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The nonlinear response of an atom to a near-resonant light pulse is studied using a novel
approximation scheme. In first order, the approximate solution reduces to the well-known rate
equations. The second-order approximation contains Grischkowsky’s adiabatic-following approximation.
In each order, the approximate solution of the Bloch equations is presented with a closed-form
expression for the error that can be used to investigate its range of validity.

INTRODUCTION

The resonant interaction of short coherent
light pulses with matter has recently generated
much experimental' and theoretical interest.?
This article presents a theoretical analysis of
some nonlinear effects which can occur when a
near-resonant coherent light pulse interacts with
matter. The work that follows was motivated by
a series of elegant experiments involving near-
resonant pulse propagation which were performed
by Grischkowsky.®~® The experiments of Refs.
3-5 were adequately explained by an intuitive
vector model. It follows from the vector model
that when the effective field changes direction
slowly compared with the precessional period of
the Bloch vector and when the pulse is sufficiently
short that relaxation times T, and T} can be
neglected, the Bloch vector remains parallel
to the effective field. If the two conditions stated
above are satisfied, then the adiabatic following
approximation is good and the atomic dipole
moment induced by the off-resonant light pulse
is a relatively simple nonlinear function of the
light pulse’s amplitude. Adiabatic following can
be thought of as an optical analog of spin locking.®'”
The goal of this article is to present an analytic
derivation of the adiabatic following approximation
from the Bloch equations which describe the
interaction of a two-level atom with any coherent
light pulse. The derivation of the adiabatic-
following equations will also provide a closed-
form expression for the error incurred in this
approximation.

In order to describe the response of an atom
to an off-resonant light pulse, a new approxi-
mation scheme is introduced. If pursued in-
definitely, the Ansafz presented below would
provide a complete description of the response
of an atom to an off-resonant pulse. As usually
occurs in such expansions, only the first few
terms are of simple enough form to be useful.

leo

FORMULATION

Consider an atom that is perturbed by a light
pulse which propagates in the z direction and
has an electric field of the form

Ez, t) = 8(z, tHe, cos[w(t =z /c) - ¢(z,1)]
+2,sin[w(t-2/c) - ¢(z,t)]}. (1)

If the pulse frequency w is in near-resonance
with an isolated pair of levels and other levels
are not populated, any state of the atom can
be described by the wavefunction

¥ =a(t)y,(®) +b (g, ), 2)

where i, and y, are eigenfunctions of the un-
perturbed atomic Hamiltonian. Instead of
solving the Schrddinger equation for the time-
dependent coefficients a(¢) and b(t) it is useful
to introduce three real variables® X, Y, and

Z, which are related to the quantum amplitudes
according to

(X —-iY) exp —i[w(t -=2/c) = p]=2ab*, (3a)
Z=aa* ~bb*. (3b)

In terms of these variables the expectation of
the atom’s dipole moment operator and energy
are

(Hop) = pRe{(2, +i2 ) (X - i¥) exp[—iw(t -z /c) +ip]}
(4a)
and
Catom) = (1/2)Z , (4b)

where Q =(E, -E,)/7 is the transition frequency
and p the dipole moment matrix element between
the levels a and b.

From Eq. (4a) it is seen that the polarization
which would result from a collection of N atoms
per cubic centimeter is given by
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Pz, )=Nu Re{(é, +i2,) f-., (X -iY)g(Q - w) dQ

x exp[-iw(t —Z/C)+i¢]}, (5)

where the integral over the inhomogeneous line-

shape function g(2 - w) takes into account the

possibility of a distribution of transition fre-

quencies . In the case of a gas the inhomogeneous

broadening would result from the Doppler effect.
Feynman, Vernon, and Hellwarth® have intro-

duced three real variables »,, r,, and r; that

differ from X, Y, and Z by a simple rotation

about the Z axis,

(X =iY) exp —i[w(t =2 /c) = p]=7, =ir,, (62)
Z=7,. (6b)

The variables u, v, and W of McCall and Hahn'
are related to X, Y, and Z as follows:

u=3NuX, (7a)
v=—-3NuY, (7o)
W=iNmQZ . (7e)

If relaxation processes are absent, conservation
of probability requires that

aa* +bb*=1=X>+Y2+2%, 8)

When written in terms of X, Y, and Z the
Schrddinger equation has the form

X -i¥=-[1/T)+i(a+d) (X -iY) -i(u8/RZ ,
(92)
Z==-(u8/NY -(Z -Z4)/T,, (9b)

where A= - w is the difference between an
atom’s transition frequency and the laser pulse’s
frequency. Equations (9a) and (9b) are referred
to as the optical Bloch equations. The homo-
geneous transverse relaxation time T} and
Icngitudinal relaxation time T, have been intro-
duced phenomenologically.

Propagation of the light pulse through a medium
consisting of a dilute collection of N atoms per
cubic centimeter is described by the reduced
wave equation®

9 .13 106,027 (. 36’(2,t))
(az 3 at) 8(z,t)e - <zw(P(z,t) -2 =)

(10a)
where

®(z, 1) =N f Q[X(z, t,A) —iY(z, t, A)]g(a)daet =0,
(10p)

The derivation of the approximate reduced wave
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equation from the exact second-order equation

is discussed in Refs. 1 and 2. This derivation
requires that the amplitude and phase of the light
pulse varies little over a distance of a wavelength
and in the time of an optical period. In the
analysis of the atomic response to an off-resonant
light pulse that appears below, the rate of change
of the amplitude and phase of the light pulse

is compared with the amount off-resonance A,
not the optical frequency w. The fact that A/w

is small (it is about 1072 in the experiment of
Ref. 3) indicates that higher-order derivatives
may be kept in the work that follows. The term
involving 8¢®/8t on the right-hand side of Eq.
(10a) is usually neglected when discussing
resonant pulse propagation. However, when
discussing near-resonant pulse propagation

it is not as good an approximation to neglect
8®/ot when compared with iw®. For the near-
resonant case, the ratio of the two terms will

be of the order of A/w. The general description
of pulse propagation requires a simultaneous
solution of Eqs. (9a), (9b), (10a), and (10b).

An adequate description of most experiments

can be obtained with the initial conditions

X(Z, =%, A) - iY(Z, =, A)=0 ’ (lla)
Z(z,=0,A)=%1. (11b)

The positive sign in Eq. (11b) refers to an atom
prepared in its upper state; the negative sign
refers to an atom prepared in its ground state.

VECTOR MODEL

Since the primary goal of this article is to
analytically derive the adiabatic-following ap-
proximation from the Bloch equations, it seems
appropriate to begin by reviewing its derivation
from the vector model.> The optical Bloch equa-
tions of Egqs. (9a) and (9b) can be written in the
form

R=0xR, (12)
when the relaxation times T, and T} are very long

compared with the pulse duration. The Bloch
vector is given by

R=xe,+ve +2¢,, (13)
and the effective field is
Q@) =-[u8t)/re, +ae,, (14)

when the frequency modulation ¢ is negligible.
Equation (12) has the geometric interpretation
that the Bloch vector tries to precess about the
effective field as § varies in both magnitude and
direction. The instantaneous precession frequency
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of R about & is
1830 | ={[n 8(t)/R]? + a7}2. (15)

When the amount off-resonance |A| is large
enough, the precession frequency of the Bloch
vector will be large compared with the rate

of change of the effective field. For such large
|A] it is a good approximation to assume that
the Bloch vector remains parallel or antiparallel
to the effective field as it moves adiabatically.
Figure 1 illustrates the motion of the Bloch
vector when A (which is chosen negative in the
figure) is so large that this adiabatic-following
approximation is good. In this limit the angle

a between the Bloch vector and the effective field
will remain very small. The fact that the Bloch
vector is essentially parallel to the effective
field in this limit enables one to immediately
write down expressions for X and Z from the
figure. Using simple geometry, it follows that

NIAWES 1

X_<’i > (IAD [(u8/R)% +a2)/2 (16a)
- ey

Z_[(ug/h‘)2+Az]1 Z - (16b)

The signs in Egs. (16a) and (16b) would be re-
versed if it had been assumed that R(z, =, A)
=+2, instead of R(z, -, A) = -2,.

Of course the Bloch vector cannot remain
exactly parallel to the effective field because
this would make the right-hand side of Eq. (12)
identically zero and the Bloch vector would not
be able to change as the direction of § changed.
This means that the angle o must be finite,
although small, and the Y component of the
Bloch vector is not exactly equal to zero. It
is a shortcoming of the geometric derivation

[al

FIG. 1. Precession of the Bloch vector R about the
effective field 2. When the requirements of adiabatic
following are satisfied, the angle o is small and the
Bloch vector is essentially parallel to the effective field.

|oo

of the adiabatic-following approximation that it

is not possible to derive an expression for Y
from it. This failing will be corrected in the
analytical derivation which appears below. An
expression for the Y component of the Bloch
vector can be deduced in a self-consistent manner
by substituting Eq. (16a) into Eq. (9a) when

Tj=% and $=0.5 The resulting expression for

Y is

__d uB) N
Y=-a (ﬁ [(w8/ny +aP% " (16¢)
This expression along with Eq. (16b) satisfies
Eq. (9b) with T, = .
APPROXIMATION SCHEME

Equations (9a), (9b), (11a), and (11b) can be

recast as integral equations of the form
t

[x@e - iy(t)]eid’(t): —i f [ué’(t’)em“')/ﬁ]Z(t')

xexp-(1/T, +iA)(¢t—¢')dt’, (17a)

Z0=2 (=) - [ [u6@)/m¥W)exp-(t-t)/T, ",
(17b)

where, for the sake of brevity, the dependence
of the variables X, Y, and Z on z and A and the
dependence of § and ¢ on z is not explicitly in-
dicated.

Changing the variable of integration to x=¢ - ¢’
in Eq. (17a) results in the expression

[X(@#) =iY(P)]e! ¥ = =i f (L8t -x)e* ®=2/RHIZ (t - x)
0
xexp-(1/T} +id)xdx . (18)
The form of the integrand above suggests that when
the pulse amplitude and phase are slowly varying

compared with exp—(1/T} +iA)x, it would be use-
ful to use the Taylor expansion

p8(t =2t Z(t-x) & (=)x"
1 _E n!

dar u8(tet ¥z
xar I3 :

When this expression is substituted into Eq. (18)
the integral over x can be carried out explicitly
yielding

(19)

X -iv(®)]e!*0=i 3 mt%;iF?
n=0 2

X_d: (ué‘(t)ehb(t)

= - Z(t)). 20)
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The expansion given by Eq. (20) is the basic
formula which will be used to obtain approximate
expressions for the response of the atom to

an off-resonant light pulse. Intuition suggests
that the series converges rapidly when the
quantity (§e*®Z) does not vary a great deal in a
time [(1/T4)? +a%]7Y2.

FIRST-ORDER APPROXIMATION

An alternate derivation of the result shown
in Eq. (20) can be obtained by repeatedly in-
tegrating Eq. (17a) by parts. A first integration
by parts yields the exact expressions

) - 8t i N
(K -ivget = ot We — 20 +r,0),
2
(21a)
where
o+ tod @) Z@)
RO =177 0a f..,,dt' ( 7 )
X~ W/ Ta+id) =t gy (21b)

When the remainder term is negligible Eq. (21a)
can be used to substitute for Y in Eq. (9b). The
result is the well-known'® rate equation
Z=___T_£__<_M_§>ZZ_(Z_-_21) .
1+(T3aP \ % T,
(22)
The rate equation is usually written in terms of
the expectation of an atom’s energy which is
related to Z according to Eq. (4b).
Also contained in this first-order approxima-
tion is the expression for the nonlinear index
of refraction which was first derived by Javan
and Kelley.!! To verify this, note that when the
longitudinal relaxation time T, is short then
Eq. (17b) can be expanded in a manner similar
to Eq. (17a) to form the series

o

Z(t)=Z (=) + Z (—Tl)anF" (P‘-‘g(;z_)Y(t)> )

n=0

(23)

When the lifetime T, is short compared with the
rate of change of the pulse envelope and (%/u8)
and (1/A), as it is for the systems analyzed in
Ref. 11, only the first term in the series of Eq.
(23) need be considered. Substituting this
approximate expression for Z into Eq. (21a)
yields

o =+ ATYTLZ(=)8
X Y = T T8/ + T

Substituting this result into Eq. (5) results in a
dipole moment per unit volume,

(24)

Pz, t)=Re{(e, +ie,)x8 exp[ip —iw(t -z /c)]},
(25)
where the nonlinear susceptibility is

_=Np? Ty +ATHZ(~)
X2 Th [T+T,T(u8/mr +(aTy?]

(26)

This expression is equivalent to the nonlinear
index of refraction derived by Javan and Kelley
for a homogeneously broadened system. It
should be emphasized that going from Egs.
(21a) and (23) to Eq. (24) required a longitudinal
relaxation time T, so short that only the n =0
term in the expansion of Eq. (23) is significant.
Thus the Javan and Kelley solution of Eq. (24)
is valid when the pulse envelope varies slowly
compared with the relaxation time T,. The
adiabatic-following solution requires the opposite
condition, i.e., that the pulse be short compared
with T,.

Integrating Eq. (17a) by parts a second time
gives the following exact expression

; ¢~ w8 (t)et ¥
X -iY)et ik 20)
i d )Jé’e“’Z
+(1/T;+iA)22?( 7 )+Rz(t),
(27a)
where
- S 18ei®Z
RO =y | o ()
1
= (77 tia)e-t)jat. 27
e[~ (7 +ia)e=)]a (2b)

First it will be shown that the adiabatic-following
approximation is contained in Eq. (27a) when

R, is negligible. To do this, consider a pulse
without frequency modulation (¢ =0) and of a
duration short compared with T, and T;. Under
these restrictions the second term of Eq. (27a)
may be expanded with the aid of Eq. (9b) as
follows:

P L) w

When R,(¢) is negligible, the substitution of this
expression into Eq. (27a) yields expressions
for X and Y in terms of Z,

X==Z(u8/ns), (292)
_Z[d(n8/n)/dt]
Y= (u8/R)%+a% (29b)

1t follows from Eq. (29) that the ratio,
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Y dM&/n)/dt

2-‘(;1.5/h')2+A2 ’

is small compared with unity when the rate

of change of the pulse envelope d(M§/#)/dt

is small compared with either A% or (u8/%)%.

The expressions of Eq. (29) can be used in Eq.

(8) and the resulting equation solved for Z. From
this expression for Z it follows that:

A 1 »

X% (|A|> (87w + a2 ) (30a)
_4 (ué N .

Y=u (ﬁ >[(ug/ﬁ)z+Az]SZZ(— ), (30D)
- (A .

2 (g a2 (30c)

The fact that ¥? is negligible compared with
Z? was used in the derivation of Eq. (30).

It is seen that Eqs. (30a)—(30c) are the same
as Egs. (16a)-(16c) which were derived geometri-
cally from the vector model. In addition, the
analytic derivation of the adiabatic-following ap-
proximation has provided a closed-form ex-
pression for the error incurred in making the
approximation [Eq. (27b)].

COMPARISON WITH SIT SOLUTION

An exact solution of Eqs. (9a) and (9b) with
T;=T,= and ¢ =0 was presented in Ref. 1.
This self-induced transparency (SIT) solution
can be written

8 =8,sech(t/1), (31a)

X=Au8/m[(1/77 +a%], (31b)
4 gy 1

Y=-G (ﬁ) /77 +a%’ (31c)

_[(u8/28) + 8] - 5 (u8/h)?
1/7)F +a2 ’

for the initial condition Z(-«)=-1. The dura-
tion 7 and amplitude &, of the SIT pulse are
related according to

T(ubo/H) =2 . (32)

It is easy to show that the exact SIT solution
given in Eq. (31) reduces to the approximate
adiabatic -following solution of Eq. (30) when the
square of the pulse duration 7 is much larger
than the square of the precession time 1/A. In
view of the condition of Eq. (32), this restricts
both the duration and amplitude of the light
pulse as follows:

A*>»>(1/7)? (33a)

Z= (31d)

oo

and
A2 > (u8/m)?. (33b)

It follows from Eq. (33b) that the special con-
nection between the pulse duration and amplitude
of an SIT pulse restricts the region of overlap
with the adiabatic-following solution to the
linear regime.'?

ESTIMATE OF ERROR

An estimate of the error incurred in using the
adiabatic-following approximation given by
Egs. (30) will be made in this section. To ac-
complish this, substitute Eq. (30c) into the ex-
pression for the error term which is shown in
Eq. (27b). In the limit that 1/T} is negligible,
it is seen that the error term is given by

R (t)e‘“:i ¢ ’AI ﬂ _3€(d€/dt)2
2 A% JooVeEE+ A%\ df? € +A2

X e} Mtz () | (34)

where the short-hand notation

e=u8/k (35)

has been introduced. An investigation of the
integral in Eq. (34) for a particular pulse shape
would in general require a numerical integration.
An analytic expression can be found, however,
for a pulse envelope which is given by

e=¢,(2/Pe U), (36)

where U(t) is the unit step function, and if it is
assumed that the inequality

AZ > ¢? 37

is satisfied. A graph of the pulse envelope de-
fined by Eq. (36) is shown in Fig. 2. Comparison
with the adiabatic-following expression for Z,
given in Eq. (30c), reveals that the condition

A% > €2 implies that Z(z, ¢, A) ~+1, and the atomic
system’s response is linear.!®* When Eq. (36)

is substituted into Eq. (34) under the restriction
of Eq. (37) the resulting expression for the error
term is given by

el
(R
2

T S S Yo t
o I 2 3 4 5 6 7 8 ¢

FIG. 2. Pulse envelope of Eq. (36) is shown in this
graph.
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R - ‘iﬁcL [: 2(AT)2 e_(A‘
27 A27(1 -iaT) LA —iAT)?

+e_t/.r (22_ _2(1 —-21AT)£_

7 (1-ia7) 7

2(aT)?
—m)]Z(—m) . (38)

If relaxation processes had been included, the
first term within the brackets of Eq. (38) would
show a damped oscillating time dependence of
the form e~ (/7*1  This transient term occurs
because the light pulse is turned on at a definite
time. It is seen that the error term in Eq. (38)
is of order R,~€,/a%7 for large A7. The adia-
batic-following expressions for X and Y, which
correspond to the light pulse of the form of Eq.
(36), are

X =—(e,/A)E/7)e U (t)Z(~) (39a)
and
Y =(e,/A2T)[(2t/7) = (2/7)]e TU(t)Z(=<) , (39b)

respectively. Comparing Egs. (38) and (39a) and
(39b), it is seen that the ratios of the error term
to X and Y are of the order of

R,/X~1/(a7)? (40a)
and
R,/Y~1/(aT) (40Db)

for large values of A7. It is thus seen that in

the limit of Eq. (37), the adiabatic-following
expression will be a good approximation for X
when (A7)? >1 is satisfied and a good approxima-
tion for Y when (A7) >1 is satisfied.

The adiabatic-following approximation is not
limited to the region described by Eq. (37). To
see that it has validity in the nonlinear region
(where u8/7%A is not negligible), the expression
for the error term given in Eq. (34) was investi-
gated numerically for a light pulse which has a
Gaussian time dependence,

e(t)=£ne"2"”2. (41)

For this pulse shape the error term is given by
R, (et 2t =[(—ie,)/A2T)I(t, €5, AVZ(=), (422)

where

T _u2p =3(e,/A)ue=31?
- u’fe
1, &, 8) = f__o <(u2 ~1Le 1 +0(e0/A)2¢2""2 )

eiATu
X[l " (GO/A)ze...,Z]l/z du . (42b)

The corresponding adiabatic -following expressions
for X and Y are

N e~ t/2r?
X= = A T+ (e, /are-wrmyr =) (432)
and
-t2k 2
& (W/7e! -
Y= e (e ave- P & =) (43b)

respectively. As long as the amount off-resonance
is sufficiently large that ¢,< 4A, a comparison

of Eqs. (42a) and (43a) with (43b) reveals that the
fractional error incurred by using the adiabatic-
following expressions will be

R,/X~1(t, €5, A)/(AT) (44a)
and
R,/Y~I(t, €y, A) (44b)

for the variables X and Y. It can be expected
that for A7 sufficiently large the oscillating
exponential in Eq. (42b) will lead to cancellation
that will decrease the value of the integral.

For constant ¢ and A, the integral of Eq.

(42b) drops off as 1/¢, when the pulse amplitude
€, becomes large. This result suggests that

the conclusions of Eqs. (40), which were reached
in the linear limit, will not break down in the non-
linear limit.

The integral I(t, €,, A) has been studied numeri-
cally for a wide range of values of ¢, €,/A, and
AT. Figure 3 shows a three-dimensional graph
of the absolute values of [ as a function of ¢,/A
and A7 for the particular times t=0 and 0.5 7.

A study of this and other plots indicates that

I(t, €y, A) drops off at least as fast as 1/A7 for
large AT and values of pulse amplitude /A = p8,/
nAs<4. According to Egqs. (44), this result
indicates that the adiabatic-following expression
for X will be valid when (A7)?>1 and the expres-
sion for Y will be valid when (A7) >1. This
conclusion holds for pulse amplitudes ¢,= (u8,/%)
that are less than or comparable to the amount
off -resonance 4A.

The conclusion of this section can be expressed
in physical terms as follows. The adiabatic-
following approximation will be valid when the
product of pulse duration 7 times the precessional
frequency A is large compared with one. Alter-
nately it is required that the pulse bandwidth
1/7 be much less than the amount off-resonance
A. The two statements are essentially equivalent
for a light pulse with a smooth envelope.
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PROPAGATIONAL EFFECTS

In the adiabatic limit, the polarization of
a resonant medium can be found by substituting
Egs. (30a) and (30b) into Eq. (5). When the

_f’(z, t)= —EP—?— Re{(é,ﬂ'e [l T [—@m" &+

For large A7 (where 7 is the pulse duration),
the term containing d§/dt in Eq. (45) will be
small compared with the first term. When this
term is neglected, Eq. (45) can be written in the
form of Eq. (25) where the nonlinear susceptibility
is equal to

N A Z(-x)
X= =T Tal[G&/mr+ a7 (46)

A nonlinear susceptibility of this form can give
rise to self-focusing or self-defocusing. Experi-
mental observation of these two effects together
with their analysis can be found in Refs. 3 and 4.
Note that the nonlinear susceptibility that follows
from the adiabatic-following approximation is of
a different functional form than Javan and Kelley’s
result shown in Eq. (26).

Propagation of an off-resonant light pulse in
the adiabatic limit is described by substituting
Eqs. (30a) and (30b) into Eq. (10). Evolution of
the amplitude €=pu§/# and phase ¢ of the light
pulse is then described by two simultaneous
nonlinear differential equations,

8¢ (1 a|al@O-w- -2¢)
Py (C + (E +Az)3/z )at 0’ (47a)

3¢ 1234 _ _M%_
2z cot Talal(@ranE (47b)
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amount off resonance A is large compared with
the inhomogeneous linewidth 1/ T, the integral
involving the line-shape function g(A) can be
factored out and set equal to unity. Thus, the
polarization is then

dé
f(uT/iil)giT_} exp{~iw(t - Z/c)—¢]}} Z(=).

(45)

r
where the parameter

= —(27NW2/ fic) wZ(~) (48)

has been introduced. This definition of «, gives
a positive number when the atoms are prepared
in their ground state. For most practical
experiments the carrier frequency of the light
pulse w will be much larger than the amount of
off-resonance A and frequency modulation ¢.
Thus it is a good approximation to replace these
equations by the decoupled equations,

e (1, _agla] ) oe_

oz +l:c +(ez+A2)3 2} Y, =0, (49a)
%, 13¢_ . a,A

9z c ot [A[(€2+A2)1z- (49b)

Equation (49a) is satisfied by a solution of the
form5- !4

e=F(t-z/v), (50a)

where the intensity-dependent group velocity
is given by

v l=c" 4 [agl Al /(€ + a%)¥2], (50Db)
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