
009

PHYSICAL REVIEW A JANUARY 1999VOLUME 59, NUMBER 1
Conversion of laser phase noise to amplitude noise in a resonant atomic vapor:
The role of laser linewidth

J. C. Camparo and J. G. Coffer
Mail Stop M2-253, Electronics Technology Center, The Aerospace Corporation, P.O. Box 92957, Los Angeles, California 90

~Received 16 July 1998!

When laser light propagates through a resonant medium, the transmitted beam can exhibit excess intensity
noise@amplitude modulation~AM !#. In a semiclassical description of the phenomenon, laser phase noise~PM!
induces fluctuations in the medium’s electric susceptibility, which in turn cause fluctuations in the transmitted
intensity. The process provides an efficient means for PM-to-AM conversion, and intuition suggests that large
linewidth lasers should exhibit much greater PM-to-AM conversion than narrow linewidth lasers. Here we
measure the relative intensity noise~RIN! for two diode lasers whose linewidthsDnL differ by more than 102,
after the lasers have propagated through a resonant rubidium vapor. Though the RIN of the narrow linewidth
laser is only reduced by a factor of about 6 compared to the broad linewidth laser, our results are nonetheless
consistent with numerical simulations of the PM-to-AM conversion process. In particular, both computation
and analytical theory indicate that RIN is a nonlinear function ofDnL . For single-mode laser linewidths less
than the atomic dephasing rate, RIN increases likeADnL, while for linewidths greater than the atomic dephas-
ing rate RIN is adecreasingfunction of DnL . @S1050-2947~99!00901-4#

PACS number~s!: 42.50.Gy, 42.62.Fi, 42.25.Bs
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I. INTRODUCTION

It is now fairly well established that when laser lig
propagates through a resonant medium, the transmitted b
will exhibit some level of excess intensity noise. Though t
phenomenon may be modeled in different ways, depend
on the specifics of the experimental situation, in all cases
excess intensity noise results from a mapping of atomic fl
tuations onto the resonant optical field. In strong fiel
where the transition may be saturated, this phenomeno
described using a quantum electrodynamics formalism,
is explained as ‘‘vacuum side-mode amplification due to f
ward four-wave mixing’’ @1#. In this regime, the phenom
enon can be quite significant even for perfectly monoch
matic fields, as a consequence of the medium’s nat
relaxation processes, and it plays a role in certain amplitu
squeezing experiments@2#. In weak fields the phenomenon
no less important, though it is primarily associated with t
laser’s intrinsic phase fluctuations, and can be explai
semiclassically: laser phase noise~PM! induces fluctuations
in the medium’s electric susceptibility, which in turn cau
fluctuations in the laser’s transmitted intensity@amplitude
modulation ~AM !# @3#. At high Fourier frequencies, th
weak-field manifestation of the phenomenon provides sp
troscopic information on the resonant medium’s energy le
structure, as first reported by Yabuzakiet al. @4#. In optically
thick media, the low Fourier frequency components of
excess intensity noise can be orders of magnitude larger
the laser’s intrinsic relative intensity noise, and the P
to-AM conversion phenomenon becomes an import
physical process limiting the performance of gas-cell atom
clocks @5,6#.

The present studies consider the role of single-mode l
linewidth in the PM-to-AM conversion process for wea
fields. Intuitively, one expects the magnitude of PM-to-A
conversion to scale with linewidth, since a single-mode
ser’s linewidth is principally related to the laser’s pha
noise. In particular, as suggested by the high Fourier
PRA 591050-2947/99/59~1!/728~8!/$15.00
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quency experiments of McLeanet al. @7# and McIntyreet al.
@8#, if the linewidth of a diode laser is narrowed by seve
orders of magnitude, one anticipates orders of magnitude
duction in processes associated with PM-to-AM conversi
The experimental and theoretical results described bel
however, do not completely bear out this expectation. In S
II we describe an experiment that compares the relative
tensity noise~RIN! of two diode lasers whose linewidth
differ by two orders of magnitude. The measurements w
performed for several different values of the vapor’s opti
depth. On average, the RIN of the narrowed diode laser
at best only a factor;6 smaller than the RIN of the muc
broader diode laser. As discussed in Sec. IV, these obse
tions are consistent with numerical simulations of the P
to-AM conversion process, which additionally show that f
large linewidth fields RIN is adecreasingfunction of laser
linewidth. The computational results are elucidated in S
V, where it is shown that the variance of atomic coheren
fluctuations, which drive the PM-to-AM conversion proces
has a maximum when the laser linewidth equals the opt
transition’s homogeneous linewidth.

II. EXPERIMENT

Figure 1 shows a block diagram of the experimental
rangement. The beams from a Mitsubishi TJS@9# AlGaAs
diode laser~ML4102! and an EOSI@10# external cavity~EC!
AlGaAs diode laser were superimposed, expanded, and
lowed to pass through a natural Rb vapor contained withi
Pyrex resonance cell~72% Rb85 and 28% Rb87) @11#. Only
one beam was allowed to pass through the vapor at a t
and both lasers were tuned to the Rb85 D1 transition at 794.7
nm @i.e., 5 2S1/2(F52)→5 2P1/2(F52,3)#. As a result of
Doppler broadening, the excited-state hyperfine structure
Rb85 was not resolved. The absorption spectrum of the na
ral vapor, as measured by the TJS diode laser, is show
Fig. 2~a!. The absorption feature of interest for the prese
work is labeled asD in the figure, and is well resolved from
728 ©1999 The American Physical Society
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PRA 59 729CONVERSION OF LASER PHASE NOISE TO AMPLITUDE . . .
the other absorption features. An optical isolator, provid
at least 36-dB isolation, prevented optical feedback from p
turbing the TJS laser’s characteristics, while this funct
was essentially performed by a 2.0 neutral density filter t
was tilted and placed in front of the external cavity dio
laser. Prior to entering the resonance cell, a portion of la
light was detected with a moderately high finesse confo
Fabry-Perot interferometer~frequency resolution,Dn res,
;13 MHz). The interferometer allowed us to measure
laser detuning from resonance, and also ensured that op
feedback was not artificially broadening either laser’s sp
trum during the course of the measurements.

The TJS laser had a measured linewidth@full width at half

FIG. 1. Experimental arrangement as described in the tex

FIG. 2. ~a! Absorption spectrum of the natural R
vapor ~i.e., 72% Rb85 and 28% Rb87) as measured with the
56-MHz linewidth diode laser at 794.7 nm and at a temp
ature of 32 °C:~A! 5 2P1/2(F51)→5 2S1/2(F52) transition for
Rb87; ~B! 5 2P1/2(F52)→5 2S1/2(F52) transition for Rb87;
~C! 5 2P1/2(F52,3)→5 2S1/2(F53) transition for Rb85; ~D!
5 2P1/2(F52,3)→5 2S1/2(F52) transition for Rb85; ~E!
5 2P1/2(F51)→5 2S1/2(F51) transition for Rb87; ~F! 5 2P1/2(F
52)→5 2S1/2(F51) transition for Rb87. The ground-state hyper
fine splitting of Rb85 is 3036 MHz, while that of Rb87 is 6835 MHz.
The 5 2P1/2 excited-state hyperfine splitting of Rb85 is 362 MHz,
and unresolved within the Doppler-broadened absorption line, w
that of Rb87 is 812 MHz.~b! Relevant energy-level diagram for th
D transition of~a!.
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maximum ~FWHM!#, DnL , of 56 MHz. Using a very high
finesse confocal interferometer (Dn res,;0.8 MHz) we mea-
sured the external cavity laser linewidth, and found it to
limited by the interferometer resolution. According to th
external cavity laser’s specifications, the linewidth should
100 kHz or less. Thus the two lasers had linewidths t
differed by at least of factor of 70, and quite likely by near
three orders of magnitude.

The laser power for both beams was 15mW, measured
prior to the resonance cell, and both beams were expan
and then apertured to a diameter of 0.4 cm. The low li
intensity in the resonance cell ensured that neither la
could cause any saturation of the optical transition. Additio
ally, since there was no buffer gas in the resonance cell, th
were no confounding effects of optical pumping on PM
to-AM conversion@12,13#. The resonance cell had a lengthL
of 15 cm and a diameter of 2 cm, and was heated by brai
wire. For our experiments, the Doppler-broadened linewi
was;510 MHz, and the natural linewidth of theD1 transi-
tion is 5.67 MHz@14#.

In order to be sure that the laser beam’s passage thro
the resonance cell had no appreciable effect on the l
spectrum, we replaced the beam chopper and photod
shown in Fig. 1 with one of our two interferometers. We th
measured the linewidth of the TJS laser~using the interfer-
ometer withDn res513 MHz) and the EC laser~using the
interferometer withDn res;0.8 MHz) after passage throug
the vapor. For a vapor temperature of 38 °C, and for
lasers tuned both off resonance and on resonance, the
linewidths after passage were indistinguishable from
linewidths measured prior to passage through the reson
cell.

The vapor cell temperature was varied from 22 to 46 °
and for these temperatures the transmission of the exte
cavity laser was used to estimate the vapor’s optical de
td : td

215L21ln@Ioff /I on#, where subscripts refer to the las
tuned either off or on resonance. For this temperature ra
td /L varied from about 3 to 0.3, indicating a transition fro
an optically thin vapor to an optically thick vapor.

The average laser intensity^I &measwas obtained by chop
ping the light beam and measuring the photodiode sig
with a lock-in amplifier. Then the chopper was stopped, a
the intensity noisedI in a 1-Hz bandwidth at 1 kHz was
measured with a spectrum analyzer that had a 25-kHz ba
width. The laser RIN was defined as the ratio ofdI to ^I&
~where^I& corresponds to the measured average laser in
sity corrected for amplified spontaneous emission as
cussed subsequently!, and in all measurementsdI was mea-
surably larger than the photodetector’s dark noise.~Though
this definition of the RIN is essentially the square root of th
typically found in the diode laser literature, in our opinion
is more amenable to spectroscopic applications.!

In order to obtain an appropriate value of the RIN f
each of the lasers, it was necessary to correct the TJS la
transmitted intensity for amplified spontaneous emiss
~ASE!. ~This correction was also performed for the EC las
but it was of less significance.! As the gain curve of a diode
laser is fairly broad, diode laser Fabry-Perot modes near
main lasing mode will be amplified when the laser is op
ating above threshold@15#. For the TJS laser, these mod
are spaced by about 0.3 nm, and so will not be absorbed
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730 PRA 59J. C. CAMPARO AND J. G. COFFER
the vapor when the main lasing mode is tuned on resona
In our measurements of the RIN, we were interested in
ratio of the intensity fluctuations to the intensity of the ma
laser mode, which was the mode interacting with the ato
in the vapor. Thus defininĝI &ASE as an estimate of the la
ser’s amplified spontaneous emission, we employed^I &
5^I &meas2^I &ASE in the definition of the RIN noted above
We estimated the magnitude of the ASE by increasing
vapor cell temperature to 56 °C, and then measuring
transmitted intensity of each laser. Using the optical de
measurements from the lower temperatures, we were ab
infer that the optical depth at 56 °C was approximately 1 c
short enough so that no intensity from either laser’s m
mode should have passed through the vapor. We found
the TJS laser’s amplified spontaneous emission was a
11% of the total laser’s output@16#, while the EC laser’s
ASE was only about 1% of the total output intensity. Tabl
shows theon-resonancevalues of^I &ASE/^I &measfor each of
the lasers at the four temperatures studied.

III. RESULTS

Figure 3 shows the measured RIN of the two lasers a
function of laser detuning for four different temperatures.
low temperatures, where the vapor is optically thin, the R
displays a double-peaked dependence on laser detu
Heuristically, if L(n-n0) is defined as the absorption lin
shape centered atn0 , then for PM-to-AM conversion we
expect

~dI /^I &!'^dnL& rmsUdL

dnU, ~1!

where^dnL& rms corresponds to the laser’s root-mean-squ
frequency fluctuations. In words, the laser’s phase fluct
tions cause the laser frequency to vary stochastically ac
the atom’s absorption profile, and as a consequence
amount of light transmitted by the vapor becomes a stoch
tic quantity. The absolute value of the absorption li
shape’s derivative implies a double-peaked curve for P
to-AM conversion RIN as a function of laser detuning, a
given the excited-state hyperfine structure associated
this transition, the double-peaked structure could be expe
to exhibit some asymmetry. The important point of this o
servation is that neither shot noise nor the laser’s intrin
RIN would be expected to exhibit such a double-peak
structure@17#. Consequently, the double-peaked appeara
of the RIN data shown in Fig. 3, along with the inver
relationship between the magnitude of the RIN and the

TABLE I. Ratio of ASE to the transmitted intensity for th
lasers tuned on resonance.@This relatively large value is simply du
to strong absorption of the EC laser at 46 °C~i.e., L/ttd53.8).]

TJS Laser EC Laser

^I &ASE/^I &measat 22 °C 0.17 0.01
^I &ASE/^I &measat 32 °C 0.31 0.02
^I &ASE/^I &measat 38 °C 0.49 0.05
^I &ASE/^I &measat 46 °C 0.79 0.38a
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por’s optical depth, provide strong evidence that our m
surements of the RIN are indeed probing the PM-to-AM co
version process.

One of the more intriguing aspects of Fig. 3 concerns
relative magnitude of the RIN for the two lasers. Given th
the linewidths of the two lasers differed by about 102 to 103,
we had originally anticipated that the RIN of the EC las
would be insignificant on the scale of the RIN for the T
laser. Specifically, sincêdnL& rms for a singlemode laser with
a nearly Lorentzian line shape scales likeADnL @18#, all

FIG. 3. RIN ~multiplied by 106) vs laser detuning. Black dia
monds correspond to the results obtained with the EC laser, w
circles correspond to the results obtained with the TJS diode la
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PRA 59 731CONVERSION OF LASER PHASE NOISE TO AMPLITUDE . . .
other things being equal, Eq.~1! implies

~dI /^I &!TJS

~dI /^I &!EC
5S DnL

TJS

DnL
ECD 1/2

. ~2!

At a minimum, we therefore expected this ratio to be;10,
and quite likely to be nearer to 25 given the EC laser’s sp
fied 100-kHz linewidth. Moreover, this ratio was expected
be independent of laser detuning from resonance. As il
trated in Fig. 4, however, when we examined the experim
tal ratio of the RINTJS to RINEC, we found that on averag
this ratio was;6 for the lasers tuned on resonance, while
resonance this ratio dropped to;3. Thus, while the effi-
ciency of PM-to-AM conversion is certainly a function o
laser linewidth, the experimental data indicates that the h
ristic description of PM-to-AM conversion embodied by E
~1! overly simplifies the fundamental physical process.

IV. COMPUTATION

In the regime of weak fields, such that the optical tran
tion is not saturated, PM-to-AM conversion in optically thic
vapors can be described semiclassically@13#. Basically, for a
three-level atom like that shown in Fig. 2~b!, where optical
pumping may be operative, laser phase fluctuations ca
fluctuations in the real and imaginary components of
density-matrix coherences31. Since the coherence is relate
to the vapor’s electric susceptibilityx, these laser-induced
atomic coherence fluctuations essentially result in fluct
tions of the vapor’s absorption cross section.

Definingu andv as the real and imaginary components
s31, respectively, ands i i as the population inui&, it is pos-
sible to write the density-matrix components in terms of th
average values, and laser-induced fluctuations,dx(t):

s115S1ds~ t !, ~3a!

u5u01du~ t !, ~3b!

v5v01dv~ t !. ~3c!

FIG. 4. Ratio of the TJS laser’s RIN to that of the EC las
open triangles correspond toT538 °C, while filled circles corre-
spond toT532 °C. The dashed line corresponds to the anticipa
value for this ratio based on an EC laser linewidth of 100 kHz.
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As discussed in Ref.@13#, the average values are given by

S5
4ghfs~GaGb1D2!

@8ghfs~GaGb1D2!1GaV̄2#
, ~4a!

u05
2V̄Dghfs

@8ghfs~GaGb1D2!1GaV̄2#
, ~4b!

v05
22V̄Gaghfs

@8ghfs~GaGb1D2!1GaV̄2#
, ~4c!

where

Ga5Gcol1
A

2
1g, ~4d!

Gb5Gcol1
A

2
1

V̄2

2A
1g; ~4e!

while the laser induced fluctuations are described by the
lowing set of stochastic differential equations:

ḋs5
V~ t !

2
dv22ghfsds, ~5a!

ḋu52S Gcol1
A

2 D du1gu02~D1dv!dv2dvv0, ~5b!

ḋv52S Gcol1
A

2
1

V~ t !2

2A D dv1gv01~D1dv!du1dvu0

2
V~ t !

2
ds . ~5c!

In these expressions,Gcol is the collisional dephasing rate o
the optical transitions;A is the EinsteinA coefficient for the
excited state;v0 is the average laser frequency, whiledv
represents the laser’s stochastic frequency fluctuation;g
represents the linewidth of the laser~as will be discussed
subsequently!; D[(v02v31); ghfs is the hyperfine relax-
ation rate betweenu2& and u1&; and V is the optical Rabi
frequency. Note that in Eqs.~4! the average value of the Rab
frequency,V̄, is employed, while in Eqs.~5! the Rabi fre-
quency is allowed to take on the characteristics of a stoch
tically varying parameter.

The frequency andintrinsic amplitude fluctuations of the
laser are modeled as Ornstein-Uhlenbeck processes@19#.
Specifically, ifV(z50,t) is defined as the Rabi frequency
the entrance to the resonance cell at timet, then

V~0,t !5V̄~0!@11x~ t !#, ~6a!

^x~ t !x~ t1t!&5
g

v1
exp~2v1utu!, ~6b!

^dv~ t !dv~ t1t!&5gb exp~2butu!, ~6c!

:

d
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732 PRA 59J. C. CAMPARO AND J. G. COFFER
whereV̄(0) is the average Rabi frequency at the resona
cell entrance;b21 is the correlation time of laser frequenc
fluctuations; 2g is essentially the linewidth of the laser fo
our nearly Lorentzian line shapes~i.e., g,b), and 1/v1 is
the correlation time of the laser’s intrinsic amplitude fluctu
tions. Note that in this model, the laser’s intrinsic RIN in
1-Hz bandwidth is 4Ag/v1 .

The above density-matrix equations are a function
propagation distance into the vapor cell,z, and, as discusse
more fully in Ref.@13#, they are solved iteratively to propa
gate the electric field amplitude through the vapor. Brie
for a small increment in propagation distance,dz, the laser
electric fieldE can be expanded in a Taylor series:

E~z1dz!5E~z!24kNm13̂ ~v01dv!&ndz, ~7!

whereN is the number density of atoms in the vapor,m13 is
the u1&2u3& electric dipole moment,k is the wave vector of
the laser light, and̂¯&n implies a velocity average over th
Maxwell-Boltzmann distribution. At various computation
time steps, values for the stochastic laser electric-field
plitude and frequency atz50 are determined by the meth
odology of Camparo and Lambropoulos@20#. The propaga-
tion of this wave front through the medium is the
determined with the aid of Eqs.~4!, ~5!, and ~7!. Equations
~5! are solved at each positionz by a fifth-order Runge-
Kutta-Fehlberg method with adaptive~temporal! step size
@21#, and the step size is restricted so that it is always sma
than 0.1A21 and 0.1Gcol

21. Ten sets of density matrix equa
tions are solved at each positionz, corresponding to specific
velocity subgroups. The attenuation coefficient~i.e., dE/dz)
is averaged over the Doppler distribution by use of Gauss
quadrature@22#, and the field is then propagated through t
atomic vapor. The intensity of the laser at the exit of t
medium is averaged over a time interval equal to the sma
of either A21 or Gcol

21, and is then subjected to statistic
analysis to determinedI in a 1-Hz bandwidth at low Fourie
frequency.

The results from this one dimensional model are shown
Fig. 5, where the computed RIN is shown as a function
the laser linewidth parameter 2g. Other parameters used i
these calculations are collected in Table II, where it is to
noted thattd /L for a 100-kHz linewidth laser is 0.45. Th
error bars shown in Fig. 5 correspond to our uncertainty

FIG. 5. Computational results of the RIN vs the laser linewid
parameter 2g. A/2 is the optical dephasing rate due to spontane
emission, whileDnD is the Doppler linewidth~FWHM!.
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estimating the spectral density of amplitude fluctuations
the transmitted beam, as discussed in Ref.@13#.

Perhaps the most striking feature of Fig. 5 is that it p
dicts that the RIN is a nonmonotonic function of laser lin
width. Though the RIN increases likeAg for linewidths less
than the atoms’ intrinsic dephasing rate, in this caseA/2, for
larger linewidth lasers the RIN is actually a decreasing fu
tion of g. In particular, comparing a 100-kHz linewidth las
with a 60-MHz linewidth laser, aAg dependence would pre
dict that the narrow linewidth laser should have a RIN a
proximately 25 times smaller than that of the broad linewid
laser. However, the data of Fig. 5 actually indicate tha
100-kHz laser may exhibit nearly the same RIN as a 60-M
laser, in reasonable agreement with the experimental da
Fig. 4, where the ratio of the RIN values on resonance
about 3 forT538 °C ~i.e., td /L50.53).

In order to pursue the origin of this nonmonotonic depe
dence, it is necessary to recognize that the RIN depends
ratio of noise to transmitted light intensity. For the data
Fig. 5, these are displayed separately in Fig. 6. Figure 6~a!
shows the average transmitted light intensity as a function
laser linewidth. As might be expected, for laser linewidt
less than the homogeneous linewidth, optical transmiss
increases withg ~i.e., the peak absorption cross section d
creases as the laser phase noise adds to the atom’s
dephasing rate!. However, once the laser linewidth increas
beyond the homogeneous width, it interacts with a grea
number of velocity subgroups, leading to increased abso
tion by the vapor. Eventually, when the laser linewidth b
comes greater than the Doppler width, the transmitted int
sity again increases. Note, however, that the RIN is invers
proportional to the transmitted light intensity, so that tak
by itself Fig. 6~a! would predict that the RIN is aminimum
for linewidths nearA/2. Figure 6~b! shows the noise level o
the transmitted light intensity as a function of laser lin
width. The data points correspond to the noise values use
the computation of the RIN for Fig. 5; the solid line will b
discussed subsequently. Clearly, the striking feature of F
6~b! is the ‘‘fall-off’’ of PM-to-AM conversion noise for
laser linewidths greater than the optical dephasing rate,A/2.
Together, Figs. 6~a! and 6~b! indicate that the nonmonotoni
nature of the RIN for linewidths nearA/2 results primarily
from a nonmonotonic relationship between the efficiency
PM-to-AM conversion noise and laser linewidth. Addition

s

TABLE II. Parameters employed in the numerical simulation

Parameter Value

Laser input intensity 1mW/cm2

Resonance cell temperature 40 °C
Resonance cell length 3 cm
Rubidium vapor pressure 2.931026 torr
Estimatedtd for 2g50.1 MHz 1.35 cm
ResidualN2 buffer gas pressure 1026 torr
DnDoppler 512 MHz
DnNatural 5.67 MHz
Laser intrinsic RIN 10210

Laserb parameter 3 GHz
dz for computation 0.03 cm
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ally, the drastic reduction of the RIN for linewidths great
than the Doppler width results primarily from the increas
optical transmission by the vapor.

V. ANALYSIS

In this section we consider the origin of the nonmonoto
relationship between the efficiency of PM-to-AM conversi
noise and laser linewidth. To this end, we note that P
to-AM conversion derives principally from fluctuations
the atomic coherence@13#, and we anticipate from Eq.~7!
that the stochastic variations of transmitted intensity will
proportional to the stochastic variations in the coheren
Specifically, assuming that the coherence is approxima
constant along the propagation path at any instant, Eq.~7!
yields

I ~L,t !5^I ~L !&exp@28kNm13̂ dv~ t !&nL#, ~8a!

where

^I ~L !&[I 0exp@28kNm13̂ v0&nL#. ~8b!

For the situations of practical interest~i.e., spectroscopy and
atomic clocks!, we can further assume that the coheren
fluctuations are relatively small, so that the exponential
Eq. ~8a! may be expanded. It is then clear thatdI (L,t)
;^dv(t)&n .

FIG. 6. ~a! Filled circles correspond to the computed avera
transmitted intensity as a function of the laser linewidth parame
~b! Circles correspond to the computed transmitted intensity n
as a function of the laser linewidth parameter, while the solid l
corresponds to the analytical result as discussed in the text.
c

-

e.
ly

e
f

To proceed, we restrict our consideration to fairly we
fields such thatV!ghfs implying that S5 1

2 , ds50, and
Ga>Gb[G. Thus definingz(t) as (du1 idv) and z0 as
^s13&, Eqs.~5! result in

ż52@G2 i ~D1dv!#z1~g1 idv!z0. ~9!

Ignoring terms of second order in the fluctuating parame
~e.g.,dvz!, Eq. ~9! becomes a complex Langevin equation

ż1@G2 iD#z5~g1 idv!z0 , ~10!

where the atomic dephasing rateG is now seen to act as
viscous drag on the atom’s ability to follow the rapidly flu
tuating stochastic ‘‘force’’dvz0 . Integrating Eq.~10!, we
obtain

z~ t !5z0e2~G2 iD!tE
0

t

~g1 idv!e~G2 iD!t8dt8. ~11!

In the case of a nearly Lorentzian line shape, where
can assume thatb is much greater than the atom’s dephasi
rate or laser detuning, the laser frequency fluctuations
appear to bed correlated, so that̂dv(t8)dv(t9)&>2gd(t8
2t9). Then, defining the autocovariance of atomic coh
ence fluctuations

C~ t,t1t![^z~ t !z* ~ t1t!&2^z~ t !&^z* ~ t1t!&, ~12!

it is straightforward to show from Eq.~11! that

lim
t→`

C~ t,t1t![C~t!5F V2g

16G@~G1g!21D2#Ge2Gutue2 iDt.

~13!

Each velocity subgroup in the vapor, however, will have
own autocovariance function owing to the different Dopp
shifts of the atoms. Averaging Eq.~13! over the Doppler
distribution of shifts in the case of the laser tuned to t
center of the Doppler broadened line shape, and assum
that the Doppler width is much greater than the homo
neous linewidth, yields

^C~t!&n>F V2gAp ln~2!

8G~G1g!DnD
Ge2~2G1g!utu. ~14!

Taking the Fourier transform of̂C(t)&n , we obtain the
spectral density of coherence fluctuations,Sz , which is pro-
portional to the spectral density of intensity fluctuation
Thus, at some Fourier frequencyf within a small bandwidth
D f , the measured intensity noise is proportional
AD f Sz(2p f ), where

Sz~v!5E
2`

`

^C~t!&ne2 ivtdt. ~15!

Evaluating the Fourier transform yields

Sz~v!5F V2gAp ln~2!

4G~G1g!DnD
GF ~2G1g!

~2G1g!21v2G , ~16!

so that

e
r.
e

e



h
ty

y
-
t i

r
se
fo

iv

se
u-
se
a
-
a

al

p
us
s

ta

e
th
m

per-
tted
ed
ed

en
y a

p-
-

e
rf-
mic
n-
an-

er-
hly

ct
are
di-

a-
y-
an

ser
ic
-
p-

of

ct

734 PRA 59J. C. CAMPARO AND J. G. COFFER
~dI /^I &!58A2pkNm13LAD f Sz~2p f !. ~17!

Note that Eq.~16! predicts that, for Fourier frequencies muc
less than the atom’s dephasing rate, the spectral densi
intensity noise will be white.

The solid line in Fig. 6~b! corresponds to the intensit
noise predicted by Eq.~16! at low Fourier frequencies, ap
propriately scaled to fit the computational data. Note tha
the regime of small linewidths~i.e.,g!G), Eq. ~16! predicts
that the noise is proportional toAg, while in the regime of
very broad bandwidth fields~i.e., g@G) the noise is propor-
tional to 1/Ag. Equation~13! provides the basic rationale fo
this nonmonotonic relationship between the RIN and la
linewidth. Though the variance of frequency fluctuations
a singlemode laser~i.e., phase diffusion field! scales likeg,
the variance of atomic coherence fluctuations, which dr
the RIN, has a nonlinear dependence ong. In particular, for
the homogeneous case of Eq.~13! the variance of atomic
coherence fluctuations is maximized wheng5G.

VI. DISCUSSION

We have examined the influence of single-mode la
linewidth on PM-to-AM conversion experimentally, comp
tationally and analytically. The significant result from the
studies is that the efficiency of PM-to-AM conversion is
nonmonotonic function of laser linewidth. Basically, PM
to-AM conversion is driven by atomic coherence fluctu
tions, and the variance of these fluctuations~in the homoge-
neous case! has an extremum when the laser linewidth equ
the atomic transition’s homogeneous linewidth.

The results have an immediate bearing on recent attem
to improve the performance of gas-cell atomic clocks by
ing diode lasers for optical pumping. In the traditional ga
cell clock, a population imbalance between the ground-s
hyperfine sublevels of Rb87 is achieved by optical pumping
with a rf discharge lamp@23#. In the absence of a microwav
field, resonant with the ground-state hyperfine splitting,
transmitted intensity of the discharge lamp is at a maximu
L.

al,
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pt
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r
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e
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ts
-
-
te

e
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However, in the presence of resonant microwaves the hy
fine population imbalance is destroyed, and the transmi
intensity is minimized. Hence the intensity of transmitt
light in this device provides the operative signal that is us
to stabilize a microwave field to an atomic resonance.

The atomic clock’s short-term performance is oft
couched in terms of the signal-to-noise ratio, and roughl
decade ago it was predicted that more efficient optical pum
ing with a diode laser would yield orders-of-magnitude im
provement in clock stability@24#. Though experiments hav
repeatedly verified the superiority of diode lasers over
discharge lamps with regard to the magnitude of an ato
clock’s signal, they have also indicated that PM-to-AM co
version noise can be orders of magnitude larger with st
dard diode lasers than with rf-discharge lamps@5#. Prior to
the present work, this result was completely count
intuitive, as the linewidth of a standard diode laser is roug
50 MHz @11#, while that of a rf-discharge lamp is;2 GHz
@25#. However, in light of the present results, and the fa
that optical dephasing rates in gas cell atomic clocks
;100 MHz @26#, it can be appreciated that the standard
ode laser devices operate in a regime whereg;G, the worst
possible situation for PM-to-AM conversion noise. Altern
tively, PM-to-AM noise is considerably reduced by emplo
ing a rf-discharge lamp whose linewidth is much greater th
the optical dephasing rate@27#. Clearly, for improved gas-
cell atomic clock performance one should use a diode la
with a narrowed linewidth, gaining an advantage in atom
clock signal amplitude, while paying a minimal price in PM
to-AM conversion noise. We note that this is just the a
proach taken by Miletiet al., who demonstrated a short-term
performance for the gas-cell atomic clock that rivals that
the passive hydrogen maser@6#.
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