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Collisional dephasing and the reduction of laser phase-noise to amplitude-noise conversion
in a resonant atomic vapor
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When resonant laser light passes through a vapor, the laser’s intrinsic phase fluctuations induce random
variations in the atomic coherence, which in turn give rise to fluctuations in the medium’s absorption cross
section. Hence, laser phase modulation noise~PM! is converted to transmitted laser intensity~i.e., amplitude!
modulation noise~AM !. Here, we consider the influence of collisional dephasing on the PM-to-AM conversion
process. Specifically, we measure the relative intensity noise of a diode laser beam, resonant with the RbD1

transition at 794.7 nm, after it has passed through a Rb87/N2 vapor as a function of nitrogen number density.
Our results demonstrate that when collisional dephasing is very rapid, the spectral density of cross-section
fluctuations is reduced, so that there is a significant decrease in the efficiency of PM-to-AM conversion at low
Fourier frequencies. These results imply that, in general, when laser PM-to-AM conversion is the dominant
noise process, pressure broadening can actuallyincreasespectroscopic sensitivity.

DOI: 10.1103/PhysRevA.65.033807 PACS number~s!: 42.50.Gy, 42.62.Fi, 42.25.Bs
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I. INTRODUCTION

In the weak-field limit of radiative interactions, it is eas
to think of resonant absorption as a passive process: an
tical field impinges on an atom or molecule and within so
cross-sectional areas, the atom has a high probability fo
absorbing the radiant energy. In nearly all respects, with
exception of the field’s detuning from resonance, this vie
point considerss as an intrinsic, static property of the me
dium that is independent of the field. In point of fact, ho
ever, resonant absorption is a dynamic process even in
weak-field limit. As a consequence, though a single-mo
diode laser is essentially monochromatic, the field’s resid
stochastic variations can generate relatively large fluctuat
in a resonant vapor’s absorption cross section.

The consequences of field-induced cross-section fluc
tions may be understood qualitatively through Beer’s l
@1#. If dv(t) represents the stochastic frequency~i.e., phase!
variations of a laser field~most typically associated with
quantum noise!, and dE(t) represents the field’s stochast
amplitude fluctuations~due perhaps to mode partition noise!,
then under the assumption that these variations are ‘‘sm

dI ~z,t !5@N#zS dv~ t !
]s

]v
1dE~ t !

]s

]EDe2@N#sz. ~1!

Here,dI (z,t) represents the random fluctuations of the lig
intensity transmitted to a depthz in the absorbing medium
@N# is the number density of absorbing atoms or molecule
the vapor, and we note that in the case of single-mode d
lasers the phase noise term has the dominant influence
course, the idea of small frequency variations is problem
for a single-mode laser, since the~nearly! d-correlated aspec
of the fluctuations implies that the root-mean-square valu
dv(t) is exceptionally large@2#. Nonetheless, Eq.~1! makes
it clear that laser phase modulation noise~PM! can be con-
verted to transmitted intensity~i.e., amplitude! modulation
noise ~AM !, and that the efficiency of this conversion pr
1050-2947/2002/65~3!/033807~9!/$20.00 65 0338
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cess will depend on the density of absorbers, the magnit
of the laser’s frequency fluctuations, and the sensitivity
the cross section to those fluctuations.

In the regime of high Fourier frequencies, PM-to-AM
conversion finds application as a novel spectroscopic te
nique @3,4#. Basically, for Fourier frequencies of the field
phase fluctuations that match an atomic or molecular re
nance, the absorption cross section can display large am
tude oscillations@5#. Thus, the noise spectrum of the tran
mitted light will show ‘‘bright lines’’ at resonance
frequencies, yielding information on atomic structure@6# or
the absorbing medium’s elemental composition@7#. In the
regime of low Fourier frequencies, however,~less than about
10 kHz! PM-to-AM conversion is of no utility; it is simply a
source of excess noise, and as such is to be eliminate
possible. Unfortunately, as may be appreciated from Eq.~1!,
PM-to-AM conversion is inherent to the absorption proce
and cannot be eliminated@8#; it may only be ameliorated
This issue of PM-to-AM conversion is of more than ac
demic interest, since research has shown that the pe
mance of vapor-cell atomic clocks may be seriously limit
by this noise process@9#. Though the most straightforwar
mitigation strategy is to simply reduce the single-mode
ser’s linewidth@10#, and hence the level of the field’s phas
noise, such an option is not always viable, nor is it neces
ily the optimum strategy in all situations.

To understand better how a medium’s absorption cr
section responds to a fluctuating field, the present st
looks at the effect of collisional dephasing on the efficien
of PM-to-AM conversion. Specifically, in Secs. II and III w
describe our experiment and its results examining P
to-AM conversion in a vapor of Rb87 atoms perturbed by N2
collisions. Basically, we find that there is a dramatic decre
in the efficiency of PM-to-AM conversion when the coll
sional dephasing rate exceeds the optical transitio
Doppler-broadened linewidth. In Sec. IV, we outline a theo
of PM-to-AM conversion that includes buffer-gas dephas
collisions, and we show that when the time scale of co
sional dephasing is much shorter than the field’s correla
©2002 The American Physical Society07-1
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time, PM-to-AM conversion becomes inefficient. We co
clude by considering the general spectroscopic implicati
of our results.

II. EXPERIMENT

According to Beer’s law, fluctuations in the absorptio
cross sectionds will manifest themselves through variation
in the light intensity transmitted by a resonant vapor. Spec
cally, since the cross-section fluctuations we are concer
with are small

^I ~z!&1dI ~z!>I oe2@N#^s&z~12@N#dsz!, ~2!

where ^s& is the average absorption cross section. Con
quently, for a fixed number density of absorbers, the rela
intensity noise or RIN~i.e.,dI rms/^I &! may be employed as
measure of the vapor’s rms cross-section variation,

ds rms5
1

@N#z

dI rms

^I &
. ~3!

In our experiment, illustrated in Fig. 1, we examined t
intensity fluctuations of a single-mode AlxGa12xAs diode
laser~Mitsubishi ML44126! after passing through a resona
Rb87 vapor contained in a Pyrex resonance cell with a2
buffer gas. The diode laser, emitting 5 mW and with a lin
width of 60 MHz, excited theD1 transition of Rb at 794.7
nm, specifically, as illustrated in Fig. 2, the 52S1/2(F
51) – 52P1/2(F851,2) transition of Rb87. Due to the dispar-
ity in coupling strengths between theF51 andF851,2 hy-
perfine levels, most of the absorption is associated with
(F51)-(F852) transition, so that to some extent the atom
system mimics a two-level atom. In the experiments, we e
ployed several isotopically enriched Rb resonance cells w
N2 buffer-gas pressures ranging from 1 to 100 torr. The re
nance cells had a diameter of 2.2 cm, a lengthL of 3.9 cm,
and were wound with braided wire and actively stabilized
a temperature of ;38 °C ~i.e., @Rb87#
>7.531010 cm23 @11#!. After passing through an optica
isolator, the laser beam was attenuated, expanded and
apertured so as to create a fairly uniform spatial profile. T
diameter of the beam entering the resonance cell was 0.8

Prior to measuring diode laser RIN for one of our cel
we measured the number density of atoms in the absor
5 2S1/2(F51) state as a function of the laser intensity. Ba
cally, we swept the diode laser frequency across the abs
tion line, and monitored the laser intensity with our referen

FIG. 1. Experimental arrangement as described in the text.
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and signal photodiodes. Using the reference photodiode
could infer what the signal photodiode would have measu
for the laser intensity on resonance if the Rb87 vapor had not
been present~i.e., I o!. Then, using the on-resonance las
intensity measured with the signal photodiodeI res, we deter-
mined the vapor’s attenuation coefficientk:@Rb87#^s&[k
51/L ln@Io /Ires#. These measurements are shown in Fig. 3
our 1-, 10-, and 100-Torr N2 cells. For each cell, we chose a
operating light intensity for the RIN measurements that w
relatively large ~so that shot noise on the photodetec
would not confound our measurements!, but small enough so
that the attenuation coefficient was relatively insensitive
light-intensity variation~i.e., no optical pumping reduction
of Rb87 @12#!. For general reference, we note that at low lig
intensity, our average absorption cross section for
laser-tuned on resonance in the 1 torr cell w
;5.2310212 cm2.

The difference in the low-intensity asymptotes for t
three cells is primarily due to the fact that the average
sorption cross section is inversely proportional to atom
linewidth Dn. In the 1-Torr cell, the absorption linewidth i
limited by the 510-MHz Doppler width for theD1 transition

FIG. 2. ~a! Relevant energy-level diagram of Rb87. ~b! Relative
absorption features associated with the 52S1/2(F51) – 52P1/2 tran-
sition in a 1-Torr N2 cell. Zero-laser detuning corresponds to t
5 2S1/2(F51) – 52P1/2(F52) transition. The solid curve is a fit to
two Lorentzian functions separated by the excited-state hyper
splitting. The resulting full width of the spectral features is 5
MHz. This is somewhat broader than the estimated Doppler wi
most likely because the vapor is slightly optically thick.
7-2
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COLLISIONAL DEPHASING AND THE REDUCTION OF . . . PHYSICAL REVIEW A 65 033807
DnD , whereas in the 100-Torr cell pressure broadening gi
rise to a 1.6 GHz linewidth.~The N2 pressure-broadenin
coefficient for the RbD1 transition is 16.3 MHz/Torr@13#.!
Since it was difficult to get each of the resonance cells
exactly the same temperature, the alkali number dens
~and hence theds rms values! were not directly comparable
from cell to cell. Therefore, we used these asymptotes
calibrate our alkali densities.

As is well known, sinceDn^s& is essentially a constan
for a given resonance@14#, any variation among values o
kDn must be due to variations in alkali number densi
Therefore, to calibrate the number density in our cells
first computed values ofkoDn of each cell, whereko is the
asymptotic value of the attenuation coefficient andDn
>ADnD

2 1(Pb)2 @15# with P the N2 pressure andb the N2

pressure-broadening coefficient. We then computed the a
age value ofkoDn for all our cells, and compared any pa
ticular cell’s value of this quantity with the average. Spec
cally, to calibrate our measurements we multiplied the R
by the ratio ofkoDn to ^koDn&,

ds rms5S koDn

^koDn& D 1

@Rb87#L

dI rms

^I &
. ~4!

For our measurements, this procedure indicated that the
erage deviation of Rb87 among our cells was about 20%
corresponding to a cell-to-cell temperature variation of
proximately62°C.

Once an appropriate laser intensity was chosen for a
ticular resonance cell, we proceeded to the RIN meas
ments. First, we chopped the light and measured the ave
laser intensity on our reference and signal photodiodes u
the lock-in amplifier. Then, without light chopping, we me
sured the intensity noise at;400 Hz in a 1 Hzbandwidth
with our spectrum analyzer for both the reference and sig
photodiodes. Taking the ratio of the noise to average int
sity gave us the laser RIN prior to entering the resonance
and after passing through the resonant vapor. These mea
ments were made as a function of laser tuningDo and are
shown in Fig. 4 for our 1-, 10-, and 100-Torr N2 cells. The
figure shows raw RIN measurements after passing thro

FIG. 3. Attenuation coefficientk as a function of laser intensity
The low-intensity asymptotes differ due to the dependence of
absorption cross section on absorption linewidth.
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the resonance cell, butprior to calibration for cell-to-cell
temperature variations. In all cases our laser RIN bef
passing through the resonance cell showed no apprec
change with laser tuning@16#, and on average was abou
1.731026. Notice that except for the 100-torr resonan
cell, the transmitted RIN isnonzeroon resonance. This is in
contrast to the simple interpretation of cross-section fluct
tion effects expressed by Eq.~1!, which indicates that the
transmitted RIN is zero whenever the derivative of the a
sorption line shape is zero.

Figure 5 constitutes the main experimental results of
present work. There, the rms value of the cross-section fl
tuations is shown as a function of the N2 pressure, and we
have calibrated the data to account for cell-to-cell tempe
ture variations. Diamonds correspond to a laser detuning
yields a maximum in the fluctuations, while circles corr
spond to the laser-tuned on resonance. As the figure cle
shows, increasing the N2 pressure beyond some critical valu
leads to a reduction in cross-section fluctuations.

The dashed curves correspond to fits of the data to
empirical formula

e

FIG. 4. Laser RIN (dI rms/^I &) after passage through the res
nant vapor as a function of laser detuning. Again, the zero of
tuning corresponds to the 52S1/2(F51) – 52P1/2(F52) transition.
These measurements have not been corrected for cell-to-cell
perature variations, and, therefore, demonstrate that N2 pressure has
a very clear effect on PM-to-AM conversion efficiency.

FIG. 5. Magnitude of the rms cross-section fluctuations a
function of N2 pressure. These measurements have been corre
for cell-to-cell temperature variations as discussed in the text.
angles correspond to the maximum value of RIN at negative de
ings for each of the N2 pressure cells, while circles correspond
on-resonance RIN. The dashed lines are fits to Eq.~5!.
7-3
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ds rms5
Po

2dso

Po
21P2 . ~5!

For the maximum fluctuations curve~i.e., DoÞ0!, dso
51.7310216 cm2, while for the on-resonance curve,dso
53.1310217 cm2. These values are clearly related to t
laser’s linewidth, and would be larger or smaller depend
on the laser’s intrinsic phase noise. For both curves, h
ever, we obtainPo527 Torr. Thus, when the pressur
broadened linewidth is just a bit narrower than the Dopp
width ~i.e., bPo5440,DnD5510 MHz!, ds rms falls to
about a half of its maximum value. Further, since the sa
value of Po is obtained for both curves, this statement a
pears to be true independent of the laser tuning.

III. THEORY OF PM-TO-AM IN THE PRESENCE
OF COLLISIONAL-DEPHASING

A. General considerations

Figure 6 illustrates the interaction of a Rb atom with
stochastic field and a perturbing buffer-gas molecule. We
nore three-body effects and bound-state formation, view
the binary interaction as occurring over the time scale o
gas kinetic collision~i.e., tcol<10212 s!. For completeness
we note that kinetic and electronic energy may be transfe
to the molecule during the collision, though the details of t
process should have little influence on PM-to-AM conv
sion. Depending on the strength of the collisional pertur
tion, the Rb atom’s interaction with the field will be altere
during the encounter, and most likely ‘‘switched off’’ due
shifts of the atom’s energy levels. Of course, the interrupt
of the field-atom interaction only lasts for the duration of t
binary collision, and afterwards resumes. Since the m
time between Rb/buffer-gas collisions is roughly
310210 s for a buffer gas at standard temperature and p
sure, the actual time that the field-atom perturbation could
‘‘off’’ is relatively small. Moreover, since the correlation
time of typical laboratory fields is much longer than 10212 s

FIG. 6. Illustration of rubidium/nitrogen interaction as discuss
in the text.
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~i.e.,tcorrel>631029 s for a laser with a 50 MHz linewidth!,
the field’s amplitude and frequency remain unchanged du
the collision. Consequently, we can view the stochastic fi
as a continuous random perturbation on the atom, igno
the collisional interruptions in this interaction.

By the same argument, however, we must recognize
the binary buffer-gas perturbation is not properly describ
as a continuous random process, but more akin to sud
random impulses that scramble the phase of the field-a
interaction. Notwithstanding this recognition of the col
sions’ stochastic nature, we willmodelthe buffer-gas pertur-
bation as a continuous random process in what follows. T
is valid, since we average atomic evolution over a timetavg
that is long compared to the duration of a collision but sh
compared to the field’s correlation time~i.e., we average the
collisional perturbation overtavg thereby distributing its ef-
fect over this time interval!.

If we restrict our attention to a two-level quantum syste
then when a resonant field excites an atom or molecule
superposition it creates is just a linear combination of
ground state,ug&, and excited state,ue&, wave functions

F5ag~ t !e2 iEgt/\ug&1ae~ t !e2 iEet/\ue&. ~6!

In this case, as may be readily shown using Maxwell’s eq
tions and the relationship between polarizability and aver
dipole moment@1,17#, the absorption cross section has
relatively simple dependence on the expansion coefficie
of Eq. ~6!,

s52
16p2meg

Eoleg
Im@ae* age2 if~ t !#. ~7!

Here,leg andmeg are the transition wavelength and dipo
moment, respectively;Eo is the amplitude of the field;f(t)
is the stochastic phase of the field, and we have assumed
the index of refraction of the vapor is near unity and that
laser is tuned on resonance.~As our interest is in PM-to-AM
conversion, we restrict consideration to phase-diffus
fields @18#.! Written in this way, the dynamic nature of th
absorption cross section is readily apparent, since variat
in the expansion coefficients of the wave function will pr
duce variations ins.

B. Fine-grain averaged Schro¨dinger equation

The temporal evolution of the expansion coefficients is,
course, determined by the Schro¨dinger equation

i\
]F

]t
5HF5~Ho1VL1VBG!F, ~8!

whereHo is the unperturbed Hamiltonian,VL is the pertur-
bation due to the laser field, andVBG is the perturbation
arising from buffer-gas collisions. For the two-level atom
the laser perturbation is just

VL52m
Eoeif~ t !

2
ei v̄t1c.c., ~9!
7-4
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wherev̄ is the average laser frequency.
With regard to the buffer gas, on a time scale that is lo

compared to a binary encounter, we consider that these
lisions only shift the atomic state energy levels. Of course
the case of N2 or other molecular buffer-gas species, non
diative relaxation of the excited state will also occur~e.g.,
electronic to vibrational energy transfer! @19#. However,
since the optical-absorption cross section depends on the
herence between the ground and excited states, we as
that longitudinal~i.e., T1! relaxation processes only play
secondary role in PM-to-AM conversion, with the domina
role due to transverse~i.e., T2! relaxation processes. Thu
we write the matrix elements for the buffer-gas perturbat
as

^ j uVBGuk&5\Dk
c~ t !d jk , ~10!

whereDk
c(t) is a randomly varying shift ofuk&’s energy.

Since the correlation time for these collisional ener
shifts will be on the order of a gas-kinetic interaction tim
Dk

c(t) may be considered asd correlated. We, therefore, hav
^Dk

c&50 and ^D j
c(t)Dk

c(t2t)&5gk
BGd jkd(t). Notice that if

we define the random variablez(t) as Dg
c(t)2De

c(t), then
given the zero mean,d-correlated nature ofDk

c(t) we have
^z&50 and ^z(t)z(t2t)&5(gg

BG1ge
BG)d(t)5gBGd(t).

Here, gBG is just the pressure-broadened linewidth@full
width at half maximum~FWHM!# of the optical line shape

In standard fashion@1#, the coupled equations for the ex
pansion coefficients may be obtained from Eq.~8!, so that
for the field tuned to resonance~i.e., v̄5(Ee2Eg)/\) we get

ȧg1 iagDg
c~ t !5

imegEoeif~ t !

2\
ae ~11a!

and

ȧe1 iaeDe
c~ t !5

imegEoe2 if~ t !

2\
ag . ~11b!

Considering the cross product of the expansion coefficie
we find from Eqs.~11! that

d~ae* ag!

dt
5 iae* ag@De

c~ t !2Dg
c~ t !#2

imegEoeif~ t !

2\

3@ uagu22uaeu2#. ~12!

Performing an ensemble average of Eq.~12! over the colli-
sional interactions, and taking advantage of the fluctuati
dissipation theorem@20#, we have

S d

dt
1

1

2
~gBG1A! D ~ae* ag!52

imegEoeif~ t !

2\
. ~13!

Here, we have restricted our attention to weak fields~i.e.,
uagu2>1 anduaeu2>0!, and we have included a phenomen
logical dephasing rateA/2 to account for spontaneous emi
sion.

To proceed, we write the phase fluctuations in terms
instantaneous frequency fluctuationsdv(t) of the laser as
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eif~ t !5expF i E
0

t

dv~ t8!dt8G , ~14!

where ^dv(t)&50, ^dv(t)dv(t2t)&5gFd(t), and gF is
the linewidth of the laser field~FWHM!. Then employing
Eq. ~14!, formally solving Eq.~13!, and making use of Eq
~7!, we obtain

s~ t !5
8p2meg

2

\leg
ReF E

0

t

e2G~ t2t8! expF2 i E
t8

t

dv~y!dyGdt8G ,
~15!

where we have definedG as 1
2 (A1gBG) for convenience.

C. The average cross section

To obtain the average absorption cross section, we
note that for anyd-correlated random process,x(t), with
^x(t)&50 and^x(t)x(t2t)&5gd(t), we have@20#

K expF6 i E
t8

t

x~ t9!dt9G L 5e2gut2t8u/2. ~16!

Consequently, averaging Eq.~15! over the laser fluctuations
we obtain in steady state

^s&5
16p2meg

2

\leg
@A1gBG1gF#21. ~17!

We note that Eq.~17! is the standard result for peak absor
tion cross section of a line shape, generalized here to inc
laser-phase fluctuations@21#.

D. Estimate of the correlation time of the cross section

Given the form of Eq.~15!, it seems rather obvious tha
the cross-section fluctuations arenot d-correlated, and that a
a maximum the correlation time of the cross section sho
not be larger thanG21. Thus, to estimate the time scale ov
which significant correlation exists between cross-sect
fluctuations, we considers(t1t) for t!G21,

s~ t1t!

5
8p2meg

2

\leg
ReFe2Gte2 if~ t1t!E

0

t1t

e2G~ t2t8!eif~ t8!dt8G
~18!

Based on thed-correlated nature of the laser frequency flu
tuations,f(t) is described as a driftless Wiener process@22#,
and for sufficiently smallt

f~ t1t!5f~ t !1AgFtN~ t !, ~19!

whereN(t) is a temporally uncorrelated, unit-normal rando
deviate. Using Eq.~19!, and withe2Gt>1, we have
7-5
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s~ t1t!>
8p2meg

2

\leg
ReXexp$2 iN~ t !AgFt%

3Fe2 if~ t !E
0

t

e2G~ t2t8!eif~ t8!dt8

1E
t

t1t

exp$ iN~ t !AgFt%dtG C. ~20!

If t satisfies the additional requirement thatAgFt!1, then in
order of magnitude

@s~ t1t!2^s&#>$s~ t !2^s&~12 1
2 @A1gBG1gF#t!%.

~21!

To the extent that the second term in brackets on the ri
hand side of Eq.~21! is just^s&, we can say thats(t1t) and
s(t) are correlated. We there estimate the correlation time
the cross section’s fluctuationstc , by setting this term some
what arbitrarily to 0.9̂s&, obtaining

tc.
0.2

~A1gBG1gF!
. ~22!

E. Variance of the cross section

In order to evaluate the variance of the cross-section fl
tuations, we first need to compute the autocorrelation fu
tion of s(t). From Eq.~15! we have

^s2~ t !&5F8p2meg
2

\leg
G2

e22GtK E
0

t

eG~ ta1tb! cosF E
ta

t

dv~y!dyG
3cosF E

tb

t

dv~y!dyGdtadtbL ~23a!

or

^s2~ t !&5
1

2 F8p2meg
2

\leg
G2

e22GtE
0

t

eG~ ta1tb!

3H K cosF E
ta

tb
dv~y!dyG L 1K cosF2E

t.

t

dv~y!dy

1E
t,

t.

dv~y!dyG L J dtadtb , ~23b!

wheret. and t, refer to the greater and lesser ofta and tb ,
respectively.

Following a procedure similar to that described by F
@20# in arriving at Eq.~16! above, it is relatively straightfor-
ward to show that

K cosF E
ta

tb
dv~y!dyG L 5exp@2 1

2 gFutb2tau# ~24a!

and
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t-

of
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K cosF2E
t.

t

dv~y!dy1E
t,

t.

dv~y!dyG L
5exp@2 1

2 gF~4t23t.2t,!#. ~24b!

Then, using Eqs.~24a! and ~24b! in Eq. ~23b!, and evaluat-
ing the integral, we have in steady state after some alge

^s2&5^s&2
@A1gBG1gF#2

~A1gBG!@A1gBG12gF#
. ~25!

This then yields for the variance of the cross-section fluct
tions

var@s#5^s&2
gF

2

~A1gBG!@A1gBG12gF#
. ~26!

F. Measured variance within an experimental bandwidth

For a stationary random process, it is well known that
variance is equal to the integral of the power spectral den
@23#. Thus, defininguS( f )u2 as the power spectral density o
cross-section fluctuations at Fourier frequencyf,

var~s!5E
2`

`

uS~ f !u2d f . ~27!

Consequently, in order to measure the cross section’s ‘‘tr
variance, it is necessary to measure the fluctuations i
bandwidth much larger thantc

21. In the present experimen
we measured the cross-section fluctuations at low Fou
frequencyf o>400 Hz, in a 1 HzbandwidthB.

In order to compare Eq.~26! with experiment, we ap-
proximateuS( f )u2 as a constantho , out to tc

21, obtaining
from Eq. ~27! ho> 1

2 tcvar(s). We then have as an estima
of the measured rms cross-section fluctuations

ds rms5S E
f o2B/2

f o1B/2US~ f !U2d f D 1/2

>ABho, ~28!

which in combination with Eqs.~22! and ~26! yields

ds rms>
^s&gFA0.1B

A~A1gBG!~A1gBG1gF!~A1gBG12gF!

5^s&h~gBG,gF!. ~29!

Thus, the rms cross-section fluctuations, and by Eq.~3! the
laser RIN, depends on the product of the average absorp
cross section and a factorh, which is related to the lase
linewidth and the degree of pressure broadening.

Figure 7 showsds rms as a function of nitrogen pressureP
for B51 Hz, gF560 MHz, and gBG5bP with b
516.3 MHz/Torr@13#. The two solid curves show the influ
ence of pressure broadening on^s& andh, and it is clear that
the reduction of PM-to-AM conversion efficiency is due to
decrease in each of these quantities with the increasing p
sure. The figure is very similar to the experimental findin
except for the fact that the falloff in PM-to-AM conversio
7-6
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efficiency begins at much lower nitrogen pressures. This
of course, due to the fact that we did not consider the ef
of Doppler broadening in the present analysis. If we ma
the phenomenological substitution of (A1gBG)
→A(A1gBG)21DnD

2 in Eq. ~29! @15#, then the dashed
curve in Fig. 7 results.

For completeness, Fig. 8 showsds rms as a function of the
laser linewidth forB51 Hz andP51 Torr N2 . Again, the
two solid curves show the influence of laser linewidth on^s&
and h. As noted previously in the case of laser RIN@10#,
ds rms has an extremum in its dependence on laser linewi
which in the present analysis is seen to arise from the c
peting effects of̂s& andh on gF . For small laser linewidths
an increase in the laser’s phase noise increasesh without
having much effect on̂s&; while at larger laser linewidths
increasing laser phase noise decreases^s& without
affectingh.

FIG. 7. Theoretical results of PM-to-AM conversion efficien
as a function of nitrogen pressure: triangles correspond to the m
nitude of rms cross-section fluctuations. The two solid lines ill
trate the dependence of the average cross section and the fluctu
factorh @defined by Eq.~29!#, on nitrogen pressure. The dashed li
is an estimate of PM-to-AM conversion efficiency when Dopp
broadening is considered.

FIG. 8. Theoretical results of PM-to-AM conversion efficien
as a function of laser linewidth: triangles correspond to the ma
tude of rms cross-section fluctuations. The two solid lines illustr
the dependence of the average cross section and the fluctu
factor h @defined by Eq.~29!#, on laser linewidth.
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IV. DISCUSSION

In the present work we have found both experimenta
and theoretically that increasing buffer-gas pressure lead
a reduction in the efficiency of PM-to-AM conversion. Th
result, however, begs the question of its spectroscopic im
cations. The sensitivity of a spectroscopy experiment is of
assessed in terms of a dimensionless quality factorF that
depends on the average signal-to-noise ratio,^S&/N, and the
transition’s linewidth relative to its center frequency,Dn/no ,

F5
no

Dn

^S&
N

; ~30!

the largerF, the better the spectroscopic sensitivity of t
experiment, all other things being equal. Typically, one co
siders buffer-gas pressure to have no effect on the signa
noise ratio and to simply increaseDn, thereby degrading
spectroscopic sensitivity. However, as shown here, buffer-
pressure can have a significant influence on the signa
noise ratio if this is limited by PM-to-AM conversion.

For a single-resonance absorption experime
e.g., the one discussed above, the signal is
I o„12exp(2@N#sL)…, and when taking advantage of lock-i
techniques we are often concerned with relatively low Fo
rier frequencies and narrow measurement bandwidths
such a situation, PM-to-AM conversion limits the signal-t
noise ratio in a thin vapor tôs&/ds rms. In combination with
Eqs. ~29! and ~30! this yieldsF5no /hDn. For illustrative
purposes, Fig. 9~a! shows this quality factor as a function o

g-
-
tion

r

i-
e
ion

FIG. 9. ~a! Spectroscopic quality factorF as a function of nitro-
gen pressure for a single-resonance experiment. The dashed cu
the quality factor ignoring the effect of PM-to-AM conversion o
the signal-to-noise ratio.~b! Same as~a! except for the case of a
double-resonance experiment.
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nitrogen pressure for Rb87 spectroscopy: Dn
5A(A1gBG1gF)21DnD

2 and we have made the replac
ment of (A1gBG)→A(A1gBG)21DnD

2 in Eq. ~29!. For
comparative purposes, the dashed line showsF as a function
of N2 pressure under the assumption that the buffer gas
no effect on the signal-to-noise ratio. As the figure clea
shows, once pressure broadening exceeds the Doppler w
the spectroscopic quality factorincreaseswith the buffer-gas
pressure, more than compensating for a reduction in spe
scopic sensitivity due to the increased transition linewid
Of course, buffer-gas pressure will not increase spec
scopic resolution indefinitely, since other noise proces
most notably shot noise, will eventually come to limit th
signal-to-noise ratio.

In the case of a double-resonance experiment, the l
width of the transition may be decoupled from the PM
to-AM conversion process. For example, consider the
hyperfine transition of alkali atoms~i.e., uF5I 1 1

2 , mF50&
2uF5I 2 1

2 , mF50&, whereI is the nuclear spin!, which is
associated with the operation of the gas-cell atomic cl
@24#. In this case, regarding Fig. 2~a! as an example, if a lase
is tuned to the Rb87 5 2S1/2(F51) – 52P1/2(F851,2) transi-
tion, optical pumping will create a population imbalance b
tween theF52 andF51 ground-state hyperfine levels. I
the absence of microwaves, transmission of the laser thro
a vapor is then maximized due to the reduced numbe
absorbers in theF51 hyperfine level. However, if micro
waves impinge on the vapor that are resonant with the
hyperfine transition,nhfs ~6835 MHz!, atoms return to the
F51 hyperfine level with a corresponding decrease in
transmitted light intensity. In this double-resonance situati
the signal is derived from a change in the laser absorp
due to a microwave-induced number-density change, and
linewidth is associated with the hyperfine as opposed to
o

ec

pt
-

R.

on

E.

-
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tical transition. Again, for a thin vapor the signal-to-noi
ratio is just^s&/ds rms. Now, however, the linewidth of the
transition,Dn0-0, is given by@25#

Dn0-05A~a1I o1DnSE1b8P!21~a2Pmwave!
2, ~31!

where a1I o is the linewidth contribution due to optica
pumping@26#, DnSE is that due to spin exchange@27#, b8 is
the 0-0 transition pressure-broadening coefficient, a
a2Pmwave is the microwave power-broadening contributio
to the linewidth@28#. ~We can ignore Doppler broadening a
a consequence of Dicke narrowing@29#.! In the Rb atomic
clock, a1I o1DnSE>a2Pmwave>200 Hz, and b8
>0.3 Hz/Torr @30#. Following the previous discussion,F
5nhfs/hDn0-0, and this quality factor is plotted in Fig. 9~b!,
again, the dashed line showsF as a function of N2 pressure
under the assumption that the buffer gas has no effect on
signal-to-noise ratio.

In both the single-resonance and double-resonance s
troscopic situations, we have the counterintuitive result t
high buffer-gas pressure can lead to improved spectrosc
sensitivity, at least with regard to the limitations on sensit
ity imposed by PM-to-AM conversion. This is especially tru
in the double-resonance situation, where the quality fac
can easily increase by an order of magnitude. In future st
ies, it will be interesting to see if these spectroscopic imp
cations prove valid, particularly in the case of doub
resonance experiments, which have relevance to improv
laser-pumped, gas-cell atomic clocks@31#.

ACKNOWLEDGMENTS

The authors would like to thank Dr. S. Moss for man
stimulating discussions during the course of these stud
This work was supported under U.S. Air Force Contract N
F040701-00-C-0009.
Ra-

tion
W.

r’s

er.
@1# J. I. Steinfeld,Molecules and Radiation: An Introduction t
Modern Molecular Spectroscopy~MIT, Cambridge, 1978!,
Chap. 1; C. C. Davis and R. A. McFarlane, J. Quant. Sp
trosc. Radiat. Transf.18, 151 ~1977!.

@2# P. Zoller and P. Lambropoulos, J. Phys. B12, L547 ~1979!.
@3# T. Yabuzaki, T. Mitsui, and U. Tanaka, Phys. Rev. Lett.67,

2453 ~1991!.
@4# R. Walser and P. Zoller, Phys. Rev. A49, 5067 ~1994!; K. V.

Vasavada, G. Vemuri, and G. S. Agarwal,ibid. 52, 4159
~1995!.

@5# M. Bahoura and A. Clarion, Opt. Lett.26, 926 ~2001!.
@6# D. H. McIntyre, C. E. Fairchild, J. Cooper, and R. Walser, O

Lett. 18, 1816 ~1993!; M. Rosenbluh, A. Rosenhouse
Dantsker, A. D. Wilson-Gordon, M. D. Levenson, and
Walser, Opt. Commun.146, 158 ~1998!.

@7# R. J. McLean, P. Hannaford, C. E. Fairchild, and P. L. Dys
Opt. Lett.18, 1675~1993!.

@8# J. C. Camparo, J. Opt. Soc. Am. B15, 1177~1998!.
@9# G. Mileti, J. Deng, F. L. Walls, D. A. Jennings, and R.

Drullinger, IEEE J. Quantum Electron.34, 233 ~1998!; J. C.
Camparo and W. F. Buell, inProceedings of 1997 IEEE Inter
-

.

,

national Frequency Control Symposium~IEEE, Piscataway,
NJ, 1997!, pp. 253–258.

@10# J. C. Camparo and J. G. Coffer, Phys. Rev. A59„1…, 728
~1999!.

@11# T. J. Killian, Phys. Rev.27, 578 ~1926!.
@12# W. Happer, Rev. Mod. Phys.44, 169 ~1972!.
@13# M. D. Rotondaro and G. P. Perram, J. Quant. Spectrosc.

diat. Transf.57, 497 ~1997!.
@14# This result derives from the fact that the integrated absorp

cross-section is a constant. See, A. C. G. Mitchell and M.
Zemansky,Resonance Radiation and Excited Atoms~Cam-
bridge University Press, London, 1971!, Chap. III.

@15# C. H. Townes and A. L. Schawlow,Microwave Spectroscopy
~Dover, New York, 1975!, Chap. 13.

@16# We did notice that there was a slight variation in the lase
intrinsic RIN as we tuned the laser from22 GHz (RIN
;1.431026) to 12 GHz (RIN;231026). We attributed this
to a reduction in laser RIN with increasing laser output pow

@17# A. Yariv, Quantum Electronics~Wiley, New York, 1989!,
Chap. 8.

@18# C. H. Henry, IEEE J. Quantum Electron.QE-18, 259 ~1982!;
7-8



r

g
l
u-

-

x-

COLLISIONAL DEPHASING AND THE REDUCTION OF . . . PHYSICAL REVIEW A 65 033807
S. F. Jacobs, Am. J. Phys.47, 597 ~1979!.
@19# L. Krause, inThe Excited State in Chemical Physics, edited by

J. Wm. McGowan~Interscience, New York, 1975!, Vol. XX-
VIII, Chap. 4.

@20# R. F. Fox, J. Math. Phys.13, 1196~1972!.
@21# R. C. Hilborn, Am. J. Phys.50, 982~1982!; 51, 471~E! ~1983!.
@22# D. T. Gillespie, Am. J. Phys.64, 225 ~1996!.
@23# R. B. Blackman and J. W. Tukey,The Measurement of Powe

Spectra~Dover, New York, 1959!.
@24# J. C. Camparo and R. P. Frueholz, J. Appl. Phys.59, 301

~1986!.
@25# J. C. Camparo and R. P. Frueholz, Phys. Rev. A31, 1440

~1985!.
@26# J. Vanier, Can. J. Phys.47, 1461~1969!.
03380
@27# J. Vanier, C. Jacques, and C. Audoin, Phys. Rev. A31, 3967
~1985!.

@28# J. C. Camparo, Phys. Rev. A39, 69 ~1989!.
@29# R. H. Dicke, Phys. Rev.89, 472 ~1953!; R. P. Frueholz and C.

H. Volk, J. Phys. B18, 4055~1985!.
@30# We assume that the Rb87 0-0 hyperfine transition dephasin

rate associated with N2 buffer-gas collisions is roughly equa
to that of Rb85. See, J. Vanier, J.-F. Simard, and J.-S. Bo
langer, Phys. Rev. A9, 1031~1974!.

@31# Y. Ohuchi, H. Suga, M. Fujita, T. Suzuki, M. Uchino, K. Ta
kahei, M. Tsuda, and Y. Saburi, inProceedings of the 2000
IEEE/EIA International Frequency Control Symposium & E
hibition ~IEEE, Piscataway, NJ, 2000!, pp. 651–655.
7-9


