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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 ngfd) is converted to transmitted laser intengite., amplitudég
modulation nois€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 witbthe Rb
transition at 794.7 nm, after it has passed through #/Rl 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 actuahpasespectroscopic sensitivity.

DOI: 10.1103/PhysRevA.65.033807 PACS nuntber42.50.Gy, 42.62.Fi, 42.25.Bs

[. INTRODUCTION cess will depend on the density of absorbers, the magnitude
of the laser’s frequency fluctuations, and the sensitivity of
In the weak-field limit of radiative interactions, it is easy the cross section to those fluctuations.
to think of resonant absorption as a passive process: an op- In the regime of high Fourier frequencies, PM-to-AM
tical field impinges on an atom or molecule and within someconversion finds application as a novel spectroscopic tech-
cross-sectional area, the atom has a high probability for nique [3,4]. Basically, for Fourier frequencies of the field's
absorbing the radiant energy. In nearly all respects, with th@hase fluctuations that match an atomic or molecular reso-
exception of the field’s detuning from resonance, this view-121Ce, the absorption cross section can display large ampli-
point considersr as an intrinsic, static property of the me- tude oscillationd5]. Thus, the noise spectrum of the trans-

dium that is independent of the field. In point of fact, how- ][p;“ignc':ggt i‘g’:gmShig}’(‘;”;]‘ggggton"gfg;ﬂcatstr[f;g%agfe
ever, resonant absorption is a dynamic process even in tq q Y g

) - . Fe absorbing medium’s elemental compositi@h. In the
vyeak-ﬁeld I|_m|t. As a consequence, th_ough a sm,gle-rr_]od egime of low Fourier frequencies, howevéess than about
diode laser is essentially monochromatic, the field's residu

; o . ~“10 kHz PM-to-AM conversion is of no utility; it is simply a
stochastic variations can generate relatively large fluctuations, ,.ce of excess noise. and as such is to be eliminated if

in a resonant vapor’s absorption cross section. possible. Unfortunately, as may be appreciated from(Ex.

The consequences of field-induced cross-section fluctugs\)-to-AM conversion is inherent to the absorption process
tions may be understood qualitatively through Beer’s lawand cannot be eliminatef]; it may only be ameliorated.
[1]. If dw(t) represents the stochastic frequeriicy., phasg  This issue of PM-to-AM conversion is of more than aca-
variations of a laser fieldmost typically associated with demic interest, since research has shown that the perfor-
quantum noisg and SE(t) represents the field’s stochastic mance of vapor-cell atomic clocks may be seriously limited
amplitude fluctuationgsdue perhaps to mode partition noise by this noise procesf9]. Though the most straightforward
then under the assumption that these variations are “small,fitigation strategy is to simply reduce the single-mode la-
ser’s linewidth[10], and hence the level of the field’s phase
noise, such an option is not always viable, nor is it necessar-
ily the optimum strategy in all situations.

To understand better how a medium’s absorption cross
Here, 51 (z,t) represents the random fluctuations of the lightsection responds to a fluctuating field, the present study
intensity transmitted to a depthin the absorbing medium; looks at the effect of collisional dephasing on the efficiency
[N] is the number density of absorbing atoms or molecules if PM-to-AM conversion. Specifically, in Secs. Il and Il we
the vapor, and we note that in the case of single-mode diodéescribe our experiment and its results examining PM-
lasers the phase noise term has the dominant influence. @-AM conversion in a vapor of B atoms perturbed by N
course, the idea of small frequency variations is problematicollisions. Basically, we find that there is a dramatic decrease
for a single-mode laser, since tteearly) &-correlated aspect in the efficiency of PM-to-AM conversion when the colli-
of the fluctuations implies that the root-mean-square value ofional dephasing rate exceeds the optical transition’s
dw(t) is exceptionally larg¢2]. Nonetheless, Eq1l) makes  Doppler-broadened linewidth. In Sec. IV, we outline a theory
it clear that laser phase modulation no{&M) can be con- of PM-to-AM conversion that includes buffer-gas dephasing
verted to transmitted intensitgi.e., amplitud¢ modulation  collisions, and we show that when the time scale of colli-
noise (AM), and that the efficiency of this conversion pro- sional dephasing is much shorter than the field’s correlation

Jo Jo
8(z,t)=[N]z 5w(t)£+5E(t)£ e [Nz (1)
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FIG. 1. Experimental arrangement as described in the text. — 4
time, PM-to-AM conversion becomes inefficient. We con-
clude by considering the general spectroscopic implications O RRARARRARIRRARIRERy - (NARNRERR) RERRN RERRD)
of our results. 0.9 §_(b) & _E
0.8F 3
Il. EXPERIMENT s _E 3
£ 07F =
According to Beer’s law, fluctuations in the absorption 3 0.6F =
cross sectioo will manifest themselves through variations é 05 = E
in the light intensity transmitted by a resonant vapor. Specifi- g 0'4 E _i
cally, since the cross-section fluctuations we are concerned 8 F 3
with are small ¢ 03f E
0.2F 3
(I(2)+al(2=le M%(1-[N]so2), (2 01 4 : 3
. . . 0,£1|][|||l«||||||||| H
where (o) is the average absorption cross section. Conse- 2 15 -1 -05 0 05 1 15 2
quently, for a fixed number density of absorbers, the relative Laser detuning [GHz]
intensity noise or RINi.e., 8l /(1)) may be employed as a
measure of the vapor’s rms cross-section variation, FIG. 2. (a) Relevant energy-level diagram of #b(b) Relative
absorption features associated with th&85,(F=1)—-52P,, tran-
1 Olims sition in a 1-Torr N cell. Zero-laser detuning corresponds to the
50’rms=m Ty (3 525 (F=1)-52P,(F=2) transition. The solid curve is a fit to

two Lorentzian functions separated by the excited-state hyperfine

In our experiment, illustrated in Fig. 1, we examined th(_:‘splitting._The resulting full width of the speptral features is 595
intensity fluctuations of a single-mode /&a_,As diode MHz. _Th|5 is somewhat broade_r thf_:m the es_tlmated_DoppIer width,
laser(Mitsubishi ML44126 after passing through a resonant most likely because the vapor is slightly optically thick.

Rb?’ vapor contained in a Pyrex resonance cell with a N

buffer gas. The diode laser, emitting 5 mW and with a line-and signal photodiodes. Using the reference photodiode, we
width of 60 MHz, excited theD, transition of Rb at 794.7 could infer what the signal photodiode would have measured
nm, specifically, as illustrated in Fig. 2, the?2S;,(F for the laser intensity on resonance if the®Riapor had not
=1)-52P,,(F'=1,2) transition of RB. Due to the dispar- been presenti.e., I,). Then, using the on-resonance laser
ity in coupling strengths between tite=1 andF’'=1,2 hy-  intensity measured with the signal photodid¢gg, we deter-
perfine levels, most of the absorption is associated with thenined the vapor’s attenuation coefficiert[ RE®)(o)=«
(F=1)-(F’=2) transition, so that to some extent the atomic=1/L In[l,/l,cs]. These measurements are shown in Fig. 3 for
system mimics a two-level atom. In the experiments, we emeur 1-, 10-, and 100-Torr Ncells. For each cell, we chose an
ployed several isotopically enriched Rb resonance cells witloperating light intensity for the RIN measurements that was
N, buffer-gas pressures ranging from 1 to 100 torr. The resorelatively large (so that shot noise on the photodetector
nance cells had a diameter of 2.2 cm, a lengthf 3.9 cm,  would not confound our measurementsut small enough so
and were wound with braided wire and actively stabilized tothat the attenuation coefficient was relatively insensitive to
a temperature of ~38°C (.e., [RB?"] light-intensity variation(i.e., no optical pumping reduction
=7.5x10'° cm™3 [11]). After passing through an optical of Rb?[12]). For general reference, we note that at low light
isolator, the laser beam was attenuated, expanded and thartensity, our average absorption cross section for the
apertured so as to create a fairly uniform spatial profile. Thdaser-tuned on resonance in the 1 torr cell was
diameter of the beam entering the resonance cell was 0.8 cm:5.2x 10" 2 cn?.

Prior to measuring diode laser RIN for one of our cells, The difference in the low-intensity asymptotes for the
we measured the number density of atoms in the absorbintree cells is primarily due to the fact that the average ab-
52S,,,(F=1) state as a function of the laser intensity. Basi-sorption cross section is inversely proportional to atomic
cally, we swept the diode laser frequency across the absorfinewidth Av. In the 1-Torr cell, the absorption linewidth is
tion line, and monitored the laser intensity with our referencdimited by the 510-MHz Doppler width for thB, transition
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I, [arb. units] FIG. 4. Laser RIN 6l,,s/{l)) after passage through the reso-

_ o _ _ ~nant vapor as a function of laser detuning. Again, the zero of de-
FIG. 3. Attenuation coefficient as a function of laser intensity. tuning corresponds to the%s, ,(F=1)—52P,(F=2) transition.
The low-intensity asymptotes differ due to the dependence of therhese measurements have not been corrected for cell-to-cell tem-
absorption cross section on absorption linewidth. perature variations, and, therefore, demonstrate thardssure has

a very clear effect on PM-to-AM conversion efficiency.
Avp, whereas in the 100-Torr cell pressure broadening gives

rise to a 1.6 GHz linewidth(The N, pressure-broadening the resonan I burior t libration for cell-to-cell
coefficient for the RID; transition is 16.3 MHz/Tor{13].) € esot ance C_et.’ Lﬂ IO ICIJ calibratio IO ceR”c\)lcbef
Since it was difficult to get each of the resonance cells totemp_era ure variations. in afl cases our laser etore
exactly the same temperature, the alkali number densitig&2Ssing through the resonance cell showed no appreciable
(and hence théo,s values were not directly comparable changei\éwth laser tuning16], and on average was about
from cell to cell. Therefore, we used these asymptotes td-7<10 °. Notice that except for the 100-torr resonance
calibrate our alkali densities. cell, the transmitted RIN isonzeroon resonance. This is in
As is well known, sinceA v(c) is essentially a constant contrast to the simple interpretation of cross-section fluctua-
for a given resonancfl4], any variation among values of tion effects expressed by E¢l), which indicates that the
kAv must be due to variations in alkali number density.transmitted RIN is zero whenever the derivative of the ab-
Therefore, to calibrate the number density in our cells wesorption line shape is zero.
first computed values of,A v of each cell, wherex, is the Figure 5 constitutes the main experimental results of the
asymptotic value of the attenuation coefficient and  Present work. There, the rms value of the cross-section fluc-
= A2+ (PB)2 12+ (PB)2 [15] with P the N, pressure ang the N, tuations is shown as a function of the, lressure, and we
pressure-broadening coefficient. We then computed the avehave calibrated the data to account for cell-to-cell tempera-
age value ofi,A v for all our cells, and compared any par- ture variations. Diamonds correspond to a laser detuning that
ticular cell's value of this quantity with the average. Specifi-Yields @ maximum in the fluctuations, while circles corre-
cally, to calibrate our measurements we multiplied the RINSPONd to the laser-tuned on resonance. As the figure clearly

by the ratio ofk,Av to (koA V), shows, increasing the \pressure beyond some critical value
leads to a reduction in cross-section fluctuations.
KA v 1 s The dashed curves correspond to fits of the data to the
5arms—(<KoA v))[Rb87]L ay (4) empirical formula
For our measurements, this procedure indicated that the av- T T T
erage deviation of RS among our cells was about 20%, — B 7
corresponding to a cell-to-cell temperature variation of ap- Ng 04 | T e N
proximately £2°C. © e N 3
Once an appropriate laser intensity was chosen for a par- é i ——2—1—~§\\ \\ ]
ticular resonance cell, we proceeded to the RIN measure- e 001 N A —
ments. First, we chopped the light and measured the average ) r \\g \ ]
laser intensity on our reference and signal photodiodes using L \ .
the lock-in amplifier. Then, without light chopping, we mea- 0.00101 L 1' L "1‘0 — '1'(')0' 600

sured the intensity noise at400 Hz in a 1 Hzbandwidth
with our spectrum analyzer for both the reference and signal
photodiodes. Taking the ratio of the noise to average inten- g, 5. Magnitude of the rms cross-section fluctuations as a
sity gave us the laser RIN prior to entering the resonance ceflinction of N, pressure. These measurements have been corrected
and after passing through the resonant vapor. These measufgr cell-to-cell temperature variations as discussed in the text. Tri-
ments were made as a function of laser tuningand are  angles correspond to the maximum value of RIN at negative detun-
shown in Fig. 4 for our 1-, 10-, and 100-Torr,Mells. The ings for each of the Npressure cells, while circles correspond to
figure shows raw RIN measurements after passing througbn-resonance RIN. The dashed lines are fits to(BJg.

N, pressure [torr]
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(i.e., Teore=6Xx 10" 9 s for a laser with a 50 MHz linewidjh

\ o the field’s amplitude and frequency remain unchanged during

the collision. Consequently, we can view the stochastic field

P as a continuous random perturbation on the atom, ignoring

the collisional interruptions in this interaction.

By the same argument, however, we must recognize that

s\ ; the binary buffer-gas perturbation is not properly described
-« as a continuous random process, but more akin to sudden,
.,. random impulses that scramble the phase of the field-atom

” \ N, interaction. Notwithstanding this recognition of the colli-

sions’ stochastic nature, we withodelthe buffer-gas pertur-
bation as a continuous random process in what follows. This
is valid, since we average atomic evolution over a ti
5 that is long compared to the duration of a collision but short
.j.)) compared to the field’s correlation tintee., we average the
@ J collisional perturbation over,,, thereby distributing its ef-
fect over this time interval

FIG. 6. lllustration of rubidium/nitrogen interaction as discussed | we restrict our attention to a two-level quantum system,

in the text. then when a resonant field excites an atom or molecule the
superposition it creates is just a linear combination of the
P25o ground statel|g), and excited statde), wave functions
50- :0—0. 5 X .
msp2yp2 © D=ay(t)e E'?|g)+ag(t)e 'FeMe). (6)

For the maximum fluctuations curvé.e., A,#0), do, In this case, as may be readily shown using Maxwell’s equa-
=1.7x10 6 cn?, while for the on-resonance curvép, tions and the relationship between polarizability and average
=3.1x10 Y cn?. These values are clearly related to thedipole moment[1,17], the absorption cross section has a
laser’s linewidth, and would be larger or smaller dependingelatively simple dependence on the expansion coefficients
on the laser’s intrinsic phase noise. For both curves, howef Eq. (6),
ever, we obtainP,=27 Torr. Thus, when the pressure-
broadened linewidth is just a bit narrower than the Doppler 16772,ueg o i)
width (i.e., BP,=440<Avp=510 MH2), S0y falls to T T e, MEeage . (@)

0 . ! g
about a half of its maximum value. Further, since the same
value of P, is obtained for both curves, this statement ap-Here, \¢q and ueq are the transition wavelength and dipole

pears to be true independent of the laser tuning. moment, respectivelyé, is the amplitude of the fieldp(t)
is the stochastic phase of the field, and we have assumed that
. THEORY OF PM-TO-AM IN THE PRESENCE the index of refraction of the vapor is near unity and that the
OF COLLISIONAL-DEPHASING laser is tuned on resonand@s our interest is in PM-to-AM

conversion, we restrict consideration to phase-diffusion

fields [18].) Written in this way, the dynamic nature of the
Figure 6 illustrates the interaction of a Rb atom with aabsorption cross section is readily apparent, since variations

stochastic field and a perturbing buffer-gas molecule. We igin the expansion coefficients of the wave function will pro-

nore three-body effects and bound-state formation, viewingluce variations irn.

the binary interaction as occurring over the time scale of a

gas kinetic collision(i.e., 7.q=<10"12's). For completeness, B. Fine-grain averaged Schiginger equation

we note that kinetic and electronic energy may be transferred

to the molecule during the collision, though the details of this

process should have little influence on PM-to-AM conver-¢

sion. Depending on the strength of the collisional perturba- 9P

tion, the Rb atom’s interaction with the field will be altered ih—=H®=(H,+V +Vge)®, 8

during the encounter, and most likely “switched off” due to Jt

shifts of the atom’s energy levels. Of course, the interruption . o i

of the field-atom interaction only lasts for the duration of the WhereH, is the unperturbed Hamiltonialv,_is the pertur-

binary collision, and afterwards resumes. Since the meaRation due to the laser field, andgg is the perturbation

time between Rb/buffer-gas collisions is roughly 2 arising from buﬁer_—gas c_oII|S|ons. For the two-level atom,

%1010 s for a buffer gas at standard temperature and predh® laser perturbation is just

sure, the actual time that the field-atom perturbation could be

“off” is relatively small. Moreover, since the correlation

time of typical laboratory fields is much longer than 1ds

A. General considerations

The temporal evolution of the expansion coefficients is, of
ourse, determined by the ScHioger equation

£,e 40

Vi=—pu e“ttc.c., 9)
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wherew is the average laser frequency. _ t

With regard to the buffer gas, on a time scale that is long e"”(‘):ex;{iJ' dw(t")dt’
compared to a binary encounter, we consider that these col- 0
lisions only shift the atomic state energy levels. Of course, in )
the case of B or other molecular buffer-gas species, nonra-Where (dw(t))=0, (Sw(t) dw(t—1))=yed(7), and ¥ is
diative relaxation of the excited state will also ocderg., the linewidth of the laser fieldFWHM). Then employing
electronic to vibrational energy transfef19]. However, —EG- (14), formally solving Eq.(13), and making use of Eq.
since the optical-absorption cross section depends on the cb), We obtain
herence between the ground and excited states, we assume

: (14)

that longitudinal(i.e., T;) relaxation processes only play a 8772,u§g t STt (t ,
secondary role in PM-to-AM conversion, with the dominant @(t)= ke Re{ joe exr{ -l J,&"(y)dy}dt }
role due to transversg.e., T,) relaxation processes. Thus, ’ (15)
we write the matrix elements for the buffer-gas perturbation

as

where we have definell as 3(A+ ygg) for convenience.

(i1Vealk) =R A1) Sjk (10
C. The average cross section
whereAg(t) is a randomly varying shift ofk)'s energy.
Since the correlation time for these collisional energy .
shifts will be on the order of a gas-kinetic interaction time, notte tﬂ%t fordan)tlé-c?r_relatgd gandom p;]rocz[séxo(]t), with
A(t) may be considered ascorrelated. We, therefore, have {(x(1))=0 and(x(t)x(t—7))=y&(7), we hav

(AR)=0 and(Af(t)AR(t— 7)) =¥ °8;8(7). Notice that if t ,
<ex;{+if (t”)dt”D =gt
t

To obtain the average absorption cross section, we first

we define the random variablt) as Ag(t) —Ag(t), then X (16)

given the zero meang-correlated nature oA(t) we have
(=0 and (L(t)¢(t—7)=(vgo+7E%) 8(7)=vacd(7).
Here, ygg is just the pressure-broadened linewidtull
width at half maximum(FWHM)] of the optical line shape.
In standard fashiofil], the coupled equations for the ex- s 2
pansion coefficients may be obtained from E8), so that (o)= 167" peg

- - ———[A+ yget+ ye]l L
for the field tuned to resonan¢ee., w=(E.— Ey)/%) we get fikeg [At7ect ¥e] (7

Consequently, averaging E@.5) over the laser fluctuations,
we obtain in steady state

| pegfol' ! We note that Eq(17) is the standard result f k ab
113 e note that Eq(17) is the standard result for peak absorp-

2h € tion cross section of a line shape, generalized here to include
laser-phase fluctuatio&1].

ag+iaAd(t)=

and

. i egfoe M D. Estimate of the correlation time of the cross section
detiacAg(t)= — o7 % (11b ) ) i

2 Given the form of Eq(15), it seems rather obvious that
the cross-section fluctuations aret 5-correlated, and that at

Considering the cross product of the expansion coefficients; mayimum the correlation time of the cross section should
we find from Eqgs(11) that not be larger thad' ~*. Thus, to estimate the time scale over

d(a*ay) i w. £elo which significant correlation exists between cross-section
%) At a fAS(t) — AS(t)]— et fluctuations, we consider(t+ 7) for r<I'"1,
o(t+7)
X[|ag|2_|ae|2]- (12)

. . 8m2ul . thr L
Performing an ensemble average of Etp) over the colli- = R e*FTe*"”(””J e 1=l etgt! |,
sional interactions, and taking advantage of the fluctuation- eg 0
dissipation theoremi20], we have (18)

[ :Uveggoei ¥

(13) Based on the5-correlated nature of the laser frequency fluc-
2h tuations,¢(t) is described as a driftless Wiener procgx3],
and for sufficiently small

(a; ag): -

d 1
a+§('YBG+A)

Here, we have restricted our attention to weak fidlids.,
|ag|?=1 and|ae|?=0), and we have included a phenomeno-
logical dephasing rata/2 to account for spontaneous emis- ¢t 7)=d(O)+ VyerN(D), (19)
sion.

To proceed, we write the phase fluctuations in terms ofvhereN(t) is a temporally uncorrelated, unit-normal random
instantaneous frequency fluctuatiofie(t) of the laser as deviate. Using Eq(19), and withe '"=1, we have
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8w

2
o(t+ )= TegRe(exp[— iN() VyeT}
eg

t
< efic/;(t)f efF(tft’)eizi)(t’)dtr

0

(20

+ fmexp{iN(t)\/ﬁ}dtD.

If rsatisfies the additional requirement that- <1, then in
order of magnitude

[o(t+7)—(o)]={a(t) = (o) (1—3[A+ yge+ el 7).
(21)

To the extent that the second term in brackets on the right-

hand side of Eq(21) is just({o), we can say tha#(t+ 7) and

PHYSICAL REVIEW®@S 033807

=exd — 3 ye(4t—3t.—t)].

Then, using Eqs(24a and(24b) in Eq. (23b), and evaluat-
ing the integral, we have in steady state after some algebra

t te
<c05{2ft 6a>(y)dy+ft Sw(y)dy

(24b)

[A+ yae+ vel?
A+ yge)[A+ veet 27l

<crz>=<cr>2( (25)

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

v
(A+ vee)[A+ veet+27e]’

vafo]=(o)? (26)

o(t) are correlated. We there estimate the correlation time of F. Measured variance within an experimental bandwidth

the cross section’s fluctuations, by setting this term some-

what arbitrarily to 0.90), obtaining

0.2

- (A+veet 7e) 22

Tc

E. Variance of the cross section

For a stationary random process, it is well known that the
variance is equal to the integral of the power spectral density
[23]. Thus, definind= (f )|? as the power spectral density of
cross-section fluctuations at Fourier frequemcy

var(a):f:|2(f)|2df. (27)

In order to evaluate the variance of the cross-section fluc€onsequently, in order to measure the cross section’s “true”
tuations, we first need to compute the autocorrelation funcvariance, it is necessary to measure the fluctuations in a

tion of o(t). From Eq.(15) we have
22172
T feg e‘m< fter<‘a+tb) co{ Jt 5w(y)dY}
0 ta

<02<t>>=[8—
kg

t
Xco{f 5w(y)dy}dtadtb> (233
tp
or
1 8772/1,2 2 t
2 _ €g| -2I't I(ta+tp)
(0= 5| ] 2 et

x[<co{ J:béw(y)dy >+<cos{2j: Sw(y)dy
>}dtadtb,

wheret. andt_ refer to the greater and lessertgfandt,,,
respectively.

ts
+ f Sw(y)dy (23b)
to

Following a procedure similar to that described by Fox

[20] in arriving at Eq.(16) above, it is relatively straightfor-
ward to show that

<00{ftb5w(y)dy}>=e><p[—%w|tb—ta|] (249

ta

and

bandwidth much larger than, ! In the present experiment,
we measured the cross-section fluctuations at low Fourier
frequencyf,=400 Hz, in a 1 HzbandwidthB.

In order to compare Eq(26) with experiment, we ap-
proximate|3 (f)|? as a constanh,, out to Tc‘l, obtaining
from Eq.(27) h,=3r.var(c). We then have as an estimate
of the measured rms cross-section fluctuations

1/2

fo+BI2

ST yms= f 3(f)|2df| ={Bh,, (28)
f,—BI2

which in combination with Eqs(22) and(26) yields

_ (o) yeV0.18
5Urms=
V(A+ yge) (A+ vae+ ve) (A+ yeat+ 27F)

=(o)7(YeG,VF)- (29

Thus, the rms cross-section fluctuations, and by (Bythe
laser RIN, depends on the product of the average absorption
cross section and a factof, which is related to the laser
linewidth and the degree of pressure broadening.

Figure 7 showsSo s as a function of nitrogen pressupe
for B=1Hz, y=60MHz, and ygc=BP with g
=16.3 MHz/Torr[13]. The two solid curves show the influ-
ence of pressure broadening @r) and 5, and it is clear that
the reduction of PM-to-AM conversion efficiency is due to a
decrease in each of these quantities with the increasing pres-
sure. The figure is very similar to the experimental findings,
except for the fact that the falloff in PM-to-AM conversion
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FIG. 7. Theoretical results of PM-to-AM conversion efficiency
as a function of nitrogen pressure: triangles correspond to the mag-
nitude of rms cross-section fluctuations. The two solid lines illus-
trate the dependence of the average cross section and the fluctuation
factor » [defined by Eq(29)], on nitrogen pressure. The dashed line
is an estimate of PM-to-AM conversion efficiency when Doppler
broadening is considered.
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efficiency begins at much lower nitrogen pressures. This is, Nitrogen pressure [torr]
of course, due to the fact that we did not consider the effect FIG. 9 . . . .
f Doppler broadening in the present analysis. If we make 9@ SpeCtr.OSCOp'C quality factdr as a function of nitro- .
0 PP g P . y gen pressure for a single-resonance experiment. The dashed curve is
the phenomenolzog!cal substitution of At vgc) the quality factor ignoring the effect of PM-to-AM conversion on
—J(A+yge)?+Avj in Eq. (29) [15], then the dashed e signal-to-noise ratiolb) Same aga) except for the case of a

curve in Fig. 7 results. double-resonance experiment.
For completeness, Fig. 8 showWs s as a function of the
laser linewidth forB=1 Hz andP=1 Torr N,. Again, the IV. DISCUSSION
two solid curves show the influence of laser linewidth{oi .
and 7. As noted previously in the case of laser RIN], In the present work we have found both experimentally

S0 has an extremum in its dependence on laser Iinewidth?nd theqretipally that.ir_mreasing buffer-gas pressure Iead.s to
which in the present analysis is seen to arise from the conf réduction in the efficiency of PM-to-AM conversion. This
peting effects of o) and  on y . For small laser linewidths, res_ult, however, b_e_gs the question of its spectroscopic impli-
an increase in the laser's phase noise increasesthout cations. The sensitivity of a spectroscopy experiment is often
having much effect ofo); while at larger laser linewidths, assessed in terms of a d!men3|0nle§s quality faBtdhat
increasing laser phase noise decreaged without depends on the average signal-to-noise ra&y/N, and the

affecting 7. transition’s linewidth relative to its center frequendyy/ v, ,
10-9 FT oo T T T T T T T T KI:1 :ﬁ@, (30)
r ] Av N
10710 ¢ 10"
» B ] _2 the largerF, the better the spectroscopic sensitivity of the
o 107 510 experiment, all other things being equal. Typically, one con-
S o, or 1403 siders buffer-gas pressure to have no effect on the signal-to-
» 1072 —H103% = . . - : .
E r 3 noise ratio and to simply increaskr, thereby degrading
& 1018 L 110 spectroscopic sensitivity. However, as shown here, buffer-gas
i AAA 28, ] pressure can have a significant influence on the signal-to-
10714 - ,8 ‘L 10 noise ratio if this is limited by PM-to-AM conversion.
* 1. & For a single-resonance absorption experiment,
1015 Ll wwul sl il 110l 10 e.g., the one discussed above, the signal is just

001 014 1 10 102 10° 10*

Laser linewidth [MHz] I,(1—exp(~[N]ol)), and when taking advantage of lock-in

techniques we are often concerned with relatively low Fou-
FIG. 8. Theoretical results of PM-to-AM conversion efficiency M€l frequencies and narrow measurement bandwidths. In

as a function of laser linewidth: triangles correspond to the magniSuch a situation, PM-to-AM conversion limits the signal-to-

tude of rms cross-section fluctuations. The two solid lines illustratgNOise ratio in a thin vapor t0o)/ Sa,ms. In combination with

the dependence of the average cross section and the fluctuatiérgs. (29) and (30) this yieldsF=v,/nAv. For illustrative

factor » [defined by Eq(29)], on laser linewidth. purposes, Fig. @) shows this quality factor as a function of
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nitrogen pressure for Kb spectroscopy: Ap tical transition. Again, for a thin vapor the signal-to-noise
= (AT yea+ 75)2+ A2 and we have made the replace- 1atio is JUSt(a)/&_rrmS_. Now, however, the linewidth of the
ment of A+ yge)— V(A+ yge)2+Avs in Eq. (29. For transition,Avo.o, is given by[25]

comparative purposes, the dashed_ line shBws a function Avg.o=(aylo+Avset B/ P)>+ (azPﬂwave)Z, (31

of N, pressure under the assumption that the buffer gas has . o o _

no effect on the signal-to-noise ratio. As the figure clearlywhere ail, is the linewidth contribution due to optical
shows, once pressure broadening exceeds the Doppler widRUmpIing[26], A vse is that due to spin exchang@?], g’ is

the spectroscopic quality factarcreaseswith the buffer-gas  the 0-0  transition pressure-broadening coefficient, and
pressure, more than compensating for a reduction in spectr2P uwave IS the microwave power-broadening contribution

scopic sensitivity due to the increased transition linewidth 10 the linewidth[28]. (We can ignore Doppler broadening as

Of course, buffer-gas pressure will not increase spectro‘:Jl consequence of Dicke narrowifig9].) In the Rb atomlic
lock, a1l o+ Avge= P yae=200 Hz, and g

scopic resolution indefinitely, since other noise processesi ] i ) )
most notably shot noise, will eventually come to limit the =0-3 Hz/Torr [30]. Following the previous discussioff;
signal-to-noise ratio. = vnis/ A vo.g, and this quality factor is plotted in Fig(l9),

In the case of a double-resonance experiment, the ling29@in, the dashed line shoWsas a function of i pressure
width of the transition may be decoupled from the pM- under the assumption that the buffer gas has no effect on the
to-AM conversion process. For example, consider the 0-Fignal-to-noise ratio.
hyperfine transition of alkali atom@.e., |[F=1+%, me=0 In both the single-resonance and double-resonance spec-
~|F=1—1, mz=0), wherel is the nuclear spin which is troscopic situations, we have the counterintuitive result that
associated with the operation of the gas-cell atomic cloci!9h buffer-gas pressure can lead to improved spectroscopic
[24]. In this case, regarding Fig(@ as an example, if a laser sensitivity, at least with regard to the limitations on sensitiv-
is tuned to the R:H 528, (F=1)—52P(F' =1 25 transi- Ity imposed by PM-to-AM conversion. This is especially true
tion, optical pumping will create a population imbalance be-IN the double-resonance situation, where the quality factor
tween theF =2 andF=1 ground-state hyperfine levels. In can easily increase by an order of magnitude. In future stud-
the absence of microwaves, transmission of the laser throudfS: 't Will be interesting to see if these spectroscopic impli-

a vapor is then maximized due to the reduced number ofations prove valid, particularly in the case of double-
absorbers in th& =1 hyperfine level. However, if micro- resonance experiments, which have relevance to improving
waves impinge on the vapor that are resonant with the 0-{AS€r-Pumped, gas-cell atomic clodkL].

hyperfine transitiony:, (6835 MH2, atoms return to the
F=1 hyperfine level with a corresponding decrease in the
transmitted light intensity. In this double-resonance situation, The authors would like to thank Dr. S. Moss for many
the signal is derived from a change in the laser absorptiostimulating discussions during the course of these studies.
due to a microwave-induced number-density change, and thehis work was supported under U.S. Air Force Contract No.
linewidth is associated with the hyperfine as opposed to opF040701-00-C-0009.
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