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Optical second-harmonic generation at total re8ection in a potassium dihydrogen phosphate crystal
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The intensity of a second-harmonic light beam generated in potassium dihydrogen phosphate (KDP)
crystals immersed in the optically dense fluid 1-bromonaphthalene has been observed as a function of the
incident angle of the fundamental beam of a mode-locked neodymium glass laser. The laser pulses have

polarization in the [110]direction with respect to the KDP crystallographic axes. The phase-matchable
second-harmonic generation at total reflection and in the vicinity of the critical angle were performed.
The existence of a nonlinear Brewster angle has been demonstrated and its utilization may include using
a null method for a precise measurement of the relative magnitude of nonlinear optical susceptibility
components of materials. The results agree well with the theory of Bloembergen and Pershan [Phys.
Rev. 128, 606 (1962)].

PACS number(s): 42.65.Ky

I. I¹RODUCTION

Over the last three decades, there has been a great deal
of research done in the area of nonlinear optics. In the
domain of second-harmonic generation (SHG), most of
the attention has been directed toward SHG in transmis-
sion in a phase-matchable condition for maximum con-
version efFiciency. Extension of the fundamental optical
phenomena from the linear to the nonlinear regime will
not be completed, however, if the basic nonlinear interac-
tion at the boundary between a linear and nonlinear
medium is not fully investigated [1]. This is the area that
has not been fully exploited. Only a limited amount of
work has been reported, in particular, when the funda-
mental beam is at total internal reflection [2—7].

In addition to SHG near total reflection, there have
been a number of device applications employing non-
linear optical interaction or the electro-optic effect at to-
tal internal reflection [8—14]. The electro-optic effect at
total internal reflection can be regarded as a nonlinear in-
teraction between the low-frequency microwave and the
high-frequency optical wave at the boundary of the non-
linear medium. This theoretical optical model explains
experimental data of electro-optical reflectance near the
critical angle well. The theoretical formalism for the
electro-optic effect is essentially the same as SHG de-
scribed in this work. Thus it is important to have a good
understanding of the nonlinear phenomena taking place
at the boundary of the nonlinear medium, in particular,
when the fundamental beam is obliquely incident. Re-
cently, obliquely incident beams producing nonlinear op-
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tical phenomena have also gained attention because they
can be used as a tool to probe solid-solid interfaces
[15,16]. This is due to the fact that traditional optical
spectroscopies lack interface specificity and most surface
diagnostic techniques are inconvenient for studying
buried interfaces. Although the work reported here is for
a liquid-solid interface, it can easily be extended to study
buried solid-solid interfaces.

The reflection of laser light at the interface between
linear and nonlinear media at an oblique angle of in-
cidence 8; near the critical angle 8„can provide interest-
ing nonlinear optical effects as predicted by the
Bloembergen-Pershan (BP) theory [1]. In our experi-
ment, the investigation of second-harmonic generation in
the vicinity of the critical angle 8„(to) has been per-
formed at total reflection. This leads to the verification
of nonlinear optical effects [3,6,17]. Furthermore, using
the same crystallographic cut of potassium dihydrogen
phosphate (KDP) [6], the work was extended theoretical-
ly for a nonlinear Brewster angle in ammonium dihydro-
gen phosphate (ADP) [18].

It is the purpose of this paper to present a quantitative
study of second-harmonic generation in reflection with
oblique incidence of the fundamental beam. The special
emphasis is SHG in reflection in the vicinity of critical
angles 8„(co) and 8„(2to). The "walk-off" effect in
phase-matched SHG at total reflection is performed and
analyzed. Furthermore, the existence of the nonlinear
Brewster angle has been demonstrated and its utilization
may include using a nu11 method for the precise measure-
ment of the relative magnitude of nonlinear optical sus-
ceptibility components of materials. The experimental
results agree well with the prediction of both the BP
theory [1]and a theory by Dick et al. [19].

In Sec. II, the BP theory is given in a form which will
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permit direct comparison with the experiment using a
KDP uniaxial crystal. In Sec. III, the experimental ar-
rangement is described and in Sec. IV the experimental
results are given and compared with the theories. Section
V is the conclusion from the experimental results.

II. THEORY

The geometrical situation just before total reflection
occurs is shown in Fig. 1. The fundamental beam is
transmitted almost parallel to the surface in the nonlinear
crystal KDP. According to the theory of Bloembergen
and Pershal [1], there are reflected, inhomogeneous, and
homogeneous harmonic beams. The driven polarization
wave propagates in the same direction as the transmitted
fundamental beam. It has a wave vector k, (2'�)=2kL (co)
which represents the particular solution of the inhomo-
geneous wave equation. In addition there is the homo-
geneous solution with wave vector kr(2co). In the non-

linear crystal KDP the two transmitted harmonic beams
are spatially distinct and readily observed separately. As
the angle of incidence 8; in Fig. 1 increases, it is intuitive-

ly clear that the beam with wave vector k, will disappear
at the same time as the transmitted fundamental beam.
The transmitted harmonic beam with wave vector
kr(2') will still persist. Second-harmonic power can be
transmitted even when the fundamental power is totally
reflected. For large angle of incidence 8;, this second-
harmonic wave eventually also disappears and only the
reflected harmonic wave remains.

The geometry of wave vectors of the fundamental K'
and harmonic light wave K", K, and K at the bound-

ary between 1-bromonaphthalene and the uniaxial crystal
KDP is depicted in Fig. 2. The angles Oz, Oz, and OT of
the reflected, inhomogeneous, and homogeneous
transmitted waves, respectively, are given by the general-
ized Snell's law

2W

linear

non-linear

FIG. 2. Physical interpretation of the nonlinear Brewster an-

gle.

PNLs(2 )
—~NLE T( )E T( ) (2)

P„(2~)and P " (2') can be obtained by cyclic permu-

tation of Eq. (2}.
The KDP crystal in the experiment has an orientation

such that the z (optic) axis which is in the [001] direction
lies in the plane of incidence. The incident fundamental
field is polarized perpendicular to the plane of incidence
and is the [110] direction with respect to the crystallo-
graphic axes of the KDP. PNLs(2'} will be along the
[001] direction and also is in the plane of incidence.

P, (2') given by Eq. (2) can be expressed in terms of
the amplitude Eo of the fundamental wave by

n&; (co) sinO;=n&; (2'}sinOR =n(co) sinOs

=n (2'�)sinOT .

The refractive indices without subscripts refer to the
KDP crystal.

The components of nonlinear source polarization
P (2') along the cubic axes of the nonlinear KDP
crystal are given in terms of the fundamental field com-
ponents at each point inside the crystal by

PNLs(2~) +NL~(PL@ )2 (3)

KDP

ROMONAPHTHA-

ENE

n ~rg rpp

K

2W

~ W

where g is a geometrical factor that depends on the orien-
tation of the fundamental field vector and nonlinear po-
larization component with respect to the crystallographic
cubic axes of the KDP. The linear Fresnel factor FT de-

scribes the change of amplitude of the fundamental wave

upon transmission at the crystal surface. If the laser po-
larization is perpendicular to the plane of incidence, FT is

given by

2 cosO,FL
cos8, +sinO, „(co ) cosOz

FIG. 1. Behavior of fundamental and second-harmonic waves
in the neighborhood of total reAection.

where 8„(co} is the critical angle of incidence of the fun-

damental beam.
The nonlinear polarization is the source of the three
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E (2~) 4~PNLsPNL (5)

harmonic waves. The electric field amplitudes of the
reflected harmonic wave are given by

where Fz is the nonlinear Fresnel factor.
For the case of nonlinear polarization, P " (2co) lying

in the plane of incidence, the nonlinear Fresnel factor
F~ », according to the BP theory is given by

sin8ssin 87 siil(a+8/+87 }

cs (2co) sin8ii sin(8z. +8' ) sin(8r+8s ) cos(8T —8ii )

where E' (2co)=n„q(2co). The angle a is the angle be-
tween the nonlinear polarization P (2co) in the plane of
incidence and the direction of the source vector k&, as
shown in Fig. 2. It is emphasized that this expression
remains valid in the case of total reflection [2,3,17].

The time-averaged second-harmonic power carried by
the harmonic beam is given by the product of the real
part of the Poynting vector and the cross-sectional area
A of the beam.

Iii(2co)= e~ (2co)~Eii(2co)~ Aii .
8m

(7)

The Iic(2co) in Eq. (7) is the intensity integrated over the
beam cross section, or power. This is the experimentally
observed quantity. In the remainder of this paper, inten-
sity and power will be used interchangeably in a similar
manner [3,6,17]. Aii in Eq. (7) is the cross-sectional area
of the beam and is given by

As = (dd' cos8ii ) lcos8, , (8)

where dd' is the area of the rectangular slit which defines
the size of the incident laser beam. By substitution of the
relevant expression into Eq. (7), we finally obtain

Iic(2co) =(c/8')ez ~Eo~ dd'(4m'&36 ) g

x IF/I" IPsN'I'cos8ii(cos8; } ' (9)

for the intensity of the reflected harmonic wave. The ex-
pression in (9} facilitates obtaining the theoretical curve
of intensity of the reflected harmonic wave for compar-
ison to the experimental data.

A uniaxial KDP crystal is employed for reflected
second-harmonic generation (SHG) at the phase-
matching condition by birefring ence. The phase-
matching angle 6 is determined by making the
birefringence ( n 0" n, ) eq—ual to the dispersion

(no no ) at th—e phase-matching angle 8; and n, "=no
at this condition. However, SHG may still be limited by
double refraction which is describable by an angle p be-
tween the Poynting vector of the extraordinary harmonic
wave and the ordinary fundamental wave. The angle p is
given by [20]

value of 8 can be obtained from the equation of the index
ellipsoid, given by

1 cos8 sin 8

[n "(8)] [n "] [n "(m/2)]

IIL EXPERIMENTAL TECHNIQUE

A. KDP crystal preparation

The nonlinear crystal used in the experiment was uni-

axial KDP with crystallographic cuts as indicated in Sec.
IV. The KDP crystal is transparent at the fundamental
and second-harmonic wavelengths. This allows an inves-

tigation in transmission. Furthermore, its linear index of
refraction is relatively low, and therefore total reflection
from it is possible via the optically denser linear Quid 1-
bromonaphthalene. Typical dimensions of the KDP
crystal used in the experiment were 15 X 25 X 8 mm . The
entrance and exit surfaces were polished optically Qat to
A, /5 at the D line of sodium light. The parallelism be-
tween the two opposite faces was better than 30" and
none of the surfaces were coated. The refractive indices
of the KDP crystal at the fundamental and second-
harmonic frequencies are

no =1.4943, no" =1.5130, n, "cir/2=1. 4708 .

The crystal was mounted on an aluminum holder
which was connected to an angular rotational device
mounted on a platform above the liquid cell. The varia-
tion of the angle of incidence 8; was performed by a rota-
tional device which has the axis of rotation tangential to
the incident surface of the crystal. The crystal could be
positioned with an accuracy of 0.01'.

B. Optically denser fluid

The KDP crystal was immersed in the optically denser
fluid 1-bromonaphthalene which has larger indices than
the crystal at both the frequencies co and 2'. The fluid is
transparent in the range of wavelengths 0.4—1.6 pm. The
indices of refraction of the fluid at the fundamental and
second-harmonic frequencies are

tanp =—,
' [n, "(8)]

1

[n, (n/2}] z sin28, (10}
1

[n 2' ]2 ni;q(co)= 1.6262 and n„. (2co)= 1.6701,

where 8 is the angle between the propagation vector of
the homogeneous second-harmonic beam and the optic
axis. Furthermore, determination of n, "(8) for a specific

respectively. From Eq. (1) we found that the critical an-
gles for total reflection are

8„(co)=66.78 and 8„(2co)=64.76' .
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Furthermore, the investigation by using 1-
bromonaphthalene which has a larger index of refraction
than the KDP crystal will enable us to perform phase-
matched second-harmonic generation at total reflection.
Under these conditions where P (2') in the [001]
direction makes a phase-matching angle 0 =41.2' with

respect to the surface of the KDP crystal, a nonlinear
Brewster angle was observed [6].

C. Optical arrangement

The laser used in the experiment was a standard Q-
switched mode-locked Nd:glass laser system with Brew-
ster cuts at both ends of the Nd:glass rod as shown in
Fig. 3. The fundamental beam was linearly polarized by
means of a Glann-Kappa prism. To ensure that the fun-
damental beam was polarized along the [110] direction
with respect to the crystallographic axes of KDP, a half-
wave plate was used to rotate the electric field of the fun-
damental beam from horizontal to vertical polarization.
The fundamental beam before entering the liquid cell was
regulated by a rectangular slit which was 1 X 5 mm . The
liquid cell had a hexagonal shape with six circular fixed
quartz windows. The detecting system for SHG from the
KDP crystal was mounted on an aluminum arm pivoted
underneath the liquid cell. The axis of rotation of the
arm was the same as the axis of the crystal rotation,
which was the linear tangent to the incident surface of
the KDP. The second-harmonic signal was isolated from
the fundamental by the standard spectral filtering tech-
nique as indicated in Fig. 3. A slit of 4X 10 mm situated
at 50 cm away from the liquid cell was used in the detect-
ing arm for separation of the reflected or transmitted
second-harmonic intensities from the reflected or
transmitted fundamental beam, respectively. Each data
point was normalized by the monitor intensity in order to
eliminate the e8'ect caused by laser intensity fluctuation
and the nonlinear optical process of second-harmonic
generation.

IV. EXPERIMENTAL RESULTS

The experimental results for the intensity of the
reflected second-harmonic beam are presented for several
cases of KDP with difFerent orientations of P (2').

A. Non-phase-matching second-harmonic generation

at total reflection

4
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A KDP crystal of dimensions 25X15X8 mm, where

the entrance surface for the fundamental beam was

25X15 mm, was used in this experiment. The face nor-
mal to the entrance surface was along the optic axis
which is the [001] direction and parallels P (2~) as in-

dicated in Fig. 4. The polarization of the fundamental
beam was along the [1TO] direction with respect to the
crystallographic axes of the crystal. The reflected
second-harmonic intensity generated from the KDP crys-
tal immersed in 1-bromonaphthalene was observed as a
function of the angle of incidence 8, . The theoretical
curve was calculated from the expression

~F
~
|P ~

cosgz(cosg, )

of Eq. (9). The result of the experiment is shown in Fig.
4. The solid curve represents the result of the theoretical
calculation. The figure shows an excellent agreement be-

tween the experimental data and the result predicted by
BP theory. There are two cusps at 8„(co) and 8„(2co), re-

spectively. The theoretical curve reflects the influence of
the linear and nonlinear Fresnel factors given by Eqs. (4)
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FIG. 3. Experimental arrangement for measuring reflected
second-harmonic intensity (SHI). The symbols are defined as
follows: PM, photomultiplier; IF, interference filter; IR, in-

frared; ND, neutral density filter; and G. Glass, ground glass.
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FIG. 4. Reflected second-harmonic intensity (SHI) from a

KDP crystal of non-phase-matchable orientation in the neigh-

borhood of the critical angle for total reflection.
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and (6) when 8, approaches 8„(co) and 8„(2').
Nonanalytical singularities occur at 8, =8„(co) and

8, =8„(2'), respectively, as expected from BP theory.
The reason for the appearance of two cusps at critical an-
gles 8„(co) and 8„(2') is that at these critical angles the
value of cosOz and cosOT change from real to imaginary
values. This experimental feature was not clearly ob-
served in the earlier experiment [3] of this sort. We attri-
bute the success here to the fact that in our experiment a
mode-locked laser beam was used, and therefore mul-
timode effects in the nonlinear process are minimized [2].

The enhancement of the reflected second harmonic in-
tensity in the vicinity of the critical angles 8„(co) and
8,f(2'} arises mainly from two sources. First, the linear
Fresnel factor I' near the critical angle 8„(co) is larger
than it is away from this angle, by a factor of approxi-
mately 2. This gives an increase by a factor of 16 in the
reflected second-harmonic intensity Iz(2') in Eq. (9).
Second, the nonlinear Fresnel factor Fz &&, defined in Eq.
(6), is dominated in the vicinity of 8„(co) and 8„(2'}by
the term [sin(8s+8r }] ', and it is larger than that away
from these points by a factor of 3. Therefore, after all
factors are accounted for, the additional enhancement of
Ix(2'�}in the vicinity of the critical angles will be about
two orders of magnitude, as indicated in Fig. 4.

It is interesting to consider the limiting case when
8„(co) and 8„(2') coalesce into a single value [7]. Un-
der this condition, the wave vectors Kz and KT will

propagate along the same direction, i.e., along the crystal
surface, because of total internal reflection. Since the
crystal was cut with the phase-matching direction along
the crystal surface, the two critical angles 8„(co) and
8„(2') merged into one and the additional enhancement
of Iz (2') occurred as a result of phase matching, as indi-
cated in Fig. 5 [7]. One can consider the curve shown in
Fig. 5 as a limiting case of that of Fig. 4. When the
phase-matching condition at total reflection prevailed,
the two cusps in Fig. 4 collapsed into a single maximum
peak of Ix (2') at 8„(co).
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FIG. 5. Reflected second-harmonic intensity (SHI) from a
KDP crystal with phase matching at total reflection [7].

B. "Walk-oF effect in phase-matched second-harmonic
generation at total reflection

Phase-matched SHG at total reflection using KDP has
been demonstrated [7]. In our case, a KDP crystal with
the orientation indicated in Fig. 5 was employed but the
P (2'�}is now rotated 180' about the crystal face nor-
mal. The situation is shown in Fig. 6. It was anticipated
that the phase-matched SHG from the KDP crystal
which has P "(2') oriented as indicated in Fig. 6 will
yield the same result as that of Fig. 5. However, the ex-
perimental data shown in Fig. 6 indicate that this is not
the case. According to the KDP crystallographic cut the
value of Fz» in Eq. (6) tends to go to infinity when
8;=8„(co), which leads to 8+=8@=n./2, where the
phase-matching condition prevails. From the experimen-
tal result in Fig. 6, the I~ (2') increased by about two or-
ders of magnitude when the angle of incidence ap-
proached the critical angle 8„(co}. The maximum of
Iz(2') occurred at the critical angle 8„(co) and in good
agreement with the prediction of BP theory. It is found
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FIG. 6. Reflected second-harmonic intensity (SHI) from a
KDP crystal (rotated 180 about the face normal} with phase
matching at total reflection.
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that the overall shape of I~ (2'�}in Fig. 6 is broader and
in addition the peak intensity is lower than that in Fig. 5

by about one order of magnitude. The difference of
I„(2') in the two cases can be understood by the fact
that the KDP crystal is a uniaxial crystal with an
angular-dependent extraordinary index of refraction. For
second-harmonic generation from a uniaxial crystal there
exists a "walk-off" effect, which will reduce the second-
harmonic generation inside the crystal [21]. The "walk-
off" effect refers to the phenomenon that the second har-
monic polarization and radiation waves become spatially
separated because of their finite beam size in a uniaxial
crystal. Inside the uniaxial crystal, for any given direc-
tion of phase-front propagation, the direction of energy
propagation (Poynting vector) is along the normal to the
normal (index) surface. For the case of an ordinary wave,
the propagation k vector and the Poynting vector are
parallel. However, for the extraordinary wave the Poynt-
ing vector deviates from the phase propagation direction
by an angle p, called the angle of double refraction. Its
expression is given by Eq. (10).

The index ellipsoids of both ordinary and extraordi-
nary indices of KDP for the phase-matching conditions
corresponding to the orientation of the KDP crystals
used in the experiment of Figs. 5 and 6 are depicted in
Fig. 7. The fundamental wave takes the index surface of
an ordinary ray and the homogeneous second harmonic
takes the index surface of an extraordinary ray. In Fig. 7,
the drawing indicates the conservation of the tangential
components of the K vectors. The vectors K' and K"
correspond to the geometries of KDP orientation used in
Figs. 5 and 6, respectively. At total reflection Kz=OA,
Ksb=OC. According to the normal (index} surfaces and
boundary conditions of the K vectors, Kz may take two
values, i.e., KT=K~=OA or KT=OB. However, the
former situation of KT=OA would give a ray velocity
propagating out of the nonlinear medium, i.e., the energy

propagates out of the medium. This is not a physically al-
lowed situation. Thus the only physically allowed situa-
tion is that of KT=08 for the case of KDP in Fig. 5
and KT=OC for the case of KDP in Fig. 6. The corre-
sponding incident wave vectors are K'; and K;, respec-
tively.

Furthermore, the angle y in Fig. 7 can be obtained
from Eq. (11) and

n, (41.2' —y) cosy=no . (12)

The angle y and consequently n, (41.2' —y) are found to
be

y=1.12',

n, "(41.2' —1.12') =n, "(40.08') = 1.4946 .
(13)

g —
p) = 1.12'—1.07'=0.05'

whereas the angle between the directions of energy prop-
agation of K& and KT corresponding to the orientation
of KDP in Fig. 6 is p2=1.08'. Thus, for the case of KDP
in Fig. 5, the polarization and radiation waves will have
greater overlap and hence a larger volume of interaction
which will lead to more intense reflected second-
harmonic intensity Ia(2') with a narrower peak than
that of Fig. 6.

The values of y=1. 12' and n, (40.08')=1.4946 corre-
spond to the case of KT =08.

For the case of KT =OC, the angle y=O and n, (8)
takes the value n, (41.2')=no =1.4943. By substitution
of n, (40.08')=1.4946 and n, (41.2')=1.4943 into Eq.
(10), the angles p& and pz are found to be

p& =1.07' and p2=1.08',

respectively. Therefore, the angle between the directions
of energy propagation of K& and KT corresponding to
the orientation of KDP in Fig. 5 is

I

1

I

I

I

I

OP TIC AX1S

FIG. 7. Geometrical construction to demonstrate the effect
of turning a KDP crystal by 180' (about the face normal) on the
determination of a physically allowed solution for the K vectors
of harmonic waves in a nonlinear medium.

C. Nonlinear Brewster angle

According to BP theory, a nonlinear Brewster angle is
predicted for second-harmonic generation from a non-
linear medium. The nature of a nonlinear Brewster angle
is considered as a counterpart to the Brewster angle in
the linear optical case. When the fundamental beam is
incident upon a nonlinear medium of a specific crystallo-
graphic orientation, the reflected second-harmonic inten-

sity Iz(2') vanishes at a particular angle of incidence
called the nonlinear Brewster angle. The origin and
physical interpretation of the nonlinear Brewster angle

[1] can be understood in terms of classical dipole radia-
tion. At the nonlinear Brewster angle, the fundamental
beam will create a nonlinear polarization P " (2') inside
the medium in the direction of propagation of the
reflected second-harmonic wave. According to classical
dipole radiation theory, there is no radiation in this direc-
tion. This nonradiative wave upon refraction back into
the linear medium would otherwise give rise to the
reflected second-harmonic wave in the direction of K".
The reilected second-harmonic intensity Iz(2') vanishes
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I~(2') =const X IcosHTP&"
—sinHTP& (14)

at the nonlinear Brewster angle when the nonlinear polar-
ization source P "(2'}lies in the plane of incidence.
Since the reflected second-harmonic intensity IIt (2e) de-
pends on the components of P (2') in the plane of in-
cidence, therefore, measurement of the nonlinear Brew-
ster angle, at which IIt (2') =0, will directly yield the ra-
tio of the components of P (2') in the plane of in-
cidence, which could be helpful in determining the rela-
tive signs of various components of the y' ' tensor [19].
Hence measurement of the nonlinear Brewster angle
could be applicable as a "null" method, which is similar
to the work of Heinz, Tom, and Shen [22] for the precise
measurement of the nonlinear optical susceptibility ten-
sors.

It is interesting to point out that if the orientation of
the KDP crystal as indicated in Fig. 6 is employed for
studying the reflected second-harmonic intensity I„(2or)

for the range 20'~8, &50', one can obtain a dip of
I„(2') at 8, =42.83', which corresponds to the non-
linear Brewster angle of KDP that was observed experi-
mentally [6] as shown in Fig. 8. Furthermore, by using
the same crystallographic cut as indicated in Fig. 6 for
ADP, the nonlinear Brewster angle of an ADP crystal
has been theoretically predicted to be 8, =43.32' [18].

It is worthwhile to point out that the prediction of a
nonlinear Brewster angle in this work by using BP theory
[1] is in good agreement with the prediction made by
Dick et al. [19]. According to their paper, the reflected
second-harmonic intensity generated from the nonlinear
polarization P " (2') in the plane of incidence is IP (2'�}.
I~ (2&0) contains some vital terms in Fz

~~

of BP theory as
given in Eq. (6). From Dick et al. [19], II", (2') can be
written as

By substituting Eq. (15) into (14), the expression for
I~ (2') is reduced to

Iz(2co)=constX IP~~ sin(a+Hs+HT)I (16)

where 8&, HT, 8„, a, and P~~" are defined in the same
manner as in BP theory [1] as indicated in Fig. 2. There-
fore Eq. (16), derived from the work of Dick et al. con-
tains the same vital term sin(a+Hs+HT) in the expres-
sion for Fa

~~

in Eq. (16}. The condition for the nonlinear
Brewster angle given by [1,6,18,19] is

Fa
~~

=0 or IP(2ro)=0

which leads to

sin(a+ 8++ 8T )=0, or a+ Hs+HT =0,m . (17)

Therefore the ratio P& /P&
"s can be obtained from Eq.

(14). For the case of KDP having a crystallographic cut
as indicated in Fig. 6 and the nonlinear Brewster angle
experimentally observed [6], one can consider the crystal
orientation as indicated in Fig. 9 with the polarization of
the fundamental beam in the [110]direction perpendicu-
lar to the plane of incidence. In this particular situation
the crystallographic axes system (X, Y,Z) and the surface
axes system (g, rI, g) are related through

linear medium, PN&Ls is the compone t. of PII
~s in the

direction normal to the surface of the nonlinear medium,
and PII is the nonlinear polarization lying in the plane
of incidence.

The relationship of P& and P& with PII accord-
ing to Fig. 2 can be written as

pNLs —pNLS sin(~+ 8 ) pNI s —pNLs cos(&+ 8 )
II S

(15)

where, according to Fig. 2, P& is the component of
PII in the direction parallel to the surface of the non- sing

—1
1

1
2

cosip cos((p

sin —&2 cosy X
0 Y

&2 sing

(18)
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Therefore, the nonlinear polarization components in the
surface axes P& and P& are related to Px, P~, and Pz
through

E;

[110]

—~ [001]~NLS
P

optic axis
IO

20 40 50 60
ANGLE 0F INCIDENCE

70

[110j

KDP crystal

FIG. 8. Reflected second-harmonic intensity from KDP. The
nonlinear Brewster angle of KDP crystal is first demonstrated
at HN'=42. 83 [6].

FICx. 9 geometry indicating the crystallographic axes
(X, Y,Z) and the surface axes (g, r), g).
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1
P~ = —(P~+P„)sing P—z cosy,

2

1
P&= —(Pr +P„)cosp+Pz sing .

2

(19)

(20)

eralized Snell's law in Eq. (1), one obtains OT=48. 8.
Therefore the angle

(HT+p) =(48.8'+41.2') =90' .

Since the polarization of the fundamental beam is in the
[110]direction, the nonlinear polarization P (2'�)is

Pz(2'�)=2X36EXE& and P& =Pr =0 .

Therefore, from Eqs. (19) and (20) the ratio of P~/P& is
given by

P(/P~ =tang .

At the nonlinear Brewster angle, where If (2')=0, the
ratio of P& /P& can be obtained from Eq. (14) as

Pr" /P ( =cotHT . (22)

For the KDP crystal used in this work, as indicated in
Fig. 6, the nonlinear Brewster angle occurred at
I9; =42.83' which has a corresponding OT. Via the gen-

Thus from Eq. (22) one obtains

P /P " =cot8 =tang&

leading to the ratio P&" /P& =0.8574.

V. CONCLUSION

In conclusion, second-harmonic generation was experi-
mentally observed under the conditions of non-phase-
matching and phase matching at total reAection. The ex-
perimental results verify the Bloembergen and Pershan
theory and theory of Dick et al. Furthermore, demon-
stration of utilization of the nonlinear Brewster angle
predicted by the BP theory may be applicable as a null
method for the precise measurement of the relative mag-
nitudes of nonlinear optical susceptibility components of
materials.
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