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Thirteen pump-probe resonances of the sodiunD1 line

Vincent Wong; Robert W. Boyd, C. R. Stroud, Jr., Ryan S. Bennink, and Alberto M. Marino
The Institute of Optics, University of Rochester, Rochester, New York 14627, USA
(Received 19 March 2003; published 8 July 2p03

We present the results of a pump-probe laser spectroscopic investigation of the Doppler-broadened sodium
D1 resonance line. We find 13 resonances in the resulting spectra. These observations are well described by the
numerical predictions of a four-level atomic model of the hyperfine structure of the s@liutine. We also
find that many, but not all, of these features can be understood in terms of processes originating in a two-level
or three-level subset of the full four-level model. The processes we observed include forward near-degenerate
four-wave mixing and saturation in a two-level system, difference-frequency crossing and nondegenerate
four-wave mixing in a three-level system, electromagnetically induced transparency and optical pumping in
a three-level lambda system, cross-transition resonance in a four-level double-lambda system, and conventional
optical pumping. Most of these processes lead to sub-Doppler or even subnatural linewidths. The dependence
of these resonances on the pump intensity and pump detuning from atomic resonance are also studied.
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[. INTRODUCTION hyperfine structure is used to interpret the observations. A
subset of the four-level system is used to explain each of the
Sodium has played a major role in the development ofesonances. The Zeeman sublevels are also discussed.
optical spectroscopy. The resonance line of sodium has been
u_s_ed asa spgc_troscopi_c standard because it ha_s a strong tran- Il. EXPERIMENT
sition in the visible portion of the electromagnetic spectrum.
The energy-level structure of sodiyrh,2] is well known and We performed a pump-probe experiment with an atomic
many nonlinear spectroscopic stud{@s-5] have also been sodium vapor cell, as illustrated in Fig. 1. The fixed-
performed in sodium. frequency pump field ¢,,) is produced by a Coherent 699
Historically, sodium has been the medium of choice forcontinuous wave dye laser and a weaker frequency-scanned
verifying new predictions in nonlinear and quantum optics.probe field w,,) is produced by another identical dye laser.
Optical bistability[ 6], resonance fluorescence in the presencé Burleigh WA4500 wavemeter monitors the wavelengths of
of a strong driving field 7], coherent population trappiig],  the fields. The pump and probe fields are collimated, co-
and squeezed ligh®] were first observed in sodium. Sodium propagating, collinear, and are linearly and orthogonally po-
was also the first atomic system in which various collision-larized. Transit time effectsare reduced through our use of a
induced processd40,11] were observed. Other multiphoton pump spot size larger than that of the probe. We achieve this
resonances were also studied in sodium; they include Ramdarger spot size by passing the pump field through a tele-
processe§l2], various types of four-wave-mixing processes scopic beam expander. The vapor cell is pumped down to
[13,14), electromagnetically induced transparenciIT) 10"/ torr and no buffer gas is introduced. The cell is then
[15,16], and lasing without inversiofil7,18. heated to 152°C creating a number density of 1.6
These processes are normally studied individually in ax 10'* atoms/cm with a minimum transmittance of 25% for
pure N-level structure, for example, EIT in a three-level the probe field in the absence of the pump field. After pass-
lambda (A) system without additional adjacent levels. We ing through the cell, the probe is separated from the pump by
show here that in the four-level hyperfine structure ofiitfe  a polarizing beam splitter and fed to a photodiode.
line of atomic sodium, many different nonlinear processes Curve (a) of Fig. 2 shows the experimental probe trans-
coexist and are still easily resolvable even though some ahission spectrum in the absence of the pump field and is
these resonances are of subnatural linewidths. The preseniceluded as a reference. Curde is the probe transmission
of these extremely narrow resonances holds great importander comparable pump (9.7 mW/d&nand probe intensities
for many applications in optical metrology and the creation(1.3 mW/cnf). Curve (c) is the probe transmission in the
of frequency standards of higher precision. Each of the expresence of a saturating pump field (525 m\WignEach of
perimentally observed resonances can be explained by cothe resonances can be explained in terms of a simplified level
sidering some subset of the four levels. Fultetnal. [19]  structure denoted on the top, and the subsystems in which the
have seen some of these resonances between hyperfine levetecesses occur are shown on the right-side of Fig. 2.
from differentD lines of rubidium. The sodiumD1 line (589 nm comprises transitions be-
In this paper, we describe the dependence of the observadieen either of the two hyperfine ground levél§72 MHz
resonances on the pump intensity and detuning from atomigpar} and either of the two hyperfine excited levelk39
resonance, and a numerical model based on the four-level

Mransit time effects can be included as an incoherent dephasing
*Electronic address: vin@optics.rochester.edu contribution to the Raman transition.
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FIG. 1. Physical layout of the pump-probe experiment. % ] Fourtevel double.
i : Lambda (AA)
MHz apar} [1]. The pump field is tuned to connect the mid- D) 0 2 ﬁ
point of the upper levels to the midpoint of the lower levels. Pump-probe detuning (GHz)

The D1 line is Doppler-broadened and is not a pure two-
level system, thus the saturation intensity is larger than that FIG. 2. Probe transmission vs pump-probe detuning for various
for a simple two-level transition. pump intensities:(8) no pump, (b) weakly saturating pump,

The two broad transmission digbeledS) 1.772 GHz 9.7 mWi/cnf, and (c) saturating pump, 525 mW/cém The probe
apart result from the single-photon Doppler-broadened tranintensity is 1.3 mW/crh for all cases. The resonances are labeled
sitions between the hyperfine ground levels and the excite@in the top and the subsystems, where the resonances occur, are
levels. These dips have a full-width-at-half-maximum shown on the right. The spectra in this figure and subsequent ones
(FWHM) linewidth of 1.5 GHz. The hyperfine excited levels, aré displaced vertically for visual clarity.
however, cannot be resolved with a single field because of
Doppler broadening. The central transmission péBkis a  sity and frequency, the Rabi frequen@ue to different di-
consequence of forward near-degenerate four-wave mixingole strengti2,20]) and the detuning of that field is slightly
and saturation in a two-level system. The inner pair of specdifferent for each transition. On the other hand, the particular
tral features(V) is a result of saturation and nondegenerategeometry of the experiment results in an almost complete
four-wave mixing in aVv system. The outer pair of transmis- cancellation of Doppler broadening for the multiphoton tran-
sion peaks A P), which is most visible in curvéc) of Fig. sitions. Residual Doppler broadening need only be taken into
2, results from EIT in &\ system. The broader transmission account when the width of the resonance is very narrow. In
dip (AD) and the pair of satellite dips\(A) around the EIT  addition to this particular geometry, the frequencies of the
peak in curve(b) result from optical pumping. The satellite fields are comparable, therefore phase matching is achieved
dips are present only in a doublesystem. for the wave-mixing processes.

Because of Doppler broadening of the transition fre- Two intensity regimes are studied in the experiment.
guency, both the pump and probe fields can excite all of th&hen the pump field is only weakly saturating, all 13 reso-
transitions in the four-level structure. Consequently, eachances are visible. If the pump intensity is larger than that of
feature except the central peak appears twice, once on eithére probe field, many of the features wash out and conven-
side of the pump frequency. For a given applied field intentional optical pumping is significant. Conventional optical

Probe transmitted power (arb. units)
Probe transmitted power (arb. units)

-2 0 2 -2 0 2

Pump detuning (GHz) Pump detuning (GHz)
(@ (b)

FIG. 3. Probe transmission vs probe detuning for various pump detunings from atomic resonar(eg avitleakly saturating antb) a
saturating pump. The arrow designates the pump frequency in each case.
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FIG. 4. Energy level diagram of the four-level model. The decay rates between hyperfine excited levels and

v4e) and between hyperfine ground levelg, ¢ andy,,) are
pumping(to the other hyperfine ground levaffectively re-  nonradiative and much smaller than the spontaneous emis-
duces population in the subsystem under analysis. Withigjon rates of the optical transitionsy{y, vod, ¥Yac., and
each regime, power broadening does not modify the featureg, ). Consistent with our experimental condition of low so-
significantly. dium density and no buffer gas, we ignore collisional broad-
As the pump frequency is tuned across the Doppler proening (%) in our theoretical modelsee the Appendix for
file, conventional optical pumping that transfers populationthe complete equations of motipn
from one ground level to the other is evident from the top to A rotating-frame transformation followed by a Fourier
the bottom spectra of Figs(&@ and 3b). When the pump  analysis of each off-diagonal density matrix element of in-
field is tuned closer to one of the Yor doubleA) sub-  terest is performed as in RéR1] for the numerical simula-
systems, the contributions to the red-detuned and the blugipon. The atomic response of the probe field is calculated to
detuned peakdips) are different. The robustness of the EIT first order, while the response of the pump field is calculated
signal is clearly seen, as the peak still persists even when igxactly. The density matrix element obtained for a single
the wings of the Doppler profile. The best condition for ob-atom is averaged over a Maxwellian profile to take Doppler
serving the two-level and/ subsystem resonances occursproadening into account.
when the pump field is tuned between the two hyperfine Each hyperfine level consists of multiple Zeeman mag-
ground levelgmiddle spectrum of Fig.)3 netic sublevels. Since stray magnetic fields are negligible
under our experimental conditions, these sublevels are nearly
degenerate. A brief discussion on the effects of stray mag-
netic fields is presented in Sec. IV. By using orthogonal lin-
A. Four-level system ear polarizations for the fields, the effect of optical pumping
. . . into other Zeeman sublevels is minimizd]. Therefore, the
Iev\é\lles;/ns?gﬁwl ?ﬁorv]\ynp?r:ﬁgiz Szui;uirﬁtg:;z?'gm Vgigé:}ﬁq:’ﬂﬂ;geeman sublevels are |gnpred in the model. Pump depletion
. A X : effects and intensity variations across the beams are also ne-
results. The density matrix equations of motion for this sys- lected in the present theoretical analvsis. The other param-
tem are given by gected in the present t : natysis. P
eters used in the numerical simulation correspond to those of
B i o 5 5 the experimental setup.
pnn=—g2 (Vrtkn—PriVin) + 20 Yalpii— 2 YinPons We next describe each resonance using a simplified
K I=n f<n elementary-system model. We also compare the numerical
@) spectra with the experimental ones.

IIl. THEORETICAL ANALYSIS

- I ~ ~ B. Forward near-degenerate four-wave mixing and saturation
Pam= = 3 % (HonkPkm= PnkHokm) in a two-level subsystem

The central degenerate transmission peak labEied-ig.
> Vodem— i) 5 consists of two features: a 2-MHz FWHM subnatural-
K linewidth peak superposed on a broader 45-MHz-wide fea-
ture. The narrower peak can be understood as a forward near-
( Yin+ 2 7Im>7’nm_ 7ﬁ%rbnm' 2) degenerate four-wave-mixingFDFWM) process in an open
<n I<m two-level subsystem, as depicted in Fig. 6. An idler photon is
generated with the absorption of two pump photons and the
. emission of one probe photon.
wheren, m, k, and I~correspond @, b, ¢, ord. Trle Inter- This peak appears only if there is an additional dephasing
action Hamiltonian ¥) comprises four pairpumpEp,and  or a decay(for example, to an external reservoir as in an
probeE,,) of fields corresponding to each of the four transi- open system[22]. In the presence of additional decay paths,
tions, and is represented by narrowing of the resonance below the natural linewidth oc-

NI X -
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FIG. 5. Resonances associated with the two-level and three- E . N
level V subsystems for the case of comparable pump and probe 0 -189 MHz o 5
intensities. The theoretical spectrum does not include the idler field
of either the two-level FDFWM process or the three-level NDFWM (b)

process.
FIG. 7. Difference-frequency crossing resonance i aub-

. . . . system.(a) Energy level diagrams showing thésubsystem. The
curs only if the additional decay rate for the excited level iSief; (right)-side diagram is in the absengresencof the pump
larger than the additional decay rate of the ground level. Infield. The population in the level is denoted by the size of the circle.
our experiment, decays to the other hyperfine ground leveh) Resulting absorption dip for a red-detuned prabés the pump-
|b) provide the additional decay channels. The additionaprobe detuning and is the probe absorption in the presence of the
excited level decay is governed by spontaneous emissiomump field for a particular velocity subgroup of atoff. (6)].
which is larger than that of the ground level. This satisfies
the requirement for resonance narrowing. % v,).

The width of this feature depends on the decay rate of th
ground level out of the two-level subsystem,]. Processes
contributing to this width are thermal redistribution, the reIa—C Diff y ) q q four-
tive dephasing rate between the two lasers, residual Dopplef ifference-frequency crossing and nondegenerate four-wave
broadening, and diffusion of atoms into and out of the inter- mixing in & V subsystem
action region. In the present experiment, transit time effects The pair of 45-MHz-wide transmission peaks labeleih
are the dominant contribution of this linewidth. Fig. 5, 189 MHz away from the central peak, occurs as a

The idler field is of the same polarization as the proberesult of saturation and four-wave mixing invasubsystem.
field and both fields are polarized orthogonally to the pump! his effect occurs when the frequency difference of the

field. As such, the detector measures both the probe and idl@mp and probe fields matches the frequency separation of
fields. the excited levels.

With the help of Fig. 7 we may understand the saturation
- effect, which is a difference-frequency crossif-C) reso-
lc) Y vy { by nance, as follows. The probe attenuation is a product of two
x 'i""" Yo factors: the absorption cross section and the population of
¢ Yac ground level|la). The absorption cross section depends on
the probe field’s detuning in the usual way, peaking when the
Opu | O | Opu | Didter probe field is resonant with thea)—|c) transition. The
pump field saturates the system when it is resonant with the
|a)—|d) transition. This causes the ground-level population
to be partially depletefis illustrated by the size of the circle

The broader peak is a consequence of saturation in a
Doppler-broadened medium. The width is power broadened
Yo a few times the radiative linewidth ().

l2) ) \ in each level in Fig. @®]. In a Doppler-broadened medium,
/ ‘?\1 each factor is resonant for some velocity subgroup of atoms.
Ay Ya If |wp— wpl=wg4c, then the resonance in the ground-level
depletion occurs for the velocity subgroup that has the larg-
FIG. 6. Four-wave mixing in an open two-level subsystem. Eachest absorption cross section. This double resonance makes
of the two levels has a small decay ratg)(out of the two-level  the dominant contribution to the probe absorption, as seen in
subsystem and a small repopulation ratg) (A is the pump detun-  Fig. 7(b), and the transmission is increased. But|df,,
ing andé is the pump-prove detuning. —wp | #wqe, the resonance of the ground-level depletion
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occurs for a velocity subgroup that has a low absorption —r—— |d)
cross section, and the impact of ground-level depletion on Ic) _A_ -----
the absorption is negligible. AL

This feature can be understood mathematically as J\

a(wpr_ Wpy— Wdc) = J' N(7'((l’pr_ wca—kv) Oy | Opr Opy | Didler

X Paa(wpu_ wga—kv)g(kv)d(kv),
(5

[a)

FIG. 8. Four-wave mixing in th& subsystem. The idler peaks
when the pump-probe detuning matches the excited levels’ fre-
guency separatiod 4 .

wherea is the probe absorption in the presence of the pump
field, N is the number of atomsy is the absorption cross
section,p,, is the population of ground levé&), andg is

the Maxwellian Doppler profile. For simplicity the fields are

assumed to be tuned close to resonance, so that only sm@{lpsystem, the detector measures both the probe and the
values ofkv are relevant, ang(kv) can be ignored. It has jqjer fields. But unlike the FDFWM peak, there are no line
been shown in Ref23] that as long asd— wqc <kv, where narrowing effects and the width of the resonance is of the
6= wp— wp, is the pump-probe detuning, the fields can begger of the homogeneous linewidth that power broadens to a
detuned appreciably from their individual transitiof3op-  |esser extent than the DFC feature. When the pump intensity

pler half width without affecting the size of the nonlinear s jncreased the resonance due to DFC washes out partially,
polarization. Equatiorf5) can then be written as a convolu- |eaying mainly the NDFWM contribution.

tion function

D. Electromagnetically induced transparency and optical
a(A’)=NJ (A" +A)paa(A)dA, (6) pumping in a A subsystem
The most striking manifestation of EI[26] is the dark

state in aA system, which is illustrated in Fig.(&. When

When the probe field is blue detuned from the pump ﬁe|dtw0_ﬁelds are tuned to a Raman resonance a cohgrent super-
(pump on the|a)—|c) transition, and probe on thia) position _of the ground. states, called a dark s[ata, is cre-
—|d) transition, the other absorption diat + 189 MHz) is ateq. T_hls dark state is decouplgd from the excited state re-
obtained. The linewidth of the resonance is the sum of thos&!!ting in transparency for both fields. The dark state and the
of the two functions ¢ andp,,) in the integral. In the lim- orthogonal bright state are given, respectively,Bg]

iting case of only radiative broadening, bathand p,, are Q )
Lorentzians with a linewidth of 10 MHz. The linewidth of IDY=—"|a)— —>|b), 7
the DFC resonance will, therefore, be 20 MHz. The Lorent- Q' Q'

zians are replaced with their power-broadened versions for

larger field intensities. (b)

whereA’ = 6—wgyc andA = wp,— wga—Ku.

This DFC resonance is the nondegener@telaser fre- %

guency, copropagating analog of the crossover resonance E

studied in Ref[24]. Our analysis is similar to that of Schlo- §

ssberg and Javdi23] [see Eq(21) for traveling wave§ and & §

Feld and Javan in their section oVaysterm see Eq(54) of I U 2

Ref.[25]]. -1.85 <18 -175  -17
However, the process of DFC does not account com- o Pump-probe detuning (GHz)

pletely for these transmission peaks. The experimental curve o Pr

of Fig. 5 shows one of th¥ subsystem peaks being stronger L [b) © 5 0

than the(broad saturation peak of the two-level subsystem. 1772 )

For each hyperfine ground level, the two-level saturation " | MHz £

process can couple to two velocity subgroups, one for each t §

transition to an excited hyperfine level. The DFC process, 2 10°

however, is resonant with only one velocity subgroup. There- @ £ s 128 1§75 )

fore, the DFC peak will never be larger than the two-level
saturation peak regardless of where the pump field is tuned.

Nondegenerate four-wave mixingNDFWM) in the V FIG. 9. EIT in aA subsystem(a) Energy level diagram. Also
Subsystem makeS the Other Contribution. The doubly resonaghown are the theoretical probe absorption Spectra \(\b‘hha
(6=wyc) idler field peaks when the pump-probe detuningweakly saturating andc) a saturating pump field. The broad en-
matches the frequency separation of the excited levels, asnced absorption feature occurs due to optical pumping. Note that
shown in Fig. 8. As with the FDFWM case in the two-level the absorptior{lm x*)) is increasing downwards.

Pump-probe detuning (GHz)
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FIG. 10. Resonances associated with thand doubleA sub- 0 -(1772+189) MHz 3
systems for the case of comparable pump and probe intensities. (b)

Q Q FIG. 11. Cross-transition resonance in a doublesystem.(a)
|B): _Pf|a>+ ﬂ|b), (8) Energy level diagram showing populatiddenoted by the size of

Q' Q' the circle being pumped from ground levi) to ground level b)
through spontaneous emissidiv) Enhanced probe absorption in

whereQ'’ = \/m andeu (Qpr) is the Rabi frequency the presence of the pump fields described in the text

of the pump(probg field. This transparency results from a tion. For distinction, we shall refer to the satellite pair as
destructive interference between the two pathways to the eXross-transition resonances, that occur only in a dotble-
cited state. The linewidth of the EIT feature is dependent orsystem. Unlike the usual double-system analyses that in-
the decoherence rate between the two ground states, and ndtide at least three fields, here there are only two, and the
on the decay rate of the radiative transitions, which can beransitions they couple do not share a common initial or final
much larger. This decoherence rate is affected by the samnlevel, as illustrated in Fig. 1&).
factors that determine the decay rate of the lower level out of As in Sec. Il C, the pump field is taken to be tuned to the
the two-level subsystem described earlier. The decay rate ¢&)—|d) transition but now the probe field is tuned to the
the dark state in & system is, therefore, smaller than that of |b)—|c) transition. EIT does not occur because the fields are
the corresponding states in a cascad® system. resonant(for a particular velocity subgroup of atojnwith
Even though there are two close-lying excited levels indifferent excited levels. For this velocity subgroup, the pump
the hyperfine structure, it has been shown that the extra offield drives population to the excited state, which can decay
resonant level only slightly perturbs the EIT system andSPOntaneously to the other ground levéb)). Since the
modifies only the phase of each field compong2a]. By probe field is \_Neaker{ the population _accun_wulates in level
tuning to the center of gravity of the set of hyperfine levels|P), thereby increasing the population differenceyy
that constitute one of the levels of thesystem, EIT can be _ Pcc) Of the probe transition or equivalently the probe ab-

achieved just as in a pure three-levekystem[30]. EIT has sorption. The absorption peak shown in Fig(dlis ob-

. : . . ained at the pump-probe detuning of the frequency differ-
also. been observed using circularly polarized fields to coupléence between the two transitions(1772+ 189) MHz. The
particular Zeeman sublevel81].

oo N other three cross-transition resonances are obtained in the
The EIT feature is illustrated in Figs(l9 and 9c). If the

: . o same fashion.
intensity of the pump field is comparable to that of the probe  gimijar to the DFC resonance, the width of the cross-

field, a 45-MHz-wide broad absorption feature centered oRansition resonance is also the sum of the widths of the two
the 2-MHz-wide EIT transmission peak is preséste also yglevant functions: the absorption cross sectiorand the
Fig. 10. When the pump intensity is increased, the broadhopylation of level|b), pp,. Optical pumping lowers the
transmission dip washes out. This dip has a similar origin agaturation intensity5] of the cross-transition resonances as

the resonance described in the following section. well as the broad dip centered on the EIT feature. Therefore,
these resonances wash out much more quickly than the DFC
E. Cross-transition resonance in a doubleA system resonances with increasing pump intensity, as can be seen in

. _ ) ) the bottom curve of Fig. 2.
In Fig. 10, we see a pair of 45-MHz-wide satellite trans-

mission dips symmetrically displaced by 189 MHz from the
central EIT feature. These two transmission dips as well as
the broad dip centered on the EIT feature are inverted DFC Even weak magnetic fields can sometimes lead to subtle
resonances caused by optical pumping in addition to saturdut important effect$32,33. In the current experiment the

IV. DISCUSSION
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influence of weak stray magnetic fields has been ignored up ACKNOWLEDGMENTS

to this point, but it can manifest itself in two wayd) opti- This work was supported by the Office of Naval Research

cal pumping or other coherence effects between any of thesg, yer award N00014-02-1-0797 and the U.S. Department of
Zeeman sublevels can modify the strength of the feat(2es; Energy under award DE-FG02-01ER15156
the subnatural-linewidth features are broadened. '

A narrow resonance can be obtained from coherence be-
tween the Zeeman sublevels in a degenerate two-level sys-
tem as analyzed by Lezama, see &) of Ref.[34]. EIT in The density matrix equations of motion for the four-level
a A system formed between the Zeeman sublevels in thdoubleA system, as shown in Fig. 4, are explicitly written as
same hyperfine level can enhance the FDFWM peak, which
is not included in the theoretical spectrum of Fig. 5. On the
other hand, when the pump field is connecting the 2
—F=1 transition and the probe connecting thee2—F

APPENDIX

- i~ o~ ~ o~ IV =\
Ddd=— %(Vdapad_PdaVad+depbd_pdebd)

=2 transition, residual absorption can occur because of op- = (YadT ¥bat Yea)PaaT YacPec (A1)
tical pumping effects into the extreme Zeeman sublevels . i
(mg==x2) that do not form aVv system. Stray magnetic Pec=— g(Vcapac— pcaVact VenPbe— PebVbe)

fields will broaden the subnatural-linewidth features of FD-
FWM and EIT (experimental curve of Figs. 5 and )1be-

+ YedPdd— (Yact Ybet Ydo) Pecs (A2)
cause the Zeeman sublevels are not exactly degenerate any-
more. Background absorption countering EIT occurs when - i -
the fields are coupled in an off-Raman-resonance manner. Pob=" 7 (VbaPan™ PoaVabt VcPeh ™ PocVen)
Most of the features observed in this study involve strong
modification of the atomic properties. Nonetheless, to the + YpdPddT YooPee— YabPbbT YbaPaa (A3)

order of magnitude, we can describe the strength of the EIT

feature in terms of am, or x(®) response. We describe the - [ -
change in absorption asa=2An"w/c, whereAn” is the Paa™ %(Vadpda_PadVdaJ“Vacpca_ PacVea) t YadPdd
change in the imaginary part of the refractive index. Using 5 5 5

the definitionAn=n,l, and the observatiofsee Fig. Zc)] + YacPecT YabPbb— YbaPaa (A4)
that the absorption changes by approximately 20% from . _

the typical value of 0.14 cm' in the presence of a pump ~ | ~  ~ I~ & ~ ¢
field of intensity 10 mW/crh, we find that Im,=1.1 Paa= "z (HodaPaa™ PdaHoaa) = 77 (~PddVaa™ PacVeca

X 1072 cm?/W or that Im y(®=2.8x 102 esu. The nonlin-
ear response per atomy® is y®)IN where N
=10 atoms/cm. The imaginary part of the response is
Im y¥=2.8x10"'%esu. By comparison, the measured (A5)
nonlinear response in a Bose-Einstein condensdk with

the inclusion of an additional Stark shift, is Im - i . i -
=0.18 cnt/W, Imyx®=45esu, and Im y®=56 pab= "~ 7 (HogaPan™ PabHop) = 7 (— PddVab— PacVeb
x 10" esu.

- -~ 1 -
+Vabpbat VdaPaa) = 5( YadT YbdT YedT Yba)Pdas

~ o~ o~ o~ 1 ~
+Vaapapt VavPob) = 5 (Yaat Yoa T Yeat Yan)Pab.
V. CONCLUSION (A6)
Multiple resonances are observed on the Doppler- _
broadened1 line of atomic sodium in a pump-probe spec- =< I ~ o~ I~ & ~ =
troscopic experiment. Each of these resonances can be exfca™ — g(Ho,ccpca— PcaHoaa) — %(—Pchda— PecVea
plained in terms of simple physical processes involving a
four-level atomic system or a subset of this system. These
resonances arise from various saturation efféafigh sub-
Doppler linewidth and various atomic coherence effects
(with subnatural linewidth It should be pointed out that
many of the narrow spectral features described in the present, L i
and other papers are basically the consequence of some formp,,= — g(HOVCCpcb—pch 0bb) — %( —pcaVdb— PccVeb
of optical pumping[36,37]. The dependence of these reso-

~ o~ ~ ~ 1 ~
+Veapaat VebPoa) = E( Yact Ybet YdcT Yba)Peas

(A7)

nances on the pump intensity and detuning from atomic reso- o 1 ~
nance is also studied. The Zeeman sublevels are found to +VeaPabt VebPbb) — E(yac+ YoeT YdeT Yab)Peb s
enhance one transmission peak while contributing to the

background absorption and diminishing of other peaks. (A8)
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- i - - - i - - I~ -
Pdc= — g(Ho,ddec_ pacHocc) Pab=— ﬁ(HO,aaPab_ PabHopb) — %(Vadpdb_.ﬂadvdb

[ - m o~ - o~~~ 1 -
- %(Vdapac_pcavacdl' VabPoe™ PdbVbe) +VacPcb— PacVen) — E(')’ba"' Yab)Pab (A10)

and,;)ij =;;)}*i . Hojj=tiw;j, V;; is as defined in Eqg3), and

1 ~
— Z(Yag+ Yoa+ YedT Yact Yoo+ . . . .
2 (YadT Yot Veat Yac Yoet Yac) Pac, (A9) yij is the population decay rate from levg) to |i).
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