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Dicke narrowing in strong fields: The atom-as-antenna analogy
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It is well known that when a radiator (or absorber) suffers velocity-changing collisions that do not
perturb its internal state, the oscillator s successive Doppler shifts are motionally averaged. This
process (Dicke narrowing) gives rise to a homogeneously broadened sub-Doppler resonance, which
is often astride a broad, apparently Doppler-width, pedestal. Though it has long been held that this
pedestal is an inhomogeneous remnant of Doppler broadening, no evidence has ever been obtained
to substantiate this expectation. In the present study we investigate the behavior of Dicke-narrowed
line shapes in strong fields in an evacuated wall-coated cell. Our experimental results indicate that
the hypothesis of an inhomogeneous Doppler remnant pedestal is invalid. Rather, the pedestal is
homogeneously broadened and is best understood in terms of the oscillator's response to the elec-
tromagnetic field's power spectral density as observed in its rest frame. This conclusion suggests an
intimate relationship between the process of Dicke narrowing and the behavior of quantum systems
in the presence of stochastic fields. By envisioning the quantum system as a narrow-band antenna
that only absorbs a small portion of the field's energy, we develop a simple intuitive model to ac-
count for the interaction of the atom with the nonmonochromatic field; the appeal of this simple
theory is that it removes the need for extensive computation. Agreement between this "atom-as-
antenna" analogy and experiment is very good.

I. INTRODUCTION

Roughly 30 years ago Dicke' considered the problem
of a quantum-mechanical oscillator emitting (or absorb-
ing) radiation of wavelength k in a static, one-
dimensional potential well of spatial extent a. He recog-
nized that if a was less than or equal to k, then the radia-
tion spectrum of the oscillator would consist of a sub-
Doppler central resonance (spike), sitting on top of a
broad pedestal as illustrated in Fig. 1. For his simple il-
lustrative situation, Dicke found that the width of the
narrow central resonance was equal to the radiator's nat-
ural dephasing rate, while the broad pedestal had a line
contour nearly identical with the normal Doppler line. '

In practice this "Dicke (or collision) narrowing" is typi-
cally achieved by employing an inert buffer gas to reduce
an atom or molecule's mean free path so that it is less
than the radiation wavelength. Under these conditions,
however, the walls of Dicke's potential well move, and
there is a high probability for forward scattering. As a
consequence, though narrowed line shapes are obtained,
broad pedestals are neither predicted nor observed when
buffer-gas collisions dominate the narrowing process.

Recently, however, there has been a renewed interest
in the process of collision narrowing as originally en-
visioned by Dicke, partly because it corresponds to the
manner in which sub-Doppler resonances are obtained in
certain atomic clocks and masers. ' In these devices the
atomic storage vessel forms the static potential well, and

the vessel's inner walls are coated with a nonperturbing
material so that velocity-changing collisions do not dis-
turb the internal state of the atom. Unfortunately,
though broad pedestals have been experimentally ob-
served and theoretically predicted under these conditions,
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FIG. 1. This figure shows a typical Dicke-narrowed line
shape as obtained in our experiment: a narrow central reso-
nance (spike) sitting on top of a broad pedestal. Various signal
levels are indicated in the figure. Rabi frequencies were deter-
mined in our experiment by measuring the spike width in the re-
gime of power broadening, and using these values to calibrate
our microwave attenuator settings. The figure in the inset
shows the distorted line shapes that were observed when the
pedestal amplitude saturated; the spike in this inset is of negligi-
ble amplitude.
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striking ambiguities have arisen with regard to the
pedestal's width.

In storage vessels (i.e., resonance cells) coated with
long-chain alkanes (paraffins), Robinson and Johnson
found a Gaussian pedestal with a width of about 9 kHz
for the Rb 0-0 hyperfine transition in a 200 cm reso-
nance cell. The normal Doppler linewidth under their
experimental conditions (approximately room tempera-
ture) was 9.1 kHz. Robinson and Johnson's observation
is consistent with Dicke s original calculations, and sup-
ports the notion that these pedestals are a remnant of
Doppler broadening. Additionally, Camparo and
Frueholz have observed pedestal widths [full width at
half maximum (FWHM)] of 9.2 kHz for this transition in
room-temperature paraffin-coated cells which were at-
tached to a vacuum system. However, in both classical
and quantum-mechanical three-dimensional Monte Car-
lo calculations of the Dicke-narrowing process, Rb 0-0
hyperfine transition pedestal widths substantially nar-
rower than the Doppler width have been predicted (i.e.,
pedestal widths on the order of 5 kHz). Furthermore,
these predictions have been verified in Dicke-narrowing
experiments which used atomic resonance cells coated
with siloxane materials.

To reconcile these diAering experimental results,
Frueholz and Camparo have argued that when approxi-
mately Doppler width pedestals are observed, the ensem-
ble of oscillators has a nonthermal speed distribution.
Since polarized atoms yield the observed signal in the
above experiments, these authors suggest that high-speed
atoms scatter oft the paraffin surface through a direct-
inelastic channel, which preserves the atomic polariza-
tion of these fast atoms as a result of small atom-surface
interaction times. Slower atoms trap on the paraffin sur-
face, are depolarized to a greater degree, and consequent-
ly contribute less to the observed resonance. These au-
thors then argue that in the siloxane coated cells all
atoms scatter off' the surface through a trapping-
desorption channel, so that the speed distribution of the
oscillators contributing to the observed (albeit lower) sig-
nal is thermal. Though this hypothesis concerning the
role of the surface scattering channels reconciles the vari-
ous observations and calculations of Dicke pedestal
widths, a major question regarding the nature of the
pedestal nonetheless remains: if the Dicke pedestal is an
inhomogeneous remnant of the Doppler broadening, why
should thermal speed distributions yield pedestal widths
less than the Doppler width?

To address this question we undertook an experimental
study of Dicke-narrowed line shapes in the presence of
strong resonant fields. As will be shown below, our re-
sults are in striking disagreement with expectations based
on the hypothesis that the pedestal is an inhomogeneous
remnant of Doppler broadening. Rather, the evidence
that we have obtained suggests that the pedestal is best
understood in terms of the oscillator's response to the
electromagnetic field's power spectral density as observed
in its rest frame. ' This conclusion then suggests that one
can separate the problem of collision narrowing into two
distinct parts. First, one recognizes that as a result of the
oscillator's motion the stochastically varying Doppler

II. EXPERIMENT

The double-resonance experiment employed in our
study of Dicke-narrowed line shapes has been described
previously. Briefly, as illustrated in Fig. 2, light from a
single-mode diode laser is tuned to the
5 P3&2(F =3,2, 1)—5 S&&z(F =2) optical transition of

Rb at 780.2 nm, and creates a population imbalance be-
tween the alkali atom's two ground-state hyperfine levels
(i.e., F =1 and F =2). ' The Rb vapor is contained
within a spherical Pyrex cell coated with a long-chain al-
kane (tetracontane). ' The cell has a diameter of -4 cm,
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(a) Optical-pumping double-resonance experimental
arrangement for observing the Rb 0-0 hyperfine transition line
shape. VCXO stands for voltage-controlled crystal oscillator.
(b) energy-level diagram of ' Rb showing the atomic transitions
of interest.

shifts (i.e., discrete frequency jumps) give rise to a non-
monochromatic electromagnetic field-power spectral den-
sity in the oscillator s rest frame. In the process original-
ly envisioned by Dicke, this spectral density is composed
of a delta-function spike resting on a broad pedestal,
whose width is determined by the ensemble speed distri-
bution. To determine the shape of the resonance, one
must then determine the behavior of the oscillator in the
presence of this nonmonochromatic field. This view of
collision narrowing has strong ties to the behavior of
quantum systems in the presence of stochastic fields, ' and
suggests that an understanding of one will have conse-
quences for an understanding of the other.
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which is greater than one-half the transition wavelength,
and ensures that the pedestal portion of the Dicke-
narrowed line shape will have a reasonably large ampli-
tude compared to the spike portion of the line shape. As
a result of the optical-pumping process, atoms are re-
moved from the absorbing hyperfine manifold, and the
light intensity transmitted by the Rb vapor (which is pro-
portional to the number density of atoms in the absorbing
state) is maximized. To observe the Dicke-narrowed
hyperfine transition line shape, the frequency of a mi-
crowave field emanating from a horn is slowly swept over
the ground state (F =2, mF =0)—(F=1, mF=0) transi-
tion at 6835 MHz, and the light intensity transmitted by
the vapor is monitored.

Figure 1 is an example of two Dicke-narrowed line
shapes obtained in our experiment. In the limit of low
optical pumping rates and microwave Rabi frequency we
find that the linewidth of the spike is 70 Hz (linewidth
will always imply fullwidth at half-maximum unless oth-
erwise noted), while the pedestal displays a linewidth of
7.3 kHz; the Doppler width of this transition under our
experimental conditions (room temperature) is 9.1 kHz.
Though this pedestal width is smaller than the Doppler
width, in other experiments on paraffin-coated cells we
have observed approximately 9 kHz pedestals. This cell
was chosen for the present study, however, because it
gave the best example of Dicke's standard spike and
pedestal line shape. The line shape shown in the inset
was observed under extreme saturation broadening condi-
tions, and will be discussed subsequently.

To explain the sub-Doppler pedestal width, we believe
that either the critical speed for trapping on this paraffin
surface is low (i.e., the polarized atom speed distribution
is relatively close to thermal) or there is a small trace of
foreign gas in the cell due to outgassing over the cell's
lifetime. Based on the Monte Carlo calculations similar
to those of Ref. 8, we estimate that any foreign gas in the
resonance cell would have a pressure no greater than a
few millitorr, and experiments performed at Duke Uni-
versity would tend to substantiate this conclusion. ' (All
Monte Carlo calculations associated with the present
work described the dynamic evolution of the quantum-
mechanical oscillator in terms of the density matrix. ) At
this foreign gas density, pressure broadening of the 0-0
hyperfine transition is expected to be less than —10 Hz, '

which is negligible on the scale of the pedestal width.
Further indication of insignificant foreign gas pressure
broadening comes from our observation of a 70 Hz spike
linewidth, which includes contributions from the optical-
pumping rate and the wall relaxation rate. ' Thus,
though a small amount of foreign gas could affect the
Dicke-narrowing process slightly, by altering speed dis-
tributions and atomic trajectories, it could not change an
inhomogeneously broadened pedestal into a homogene-
ous one. Similarly, a different polarized atom speed dis-
tribution, due to an altered critical speed for trapping on
the paraffin surface, would have no effect on the inhomo-
geneous or homogeneous character of the pedestal.

We examined the spike linewidth as a function of the
microwave power attenuator settings, and found it to be a
linearly increasing function of field strength. Since the

spike signal shape is determined by the 0-0 hyperfine
transition line shape in the absence of Doppler broaden-
ing, its saturation behavior is well understood.
Specifically, if one takes care to ensure that saturated
hyperfine transition linewidths are not enhanced by rela-
tively high optical-pumping rates, then the 0-0 hyperfine
transition linewidth is equal to twice the Rabi frequen-
cy. ' Thus, the saturation-broadening behavior of the
spike could be used to calibrate the microwave power at-
tenuator settings to Rabi frequency.

III. RESULTS AND ANALYSIS

A. Saturation broadening

Figure 3 illustrates the saturation behavior of the
Dicke-narrowed line shape's amplitude. For nearly all
the field strength values employed in our experiment, the
full signal level was at or near its saturated value. Note
that as the field strength increased, the pedestal ampli-
tude also increased (until it reached the signal saturation
level). For the data of Fig. 3 saturation of the pedestal
amplitude occurred at a Rabi frequency of -400 Hz.
Beyond this critical Rabi frequency, we found that in-
creases in field strength led to distortions in the shape of
the pedestal (i.e., the pedestal appeared as if its top por-
tion had been flattened). An example of this distortion
shape is shown by the inset of Fig. 1.

The distortions observed at these high Rabi frequencies
are not easily explained by saturation broadening of an
inhomogeneous resonance line shape, ' which in the case
of Doppler broadening is expected to be a Voigt profile
(i.e. , the convolution of a Gaussian with a power-
broadened Lorentzian). For field strengths below the sat-
uration value an inhomogeneous line shape will increase
in amplitude, but typically will not change its general ap-
pearance. For field strengths above the saturation value
each individual Lorentzian undergoes saturation
broadening, and in the limit of very high fields the ob-
served line shape takes on the form of a homogeneous
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FIG. 3. Saturation behavior of (i) the full signal amplitude
(squares), (ii) the spike signal amplitude (triangles), and (iii) the
pedestal amplitude (circles).
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Lorentzian. In general, however, the inhomogeneous line
shape does not change its shape as drastically as is indi-
cated by the inset of Fig. 1. Thus, even if one were wil-
ling to accept that inhomogeneous widths less than the 9
kHz Doppler value were possible, one would have the
dificult task of explaining the anomalous shape of the sa-
turated resonances.

Stronger evidence indicating that the Dicke pedestal is
not a remnant of Doppler broadening is provided by the
variation of the pedestal linewidth with Rabi frequency.
These data are shown in Fig. 4, along with the results
from two sets of theoretical calculations. The first set of
theoretical values was obtained from Monte Carlo calcu-
lations ( X ), and it is clear that in this case theory and ex-
periment agree fairly well. We attribute the slight
discrepancy between theory and experiment to the fact
that the Monte Carlo calculations consider an idealized
two-level quantum system, whereas the Rb atom has a
total ground-state degeneracy of eight. ' In these Monte
Carlo calculations we chose a critical speed for trapping
on the paraffin surface of 1.4X10 cm/sec, employed a
dephasing rate of 35 Hz (40-Hz optical-absorption rate
and 15-Hz collisional relaxation rate' ' ), and set the cell
diameter equal to 4 cm.

In addition to obtaining linewidth data from Monte
Carlo calculations, we have employed them to investigate
specific characteristics of the Dicke-narrowed line shape.
In the limit of very low Rabi frequencies the Dicke-
narrowed resonance can be described by a convolution of
the atomic line shape and the power spectral density of
the radiation field as observed in the atom's rest frame.
The form of this power spectral density is associated with
the various Doppler shifts due to velocity-changing col-
lisions, and our calculations indicate that in the rest
frame of the atom the field appears as a delta-function
spike sitting on top of a broad (-7.3 kHz) pedestal.
(The power spectral density is generated via the Fourier
transform of the time varying Doppler shifts, which are
obtained from the Monte Carlo atomic trajectories. )

Furthermore, the calculations indicate that in this partic-
ular cell geometry only —15%%uo of the field energy appears
in the spike portion of the power spectral density. Since
it is the spike portion of the power spectral density that
gives rise to the spike portion of the observed signal, this
observation would suggest that Rabi frequencies deter-
mined by saturated spike linewidths underestimate the
full-field Rabi frequency by a factor of 2.6. ' This suppo-
sition is confirmed by the Monte Carlo line shapes, which
show that the power-broadened spike linewidth yields an
"effective" Rabi frequency a factor of 2.6 smaller than
the actual Rabi frequency employed in the calculations.
(In the following portions of this paper all quoted
theoretical Rabi frequencies will correspond to spike
linewidth measurement values, so as to facilitate compar-
ison with experiment. ) Finally, when we fit this power
spectral density to a "generalized" Lorentzian shape 1i.e.,
Icl[ 2 + ( v vf ) ]", where vf is the field's central fre-
quency1 we find that the wings fall off approximately like
V 5.

The solid line curve in Fig. 4 corresponds to a theoreti-
cal calculation of Voigt profile saturation broadening.
In the Voigt profile calculations we employed a 9.1-kHz
Gaussian pedestal, composed of 70-Hz homogeneous
Lorentzians which power broaden as the Rabi frequency
is increased. Note that at the highest Rabi frequencies
investigated (3 kHz) the linewidth of the saturated
Lorentzians would be -6 kHz, approximately equal to
the width of the power spectral density's pedestal, but
that the observed width of the Dicke line shape pedestal
is nearly an order of magnitude larger. Comparing the
experimental data with the saturated Voigt profile calcu-
lations, it is clear that over the entire range of Rabi fre-
quencies the agreement is quite poor. As a result of these
investigations we are forced to the conclusion that the as-
sumption of an inhomogeneous Doppler-broadened pede-
stal is untenable.

B. Empirical model of the atom as antenna
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FIG. 4. Power-broadening behavior of the pedestal. Circles
show the experimental data, X's the results from Monte Carlo
calculations, and the solid line represents theoretical linewidth
values for an inhomogeneous Doppler-broadened gaussian con-
volved with a power-broadened Lorentzian.

Since the pedestal cannot be interpreted as the rem-
nant of a normal Doppler-broadened line shape, we now
have the task of rationalizing the pedestal's origin. In
this endeavor it seems natural to associate the appearance
of the Dicke pedestal with an interaction between the
atom and the power spectral density's broad feature, and
in this regard the saturation behavior of the pedestal
would appear to have strong ties to the interaction of
quantum systems with stochastic fields. " As an initial at-
tempt at rationalizing the origin of the pedestal, we in-
tend to view the atomic oscillator as a narrow-band an-
tenna, which absorbs some fraction of the radiation field's
total energy depending upon the overlap of the radiation
field and the atomic antenna's "response function. " Con-
sequently, in this "atom-as-antenna" analogy the Rabi
frequency that governs the quantum system's dynamic
behavior is determined by that fraction of the field's ener-

gy which is "absorbed. " At present we have no rigorous
theoretical justification for this analogy; yet, as will be
shown below, we have achieved excellent and somewhat
surprising agreement between this empirical theory and
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our experimental results.
To make the atom-as-antenna analogy quantitative, we

will focus our attention on the broad feature of the field's
power spectral density. We find that in the atom's rest
frame the power spectral density is well described by a
generalized Lorentzian

~E, ~'P ~ '" -'d v
P(v)dv= 8' [(v vf )—+ 2 ]"

where

(la)

I (n)
I (n —1/2)

(lb)

co,(v, —vf ) —f P(v vf )L (v —v—, )d v .
0

(2)

Note that in this analogy the Rabi frequency depends on
the detuning between the field and the atom (v, —vf ).
We will assume that the atomic antenna's response func-
tion is well approximated by the atomic absorption cross
section within a frequency range on the order of the full-
field Rabi frequency, and that beyond this range it drops
to zero

L(v —v, )=y /[y +(v —v, ) ] . (3)

Additionally, we will restrict our attention to the case
where the radiation field's power spectral density does
not vary much over the atomic antenna response function
(i.e., I &)y). With these assumptions we then find

2(g) P g 2n —III2/(g2+ g 2)n (4)

where 0 is the Rabi frequency associated with the pede-
stal portion of the field's spectral density, and 5—=v, —vf.

This Rabi frequency is then substituted into the Bloch
equations, which are solved in the steady state. Note,
though, that as far as the Bloch equations are concerned
the atom and electromagnetic field are in resonance; in
the atom-as-antenna analogy the field-atom detuning only
enters the Bloch equations through its determination of
the Rabi frequency co, (5). In this way one predicts that
the observed signal S will have the form

Here, P (v)d v is the field energy density in the frequency
range v to v+ d v, ~EO ~

/8~ is the total-field energy densi-

ty, vf is the frequency of the monochromatic field as ob-
served in the laboratory frame, and A is related to the
full width 1 [not to be confused with the gamma function
I (m)] of the field's spectral density in the rest frame of
the atom: 3 =I /I 2[(2)'~"—1]'~ ]. This choice of
functional form has the merits that it (1) is relatively gen-
eral, (2) is symmetric about v=vf, and (3) reduces to the
well-understood Lorentzian shape in suitable limits. The
generalized Lorentzian was fit to the spectral density gen-
erated by our Monte Carlo calculations, and we found
that n =2.6.

We now invoke our antenna analogy and say that the
appropriate Rabi frequency co, for describing the dynam-
ics of the field-atom interaction is determined by an over-
lap of the atomic antenna's (unit amplitude) response
function L (v —v, ) and the field's spectral density

5 —[I+y(5 + A )"/f3 3 " 'I1 ] (5)
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FICx. 5. Predicted line shapes in the atom-as-antenna analo-
gy. (a) Shows the case of relatively low Rabi frequency (100
Hz): the Rabi frequency is large enough to saturate the reso-
nance, but not so large as to seriously distort the line shape. (b)
Shows the case of relatively high Rabi frequency (3 kHz); here
the saturated line shape is grossly distorted, displaying the flat-
top appearance that was observed experimentally. In both cal-
culations n =2.62 and 3 =6.663 kHz.

from which it is easy to show that the observed pedestal
linewidth A~,d will be

A„,d= 2 A [(2+f3„$1 /3 y )'~"—1]' (6)

Figures 5(a) and 5(b) show the shape of these theoreti-
cal Dicke pedestals for two different values of the Rabi
frequency. In Fig. 5(a) the Rabi frequency is 100 Hz,
which is just above the saturation value (

—35 Hz), and
the resonance clearly displays what would be considered
a "normal" shape. Figure 5(b) shows the same resonance
for a Rabi frequency of 3 kHz, approximately equal to
the highest Rabi frequencies used in the present experi-
ment, and as was observed experimentally the line shape
displays a flattened top. Consequently, with regard to its
ability to predict qualitatively the anomalous saturated
Dicke pedestal shapes, the empirical atom-as-antenna
analogy does quite well.

The pedestal linewidth predicted by our empirical
theory is shown in Fig. 6, where the Monte Carlo (two-
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FIG. 6. Saturation broadening of the pedestal linewidth in
the atom-as-antenna analogy. X's again correspond to the re-
sults from Monte Carlo calculations. The solid line is the pre-
diction of pedestal linewidth based on Eq. (6) and our assump-
tion of a generalized Lorentzian shape for the field's power
spectral density. The dashed line is the result from a numerical
atom-as-antenna calculation using the more accurate Monte
Carlo generated spectral density.

FIG. 7. Observation of anomalous pedestal narrowing as dis-
cussed in the text: circles correspond to a Rabi frequency of
170 Hz (as measured by the spike linewidth), and stars corre-
spond to a Rabi frequency of 870 Hz. In these experiments the
quantum system's dephasing rate was increased by increasing
the optical-pumping rate. Note that for the 170-Hz Rabi fre-
quency (using the data presented in Fig. 4) the narrowing eA'ect

is approximately 30% over the full light intensity range.

level quantum system) pedestal data have been repro-
duced for comparative purposes. Here, the solid curve
corresponds to the pedestal linewidth predicted by Eq. (6)
and our analytical spectral density formula, while the
dashed line shows the results from numerical calculations
using the actual Monte Carlo generated power spectral
density in the atom-as-antenna analogy. Given the sim-
plicity of this atomic antenna view of the atom in strong
stochastic fields, it is remarkable that the empirical
theory does so well in predicting the pedestal linewidths.
The excellent agreement supports our previous conten-
tion that the Dicke pedestal is intimately associated with
the interaction between the atom and the electromagnetic
field's power spectral density as observed in the atom's
rest frame. More importantly, however, is the fact that
the excellent agreement indicates that the paradigm of
the atom-as-antenna may have more general merit for
describing the interaction of quantum systems with sto-
chastic fields. Given the importance of understanding
this latter question, it is desirable to test all possible
anomalous predictions that this empirical theory makes.

C. Light narrowing of Dicke pedestals

Examining Eq. (6), one finds that in the atom-as-
antenna analogy the pedestal width is predicted to nar-
row as the atomic dephasing rate y increases,

Such behavior is quite atypical, and its observation would
lend strong support to the above empirical theory. To
test this prediction experimentally we exploited the fact
that in an optical pumping experiment the dephasing rate
is linearly related to the optical-absorption rate. ' Thus,
by removing neutral density filters from the laser-beam
path, illustrated in Fig. 2, we were able to experimentally

increase the quantum system's dephasing rate. Unfor-
tunately, because the optical-pumping rate enhances the
power broadened linewidths in multiquantum level sys-
tems, ' this procedure makes it dificult to compare quan-
titatively the atom-as-antenna theory with experiment.
Nontheless, the prediction can be tested for its qualitative
agreement with experiment.

Experimental data for the pedestal linewidth as a func-
tion of normalized optical absorption rate are presented
in Fig. 7, and data obtained at two difI'erent values of the
Rabi frequency are shown. It is clear that the predicted
narrowing is present, and fairly substantial. For the case
of the 170-Hz Rabi frequency it can be recognized that
the observed narrowing of the pedestal linewidth is—30% (using the data of Fig. 4). Assuming a 40-Hz
optical-absorption rate at the lowest light intensity levels
and a 15-Hz collisional relaxation rate, Eq. (6) also pre-
dicts —30% narrowing.

IV. SUMMARY AND DISCUSSION

With regard to our initial motivation for the study of
Dicke narrowing in strong fields, we have found that the
long-held assumption of an inhomogeneously broadened
Doppler remnant pedestal is untenable. Further, the ex-
perirnental data are inconsistent with inhomogeneously
broadened pedestal line shapes in general. Our results
suggest, instead, that the pedestal is intimately connected
with the electromagnetic field's power spectral density as
observed in the rest frame of the quantum-mechanical os-
cillator, which immediately suggests strong ties between
the phenomena of Dicke narrowing and the important
question of the behavior of quantum systems in stochastic
fields. In this view of Dicke narrowing, the problem of
understanding the narrowed line shape divides naturally
into two parts. First, there is the problem of understand-
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6, =2[3 +(A/y)A ]'i (8)

This expression is similar to what would be obtained for a
two-level quantum system in the presence of a mono-
chromatic field, except the quantum system's dephasing
rate 1iT2 has been replaced by the field half-width A.
For comparative purposes we note that Georges and
Lambropoulos (GL) have rigorously analyzed the prob-
lem of two atomic levels coupled by a phase-diffusing
field (i.e., Lorentzian power spectral density) using a
density-matrix formalism. They found that the single-
photon resonance is a Lorentzian with a linewidth Az„,

ing the electromagnetic field's power spectral density,
which is related to the geometry of velocity-changing col-
lisions, and ensemble speed distributions. Then, once this
spectral density is known, there is the problem of under-
standing the behavior of the quantum system in the non-
monochromatic field.

Concerning this latter problem, we have found that
viewing the quantum system as a narrow-band antenna
has merit. In the atom-as-antenna analogy one imagines
that the quantum system only absorbs a fraction of the
radiation field's energy. This fraction then determines
the dynamic response of the system to the radiation field
via the Bloch (density matrix) equations. Using this
atom-as-antenna analogy we have obtained very good
agreement with experiment and our Monte Carlo calcula-
tions: (I) the analogy has predicted the anomalous shape
of saturated pedestals; (2) it has yielded excellent agree-
ment with Monte Carlo calculations of the saturated
pedestal width, and (3) the analogy has predicted the ex-
perimentally verified relaxation narrowing of the pede-
stal. We believe that this same analogy may have broader
implications for understanding the behavior of the quan-
tum systems in stochastic fields.

In this regard it is worth considering Eqs. (5) and (6) in
the case that n = I (i.e., a Lorentzian spectral density).
We then find that the observed resonance has a Lorent-
zian shape, with a linewidth given by

boL=2I(A +y) +[(A +y)/y]Q~)'i~

This formula is very similar to Eq. (8), and in the limit
that 3 ))y the two expressions are equivalent. There-
fore, not only does the atom-as-antenna analogy have
merit in the analysis of Dicke-narrowed line shapes, but
given this result it appears that the analogy may have
more general validity for describing the behavior of quan-
tum systems in the presence of stochastic fields.

Though this analogy is intriguing, much remains to be
done before its utility is truly established. First, given the
agreement between this empirical theory and the Monte
Carlo calculations, it should be possible to arrive at the
atom-as-antenna analogy through the two-level density-
matrix equations. Such an analysis would indicate the
approximations that are made when invoking the analo-

gy, and consequently the limits to which this analogy
may be taken. Additionally, it would be worthwhile to
experimentally investigate the behavior of quantum sys-
tems in the presence of various stochastic processes, in
particular stochastic amplitude variations. Though the
above experimental and theoretical work indicates the
analogy's apparent validity for stochastic phase and fre-
quency variations, whether the analogy can be made to
work for stochastic amplitude fluctuations is an entirely
different question. Only at the conclusion of such studies
will it be possible to evaluate the significance of the
atom-as-antenna analogy, either as a fortuitous model
that works reasonably well for phase-fluctuating fields, or
as a generally valid approximation that provides insight
into the behavior of quantum systems in the presence of
arbitrary stochastic fields.
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