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An exact, closed-form solution is presented for the propagation characteristics of an intense, arbi-
trarily polarized optical beam in an isotropic medium which is subjected to a dc electric field. The
related phenomena of dc-electric-field-induced optical rectification and second-harmonic generation
are examined as well as the propagation characteristics of a weak beam in an isotropic medium in
the presence of both the intense optical and dc fields. One fundamental and noteworthy aspect of
the results presented here is that both the formalism and the resulting solutions for these third-order
nonlinear optical phenomena are given explicitly and entirely in terms of the set of real, observable
Stokes parameters rather than in terms of the electric field amplitudes and phases.

I. INTRODUCTION

The optical Kerr effect (OKE), first unambigously
predicted by Buckingham' prior to the advent of the laser,
was one of the earliest nonlinear optical phenomena to be
observed experimentally.>3 The OKE or nonlinear refrac-
tive index has since been and remains a topic of much in-
terest and study given its practical and important conse-
quences for laser propagation characteristics*~3 as well as
its use as the basis for a wide variety of applications.’

It is noteworthy that the very first OKE observations,
reported by Mayer and Gires’ and by Maker, Terhune,
and Savage,3 offered a clear delineation between two
characteristically distinct, almost dichotomous manifesta-
tions of the same effect. Thus, as demonstrated by the
former authors, propagating an intense, linearly polarized
optical pulse within an isotropic medium induces a transi-
tory birefringence which is formally and optically
equivalent to that of a (positive) uniaxial crystal with its
optic axis parallel to the polarization vector of the intense
“pump” beam. In such a configuration, which is literally
the optical electric field analog of the dc Kerr effect, an
arbitrarily polarized, weak “probe” beam will have the
orientation angle, shape, and handedness of its polariza-
tion ellipse altered by the optically induced birefringence.
However, as shown by Maker, Terhune, and Savage,3 an
elliptically polarized pump pulse propagating within an
isotropic medium induces a refractive-index change which
results in a continuous precession of the orientation angle
of the polarization ellipse while leaving its shape and
handedness (assuming no dichroism) unchanged.>® This
particular manifestation of the OKE is aptly referred to as
self-induced ellipse rotation (SIER). The form of the
refractive-index change induced by such an elliptically po-
larized pump beam does not, however, correspond to cir-
cular birefringence but rather, as will be shown in this pa-
per, to elliptical birefringence with the important conse-
quence that an arbitrarily polarized probe beam will, in
addition to reorientation, experience change in the shape
and handedness of its polarization ellipse. While the opti-
cal properties and their resulting effect on propagation
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characteristics have long been known and examined in de-
tail®>1%=12 for each of these morphisms of the OKE, the
more general case of simultaneous dc and optical Kerr ef-
fects has hitherto gone unsolved.

This paper presents a closed-form solution for the prop-
agation characteristics of an arbitrarily polarized, intense
optical beam within a nonabsorbing isotropic medium
subjected to an arbitrary dc electric field. This solution is
both general in that no restrictions are placed upon the
relative strengths of the dc and optical fields as well as ex-
act insofar as the resulting set of coupled, nonlinear equa-
tions describing the phenomenon are solved completely in
terms of known transcendental functions. This general re-
sult, which contains those for SIER, the linearly polarized
OKE, and the dc Kerr effect as special cases, reveals an
intimate and somewhat surprising coupling between the
diverse propagation characteristics of these individual
nonlinear optical phenomena.

Given the sparseness of exact, closed-form solutions to
general problems in the field of nonlinear optics, the mere
finding of this solution is in itself noteworthy. There is,
however, an ulterior motivation for possessing such a
solution which further enhances its value. It is a well-
established'3~!¢ fact that, in media which have a center-
of-inversion symmetry and, in particular, non-optically-
active isotropic media, the (electric dipole) second-order
nonlinear susceptibility tensor is identically zero with the
consequence that phenomena such as second-harmonic
generation and optical rectification are normally forbid-
den!” in such media. The application of a dc electric field,
however, removes the center-of-inversion symmetry and
thus gives rise to a number of dc-electric-field-induced
nonlinear optical phenomena, the principal and most in-
vestigated of these being the phenomena of dc-induced op-
tical rectification'®~?? (DCIOR) and dc-induced second-
harmonic generation?’! =28 (DCISHG). The necessary and
basic prerequisite to obtaining general, exact solutions
describing these effects is precisely that solution which is
the subject of this paper. The equations describing
DCIOR and DCISHG in isotropic media will be formu-
lated and the nature of their solutions will be discussed
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with particular reference to previous experimental obser-
vations of these phenomena.

Section II deals solely with the formulation of the
relevant equations which govern the propagation of an in-
tense optical beam in an isotropic medium subjected to a
dc field as well as the related equations for DCIOR and
DCISHG. An essential and important feature of this
development is that the final set of nonlinear differential
equations are formulated not in terms of electric field am-
plitudes but rather in terms of a set of real, directly ob-
servable variables.” Among the various candidates for such
a set, the particular variables adopted in the present work
are the familiar Stokes parameters. Section III presents
the solution for the propagation characteristics of an in-
tense optical wave in an isotropic medium subjected to a
dc field in the case where the nonlinear susceptibility ten-
sor components are strictly real. Several specific examples
are illustrated and the nature of the solutions is discussed
in some detail. Section IV examines the propagation
characteristics of a probe beam in the presence of the in-
tense optical field as well as the phenomena of DCIOR
and DCISHG. Section V concludes with a discussion of
the broader significance and implications of the solutions
presented here to other nonlinear optical studies and in
particular to the role played by the mathematical eigen-
functions described succinctly in Sec. III.

II. GENERAL FORMALISM

A. Fields and the nonlinear wave equation

The Kerr cell and coordinate geometry is illustrated in
Fig. 1. A right-handed Cartesian coordinate system is de-
fined such that the optical beams propagate parallel to
and in the direction of the -+ z axis with the entrance and
exit faces of the cell lying in the z=0 and z =L planes,
respectively. The dc electric field is assumed to be uni-
form throughout the region 0 <z <L and, without loss of
generality, parallel to the x axis.

The real electric field within the cell, consisting of a dc
field, an intense pump beam of frequency w, and a weak
probe beam of frequency ', is expressed as

E(z,t)=E% +Re[E(w,2)explikz —iot)
+ﬁ(w’,z)exp(ik’z —io't)], (1)

where k =k (w)=n(w)w/c, E, is the dc field amplitude,
and where the Fourier spectral amplitudes E(w,z) and

FIG. 1. Kerr cell geometry.

E(w',z) [with |E(0',2)| << |E(w,z)|] are assumed to be
slowly varying with respect to the phase factors exp(ikz)
and exp(ik'z). Although only the z dependence is explicit-
ly expressed, it is permissible, within limitations,>*° to
assume an implicit, slowly varying x,y dependence for the
spectral amplitudes. The reality of the electric field re-
quires that the spectral amplitudes obey the condition
[ﬁ(w,z)]* =E(—w,2).

The nonlinear wave equation for the electric field in a
nonmagnetic dielectric in the absence of currents or free
charges is!>~ 1622

J = 2Tie

3z Elog,2)= n(w)c
where ﬁ“‘(wq,z) is the spectral amplitude of the nonlinear
polarization. In isotropic media, the dominant nonlineari-
ty is the third-order, electric dipole polarization given by
the expression!™ 16

Pl(ar,,2) , 2)

Pin](wq>Z)=DrstX§ikl(wq;wnws’wt )Ej(wr’z)

X Ex(wg,2)E(@,,2)e' 8% 3)
where
g =0, +0;+0; , @
Ak =k, +ks+k,—k, ,
and where the degeneracy factor D, is
Dy =6+45,,8,,05 —3(8,5+ 06, +85) (5)

with D, =6, 3, or 1 according to whether none, two, or
all three of the frequencies are equal, respectively. With
the inclusion of this factor, it is implicitly understood that
expansion of Eq. (3) is to include only distinct combina-
tions of ,, wy, and w, and not their permutations.

The third-order nonlinear susceptibility tensor
X3(w,;0,,05,0,) obeys a reality condition’®
q
- y
[X'! (wq;wr’ws’wt )]* =X'3’k1( _wq; — @y, — Wy, ‘—mt) (6)
13—16,31,32

and possesses an intrinsic permutation symmetry
which states that its value is invariant under the 3! per-
mutations of the pairs jo,, ko,, and lo, (this symmetry
may be extended to the 4! permutations which include the
pair iw, if and only if none of the four frequencies coin-
cides with a resonant frequency of the medium). In addi-
tion, the susceptibility tensor must conform to the spatial
symmetries of the medium it describes. Lists of the
nonzero and independent elements for tensor orders 1 to 3
in all crystallographic groups have been tabulated by
Butcher,! Kielich,*® and Flytzanis.3! In isotropic media,
there are 21 nonzero elements of X; of which only three
are independent. Degeneracy in the frequencies will fur-
ther reduce the number of independent elements to two in
the case of self-induced phenomena (0w, =w; = —w,) and
to one for the completely degenerate case of third-
harmonic generation (0, =w; =w,). Detailed descriptions
of the third-order nonlinear susceptibility tensor which,
within a classical framework, delineate the nuclear and
electronic contributions to X; have been given by Flyt-
zanis,! Hellwarth,> Owyoung,’? and by Kasprowicz-
Kielich and Kielich.*



1946

B. Polarization and the Stokes parameters
The transversely polarized, complex Fourier spectral
amplitude at o is expressed as
E,,(0,2)=A4, ,(0,2)exp[i€, (0,2)] , (7

where the functions 4,, 4,, €, and €, are strictly real and
where, with reference to Eq. (1), the phase angles are de-
fined positive with respect to kz —wt. The amplitude of

E(w,z) is defined as
A(@,2)=[ | Ex(0,2) |+ | Ey(0,2) |*]'
=[AXw,2)+4}(0,2)]' (8)

so that 4 (0,z) >0. When Ag=A4 (®,0) is >0, it is possible
to normalize the spectral amplitude components to their

values at z=0, i.e.,
E, ,(@,z)/Ag=a,,(o,z2)expli€, ,(®,2)] , %)

with a, and a, referred to as the normalized (dimension-

less) amplitudes.
An alternate representation for E(w,z), and the one

favored in the present work, is in terms of its normalized
right- and left-circularly polarized amplitudes® given by

E,(0,z)/Ay=a,(w,z)expli€, (w,2)]

=2—1/2[Ex(a),z)+iEy(w’Z)]/A0 ,

. (10)
E/w,z)/Ag=a)(w,z)expli€)(w,z)]
=27 [E,(w,2)—iE,(0,2)]/4, ,
with corresponding unit vectors®®
& =2""Ax—ip),
' 7 (an

é\I=2-—l/2(£+l'j)\)
so that
E(0,2)=Ey (0,28 +Ey (0,205 = E,(0,2)8, + E(0,2)¢} .
The normalized Stokes parameters of the optical wave
at frequency o are defined to be’’

so(m,z)zaf+a,3=a,2+a12 ,

2 2 :
51(w,z)=a; —a, =2a,a,cosd , (12)
s5(w,z)=2aya,cosy =2a,q;sind ,

2

s3(cu,z)=2axaysiny=a12—a, ,
]

KENNETH L. SALA 29

where
(0,2)=¢€,(0,z) —€;(w,2) ,
v g * (13)
8 w,z)=€,(w,z)—€;(w,z)
are the phase differences. Only three of the four Stokes
parameters are independent by virture of the identity>?
st=s?4s3+s5%. (14)

The polarization state, i.e., the shape, orientation, and
handedness of the polarization ellipse, is given uniquely
and simply in terms of the Stokes parameters. Thus the
polarization parameter defined as

Plw,z)=s3/59, —1<P<+1 (15)

is > 0 for right-handed elliptical, <O for left-handed ellip-
tical, =0 for linear polarization, and + 1 and —1 for
right- and left-handed circular, respectively. The ratio of
the semiminor axis to the semimajor axis is given by

b/a =tan(5sin~!|s3/s¢|), O<b/a<l. (16)

The angle of the ellipse major axis, measured positive
from the + x axis towards the -+ y axis, is specified by

SIE
IA
<p
IA
+
I

Hw,z)=+8(w,z)=5tan" (s, /s1), —

where the individual signs of s, and s, must be taken into
consideration in correctly evaluating the arctan function.

In the case where 4;=0, Eq. (12) is used to define the
unnormalized Stokes parameters Sy, S;, S,, and S; by
simply replacing all the normalized a¢ amplitudes with
their absolute 4 counterparts, noting that Eqgs. (14)—(17)
are valid for either set of parameters.

C. Propagation of the pump wave

The nonlinear polarization at @ is composed of self-
induced contributions via X3(w;w,w, —®) which, for the
present, is allowed to be complex valued, and dc-induced
contributions via X;3(@;w,0,0) which is assumed strictly
real. Expanding Eq. (3) with o, = results in

PMw,2)=6X3"(0;0,0, —0) | E(,2) | 2Ex(0,2)+ 3 00,0, —0)[E(0,2) PEX(0,2)

+[6X1 (0;0,0,0) 43X} X (0;0,0,0) | E3E, (0,2) ,

(18)

P;"(w,z) =6X1"(w;0,0, —0) | E(0,2) | ’E,(0,2)+ X122 (0,0, —0 )[E(w,z)]zE;(w,z)

+3X3"X(@;0,0,0 E3E, (0,2)

(19)

which in turn, using the relation [E(m,z)]z=2E,(co,z)E,(a),z), leads directly to the expression

Pl(@,2)=6X3"(w;0,0, —0)[ | E(0,2) | 2+ | E)(@,2) | 2]E,, [(@,2)

+ 63 (30,0, —0) | E(0,2) | 2E, (0,2) + 33X} (0;0,0,0)E2E, |(0,2)

+ 3124 w;0,0,0)E3[E,(0,2) + E)(0,2)] .

(20)
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Since the effect of DCIOR on the magnitude of E, is
negligible,?’ the value of E, is assumed constant in these
expressions. Note that alternate, equivalent expressxons
for X;(0;0,0,0) are poss1ble, e.g., 322 ®;0,0,0)

0 %%(0;0,000 and  X1%(0;0,0,0 )_xl 2 0;0,0,0).
Also note the degeneracy  X3'(w;0,0, —®)
=X} w;0,0, —0).

The first step towards obtaining differential equations
in terms of the Stokes parameters consists of substituting
Eq. (20) into Eq. (2) and then separating the results into
its real and imaginary parts for the amplitude and phase
functions defined by Eq. (10). This gives

ia,(cu,z): —Js(a?+al)a, —J afa, + +Roa;sing ,

dz
(21a)
d
Zal(w’2)= —Ji(a}+af)a;—J aka;— +Roa,sind ,
(21b)
4 8(w,2)=R,(aP—a?)+ 1
25 @)= af—al)++Ry(a}—a?)(cosd) /(a,a;) ,

(21c)

where the derivative is written as d/dz in place of the
strictly rigorous partial 9/9z (i.e., the frequency is treated
purely as a parameter). Although not needed in the im-
mediate case, the equation governing the sum of the
phases, o(w,z)=¢€,(w,z)+€(w,z), is also given at this
point (this result is used for the DCISHG equations).

d
25 7(@2)=Ro+Rs+(R, +2R;)a}+af)

3Ro(a?+af)(cosd) /(a,a) , 21d)

where, for notational brevity, the constants
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o= 12T Y1221 0,0)ER
n(w)c
R,= ’:%n'w Re [Xm‘ (0;0,0,—w)]43 ,
_ 1270 1212 2
R;= o R X3 (0;0,0, —®)]Ag ,
12 (22)
Ry=—"2 x§‘22< ©;0,0,0E3
n(w)c
Ji= lf'n'c)o Im [)(m1 (w; co,w,—cu)]A% s
=127 1 P 30,0, —0) 143
n(w)c

have been introduced with the R;’s denoting terms which
contain the real or real parts of the susceptibilities and the
J;’s incorporating the imaginary parts of X;(w;0,w, —co)
The dimensions of the R and J coefficients are (length) !

With Egs. (21) in hand, it is a straightforward task to
derive the final nonlinear differential equations expressed
in terms of the normalized Stokes parameters of Eq. (12).
They are

%so(w,z)z —(J +2J3)s3+J153 (23a)
%Sl(&),Z):‘—(.’]—*—ZJ:;)S()SI—R1S2S3 , (23b)
dd_zS2((D,Z)=—(J1+2J3)SQSZ+ROS3 +R 15183 » (23¢c)
d
—s3(w,z)=—2J35053—Rgs; . (234)
dz

The detailed solution to this set of nonlinear equations in
the case of strictly real X;(w;w,0,—o) is dealt with in
Sec. III. It is both significant and encouraging that the
transformation of the nonlinear equations from depen-
dence on field amplitudes and phases to dependence on
the Stokes parameters is in fact a complete transforma-
tion.

D. Propagation of the probe wave

The nonlinear polarization at the probe frequency o’ is given by

(w ,2)=3(2—8,, X w00, —0) Iﬁ(w,z) | 2E,,,(co',z)

+3(2—8,, X} 0";0",0, —0)[E(w
+3(2—8,, X} (00,0, —o)[E(w

+3X3'(0';0',0,0)E3E, (',2) + 33X (0";0",0,0)EF[ E, (e

The equations governing the propagation of the wave at
frequency o’ are derived in a manner exactly parallel to
that outlined above for the case of the pump wave. The
final result takes the form

At LI Ty 42055050 +

. ST —J5)s3s5

— ST T s8] +5252) (25a)

',Z)'E*(w,z)]E,,l(a),z)
',Z)‘E(a),Z)]EZ‘,(a),z)

z2)+E|0',2)] . (24)
[
:Jd;s; LTy 2T 508t — ST 4055156
—2(R{+RY%)sys5 —~(RY =R} )s3s5 , (25b)
d

5= T T +2T5)s055 — (T +JT5)5256

+Ros3 +5(Ry+R5)s 155 ++(RT —R3)sast
(25¢)
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g—sg LTy 27505085 + (TG — T3 )s3sh
z

—Rsh —5(Ry+R3)(s 155 —s281) 5 (25d)
where s; =s;(’,z) and where the constants R/ and J; are

=£7-77"’—X§22’(m';w',o,0)153 )
n(w')c

= 12”?) (2—Swwr)Re[X§221(w';w’,w,—co)]A(z) )
n(o')c

=
il

=

_ 1277'fo' (2_Sww’)Re[nglz(w:;ml,w’_w)]Ag ,
n(w')c

W~

(26)

Iy =279 (5o Im[X 2N (05000, —0) 43
n(o')e
J
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Ty =279 () 8o Im[X 22000, — )14
n(o')e

, 127e’ 1122, 4. 2
= 2—8,,)1 s — .
Js n(0)e ( 0o ) IM[X3 ““(0';0,0, —0)]A§
The degeneracy term (2—3§,,,) is included in these defini-
tions to ensure that Egs. (25) reduce to Egs. (23) in the

limit of o' =w.

E. dc-induced second-harmonic generation

The normally forbidden phenomenon of second-
harmonic generation in an isotropic medium is made pos-
sible by the presence of the dc electric field and the non-
linear susceptibility X;(2w;0,0,w). The circular com-
ponents of the nonlinear polarization at 2w are given by

e ~Akprl (20,2) =21/23X1172(2;0,0,0)E E, (0,2)E)(0,2) + 223X 1721 (20;0,0,0)E E,, |(0,2) E,(@,2) + E)(0,2)] ,

rl

where

Ak =Q2w/c)[n(w)—n(20)] .

(27)

(28)

Taking X3(2w;0,w,w) to be strictly real and ignoring pump depletion, the nonlinear wave equation (2) at the second-
harmonic frequency 2w, when separated into its real and imaginary parts, leads to

5;— {4,(2w,2)cos[€,(20,2)]} = — F, (z) = — Vya sin(0 + 8+ Akz)— (Vy + V, )a,a;sin(o + Akz) , (29a)
% {4,(2w,2)sin[€,(2w,2)]} =F,(z) =V a}cos(o +8+ Akz) + (V| + V;)a,a;cos(o + Akz) , (29b)
gz— {A4;(20,z)cos[€(2w,2)]} = — F3(z)= —V afsin(oc—8+ Akz)—(V+V,)a,a;sin(o + Akz) , (29¢)
% {4;,(2w,2)sin[€)(2w,2)]} =F4(z) =V afcos(o — 8+ Akz)+ (Vy + V,)a,a;co8(o + Akz) , (29d)
where
r
172 1 pL
lleﬁrg)(%zz‘(Zw;O,w,w)EoAg, Vdc=3LEOA(2)g (X%11]+X§122)__ f SodZ

n(2w)c (30) L Yo

21/2121Ta) 1122 . 2 L
V2=~————n(2w)c X3 “(20;0,0,0)EqAj . +(X§1“——X§122)—I-1J— fo sidz|, (2

In principal, Egs. (29) may be integrated to give 4, ;(2w,z)
and €, ;(2w,z) once the Stokes parameters as functions of z
and hence the functions F,—F, are known.

F. dc-induced optical rectification

The intense optical wave at @ induces a dc polarization
through X;(0;,0,0, —w), here assumed strictly real, for

which the component parallel to EO is given by
P0,2)=6[X5*"(0;0,0, — )+ X1221(0;0,0, — )]
X EoEy (0,2)Ex (0,2)+6X3'2(0;0,0, — )
XEo | E@,2)]2. (3D

Since the beam at @ is a cw source, the observed dc volt-
age resulting from this polarization is proportional to the
integral of Eq. (31), i.e.,

where g is factor dependent upon the cell and beam
geometry.!>18-20

III. EXACT RESULTS FOR REAL Y;3(0;0,0, —®)
A. General solution

For a medium transparent at frequencies @ and 2w,
then X;3(w;w,w,—w) is strictly real (J;=J;=0) whence
so(w,z) is constant and =1. Equations (23) simplify to

d

—(-Esl(w,z)z—Rlszh , (33a)
d

7S2(&),Z)=R1S1S3 +ROS3 N (33b)
2

d

—s3(@,z2)=—Rys, , (33¢)

dz
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with
s34si4si=1. (34)

An immediate consequence of Egs. (33a) and (33c) is the
identity

—d—(2Ros1 —R;s3)=0, (35a)
dz

that is,
2Ro(s;—s10)=R;(s3—s5%) , (35b

where s; denotes s;(w,0). Together, Egs. (34) and (35) re-
veal that only one of the three Stokes parameters of Eq.
(33) is independent. The following will work specifically
with s; although an exactly similar procedure would be
followed for either s, or s,.

Squaring Eq. (33c) and invoking Eqgs. (34) and (35) to
eliminate s; and s, leads to the first-order, second-degree
nonlinear equation

2
%h =—Bs{—By,s3+B;, (36)
where
B,=+R%,
B,=R3+R(Rosjo—+R15%) , (37)

By=R§—(Rosjo—3R153)*.

The following properties of these B; coefficients are noted
as

B, >0, (38a)
B3+4B,B; >0, (38b)
B3 <0—>B2 <0 . (380)

The second-order, first-degree nonlinear differential equa-
tion for s; equivalent to Eq. (36) is
d—2S3=—2B1S§—st3 , (39)
dz?

which illustrates clearly that the essential nonlinearity is
that arising from the R term, i.e., the self-induced contri-
bution.

Factoring the right-hand side, Eq. (36) may be rewritten
as

:—Bl(sg—al)(sg—az) ’ (40)

dz
where the roots a, ; are
a1 ,=—(B,/2B,)*[(B,/2B)*+(B;/B)]'"*
=[r23)—2(14rs;5)]/r?
+2/r)[(147510)+7%53]'2 (41)

and where the dimensionless ratio r is defined to be
r=R,/R,

=[x w;0,0, —0)431/[X}* (0;0,0,0)E3] . (42)

It may be assumed, without loss of generality, that » >0
(this point is discussed in more detail in Sec. V). It fol-
lows from Eqgs. (38) that both a; and a, are strictly real
and that 0<a; <1 for all » >0. When s3>0, then a; has
no local extremum but simply increases or decreases
monotonically from a;(r=0)=1—s%; to a;(r = )=s3.

If 5,9 <0, however, then a;=1 when r = —2s5,0/(1—5%))
for s3051. The behavior of «, is somewhat simpler with
ay)(r=0)=— o0, ay(r=c)=s%, and da,/dr>0 for all

r>0. Thus a, is a strictly monotonically increasing func-
tion of » which changes its sign at r=2(1 + 5,0)/s%, when
5307#0. One specific case which merits special attention is
that of 5,9 =0 for which (a) s,90=0, 5;0>0

=53 , (43)
=53 —41+rsyy)/r?,
and (b) s,9=0, 510 <0
a1=s§0 >
ay=s3—4(1+rsip)/r% r<—1/sy

5 (44)
a;=s3—4(1 +rs10)/r2 R

2
ay=s%, r>—1/s19

noting in particular the “flip-flop” behavior of a;, when
S10< 0.

The solution for s;, which follows directly upon in-
tegration of Eq. (40) and the subsequent inversion of the
resulting elliptic integral,>® takes the form of the Jacobian
elliptic function®*~*! cn [the sn solution is ruled out by
the condition (38a)]. Specifically, the result is found to be

rs3(w,z)=2pkf cn(fRyz +c;m) , (45)
where

F=[1+rs10)* 475514, (46)

m=a;/(a;—ay) =75 +(r*—1—f*)/4f%,
and

—Re[K(m)]<c < +Re[K(m)], (47)
with K(m) denoting the Jacobian quarter-period,

k=m!"?, p=+1=sgn(sy), and with the sign function
defined as sgn(x)=1 for x >0 and sgn(x)= —1 for x <O0.
As points of notation, note that the Jacobian elliptic func-
tions and periods are here expressed as dependent upon
the Jacobian parameter m (many authors write this depen-
dence in terms of the modulus k = +m !/?). Secondly, al-
though deference to tradition requires that the symbol k
be used to represent both the wave number as well as the
Jacobian modulus, its meaning will always be clear by
context. The solutions for s; and s, follow immediately
from Eqgs. (35b) and (33c) and take the form

rsi(@,2)=f*[1—-2m sn*(fRoz +c;m)]—1 , (48)
rsy(0,2) =2pkf?sn(fRoz +c;m)dn(fR oz +c;m) (49)

so that the constant ¢ is given in terms of the initial condi-
tions according to
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cn(c;m)=r |s30| /2kf , (50)
sgn(c)=sgn(psy) .

The propagation characteristics of the optical beam de-
pend critically upon the Jacobian parameter m which in
turn is dependent on the initial values of the Stokes pa-
rameters and the ratio r according to

r2%,—2(147rs50)

1
m==5+ (51)
2 A[(14rs i) +r7s5]2
which, for small values of », may be expanded as
m=5(1=si)r’—3sp(1—sl—3sd)r’+--- . (52

It follows from the discussion above of the a;(r) and ay(r)
dependences that m >0 for all values of » >0. However,
values of m> 1 do occur and it is for this reason that Eq.
(47) stipulates the real part of the Jacobian quarter-period
K(m). These solutions as given are valid for all initial
conditions and values of » for which m is defined; the only
instance for which m is not defined is the special case
[from Eq. (44)] 549=0, s19 <0, r = —1/s5,¢ although, even
in this case, Egs. (45)—(50) yield the correct (trivial) solu-
tion by taking the limit as r approaches —1/s;5. The
variation of the parameter m with 7 is illustrated in Fig. 2
for five different initial polarization states. Note, in par-
ticular, examples 4 and 5 in this figure which illustrate the
two cases where s,0=0, Egs. (43) and (44), respectively;
the radically different m (r) dependences result from sim-
ply changing the sign of s (i.e., the initial polarization el-
lipse is rotated by 7/2).

It is possible to express the solutions for the Stokes pa-
rameters in a very concise form in terms of the
“Chebyshev-like (Jacobian) elliptic functions” (or CLEF)
con and son defined as
con;(x;m)=cos{j[am(x; ,

yrsm)=cost [ambx;m)]] j=0,+1,+2,... (53
son;(x;m)=sin{j[am(x;m)]} ,

where am(x ;m) is the Jacobian amplitude function.3®—4?

The CLEF constitute an eigenfunction sequence which is
complete and orthogonal on L% —2Re[K(m)],
2Re[K (m)]) but, unlike its degenerate (m=0) tri-
gonometric  counterpart  {cos(nx)sin(nx); n=0,*+1,

0 5

o r
FIG. 2. Jacobian parameter m as a function of the ratio r for
initial polarization states sy, §y, and s3 of (1) 0,0,1; (2)
0,0.28,0.96; (3) 0.2,0.2,0.9592; (4) 0.8,0,0.6; (5) —0.8,0,0.6.
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+2,...} does not exhibit geometrically decreasing har-
monic periods for its elements. In terms of the CLEF, the
solutions given above may be reexpressed compactly as

rsi(w,z)=f?cony((fRy/k)z +c;1/m)—1,
rsz(w,z)=pfzson2((fR0/k)z +c;l1/m), (54)
rs3(w,z)=2pkf con|(fRyz +c;m) .

The use of these functions amounts to much more than
simply a form of mathematical “shorthand.” Particular
elements of this CLEF sequence (j=0—3) have appeared
as solutions to problems in nonlinear optics (and, indeed,
in a number of other nonlinear studies) with the earliest
example being the general solutions reported by
Armstrong et al.’> In addition, degenerate cases of the
CLEF, most particularly when m=1, have also been “in-
voked” in several studies including those concerned pri-
marily with soliton solutions to propagation problems.*?
Such results lend corroboration to the underlying belief
that the CLEF defined in Eq. (53) may prove to play a
fundamental and important role in describing nonlinear
optical phenomena. A detailed description of these special
functions will be published separately.

The case of SIER only follows by allowing the parame-
ter r to approach oo, with the result

sl(w,z)=20,Oalocos(80—R13302) N
$7(@,z)=2a,¢a;081n(8g— R {$302) , (55)
S3((0,Z)=S30 s

indicating, as stated in the Introduction, that the polariza-
tion ellipse for w is rotated uniformly without distortion.
The case of the dc Kerr effect only follows in the limit
r=0, with the result

Sl(CO,Z)=Slo ’
s2(@,2)=2a,0ay0c08(yo+Roz) , (56)
s3(@,2) =2a,0ay0sin(yo+Roz) ,

revealing that, in general, the shape, handedness, and
orientation of the beam at w will be altered. A final spe-
cial case considered at this point treats 7 as arbitrary but
assumes that the incident beam is linearly polarized, i.e.,
530=0. For this particular initial condition, the solution

takes the form
s1(@,2) =519+ (rs3o/2f )sd*(fRoz;m) ,
$2(w,2)=s,9cd(fRoz;m)nd(fRyz;m) ,
s3(w,2)=—(s29/f)sd(fRoz;m) ,

noting that 0 <m < 1 when 53,=0.

(57)

B. Numerical examples

Propagation characteristics for various values of the ra-
tio r (with RoL=2w) are illustrated in Figs. 3—9 for a
pump beam with an initial polarization state s;5=0,
520=0.28, and 530=0.96 corresponding to a right-hand-
elliptically polarized wave having b /a=0.75 and an orien-
tation ¥ = + 7/4 (the variation of the Jacobian parameter
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T
/

N

+b/a

(b)
o z/L 1
FIG. 3. Stokes parameters and the polarization ellipse
descriptors as functions of z for the initial polarization state
510=0, 520=0.28, and 530=0.96. The dependence of m (r) for
this initial state is given by curve 2 in Fig. 2. In this figure, r=0
(dc Kerr effect only) and RyL =27.

m with the ratio r for this initial state is given as curve 2
in Fig. 2). Each figure shows the variation of the Stokes
parameters with the dimensionless distance z /L, as well as
the variation of the orientation angle of the polarization
ellipse (more correctly, the value shown is the normal-
ized angle 29/7) and the signed quantity +b/a
=(b /a)sgn(s3) describing both the shape and handedness

m=0.52

(a)

El

+b/a

(b)
[} z/L 1

FIG. 4. The same as Fig. 3 but with r=1.5 and R, =1.41.

-1

-1

+b/a,

(b)
(] z/L 1

FIG. 5. The same as Fig. 3 but with =3 and R, =0.41.

-

of the polarization ellipse. All solutions were calculated
from the set of coupled first-order differential equations
(33) using a Hamming modified predictor-corrector algo-
rithm and then independently verified in all cases by the
direct calculation of the Jacobian elliptic functions using
the method of the arithmetic-geometric mean.*"*> With
the exception of the special case where m=1 [for
r=2(1+s10)/s% when 530 or for r>1 when
s10=—1], all of the solutions are periodic and may be
conveniently divided into two classes according to whether
m<lorm>1.

1

(a)

El

tb/a

(b)
(4] z/L 1
FIG. 6. The same as Fig. 3 but with » =« (SIER only) and
R\L=27.

-1
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m=1.00

2

(a)

-1

tb/a

(b)
) z/L 1
FIG. 7. The same as Fig. 3 but with »=2(1 +s10)/s§o and
m=1.

Those solutions having 0<m < | may be qualitatively
interpreted as the “dc Kerr effect dominated” solutions in
that, in addition to a varying shape and orientation for the
polarization ellipse, the handedness will also vary between
right- and left-handed states. Furthermore, values of
m < 1 are generally (s39~0 is the exception) the result of
relatively small values of ». Figure 3 illustrates the case of
the dc Kerr effect only, r =m =0, which is described by
Egs. (56). A “period cell length” L(0) for the dc Kerr ef-
fect only is given by L(0)=2w/R,, i.e., a retardation of

1

(a)

thra

(b)
) Z/L 1

FIG. 8. The same as Fig. 3 but with =2.15 and R, =2.04.
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m=1.02

BN

tbra

(b)
"o Z/L 1

FIG. 9. The same as Fig. 3 but with #=2.20 and R, =0.95.

one wavelength. When O0<m <1, then L (m)=4K(m)/
(fRo) so that the ratio of these period cell lengths is

R,(m)=L(m)/L(0)=2K(m)/mf, 0<m <1. (58)

Generally, R, is > 1 when m < 1. Figure 4 illustrates the
propagation characteristics in the case where r=1.5 for
which m=0.52 and R, =1.14.

The solutions for which m > 1 may be qualitatively re-
ferred to as the “SIER dominated” solutions in that the
handedness is constant when m > 1. An example is illus-
trated in Fig. 5 for r=3 with m=1.70 and R, =0.41. The
expression for R,(m) when m > 1 becomes

R,(m)=L(m)/L(0)=K(1/m)/mkf, m>1. (59)

In the limit of SIER only, as described by Egs. (55), the
shape as well as the handedness are constants and the
orientation angle varies linearly with distance as illustrat-
ed in Fig. 6. In general, R, <1 when m > 1 and note, as
Egs. (54) indicate, that R, is effectively halved when
m > 1 (the cn function with m > 1 transforms>**! to the dn
function with a parameter < 1).

The special case of m=1 is of particular interest in that

the polarization state tends asymptotically to a final state

rather than varying periodically as in the cases where
ms£1. Figure 7 depicts this aperiodic case m=1 for the
same initial polarization state as the previous figures. The
final state in this example corresponds to an optical beam
linearly polarized and orthogonal to the dc electric field.
The solutions having m ~1 are also of particular in-
terest since very small changes in the value of r result in
pronounced differences in the propagation features. Fig-
ures 8 and 9 illustrate the solutions for values of r=2.15
and 2.20, respectively, with corresponding parameter
values of m=0.98 and 1.02. The solution ‘“switches”
from a dc Kerr effect dominated one with R,=2.04 to a



29 NONLINEAR REFRACTIVE-INDEX PHENOMENA IN ISOTROPIC. . . 1953

SIER dominated solution with R,=0.95 for a change in
the pump intensity (taking the dc field constant) of only
2.3%. Note that, in both cases, the polarization state is
approximately constant over a substantial fraction of the
cell length. .

All of the examples given thus far have shown the solu-
tions as functions of the distance z. It is also important to
consider the solutions as functions of r, i.e., to examine
the output polarization state at z =L as the beam intensity
is varied. This dependence is considerably more compli-
cated since, in Egs. (45)—(48), the argument and parame-
ter of the Jacobian elliptic functions as well as the multi-
plying factors in the solutions all depend upon the ratio 7.
To illustrate, Fig. 10 plots the Stokes parameters and the
polarization ellipse descriptors as functions of » for the
flip-flop case [Eq. (44)] of s;0=—0.8, s5=0, and
530=0.6. The corresponding variation of m (r) for this in-
itial state is shown by curve 5 in Fig. 2. Note in particular
the rapid changes which occur in the region
2(1 +S10)/S§0 <r< —l/Slo.

IV. PROBE-BEAM PROPAGATION
AND dc-INDUCED EFFECTS

A. Propagation of the probe beam

As Egs. (25) indicate, the general solution for the propa-
gation characteristics of the probe beam is considerably
more complex than that for the pump beam, even under
the assumption of a strictly real nonlinear susceptibility,
and will not be treated in the present work. However, the
effect on the probe due to the intense pump wave in the

(b)

W
AV
O

AN

b

-1

o ' 5

FIG. 10. Stokes parameters and the polarization ellipse
descriptors as functions of r for the initial polarization state
s10=—0.8, 52=0, and 53=0.6 (right-hand elliptical with
b/a =+ and 9=m/2). The dependence of m (r) for this initial
state is given by curve 5 in Fig. 2.

absence of a dc field is included within Egs. (25) and is
here briefly considered.

Taking the nonlinear susceptibility to be strictly real
(thus so=1) and E,=O0, the Egs. (25) describing the
Stokes parameters of the probe beam simplify to

d ’ ’ ’ ’ ’

_d251=“R+3253 —RTs3s3 ,

d ’ ’ ’ ’ ’

E;Sz =R +5153 +R_S3S1 ’ (60)
d ’ ’ ’ ’

“sz3=—R+(S1S2—S2S1) )

where R’, =+(R} +R%), R =5(R|{ —R}), and sy, 55,
and s; are the SIER solutions given by Egs. (55). By in-
troducing the new variables

wi =2a, aj cos(8’' —8)=s cosd+s3sind , (
61)
w) =2a, aj sin(8’' —8)=s55cosd —ssind

which are the “phase-relative Stokes parameters” analo-
gous to si and s3, Egs. (60) may be reexpressed in the
form

4 |R 98 |,

dZ 1= —930 dZ 2

d ’ ’ ’ ’ d8 ’
Ez‘w2=2R+aroaloss+ R_Sso—gz‘ wi , (62)
is’——2R’ a W)

223" +@rodioWs -

The shape and handedness of the probe polarization el-
lipse will be constants (i.e., polarization rotation only as
with SIER) if and only if ds3 /dz=0 for all values of z.
This will be the case if the pump beam is purely circularly
polarized with either a,( or a;o=0 (if the pump is linearly
polarized then sj is constant only if the probe is also
linearly polarized and either parallel or perpendicular to
the pump). However, for a pump beam which is strictly
elliptically polarized, the probe will, in general, experience
change in the shape and handedness as well as the orienta-
tion of its polarization ellipse, a consequence of the fact
that an elliptically polarized pump induces elliptical as op-
posed to circular birefringence. However, there exists two
eigenstates for the initial polarization of the probe® for
which it will propagate parallel to the pump and, like the
pump, experience pure ellipse rotation. These two eigen-
states are given by the relations

w12 =0,
’ ’ ’ ? (63)
2R’ a,0910530=(R1—R_)s3owio -
Note that although the pump induces elliptical

birefringence, the nature of this birefringence is very dif-
ferent from the normal situation of a passive, linear ellip-
tical retarder. In the case of SIER, the two elliptical
eigenpolarizations are not fixed but rather rotate uniform-
ly (Fig. 6) throughout the cell length. This is formally
equivalent to a passive elliptical retarder which is physi-



1954

cally twisted about its optic axis by an amount d¥ /dz per
unit length.

B. dc-induced second-harmonic generation
Denoting the integral of the functions F; of Egs. (29) as
z
fi)= [ Fi2)dz, i=1-4 (64)

then the intensity of the second-harmonic wave is given as
S3=4/20,2)+ 4] 20,2 =f1+f3+f3+fi. (65

Thus obtaining appreciable DCISHG requires that at least
one of the terms f; be large. However, since the value of
Ak will be considerable in most isotropic media, e.g.,
Ak ~—5120 cm™! in liquid CS, for a pump wavelength
of 1060 nm, all of the phase terms within the F; will be
rapidly varying so that the integrals f; will be ~0 unless
one or more of these phase terms can be made constant.
Using the expressions for d8/dz and do /dz given by Egs.
(21c) and (21d), one finds that it is not possible to make ei-
ther of the phases 0 +8+ Akz or 0 —8+ Akz constant ex-
cept in the trivial limit of r=0 (for which the coefficients
V, and ¥V, vanish). However, it is possible to make

d (0 + Akz)/dz vanish by satisfying the conditions
]

Vdc(¢)=6LEoAég X%122+(X§”1—X§122)COSZ¢+(X;“I—X;lzz)

Since the last term on the right-hand side of this equation
vanishes as r approaches 0, the first two terms constitute
the zero-order approximation by effectively treating so as
constant throughout the cell [i.e., the dc Kerr effect only
solution given by Egs. (56)]. Two important parameters
which were recently measured by Ward and Guha? are

V4o (0)— Vaolm/2) =6LEoA g (X3 —x3'%)
(68)

V4o(0)/Vao(m/2) =X /3122

Most significantly, these values are independent of the
value of m. However, in general, measurements of Vy.(¢)
for angles other than O or 7/2 must be interpreted with
the aid of Eq. (67) whenever m is non-negligible. For the
results reported by Ward and Guha,?® particularly since
the liquid used was nitrobenzene with its extremely large
dc Kerr coefficient, the value of r was almost certainly
~0 and their assumption of the zero-order approximation
accordingly correct. If r is small (and hence m is small
since s3p=0), then the last term in Eq. (67) may be ex-
panded in ascending orders of r with the first-order ap-
proximation taking the form

SR,L

<[],
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—2Ak =2R0+R1 +4R3 +2R4 >
(66)

2s10=r(s3—1) .

Although the DCISHG will be a maximum when these
two conditions are met, in practice they are disadvanta-
geous since they can be satisfied only for one particular
optical intensity. Ensuring that d (o + Akz)/dz=0 is sim-
ply the condition for achieving phase-matched DCISHG,
in this case principally by using a strong dc electric field
to largely cancel the dispersion Ak and by selecting the
polarization to exploit the combination of dc- and optical-
ly induced birefringence in the medium. This is not, how-
ever, the only possible approach to realizing efficient
DCISHG. Alternate approaches include that based upon
phase matching due to anomalous dispersion and/or suit-
able mixtures of different gases*** as well as the concept
of “periodic phase matching” using a sequence of dc elec-
trodes having alternate polarities.?”8

C. dc-induced optical rectification

Assuming an incident linearly polarized pump beam
which has the solution given by Egs. (57), and denoting
a, =cos¢ and a, =sing, then the induced dc voltage given
by Eq. (32) takes the form, using s;o=2cos’¢—1 and
S0 =sin(2¢),

r sin®(2¢)

4fR,Lf* (1—m)

cn®(x ;m)dx —sn(fRoL ;m)cd(fRoL ;m) ]] . (67)

I

Vae($)~6LEA3g | X312+ (X IM —x}12)cos%p

+ 303" —x112)r sin?(2¢)

sin(2R,L)
2RoL

(69)

V. DISCUSSION

In defining the ratio » in Eq. (42), it was stated that r
could be assumed >0 without loss of generality. Howev-
er, the reader familiar with the dc Kerr effect will be
aware that, in some media, the dc Kerr coefficient and
hence the denominator in Eq. (42) can be negative. This
would appear to demand that negative values of r be con-
sidered as well. A careful examination of the solutions
described by Egs. (45)—(50), however, reveals that the only
odd power of r which occurs is the first, and only then ei-
ther as rsio or a simple factor for each of the s;. Thus a
negative value of r yields exactly the same solution found
by using |7 | and negating the functions s, s,, and s3 (in-
cluding their initial values) so that, as stated, » may be
taken as positive with no loss of generality.

The principal thrust of this paper has been the formula-
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tion and the presentation of an exact, closed-form solution
describing the propagation characteristics of an intense,
arbitrarily polarized optical beam within a lossless, isotro-
pic medium subjected to a dc electric field. The nature of
the propagation, as illustrated in Figs. 3—10, is highly
diverse in character, exhibiting a mixture of those proper-
ties associated with the dc Kerr effect on one hand and
with the phenomenon of SIER on the other. The precise
form of the solution depends upon both the ratio  defined
in Eq. (42) as well as upon the initial state of polarization.
This general solution is the prerequisite for exact studies
of several related nonlinear optical effects and, in particu-
lar, the phenomena of dc-induced optical rectification and
second-harmonic generation as well as the nature of the
propagation of a weak probe beam have been described in
light of this solution, albeit in somewhat less detail than
that accorded to describing the propagation of the pump
beam. It should be noted and emphasized that the nature
of the pump propagation problem considered here and
hence of its solution has immediate applicability to other,
very similar propagation problems with a principal exam-
ple being that of pulse transmission in an optical fiber ex-
hibiting, e.g., strain-induced birefringence.

A basic and important feature of the analysis and re-
sulting solutions given in this paper has been the use of
the Stokes parameters as the fundamental variables rather
than, as is more customary, the complex electric field am-
plitudes. This approach in turn has led directly to the
concept of the Chebyshev-like elliptic functions con and
son defined succinctly in Sec. III in terms of which the
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solutions are expressible in a compact and logically or-
dered manner as particular members of this eigenfunction
sequence. While it cannot be expected that all other non-
linear optical phenomena will so readily admit exact solu-
tions merely by reformulating in terms of the Stokes pa-
rameters (or some other, equally suitable set of real, direct
observables), this approach is attractive in that, whenever
intractability forces the necessity for some degree of ap-
proximation, such approximations are applied directly to
final, real observables and not to inherently unobservable
electric field quantities from which one must then derive
the desired set of measurable parameters by quadrature
and/or algebraic manipulation. Furthermore, as men-
tioned briefly in Sec. III, there is some reason to suggest
that it may be possible, for certain classes of nonlinear
problems which appear unamenable to exact solution, to
arrive at accurate and compact analytic approximations
through the combination of formulating the problem en-
tirely in terms of some set of direct observables such as
the Stokes parameters and the use of the generalized Jaco-
bian functions of Eq. (53) as an eigenfunction basis in
terms of which the real solution is expressed either as a
generalized Fourier series or transform.
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