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In this paper we are concerned with the propagation of a light beam through an inhomogeneous,
isotropic medium with a possibly nonlinear index of refraction. The customary paraxial approximations
of neglecting grad div8 and seeking a plane-polarized solution are shown to be incompatible with the
exact Maxwell equations. By starting from Maxwell’s equations, and scaling transverse and longitudinal
distances by the beam waist w, and diffraction length I, respectively, an expansion procedure in powers
of wo/l is developed. The exact equations obeyed by the zeroth-order fields are not Maxwell’s equations
but the customary paraxial approximation to Maxwell’s equations. Equations for the first-, second-, and
third-order fields are developed. The first-order field is found to be a longitudinal field. It is solved for
explicitly in terms of the zeroth-order field which is transverse. Thus a precise knowledge of the meaning

and accuracy of paraxial wave optics is obtained.

I. INTRODUCTION

In the study of the propagation of light in an in-
homogeneous isotropic medium with variable (non-
linear) index of refraction' as well as in the study
of modes in spherical laser resonators,? several
approximations are made which lead to an appar-
ent paradox. The first assumption is that the elec-
tric field is plane polarized in the x direction, for
example. As we shall show below, it then follows
from the exact Maxwell equations that the electric
field must then be independent of the x coordinate.
Then a paraxial approximation is made and the re-
sulting equations are solved. Gaussian solutions
are found in the transverse direction in spite of
the fact that 88,/0x must be zero from the exact
equations.

In this paper we analyze the paraxial approxima-
tion in order to resolve this apparent paradox and
present a systematic procedure for obtaining cor-
rections when they are needed. The resulting
equations have been solved numerically in an am-
plifying medium to display the combined effects of
focusing (defocusing), gain, and diffraction.

These numerical results will be presented in a
separate paper. For simplicity we shall consider
only monochromatic waves of frequency w.

II. AN APPARENT PARADOX

The Maxwell equations for the complex fields
& and H for a monochromatic wave varying as
e~ are

curl =iwp, H, (2.1)
curlfi=-iwex g, (2.2)
11

dived =p, (2.3)

dvii=0, (2.4)
where

k=(e/€,)+i(0/we,) . (2.5)

This definition for k ensures that the right-hand
side of (2.2) includes conduction as well as dis-
placement current. Here € contains a linear (non-
resonant) contribution due i+ the host background
as well as a local nonlinear (resonant) contribu-
tion which has a real and imaginary part in gen-
eral. From (2.1) and (2.2), it follows that

curleurld = (w/c)?kg . (2.6)
From (2.2) or (2.6) it follows that
divig =0. 2.7)

If we look for a solution of (2.6) in which g
=[8,,0,0], it follows immediately from (2.1) that
4,=0. From (2.2), it follows then that 8H,/3x=0
and 8H,/8x=0. Thus §, must also be independent
of x. This is quite satisfactory for a plane-wave
solution of course. Under the present assumed
form of solution it follows that divg =0 so that
(2.6) reduces to the one-component wave equation

V28 x= —(w/c)?k§, . (2.8)

However, in the usual treatment of such prob-
lems, one assumes &, =8,(x, v, 2) so that div§
=88, /dx+0. Nevertheless, grad div§ is neglected.
For solutions propagating mainly in the z direc-
tion, the ansatz is next made that

8, =pet*e. (2.9)
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Then it is customary to make the approximation
that

8y l

0z |’

which is essentially a paraxial approximation. At
this stage, however, various authors':? appropri-
ately (as we shall show) forget that 8y/8x should
equal zero. They then write (2.8) as

%‘i—’\ «h (2.10)

) 2
v§¢+2ik(£>—k2zp=-<cﬂ) Ky, (2.11)
where
9% 92
V%..—Zw+ —3_3? . (2.12)

In the case of the empty spherical laser resonator
for which k=1 and w=ck, (2.11) is solved subject
to boundary conditions and the modes are found.
The lowest mode is Gaussian? in x and vy and not
independent of x as the starting approximations
suggest. Experimentally, the laser-oscillator
modes found in this apparently inconsistent way
agree extremely well with those predicted by this
theory.

We proceed to study the paraxial approximation
in an effort to resolve this paradox and present
a systematic procedure to obtain higher order
corrections when needed.

III. THE PARAXIAL APPROXIMATION

The assumptions discussed in the previous sec-
tion are discarded. We shall start afresh with the
full Maxwell equations and show how an appropri-
ate scaling of Maxwell’s equations leads in a na-
tural way to the usual approximations. The ad-
vantage of a systematic procedure, however, is
that we shall be expanding in terms of a small
parameter, and the corrections to the standard
paraxial results are readily obtained. The usual
discussion merely makes the uncontrolled approxi
mation of dropping grad divd and 82y/8 2% terms.

a - . - w 2
f3i(VT.FT)+1fVT'FT _fzv‘iz'F§=f2 <w -Eg> KFE’

where we have let

fT(FT,z)-.-F’T (-51 g) )
(3.10)
FS(Y‘T’ Z)"’F;(P, g) .
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Since we shall be interested in waves propagat-
ing mainly in the z direction, we write our field
as

g=gT+azngeikz(fT+aze); (31)

where &, is a unit vector in the z direction and 7
stands for the transverse part of the field. Also
we let

~ 0
V=VT+LZ£ 5;, (32)
where V7 is the transverse gradient. When we
use these in (2.6) we obtain for the transverse

and longitudinal components

- BF . -
Vr <VT ‘Fr+ —5—Z—z+szz> - V2 F,

-—BE;ZFZ—T -2k aaiT +12F, = <-‘C’-’—>2 K,
(3.3)
9 = - w¥
57 (Vo' Fr)+ikVyFr - Vi F,= <?> KF,.
(3.4)

If we are considering Gaussian-like beams, then
there is some characteristic width w, in the trans-
verse dimension. For such a beam, there is also
a diffraction length

I =kw?=2mw%/x (3.5)

which is a characteristic length in the longitudinal
direction associated naturally with such a beam.
Accordingly, we proceed to scale (3.3) and (3.4)
and let

X=wek, y=wen; 2=1¢. (3.6)

Since it is anticipated that for all problems of
interest w,<< I, we shall let
S 1
Y l kw, "

When we use (3.6) and (3.7) in (3.3) and (3.4) we
obtain with no approximations as yet

(3.7

. 2 )
~2ir 3= s (020 k- g (3.8)
(3.9)

Also
v,=a, ;’—g+ay:—n (3.11)

where &, and a, are unit vectors in the x and y
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directions.

Before we can proceed to make the paraxial ap-
proximation, we must know the size of the non-
linear part of k. Let us consider the case of a
homogeneously broadened laser amplifier medium
in which we let 0 =0.

The dielectric response of a medium with n
atoms per unit volume, and a homogeneous line-
width v,, can be written®

= ’ ”
K=Kp +Kyp +KnL

(@ - )V, (Cg/w)]
1+92%2+1

= kg, + [Vig (cg/w)m(w, | F|?), (3.12)

where Q =(w — wg)/Ya, Ky is the background lin-
ear dielectric constant (assumed real), g is the
on-resonance small signal gain per meter, and
I=|F|2/F? is the field intensity in units of the
saturation intensity. The gain g should be taken
from experiment. In our calculation the gain is
defined by

=Kp +

np?D,w

w K" (w= w,,,,,F O)
T Vg Bya€c’

g:—

p . (3.13)

where D, is the unsaturated population inversion
(called ¢ by Lamb®), = is the concentration of ac-
tive atoms

A _ X

D,= s
e Ya e

(3.14)
where 2, and A, are the pump rates (per atom)
into the upper and lower states, respectively, y,
and y, are the corresponding decay rates (due to
spontaneous emission), wg =w, —w, is the atomic
frequency difference and vy, is the associated
homogeneous broadening linewidth. In the above
equation p is the transition atomic dipole moment
and F, =hy,/p is the saturation electric field. We
also choose

P =(w/cf Ky . (3.15)
For this model (3.8) and (3.9) reduce to

(fV -F, +f2—5+ zF)

-2if ——1 = (fglm) F,
(3.16)

P o B+ if 9 F =292 Fo=[L+ (g m)]

_fvz _f3

(3.17)

We note that f2gl=g/k =the gain in a distance &~*
is always small even when g/>1. Thus we can
always obtain a consistent solution* if we expand
the field in powers of f. Only alternate powers

are found necessary:

Fo=FO4 f2F® e
(3.18)
Fy=fFP+f3F® 4o

That F, has no zero-order term follows from
(3.17). Before equating various powers of f in
(3.16) and (3.17), we must take into account the
fact that 7 is a function of | F|2 and it must be
expanded in powers of f/. When we use (3.18);
then from (3.17) it follows for terms of order f
that

F=iv -FO, (3.19)

while from (3.17), the lowest-order nonvanishing
terms are

- oF (© -
v$F$°>+zi< ﬁ; >=_(gz)mopi°>, (3.20)
where
- Q-1
my=m(| F°|?)= T2+ (0°F (3.21)

is the form appropriate to homogeneous broaden-
ing.

We have thus resolved the paradox, since tolowest
order the field is purely transverse and may de-
pend on the transverse coordinate. However, in
next order a small longitudinal component of the
field must be present and its size depends on
(w,/1) =f. Furthermore, we have a procedure to
obtain the next-order correction to the transverse
components.

When we use (3.19), the terms of order f3 in
(3.16) and (3.17) become, respectively,

- 2]
v, [VT-FS’ +i§(vT-F$°’)+iFg3’}

82‘F’(0) F(z)
-2
3g? ke

-VEF = (ghm F P+ m,F )
0 2

(3.22)

and
9 - . . -
o (Y F i) +iv B2 ivi(v, - FL9)

=P +(ghmi 9, - F(,  (3.23)

where m, is the term of order f? in the expansion
of m. If we solve (3.23) for F(gs) and substitute
into (3.22) and use (3.20), we obtain

-

F(z) 2‘1.’« (0)
V2F{2) y2i—1— Z

+glm,F @ = —(ghm,F O — g

(3.24)



1368

while
. - SF(O)
F§;3’:sz-F£2>_v,-< ag )
. - ‘aF(l)
=iV, F& 44 35 (3.25)

Equation (3.24) shows that if gl< 1, then our
original expansion parameter f2=@w,/l)* is de-
scriptive of the ratio of 8/8 =f2F(2)/F (o),
When gl>1, our theory remains valid, but the
presence of a factor gl on the right-hand side
shows that 8%7/8\9~ f2gl=g/k. Since g/k is the
gain in a distance A/27, this ratio is always small,
and our theory is clearly still valid even if gl>1.

The ratio of 821)/8({’) is of order f=(kw,)”! re-
gardless of the size of gl. By (3.25) we see that
83 /889 ~ f351~ f(g/k) since 82 is of order
2189 . We therefore see that 82 is completely
negligible regardless of the size of gl.

In our original unscaled variables, (3.18) and
(3.17) yield in the two lowest orders

"(o)
__g\/z;( )mop ©,  (3.26)

(3.27)

V2ZFQ +2ik

RF® =z‘vT-f<;” .

For numerical calculations, as usual, the scaled
version seems generally preferable. (Note that
FY=fFP)

One surprising result is that the longitudinal
component of the field is out of phase with the
transverse components.

IV. RAY EQUATIONS

With no loss of generality we may look for plane
polarized solutions of (3.20) of the form®

FO =Ee's, (4.1)

where E and S are real. When we use this in
(3.20) and equate real and imaginary parts, we
obtain

E-(v,SPE- 2<§—§> E=—(gl) Rem) E ,
(4.2)

-

2V, S+ V) E + V2SE +2 (%—g) == (gl) Imm) E ,

(4.3)

where by (3.21), Imm,<0. If we take the scalar
product of both sides of (4.2) with E, we obtain

(v, S)2+2< > (g1) (Rem,) +(E-VZE)E™ . (4.4)

This is the analog of the eikonal equation of geo-
metrical optics in which diffraction is included
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in the last term. If we next take the scalar product
of both sides of (4.3) with E, it may be rewritten

dE*®
VT-(EZV,.S)+<—5—§—>=-(gl)(Imm0)E2. (4.5)
This is an energy transport equation.
Rays normal to surfaces of constant phase obey
the equations

dtp __ ViS
ds ~ |V(S+kz)| ’ (4.6)
dz _k+(8S/92)
ds  |V(S+kz)| ’ (4.7
so that dividing (4.6) by (4.7) we obtain
ary VS
Az k+(0S/82) (4.8)

In the scaled variables ¥,=w,p and z =¢I, this be-
comes

dp _ v, S

deg 1+f%08S8/8¢) "
However, we are talking about the surfaces of con-
stant phase to lowest order in f so that

dp

ag

(4.9)

=V,S . (4.10)

If U is any function of p and ¢, we have by (4.10)

dU_V o <dp) U

ag YYANYE
= (v, S V,.)U+ag. (4.11)
Accordingly, along a ray, (4.3) may be written
Z}j ;[V S+(gl)Immy,) E=0 (4.12)
or
“;‘fz)_-[v S+(gl) Immy,) . (4.13)

Of course, one must not forget that Imm, is a func-
tion of EZ2.
If we next differentiate both sides of (4.10) and
use (4.11) and (4.4), we obtain
azp 3(V,S)

Fz(VTS.VT) V.S + Y;

1
=z <vf(v,s)2 +29, 8?)

- [(g) Remy + E?E-V2E] .

2

=19 (wsr 2 )
1
"i (4.14)
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This is the form used in Ref. 1 obtained by the
analogy of (4.4) to the Hamiltonian-Jacobi equation.
In cylindrical coordinates the “eikonal” equation

1 3[ 887 1 @ BS> ol
A = — (=)= = .
T RL j+ 35 <18 +a§ glImmy(I)-1 .

(4.16)
(4.4) becomes The ray equations (4.10) become
asz_}_<§>2 as _ 1 a(aﬁ) dp _8S
1 eT ,do 88
pT g (4.15) & g (4.18)
while the energy-transport equation (4.5) becomes while Egs. (4.14) become
J
d*p (Zse) _1_8_ [ 1o ( VT 1 8T ]
d 2d<p>__1_a_[ 1 a( oVl 1 a%/"}
d§<p % )2 9 glRemo(IHPﬁ %5 [ ST 557 (4.20)
If we seek a solution of Eqs. (4.15) through (4.20) F{ =iv,-(Ee'S)
which has rotational invariance, it is convenient is -
to introduce a quantity related to the energy flux =ie' [V, E+iv,S-E]
between two concentric circles: =[(V, E)2+ (V.S B2 eiS+u+m/2) | (4.25)
0= [ 1o, 02m04 @ony
= m . . - .
0,(%) P pap tanp =V,S*E/V. E (4.26)

The effects of refraction and diffraction in U(¢)
are compensated for by the use of rings bounded
by the rays p,(¢) and p,(¢). The U(g) will change
only because of true gains and losses. The result
takes the form

3_U_+2 fp2m Ipdp

—_— 4.22
at bty 1+Q%+I° ( )

where I=1I(p, £). To prove this result we differ-
entiate (4.21) to obtain

U _ [ = 21 dp, ,
Y —217[l agpdp*rpz ar 1(p;, £)

-o(%) 166,00 -

We next eliminate 87/8¢ using (4.16) (with angular
derivatives omitted) and obtain on integrating

g—§—211|: (ap)l(pz,g)wl( >I(pl,§)
+p2<%>1(pz,z)—pl<%>l(pl,§)

- (&) f

All terms on the right cancel except for the last
in view of (4.18) and we obtain (4.22) when we use
(3.21).

The longitudinal component of the field by (3.19)
and (4.1) is

(4.23)

Im my I)Ipdp} (4.24)

Equation (4.25) describes a longitudinal com-
ponent of the electric field whose ratio to the
dominant transverse component is of first order
in the expansion parameter f=1/kw,. Moreover,
an exact relation has been supplied between the
first-order correction field and the zeroth-order
field.

V. AN EXAMPLE
We shall consider the special case of modes in an
an empty spherical cavity resonator? and deter-
mine the first correction to the normal modes.
We assume the field is polarized in the x direction
so that

FO=(Ee'S,0) . (5.1)

In cylindrical coordinates (p, @, £), (4.4) becomes

(as)2 1 <as ) 2 58
— +——§ — +2'~;‘
op/  p°\og 9¢

1 |8E, 10E, 1 3°E,|
__{ap +p8p +p2 3902} , (5.2)

5 d
while (4.3) reduces to
85 8E, 1 8§ 8E,

8p 3p  p% B¢ d¢

1<82$ 185 1 a"’s) OB, _
+5 = E, +2
2\ 8p° pap o 9y
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It is straightforward to verify that exact solutions
of these equations may be written as®

S=—m(p+§%2z)- - (27 +m +1)tan™2¢ , (5.4)

E=w™)e 2 gm 2 L) , (5.5)
where

w(8) =1+(2¢)7 ,

R(©) =<112(2L)2> , (5.6)

£=20"/w?(%) .

L7(&) are associated Laguerre polynominals. m
and ! are integers and ! here should not be con-
fused with the diffraction length. These solutions
are valid when the beam waist size w, at 2=0 is
small compared with the diffraction length I =kw?.
The ray equations (4.18) become
dp aS _ 4¢p

ag " op 1+(207° &0

pot=s—=a—t (5.8)
where we used (5.4) through (5.6). These may be
integrated to yield the hyperbolic rays
p=po (1+4£7)2, (5.9)
where 7, =w,p, is the radius of the ray at £=0.
Also
= —(m/2p3)tan"12¢ + @, . (5.10)

Note from (5.8) that p*(d¢ /dt)=-m, a constant.
If we use (5.4)=(5.6) and (3.16) we see that the
longitudinal correction is

{1 (8522 .1 ) (8

2pcos<p> _ (msimp) ] is
( 7 0 Ee' . (5.11)
For the fundamental mode, m=1=0,

FW = (w2 + R"1)2p cos@ Eq, xp(iSe)  (5.12)

too
or
|F |2 _ 4p%cos®p (5.13)
Frol? 1+(20F - :
In unscaled variables
(D |2 2
00

where w?(z) =w2[1+ (22 /kw2)?]. Since w, is usually
significantly larger than £7!, the conventional so-
lution is accurate for x appreciably larger than
the local beam diameter, w(z).

VI. SUMMARY

The paraxial approximation makes the incon-
sistent assumptions that one can have a plane
polarized electromagnetic wave whose electric
vector depends on the transverse distance. We
have established that this result is a consistent
zeroth-order solution to Maxwell’s equations ob-
tained by expanding all fields as a power series
in the ratio of beam diameter to diffraction length.
The expansion is shown to contain only alternate
orders in the expansion coefficient and thus con-
verges rapidly. The first correction is evaluated
and is shown to be a first-order component of the
electric field along the beam direction. Equations
which yield higher-order corrections are also
presented.
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It would appear that our expansion procedure would fail
when gI> 1. If, however, one uses the gain length as
the appropriate length in the z direction, the diffrac-
tion terms are lost in the zeroth approximation. We
shall show below that it will always be appropriate to
use the diffraction length as the longitudinal scaling
parameter. The effective expansion parameter relat-
ing alternate order will no longer be f2, but the larger
value f2gl =g/ which is still small. These remarks
will be justified below.

SSince m is a function of |F® |2, (3.20) is rotationally
invariant. Thus, if (F©,0,0) is a solution of (3.20),
so is [0, FO®, 0] and also (aF®, 5FQ 0) where @ and b
are arbitrary (complex) constants with |a|®+|b]2=1.
We may thus construct solutions with elliptic polariza-
tion.



