
reflected wave at the fundamental frequency may
create both reflected and transmitted harmonic waves.
Two normally refracted incident waves may give rise
to evanescent waves at the difference frequency.

The plane parallel nonlinear slab is treated in Sec. VI.
Expressions are given for the harmonic waves that
emerge from both sides of the slab. There is a funda-
mental asymmetry between the cases in which the light
waves approach the boundary from the linear or the
nonlinear side. This asymmetry does not occur in the
familiar linear case. In Sec. VII an integral equation
formulation of light propagation in nonlinear media is
sketched.

The results of this paper are discussed in the con-
clusion, Sec. VIII. The theoretical results have a direct
bearing on experiments reported to date. In particular,
the solutions presented here show in detail how the
harmonic wave commences to grow when a fundamental
wave enters a nonlinear crystal. Before the general
solutions in more complicated situations are discussed,
a simple example will be given in Sec. II to illustrate
the basic physical phenomena at the nonlinear bound-
ary.

II. HARMONIC WAVES EMANATING FROM A
BOUNDARY: AN EXAMPLE

An example that contains all essential physical
features is provided by the creation of second harmonic
waves when a monochromatic plane wave at frequency
w; is incident on a planc houndary of a crystal which
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LIGHT WAVES AT BOUNDARY OF NONLINEAR MEDIA

lacks inversion symmetry. The light wave will be
refracted into the crystal in the usual manner. In
general, there will be two refracted rays in birefringent
crystals. To avoid unnecessary complications, only one
refracted ray will be assumed. This would be true
experimentally in a cubic crystal such as ZnS, or for a
uniaxial crystal, such as potassium dihydrogen phos-
phate (KDP), when the plane of incidence contains the
optic axis and the incident light wave is, e.g., polarized
within this plane. Choose the coordinate system such
that the boundary is given by z=0, and the plane of
incidence by y=0. The wave vector of the incident wave
is k;* and of the refracted ray, k;7. The latter is deter-
mined by Snell’s law. The amplitude of the refracted
ray, E,7 is determined by Fresnel’s laws for the linear
medium. '

The nonlinear susceptibility of the medium will give
rise to a polarization at the harmonic frequencies, which
in turn will radiate energy at these frequencies. The
effective nonlinear source term at the second harmonic
frequency we= 2w is given by

ﬁpNLS=PNLS(2wI)

= (we=2wy): E;TE( T expi(k8-r—2wif). (2.1)

The wave vector of the source term is twice the wave
vector of the refracted fundamental ray, kS=2k,”.
The nonlinear source was introduced by ABDP,® who
showed how the susceptibility tensor can be related to
the nonlinear atomic properties of the medium. They
also showed that the effective nonlinear source term
can readily be incorporated into Maxwell’s equations
for the nonlinear medium,

1 ouH
VXE=— - —- (2.2)
¢ 0t
19(eE) 4x gPNLS
VXH=- + . (2.3)

¢ d ¢ ot

Consistent with the assumption of a cubic crystal or a
special geometry, e will be taken as a scalar and p=1.
Waves at the second harmonic frequency will obey the
wave equation

e(2wy) @B, dm BPNLS(20y)

VXVXE,+

(2.4)

c or ¢ ot

It is important to note that this is the usual linear wave
equation augmented by a source term on the right-hand
side. The general solution consists of the solution of
the homogeneous equation plus one particular solution
of the inhomogeneous equation,

607
4’7!'P2NLS(4¢012/62)
o7 = 678, expi (ks? ot — 2u0f) — —— o~
(BsT)?— (R5)?
kS (kS
I:A— ———@] expi(kS-x—2wyt),
(&7)
2.5)
H2T=i(k2T>< éy*) 82T expi(kgT-r— 2w1t)
w1

ArPNLS (402/c?) ¢ )
e L L (RSX ) expi (k51— 2wif).
(Rs™)?— (B5)*

20)1

In vacuum the usual plane wave solutions of the
homogeneous wave equation are

E:R=2p8:% exp (tho® - r— 2iw1t),

2.6
HZR: (C/Zwl) (kgRXén) ng exp(ikﬁ-r—— 21.w1t)‘ ( )

The direction of the wave vectors of the reflected wave
k.® and the homogeneous transmitted wave(s) ko7, as
well as the polarization vectors ér and ér and the
magnitude of the reflected and transmitted amplitudes
8% and ;T have to be determined from the boundary
conditions. It turns out that the nonlinear polarization
radiates in one particular direction back into vacuum,
and in one direction into the medium (or, in the general
anisotropic case, in two directions). The problem is
very similar to the problem of linear reflection and
refraction, except for the fact that the role of the
incident wave has been taken over by the “inhomo-
geneous wave” with an amplitude proportional to PNLS,

The tangential components of E and H should be
continuous everywhere on the boundary at all times.
This requires that the individual frequency components,
at w; and 2w;, are separately continuous across the
boundary. To satisfy this condition for all points on
the boundary simultaneously, one requires for the
fundamental frequency

klxi: kl:cR = kle-

The tangential dependence of the wave at 2w; is
determined by PNLS:

2k1xT = kZa:S = k2zR = kZ:cT-

These relations reflect the general requirement of
conservation of the tangential component of momen-
tum. With our choice of coordinate system, all y
components of the wave vectors are zero. Since the
absolute values of the wave vectors are determined by
the dielectric constant, |k£sT|=[e(2w)]/2(2w/c), etc.,
the angles of reflection and refraction of the second
harmonic follow immediately,

Sil’lezR:kng/ I kgR[ =k1zi/ | k1Rl =sin€i,
sinfe? = ko, 7/ | k" | = € 12(2w) sing,

$ings = ¢ 2 (w) sing?.

(2.7)
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Since the vacuum has no dispersion, the reflected
second harmonic goes in the same direction as the
reflected fundamental wave. Whereas the inhomogene-
ous source wave goes in the same direction as the
transmitted fundamental, the homogeneous transmitted
harmonic will in general go in a somewhat different
direction. The two waves will be parallel in the limiting
case of exact phase matching, e(w)=¢(2w), or normal
incidence. The solution of the wave equation, Eg.
(2.4), requires further scrutiny in this limiting case.
This will be postponed to Sec. IV. The important
question of mismatch of the phase velocities in the
direction normal to the propagation had to remain
unsolved in the discussion of the infinite medium.® It
has now been resolved; this mismatch is determined
both by the orientation of the boundary and the
dispersion in the medium. The geometrical relationships
are sketched in Fig. 1.

The question of the intensity and polarization of the
harmonic waves will be treated here only for the case
that the nonlinear polarization is normal to the plane
of incidence, i.e., p=4. A more general discussion will
be postponed until Sec. IV. The example considered
here occurs in a KDP crystal when the fundamental
incident wave is E polarized in the plane of incidence,
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which is the optic (¢) axis of the crystal. This is shown
by considering the symmetry of x. If the transmitted
fundamental wave is the extraordinary ray, the field
E\" will, in general, have 2’ and 7’ components. The
coordinate system («',y',3’) is fixed with respect to the
crystal. The g’ direction coincides with the optic axis
and ¥’ coincides with y. Since the only nonvanishing
elements in the nonlinear tensor susceptibility are
X4y, the nonlinear source term will be polarized in
v’ =1y direction according to Eq. (2.1).

The boundary conditions, which match the wave
solutions in Egs. (2.5) and (2.6), can now be satisfied
by choosing harmonic waves with an electric field vector
normal to the plane of incidence, ér=2g=7¢. These are
the ordinary rays in the geometry of Fig. 1. The
continuity of the tangential components £, at the
boundary =0 leads to the condition

8oB= 8,7 —4x PNL8 /[ ¢(2w) — e(w) .

The continuity of the x components of the magnetic
field requires

— 8 cosfB= €/2(2w) 8,7 cosf”

(2.8)

dr PNLS
—e?(w) cosfS—————. (2.9)
€(2w)— e(w)

The electric field amplitudes of the reflected and trans-
mitted harmonic follow from the solution of Egs. (2.8)
and (2.9).

— 4 PNLS /2(20) cosh? ~ €2 (w) cosh®

€(2w)—e(w)  €2(2w) coshT+cosh®

Gt

(2.10)

6.7 follows immediately from Eq. (2.8). It should be
kept in mind that the total field in the dielectric
medium is, of course, given by the interference between
the homogeneous and the inhomogeneous wave [accord-
ing to Eq. (2.5)]. At the boundary the total field in
the medium is of course equal to &%. Multiplication
of both numerator and denominator of Eq. (2.10) by
€2(2w) cosfT+ €2(w) coshS, and use of the refraction
laws [Eq. (2.7)] lead to

or

— 4 PNLS
, (2.11a)
[€/2(2w) cosfT+cosB2 [ /2(2w) cosfT+e/2(w) coshS ]
— 47 PNLS 5in2g? sinf®
Eoll== (2.11b)

The amplitude of the reflected wave is not sensitive to
matching of the phase velocities in the medium. In
fact, the ordinary harmonic and the extraordinary
fundamental cannot be matched in KDP. Crudely,
one may say that a layer of about one wavelength thick
contributes to the radiation of the reflected ray. Deeper
strata of the semi-infinite medium interfere destruc-

sin (9*+67) sin(87+65) sing’

tively and together give no contribution to the reflected
ray. This statement will be made more precise in Sec.
VI, where a dielectric slab of finite thickness will be
considered explicitly. If E,;~3X108 V/cm denotes the
typical intra-atomic field, the fraction of the incident
power that will appear in the reflected harmonic is
roughly (E,T/E.)% For a relatively modest flux density
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of 105 W/cm? this is about 4X 10, Since harmonic
power conversion ratios of less than 1:10' have been
detected, the reflected harmonic should be readily
observable. Peak powers of 107 W/cm? in unfocused
laser beams have been obtained.

Any attempt to calculate the angular dependence of
the reflected harmonic from Eqgs. (2.11a) and (2.11b)
should take proper account of the variation of PNL8
itself with angle. The Fresnel equations for linear
media cause the fundamental waves to have certain
angular dependence and this is passed on to PNLS,

The transmitted wave starts with an intensity of
about the same magnitude. However, this wave will
grow, because the destructive interference between the
homogeneous and inhomogeneous solutions diminishes
as one moves away from the boundary. A detailed
analysis will again be postponed till Sec. IV, where this
wave will be matched to the solutions obtained previ-
ously for the infinite medium.

The total power flow is, of course, conserved because
the fundamental wave will have reflected and trans-
mitted intensities slightly less than in the case of a
strictly linear dielectric. Formally, this would follow
from the introduction of PNL8(w,) arising as the beat
between the second harmonic wave with the funda-
mental itself. Since the fractional conversion at the
boundary will always be small, it is justified to treat
the fundamental intensity as a fixed constant parameter
in deriving the harmonic waves. The depletion of the
fundamental power in the body of the nonlinear
dielectric has been discussed in detail by ABDP. That
generalization of the parametric theory is, fortunately,
not necessary in discussing boundary problems.

III. GENERAL LAWS OF REFLECTION
AND REFRACTION

Consider a boundary (z=0) between a linear medium,
with incident and reflected waves characterized by
labels “4” and “R,” respectively, and a nonlinear
medium with the transmitted waves, labeled “T.”
Two incident plane waves, E;exp(iki-r—iwf) and
E; exp (1ky?- r—iwst), approach the boundary from the
side of the linear medium.

In general, waves at all sum and differencies mw;
+mowy will emanate from the boundary (m; and m,
are integers). The sum frequency ws=w;+ws will be
considered explicitly. The extension of the procedure
to the difference frequency wi—ws, other harmonic
combinations, and to the situation when three or more
waves are incident, will be obvious.

The geometry is defined in Fig. 2. The angles of
_incidence of the two waves are 6,° and 6%, the planes of
incidence make an angle ¢ with each other. Choose the
x and y direction of the coordinate system such that
klyiz —k23/’:.

A necessary and sufficient condition for the require-
ment that the boundary conditions will be satisfied

BOUNDARY

OF NONLINEAR

MEDTLA

Fic. 2. Two inci-
dent rays at fre-
quencies w; and ws
create a reflected
wave, a homogene-
ous and an inhomo-
geneous transmitted
wave at the sum
frequency wz=w;+
w2, all emanating
from the boundary
between the linear
and nonlinear me-
dium.

simultaneously at all points in the plane =0 is that
the # and y components of the momentum wave vector
remain conserved. For the sum wave, this leads to the
conditions,

k3zR = kSzT = ksxs = klzr+k2zT =kt k‘z:vi,

. . (3.1)
kS.uR = kSyT: k3ys= klyT+k2yT: by tkey =0.

This leads immediately to the following theorem.
The inhomogeneous source wave, the homogeneous
transmitted and reflected waves at the sum frequency
and the boundary normal all lie in the same plane.
With our choice of coordinate system this “plane of
sum reflection” is the xz plane. A similar theorem
holds for the difference frequency and other harmonic
waves, although their planes of reflection will in general
all be different.

The propagation of the inhomogeneous wave at the
sum frequency, proportional to PNL8(w;), is given by
exp{i (k7 +keT) - r—i(witws)t}. Its angle with the
normal into the nonlinear medium 83° is determined by

sind3S = | k1 T+kaoo” |/ | KT+ k7|

The wave vectors k;,” and kyT are given by Snell’s law
for refraction in the usual linear case. The convention
is made that all angles with the normal are defined in
the interval 0 to m/2. The angle ¢ between the planes
of incidence goes from 0 to w. From simple trigonometric
relationships, one finds
[ k3T |2 sin?,7 = | k37 |2 sin%,F
= [ k1i|2 Sil’l201i'+‘ lkg‘ ‘ z sinzﬁzi
+ 21 k1% | kot] sinfy sinfy? cosg.  (3.2)

If the dielectric constants are introduced by means
of the relationship, e=#4?(0?/¢*)™, Eq. (3.2) can be
rewritten as
€370w3? sin2037 = e3Fws? sind3E

= €1 B2 sin?019+ €2 Rewq? 5102050
+2(e1Rea®) 2109 5indy* sindy? cosep. (3.3)
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Superscripts R and T refer to the linear and nonlinear
medium, respectively, subscripts refer to the fre-
quencies. It is advantageous to introduce an effective
dielectric constant €5 for the nonlinear source wave,
defined by

e Sin203‘S= 63T sin203T= €3R Sin293R.

(3.4)

In the special case that the planes of incidence
coincide, a simple relationship is obtained which shows
a striking resemblance to Snell’s law:

(e37)"2 sinB57 = (w1/ws) (e1%)? sind,?

=+ (w2/w3) (ézR)lﬂ Singzi. (35)

The + sign is to be used if the two incident rays are on
the same side of the normal, the — sign if they are on
opposite sides. If the linear medium is optically denser
than the nonlinear medium, e®~ e ®> €37, the possi-
bility exists that sinf;T> 1. This case of total reflection
will be discussed in detail in Sec. V, after the question
of intensity and polarization has been taken up. If one
considers the difference frequency w_s;=w;—ws, the
counterparts of Egs. (3.1)—(3.3) can readily be written
down. For the sake of brevity, only the analog of
Eq. (3.5) will be reproduced;

(e_s®)2 sinf_gR = (e_3T)"/2 sinf_sT
= (wi/w_s) (erF)2 sinfiTF (wo/w—s) ()2 sinda’. (3.6)

The + sign must now be used if the incident waves
approach from opposite sides of the normal. Since
wi/w_3>1, there is now ample opportunity for the case
sinf_3®>1. There will be no reflected power at the
difference frequency. This situation has no counterpart
in the linear theory. When e_37>e_3%, even if sinf_;#
>1, there still exist the two possibilities, sind_37>1 or
<1. The problems of total reflection and transmission
are clearly more varied in the nonlinear case and will
be discussed in Sec. V.

The example of second harmonic generation of the
previous section follows from Eq. (3.3) if one puts
61'=0y" and ¢=0, and e;F=eF=¢F. In general, the
sum and difference frequencies will be reflected in the
same direction as w; and ws, if the incident rays come
from the same direction in a dispersionless medium.

The conditions of conservation of the tangential
component of momentum, [Eq. (3.1)], are general.
They can easily be used to derive the directional
relationships for higher harmonics. They hold regardless
of whether the harmonic radiation is of dipolar, electric
or magnetic, or quadrupolar origin. They also hold for
anisotropic media. In this case, there are usually two
directions of the wave vector with a given tangential
component. There will be, in general, four inhomo-
geneous waves at the sum frequency, corresponding to
mixing of two refracted waves at w; with two refracted
waves at ws. There will be two homogeneous transmitted
waves 037, and two reflected directions 8;%, if the linear
medium is also anisotropic.

BLOEMBERGEN AND P. S.
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IV. POLARIZATION AND INTENSITIES OF THE
HARMONIC WAVES

In this section the discussion will be restricted to
isotropic materials, although the example of Sec. II
showed that the discussion is also immediately appli-
cable to special geometries with anisotropic crystals.
There are no fundamental difficulties in extending the
calculations to the general anisotropic case, but the
resulting algebraic complexity does not make such an
effort worthwhile at the present time.

The starting point for the calculation of the polar-
ization and the intensity of the waves at the sum
frequency ws=w;+ws is the nonlinear polarization
induced in the medium,

PNLS(wx) = x(w3=w1+w2) : ElTEzT
XEXpi[<k1T+k2T) . I'—OJ;;t].

The refracted waves at w; and wg are known in terms of
the incident waves by means of the formulas of Snell
and Fresnel for the incident medium. Therefore, the
nonlinear source at w; is known. The angular depend-
ence of PNLS itself is derived from the transmitted
linear waves given by the usual Fresnel equations.
One must take proper account of this in analyzing
the directional dependence of harmonic generation.
As in the linear case, waves at w3 with the electric field
vector normal to the plane of reflection (E,), defined
in the preceding section, can be treated independently
from waves with the electric field vector in the plane of
reflection (Eu).

(4.1)

A, Perpendicular Polarization,
E._,_IZE_L) Ex=Ez:0
This wave is created by P,NL8=P NLS The con-
tinuity of the tangential components of the solutions
Eq. (2.5) and Eq. (2.6) at the boundary requires in this
case, shown in Fig. 3,
Ey=E f=§ T+4xP N8 (eg—er)7,

H,=—ep!?E,® cosfr=ep'2 8,7 cosfr
+47Te,sl/2(és*ET)"1PLNLS COSBs. (43)

(4.2)

The continuity of the normal components of D and
B follows automatically from the conditions [Eqs.
(4.2) and (4.3)7] and the law of refraction [Eq. (3.3)].
The subscript 3 has been suppressed, since all waves
and source terms refer to the frequency ws. Henceforth
R, S, and T will be written as subscripts rather than
superscripts, as in Eq. (4.3), for neater appearance.

The solution of Egs. (4.2) and (4.3) gives

ER=—

47rPlNLSreT”2 cosfip— eg'/? cosﬁs:l )
4.4

€Ep— €8 |_€T1/2 C050T+ €R1/2 COS@R

After some manipulation which was already described
in Sec. II, the reflected sum wave amplitude may be
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written as
E B=—47g P N[ (eg'/? cosOr+ er'/? cosbr)
X (er!'? cosfp+est? cosfs) !
= —4q P N8 sin%r sinfs[ sin (O r-+07)
Xsin(fg+0r) sinfr 1. (4.5)

The amplitude is 180° out of phase with the nonlinear
polarization.
The transmitted wave is given by

47rPlNLs
ET=— M[exp(iks-r—iwgt)
€p—€g
es'/? cosfs+er!’? cosfr
- exp (ikT'I"—iwgl)—J. (4.6)
er'’? cosfr—+ erl’? cosfr
Since

kS— K" =cwc ™[ (eg)"/2 cosfs— (er)'2 cosbr I3,

4.7

Eq. (4.6) can be transformed to a single plane wave
with a propagation vector k7, but with an amplitude

E,T= [, R+44y PNLS

explwc(esY? cosfs— er'’? cosfr)z |—1

(4.8)
€s— €
varying with the distance z from the boundary.
For values of z which satisfy the condition
wc 2 (est? cosfg— 't cosfr)<K1, (4.72)
the amplitude of the transmitted wave behaves as
L= E B4 PNES (e 3)
X (eg'? cosfg+er'/2 cosbr)™l.  (4.8a)

The wave starts off with a value E,® given by Eq. (4.5),
but a 90° out-of-phase component starts growing
proportional to the distance z from the boundary. This
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is precisely the effect of harmonic generation in the
volume of an infinite medium, discussed in ABDP.
For an appreciable phase mismatch, the condition
[Eq. (4.7a)]] will be violated after some distance which
may be called the coherence length. Equation (4.6)
shows that the intensity of the transmitted wave will
then vary sinusoidally with the distance from the
boundary. In the case of perfect matching, Eq. (4.8a)
would indicate that the intensity increases proportional
to the square of the distance, beyond all limits. Actually,
the parametric approach breaks down in this case, and
the reaction of the harmonic wave on the incident
intensities should be taken into account. It is straight-
forward to match the solutions of ABDP so that they
give the proper expansion [Eq. (4.8a)] for small 2.
This expression shows how the harmonic wave starts at
the boundary and gives the proper initial conditions
to be used for the coupled amplitude equations in
ABDP. The amplitudes at w; and w, initially have a
constant value and decrease only proportional to z2.

It should be noted that the transmitted wave is an
inhomogeneous plane wave, since the amplitude is not
constant in a plane of constant phase. An exception to
this occurs when the waves propagate normal to the
boundary. In this special case the amplitudes of the
reflected and transmitted waves are given by

EnR —— 47I'PJ_NLS (€T1/2+ eRl/?)—l (ETUZ_I_ 651/2)_1,

E,T=E,f+4xP,NL8
(4.9)

[exp(i(es'?— er')wc1z) — 1]
X .
€s—€r

The transmitted wave varies both in amplitude and
phase as the wave progresses into the nonlinear medium.

B. Parallel Polarization, £,=P N'$=0

These harmonic waves are created by the x and 2
components of the nonlinear polarization, It will be
advantageous to describe the nonlinear polarization in
the plane of reflection by its magnitude P;,\¥® and the
angle a between its direction and the direction of
propagation of the source kS. The continuity of the
tangential components at z=0 now requires, as will be
evident from Egs. (2.5) and (2.6) and Fig. 4,

E.=—E® cosfp= 8,7 cosfr

47 P N8 sina cosfls 4P, cosa sinfg

- ., (4.10)
€g— €7 €p
4’7"P|1NLS SinOL
H,=—ep'?ER= — ' 12§, /T — ¢! P————  (4.11)
€3 €7

The last term in Eq. (4.10) arises from the longitudinal
component of E. There is, of course, no longitudinal
component of D or H. The continuity of the normal
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components of these quantities at the boundary is
automatically satisfied by Eqs. (3.3}, (4.10), and (4.11).
Elimination of &, between the last two equations
yields the amplitude of the reflected wave

49 P\ NLS sine 1— (es ' Hertep sin®fr

/':”R':

erl’? cosBptert/2 cosfr  eg'/? cosfpt+ er'’? cosfy

47 P\ N18 cosa sinflg

. (412)
er'2e5!? cosfr—+er cosfn

This expression can be transformed by further use of
Eq. (3.3) into

4 P NS sinfg sin?fy sin(a+0p-+0g)

E B= .
! er sinfp sin(@r-+0g) sin(@r-+0z) cos(@r—0r)
(4.13)

There is no anomaly in the reflected intensity when the
condition of phase velocity matching fs=8r is ap-
proached. In the limit of normal reflection, 8s=6r
=0r=0, Eq. (4.12) takes on the same form as Eq. (4.9),
except for a minus sign. This difference is trivial and a
consequence of the conventions made in Figs. 3 and 4.
In the case of normal reflection there is no distinction
between parallel and perpendicular polarization.
Equation (4.13) reveals the existence of a Brewster
angle for harmonic waves, when E, ®=0. For fr=x
—a—A03, the reflected harmonic is completely polarized
normal to the plane of reflection. This condition implies
that the nonlinear polarization is parallel to that
direction of propagation in the nonlinear medium,
which on refraction into the linear medium gives rise
to the reflected ray in the direction 8z. The physical
interpretation of Brewster’s angle is thus that the
nonlinear polarization cannot radiate inside the medium
in the direction which would otherwise yield a reflected
ray. This interpretation appears at first sight to conflict
with the simple explanation of Brewster’s angle in the
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F16. 5. Brewster angle for linear and nonlinear reflection, The
total polarization cannot radiate in the direction of the reflected
ray in vacuum. The source polarization cannot radiate into the
direction k_r in the medium, which would lead to a reflected ray
in vacuum.

linear case. There one says that the polarization
cannot radiate in vacuum parallel to its own direction,
which leads to 0g+0r=m/2.

It is shown in Fig. 5 that the two interpretations can
be reconciled. One may consider the polarization
induced by the incident vecuum wave as the linear
source, P8, This source radiates inside the medium.
This takes care of the dipolar interaction in the lattice
and this is the way in which we have viewed the
nonlinear polarization. Conversely, we could have
calculated the total polarization of the lattice at the
sum frequency, including both the linear and nonlinear
part. This total polarization should be considered to
radiate in vacuum and this would lead to the usual
interpretation of Brewster’s angle, that the total
polarization is parallel to the reflected direction. To
sum up, the dipolar interaction or Lorentz field should
be taken into account once, and this can either be done
in the calculation of the total polarization, which then
radiates into vacuum, or on the side of the radiation
field in the medium created by a polarization induced
by a wave in vacuum. The question raised here is
purely semantic in nature. Maxwell’s equations, of
course, take correct account of the dipolar interactions
in the material.

The transmitted wave with polarization in the plane
of transmission can be obtained by substituting into
Eq. (2.5) the values of P;;NESand §;,7. Thislast quantity
is given by Egs. (4.11) and (4.12). It is again possible,
by means of Eq. (4.7), to write the transmitted wave
as a single wave propagating in the direction kr, but
with an amplitude that depends on the distance z from
the boundary. The electric-field amplitude of the
combined transmitted wave, E;,7, will, in general, have
a longitudinal component, as well as a transverse
component. With the introduction of the angle 8
between E,;” and the direction of propagation ks, the
transverse component of the total transmitted wave
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may, after some manipulation, be written as
4Py NL8 ginfg sinfp sin (a+-07-+05)
er sin(p+0g) sin (fr+-0z) cos(@r—8r)
4 P N L8 sing sinfg cosfs
er sin (0r+65s)

+47 P NL8 cosa sin (fr—0s) er

E”T SinB-":

Xexp{iwctz(eg!? cosfg— er’? cosfr)}
+47 P\ NL8 sine cos (07— 0g)

exp{iwcz(es!? cosfs— er'/? cosfy)} —1

(4.14)

€S €T

The first three terms give the constant value with
which this component starts at the boundary, the last
term displays the variation with z due to the interfer-
ence between the homogeneous and inhomogeneous
solution. For values of z which are small enough so
that no appreciable dephasing has occurred, the
intensity of the wave increases proportional to 22, The
amplitude has a component, 90° out of phase in the
time domain, given by

sina cos(fr—05s)

47FP||NLS .
€52 cosfg+er'/? cosfr

The longitudinal component of the electric field vector,
parallel to ke, can be written in the form

E“T COSB:47I'P]|NLS
sina sin?fg— cosa cos(@r—0yg) sin(fp-+6g)

€r sin (07’—*’05)

X

Xexp{incz(es'? cosfy— ep'l? cosfr)}.  (4.15)
Because of the presence of this longitudinal component,
the energy flow in the transmitted ray will not be
exactly in the direction of ky. In the limit of perfect
phase matching, the longitudinal component is con-
stant. From Eqs. (4.14) and (4.15), the electric field
in the nonlinear medium is completely determined,
both for perfect phase matching (85=0r), and for phase
mismatching. The solutions have, of course, assumed
that the amplitudes of the incident waves remain
unchanged by the nonlinearity. This is justified because
the amplitude of the harmonic sum wave is relatively
very small near the boundary. The solutions can be
matched to the more general solutions for the infinite
medium which allow for depletion of the power of the
incident waves. ‘

It is interesting to note that even in the case of
purely longitudinal nonlinear polarization, a=0, and
perfect phase matching 65=0y, there is, nevertheless,
4 wave propagating into the medium with a transverse
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component. This wave does not increase with z; there
is no amplification. It has its origin in the partial
return- at the boundary of the radiation from this
longitudinal component which also gives rise to the
reflected ray. One may also say that the nonlinear
polarization induces a linear polarization, which is not
purely longitudinal and may radiate. In the case of
normal incidence (fr=05=0), the radiation from the
longitudinal component of the nonlinear polarization
is completely absent.

C. Further Generalizations and an Example

The considerations of this section can, of course, be
generalized immediately to higher harmonics. One
simply determines PN%S at the desired frequency of
interest due to the presence of all waves incident on the
linear medium. The equations of this section remain
valid provided the angles 85, 67, and 8z are properly
determined in each situation with the method de-
scribed in Sec. III.

The equations also remain valid for an absorbing
medium. In this case, er and eg are complex quantities,
and the angles 8, and 65 are in general also complex.
The angle of reflection given by Eq. (3.3) remains real.
The fundamental and harmonic waves in the medium
will decay with a characteristic length K¢ and Ko™
given by

KS,T:Im[wc“l(eS,T’+ieg,T”)‘/2].

The intensity of the reflected intensity will not change
in order of magnitude if the absorption per wavelength
in the nonlinear medium is small, KA1 or ¢'’<<¢'. The
general expressions Egs. (4.5) and (4.13) can be decom-
posed in real and imaginary parts in a straightforward
manner. There will be a phase shift, with respect to
PNLS in the reflected harmonic amplitude from an
absorbing medium. PNES jtself is determined by light
waves just inside the medium which are also phase
shifted with respect to the incident wave. Only the
expression for the reflected sum wave amplitude in
the case of normal incidence will be written down
explicitly as an example:

ER(0r=0)=—4nPNL3{[ep (wa)+ lep”’ (wq) ]2
+er(ws) 12} Ler’ (ws) +ier” (ws) ]
+ (w1/ws)[er’ (wr)+ier” (w1)]
+ (ws/wz)[er” (wo) +ier’ (we) 1)1,

The harmonic generation near the surface of a metal
may be described by equations of this kind. The linear
conductivity of the plasma can be formulated in terms
of a complex dielectric constant and the nonlinear
properties of the plasma are incorporated in PNLE,
It is given by Eq. (2.1) in terms of the light fields just
inside the metal.

Another extension that can readily be made includes
the case where there is also a wave at w; incident on
the nonlinear medium, besides the waves at «; and ws.

(4.16)
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This situation is of importance if one desires to amplify
further a signal at ws rather than generate power in the
absence of an incident signal.

There need not be a discontinuity in the linear
dielectric constant at the boundary. The equations
remain valid if ez=er. A discontinuity in PNL® alone
occurs, for example, if the part of a crystal for >0 is
subjected to a strong dc electric field Eq,, while this
field is absent for z<0. For simplicity, the light is
assumed to enter normal to the boundary. This situ-
ation, shown in Fig. 6, represents an idealized geometry
for a very interesting experiment on second harmonic
generation in calcite recently reported by Terhune
et alb

The fundamental wave at wj, polarized in the x
direction, creates a nonlinear polarization in the calcite
crystal which has inversion symmetry at the second
harmonic frequency by two terms

P¥8=Q:E,VE,+x EEiEye. (4.17)

The nonvanishing components of the fourth-order
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tensors Q and y of interest in our geometry are the
x'x'x's’, #'2'7’7, and 22’3’7’ components. They will
create a nonlinear polarization in the xz plane. The
longitudinal component P,NL® is of little interest in
the case of normal incidence, as shown by Egs. (4.12),
(4.14), and (4.15). The x component of the nonlinear

polarization can be written as

P,NLS=jp,NLS for 2<0,
PNUS=iPoNLSL PNLS(E,,) for 2>0.

The factor ¢ takes account of the factor that the
gradient operation produces a 90° phase shift. The
polarization induced by the dc electric field is 90°
out-of-phase with that produced by the quadrupole
effect. This effect has already produced a second har-
monic wave between —d <z<0, which is also incident
on the boundary. If the condition of phase matching is
approximately satisfied over the distance d, this incident
amplitude is given by

4miPQNLS
2¢(20) 2 2 (2w)+ €2 (w) ]
X[1+ik,(2w)d] for z<O0.

EiQQw)=

(4.18)

It consists of the boundary wave created at z=—d and
the quadrupole amplified wave. The continuity condi-
tions for £, and H, at z=0, where there is a discon-
tinuity in PNS,

APNES= PNLS(z— 4 () — PNLS (5= — ()= PNLS(F,)

lead to a transmitted electric field,

E,T(z>0)=

(4.19)

262 (2w)[ /2 (2w)+ €2 (w) ]

This expression shows how the boundary wave induced
by the dc electric field may interfere with the wave
which was amplified by the quadrupole effect in the
region where the dc field is absent. This effect may
explain why Terhune ef al. observed a minimum in
generated harmonic intensity® for a finite value of Ege.
It is not warranted to ascribe this minimum to the
quadrupole effect and the balance to the Eq. effect.
This would be correct only if Eq4, could be applied
uniformly in the whole calcite crystal. In that ideal
geometry, the minimum in the generated harmonic
intensity would be expected to occur indeed at Eq.=0.
Our analysis applies only at the boundary with a
discontinuity in Ege, but similar interference effects
can be expected in regions where a gradient of the dc
electric field exists. A more detailed model consisting
of a stack of plane-parallel slabs with different nonlinear
(and linear) properties could be analyzed with the aid
of the theory in Sec. VI.

V. TOTAL REFLECTION AND TRANSMISSION

Exponentially decaying or evanescent waves may
occur even in nonabsorbing media. This phenomenon
is known as total reflection in linear dielectrics.® It
occurs when the law of refraction would yield a value
of sinfp>1. There is a wider variety of circumstances
in which one or more of the angles occurring in the
nonlinear case, 6%, 8, and 67, may assume a complex
value, even though the dielectric constants are real.
The various possibilities will be enumerated in this
section for waves at the sum frequency wz=witws,
and the difference frequency w_s=w;—ws.

Case 4: 6,7 and 6,7 are real. The incident waves are
both transmitted into the nonlinear medium. The
nonlinear polarization in the medium will be generated
in the usual manner. The inhomogeneous wave has a
real propagation vector, sinds<1. Inspection of Eq.
(3.3) shows that in the case of normal dispersion,
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B> f and e, and 67> 7 and €7, the angles 837
and 6;7 will always be real. The situation is quite
different for the difference frequency. The general
expressions for the angles are

w‘32e_3R sin20_3R = w_32e_3T sin20_3T
=w12€1R Sin201i+w22e2R Sin202i

— 2wiws (€17)12(e2F)V/2 sinby* sinfy? cosd.

(5.1)

The smaller the difference frequency w_s;, the larger
the probability that the waves at this frequency cannot
be radiated. This probability is especially large, if
cosp <0, i.e., if the two incident rays approach the
boundary from opposite sides of the normal, and if the
angles of incidence are close to 90°.

Whenever sinfr or sinfr, as determined from Eq.
(5.1), is larger than unity, the wave will exhibit an
exponentially decaying characteristic in the linear or
nonlinear medium, respectively. The evanescent re-
flected or transmitted wave at w_s will have the follow-
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ing spatial dependence

expi (k1oi— ko) +1 (ki —koy)y ]
Xexp[— (sin?f_sB T~ 1)V2w_sc(e_sT)125].

The x and y dependence has still the same oscillatory
character, but the waves evanesce in the z direction
and are essentially confined to a region of a few wave-
lengths near the boundary. Four subcases may be
distinguished.

Al. sinfs<1, sinfr<1, sinfp<1. This is the normal
situation, which was discussed extensively in the
preceding sections. All waves propagate.

A2. sinfg<1, sinfr<1, but sinfr>1. This case can
occur for the difference frequency w_;, if e_s%<e_s”.
There is no reflected wave at w_3 The difference
frequency is totally transmitted. The amplitude of the
transmitted wave is still given by Eqs. (4.8), (4.14),
and (4.15). Since sin’0z>1, cosfr=1(sin’fz—1) is pure
imaginary. Equation (4.5) may be rewritten as

— 47 P, NL8 gin%0p sinfg

E,LR=

sin(@s+0r) sinfz[sindr cosfr—+i(sin2p— 1)1/2 sinGT]‘

There is no particular interest in the reflected amplitude
as such because it decays rapidly away from the
boundary. If Eq. (5.2) is combined with Eq. (4.8), it is
evident that the transmitted wave has a phase shift
with respect to the nonlinear polarization. The amplified
part of the transmitted wave is not affected by the
frustrated reflection.

Similar conclusions may be drawn for the transmitted
wave polarized in the plane of transmission. The
amplitudes are still given by Eqs. (4.14) and (4.15).
A substitution in the denominator of the first term on
the right-hand side of Eq. (4.14),

sin (0T+HR> COos (BT-—GR)

=sinfy cosfr+i sinfr(sin®fp—1)12  (5.3)

shows the phase shift of the transmitted amplitude
with respect to P;N1S. The amplified part and the
longitudinal component [Eq. (4.15)] are not affected
by the frustrated reflection.

A3. sinfg<1, sinfr <1, sinfr>1. This situation can
accur for the difference frequency, if e 3®>e_37. In
this case cosf_3T=14(sin%0_37—1)2 is pure imaginary.
The reflected amplitude for perpendicular polarization
is still given by Egs. (4.5) and (4.13). These expressions
can readily be decomposed in their real and imaginary
parts, but the algebraic results will not be reproduced
here. There will be a phase shift, because the reflected
amplitude is now complex. Its order of magnitude is
not changed by the fact that the homogeneous wave is
not transmitted.

There will still be a transmitted intensity because
the inhomogeneous wave propagates. At a distance
more than a few wavelengths from the boundary the

(5.2)

transmitted wave will be given by

ET=[4rP N/ (es—er)] expilks-r—csh).  (5.4)

A similar expression exists for the parallel polarization.
Matching of the phase velocities does not exist, since
one must have eg— er>0, if sinfs<1, and sinfr> 1.

There is no particular advantage to try and make
€s — er, since for that limit one must restore to Eg.
(5.4) the inhomogeneous, evanescent solution that
decays slower and slower as es — er for sinfs<1.

A4. sinfg<1, sinfr>1, and sinfr>1. Only the in-
homogeneous transmitted wave is not evanescent in
this case. The amplitude of the transmitted wave away
from the boundary is again given by Eq. (5:4).

Case B. Both incident waves are totally reflected,
sinf T>1 and sinf,7>1. In this case, which can occur
if the linear medium is optically more dense than the
nonlinear medium, the inhomogeneous wave is always
evanescent, sinfg>1. The nonlinear polarization de-
creases exponentially away from the boundary, but
the polarization at the sum or difference frequency,
restricted to a surface layer of about one wavelength
thick, may produce traveling waves both in reflection
and transmission. The following situations should be
distinguished.

Bl. sinfg>1, sinfr>1, sinfg<l. In this case the
waves at sum and difference frequencies are also totally
reflected. It will usually occur when a single funda-
mental wave is incident and totally reflected. The
second harmonic will, e.g.,, have an angle 67 with
sinfr (2w) = [ er'2(w)/er'/?(2w) ] sinfg larger than unity,
unless an unusual dispersion is present. The intensity
of reflected harmonic is again given by Eq. (4.5) or
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Eq. (4.13), where now both cosfg and cosfy are purely
imaginary. There will be phase shifts with respect to
PNLS, but the important point is that the intensity of
the reflected harmonic has the same order of magnitude,
if the incident wave is totally reflected or transmitted.
It may be possible to generate second and higher
harmonics by repeated total reflection from nonlinear
dielectric surfaces,

B2. sinfig>1, but sinfy<1 and sinfp<1. This case
could occur, for example, if the sum wave frequency is
created by two totally reflected incident waves, hitting
the boundary from opposite sides. Since the inhomo-
geneous wave dies out rapidly, the reflected and
transmitted field amplitudes are given by Eqs. (4.5)
and (4.2), respectively, with coss pure imaginary. The
waves polarized in the plane of reflection can be
treated in a similar manner.

B3. sinfg>1, sinfy <1, sinfr>1. Since the first con-
dition requires ez(w; and ws)> ep(w; and w,), and the
last two er(ws) <er{ws), this situation would be ex-
tremely rare in an isotropic medium. It could occur by
special choice of ordinary and extraordinary rays in an
anisotropic medium.

B4, sinfs>1, sinfp>>1, sinfp> 1. This case is not of
much experimental interest since all harmonic waves
are evanescent.

Case C. sinfg complex. Finally, the situations should
be considered in which one of the incident waves (at w;)
Is transmitted, but the wave at w is totally reflected.
The nonlinear polarization created at the sum or
difference frequency will again drop exponentially away
from the boundary. The spatial dependence of PN (w,)
is, e.g., given by

expli (kioi+ ko)1 (Bryit ko, )y ]
Xexp[iwe™ (e”)"*(cos6, ")z ]
Xexp[ —we™ (e27) M2 (sin%,7—1)/2].

A complex factor now multiplies z in the exponential
function. Again four subcases should be distinguished :

C1. sinfg complex, sinfr>1, sinfp<1,
C2. sinfg complex, sinfr<1, sinfx<1,
C3. sinfs complex, sinfr<1, sinfp>1,
(4. sinfs complex, sinfy>1, sinfp>1.

The discussion of the intensity of the reflected and
transmitted is quite analogous to the corresponding
cases B. The transmitted intensity is again determined
by the homogeneous wave, since the inhomogeneous
intensity drops exponentially. The generalized Fresnel
equations for E¥ and 87 can again be used, in which
sinfs and cosfly are now complex quantities.

cosf g == tuoc e /2 (sin205T — 1)2-4 oo Le; 12 coshy .

No further computational details need to be supplied.
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VI. THE NONLINEAR PLANE-PARALLEL PLATE

Consider an infinite slab M of a nonlinear dielectric
medium with boundaries at =0 and z=d, embedded
between two linear dielectrics R and 7. Two linear
waves at w; and w; are incident from the medium R
for <0, as schematically shown in Fig. 7. They will
create forward moving waves Ey y and E, 3 and back-
ward moving waves E; " and Es /' in the nonlinear
medium. These waves can be calculated according to the
usual linear theory. They will produce a nonlinear
polarization at the sum frequency ws.

In general, four inhomogeneous waves will be associ-
ated with this nonlinear polarization.

PNTS (wg) = expli (klr+k2x)x+'i(kly+k2u)y]
X { E]J[EQ,M CX})[’L (k1,zM+k2,zM)z]
+ By uEs 5 expli(ky, M—ky M)z
+E1,3'Ez ar exp[z(— kl..z"W“sz,zM)Z]
+E1 3/ Ea a” exp[—7 (ki .M +k2 )20}, (6.1)

Note that these inhomogeneous waves all have the
same x and y dependence. The boundary conditions at
z=0) and g=d can be met if one adds four waves which
satisfly the homogeneous wave equation at the frequency
wa with the same x and y dependence. These waves
which all lie in the same plane with the normal of the
slab are also shown in Fig. 7. It is again possible to
treat separately the case in which the E(ws) and the
nonlinear polarization are perpendicular to this plane,
and the case in which they are parallel to this plane.
It should be noted that the symmetry which exists in
the linear case between waves going from medium 4 to
B or from B to A4 is lost in the nonlinear case. If the
light approaches the boundary from inside the nonlinear
medium, one always must have both a homogeneous
and an inhomogeneous wave incident, whereas in the
linear medium there is only the homogeneous wave.
The problem of the nonlinear slab clearly presents itself
in many experimental situations. Harmonic generation
is usually accomplished in a slab of nonlinear material.
The creation of harmonic waves inside a laser crystal
or Fabry-Pérot interferometer involves the same situ-
ation. Although only the waves at the sum frequency
will be considered explicitly, the method is equally
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F16. 7. Waves in the nonlinear plane parallel slab, Fundamental
waves B and E\M’ at w; and E.M and E.*’ at w, give rise to
inhomogeneous waves at ws=cw;+ws. The four homogeneous waves
at w; include a reflected ray E® and transmitted ray E7 from the
slab at the sum frequency ws.
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applicable to higher harmonics, the difference fre-
quency, etc. One only has to focus attention on the
components of the nonlinear polarization [Eq. (6.1)]
at the corresponding frequencies. The method presented
here is, however, restricted to ‘“weak harmonic gener-
ation.” The incident fields at w; and ws in the slab arc
considered to be given as fixed parameters by the linear
theory. They are not appreciably attenuated by the
nonlinear processes. The interest will, of course, center
on the waves E3F and E;T that emerge on either side
of the slab. In order to avoid nonessential algebraic
effort, only one inhomogeneous wave will be retained,
the first term on the right-hand side of Eq. (6.1). For
small linear reflectance of the dielectric, Ey »' <Ei u
and FEg ' <Ee , this will approximate the correct
result closely. For high reflectance the equations can be
generalized without difficulty. The case where there is
an incident wave at w; in the medium R as well, could
also be included in a straightforward manner. The
propagation constant for the inhomogeneous wave is
again written as wsctes!?. The subscript 3 will hence-
forth be dropped, since all quantities will refer to the
sum frequency.
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With these assumptions the boundary conditions in
the case of perpendicular polarization can be written as

Ey(2=0)”—=ER=EM+EM’+47I'PNLS(ES—GM)"I, (6.2}
E (z=d)=Ep=Ey exp(i¢ar)+En’ exp(—idn)
447 PNLS (eg— €)™ exp(igs), (6.3)

IIZ(Z.:O) == GRUZ COSBRER= 61;11/2 cosO (EM—Ey/)
+4mes'’? cosOsPNLS (es— ear) ",
H . (3=d)= e cosfrEp= e'* cosOu[ Epr exp (i)
— Ex exp(—ipar) [+4mes'/? cosbs
X PNIS(eg— €)™ exp(igs),

where ¢g and ¢ are the phase shifts of the inhomo-
geneous and homogeneous waves, respectively,

(6.4)

(6.5)

Pg= eslﬂwtf’ld COSB,g, da= 63[1/2(.06“1(1 cosf ar. (6,())

This is a set of four simultaneous linear equations that
can be solved for the four homogeneous wave amplitudes
and phases.

The reflected and transmitted harmonic waves have
the following complex amplitudes,

E B=4g PNESDI[ (52 cosflg— er'/? cosiy) (cosdar—cosps) (exr—es)™

+ier'’? cosOy (ear'!? cosfar) ' (ear'? cosfyr sings— eg'’2 cosfs singar) (epr—€5) "

BT =47 PNESD [ — (€' cosfr+ es"? cosfis) (Cosd yr— cosps) (ear— e5) ™

where

41 (eart’? cosbar sing y— €52 cosls singg) (exr—es) ], (6.7)
— iERl/Z COSBR(G;\/{] 12 COS@M)_l(GMU2 COS@M Sin¢s— 651/2 COSHS Si11¢M) (GM“ és)_l
+1(ea’? cosfar sing yr— e5'/2 cosbs sings) (exr—es)™'], (6.8)
D=cosp y(er'’? cosOp-+eg'? cosfr)—1 sing v er'2er/? cosfr cosfr (eart’? cosha) "+ en'/2 cosfar ). (6.9)

The terms in the numerator of Eqs. (6.7) and (6.8) are grouped so that each has a finite limit as ey approaches

es. For the limiting case of perfect matching

EB(ey=e5) =120 PNYSDHadc 1~ ept’? cosOyr (err'’? cosfp) ] exp (ida)

+singar (er'/? cosOr+ ear'’* cosfar) (ex? cosda) 2},

(6.10)

I, (exr=eg) = 12w PNLS D™ exp (— i) {sing ar(en*? cos01) ' [1— er!/2 cosOr (€2 cosbar)™"] exp (i¢ )

Both the transmitted and reflected waves contain terms
proportional to the thickness of the nonlinear dielectric.
For the reflected wave this arises from the forward
amplified wave reflected from the discontinuity at the
second surface. When er= ¢y there is no discontinuity
and this term vanishes. In this case the amplitude of
the reflected wave depends on the thickness of the slab
as singay and the phase is determined through the
denominator, D, given by Eq. (6.9). The reflected wave
varies between zero and twice the value given by Eq.
(4.5) for reflection from a semi-infinite medium. This
is reasonable since additional layers of dipoles interfere
either constructively or destructively as the thickness
of the slab increases. The average amplitude for infinite

Fwdc [14-€g!? cosfr (a2 cosfar) 1]},  (6.11)

thickness is just one-half the amplitude for optimum
thickness.

The transmitted wave has the expected term propor-
tional to thickness, and in addition, there is the bound-
ary wave from the first surface. If ep= ey, this wave,
of course, vanishes.

In the limit that the layer is thin compared to a
wavelength, the general expressions [Egs. (6.7) and
(6.8)] simplify to

BT~ E\R~idw PNUS (dc™)
X (er'”? costr+eg'? cosg)™. (6.12)

The amplitudes of the waves radiated in the forward
(transmitted) and the backward (reflected) directions
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are equal for a thin layer. The intensities of the two
waves are proportional to the square of the thickness,
since all the atoms radiate coherently. One may also
say that the harmonic waves generated at the front and
back surfaces due to the discontinuity in the nonlinear
part of the dielectric constant yx(ws=w;~+ws) interfere
destructively. This is similar to the interference in very
thin linear film when the discontinuity is in .

BLOEMBERGEN AND P. S.

E (3=0)=—Eg cosfr= (Ey—En’) cosdpy—4wPNL8 sina coshs(ey— eg) " —4mPNLS cosa sinflger,
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If the reflection coefficient for the fundamental waves
is large, as in a Fabry-Perot interferometer, one has to
take the other inhomogeneous solution of Eq. (6.1)
into account. Algebraically, this amounts to a sum-
mation over the index .S in Eqs. (6.7) and (6.8) and
their limiting cases.

The case of parallel polarization can be treated in
the same manner. The boundary conditions are:

E.(z=d)=Er cosfp=[Eny exp(idp ) — Es’ exp(—ipu) coslr

H,(z=0)=¢g"’Eg=ex"?*(Ey+Eyx")— 4w PVL8 sinces' 2 (eyr—eg) ™,

H,(z=d)=ep'2Ep=ex"*[ En exp(i¢y) — En’ exp(—idar) |— 4w PS8 sinces' 2 (exr— es) ™" exp (igs)-

The solutions for the amplitudes of the reflected and transmitted waves are

0 B =47 PNLS sina D[ (ep'/? cosfs— €52 cosfy) (cosgpr— cosps) (ear—€5) ™"

+ 47 PNLS cosae LD [er'/2 sinfs (COSP 11— COSP3)

T =4x PNL8 sina DL exp (igs) [ — (er'’? cosfs+-es'/? cosOr) (Cospyr—Cosps) (epr—e5) ™!

where

(6.13)
— 47 PNLS sina cosfs(emr— es5) ™! exp (ips) —4m PNLS cosa sinfgen™ exp(igps), (6.14)
(6.15)
(6.16)
+’L.(€T/€M)1/2 (Esl/2 Sinq&M COSHM— EMU2 COSBS Sin(bs) (EM—' es)—l
+i(cosfr/cost ) (es''? sing g cosOar— eu/? cosfg singar) (enr—es) ™! ]
—1(sinfs/cosf ) (er'/? singg cos yr+ €312 singr cosfy) ],  (6.17)
+l (ER/EM)U2 (651/2 SinqSM cosfar— EMI/Z COSBS Sin¢s) (EM—' e,g)_l
—1 (COS@R/COSGM) (651/2, singg cosfl ;r— e1'/? cosfg sinq’m) (GM— 65)“1]
447 PNLS cosae D exp (ids)[ — er'? sinfs(cos yr— cosps)
—i(sinfs/cosfar) (er!/? sings cosBar— exr'/2 singyr cosfr) ], (6.18)
D=cospu(er'* cosbr—+er'/? coslr) —i singar (ep'? cosfu)™ (en oSO cosbr+ (erer)/? cos0 ). (6.19)

The numerators in Eqs. (6.17) and (6.18) are again grouped in terms that have finite limits as exr approaches es.

For the limiting case of perfect matching

E\B(es=enr) =20 PNESDHwde ™ sinaf (er/ )2 — (cosfr/cosOrr) ] exp (ipar)

LT (es=e€y) =12r PNLS D wdc sina[ (er/ e )2+ (cosfr/cosf) ]

In the limit of thicknesses small compared to a wavelength, Egs. (6.17) and (6.18) become

— sinth(e a2 COSBM)H[ (GT,/GM)1/2+ (C0507'/C059M)] sin (20M+a) } y (620)

—sing ar (€ar'? cos0x) ™[ (er/ enr) 2 — (cosBr/cosfar) ] sin(20y+a) exp(ipa)}. (6.21)

EnF=—4n PNLSudc ' (er/ ear)'? sinf s cos (Bs-+a)-+cosfr sin (Bs+a) (er'/? cosfp+er!/? cosfr)™,  (6.22)
EnT=—ida PNISodc [ (er/em)? sinfy cos(fs+a)—cosbpg sin(@s+a) ](er!2 cosfp+-er'/? cosfr)™.  (6.23)

The discussion for the perpendicular polarization,
following Egs. (6.10), (6.11), and (6.12) can be carried
over to the parallel case. The symmetry between the
forward and backward radiated fields is spoiled in the
case of parallel polarization.

Note also the occurrence of a Brewster angle in the
case of perfect matching (eg=ey). If 20-ta=m, there
is no backward wave generated in the medium. If, in
addition, the reflection of the forward wave at the
second boundary is suppressed by taking er=esr, the
reflected intensity is zero. For a linear plane parallel
slab, complete transmission will occur simultaneously

at both the front and the back surface, if Brewster’s
condition is satisfied. This symmetry does not exist in
the nonlinear slab.

The same physical explanation for Brewster’s angle
may be given as in the case of the semi-infinite medium.
If the total polarization (linear+nonlinear) of the
medium is parallel to the direction of reflected ray, it
must have vanishing intensity. This will be illustrated
for the case of a very thin film in vacuum. If the
reflected wave is required to vanish, the continuity
conditions on D and E determine the total polarization
(D—E)/4r inside the medium. The components of
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this total polarization can be expressed in terms of
PNLS a5 follows::

PT:!I=P2,!JNLS; P2=P2NLS/5N[- (6.24)

Since PNLS makes an angle 65+« with the boundary
normal from R into the nonlinear medium M, the total
polarization makes an angle { with the normal whose
tangent is a factor ey larger. Brewster’s condition is
§'+0R= T Oor

tanfp=—tan{=— ey tan(@s+o). (6.25)

For ep=er=1, one has (er/ex)? sinfy= ey sinfy.
Equation (6.25) is therefore equivalent to the condition
that the expression [Eq. (6.22)7] vanishes.

VIL. INTEGRAL EQUATION METHOD FOR WAVE
PROPAGATION IN A NONLINEAR MEDIUM

From a microscopic physical point of view there
exists only the incident radiation field in vacuum and
the dipolar microscopic radiation fields in vacuum
emanating from each atomic dipole. Ewald and Oseen
have shown for the linear dielectric that the properly
retarded atomic dipole fields lead, on integration, to
exactly the same results as the combination of Maxwell’s
equations coupled with the Lorentz treatment of
quasi-static local fields. In a similar manner the treat-
ment of ABDP, which extended the Maxwell-Lorentz
method to nonlinear dielectrics, can be justified by an
extension of the Ewald-Oseen integral equation method.
The account and notation employed by Born and Wolf
in the linear case will be followed closely.® As in the
linear case, the reflected and refracted waves at the
boundary of a nonlinear medium also follow correctly
from the integral equation method.

A semi-infinite dielectric <0, in contact with vacuum
z>0, has a polarization density P(r,) consisting of a
linear and nonlinear contribution. The nonlinear polar-
ization results from the nonlinear polarizability of a
unit cell as discussed by ABDP. The nonlinear polar-
ization of the ith cell is ®NL(¢,#,). If there are NV cells
per unit volume, the nonlinear polarization density is
PNL(y )= NENL(tr). In the most general case of an
incident field Ei(r,t) the total electric field at any point
r on the medium can be written as

z
E(rf)=E0+ f YXVX[P(, t—R/c)/R]AV’, (1.1)

where o is a small surface surrounding the point » and
Z is the outer surface of the dielectric. Consider the
component of Eq. (7.1) at some frequency w for which
PNL£(), Take as a trial solution

E'(r,0)=Q(r)+Q*(),
Ei(rw)=Qi(r),
PY¥L(rw)="F(r)
% See reference 8, pp. 97-107.

(7.2)
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where the fields on the right-hand side satisfy the
equations

V2Qe+ es(w/c)*Q*=0,
V2Q + e(w/c)*Q?=0,
V2Qi4 (w/c)?Q*=0,
V2F+ e5(w/c)*)F=0.

(7.3)

The velocity of the source wave in the medium, which
defines eg, can be determined from the solution of the
linear problem for the waves at incident frequencies,
different from w. The linear dielectric constant at o is
given by e. The amplitude of the total polarization
per unit volume appearing in the integral of Eq. (7.1) is

P(r'w)=Ne[Q*+Q*]+F, (7.4)

where « is the polarizability of a unit cell at frequency
w and N is the number of unit cells per cm?.

Substitution of Egs. (7.2) and (7.4) into Eq. (7.1)
leads, with the procedure of Born and Wolf, to

Q«(r)+Q¥(r)=Q' (") +3rNa(e+2)/(e—1)Q(r)
es+2

[(VeQe(n+F ()]

-
es—1

dr [c\?
+_~<_> VLV (F(r)+NaQe(r)]

es—1\w
o\ 2 N
+(~) VX VX / dS’-[[VG(R)][ 1Ql'(r’)
w = €
NaOQe(+F (' Na
+ e+ (r)]—G(R)V[I 1Qb(r’)
€s— €—

_}_NaQ“("')‘i‘F(f')]}’ 7.5)

es—1

where G(R)=(1/R) exp[i(w/c)R]. The third term on
the right of the equal sign is necessary since, in general,
V-F and V- Q¢ are not zero.

Equation (7.5) has terms propagating with speeds
¢, c(e) 42 and c(eg)~2. If the identity is to hold for all
points in the medium, these three types of terms must
vanish separately.

Terms propagating with speed ¢

c

0=Qi+< >2V><V></;dS’-{ s (7.6a)

w
terms propagating with speed ¢(e)!/?

Ir  e+2

(7.6b)
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and terms propagating with ¢(eg)™'

dr eg+
Qa:_..~
3

2
1D\’on“(rHF(r)]

€3

4
€

(f) V[V-(VaQe(N+F ()] (7.6¢)

€5

Equation (7.6b) gives the usual solution to the homo-
geneous equation for the linear medium.

4r/3)Na= (e—1)/(e+2). (7.7

Equation (7.6c) is the solution to the inhomogeneous
equation. It can be shown that Q¢ is equivalent to the
local fields associated with the inhomogeneous part of
Eq. (2.5). This is most easily demonstrated by con-
sidering two separate cases, F parallel to ks and F
perpendicular to ks. In the parallel case Eq. (7.6c)
reduces to
8w e+2
Qé=— — -F,

9 ¢

The inhomogeneous part of Eq. (7.4) can be written
in terms of the linear and nonlinear polarization and
the effective nonlinear source term, defined by ABDP,

Pt PNE= NoQot-F= (e+2) (3~ F=PNLS/c.  (7.8)

This is in agreement with the macroscopic definition of
PNES for the longitudinal case, when D should vanish,

D= E+44rPlt-dg PNLm= i+ 4r PNUS =0, (7.9)

Similar agreement is found for the transverse compo-
nent.

Equation (7.6a) constitutes the boundary conditions
for the nonlinear medium. The amplitude of Q% is
uniquely determined by Q¢, F, and Q. Tt is thus seen
that the integral equations exactly parallel the differ-
ential equations. There is an inhomogeneous solution
and a homogeneous solution. The amplitude of the
latter is determined from the boundary conditions.

The reflected wave outside the medium is obtained
much more easily since one can take the differential
operators outside the integral

2P, t—R/c)d
R

EZ(r,{)=VXVX / V. (7.10)

P t) is known from the solution of Egs. (7.4) and
(7.6). Integration of Eq. (7.10) is lengthy but straight-
forward and one gets agreement with the results of the
simpler macroscopic equations in Sec. IV.

VIIL. DISCUSSION AND CONCLUSION

The theoretical results of Secs. III-V1 are applicable
to many experimental situations. Harmonic generation
is usually accomplished in a slab of a nonlinear crystal.
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The equations of Sec. VI give the harmonic intensity
in the forward and backward directions. Both the
general case of arbitrary thickness and mismatch of
the phase velocities and the limiting case of phase
matching in the thickness of the slab are treated in
detail. The situation of harmonic generation inside a
laser crystal is also described by those equations. Since
the fundamental is now a standing wave, one has to
sum over more than one inhomogeneous wave inside the
crystal. In general, the phase velocities will not be
matched. The harmonic intensity will be a periodic
function of the spacing of the reflecting ends of the
Fabry-Perot resonator. The intensity will not exceed
the harmonic intensity of a thin slab of thickness
I=wc™! (GSUQ‘— 6)11/2).

The sensitive dependence of harmonic generation on
the degree of phase matching, ex— eg, and on the thick-
ness d, makes it difficult to obtain a precise quantitative
determination of the nonlinear susceptibility, by using
Egs. (6.7) or (6.8) and (6.17) or (6.18) and the experi-
mentally observed harmonic generation from a slab.
This difficulty can be avoided by using the reflected
harmonic from a single boundary. One puts er=-¢y in
the equations of Sec. VI, which corresponds to matching
the index of refraction of the nonlinear slab with a
Jinear medium. A simpler experimental solution to
achieve the equivalent of the reflection off a semi-
infinite medium is to make the other side of the slab
diffuse and absorbing, or have it make an angle with
the front surface. Alternatively, one may use a totally
reflected fundamental beam, which generates harmonics
in the penetration depth a few wavelengths A thick as
shown in Sec. V. In any case, one would still have to
know quite accurately the intensity distribution of the
incident laser beam in time and over the cross section.
After one absolute calibration has been made, the
nonlinearity of any specimen may be measured by
comparing its reflected harmonic with the harmonic
generated in a nonlinear reference standard, which is
traversed by the same laser beam.

In crystals with a center of inversion symmetry the
nonlinear polarization at the second harmonic frequency
is created only by electric quadrupole effects as shown
by Eq. (4.18). Consequently, the nonlinear polarization
and also the amplitude of the second harmonic ema-
nating from the boundary is reduced by a factor
(ia/\y)~}, where @ is a characteristic atomic dimension.
The factor n 1 takes account of the fact that the
electric dipole moment matrix element does not have
its full strength in crystals which lack inversion sym-
metry. The odd part of the crystalline potential is
smaller by a factor # than the symmetric part. Obser-
vations of Terhune on second harmonic generation in
KDP and calcite show that p~10—! in KDP. All
conclusions in this paper are equally valid for crystals
with and without inversion symmetry. It has been
suggested that the surface layers of a symmetric crystal
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F1c. 8. Harmonic generation by multiple total reflection from
a nonlinear dielectric. The dense linear medium may be a fluid
contained between two nonlinear crystals or an optical fiber in a
nonlinear cladding.

lack inversion symmetry, and that extra second har-
monic radiation may originate from the first few
atomic layers. Equations (6.12), (6.22), and (6.23) are
directly applicable to such surface layers of thickness a.
The magnitude of the reflected amplitude from it would
be smaller by a factor 5 than the reflected amplitude,
originating from quadrupole radiation in a boundary
layer of thickness A. It is, therefore, believed that
atomic surface layers play an insignificant role in
harmonic generation. In principle, their effect could be
measured by observing the transmitted and reflected
harmonics from slabs of varying thickness and crystallo-
graphic orientation.

The generation of harmonics in a boundary layer of
the order A, even if the fundamental wave is totally
reflected, suggests a novel geometrical arrangement
shown in Fig. 8. A fundamental wave at w travels in'a
dense linear (fluid) medium between two nonlinear
dielectric walls. Repeated total reflections occur. On
each reflection second harmonic power is generated.
The distance between the plates and the dispersion in
the linear medium can be chosen such that on each
reflection second harmonic radiation is generated with
the correct phase to increase the harmonic intensity.
Due account should be taken of the phase shifts on
total reflection of fundamental and second harmonic
by the methods discussed in Sec. V. The problem of
phase matching is now transferred to a linear isotropic
medium. If the distance between the nonlinear walls is
made very small, the case of linear optical fibers with
a nonlinear cladding presents itself. It is clear that the
free space methods could be extended to the propagation
of fundamental and harmonic waves in optical wave
guides.!®

The discussion has been restricted to plane waves
and plane boundaries of infinite extent. It is possible
to extend the considerations to beams of finite diameter
d, to prisms, and even to curved boundaries. Some
care should be exercised in extending the concept of
the homogeneous and inhomogeneous wave in the non-
linear medium to rays of finite diameter. One concludes
that a prism will separate these rays, as schematically
shown in Fig. 9. The inhomogeneous ray leaves the
prism in a direction intermediate between the funda-
mental ray and the homogeneous harmonic ray. One
should not conclude, however, that the destructive

0 E. Snitzer, Advances in Quantum Eleclronics, édited by J. R.
Singer (Columbia University Press, New York, 1961), p. 348.
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Fic. 9. The fundamental ray, the homogeneous ray, and the
inhomogeneous harmonic ray are separated by a prism. The
degree of phase matching and the diffraction of the rays of finite
diameter limit the harmonic power in the separated beams to an
amount which is equal to or less than that obtainable in a plane
parallel slab.

interference which occurs between the two harmonic
waves can be eliminated and that much larger harmonic
power is obtainable in the separated beams. It is true
that the amplitude in each beam separately is propor-
tional to (em—eg)™* and becomes very large as phase
matching is approached. At the same time, however,
the angular dispersion by the prism becomes smaller.
The beams will not be separated if this dispersion is
less than the diffraction angle determined by the finite
diameter of the beam.

With the notation of Sec. VI and Fig. 9, one finds
for the angle of deflection of the homogeneous ray in
terms of the angle of incidence 6; and the prism angle ¢,

sinfy=sind; siny cotd yy— cosy’ sinf;, (8.1)
with

(8.2)

Differentiation of Egs. (8.1) and (8.2) leads to an
expression of the angular deviation between the homo-
geneous and inhomogeneous ray in terms of the small
phase velocity mismatch

€2 sinfy=sind,.

COSHTAOT= sin@i Sinl//<(:s— e,w)/(e,w sinZHM). (83)
For resolution of the rays, one requires
Ab7r>N/D, 8.4)

where D is the diameter of the beam at the exit. The
minimum length / which the center of the ray of
diameter D has to travel through the prism is

1> D siny/ (2 cosfy cosfy).
Combination of Eqs. (8.3), (8.4), and (8.5) vields
I> a7/ (es— ear).

(8.5)

(8.6)

The beam has to travel on the average at least the
“coherence length” in the nonlinear prism before the
homogeneous and inhomogeneous ray can be separated.
This is exactly what should be expected on the basis
of conservation of energy. After traversal of the
coherence length, the nonlinear medium has done the
maximum amount of work and created the maximum
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harmonic power. This power can then be found either
in the unseparated beam transmitted in a plane parallel
slab, one coherence length thick, or in separated beams
after passage through a prism. A similar state of affairs
applies if one tries to separate the homogeneous and
inhomogeneous rays in the focal points of a chromatic
lens.

The incorporation of the electromagnetic nonline-
arities of matter into Maxwell’s equations has led to
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the solution of a number of simple boundary problems.
The reflection and refraction at the surfaces of non-
linear dielectrics makes it possible to analyze the
generation and degeneration of light harmonics and
mixing of light waves when nonlinear media occur in
the optical path. This is important for the under-
standing of the operation of optical instruments and
optical systems at very high power densities available
in laser beams.
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Specific Heat of Terbium Metal between 0.37 and 4.2°K*

0. V. Lounasmaat anp Par R. Roacu}
Argonne National Laboratory, Argonne, Illinois

(Received June 3, 1962)

The specific heat C, of terbium metal, measured between 0.37 and 4.2°K in a He3 cryostat, could be
separated by a least squares analysis into three contributions: the lattice specific heat Cz=0.58T3 (corre-
sponding to a Debye 8=150°K), the electronic specific heat Cx=9.05T, and the nuclear specific heat
Cy=2387"2—11.973—4.5T44-0.38T54+0.06T-% (C, in mJ/mole °K). Cy is due to the splitting of the
nuclear spin states by the magnetic field Heg of the 4f electrons and by the nuclear electric quadrupole
coupling. In the series expansion for Cy there are only two independent constants, the magnetic hyper-
fine constant a’ and the quadrupole coupling constant P. Our experimental values of a’=0.150°K and
P=0.021°K are in good agreement with results obtained by electron paramagnetic resonance and nuclear
magnetic resonance techniques which gave &’=0.152°K and P=0.029°K. By assuming u=1.52 nuclear
Bohr magnetons for Th® one obtains Hegs=4.1 MG. In sharp contrast with earlier results, our measurements
revealed no anomalies in C, between 1 and 4°K. Such anomalies thus were probably caused by impurities

in the samples of the other investigators.

I. INTRODUCTION

ELOW 1°K the specific heat of terbium shows a

large rise due to the magnetic hyperfine inter-
action between the 4f electrons and the magnetic
moment of the nucleus. In addition to this, Bleaney
and Hill' and Bleaney? have shown that the effect of
nuclear electric quadrupole coupling might be of im-
portance in calculating the nuclear specific heat of some
rare earths, including terbium. The first heat capacity
measurements on terbium in the liquid-helium range
were performed by Kurti and Safrata’ between 0.5 and
6°K. Recently, Heltemes and Swenson* have used a
magnetic refrigerator cryostat to measure the heat
capacity between 0.25 and 1°K. Both results are in
reasonably good agreement and show the very large
increase in specific heat below 1°K.

*Work performed under the auspices of the U. S. Atomic
Energy Commission.

T Present address: Wihuri Physical Laboratory, University of
Turku, Turku, Finland.

t Present address: University of Chicago, Chicago, Illinois.
(116%.)Bleaney and R. W. Hill, Proc. Phys. Soc. (London) 78, 313

961).

2 B. Bleaney, Proceedings of the International Conference on
Magnetism and Crystallography, Kyoto, September, 1961 (to be
published).

3N, Kurti and R. S. Safrata, Phil. Mag. 3, 780 (1958).

( ‘GE) C. Heltemes and C. A. Swenson, J. Chem. Phys. 35, 1264
1961).

In order to determine experimentally from heat
capacity measurements whether a quadrupole inter-
action is present, it is necessary to have accurate data
at as low temperatures as possible. Bleaney and Hill*
have analyzed the results of Heltemes and Swenson!
and found support for the presence of a quadrupole
interaction, but, because of scatter of the experimental
points and possible systematic error of 109, at the
lowest temperatures, this was somewhat inconclusive.
It was for this reason that we decided to measure the
specific heat of terbium below 1°K.

Above 1°K, the experimental points of Kurti and
Safrata® showed considerable scatter and an apparent
broad anomaly in the heat capacity between 1 and 4°K.
Later measurements by Stanton, Jennings, and
Spedding® between 1.4 and 4°K and by Bailey® between
1.7 and 4°K revealed a A\-type anomaly in the specific
heat at about 2.3°K, but the two results did not agree
with each other nor with the data of Kurti and Safrata.
Differences of more than 1009, were observed at 4°K.
In view of this confusion, we continued our measure-
ments up to 4°K.

The nuclei of many rare earths find themselves in a

8 R. M. Stanton, L. D. Jennings, and F. H. Spedding, J. Chem.
Phys. 32, 630 (1960).

¢ C. A. Bailey, Clarendon Laboratory, University of Oxford
(private communication).



