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We have measured the variance in fluorescence intensity and the spectrum of those fluctuations
for two-level atoms in a phase-diffusing laser field. We compare our results with recent theoretical
predictions that have been extended to include the effects of Doppler broadening and spatial varia-
tion of the laser intensity. Our study includes the effects of laser power, bandwidth, and shape
(Lorentzian and non-Lorentzian) of the laser spectrum. At lower laser intensities, our measured
variances versus detuning are in quantitative agreement with the theoretical predictions. At intensi-
ties above saturation, the variance is sensitive to inhomogeneities in the distribution of laser intensi-
ty in the interaction region, and only qualitative agreement is achieved. Asymmetries in the vari-
ance versus detuning resulting from correlated amplitude and phase noise have been observed.
Spectra of the phase-noise-induced fluorescence-intensity fluctuations are shown to contain contri-
butions from transients excited by the phase noise and are more sensitive to artifacts in the noise
modulation process than the intensity spectrum of the laser field itself.

I. INTRODUCTION

In the field of precision measurements the observed
quantity is often derived from the fluorescence of an
atomic transition. Recently, it has been noticed that fluc-
tuations in the fluorescence from atoms driven by a laser
field have a nontrivial dependence on the laser detuning
and can dominate the background noise level.'
Haslwanter et al.? and Ritsch, Zoller, and Cooper3 have
shown that such fluctuations may derive from phase
and/or amplitude fluctuations of the driving laser field.
Since fluorescence-intensity fluctuations can set a limit on
the experimental resolution, it is of practical importance
to understand the effects of different statistical models for
laser light on the variance of the fluorescence intensity.
In a previous article* we presented some results of an in-
vestigation, inspired by these observations,! on the vari-
ance of fluorescence-intensity fluctuations. The present
paper presents the detailed results from a comprehensive
experimental investigation of the variance and spectrum
of fluorescence-intensity fluctuations from a large number
of two-level atoms driven by a phase-diffusing laser field,
and it also presents a quantitative comparison of these re-
sults to theoretical calculations. The variance and spec-
trum of fluorescence-intensity fluctuations are shown to
depend on the magnitude and time scale of the phase
fluctuations, the laser intensity, and the laser detuning.
Our analysis also accounts for experimental conditions
such as Doppler broadening, the laser-intensity distribu-
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tion across the interaction region, and the time response
of the detector.

It is known that single-atom quantum effects and the
mutual coherence of the fluorescence can affect correla-
tions in the fluorescence intensity.> For a very small
number of atoms, quantum effects give rise to photon an-
tibunching. For a large number of atoms, but with a
small detector, the fluorescence becomes characteristic of
thermal statistics and exhibits photon bunching. The
work in this paper considers the case of fluorescence em-
itted from a large number atoms (approximately 10°) and
measured with a detector with an area much larger than
the coherence area of the fluorescence. Under these con-
ditions the effects mentioned above are small, and the in-
tensity fluctuations are related to population fluctuations
of the upper state of the individual atoms.> The effects
that we measure are purely classical.

The observables in this experiment are the time-
averaged fluorescence intensity {I(t)), its variance
[AI()]?=(I(2)*)—{I(1))?, and also the spectrum of the
intensity fluctuations P;(w). By the Wiener-Khintchine
theorem, P;(w) is dependent on the Fourier transform of
the intensity autocorrelation function (I(£)I(t+7)).
Classically, this can also be  written as
(E(t)E*(t)E(t +7)E*(¢t +7)), which is a fourth-order
correlation of the electric field at the detector, and de-
pends on a summation of fields emitted by different atoms
in the interaction region.

The theoretical aspects of intensity correlations in the
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fluorescence from atoms driven by fluctuating laser fields
have been considered by several authors. Much of the
previous literature is concerned with the effect of fluc-
tuating laser fields on the intensity correlations from a
single atom giving rise to photon antibunching.® Intensi-
ty correlations, related to the correlations in the upper-
state population of many two-level atoms, have only re-
cently received attention.>>’ In the work of Rzazewski,
Stone, and Wilkens’ the two-time intensity autocorrela-
tion function was derived in the weak-field limit for both
the phase diffusing and chaotic fields. The transform of
the two-time intensity autocorrelation function was cal-
culated in Ref. 7, giving an expression for the spectrum
of the intensity fluctuations in the weak-field limit. The
work of Haslwanter et al.? used a density-matrix formal-
ism to arrive at a set of stochastic differential equations
valid for both low and high intensities. These differential
equations are averaged over the phase fluctuations and
then solved for the variance of the upper-state popula-
tion. Two statistical models of the laser field are con-
sidered: the phase-diffusion model (PDM), and a phase-
jump model (PJM). This theory was extended by Ritsch,
Zoller, and Cooper® to include non-Lorentzian phase-
diffusing fields with both correlated and uncorrelated am-
plitude fluctuations. The spectrum of the intensity fluc-
tuation was also calculated in Ref. 3 and was shown to
contain interesting features in the saturation regime. In
this work, we compare our results with calculations based
on the methods of Refs. 2 and 3. In a related work, Fer-
guson and Elliott® calculated the variance and spectrum
of intensity fluctuations on the output of a Fabry-Pérot
interferometer for phase-diffusing, chaotic, and real
Gaussian fields. A high-finesse Fabry-Pérot interferome-
ter is also considered briefly in Ref. 2, and was shown to
behave like a large number of two-level atoms in the
weak-field limit.

Many statistical models of the laser field have identical
second-order field correlations. Hence the intensity spec-
trum of the laser field Pg(w), given by the transform of
the second-order field correlation, will also be identical.
In the weak-field limit, {I(¢)I(t +7)) is ultimately relat-
ed to integrals of fourth-order correlations of the input
field. As a result, our observable, the variance of the
fluorescence intensity, is sensitive to differences between
different statistical models of the laser fields even in weak
fields. For example, it is shown in Ref. 2 that the vari-
ance is particularly sensitive to differences between the
PDM and PJM in the low-field limit. In addition to the
dependence on fourth-order correlations, it is the fre-
quency dependence of the atomic resonances that makes
the variance in the fluorescence intensity particularly sen-
sitive to different statistical models of the frequency or
phase. Experiments are in progress to measure the vari-
ance of the fluorescence intensity from atoms driven by
phase-jump fields.’

The weak-field dependence on fourth-order field corre-
lations, as in this work, is in contrast with some previous
experiments that investigated the Autler-Townes effect
and the Hanle effect in the presence of phase-diffusing
fields.!®!! In these other experiments, the observable de-
pended on second-order field correlations in the weak-

6691

field limit and did not depend on higher-order correla-
tions unless the laser field was saturating. However, the
variance of the fluorescence intensity is not unique in its
dependence on higher-order statistics of the input field.
For example, observables in the field of optical coherent
transients also depend on higher-order statistics of the in-
put field.!>!3 That work differs from ours in the particu-
lar correlation functions and the integrals over time
which determine the manner in which they are related to
the observable.

Besides the coherent transients experiments, there are
others which also can, in principle, measure higher-order
correlations of the input field. For example, a previous
experiment'* investigated the effects of two counterpro-
pagating phase-diffusing lasers used to drive a two-
photon transition in atomic sodium. The absorption of
two photons is related to fourth-order correlations of the
input field in the weak-field limit (since the process is
second order). This was demonstrated by a reduction in
the absorption linewidth as the two fluctuating laser fields
became decorrelated. Two-photon absorption should
also distinguish between different statistical models of the
laser field (which give identical laser spectra), and experi-
ments in two-photon absorption are now being planned
for phase-jump fields.” In a recent related experiment,
Boscaino and Mantegna'® observed the spectrum of the
fluorescence for a two-photon transition in the mi-
crowave regime. They observed a marked difference be-
tween phase-jump and phase-diffusing fields even though
these fields had identical second-order field correlation
and, therefore, field spectra.

It is shown in Ref. 2 that for a low-intensity phase-
diffusing laser with a spectral width less than the natural
linewidth of the transition «, the fluorescence intensity
fluctuations AI(7)={[AI(#)]*}'/?> exhibit a double-
peaked structure. This profile is a maximum at the laser
detunings where the fluorescence profile has a maximum
slope and is a minimum at zero detuning where the slope
is zero. The structure in the profile can be explained with
simple physical arguments. For simplicity we ignore
effects such as Dopper broadening. A phase-diffusing
laser can be considered as an “instantaneously’” mono-
chromatic laser undergoing small frequency (phase) per-
turbations. If the detuning of the laser is initially on res-
onance with the atoms, than any frequency perturbation
will momentarily put the laser off resonance, resulting in
a small decrease in the intensity of the resonance fluores-
cence. However, when the laser is tuned to the point of
the emission profile where the slope is greatest, the
changes in the fluorescence intensity will be larger than at
zero detuning since the laser is most sensitive to the laser
frequency at this point. This argument is valid for slow
fluctuations that are less than the lifetime of the upper
state 7. For faster fluctuations, a proper theoretical mod-
el must take the dynamics of the atom-field interaction
into account, as in Refs. 2 and 5.

Similar arguments can be applied to the spectrum of
the intensity fluctuations obtained from (I(£)I(t+7)).
The optical Bloch equations, which describe the time
evolution of a two-level atom, have three roots: one at
©=0 and two others at ®==1('. In this expression, ' is
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the  generalized Rabi  frequency given by
Q'=(Q%+A?)!"2 where A is the laser detuning from res-
onance and (} is the zero detuning Rabi frequency. These
roots each give rise to transients in the response of the
atom that oscillate at the frequency of the root and are
damped at a rate given by exp( —«t), where k=1/7 is the
natural linewidth of the transition. The effect of the root
at @ =0 is to reduce the response of the atoms to frequen-
cy fluctuations on a time scale faster than 7, so the spec-
trum can be expected to contain a peak at ® =0 and drop
off at frequencies greater than k. However, transients can
also contribute to the spectrum of the intensity fluctua-
tions at {)'. This can best be illustrated with the example
of optical nutation in which the atoms are exposed to a
step pulsed laser field. After the onset of the laser field
the fluorescence will be modulated at {}' and damp out to
a steady-state value. Recently, elegant experiments have
Jbeen performed to observe this phenomenon.'® However,
if the atoms are exposed to a train of pulses or if the light
is randomly modulated with a frequency range spanning
', then these transients are continuously excited and
never completely damp out, thus contributing a side peak
to the spectrum of the intensity fluctuations at )’ with a
width dependent on k. The effect of phase fluctuations
reinitiating transient responses in the atom, even in the
steady state, has been noted by Knight, Molander, and
Stroud.!” For monochromatic excitation Q' has a well-
defined value, but for a phase-diffusing field the fluctua-
tions in A effectively broaden ()’ and the width of the
peak will also depend on the linewidth of the laser field.
In Ref. 7 it is shown that the weak-field spectrum of in-
tensity fluctuations consists of a peak centered at =0
with a width of 2«, and with side peaks [each of equal
height since P;(w)=P,;(—w)] centered at =1 A with a
width of k+2b, where 2b is the full width at half max-
imum (FWHM) of the laser field for the PDM. Although
in the weak-field limit the side peaks are comparable to
the central peak, they are difficult to observe because the
overall fluorescence intensity is low at detunings where
they become resolved from the central peak.

II. THEORETICAL BACKGROUND

We begin this section with a summary of the model for
a phase-diffusing laser field. The laser field

E(x(2),t)=1E(t)exp{ —i[w,t —k-x; ()]} +c.c. , (D)
with
E(t)=Egexp[ —i¢(1)],

is assumed to have a constant amplitude E;, and the
phase ¢(t) is assumed to be a Gaussian random variable
analogous to the position of a particle undergoing
Brownian motion. The spatial factor exp[ik-x,(?)]
determines the field at the position of the kth atom and
the time dependence in x,(¢) includes the possibility that
the atom is moving. The stochastic frequency w(z)=¢(t)
is a Gaussian random variable with the correlation func-
tion assumed to be of the form!'®

(oot +7))=bBexp(—pBI7]), ()
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where b is the variance of the frequency fluctuations
and 1/p is the time scale of the fluctuations. The power
spectrum of the frequency fluctuations is given by the
Fourier transform of Eq. (2) with respect to 7,

P (0)=2b[1+(w/B)?] . (3)

The laser field modeled in this way is referred to as the
Brownian motion phase-diffusion model (BMPDM). For
the case that f— «, P (o) is characteristic of white
noise and the right-hand side of Eq. (2) becomes equal to
2b&(7), where 2b is the spectral density. This corre-
sponds to the phase-diffusion model. It should be under-
stood that in Eq. (3),  is not to be confused with the op-
tical frequency w; +w(t) of the laser field. The transform
of L{E(t)E*(t +7)) gives the intensity spectrum of the
laser field resulting from the stochastic process ¢(¢) on
Eq. (1), and can be shown to be'’

E§ rw .
PE(a))=—E—f'xdrexp[—z(w—wo)‘r]
Xexp —-b|'7'|+bex(‘[;M)_1 .

4)

1In the limit 8>>b this gives a Lorentzian spectrum with

a FWHM equal to 2b. If B is also much larger than k or
the Rabi frequency (, then the difference between the
PDM and BMPDM is negligible. In the limit b >>f the
laser spectrum is Gaussian with a FWHM equal to
[81n(2)bB]' "%

The theory of Haslwanter er al.? treated stationary
atoms in a uniform field. Here we extend that work to in-
clude the effects of Doppler broadening and spatial varia-
tion of the laser intensity within the interaction region.
The results of this section, based on the PDM, will be
compared to data taken with S=10«x. However, these re-
sults can be extended to the BMPDM using the methods
of Ref. 3. Our notation is identical with that of Ref. 2.

For a two-level system {|0),|1)} with spontaneous de-
cay rate k, the elements of the density matrix (solutions of
the optical Bloch equations) may be expressed as the
atomic coherences p,y(¢) and py,(?), and the population
difference w(t)=p,(t)—py(t), where p;;+pyp=1. To
solve the Bloch equations when the driving field
has a stochastically varying phase ¢(¢f) we make the
transformations Prolt)=po(tlexplid(t)] and
Poi(t)=poi(tlexp[ —ig(t)]. After averaging over the
phase fluctuations, the result is a set of differential equa-
tions, the solutions of which are the phase-averaged
density-matrix elements {(p,o(¢)), {(po,(#)), and (w(r)),
where { ) denotes averaging over the phase fluctuations.
We are concerned not only with first-order quantities
such as the average rate of fluorescence
(I(t))=k{py,(1)), but also with second-order quantities.
In the notation of Ref. 2 where {a,b)={(ab)—(a){(b),
the statistical variance of the fluorescence intensity is
given by

[AIDOP =T, 1)) =k {p (1) —{p, ()],
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when, as shown in Ref. 3, there are a large number of
atoms in the sample (antibunching effects and shot noise
are negligible) and the detector area is large.

Now we develop expressions for these quantities when
nonstationary atoms are in a spatially nonuniform field.
In the notation of this paper, Eq. (2.7) of Ref. 3 may be
written

Iy =k{piy(1))

as the intensity contribution of the kth atom. If the in-
tensity of the driving field is not constant throughout the
interaction volume, the Rabi frequency () and, conse-
quently, the elements of the density matrix become func-
tions of position x. Moreover, if the atoms are moving in
the interaction region, the density-matrix elements be-
come functions also of velocity v=dx/dt. Therefore
contributions from different atoms become contributions
from different positions and velocity groups. Just as
above, we move to an appropriate rotating frame with the
transformations po(t)=po(t)exp[ —ik-x (¢)] and py,(¢)
=poi(t)exp[ —ik-x(¢)]. In this frame, the averaged
density-matrix equations, analogous to Eq. (3.4) of Ref. 2,
become

z* 0 iUx)/2
5t+ 0 z —iQ(x)/2
iNx) —iQ(x) K
(Pro(x,v)) 0
X {poy(x,v)) {=10 |, (5
(w(x,v)) K
4
N N
I IN=k2 33 (p¥A(0),pi2))

k=11=1
k#1

=CN%? [d* [dx’ [d(kv) [ d(kv"){py(x,v),py,(x',v') exp
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where z=b +k/2+i(A+k-v). Here the time depen-
dence of the density-matrix elements has been suppressed
for brevity, and the stationary atom detuning A is seen to
be Doppler shifted to A+k-v.

For a given laser bandwidth and detuning, Eq. (5) may
be solved for {p;;(x,v)). Assuming a large number N of
noninteracting atoms, we then integrate over the
Maxwellian velocity distribution and the laser-intensity
profile in the interaction volume to obtain the Doppler
and spatially averaged upper-state population. The cor-
responding intensity is thus

«I(0)) K2<p(k)

=kCN [ d*x [d(kv){py(x,v))
2
I

where C is a normalization constant, kv is the scalar k-v,
D /V'41n2 is the Doppler full width at half maximum,
and the outer double angular brackets indicate velocity
and spatial averaging. In the remainder of this paper, the
subscripts x and v will be omitted unless ambiguity arises.

Second-order quantities, such as the variance, contain
cross correlations between different atoms, and we write,
in analogy to Eq. (2.8) of Ref. 3 for the contribution from
the kth and /th atoms,

Xexp—

2

L ’ . )

D

124
D

Again the double angular brackets indicate averaging over the phase and over the spatial and velocity distributions.
Using the methods of Refs. 2 and 3 we obtain a matrix equation, analogous to Eq. (3.5) of Ref. 2. This is a 9 X9 equa-

tion of the form

(d/dt+A4)x=y
where
23 0 0 0
0 z, 0 0
0 0 —ik-(v—v') 0
0 0 0 k—ik-(v—v')
4=\ o=y o0 —iQ(x') 0
iQ(x) 0 0 —iQ(x)
0 —iQ(x) 0 iQ(x')
0 —iQ(x) iQ(x 0
0 0 0 0

(8)

Lax) Lax 0 0 0
i i
0 0 —Lax) —Lta 0
| S 0Ux) 2 (x)
i , i
2O.(x) .0 0 2Q(x) 0
0 —éﬂ(x) Lax) 0 0
2t 0 0 0 éﬂ(x) ’
0 zi* 0 0 éﬂ(x')
0 0 z, 0 —%Q(x)
0 0 0 2! —-éﬂ(x’)
iQ(x) iQ(x’) —iQ(x) —iQ(x") 2k
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ith
(Pro(x,v),pro(x",v")) b
<ﬁ0](x,V),ﬁol(XI,V’))
(Prol%, V), por(x',¥v")) 2, =by trti2A+k-(vvi],
<ﬁ]o(xl,vl ),ﬁo](X,V))
_ A~ ., z,=b,;+3k/2+i(A+k-v),
x= | (pro(x,v)w(x',v)) |,
(Pro(x’, V'), w(x,v))
(Por1(x,v),w(x',v')) z7=b;+3k/2+i(A+k-v').
(Poy(x',v'),w(x,v))
(w(x,v),wix'.v')) In these expressions, b; and b, are defined in Ref. 2, Eq.
T ’ (2.3), and are related to second- and fourth-order field
and correlations of the input field, respectively. For the
(26, — by 1ol x, ) { pro(x’,v)) Pl))M, bl; is e%ual to the spectral density b defined in Eq.
. o (2), and b, =4b.
(26, =b,){por(%,¥) Y P (X', V")) The elements of y are obtained from solution of Eq. (5)
26, {P1o(x,v) ) {por(x',v")) for the values of x and v and again for the values x’ and
v'. Then Eq. (8) may be solved for the elements of
2b,{p1o(x", V")) { Poy(x,v)) column matrix x. Note that this 9X9 equation reduces
y= 0 , to a 6 X 6 equation, identical to Ref. 2, Eq. (3.5), when the
- 0 field has uniform intensity and the atoms are stationary.
The power spectrum of the fluorescence intensity fluc-
0 tuations has been developed in Ref. 3. In analogy to their
0 Eq. (5.2) we have the power spectrum P;(w), an implicit
0 function of x, x’, v, and V', given by
(D). (v — PQUX)(Po(x,v),w(x,v')) N iQUX){ Py (x,v),w(x',v'))
_ k’Re T ’ z*+iw z+iw
PI(CL))'— 5 2 N (9)
4 et it ) Q(x)
2z*+iw) 20z+tio)

where the variances of the density-matrix elements are known from solution of Eq. (8) for a particular detuning. Note
P,(0)=P;(—w). This expression is integrated to give the Doppler and spatially averaged power spectrum,

(Pl(0)),,=CN*[d* [d’x’ [d(kv) [ d(kv')P;(w)exp

The quantities ((A7)*) and (P;(w)),, have been cal-
culated assuming a fluorescence detector with infinite
bandwidth. The effect of a first-order filter has been
treated in Ref. 2, but for detectors with some other fre-
quency response, as in this work, another, but equivalent,
method is required. The intensity detected by a detector
with arbitrary response function g (¢) is

o= [" ge—1@ar. (11)

At a given detuning, (P;(w)),, is calculated and multi-
plied by the square of the measured frequency response
g(w) of the detection system, where g (w) is the Fourier
transform of g (#). The result is a theoretically predicted
power spectrum as measured by the real apparatus. This
can be integrated over frequency to obtain the variance at
that detuning, as in Ref. 3, Eq. (5.1),

2

kv kv’

D D (10)
[
(L0, 1,00 = [ 7 dolg(@)X(Plw),, . (12)

Figure 1 is a comparison between power spectra calcu-
lated with a uniform field intensity (corresponding to a
Rabi frequency of 2.5«) and with a Gaussian intensity
profile, both with the same total power. In Fig. 1(a) the
spectra are calculated at line center (A=0) and in Fig.
1(b) they are calculated at a detuning of A =3k, where we
have assumed a cylindrically symmetric interaction re-
gion. The area under each curve is proportional to the
variance. The spectra of the fluctuations produced by a
uniform field have maxima near the generalized Rabi fre-
quency Q'=(Q2+A?%)!2, However, in the case of a
Gaussian beam profile, the power spectrum is an average
of spectra produced by different Rabi frequencies, each
with its maximum at a different position. When the field
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is tuned to line center, the spatial averaging process obli-
terates the maximum at (), but low-frequency com-
ponents are present in all of the averaged spectra and
reinforce, resulting in a maximum at zero frequency. At
moderate detunings (A=) the low-intensity com-
ponents of the laser profile contribute less significantly to
the fluorescence intensity fluctuations because the overall
intensity emanating from these regions is low. Conse-
quently, the spatial averaging is weighted to the high-
intensity portions of the laser beam, and the power spec-
trum shows a local maximum at ()’

The above calculations were for zero Doppler width.
However, similar results for the spectrum are obtained
for Doppler broadening in a spatially uniform beam. Our
calculations indicate that the Al profile is broadened and
the overall fluctuations are reduced for Doppler
broadened systems, but the existence of a minimum is rel-
atively insensitive to the Doppler broadening. For exam-
ple, for the PDM a laser linewidth of 2b =« gives a small
central minimum in A when there is no Doppler
broadening and the field is weak. A Doppler distribution

(a)

POWER (arb. units)

1 T T T

0 1 2 3 4 6 [
FREQUENCY (»/x)

FIG. 1. Theoretically predicted spectra of fluorescence-
intensity fluctuations produced by a phase-diffusing field with
b =0.2« for a uniform (solid line) and Gaussian (dotted line)
laser-intensity profile, both with the same total power corre-
sponding to 1=2.5«. In (a) the laser is tuned to line center
(A=0) and in (b) A=3«k.
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with width equal to at least 20k is required to wash out
the minimum.

III. EXPERIMENT

To produce the phase-diffusing laser field we use the
method described by Elliott and Smith!® in which a
Gaussian white-noise source is shaped with an RC filter
network to produce noise with a known power spectrum.
This noise is then imposed on a frequency-stabilized
single-mode ring dye laser with a system of acousto-optic
(AOM) and electro-optic (EOM) modulators. For techni-
cal reasons an AOM is used for frequency modulation in
the range of 0-6 MHz and an EOM is used for phase
modulation in the range of 6-200 MHz. The frequency
correlation function of the laser modulated in this
manner is given by Eq. (2). The bandwidth of the fre-
quency fluctuations S is controlled by the selection of the
3-dB cutoff of the RC filter and the spectral density b is
controlled by the power level of the rf noise signal used to
drive the AOM and EOM. A direct measurement of the
resulting intensity spectrum of the laser field is obtained
from a heterodyne signal produced by mixing portions of
modulated light and unmodulated light on a fast photo-
diode. The heterodyne signal, composed of the difference
frequencies of the two beams, is resolved with an rf spec-
trum analyzer. The modulation system has been designed
such that measurements of the spectrum of the laser field
agree to Eq. (4) to within 1 dB (+12% in amplitude).

A schematic of our experiment is shown in Fig. 2. The
setup is very similar to one previously described for an
experiment on the Autler-Townes effect.!® The two-level
system was prepared in a beam of atomic sodium. The
sodium 38, ,, —3P;,, transition has a natural linewidth
of 10 MHz and is convenient for our noise modulation
system, which can produce laser linewidths in the range
of 1-20 MHz. This linewidth also ensures that the resid-
ual Doppler broadening of approximately 7.5 MHz did
not dominate over the natural linewidth.

To provide a two-state system and control the laser
scan, a portion of the laser was split off prior to noise
modulation and modulated with an EOM to produce
variable frequency-modulated (FM) sidebands. This
beam was circularly polarized and directed into the atom-
ic beam ahead of the interaction region and the upper
sideband was tuned into resonance with the atoms there-
by optically pumping the atoms into the F =2, m,=2
hyperfine state. In addition, the FM sidebands were fre-
quency modulated (dithered) at a much lower frequency
of 1 kHz. The fluorescence from the pumping region was
detected and analyzed at the dither frequency with a
lock-in amplifier. The lock-in amplifier generated an er-
ror signal which, when input to the scan control of the
ring dye laser, regulated the laser carrier frequency w;
such that the upper sideband of the optical pumping
beam remained locked on resonance. The AOM in the
noise modulation system produces a net positive 400-
MHz offset of the input laser carrier frequency, so when
the upper FM sideband of the optical pumping beam was
tuned to w; +400 Mz the noise-modulated laser beam
was at zero detuning (small deviations from zero detun-
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ing exist due to skewness of the two beams in the interac-
tion region). The scanning of the noise-modulated laser
was achieved by scanning the frequency of the FM signal
to the EOM [Fig. 2(b)]. A heterodyne signal, obtained
from portions of the noise-modulated beam and optical
pumping beam, provides a measurement of the detuning
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FIG. 2. Schematic diagram of the experiment: (a) Details of
the apparatus. The upper sideband from the optical pumping
beam is locked on resonance by feeding a signal derived from
the pumping fluorescence back to the dye laser. The dye-laser
frequency at v; =v,,,—veom is offset by an acousto-optic
modulator in the noise-modulation system. The noise-
modulated laser frequency at v, e = Vaom — Veom +400 MHz is
scanned by scanning vgoym. (b) Illustration of the frequencies of
the optical pumping and the noise-modulated lasers. The de-
tuning of the noise-modulated laser is A /27=400 MHz — vgoum.
(c) The detection electronics.
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of the noise-modulated laser. The noise-modulated laser
was also circularly polarized to couple the prepared
ground state to only the F =3, m,=3 hyperfine level of
the 3P,,, upper state, thus providing a two-level sys-
tem.?’ The Earth’s magnetic field in the interaction re-
gion was nulled with a three-dimensional arrangement of
Helmbholtz coils to less than 10 mG, and a magnetic field
of 500 mG applied along the direction of propagation of
the laser beams. The 500-mG field maintains the orienta-
tion of the ground state by breaking the degeneracy of
the magnetic sublevels, thus reducing mixing by stray
fields.

Predictions from Ref. 2 give the ratio of the rms inten-
sity fluctuations Al =[(AI)?]'/? to the average intensity
(I) to be about 30-40 %. The bandwidth of the fluctua-
tions is given approximately by the larger of b, «, or ',
as can be seen from the arguments given in Sec. I. The
shot noise due to the photodetection process could have
dominated the intensity fluctuations if appropriate care
was not taken. The shot-noise contribution to the rms
current at the detector output adds in quadrature to that
due to the rms intensity fluctuations, and can be calculat-
ed from the formula Ai =V 2eibw, where i is the average
current at the cathode of the detector, bw is the detection
bandwidth, and e is the charge of an electron. The
current at the cathode is given by i =en/,, where 7 is the
quantum efficiency of the detector (equal to 0.08) and 7,
is the photon current. The shot noise is reduced relative
to the intensity fluctuations as the detection bandwidth is
reduced, until the detection bandwidth equals the band-
width of the intensity fluctuations. At this point, further
reduction of the detection bandwidth reduces both the
power of the shot noise and the intensity fluctuations
equivalently, and there is no further enhancement of the
rms intensity fluctuations over the shot noise. For this
experiment we worked with Rabi frequencies up to 3« or
30 MHz, requiring a detection bandwidth of about 50
MHz. The requirement that A/ /i be much smaller than
30% (so that the shot noise is smaller than the intensity
fluctuations) corresponds to photon currents at least on
the order of 10'2 photons sec”'. To achieve this, we col-
lected approximately 50% of the solid angle by placing
an RCA C7164R photomultiplier tube (PMT) with a 4.3-
cm end-on photocathode 1.5 cm from the interaction re-
gion and reflecting the radiation emitted in the opposite
direction back into the PMT with a 1.3-cm focal-length
mirror. The measured noise level was usually about twice
the anticipated shot-noise level, with the difference attri-
buted to PMT gain noise. Fluctuations in the number of
atoms in the interaction region contribute to the noise
level AI/(I) as N~ !/2, but were negligible because N
was typically about 5X10°. Amplitude fluctuations on
the dye laser were —82 dBHz !'/? (ac-dc ratio of
7.9%X 1073 Hz~!/?) below the dc level and had a 3-dB
bandwidth of 100 kHz that is at the low end of the fre-
quency range of interest for this experiment, and for
these reasons were negligible.

Due to the high photon current, eight dynodes were
used in the PMT (from a total of ten), limiting the gain to
the range of 10°~10*. The ninth dynode was used as the
signal anode and terminated at 50 € to reduce transmis-
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sion line effects. Depending on the light levels into the
PMT the chain current was operated in a range from 1.6
to 2.0 mA by adjusting the supply voltage, and the max-
imum average anode current was 0.1 mA (at zero detun-
ing with the phase noise off). Real-time oscilloscope
traces of the PMT output demonstrated that when the
laser was at zero detuning with the phase noise on, the in-
tensity flucutations were predominantly negative, so 0.1
mA provided an approximate upper bound to the anode
current. Nevertheless, the linearity was carefully
checked against a photodiode and deviations were 3% at
0.3 mA and less than 1% at 0.1-mA anode current,
despite the rather high ratio of anode to chain current.

The detector and amplifying electronics were carefully
characterized. Stray capacitances in the PMT and
differing input and output impedances in the amplifiers
for the ac and dc components of the signal give rise to
differences in the ac and dc gains. An overall scale fac-
tor, which accounts for these differences in the data
analysis, was determined with a calibrated light source
produced by amplitude modulating a laser beam at 4
MHz. This light source was used to illuminate the PMT
and a fast photodiode, and the output wave forms were
compared on an oscilloscope. The ratio of the rms volt-
age to dc voltage when measured by the PMT was a fac-
tor of 2.25+0.10 lower than when measured with the
photodiode. The frequency response g (w) of the detector
and electronics was measured by illuminating the PMT
with a sine-wave-modulated light source, produced by
heterodyning two laser beams, and recording the ampli-
tude of the signal at the frequency as one laser was
scanned. These measurements indicated a 3-dB point of
45 MHz with a roll off of approximately 16 dB octave. ™!

In Sec. II it was shown that the spatial wings of a
Gaussian TEM, mode laser beam had the effect of wash-
ing out ti:e side peaks at the Rabi frequency in P;(w). To
reduce this effect, it was necessary to remove the spatial
wings of the Gaussian beam. It was not possible to col-
lect light only from the central section of the interaction
region using optical imaging methods. The noise-
modulated beam was first spatially filtered to produce the
TEM,, mode. Then an aperture was placed at the output
of the spatial filter and adjusted to remove the wings.
This image was then brought into focus at the interaction
region with a system of lenses, thus nearly eliminating the
diffusion effects of the aperture. Pinhole scans of the re-
sulting beam indicated a beam 1.7 mm in diameter with a
near-Gaussian central section extending out to approxi-
mately 70% of the FWHM. The beam also contained
narrow wings (approximately 0.1 mm) outside the Gauss-
ian portion due to residual diffraction.

We conclude this section with a discussion of the
methods by which the variance and spectrum of the in-
tensity fluctuations are obtained from the PMT signal
[Fig. 2(c)]. To measure the variance of the fluorescence
intensity the signal from the PMT was amplified by a fac-
tor of 100 with two 50-Q input broadband amplifiers. As
the noise-modulated laser was scanned across the transi-
tion the dc component of the signal was determined with
an electrometer and the rf power was measured with a
power sensor consisting of a capacitively blocked 50-Q
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resistor thermally coupled to a monolithic silicon ther-
mocouple. The power sensor measures the true mean of
the square of the ac component. Power levels were typi-
cally in the 0-30-uW range and dc voltage levels in the
range of 0-0.25 V. The rf power and the dc voltage are
proportional to the variance (AI)? and the time average
(I(t)) of the intensity, respectively. These quantities
were then logged by a computer as functions of the laser
detuning. The ac power in the signal is dissipated across
50 Q in the power sensor and is converted to a rms volt-
age using the formula ¥, =2.25V'50P’, where P’ is the
measured power after correction for shot noise. The
scale factor 2.25 has been applied to V,, as discussed
above. The rms voltage, which is proportional to Al is
thus put on the same scale as the dc voltage level, which
is proportional to {I(t)). Low-intensity scans required a
small correction for the shot noise since the light levels
into the detector were lower. This correction makes use
of the fact that the shot-noise power scales linearly with
the dc voltage and thus (7(z)). Since the power of the
shot noise is additive,? the corrected power was calculat-
ed as P’=P —afI(t)), where a is a scale factor deter-
mined from scans with the noise modulation off, and P is
the actual measured power level. For the low-power
scans a{I(t))=0.1P’ at line center, which gives a 5%
correction for AI. The shot-noise corrections were negli-
gible for high-intensity scans.

Spectra of the intensity fluctuations were taken with
the laser at a fixed detuning and one broadband amplifier
removed. A commercial spectrum analyzer was used as a
tunable bandpass filter with the bandwidth typically set
at 100 kHz and the center frequency tuned from O to 100
MHz. In the spectrum analyzer, the signal is mixed with
the output of a tunable local oscillator and the resulting
signal is passed through a 21.4-MHz bandpass filter. The
power in the 21.4-MHz signal, proportional to the spec-
trum of the intensity fluctuations P;(w), is measured with
the power sensor. The statistics of the intensity fluctua-
tions are not known and could conceivably be a function
of the laser detuning and intensity if the laser is saturat-
ing, so it was necessary to measure the true power in the
21.4-MHz signal. Our spectrum analyzer is equipped
with an envelope detector that measures the average of
the absolute amplitude, not the squared amplitude, which
can result in systematic errors.

IV. RESULTS AND DISCUSSION

A. Variance of the intensity fluctuations

In Fig. 3 we present data collected with B/27m=100
MHz and values for the spectral density b, which give
laser linewidths of approximately 4, 10, and 15 MHz, and
spatially averaged Rabi frequencies of approximately 2,
10, and 25 MHz. Measurements of Al =[(AI)*]'/? and
(I(t)) are shown in the lower double-peaked curve and
upper curve, respectively. The theoretical calculations
are shown as circles or squares plotted over the data.
The theoretical calculations of Fig. 3 are based on the
methods of Sec. II for B— «. In these data B/27=100
MHz, which is a good approximation to this case.
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FIG. 3. Experimental fluorescence intensity {I(z)) (solid line), rms fluorescence-intensity fluctuations AI (dash-dotted line), and
theoretical predictions (circles and squares, respectively) vs detuning of the phase diffusing laser for 8/27=100 MHz. The values of
of b /2 and the spatially averaged Rabi frequency Q /27 (MHz) are, respectively, (a) 2.0, <2; (b) 2.0, 12 ; (c) 2.0, 25; (d) 5.0, <2; (e)
5.0, 11; () 5.0, 25; (g) 8.3, <2; (h) 7.5, 12; and (i) 7.5, 25. The plots are organized such that the Rabi frequency is approximately con-
stant within a column and the laser FWHM equal to 2b is constant within a row.

A number of parameters were necessary for the calcu-
lations shown in Fig. 3. The value for 8 is known from
the shaping filters in the noise generation system. The
value of b is obtained from fits of numerical solutions of
Eq. (4) to heterodyne measurements of the laser spec-
trum. The value of residual Doppler broadening was ob-
tained from low-intensity scans with the noise off and
ranged from 7.5 to 8.0 MHz (giving 14 MHz total
linewidth for sodium).

The calculations assumed an intensity distribution (to
be discussed in Sec. IV B) for the spatial averaging of Eqgs.
(6), (7), and (10). Using this intensity distribution, numer-
ical solutions of Eq. (6) were compared to actual measure-
ments of (I(t)) as a function of laser detuning. The
value of the total laser power which gave the same degree
of saturation broadening for the calculated and measured
(I(t)) was then used for the calculations of the variance
and spectrum [Egs. (7) and (10)]. The quoted Rabi fre-
quencies in the figures are based on the equivalent Rabi
frequency necessary to give the same amount of satura-
tion broadening, fitted in the region of the half-width, as-
suming a uniform laser beam and thus represent a spatial-
ly averaged value (denoted by Q). The laser power and
Rabi frequency determined this way were typically within
5% of the values obtained from a direct measurement of
the laser power with a calibrated photodiode.

Corrections to the data and calculations of Fig. 3 were
made as follows. The data for Q/27<2 MHz and
Q /27w =10 MHz were corrected for the shot noise as dis-
cussed in Sec. III. As mentioned previously, this was not
necessary for Q/27~25 MHz. For Q/2m <2 MHz, the
calculations included the effects of Doppler broadening,
but for weak fields the ratio AI/{I) is independent of Q
so a correction for laser-intensity variation across the in-
teraction region was not necessary. For scans with
Q/2m~10 MHz, the calculations were corrected for both
Doppler and spatial intensity variation. At high intensity
(Q/27=25 MHz) the Doppler broadening was small
compared to the saturation broadened linewidth, so
corrections were made only for spatial-intensity varia-
tion. Furthermore, a correction for the detector response
has been made for all of the theoretical plots in Fig. 3 ac-
cording to Eq. (12). To give an idea of the magnitude of
the corrections, Fig. 4 shows the corrections added
sequentially for a Al profile calculated with the parame-
ters of Fig. 3(e). We emphasize that, with the exception
of the shot-noise correction, all of the corrections are
made to the theoretical calculations so that the calcula-
tions take actual experimental conditions into account.

As can be seen in Fig. 3, the agreement between theory
and experiment for the low-power scans is quite good
with discrepancies on the order of only a few percent. As
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FIG. 4. Theoretically predicted rms fluorescence-intensity
fluctuations Al for b/27=5 MHz and Q/27=11 MHz from
the theory of Haslwanter et al. (Ref. 2) (solid line), from the
theory presented in this work with 8-MHz Doppler broadening
(dashed line), with 8-MHz Doppler broadening, and truncated
Gaussian laser-intensity profile as described in the text (dotted
line), and the former with detector response treated as described
in the text (circles).

the power level is increased the agreement is less good
(discrepancies of up to 15%), most likely to a lack of
knowledge of the precise intensity distribution across the
interaction region, a point that will be discussed in more
detail.

A number of trends are evident in Fig. 3. Within a
column with uniform Q the extent of the central dip in
ATl is reduced as the bandwidth of the laser spectrum is
increased (the FWHM equals 2b). The two peaks of Al
are no longer resolved in the low-power scans when the
FWHM of the laser becomes comparable to the natural
linewidth . For a given value of b, the extent of the dip
increases and the overall magnitude of the fluctuations is
reduced as the power level of the laser is increased. For a
detector of infinite bandwidth, Ref. 3 predicts a much
higher noise ratio AI /{I) in the wings of the AI profile
than is observed in Fig. 3. The bandwidth of the intensi-
ty fluctuations increases with the detuning due to contri-
butions to P;(w) at }’. Consequently, as the laser is de-
tuned more of the power in the spectrum of the intensity
fluctuations is shifted beyond the bandwidth of the detec-
tor resulting in a reduction in the wings of the profile of
AT (see Fig. 4). The effect of finite 3 is qualitatively simi-
lar to that of a finite detector response and becomes ap-
preciable if Q' approaches the value of B. For
B/27=100 MHz and these intensity levels, finite-f3 effects
are quite small except in the region of the far wings.

B. Spectra of the intensity fluctuations

Spectra of the intensity fluctuations for the parameters
of Figs. 3(a) and 3(c) are shown in Figs. 5(a) and 5(b), re-
spectively. The calculated spectra, with the same correc-
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tions as discussed for Fig. 3, are shown in Figs. 5(c) and
5(d). The data at low frequencies are obscured by local
oscillator effects of the spectrum analyzer and are not
shown. In Fig. 5(a), a discontinuity in the spectra at 6
MHz is due to imperfect matching of the individual shap-
ing filters for the AOM and EOM, which shape the spec-
trum of the frequency fluctuations of the input field to
Eq. (3). In addition, the spectra of Fig. 5(b) with
Q /27=25 MHz contain discontinuities at 15, 25, and 35
MHz which are due to spurious resonances of the LiTaO;
crystal of the EOM. These artifacts are not apparent in
the variance of the fluorescence or in the heterodyne
measurements of the laser spectrum. Clearly, the spec-
trum of the intensity fluctuations is very sensitive to de-
tails in the spectrum of the laser-frequency fluctuations.
Since the variance is proportional to the integral of the
P;(w), these artifacts are effectively averaged out in the
data plots of variance versus detuning.

Despite the discrepancies mentioned above, the data in
Fig. 5 are qualitatively in agreement with the calcula-
tions. In Fig. 5(a), for /27 <2 MHz (below saturation)
and A=0, it can be seen that the fluctuations roll off at
frequencies of approximately «/27. The spectra become
broader as the laser is detuned from resonance, as pre-
dicted in Ref. 3, due to the excitation of transients at fre-
quencies given by the laser detuning. For laser detunings
of A/27 230 MHz and Q /27 <2 MHz, Ref. 3 predicts a
peak located at A that is resolved from the central peak,
but the overall magnitude of the fluctuations is much too
small for it to be observed in this experiment. When the
laser power is increased, as in Fig. 5(b) where /27 =25
MHz, the features of the spectra are broadened consider-
ably, in this case due to excitation of transients which
contribute to P;(w) at the generalized Rabi frequency '.
For the curve with A /27=30 MHz, the peak at the gen-
eralized Rabi frequency is clearly evident. The arrows in
Fig. 5(b) locate the value of Q' and thus the positions at
which the peaks are expected to occur. The peak at {0,
in the spectra for A/27=15 MHz, is just beginning to
become resolved.

In Fig. 5, the quantitative agreement between theory
and experiment for these spectra is not as close as for the
variances. At low power this is due primarily to the
effects of the 6-MHz matching point and EOM reso-
nances. At high power, in addition to these artifacts,
effects of a finite B/27 of 100 MHz lead to a further
reduction of the spectra at higher frequencies. A calcula-
tion with 5/27=100 MHz gives a 10% reduction at 40
MHz when compared to 3= «. However, as in the vari-
ances, we feel the largest uncertainty is due to intensity
distribution across the interaction region. Each spatial
value of the intensity, hence the Rabi frequency, contrib-
utes to the integration of {p,(x,v),p;(x’,v')) over x and
x' given by Eq. (7). It should be noted that the observed
zero detuning spectrum shown in Fig. 5(b) lies some-
where in between that for the Gaussian and uniform in-
tensity profiles shown in Fig. 1(a), indicating a partial re-
moval of the spatial wings of the Gaussian laser distribu-
tion by the aperture method described in Sec. III.

We found that the calculations were very sensitive to
details of the spatial-intensity distribution of the laser
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We found that the calculations were very sensitive to
details of the spatial-intensity distribution of the laser
beam, particularly in the region of the wings of the distri-
bution. For the calculations, a cylindrically symmetric
distribution was used with a central Gaussian profile,
truncated at approximately 70% of the FWHM, and with
narrow wings continuing thereafter, adopted to fit (within
experimental resolution) the measured distribution. This
geometry is based on the imaging method discussed in
Sec. III. Numerical calculations of Eq. (10), neglecting
the contribution from these wings, predict larger Rabi
peaks in the spectrum than are observed, suggesting the
actual intensity distribution had a larger spread of Rabi
frequencies. Shaping of the wings of the distribution,
which was within experimental resolution of pinhole
scans, resulted in the predicted spectrum for A=0,
shown in Fig. 5(d), which can be compared to the mea-
sured A=0 spectrum in Fig. 5(b). This intensity distribu-
tion was then adopted for all calculations (spectra and
variances) with Q above saturation. The slight irregulari-
ties in the calculated spectra in Fig. 5(d) reflect irregulari-
ties in the adopted intensity distribution. This distribu-
tion is not necessarily unique, and slightly different distri-
butions gave a better fit of the calculated spectrum to the
observed spectrum at other detunings. The true distribu-
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tion was typically somewhat asymmetric (due to errors in
the centering of the apparatus) with slight residual
diffraction effects and defects due to optics. Further-
more, the interaction region was in the shape of two in-
tersecting cylinders. All of these factors affect the actual
spectrum. It was certainly clear that the data could be fit
with a suitable intensity distribution. However, consider-
ing the difficulty involved in the measurement of the ac-
tual distribution to the required level of precision, the
complexity of handling the calculations with a more com-
plicated geometry, and the small gain in physical under-
standing, we did not pursue this task any further.

An interesting feature of all of the spectra we measured
at zero detuning is the lack of discontinuities. Although
a quantitative explanation of this effect is lacking, simple
models that consider single-tone and double-tone phase
modulation provide some physical insight. Single-tone
modulation with a small modulation index 8 produces a
component at o, in the input field frequency spectrum
P (o) and also produces a component at ®, in the spec-
trum of fluorescence intensity fluctuations P;(®). The in-
tensity spectrum of the laser field PE(co)=IE (w)]|* will
also have sidebands at wytw;, so at detunings of A=z,
one of the sidebands comes into resonance with the atom-
ic transition, which enhances the contribution to P;(w) at
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FIG. 5. Spectra of the fluorescence intensity fluctuations P;(w) with B/27 =100 MHz obtained (a) and (b) experimentally, and (c)
and (d) theoretically. In (a) and (c) b/27=2.09 MHz, and Q /21 <2 MHz at detunings of A /27=0 (solid line), 5 MHz (dashed line),
and 15 MHz (dotted line). In (b) and (d) b/27=2.0 MHz and Q /27 =25 MHz at detunings of A /27=0 (solid line), 15 MHz (dashed
line), and 30 MHz (dotted line). Note the change of scales.
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;. This contribution is proportional to the power in the
sideband (i.e., 8%). The two sidebands of the laser field
E(w) have equal but opposite amplitudes (opposite
phase), which results in a cancellation at zero detuning.
Thus the contribution at P;(w=w,), which is large for
A=w;, becomes vanishingly small at A=0. It can also be
shown, for double-tone modulation at w; and o, that
P;(®) will contain a small contribution at w,—w, that
does not vanish even at zero detuning. This term, pro-
portional to the product of the power in the sidebands of
the two frequencies, is of order 8* and except at A=0 is
normally small compared to the single-tone effects (of or-
der 8% at o, and w,. The mixing of frequency com-
ponents can be important when P, () consists of a reso-
nance at o, in the presence of broadband phase modula-
tion. When the laser is at zero detuning w; will mix with
all of the other frequencies, producing small contribu-
tions to P;(w) over a continuous frequency range, and
spread the effect of the resonance across the entire spec-
trum. This is similar to a heterodyne process and is quite
dramatic if the noise signal to the AOM is turned off,
which produces a gap in P, () from O to 6 MHz. Bands
of frequency components in P, () above 6 MHz mix to
produce bands of components in P;(w) at lower frequen-
cies, largely filling in P;(®) from O to 6 MHz. This effect
is only appreciable when the laser is at zero detuning,
since only then do the single-tone modulation effects can-
cel. When the laser is detuned, the single-tone effects
take over and a gap quickly develops between O and 6
MHz.

C. Finite correlation time of the phase fluctuations

Spectra of the intensity fluctuations for Q/2m~=25
MHz; A/27=30 MHz; B/27=100, 30, and 10 MHz;
and b/27=2.0, 2.1, and 2.5, respectively, are shown in
Fig. 6. The values of b are chosen to maintain the mea-
sured laser FWHM between 4 and 5 MHz [since the spec-
tral width for Eq. (4) depends on both b and 8]. The area
under the data plots is proportional to the variance at
A /2m=30 MHz (Fig. 7). Figure 6(b) shows the calculated
spectra for the same parameters, using the methods of
Ref. 3 for finite B, but with no corrections for spatial-
intensity distribution or Doppler broadening. The
overall scale of Fig. 6(b) is reduced relative to Fig. 6(a).
Again, the effects of the spatial-intensity distribution are
clearly evident in the data.

The general effect of finite B is a reduction of the spec-
tra at frequencies greater than 8/27. This continues as f3
is reduced below «, and for 8/2m=1 MHz (shown in the
inset with b/27m=4.5 MHz) the spectrum is devoid of
structure resulting from the dynamics of the atom. At
B/27=10 MHz only a trace of the peak at )’ is visible.

Profiles of AI, for the same parameters as in Fig. 6, are
shown in Fig. 7. There is a general trend to reduce the
magnitude of the fluctuations as B is decreased. This
effect is more pronounced at high power, as in Fig. 6,
than at low power. At high power the PDM (8— )
predicts an increase in the bandwidth (approximately
equal to Q') of the fluctuations as the laser power is in-
creased. If B is comparable to ', then a reduction of the
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magnitude of the fluctuations results (as compared to the
case of B— o). As previously discussed, since (' in-
creases with detuning, a finite 3 will also have more effect
in the wings of the AT profile.

D. Correlated amplitude and phase fluctuations

In Fig. 7(a), for B/2m=1 MHz, it can be seen that the
profile of Al is slightly asymmetric. At this value for S,
the AOM is responsible for most of the modulation of the
laser field. The AOM is also more prone to induce spuri-
ous amplitude modulation since the transmission of the
AOM is dependent on the frequency of the input rf sig-
nal. If the center frequency of the rf signal is not
matched to the center frequency of the AOM response,
then the AOM will induce correlated amplitude fluctua-
tions. The laser beam is also reflected back through the
AOM in a double-pass configuration to cancel angular
displacement of the beam when the rf signal is modulat-
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FIG. 6. Spectra of fluorescence intensity fluctuations P;(w)
obtained (a) experimentally and (b) theoretically for Q /27 =25
MHz and A/27=30 MHz. The laser FWHM is constant at ap-
proximately 4.5 MHz and the statistical parameters of the field
are B/27=100 MHz and b/27=2.0 MHz (solid lines),
B/27m=30 MHz and b /27=2.1 MHz (dashed lines), 8/27=10
MHz and b /27=2.5 MHz (dotted lines), and 8/27=1.0 MHz
and b/2m=4.5 MHz (inset). The spectra are normalized to the
same fluorescence intensity at line center.
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ed. This cancellation requires careful alignment, and
small residual errors lead to residual angular displace-
ments of the beam which look like correlated amplitude
and frequency fluctuations in the frame of atoms at the
edge of the interaction region. The effect of correlations
in amplitude and frequency is to produce an asymmetric
profile of the intensity fluctuations. This results from the
fact that an increase in the amplitude always produces an
increase in the fluorescence intensity, whereas for fre-
quency fluctuations this depends on the sign of the laser
detuning. Thus the effects of correlated amplitude and
frequency fluctuations reinforce on one side of the transi-
tion, but tend to cancel on the other.

Figure 8 is a series of data plots that show this effect
more clearly for B/27=100 MHz, b/27=2 MHz, and
Q/2m<2 MHz. The correlated amplitude fluctuations
were produced by rotating the polarization of the laser
field in the EOM relative to the applied to the rf field.
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FIG. 7. Relative rms fluorescence intensity fluctuations AJ
obtained (a) experimentally and (b) theoretically for Q/27=25
MHz with constant laser FWHM approximately equal to 4.5
MHz. The statistical parameters of the field are /27 =100
MHz and b/27=2.0 MHz (solid lines), 8/27=30 MHz and
b/2w=2.1 MHz (short-dashed—long-dashed lines), B/27=10
MHz and b /27=2.5 MHz (dashed lines), and 8/27=1.0 MHz
and b/27=4.5 MHz (dotted line). The plots have been normal-
ized to the same fluorescence intensity at line center.
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FIG. 8. Measured relative rms fluorescence intensity fluctua-
tions AI with and without correlated amplitude fluctuations for
b/2w=2.0 MHz, 8/27=100 MHz, and Q/27 <2 MHz. The
plots are for no amplitude fluctuations (solid line) and ratios of
rms to average intensity of the input beam of Al,/I,~0.04
(short-dashed-long-dashed line), 0.02 (dashed line), and 0.04
with the relative phases of the amplitude and phase fluctuations
reversed (dotted line).

The phase of the field component along the direction of
the applied rf field is modulated relative to the orthogo-
nal component resulting in polarization modulation.
This becomes amplitude modulation after passing
through an output polarizer. The amplitude fluctuations
were correlated to the frequency (phase) fluctuations
from 6 to 200 MHz. The two curves with the largest
asymmetry (dotted and dashed lines) had a ratio of rms
intensity to dc intensity of Al,/I;=~0.04 on the input
beam, where I, is the intensity of the input beam (and, of
course, Al,=0 for pure phase modulation). In the
dashed curve Al, /I, was about a factor of 2 less and the
amplitude fluctuations for the solid line were negligible
for the symmetric curve. The curve with the reversed
asymmetry was obtained with the polarizer angle
reflected about the axis of the applied rf field, thus revers-
ing the relative phase of the amplitude and frequency
fluctuations. Calculations were carried out in Ref. 3 for
the rotating Vander-Pol oscillator with coupled ampli-
tude and phase noise. These calculations are consistent
with our observations. This asymmetry could provide a
useful measure of amplitude and phase correlations and
diode lasers, and such investigations are now underway in
other laboratories.?!

V. CONCLUSIONS

In conclusion, we have measured the variance of
fluorescence intensity and the spectrum of the intensity
fluctuations from a two-level system driven with a phase-
diffusing laser field. In the low-field limit, our results
agree with the predictions of Haslwanter et al.? to within
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a level of a few percent provided Doppler effects are con-
sidered. At higher fields, discrepancies become larger,
presumably due to the effects of variations in the spatial
laser-intensity distribution across the interaction region.
At low laser intensity the spectrum of the intensity fluc-
tuations at zero laser detuning consists of a peak at ¥ =0
with a width given by x. The bandwidth of the low-
intensity spectrum increases with the laser detuning due
to the appearance of (unresolved) peaks at the laser de-
tuning. At high laser intensity the overall bandwidth of
the spectrum increases, and the spectrum contains a peak
at the generalized Rabi frequency, in addition to the cen-
tral peak. The spectra are very sensitive to the details of
the spectrum of the frequency fluctuations of the input
laser field. For strong fields, the spectra are also quite
sensitive to the spatial-intensity distribution across the in-
teraction region. For driving fields with a finite band-
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width of the phase fluctuations (leading to a non-
Lorentzian laser spectrum) the peaks at the Rabi frequen-
cy are significantly reduced. These observations are con-
sistent with the predictions of Ritsch, Zoller, and Coop-
er.> Asymmetric variance profiles have been observed for
correlated amplitude and frequency noise on the input
laser field.
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