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The dynamic Stark shift of an inhomogeneously broadened spectral transition has been

studied. Our measurements show a shift in the observed Rb ground-state hyperfine transi-

tion which has a nonlinear dependence on light intensity when the conditions for inhomo-

geneous broadening are met. The nonlinearity is the result of light-intensity gradients in the

signal volume, which produce an inhomogeneously broadened asymmetric microwave tran-

sition. %e show that our measurements are in full agreement with the second-order

perturbation-theory treatment of light-induced energy-level shifts, when the effects of inho-

mogeneities are properly taken into consideration. The effects of inhomogeneous broaden-

ing must be carefully considered when extracting oscillator strengths from light-shift data,
or when performing high-precision laser spectroscopy.

I. INTRODUCTION

It has been known for quite some time that the
near-resonant interaction between electromagnetic
fields and atomic or Inolecular systems can lead to
level shifts and splittings of the system under study. '

When the field is sufficiently weak, the shift of the
energy is quadratic in the field strength; when the
field is strong, the shiA is linear in the field
strength. The correct dependence of the shift on
field strength is very important when performing
high-resolution spectroscopy, or when using the ef-
fect to accurately measure transition dipole matrix
elements. However, it is equally important to con-
sider the effects of inhomogeneities when perform-
ing these measurements, since optically produced in-
homogeneous broadening can drastically affect the
observed shift.

Inhornogeneous effects can be easily observed and
studied in hyperfine optical pumping experiments of
alkali-metal atoms, where the atom can be con-
sidered as essentially "frozen in place" due to the
presence of buffer gas. In these experiments the
level shift is referred to as the light shift due to vir-
tual transitions, since the optical field produces a
shift observed in a microwave or rf resonance.
These shifts were first discussed by Barrat and
Cohen- Tannoudji, and then treated semiclassically
by Happer and Mathur. The light shift is of con-
siderable importance in a number of devices such as
frequency standards, optically pumped rnagnetorne-
ters, and masers; and although inhomogeneous ef-
fects have been discussed, no comprehensive ex-
perimental study of an inhomogeneous light shift
has been undertaken.

We report here measurements on the level shifts
in the ground-state Rb hyperfine levels induced by
laser radiation approximately in resonance with the
transition from the ground state to the first excited
state, 5 Si~2-5 Pi~2. These shifts are deduced by
measuring the center frequency of the ground-state
hyperfine resonance as a function of incident laser
intensity. When inhornogeneous broadening is
present, observed as an asymmetry in the hyperfine
resonance line, the center frequency is found to be a
nonlinear function of the light intensity. We find
that this nonlinearity is entirely consistent with a
second-order perturbation treatment of the light
shift and can be explained on the basis of light-
intensity gradients in the cell.

II. EXPERIMENT

The experimental apparatus is shown schematical-
ly in Fig. 1. A glass absorption cell which contains
an excess of Rb metal and 10-Torr N2 is situated in
a TE» &

microwave cavity tuned to the Rb
ground-state hyperfine transition frequency. The
Rb is in its natural isotopic abundance, 27.2% Rb
and 72.8% Rb; the N2 is present in order to
quench the Rb fluorescence and act as a buffer to
reduce the effect of collisions with the cell walls. A
static magnetic field of about 300 mG is applied
parallel to the cavity axis in order to define the
quantization axis and to split the Zeeman levels so
that only the 0-0 transition is induced by the mi-
crowaves. The cavity and cell are thermostatically
controlled to +0.1'C at about 70'C and surrounded
by a single layer of magnetic shielding. A single
magnetic shield is sufficient, since the transition of
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FIG. 1. Experimental arrangement. Switch positions
A and 8 correspond to the arrangements used to measure
the light shift and line shape, respectively.

interest is independent of magnetic field to first or-
der.

The absorption cell is illuminated by the emission
from a single-mode diode laser, Mitsubishi ML-
4001, which is tuned to one of the Rb D& hyper-
fine resonance lines (794.7 nm); this produces a hy-
perfine polarization in the ground state. A mi-
crowave field is either swept or modulated through
the Rb hyperfine resonance at approximately 6834
MHz, and the ensuing change in the light transmit-
ted through the absorption cell is monitored by a sil-
icon photodiode.

The experimental apparatus is configured in two
different ways, depending upon whether we are
measuring the light shift or the line shape. These
two configurations are represented in Fig. 1 by the
two switch positions A and B. These are not physi-
cal switches but are displayed in the figure in order
to facilitate in the understanding of our setup. The
rationale behind using two different configurations
was simply experimental convenience. The voltage-
controlled crystal oscillator (VCXO) frequencies
shown in Fig. 1 are not crucial but are what we had
available to perform the different measurements.

In the measurement of the magnitude of the light
shift, one needs to determine the center of the opti-
cally detected hyperfine line to a high degree of pre-
cision as a function of the intensity and spectral de-

tuning of the pumping radiation. To perform this
measurement, we frequency-lock a nominal 10-MHz
VCXO to the the peak of the hyperfine transition
line. This is schematically displayed in Fig. 1 when
the switches are in the A position. The output fre-
quency of the VCXO is multiplied up to 60 MHz
using standard circuitry and then by a "step-
recovery" diode to 6840 MHz in the microwave
cavity. Since this is not the proper frequency for in-
ducing hyperfine transitions, a synthesizer is used to

provide a frequency of approximately 5 MHz which
is subtracted from the 6840 MHz to yield the
correct hyper6ne resonance frequency. By phase-
modulating the microwave radiation, an error signal
is generated at the photodiode which is fed back to
the VCXO. This scheme is similar to the typical
method for locking a VCXO to the atomic transi-
tion in a Rb frequency standard. ' The VCXO fre-
quency is averaged for 100 s and then read with a
frequency counter. From the circuitry, the relation-
ship between the VCXO frequency and the mi-
crowave frequency is known. %ith this calibration
we are able to determine the hyperfine resonance's
peak frequency to about 1 Hz.

The line shape of the optically detected hyperfine
transition is measured by ramping the frequency of
a VCXO through the hyperfine resonance and moni-
toring the light transmitted through the absorption
cell. %e employ a linear VCXO that has been care-
fully calibrated, allowing us to convert VCXO volt-
age directly to frequency. The microwave field is
chopped with a diode switch at a few hertz and a
lock-in amplifier is used to enhance signal to noise
on each sweep. Typically, 16 repetitive scans, taking
about 2 min each, are averaged with the aid of a
Hewlett-Packard HP-9825 computer. %'e estimate
about 5-Hz accuracy in the line shapes with this
method.

%e do not have a direct measure of the strength
of the microwave field in the cavity. Multiplication
up to the microwave frequency from the nominal
VCXO frequency is accomplished using a step-
recovery diode. Ideally, the microwave power in the
Xth harmonic is expected to be

where Po is the input power to the step-recovery
diode. However, the coupling coefficients between
the diode and the cavity antenna, and the cavity an-
tenna and the cavity, will modify Eq. (1). %e be-
lieve that a reasonable estimate of the microwave
power in the cavity is on the order of 10p%.

The spectral linewidth of the ML-4001 diode
laser, measured with a Fabry-Perot interferometer,
was found to be about 100 MHz. The laser's wave-
length could be tuned to either of the Doppler-
broadened hyperfine absorption lines Ava —500
MHz by varying either the diode temperature or in-
jection current. The diode laser is heat sunk into a
copper block whose temperature is stabilized and
controlled by a thermistor in one leg of a bridge cir-
cuit, which controls the current through a solid-state
thermoelectric device. In this manner, the diode
laser's center frequency can be held to less than 100
MHz of the center of the hyperfine absorption line
for about 30 min without active stabilization of the
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laser diode.
Typically, the laser is tuned by first adjusting the

temperature so that the lasing wavelength is near the
Rb D& line at 794.7 nm. The injection current is
then used as a fine control to tune the laser over the
hyperfine absorption spectrum, and as long as lasing
mode hops do not occur, the injection current can be
calibrated to the lasing frequency. This is found to
be approximately 16 GHz/mA. Since the laser's
single-mode output power is a function of the injec-
tion current, the laser power will vary as the laser is
tuned. However, the fractional change in power is
found to be only about 1% as the laser is tuned over
several GHz, and thus the variations in laser power
are neglected for these measurements. The typical
total laser power in the single-mode line is found to
be about 3 mW in a Gaussian beam diameter of
-0.45 cm.

III. RESULTS

The transmission of the laser diode emission as a
function of the laser's frequency is shown in Fig. 2,
along with a labeling of the observed transitions.
Dopper broadening prevented resolution of the
excited-state hyperfine structure, except for the Rb
transitions 5S&&2(F=1)-5Pii2(F=1,2). By pumping
the high-frequency component of these transitions,
the effects of Rb absorption were minimized, and
except where noted, all detunings are referenced
with respect to this component.

~vhfs —Ip
(vp —vt )

(Vp —VL ) + 1

2i7

2 (2)

where constants have been omitted for clarity. The
plus and minus signs refer to excitation from the
lower or upper ground-state hyperfine level, respec-
tively. The incident light intensity is denoted by Ip,
the atomic transition frequency is denoted by vp, the
laser emission frequency by vL, and ~ is the spon-
taneous lifetime of the excited state.

Our results, shown in Fig. 3, of the light shift
versus incident laser intensity are markedly different
from the strict linear dependence predicted by the
above expression. From top to bottom, the four
curves represent laser detunings of approximately
—400, —200, 0, and +200 MHz. All of these
curves show the same general behavior: They are
linear at low laser intensity, reach an extremum, and
finally saturate to a light-shift value which seems to
only be dependent on the laser detuning from the
atomic resonance. The slight light shift which is ob-
served when the laser is tuned on resonance can be
easily explained by the partial overlap of the
5Sii2(F= 1)-5P»2(F=1,2) transitions.

The linearity of these curves at low light intensity
and the sign of their symmetry about zero-frequency

A.. Light-shift measurements

The light shift can be interpreted as due to either
non-energy-conserving virtual transitions, "or as the
interaction between the induced polarization of the
atom and the electric field of the light. ' Both of
these interpretations are consistent with second-
order perturbation theory, which predicts a linear re-
lationship between the shift and the light intensity.
In either case, one can show that the light shift can
be expressed qualitatively as
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FIG. 2. Rb hyperfine transitions observed in transmis-
sion of the laser light. Numbered resonances correspond
to the transitions: (1) Rb, 5 S&&2(F=2)-5 P1g2(F=1,2);
(2) Rb, 5 Sig2(F= 3)-5 P1g2(F=2,3); (3) 'Rb,
5 S1g2(F=2)-5 P)g2(F=2, 3); (4) Rb, 5 S)g2(F=1)-
5 Ply(F=1); (5) Rb, 5 Simp(F=1)-5 Pig2(F=2).
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FIG. 3. Experimental results of light shift vs incident
laser intensity. From top to bottom the curves represent
laser detunings of approximately —400, —200, 0, and
+ 200 MHz.
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detuning are consistent with the above expression.
However, Eq. (2) does not predict either the extrema
or the saturation regions in the light-shift curves.
The extrema and saturation regions are also not con-
sistent with a dressed-atom model of the light shift
which predicts a square-root dependence of the shift
on high light intensity' as demonstrated by Liao
and Bjorkholm. In order to more fully understand
this discrepancy, we undertook a second set of ex-
periments to analyze the line shape of the mi-
crowave resonances as a function of laser intensity
and tuning.

B. Line-shape measurements

In Fig. 4, we present representative samples of our
microwave line-shape measurements. The upper
line shapes correspond to low incident laser intensity
-0.5 mW/cm for several different detunings of the
laser frequency. From left to right these are —420,
0, and +420 MHz. The lower curves were ob-
served with full laser intensity, -10 mW/cm~.
From the figure it is apparent that for higher laser
intensities the microwave line shape is asymmetric
when the laser is tuned off resonance and that this
asymmetry has the same sign as the light shift.

To summarize, then, we find that with high laser
power the light shift has a nonlinear dependence on
light intensity and that this nonlinearity appears to
be connected with an optically induced asymmetry
in the microwave line shape. From these observa-
tions one might be tempted to assume that these ef-
fects are due to the onset of dynamic Stark splitting.
(In our experiment 0~-0.1, where 0 is the optical
Rabi frequency. ) However, the nonlinearity does
not have the expected square-root dependence, and
the sign of the microwave asymmetry is wrong: For
an unresolved splitting one would predict two asym-

metric resonances shifting away from one another
with increasing laser intensity, ' so that the sign of
the asymmetry would be opposite to that of the ob-
served light shift. In Sec. IV we show that these ef-
fects can be adequately described by the inhomo-
geneous light shift, which does not necessarily in-
clude the phenomenon of dynamic Stark splitting.

IV. MODEL OF THE INHOMOGENEOUS
LIGHT SHIFT

In general, different atoms in a gas experience dif-
ferent local perturbations of their atomic states. For
the hyperfine states of Rb as shown in Fig. 5, the
differences are usually the result of gradients over
the cell dimensions: temperature gradients, static
magnetic field gradients, microwave energy density
gradients, light-intensity gradients, etc. If these gra-
dients are large enough, and if the atom cannot aver-
age over them, then the hyperfine transition will be
inhomogeneously broadened.

In an attempt to model these inhomogeneous ef-
fects, consider a cylindrical cell divided into a num-
ber of finely spaced layers, and protruding through
each layer are a number of finely spaced volume ele-
ments. We assume that the atoms within a volume
element all experience the same perturbations and
can be described by a local density matrix deter-
mined by rate equations similar to those used by
Missout and Vanier, '

p(r, e,z) = [p(r, 8,z)]„z,„
+- [p(r, 8,z)]~+[p(r, e,z)],~, .

The three terms on the right-hand side of Eq. (3)
correspond to the effects of relaxation, the mi-
crowave field, and optical excitation, respectively;
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FIG. 4. Experimental results of the microwave line-

shape measurements. Top row is for low laser intensity
-0.5 mW/cm and the bottom row for high laser intensi-

ty -10 mW/cm~. From left to right the laser detunings
are —420, 0, and + 420 MHz.
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FIG. 5. Schematic energy-level diagram of 'Rb.
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each of these will be discussed more fully below. In
addition, we assume that the microwave transition is
Dicke narrowed, ' so that Dopper effects in the mi-
crowave spectra can be ignored.

The local density matrix determines the fraction
of light transmitted by a particular volume element.
Rows of these volume elements determine the frac-
tion of incident light transmitted by the cell. We
perform the calculation by first considering a partic-
ular row. We assume we know the light intensity in-
cident on this row and average it over the row's
cross-sectional area. We also assume that we know
the microwave magnetic field strength at any point
along the row and average it over a given volume
element. We can then step through the row of
volume elements, calculating the average light-
intensity attenuation for each step. In this way, we
can determine the light intensity transmitted
through the cell as a function of microwave frequen-

cy, thus obtaining the microwave line shape.
Once the line shape has been calculated, it is a rel-

atively simple rnatter to determine the frequency
corresponding to the peak of the line shape; this is
the frequency which is measured in our experiments.
We should note that this is equivalent to determin-
ing the resonant frequency for the homogeneous
packet of atoms which has the greatest contribution
to the line shape. When local perturbations differ
significantly from one another, we refer to the
dependence of this resonant frequency on the in-
cident light intensity as the inhomogeneous light
shift, in order to distinguish it from the more funda-
mental light shift discussed by Happer and Mathur.

crowave cavity, this term will have a very sensitive
dependence on spatial position. We will simplify
our calculation by assuming that the only coherence
generated in the density matrix is between the
(F,mF) (2,0)-(1,0) states Since the Zeeman splitting
is -100 times larger than the width of the observed
line shapes, our assumption corresponds quite close-
ly to our experimental situation. Thus we only need
to consider the terms

[p77(r, 8,z)]~ 2'——](r,8,z)lm[p37(r, 8,z)e'"'j, (6)

[p33(r, 8z)]~= 2'](r—, 8,z)Im[p37(r, 8,z)e'"'], (7)

[p3 ( 7r8 z)]Q—

]ccrc](r

8 z)[p33(r 8 z) —p77(l 8 2)]

g e ' '—i coo p37(r, 8,z), (8)

where ~o is the unperturbed hyperfine resonance fre-
quency, and ~](r,0,z) is the spatially dependent mi-
crowave Rabi frequency.

The last term in Eq. (3) corresponds to the
optical-pumping process. This term has a radial
dependence due to the intensity profile of the laser
beam and an axial and angular dependence due to
optical absorption by successive layers of Rb atoms
in the cell. Since the laser linewidth is much nar-
rower than the hyperfine splitting, but much
broader than the Zeeman splitting, the laser pumps
atoms out of only one hyperfine state, but all Zee-
man sublevels of that state, equally. As shown in
Fig. 5, we consider the optical transitions
5SIg2(F=1)-5P&&2(F=1,2) so that from Missout and
Vanier' we have

1

[p (r, 8,z)]„„„= y, [ , p(r,—8,z)]-, —

[p~(r, 8,z)],.]..=r2pw'(r 8 z) (~@~')

(4)

(5)

where we have assumed that only two rates are
necessary for describing the relaxation of the
ground-state multiplets yl and y2, which refer to the
longitudinal and transverse relaxation rates, respec-
tively.

The second term of Eq. (3) describes the coher-
ences produced in the density matrix due to the ap-
plication of microwaves at the hyperfine transition
frequency. Since the cell is situated in a TEi» mi-

A. Local density matrix

The first term in Eq. (3) refers to uniform relaxa-
tion of the density matrix. Since our present interest
is in the effects of light-intensity gradients, we as-
sume that the rate constants for this term are in-
dependent of spatial position within the cell. Fol-
lowing Missout and Vanier, "we express this term
as

[p (r, 8z)],~,
= —I (r, 8,z)p (r, 8,z)5„„

I'(r 8,z) ~ ( 8 )

[p'37(r, 8,z) ],],

(@=6,7,8) (9)

I (r, 0,z)
2

+i5c0(r, 8,z) p37(r, 8,z), (10)

where 1 (r, &,z) and 5co(r, 8,z) are the spatially depen-
dent pumping rate and light shift, respectively.

Two important assumptions are made in writing
Eqs. (9) and (10). First, owing to the presence of a
significant amount of nitrogen in our cell, we as-
sume that relaxation from the P state is predom-
inantly nonradiative' and that it occurs with equal
probability to all of the ground-state sublevels.
Second, since the optical Rabi frequencies that we
achieve in our experiment are much smaller than the
relaxation rate from the excited P state, we assume
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negligible mixing of the ground and excited states.
Thus this model of the inhomogeneous line shape is
essentially a low light-intensity model.

Since we are only concerned with relatively low
light intensities, we expect the light shift to be pro-
portional to the light intensity at any point in the
ceB, as predicted by second-order perturbation
theory. This is quite convenient for our computa-
tion since we need only calculate, using the theory of
Happer and Mathur, the light shift once. Howev-
er, this will only be correct if the spectral line shape
of the laser does not change as the beam propagates

I

I (r, 8,z)
p»(r 8»}= ' ' gp~„(r 8»)+yl[8 pll(r 8»}j8

through the cell. ' In the present experiment, the
optical absorption hne is Dopper broadened to
-500 MHz, so that we would not expect the
-100-MHz laser line to experience any appreciable
distortion as it passes through the vapor.

From the symmetry of our model it is apparent
that

Thus we need only consider solutions to the follow-
ing equations:

I"(r,8,z} 1

p33(r, 8,z}= ' ' g p„„(r,8,z)+y)[ , p33(r—,8—,z)] 2c0)(r,—8,z)Im[p3p(r, 8,z)e' '],

p66(r, 8,z)= I'(r, 8,z}p—66(r, 8,z)+ ' ' g p„„(r,8,z)+y, [ , p„(r,8,—z)—],Pr, 8,z} 1

8

p7~(r, 8,z}=—I (r,8,z)p7, (r, 8 z)+ ' ' gp„„(r,8,z)+y)f , p77(r—,8—,z)]
F'(r, 8,z)

8

+2')(r, 8,z)Im[p37(r, 8,z)e' '],

p37(r, 8,z) =— I (r, 8,z}
+yz +i[coo+5'(r, 8,z)] p37(r, 8,z)

+i co)(r„8,z)[p33(r, 8,z) p77(r, 8,z)]e—

where p, =6, 7, and 8.
If we assume a solution for p37(r, 8,z) of the form p3q(r, 8,z)e '"', where p37(r, 8,z) may be a slowly varying

function of time, then in steady state we have

Im[p37(r, 8,z)e'"'] =re~(r, 8»}e(r,8,z)[p33(r, 8,z) p77(r, 8,z)], —

where we call c (r, 8,z} the local line-shape factor

I (r, 8,z)2' +y'
e(r, 8,z)= ', 2'

r(r8z) 2+yp + [co—c00—5co(r, 8,z) j

Using Eq. (17) in (12)—(15) we can, after some
algebra, obtain analytical expressions for the local
steady-state density matrix elements

yi[yi+4cof(r, 8,z)e (r,8,z)]
p77(r, 8,z) = (19)

A(r, 8,z)

y(I (r,8,z)
p33(r, 8,z) =p77(r, 8,z)+ (20)

1 (r, 8,z)p»(r, 8,z)+y&"""-2 3r(,8, 3+4y,

1 I (r, 8,z)
p)](r, 8,z) =—+ ' '

p66(r, 8,z)
8 4y]

I (r, 8,z)+ ' '
p77(r, 8,z),
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where

A(r, 8,z)=4 ', (r,8,z)c(r, 8,z)

X I ( r, 8, z) +()y(+
I' (r, 8,z)

1(r,8, z)+yi

+ye[51(r, 8,z)+8yi] .

B. The microwave Rabi frequency

TE111 cavity, this field component has the form '8

8,(r, 8,z) =BoJ1 cos8sin, (25)
1.841r . mz

I.

where E. and I. are the cavity radius and length,
respectively. The field amplitude Bo can be related
to the energy density in the cavity' and thus the
cavity Q and power loss. After performing the
n~sary algebra, we have for the local Rabi fre-
quency

In order to determine the local density matrix ele-
ments exphcitly, it is necessary to have an expres-
sion for the local Rabi frequency. Since we are only
considering the 0-0 hyperfine transition, the Rabi
frequency is given by

&Po (1 A, /4L—) 4Q(P)
m1(r, 8,z) =

(0.236)vo
T

1.841r . mzg J1 cos8 sin I. (26)

KPO
ro((r, 8,z)= 8,(r, 8, )z,g

where po is the Bohr magneton, and 8, is the axial
component of the microwave magnetic field. For a

where (P) is the rms microwave power supplied to
the cavity.

Averaging Eq. (26) over the volume element
r 5r M5z we have for the average local Rabi fre-
quency used in the calculation,

4L sin(58/2)sin(m 5z/2L )

m-r 5r 585z
mz 5r

cos8 sin g A„r+—
2ll +3

5r
2

(27)

~go 1 A, /4L 4Q(P)—
Ii &g 21. (0.236)v,

Gaussian, ' so that

I (r,8,z,v) =I(r,8,z)
4

hvt

' 1/2
In2

)pg
1 ~ 84 1

1l g

X [2 "+ (2n +3)n ((n + 1)t]

v —vL
Xexp —4 ln2

hvL

where hvL is the laser linewidth, and I(r,8,z) is the
total local intensity. Using (31) in (30) we have for
the local pumping rate,

C. Pumping rate and light shift

Both the pumping rate and light shift are func-
tions of the light intensity and spectral overlap of
the laser line and Doppler-broadened absorption
line. In particular, we have for the local pumping
rate,

4n rofc=I(r,8,z)
hvo

m ln2

(Eve ) +(bvD)~

' 1t2

I (r, 8,z) = I (r, 8,z, v)oD(v)dv,
2m

hvL
(30)

where vL is the center frequency of the laser. For
convenience, we will assume that the laser line is

where vo is the center frequency of the optical ab-
sorption line, Av~ is the absorption linewidth, 5v is
the detuning of the laser from the absorption line,
and ro, f, and c are, respectively, the classical elec-
tron radius, the oscillator strength of the transition,
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and the speed of light.
From our measurements we can approximate the

laser with a Gaussian radial intensity distribution at
the entrance of the cell,

I(r, 8,0)=
2 Poexp[ —41n2(r/a) ],41n2 2

ma
(33)

where a is the Gaussian beam diameter, and Pp is
the total power in the beam. We average Eq. (33)
over an arbitrary row's cross-sectional area which
gives

(I(r, 8,0) ) = Poexp[ —41n2(r/a ) ]
7Ta

&& [1—ln2(5r/a )2] . (34)

As the beam propagates through a row in the cell,
each volume element attenuates the beam by an
amount (&(r,8,z) );. Thus the average local inten-

sity at the nth volume element of a particular row is

n —1

(I(r,8,z))„=(I(r,8,0)) —g (bZ(r, 8,z)); .

(35)

If we assume exponential attenuation of the light as
it passes through the vapor, then

hVp
&M(r, 8,z)&;= —g;[Rb](Nr, 8,z)); 5z,

2m

(36)

where g; is the average fraction of atoms in the ith
volume element which can absorb light,

g; = (p66(r, 8,z) );+ (p77(r, 8,z) );+ (p«(r, 8,z) ); .

(37)

Equation (35) can thus be used in Eq. (32) to com-
pute the average local pumping rate in the nth

volume element and also the average local light shift
for the volume element

(5'(r, 8,z) )„=5coo (I(r,8,z) )„" Pp4ln2

(38)

where 5&op is the light shift corresponding to a light
intensity of Pp41n2/ma .

V. DISCUSSION

In order to obtain a clear view of the inhomogene-
ous light shift, we have performed two sets of calcu-
lations. In the first, we consider the inhomogeneous
effects in a TE&» microwave cavity; this should cor-
respond closely to our experimental data. In the
second set, we imagine a fictitious cavity where the
microwave magnetic field strength is everywhere
constant and directed parallel to the cavity axis.
Microwave line shapes and the light shift versus in-

put laser intensity for both microwave field configu-
rations are shown in Figs. 6—9. The input parame-
ters for these calculations are listed in Table I.

In Fig. 6, we compute the microwave line shapes
calculated for a TE~ii microwave cavity at low and
high laser intensities. When the laser intensity is
low, the line shape appears quite symmetric. This is
because the conditions for light-induced inhomo-
geneous broadening, as discussed in the Appendix,
are not satisfied at very low laser intensity. When
the laser intensity is high, the line shape is highly
asymmetric with the asymmetry in the direction of
the light shift.

The sign of the asymmetry is related to the
transmission signal amplitude for the local volume
elements. In the limit of high light intensity
( I )co ~ ), this amplitude is proportional to
(co&/I ) . Thus the homogeneous packets of atoms
that experience the largest light shift contribute the

TABLE I. Calculation parameters. In this cavity 10 pW of rf input power implies an aver-

age axial magnetic field of approximately 9 pG.

Laser linewidth
Laser beam diameter
Absorption linewidth

Longitudinal relaxation rate
Transverse relaxation rate
Rubidium density
Cell length
Cell radius
Cavity aperture diameter
Cavity quality factor
rms microwave power

hvL ——100 MHz
a=045 cm
hvD ——500 MHz

yl ——100 Hz

y2 ——100 Hz

[ Rb]=1X10" cm
L=3.8 crn
R=1.35 cm
D=1.6 cm
Q= 100
(P) =10 AW
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FIG. 7. Calculated resonant microwave line shapes in a
fictitious microwave cavity with constant rf magnetic
field for low and high laser intensity.

least to the total signal amplitude. In the TE&i~ mi-
crowave cavity, this effect is further enhanced by
the overlap of the radial components of the mi-
crowave and optical fields. The optical field has a
radial distribution described by a Gaussian function,
the microwave field by a first-order Bessel function.
Thus for radial positions where the optical field is
most intense the microwave field is not, and vice
vel'sa.

In Fig. 7 we compare the low- and high-intensity
line shapes when the microwave field is constant.
Again, for low laser intensity the line shape is sym-
metric, and at high laser intensity the line shape is
asymmetric. The sign of the asymmetry is also the
same as for a TEiii cavity, which we would expect
from the arguments presented above.

In the Appendix, the necessary conditions for ob-
serving inhomogeneous broadening are discussed in
terms of the dephasing rate (1/T2) and the longitu-
dinal relaxation rate (1/T& ). However, each of these
rates is a function of both the pumping rate and mi-
crowave Rabi frequency. Therefore each of these
rates varies spatially, and as a consequence so do the
degrees to which the inhomogeneous broadening
conditions are satisfied. Thus the inhomogeneous
line shape is not composed of homogeneous line

g 100

I= 80

60

40

20

0

~ —20

g —40

—60
0.0 0.2 0.4 0.6 0.8

AVERAGE INPUT LIGHT INTENSITY ImIN/cm I

1.0

FIG. 8. Calculated inhomogeneous light shift in a
TE»& microwave cavity for several detunings of the laser.
From top to bottom these are —411, —201, and + 219
MHz.

shapes with equal linewidth, but of homogeneous
line shapes with different linewidths, determined by
the local T2's and the degree to which motional nar-
rowing occurs on a local level.

Figure 8 shows the calculated inhomogeneous
light shift as a function of incident light intensity in
a TE»& cavity. The several curves correspond to
different laser detunings, and it is apparent that the
agreement between theory and experiment, shown in
Fig. 3, is rather good. In Fig. 9, we show the inho-
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FIG. 9. Calculated inhomogeneous light shift in a ficti-
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are —411, —201, and + 219 MHz.

mogeneous light shift for a constant microwave
field. The fact that the nonlinearity is observed with
both calculations implies that this feature is primari-
ly determined by the light-intensity gradients in the
cell and not the microwave field distribution. The
puzzling thing about Figs. 8 and 9 is that, although
extrema in the inhomogeneous light-shift curves
were observed experimentally, they are only predict-
ed in the constant microwave field calculations.

The extrema in the experimental light-shift curves
could be due to a number of effects not considered
in our calculation. For example, the 0-0 hyperfine
transition frequency has a quadratic dependence on
the static magnetic field strength. Thus magnetic
field inhomogeneities could easily have a significant
effect on the inhomogeneous light shift. However, a
nore intriguing possibility is that the atoms actually
do experience a relatively constant microwave field.
This might occur if motional narrowing on a local
level allowed some averaging of the microwave and
optical fields. As pointed out in the Appendix, the
criterion for atoms being frozen in place might not
be strictly fulfilled everywhere in the cell. In such a
case, the microwave and optical fields might be
averaged in some regions of the cell but not in oth-
ers. The results of this could be to effectively
change the spatial distribution of the microwave
field as experienced by an atom, so that the "effec-
tive" field might have a spatial distribution quite
different from that of the TE»& cavity. If this local
notional narrowing is occurring, the extrema in the
light-shift curves should be a function of the
buffer-gas density: As the buffer-gas density is in-
creased, the diffusion length of the atom decreases
and less averaging of the fields is possible. The ef-
fective microwave field distribution will then ap-
proach the TE»& distribution as the buffer density is
increased, and the measured light-shift curves
should approach those displayed in Fig. 8. Unfor-
tunately, at the present time we are unable to make

any definite statements as to the source of the ex-
tremum.

VI. CONCLUSIONS

We have found that inhomogeneous broadening of
a spectral line due to light-intensity gradients can
lead to a nonlinear dependence of the line shape's
center frequency on incident light intensity. Thus
one needs to be very careful in analyzing optically
induced energy-level shifts, either for high-precision
spectroscopy or for a determination of transition di-
pole matrix elements, since this nonlinearity could
significantly influence the results. In addition, one
should be very careful in interpreting asymmetries
in resonance lines as due to the onset of an Autler-
Townes —type splitting. ' Except for the sign, asym-
metries due to inhomogeneous broadening could be
easily confused with this effect. It is our contention
that this was exactly the case with the asymmetries
observed by Arditi and Picque for the 0-0 hyperfine
transition of cesium optically pumped by a laser
diode. ' Since the intensities that they could have
reasonably achieved with their laser diode were
probably similar to ours, we believe that they too
were observing the effects of inhomogeneous
broadening as discussed in this paper.

ACKNO%'LEDGMENTS

We wish to thank William Happer of Princeton
University for suggesting inhomogeneous broaden-
ing as the likely cause of our nonlinear light-shift
data. In addition, we would like to thank S. K.
Karuza and F. J. Voit for help with the microwave
electronics.

APPENDIX

(5Vi~/h) ) (1/T2), (A1)

where 5V~ represents the variation in local pertur-
bations, and 1/T2 is the homogeneous linewidth. In
addition, motional narrowing should be insignifi-
cant: The individual atoms should not be able to
average the local perturbations. In the present case,
this last requirement ~ould be satisfied if the atoms
were not able to spatially diffuse over the effective
volume of local perturbation gradients during the
lifetime of the hyperfine states.

As mentioned in the text, there are essentially two
conditions that must be met in order to have an in-
homogeneously broadened microwave line. First,
the local perturbation variations must be of suffi-
cient nagnitude, so that the spread in perturbed
resonant frequencies is greater than the homogene-
ous linewidth,
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If wc consldcr diffus1on 1Q onc d1IncQslon, then
during the tune T«an atom w«ll diffuse a length Id;~,

/d t=v'DT), (A2)

where D is the diffusion coefficient for Rb atoms in
a buffer gas. In three dimensions, we can think of
the atom as diffusing through a volume Vd;~-m'Id;~,
Thus for motional narrowing n0f to occur %c would
want

where a is the light-beam radius, and I. is the cell

length. In the present case, if we assume a lifetime
on thc order of 1 msec,

which suggests that to a first approximation the Rb
atoms can be considered as frozen in place due to
the presence of 10-Torr Nz. Caution must be exer-
cl.scd hclc because 1f T«and T2 va~ through thc
cell volume, then the criterion for treating the atoms
as frozen in place might not be fulfilled everywhere
in the cell. In that case some local averaging of the
perturbations might take place (i.e., local motional
narro%1ng).
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