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When atoms interact with a phase-modulated field, the probability of finding the atom in the excited-state
oscillates at the second harmonic of the modulation frequensy,.2The amplitude of this oscillating prob-
ability is a resonant function of the Rabi frequeri@¢yand this is termed g Rabi resonance. In this work, we
examine the line shape of thg@Rabi resonance both theoretically and experimentally. We find that a small-
signal theory of the-Rabi-resonance condition captures much of the line shape’s character, and, in particular,
that the resonance’s “lin®” (i.e., 26Q),,/Q) is proportional to the modulation frequency. This result can be
applied to the atomic candle, wheBeRabi resonances are employed to stabilize field strength. Considering our
results in the context of developing an optical atomic candle, we find that a free-running diode laser’s intensity
noise could be improved by orders of magnitude using the atomic candle concept.
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[. INTRODUCTION the same way as the frequency of a field is stabilized to a
resonant transition between energy eigenstates in an atomic
As has been known for quite some tifiig, when an atom clock [9,10]. For ease of reference, and by analogy to the
interacts with a phase-modulated resonant field, the probabiktomic clock, the device exploiting th@ Rabi resonance in
ity of finding the atom in the excited state,, oscillates. In  this manner has been termed an “atomic candle.” While the
general, since this probability is a nonlinear function of theatomic candle’s original application was in the area of smart-
resonant field’s frequency, the oscillatory behavioPgfcan  clock technology 11], recent work has shown that the device
be quite complicatef]. However, under typical experimen- can be used to make precise measurements of absorption
tal conditions(as will be discussed more fully belpw(t)  coefficients and indices of refractidi2], and that it may
is well described in terms of just the modulation frequencyfind application in measuring electromagnetic-field strength
o, and its second harmonic, so that in terms of time[13].
In the present work we consider the line shape and line-
Pe(t)=p, SiNont+ ¢,) +PpgsSin2ont+¢g), (1)  width (260, of the g Rabi resonance. In Sec. Il, we
present a small-signal theory of the Rabi-resonance phenom-
wherep, andp, are oscillation amplitudes that depend onena, demonstrating the existence of two distinct Rabi reso-
various modulation and atomic parameters. Near resonanceances(i.e., thea and 8 resonances Additionally, we con-
p,, is proportional to the field-atom detunirdg so that when  sider the influence of inhomogeneous broadening onghe
the field is exactly on-resonance the probability oscillates aRabi resonance, since this can arise when atoms are unable
20, . to sample the resonant field’s spatial mode structure on the
Belying the deceptively simple appearance of Ei.is  time scale of a Rabi period. Of particular interest in this
the fact that there is no generally valid closed-form expressection will be the atomic lin® of the 8 Rabi resonance
sion forp, andp,. This is of particular significance in the (i-e.,0/25()y,, where(l is the resonant Rabi frequency
case of atomic clocks, where the Rabi frequeritythe  since this parameter, in combination with the signal-to-noise
modulation frequency, and the atom’s intrinsic dephasingatio, determines an atomic candle’s stability. In Sec. Il we
rate y, are all on the same order of magnitude. Consedescribe our experiment and our results verifying the small-
quently, in recent years there have been various attempts gdgnal theory. Finally, in Sec. IV we consider the implica-
examine the modulated field-atom interaction problem frontions of our work with regard to the development of @
a broader perspectii@], and, in general, there has been atical atomic candle.
growing appreciation for the scientific and technological im-
portance of this problerf4—7]. Of relevance for the present
discussion are recent studies examining régnantbehav- Il. THEORY
ior of the p, and pg amplitudes, whenQ)=w,, and
=2w,,, respectivelyf8]; these resonant enhancements in the . .
oscillation amplitudes are termed Rabi resonances; specifi- In order to describe the Rabi-resonance phenomenon, we
cally, the @ and 8 Rabi resonances. consider the density-matrix equations describing the interac-
While interesting in their own right, the Rabi resonancestion of a two-level atom with a phase-modulated figie:.,
have a technological application. In particular, in recent stud9=mw, Cost), wheremis the modulation inde}x and we
ies it was shown that thg Rabi resonance could be used to consider a small-signal solution for the density-matrix ele-

stabilize theamplitudeof an electromagnetic field in much ments,o;; [10]. Specifically, we lets;; = (o) + &;; , where

A. Density-matrix evolution
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the (oj;) represent unmodulated density-matrix evolution
and the g;; are modulated additions to the density-matrix
elements’ evolution:

(e + SeQ: —¥1((Tee) T Fee) +Q Im[<‘7eg>+ 5eg]!
(23

((Teg)+ Peg) = = Y2((Teg)+ Seg) +1(0+ A)((Teg) + Seg)

iQ
5 [2(oed + 000~ 1]. (2b)

Here, vy, and y, are the longitudinal and transverse relax-
ation rates, respectively) is the average field-atom detun-
ing, and we have normalized the density matrix so that
+0..=1. To proceed, Eq$2) are decomposed into two sets
of equations, one for thés;;) and the other for thej;; .

Solving for the unmodulated evolution in steady-state yields

_1 (72/71)Q?

(7ed = 3| T+ A%+ (o Iy (%3
1 0@y

(red="3 7§+A2+(72/71)92} (30

Solving for thed;; , we obtain
Seet ¥10eet Q7 Se=— Q7 IM[ Segl + Q(0+ AR 5]
+QORE(0eg)] (4a)
and
Seg= — Y20eqti(0+A) Seq— 10 Seeti6(0eg). (4b)

In order to simplify Egs.(4), we consider a situation in

which |6 ~ma,, is much greater than and y,. (Note for
later reference that this does not preclude the condition
<1) Then, under the small-signal
IMm[{oeg)1>IM[ 64, Eqs.(4) become

Seet V10eet 025,=QO[Re(0eg)) TR Se)] (50
and

RE Segl+ ¥2 RE Segl=— 0 IM[ (00 ]. (5b)

We will return to this specific small-signal assumption sub-
sequently.
Substituting from Eq(3b) into Eq. (5b) then yields

1 mQ’)/2
2 [y5+ A%+ (y2/y1) Q2]

Re 5eg]5 siflopt), (6)

and after substituting Eq6) into Eq. (5a), we get for the
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B . Q?mowmA
p+yip+Qip=—3

Yo+ A%+ (7,1 ) Q2

cog wmt]

1
4

mzwmQZ')/z
Yo+ A%+ (v, 1) Q2

siM2wpt].

)

As is readily apparent, Eq7) is the equation of a damped
harmonic oscillator, driven by two sinusoidal forcing func-
tions. The solution of Eq(7) can therefore be written as the
sum of two oscillating probabilitiesp,+p;z, which indi-
vidually obey damped, driven, harmonic oscillator equations:

S 4 0% = 1 Q%monA )
pa 71pa pa_ 2 7§+A2+(’)’2/71)QZ COE{wm ]1
(88
1 m20) QZ')/Z
Dot yipat Q2ps=— = n siM2w,t].
Pot 7Pt 0= 7| Smxor (a2 ”(‘]
8b)

The solutions of Eq98) are, of course, well knowfl4] so
that we get finally,

D)= — E O’moA sinfopt+ ¢,)
. 2[5+ A% (v2 /v Q2 (02— 02) 2+ Y202,
(93

1 Mm%y, coq2wmt+ )
Pil=7 7§+A2+(72/71)02} VQ2—402)2+ 49202
(9b)

where ¢, =tan {(Q?—wi)/non and  ¢z=tan (O
—4wﬁ9/271wm]. Thus, the amplitudes of each of the oscil-
lating terms exhibit resonance when the Rabi frequency
equals eithew,,, in the case op,, or 2w, in the case of
ps. Since thep, and p; oscillating probabilities may be
experimentally distinguished, we refer to the resonant behav-

assumption thatior of their amplitudes as the and 8 Rabi resonances, re-

spectively.

As our primary interest is in th@ Rabi resonancé.e.,
A=0 andQ=2w,,) due to its atomic candle application, Eq.
(4b) yields for Inf 4] in this case,

IM[ Segl+ 2 IM[ Segl = 0 RE Seg] — Q5. (10
Substituting from Eqgs(6) and (9b), this then yields
. m?
IM[ Se gl + 2 IM[ Segl~ 3 sin2opt+ ).  (11)

Consequently, for conditions associated with tBeRabi
resonancei.e., y,<Q~2wy), we expect] Im[ dy4]|~n?/8.
Considering the specific small-signal approximation that we
invoked above, this is to be compared with [{mg]
~yl2Q0 o= y,/4w,,. Consequently, the small-signal approxi-

modulated probability of finding the atom in the excited statemation may be viewed as a constraint on the magnitude of

(i.e., p=e0),

the modulation index, such that we requirte<\2vy,/wp,.
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14 x 104 @ 55 C. Linewidth of the B Rabi resonance
a m
121~ To determine the half-width half-maximum(2,,,, of the
10~ B resonance, we definedQ,, as |Q—2w, and set
e 8 p%(591/2)= m?/16 in Eq.(12). In this way, it is straightfor-
s gL ward to show under conditions of fast modulation that
o V3 V3
2 591/2:i2(1)m 1t———1 ==Y (13)
0 L 1 Lol e || 2 Wm 2
10 100 1000 10000 , , L ,
Rabi frequency,  [Hz] This result has interesting implications for the atomic candle,
14 x10° since the candle’s instability as defined through its Allan
(b) 20m standard deviationg,p;p(7) [15], is inversely proportional
121 | to the B-resonance Iin®) (i.e., Q4/26Q 1) [16]. In previous
101~ l work we verified that),= 2w, for the 8 resonanc¢13], so
o Z— 500 Hz that Eq.(13) then yields
1000 Hz ' 2w b2
4 m 1
| = =0zpp~ —- (14
il : Q 3 AR
0 1 [ o1l lll Il
10 100 1000 10000 Thus, the stability of the atomic candle in this approximation
Rabi frequency, & [Hz] has the potential to be improved greatly by simply designing

FIG. 1. Line shapes of thg Rabi resonance for the case where the device to work at ever higher modulation frequencies.

v1=7,. (@) Fast modulation, where,> y1,v»; this is the regime _
of the theory’s validity and the line shapes correspondyif2 D. Inhomogeneous broadening

=50 and 200 Hz(b) Regime of slow modulation, and the line In many experiments, such as the one to be described

shapes correspond tg/277=500 and 1000 Hz. below, the field will not be uniform over the atomic sample
volume, but will have some modal distribution. Conse-

For signal-to-noise considerations, our experiment has neguently, if the atoms are unable to sample the field’s spatial

essarily violated this constraint to some degree. Nonethelesgistribution on the time scale of a Rabi period, then the

as will be discussed below, our experimental results are ifRabi resonance will be inhomogeneously broadened. Specifi-

good agreement with the small-signal theory, suggesting thatally, as the average field intensity is changed for fixgg

this condition on the modulation index may not be overlydifferent spatial regions within the signal volume will go into

constraining on the theory’s validity. and out of theB-resonance condition. To account for inho-
mogeneous broadening, we write the observed dynamic re-
sponse of a sample as the weighted average of atomic re-

B. The p-Rabi-resonance line shape sponses throughout the signal volume. Specifically, in the
As is clear from Eqs(9), whenA =0 the oscillatory be- ~€@se of inhomogeneous broadenip_%(Q) becomes a func-
havior of p(t) is considerably simplified, since only thg  tional of (r), and the observed line shape of theRabi
resonance then has any significance. Writinms(t) resonancel.;((1), becomes
—n0 -
=P COS(2vnt+ dp), we obtain
_ Ly(Q)= | pQQ)W(F)d°F, 15
2021 B()Jpﬁ()() (15
Y1

2 2 2
M 0yl ¥5+

> R = (12 whereQ is the average Rabi frequency over the signal vol-
V(P ~d0h)?+4yiw], ume andW(F) is a spatial weighting function that describes
how strongly a spatial region contributes to the integrated
Rabi-resonance signal.
This resonance line shape pf as a function of the Rabi  |n the experiment to be described below, we optically
frequency is illustrated in Fig. 1 for the case,/2m  pump a sample of alkali atoms contained within a cylindrical
=350 Hz andm=0.1. As is clearly shown in Fig.(& for  TE,;; microwave cavity, in this way creating a population
the case of fast modulatidine., 2w,> y1,v2), p% displays a imbalance between the atom’s ground-state hyperfine levels.
resonant increase whéd=2w,,, with a peak amplitude of As our beam diameter is relatively small compared to the
m?/8. In Fig. 1(b) we display the theory’s predictions in the cavity radius, we need only consider the axial spatial varia-
case where the modulation is not rapid, and though certainltions, so that for the spatial variation of the Rabi frequency
suspect in this regime, we note for latter qualitative compariwe have
son with experiment that the line shape of {Béabi reso-
- - i i - 7z
giaeré(.:e broadens and its peak shifts to higher Rabi frequen Q(Z)ZﬂpeakSin( T) (16)

1
0_
Ps=2
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FIG. 2. Influence of inhomogeneous broadening on the line F,=1Z
shape of theg8 Rabi resonance for a total longitudinal relaxation rate 794.7 nm

Frequency

(including the effect of optical pumpingof 50 Hz, /27 synthesizer

=350 Hz, andm=0.1. Additionally, for this specific example we 51“2@6,3 i
choose an optical deptfi * of 10 cm and a cavity length of 5 cm. DC control voltage booao— F = 1
wherelL is the cavity length. Though the weighting function  FIG. 3. Block diagram of the experimental arrangement as de-
W(z) is determined by a complicated interplay betweenscribed in the text.

atomic diffusion to the resonance cell walls, where the hy-

perfine population imbalance is destroyed by wall collisionstg resolve the 812-MHz excited hyperfine splitting between
[17], and the exponential attenuation of the optical pumpinghe F'=1 and F' =2 hyperfine states.The laser beam
rate due to Beer’s law absorption in the alkali vapor, for thepasses into a resonance cell containing isotopically enriched
purposes of the present discussion we consWi¢z) to be  RpB7 along with 10-torr N, which is housed in a cylindrical
reasonably well approximated as the simple product of tworg .| microwave cavity resonant with the ground-state hy-
terms. The first term describes the local “microscopic” in- perfine transition at 6834.7 MHz. The Corning 7070 reso-
fluence of various parameters on the signal, most notably thgance cell fits snugly into the cavity, and has a length of 5.6
optical pumping rate, while the second term accounts for them a diameter, R, of 5.7 cm, and is heated with braided
macroscopic variation of the signal associated with spatia\y\,mdmgs wrapped on the cavity body to about 45 °C corre-
diffusion 18,19, which for simplicity we assume to be well sponding to a Rb vapor density ef10M cm™2 [20]. The
described by the first-order diffusion mofiee., sinrz/L)]: cavity and cell are centrally located in a set of three mutually
perpendicular Helmholtz coils: two pairs zero out the Earth’s
17) residual magnetic field, while the third provides a quantiza-
tion axis for the atomgi.e., thez axis) parallel to the laser
propagation direction and cavity symmetry axiB, g
Here, I' 4, is the photon absorption rate at the front of the ~400 mG. Transmission of the light through the vapor is
resonance cell and™! is the vapor’s optical depth. Clearly, monitored with a Si photodiode.
we should only expect this empirical weighting function to  In the absence of microwaves resonant with the (
be valid in alkali vapors that are not too optically thick and =2,m:=0)-(1,0) hyperfine transitiorii.e., 0-0 transitioh
for relatively slow optical pumping rates. Figure 2 providesdepopulation optical pumping reduces the density of atoms
an example of the effect of inhomogeneous broadening om the F=2 absorbing statf21], and consequently increases
the line shape of th@ Rabi resonance for a case where thethe amount of light transmitted through the vapor. However,
total longitudinal relaxation rate is 50 Hz and agaip/27  when the resonant microwave signal is present, atoms return
=350 Hz. (When optical pumping is includedy;~v.,  totheF=2 state, thereby reducing the amount of transmitted
+ 0.5, Wherey,,, is the relaxation rate due to all colli- light. The transmitted laser intensity thus acts as a measure
sional processes including, phenomenologically, diffusion, s@f atomic population in thé==2 level, so that any micro-
that for Fig. 2 we sety.,/2m=25 Hz andl',,/27=50 Hz)  wave induced oscillation of this population will be observed
We note that there is a slight broadening and shift of the lineas oscillations in the transmitted light and will appear as a
shape, with the resonant Rabi frequency changing from 700right line on the spectrum analyzer. We note that Doppler

Tz

L

1—‘abse_gZ .
S oo bl

to 716 Hz or by~+2%. broadening plays no role in the microwave resonance as a
consequence of Dicke narrowifg?2].
IIl. EXPERIMENT The microwaves are derived from a very low phase noise

frequency synthesizer, whose output at 105.2 MHz is multi-
Figure 3 shows a block diagram of our experimental arplied up into the microwave regime and then mixed with the
rangement. Light from a diode laser is tuned to thé’Rl,  output of a voltage-controlled crystal oscillatoyCXO) at
transition at 794.7 nnfi.e., 52S;(F=2)-5%P;(F'=1)], = ~102 MHz. The microwaves are attenuated by the combina-
attenuated by neutral density filters, and then expanded arttbn of a voltage-controlled attenuaté¥CA) and a fixed
apertured to a final diameter of 0.8 cfiven the 520-MHz  attenuatoflabeled as-dB in the figuré before being ampli-
Doppler broadening of the optical transition, we are just abldied by a+30-dB solid-state amplifier. A sinusoidal signal of
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FIG. 4. Experimental line shape of thi®Rabi resonance for
=8 ,uW/cmZ, wn/2m=328 Hz, andn=0.74. The solid line corre-
sponds to the theoretical line shape of EH{2) for y,/2#
=28.6 Hz.

FIG. 5. Experimental line shapes of tjieRabi resonance as a
function of laser intensity witho/27=328 Hz andm=0.74: dia-
monds correspond to 3QuWi/cn?, circles correspond to 56
uWicr?, triangles correspond to 24@Wi/cn?, and squares corre-
spond to 457uW/cn?.
frequencyw,, is added to a dc voltage in order to provide the
VCXO's control voltageV, . The dc level ofV, tunes the shape foil =8 uW/cn?, wy/2m=328 Hz, andn=0.74. The
average microwave frequency to the 0-O hyperfine resofilled circles are the experimental data while the black solid
nance, while the sine wave provides microwave frequencygurve corresponds to E@l2) using the experimental esti-
(i.e., phasgmodulation. mates ofy., andI' 6. In this particular example, we have

In our experiment, the Nbuffer gas “freezes” the atoms /2y;/w,=0.63, so that we do not quite meet the small-
in place on the time scale of a typical Rabi period, so that theignal theory’s constraint on modulation index. Nevertheless,
atoms experience local values of the microwave magnetithe experimental data’s agreement with the small-signal
field's z component: B,(p,z) = Bpeado(3.80/R)sin(nzL). theory is quite good, considering that the experimental line
Since we probe the center of the giEcavity with our laser, shape is inhomogeneously broadened. In this regard, refer-
the Bessel function term is essentially unity, so that any infing back to Fig. 2, we note that the experimental line shape
homogeneity in our Rabi-resonance line shapes will bas broader than the theoretical homogeneous line shape and
dominated by the axial variation &, . that the experimental line shape appears to be shifted very

We calibrated our microwave attenuatorsQousing the slightly (if at all) to a higher Rabi frequency. Specifically,
linewidth Av of the slow-passage 0-0 line shap@3]. though we measure a 3% shift of the resonance to a higher
Though the measurement can be problematic due to the caurRabi frequency, our experimental uncertainty of the reso-
ty’s modal field distribution, at very low microwave power nance’s peak position is5% [13].
levels it can be shown that this linewidth is a good measure Figure 5 illustrates the behavior of th@resonance line
of the peak Rabi frequency in the cavity(i.e., shapes as a function of light intensity far,/27=328 Hz
Av= uBpea/f) [24]. We therefore used very low light in- and m=0.74: diamonds correspond to 3W/en? (i.e.,
tensities(~2 uW) to avoid light-shift effects on the line /27 =y 27+ 0.5 ,J27m=39 H2), circles correspond to
shape[25], and measured the 0-0 hyperfine transition width56 uW/cn? (y,/27=50 Hz), triangles correspond to 249
as a function of the microwave attenuation level. A least-uW/cn? (y,/2w=137 Hz), and squares correspond to 457
squares fit of the data then provided the attenuator calibrgaW/cn? (y,/27=231 Hz). As the light intensity increases,
tion. Using the slow-passage linewidth measurements wehe amplitude of the line shape increases, since the increased
also determined our collisional dephasing ratg and opti-  rate of optical pumping produces larger population imbal-
cal pumping ratdi.e., 0.9 49, finding y.o/27=25Hz and ances and hence larger modulation amplitudes. However,
I'.ud27= x|, wherel is the laser intensity iiW/cn? and  consistent with Fig. (), for y;<w,, the B-resonance con-
k~0.9 Hz/(uWi/cn?). dition remains fixed at @,, and the line shape simply broad-

The procedure for obtaining the line shapes of gniRabi  ens with the increase in relaxation rate. In the regime of slow
resonance was relatively straightforward. With the micro-modulation, consistent with Fig.(d), we see that there is a
wave average frequency close to the 0-O hyperfine resdurther broadening of the line shape accompanied by a shift
nance, we set our fixed attenuator so as to maximize thia resonance to a higher Rabi frequency.
second-harmonic atomic signal as observed on the spectrum Of the small-signal theory’s predictions, probably the two
analyzer. At this power level, we then fine tuned the micro-most significant aré1) that the 8 Rabi resonance’s ampli-
wave frequency by making the first harmonic signal zerotude increases liken?, and(2) that the lineQ increases with
The line shapes were obtained by changing the fixed attenuncreasing modulation frequency. Figure 6 shows the ampli-
ator setting in combination with the VCA voltage, and mea-tude of theg resonance as a function of the modulation index
suring the second-harmonic atomic signal amplitude\iéz ~ for /27 =328 Hz and =8 wW/cn?. The solid curve is a
with the spectrum analyzer. Since the microwave attenuatioteast-squares power-law fit to the data and vyie
setting was calibrated to the Rabi frequency, this procedure- m(1-95-095)  Figyre 7 shows the line shape of tjgeRabi

gavep% as a function of. resonance for two different modulation frequencies with
Figure 4 is an example of oup-Rabi-resonance line =5 uW/cn? and m=0.74: circles correspond te /2

023806-5



COFFER, SICKMILLER, PRESSER, AND CAMPARO PHYSICAL REVIEW 86, 023806 (2002

—2

2 10
3 _3 0
= 10 o
% _4 O o -
mz = 10
£s T 4o o~z 2 __S/N=100
. Q.
sg &
g 107®
g 107 S/N = 1000
o
C’Il 10_8 il Illlluj 1 IHILU] I IIIIuJJ Il IHIHIl L L
0 0.2 04 0.6 0.8 1.0 0.01 0.1 1 10 100 1000
Modulation index, m Averaging Time, 1 [seconds]

FIG. 6. Amplitude of the8 Rabi resonance as a function of the  FIG. 8. Predicted intensity stability of a field stabilized by an

modulation indexw,,/2m= 328 Hz andl =8 uWi/cn?. optical atomic candle based on the cesiDm transition’s (894.4
nm) B Rabi resonance. The dashed line connecting open diamonds

=328 Hz, while diamonds corresponddg,/2m=1 kHz. In corresponds to the Allan standard deviation of a free-running
addition to the shift of the8 resonance from about 650 Hz to Single-mode diode laser as measured in R&8], while the dashed
2 kHz, the higher modulation frequency line shape appeargpe_connecting open_circlt_as corresponds to the AI_Ian standard de-
narrower on the log plot. This appearance is a manifestatioMation of a free-running diode laser as measured in Rz,
of the line shape’s higher lin®. In an effort to examine this
observation more quantitatively, we fit the peak portions ofapplication in the area of atomic candles, our work focused
the line shapef.e., normalizeq)%>0_7) to Lorentzians(As on the line shape of this particular Rabi resonance. Experi-
we had no quantitative theory for tishomogeneousne  mentally, we found that the small-signal theory was quite
shape, we felt that a Lorentzian fit to the peak portion wouldaccurate in predicting the shape of tBeesonance, and of
be the least biasedIn this way we determined thaDs,s  Particular relevance is the fact that we found that the @he
=41 and Q,00&=7.9. Consistent with the small-signal Of the 8 resonance has the theoretical potential for very large
theory we find an increase in lin®@ with modulation fre-  values. This result is significant, since it suggests the possi-
quency. Though we only see a factor of 2 increase in@ne bility of employing very narrowg Rabi resonances for
while theory would predict a factor of 3 increase for the atomic candle operation, and thereby the production of fields
specific change in modulation frequency, we attribute thignith ultrastable intensity in the long term.

discrepancy to the inhomogeneous broadening of the line Given the present work’s validation of the small-signal
shape of the3 Rabi resonance. line-shape theory, it is possible to address the question of

how stable an atomic candle’s output field might conceivably
be. Specifically, if daser was stabilized using thg-Rabi-
resonance phenomenon, what type of optical intensity stabil-
When an atom interacts with a phase-modulated field, théy could one hope to achieve? For simplicity, we consider a
atom responds by oscillating between its excited state and ituation in which the(not insignifican} issue of Doppler
ground state. The amplitude of these oscillations displays aroadening is ignored, and we assume that the line shape of
resonant enhancement when the Rabi frequency takes dhe 8 Rabi resonance is homogeneously broadened. Under
specific values, and these resonant enhancements are ternibése idealized conditions, it is straightforward to show that
Rabi resonances. Here, we considered a small-signal theotle relative(white noisg intensity fluctuations of the can-
of the Rabi-resonance phenomena and demonstrated the e}e’s output field, c,p,p, Will be given by 250,,4Q,,
istence of two different types of resonance, th®abi reso- where §Q ¢ is the root-mean-square deviation of the Rabi
nance and thes Rabi resonance. Given the resonance’s frequency averaged over some time intervand (), is the
nominal Rabi frequency. Assuming a standard feedback loop
for the atomic candl¢16], we therefore expect

IV. DISCUSSION

2 1

UAP/P(T)*WTT, (18

pg [normalized]

where &/N) is the signal-to-noise ratio in a 1-Hz bandwidth
and 7 is in seconds.
100 1000 10000 ifi i i
Rabi frequency, € [Hz] As a specific e>_<amp|¢, we consider an optical candle op-
erating on the cesiud, line, so thaty,/27=4.6 MHz, and
FIG. 7. Experimental line shapes of tifeRabi resonance for We consider laser phase modulation at a 2-GHz rate; from
two different modulation frequencies: circles correspond toEQ.(14) we therefore have A-Rabi-resonance lin@ of 500.
wm/2m=328 Hz, while diamonds correspond to,,/27=1 kHz. Figure 8 plotsoapp @s a function ofr for this example,
For these experiments=5 pW/cm? andm=0.74. assuming signal-to-noise ratios of?18nd 1§. We note that
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in our experiment, signal-to-noise ratios in a 1-Hz bandwidth V3ciE,

were on the order of 0 Since the locked Rabi frequency in Qopt= 7 ; (19

this example would be 4 GHz, the laser would have to emit egfteg

100 mW of power focused into a 1Q@m-diameter beam. where w,q is the resonant optical frequency afg is the

For comparison, Fig. 8 also shows the Allan standard deviaeptical field strength. Thus, the highe§tresonance lin€®

tion of a free-running single-mode diode laser as measurettansitions, and therefore the most stable optical atomic
by Tsuchida and Takédiamonds$ [26] and Yamaguchi and candles(not considering issues of signal-to-noise ratiwill
Suzuki(circles [27]. Clearly, there is the potential for creat- be those based on weak infrared transitions employing very
ing very stable fields using an atomic candle, with the spestrong fields.

cific advantage that these fields would exhibit long-term sta-
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